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Chapter 1

Introduction

“Wovon man nicht sprechen kann, dariiber muss man schweigen”
Ludwig Wittgenstein

The (surface or internal) water wave equations are too complicated to
hope to describe the long time dynamics of the solutions except in trivial
situations (perturbations of the flat surface). A natural idea is to “zoom” at
some specific regimes of wavelengths, amplitudes, steepness,..., in order to
derive asymptotic models that will describe interesting dynamics. One has
first to define one or several “small” parameters and then to expand ad hoc
quantities with respect to them. A similar situation occurs in other physical
contexts, nonlinear optics, plasma physics,...

Actually this idea goes back to Lagrange (1781) who derived the water
waves system for potential flows and obtained at the first order approxima-
tion the linear wave equation:

0%u 2%u

a2 $hga =0

where g is the constant of gravity and 4 the mean depth of the fluid layer.

5
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It is only nearly one century after that Boussinesq derived in 1871 a
weakly nonlinear dispersive model, the Korteweg-de Vries equation.

This explains why most of nonlinear dispersive equations or systems
(see a definition below) such as the Korteweg -de Vries (KdV), Kadomtsev-
Petviashvili (KP), Benjamin-Ono (BO), Boussinesq, nonlinear Schrédinger
NLS), Davey-Stewartson (DS),... are not derived from first principles but
through some asymptotic expansion from more complicated systems (water
waves system, nonlinear Maxwell equations, plasmas equations...). Conse-
quently, they are not supposed to be “good” models for all time. This
fact leads to mathematical questions that are not in general addressed when
considering them as just mathematical objects. For instance the classical
dichotomy local well-posedness versus finite time blow-up should often be
replaced by questions on long time existence (with respect to some parame-
ters). To answer those questions using the methods of dispersive equations
(even the more sophisticated ones) seem to be insufficient...

The situation for classical one-way propagation waves (KdV, KP, BO..)
where local well-posedness in sufficiently large classes combined with the
conservation of “charge” and energy implies global well-posedness does
not generalize to the more (physically) relevant two-ways models which
are systems and do not possess (in general) useful conserved quantities.

Moreover in many relevant water waves models, the dispersion is “weak”
and cannot be efficiently used to derive the (linear) dispersive estimates
that are a basic tool to study the Cauchy problem for “strongly” dispersive
equations such as the KdV, NLS, KP, BO equations we were alluding to.

The aim of these Notes is an attempt to describe some aspects of clas-
sical and non classical dispersive equations and systems from the point of
view of asymptotic models, that is by trying to keep in mind the origin of the
equations. We will thus barely touch topics that have an interest per se for
the equations as mathematical objects but relatively little for our viewpoint,
for instance the issues of obtaining the solvability of the Cauchy problem
in the largest possible space. We refer to the books [162, 230, 44, 50] for
an extensive treatment of those issues.

We will consider mainly dispersive waves. For linear equations or sys-
tems posed in the whole space R”, this means that the solutions of the
Cauchy problem corresponding to localized initial data disperse (in the sup
norm) in large times. For constant coefficients equations this is easily ex-
pressed in terms of plane wave solutions elwE-on) & € R". This gives the
dispersion relation, that writes G(®,&) = 0 and leads to one or several



equations of the form @ = @(&). The equation is said dispersive if w(&)

is real and det 8(223{2 # 0. This means that the group velocity depends on

i 5j
the wave numbers, that is different Fourier modes travel at different speeds

and thus wave packets tend to disperse.
To give a precise sense to this notion, consider for instance a linear
equation

{i%JrP(D)uO7 u=u(x,t), xeR" reR*t a1

u(-,0) = uo,
where P(D) is defined in Fourier variables by
P(D)u(5) = p(&)a(E),
p being a real valued, homogeneous of degree d function, that is
p(A&) =2A"p(§), A >0, EeR"

We moreover assume that the function
G(x) = / e etinE) gg

is bounded. !
The solution of (1.1) is given (using Fourier transform) as a convolution

u(,t) = Gy*xuo, where G,(x):/ ePEHIG g

Using the homogeneity of p one has
Gi(x) =t7"G(x),
which with the boundedness of G and a classical convolution estimate
yields
wmm%mgi%wmy,t¢o (12)

xeRn

'We will see later how the Van der Corput lemma can be used to prove the boundedness of
such oscillatory integrals.
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This expresses that a sufficiently localized initial data leads to a solution
that disperse as t — oo as lnl/ 7-
A typical example is when P(D) = A (the linear Schrédinger equation)

for which

G(x) = Cyef/4

leading to a decay in +~"/2 of solutions emanating from a localized initial
data.

Actually estimates like (1.2) are fundamental to derive the “L? — L9”
Strichartz estimates that are used to solve the Cauchy problems for many
semilinear dispersive equations such as the semilinear Schrodinger equa-
tions.

The importance of water waves equations and more generally dispersive
equations should not be underestimated. As V. E. Zakharov expresses in the
Introduction of [250] :

In spite of the fact that the mathematical aspect of wave propa-
gation is one of the classical subjects of Mathematical Physics,
the theory of surface waves for many decades was an isolated
island, just weakly connected with the main continent, the the-
ory of sound and the theory of electromagnetic waves. One of
the reasons for this was a dispersion. In contrary to the light
and to the sound, the waves on the surface of an incompress-
ible fluid are strongly dispersive. Their phase velocity depends
essentially on a wave number. Another reason was a belief
that the theory of surface waves is not a normal subject of pure
mathematics. The basic equations describing waves on a sur-
face of an ideal fluid in their classical formulation are neither
ordinary nor partial differential equations. They look like an
orphan in a society of normal PDE equations, like the Maxwell
equations or linearized Navier-Stokes equations describing the
ordinary waves. Nevertheless, the theory of surface waves be-
came a cradle of the modern theory of waves in nonlinear dis-
persive media. It was Stokes who formulated the concept of a
progressive stationary wave and calculated the nonlinear cor-
rection to dispersion relation. Another fundamental concept
of modern nonlinear physics, the soliton, was also born in the
theory of surface waves. The isolation of the theory of surface



waves was broken in the fifties and sixties of this century. The
fast development of plasma and solid state physics showed that
a strong dispersion is a common thing for waves in real media,
and non-dispersive sound and light waves are just very special
exclusions in the world of waves, which mostly are strongly
dispersive. In the last three decades the surface waves became
a subject of intense study.

The Notes are roughly divided into three parts as follows. The two first
Chapters are introductory. We give generalities on the Cauchy problem for
infinite dimensional equations, emphasizing the notion of well/ill-posedness.
We also present standard facts on the compactness method which might
have been forgotten by the younger generation! As an application we treat
in some details and as a paradigm the case of the Burgers equation since
the method adapts at once to its skew-adjoint perturbations.

Finally we recall various classical tools: interpolation, oscillatory inte-
grals,.. which will be of frequent use in the subsequent chapters.

Part two consisting of three Chapters is devoted to the presentation of
the equations of both surface and internal waves, together with the deriva-
tion of their asymptotic models. The aim is to show how various, classical
and less classical, many often dispersive, equations and systems can be rig-
orously derived as asymptotic models.

In Part three consisting of eight Chapters, we treat various mathemat-
ical problems related to some of the asymptotic models. Our choice is
somewhat arbitrary, but we have tried to cover topics that have not be con-
sidered in books, and to maintain as possible some links with the origin of
the models.

One advantage of the theory of PDE’s with respect to other domains of
Mathematics is that it benefits of a continuous flux of new problems arising
for the real world. We hope that these Notes will show the richness of the
mathematical problems stemming from the modeling of water waves and
that they will inspire further work.

Part of the material of this book has its origin in joint works with var-
ious colleagues and friends. I thus express my heartful thanks to Anne
de Bouard, Matania Ben-Artzi, Jerry Bona, Min Chen, Vassilis Dougalis,
Jean-Michel Ghidaglia, Philippe Guyenne, Christian Klein, Herbert Koch,
David Lannes, Felipe Linares, Dimitri Mitsotakis, Luc Molinet, Didier
Pilod, Gustavo Ponce, Roger Temam, Nikolay Tzvetkov, Li Xu for our
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friendly and fruitful collaboration.

Special thanks are due to David Lannes who shared with me his vast
and deep knowledge of water waves theory and to Felipe Linares for useful
remarks and suggestions and for his help during the technical preparation
of the book.

Notations

The Fourier transform in R” will be denoted § or *.

The norm of Lebesgue spaces LP(R"), 1 < p < oo, will be denoted |- | ,.
We will mainly use the L?> based Sobolev spaces H*(R") =
{f € LX(R");(1 + |E2)*2f € L*(R")} with their standard norms
|(1+-[?)*/?f|> denoted by || - ||, or || - ||zzs. The Schwartz space of rapidly
decaying C* functions is denoted . (R") and its dual (tempered distribu-
tions) . (R").



Chapter 2

The Cauchy problem

2.1 Generalities

Solving the Cauchy problem locally in time is the first step of our under-
standing of nonlinear PDE’s. Note however that -though it might be very
difficult- one should not overestimate its importance to understand the dy-
namics of the underlying equations or systems. After all, this step is nothing
more than the equivalent of the Cauchy-Lipchitz theorem for ODE’s and it
tells nothing on the long time dynamics of the solution and actually there is
little hope for most physically relevant systems to describe this dynamics.
This is the reason why (starting actually from Lagrange [153] who derived
the water wave system and from it the linear wave equation in the linear,
infinite long wave regime)! one is led to “zoom” at a specific domain of
amplitudes, frequencies,...in order to derive simpler asymptotic equations
or systems which approximate the solutions of the original system on rele-
vant time scales. We will precise this strategy in the subsequent chapters.

Lagrange derived the linear wave equation for the horizontal velocity u of the wave
sy — ghityy =0 2.1

where £ is a typical depth of the fluid and g the modulus of acceleration. This equation
gives the correct order of magnitude for the speed of propagation of a tsunami in the ocean...

11
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Nevertheless the fact that one has to work in infinite dimensional spaces
leads to difficulties even in the definition of a well-posed problem. This
fact was first put forward by J. Hadamard in the beginning of the twentieth
century and we recall his classical example of an ill-posed problem.

We aim to solving the Cauchy problem in the upper half-plane for the
Laplace equation :

{un—i-uxx:O, in D={(x,t),xeR, >0} 2.2)

u(x,0)=0, u(x,0)=f(x).
By Schwarz reflexion principle, the data f has to be analytic if u is

required to be continuous on D. We consider the sequence of initial data
¢, neN:

0n(x) = ¢V nsin(nx), ¢ (x) =0.

It is easily checked that for any k > 0, ¢, — 0 in the C¥ norm. In fact
for any € > 0, there exist N x € N such that

sup Y (o) (0)| <& ifn>Nex.
Yk
Note that ¢, oscillates more and more as n — +oo. On the other hand one
finds by separation of variables that for any n € N, the Cauchy problem
(2.2) with f = ¢, has the unique solution

v (x,1) = eV sin (nx) sinh(nt)

and of course vy (x,7) = 0.
Things seem going well but for any #p > 0 (even arbitrary small), and
any k € N,
sup |v£,k) (x,10)| = n* e~ V" sinh(nty) — oo
X

as n — +oo. In other words, the map T : @, — v, (-,%). is not continuous
in any C* topology. This catastrophic instability to short waves is called
Hadamard instability. It is totally different from instability phenomenon
one encounters in ODE problems, eg the exponential growth in time of
solutions.

Consider for instance the PDE

{ u+cuy—u=0

u(x,0) =€ neN. (2.3)
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The initial data is thus a plane wave of wave length % The solution is
Uy (x,1) = € ™) Tt is clear that for any reasonable norm, ||u, (-,)]|
grows exponentially to infinity as t — +oo. However, if one restricts to
an interval [0, T], the same reasonable norms are uniformly controlled in ¢

with respect to those of the initial data.

Remark 2.1. The fact that norms in an infinite dimensional space are not
equivalent implies of course that the asymptotic behavior of solutions to
PDE’s depends on the topology as shows the elementary but striking exam-
ple.

Let consider the Cauchy problem

{ us +xu, =0 2.4)

u(x,0) = ug,

where up € .7 (R).
The L norms of the space derivatives ) = ok u of the solution u(x,) =

up(xe™") are

1
1], = & ufd],.
For instance, the L norm of u is constant while the L? norms, 1 <
p < oo grow exponentially. On the other hand all the homogeneous Sobolev

norms WP k> 1, p > 1 decay exponentaily to zero.

One can state a general concept of a well-posed problem for any PDE
problem (7). Let be given three topolological vector spaces (most often
Banach spaces!) U,V,F, with U C V. Let f be the vector of data (initial
conditions, boundary data, forcing terms,...) and u be the solution of (£?).
One says that (&) is well-posed (in the considered functional framework)
if the three following conditions are fullfilled

1 - For any f € F, there exists a solution u € U of Z.
2 - This solution is unique in U.

3 - The mapping f € F +— u €V is continuous from F to V.

To be more specific, consider for instance scalar > Cauchy problems of

2The same considerations apply of course to systems
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type
{ Q=1 (t) = iLu(t) + F (u(r)), 2.5)

u(0) = uy.

Here u = u(x,1), x € Rt € R. L is a skew-adjoint operator defined in
Fourier variables by

Lf(&) = p(&) (),

where the symbol p is a real function (not necessary a polynomial). F is a
nonlinear term depending on u and possibly on its space derivatives. The
linear part of (2.5) thus generates a unitary group S(t) in L?(R") (and in all
Sobolev spaces) which is unitary equivalent to g +— ei’p(‘?)zio.

Classical examples involve the nonlinear Schrodinger equation (NLS),

where here u is complex-valued

iu +Aut|ul’u=0,
the generalized Korteweg- de Vries equation

up + uPuy + e =0,
or the Benjamin-Ono equation (BO)

uy + utty — Uy = 0,

where .77 is the Hilbert transform, and many of the classical nonlinear
dispersive equations.

Definition 2.1. The Cauchy problem (2.5) is said to be (locally) well posed
-in short LWP- for data in H*(R") if for any bounded set B in H*(R")
there exist 7 > 0 and a Banach space Xr continuously embedded into
C([-T,+T];H*(R")) such that for any ug € B there exists a unique solution
u of (2.5) in the class X7. Moreover, the flow map

uo — u(t)
from B to H*(R") is continuous.

Remark 2.2. 1. One might add the persistency property : if ug € H* (R")
with s’ > s then the corresponding solution belongs to the corresponding
class X7 with the same T.
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2. In some critical cases, T does not depend only on B (that is only on
the H* norm of ug), but on uy itself in a more complicated way.

3. We will see below that for hyperbolic equations or systems (for in-
stance the Burgers equation) one cannot have a better definition (that is the
flow map cannot be smoother).

4. Of course very relevant equations or systems arising in the theory of
water waves cannot be written under the simple form (2.5). This is the case
for instance for the Green-Nagdhi or full dispersion systems (see Chapter
4) but the notion remains the same.

A natural way to prove LWP, inspired from the ODE case is to try to
implement a Picard iterative scheme on the integral Duhamel formulation
of (2.5), that is

u(t) = S(t)uo + /0 " S(t — 5)F (u(s))ds. 2.6)

where as already mentioned S(¢) denotes the unitary group in L?(R") gen-
erated by L.

We are thus reduced to finding a functional space X; C C([—7,+7];
H*(R")), T > 0, such that for any bounded B C H*(R"), there exists T > 0
such that for any ug € B, the right hand side of (2.6) is a contraction in a
suitable ball of X7.

It is only in very special situations that the choice X; = C([—7,+7];
H*(R™)) is possible, for instance when F is lipschitz if s = 0, or in the case
of NLS when n =1 and s > 1/2 (exercice!).

So, in this approach, the crux of the matter is the choice of an appropri-
ate space X;. This can be carried out by using various dispersive estimates
(see Chapter on the KdV equation) or by using a Bourgain type space (see
[96] and below for a short description).

This method has the big advantage (on a compactness one that we will
describe below for instance) of providing “for free” the uniqueness of the
solution, the strong continuity in time and the “smoothness” of the flow
(actually the only limitation of the smoothness of the flow is that of the
smoothness of the nonlinearity).

This leads us to the
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Definition 2.2. The Cauchy problem (2.5) is said (locally) semilinearly
well-posed for data in H*(R") if it is LWP in the previous sense and if
moreover the flow map is smooth (at least locally lipschitz).

The Cauchy problem is said quasilinearly well-posed if it is well-posed,
the flow map being only continuous.

Remark 2.3. The Cauchy problems which can be solved by a Picard itera-
tive scheme on the Duhamel formulation with a suitable functional setting
are thus semilinearly well-posed. As we noticed before, the Cauchy prob-
lems associated to quasilinear hyperbolic equations or systems (such as the
Burgers equation) are only quasilinearly well-posed.

For dispersive equations, the situation is a bit more involved. For in-
stance the KdV equation leads to a semilinear Cauchy problem, while the
BO equation leads to a quasilinear one (see [185] and the discussion in
Chapter VII ).

2.2 The compactness method

We recall here some classical results which were very popular in the seven-
ties but which might less known to the younger generation.

The rough idea is to construct approximate solutions, by regularizing
the equation, the data or the unknown (for instance by truncating high fre-
quencies) and then to get a priori bounds on those approximate solutions.
The fact that closed balls in infinite dimensional normed spaces are not
relatively compact gives obviously some trouble.

The starting technical point of the method is thus to look for conditions
insuring that a bounded sequence u, in LP(0,T;B), 1 < p < oo, where B is
a Banach space, is relatively compact in LP(0,T’; B).

This will allow to pass to the limit on a subsequence of approximate
solutions and to get hopefully a solution to the problem.

As a simple example we will treat in some details the case of the Cauchy
problem for the Burgers equation and some of its skew-adjoint perturba-
tions.

The Aubin-Lions theorem

We will prove here a basic compactness result well suited to treat PDE
problems.
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Before stating it we recall two standard compactness results in normed
spaces (see [211] chapter 7) :

1. A normed space is reflexive if and only if its unit ball is weakly
compact.

2. For a normed space E, the weak* topology on its dual E’ is that of
the simple convergence on E. The unit ball B” of E’ is weakly* compact.

Theorem 2.3. Let By C B C By, with B; reflexive, i = 0,1 be three Banach
spaces with By C B compact. Let

W = {veLr0,T;By),"

d
:d—: €LP(0,T;B),0<T < oo, 1 < p; < o0,i=0,1},

equipped with its natural Banach norm.
Then the embedding

W C L?(0,T;B)
is compact.

Proof. Let (v,) be a bounded sequence in W. Since B; is reflexive
and 1 < p; < oo, i =0,1, LPi(0,T;B;) is reflexive. One can thus extract a
subsequence (v, ) such that v, — vin W weakly. One can assume that v =
0, reducing thus to showing (possibly after extraction of a subsequence):

vy, — 0in W weak = v,, — 01in L”°(0, T’; B) strong.
Let admit for the moment the

Lemma 2.4. Let three Banach spaces By C B C By, with By C B compact.
Then, for any 1 > 0, there exists Cy > 0 such that for all v € By,

[Vlls < VI, +Cnllv]lz, -

It results from the lemma that for any n > 0, there exists d, > 0 such
that

|[VallLro 18 <Nl [Vl \LPO(O,T;BO) +dp||vallzro (0,T:B)
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Let € > 0 be fixed. Since ||v,||r0 (0,7:8,) < C, one has

€
[[Vallzro0,7:8) < 3 +dn|[vallzro0,7:8,)5

provided we take 1 such that nC < §.
One is thus reduced to proving that

vy, — 0in LP°(0,T; By) strongly. 2.7

By Sobolev embedding theorem in dimension 1, W C C°([0,T],B),
and thus ||v,(7)||s, < C, Vt € [0,T]. From Lebesgue theorem, (2.7) will be
established if one proves that

vu(s) — 0in By strong, Vs € [0,T] (2.8)
As s plays no special role, we are reduced to proving that
vy(0) — 0, By strong.
Let then w, () = v, (A1), A > 0 to be determined. One has

Vn (0) = Wi’l(o)v
_1
[Wallzro(o,7:85) < C1A 7, (2.9)

1—L
Woller 08 < C2A 71

Let ¢ € C'([0,T]), #(0) = —1, ¢(T) = 0. It results

wn(0) = /()T(¢Wn)/dt = Bu+ Yus

T T
B, — / owldi, 1 = / o' wadt.
0 0

From (2.9) we deduces
1—L
[1va(0)l[B, < |IBullg; + |1%lla, < C3A~ 71 4|7l l3;-

1
If € > 0 is fixed, we choose A such that C37Ll_"1 < £ and (2.7) will be
established provided ones prove that 7, — 0 in B; strongly.
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But w, — 01in L"(0,T;By) weak (A is fixed and one may assume that
itis < 1). Thus y, — 0 in By weak. Since By C B; is compact, one deduces
that , — 0 in B; strong.

Proof of lemma. By contradiction. Assume thus that there exist n > 0,
vy, € By, ¢;; — +o0, such that

[[Vallg > M|[vallBo + callval |5, -

Letw, = . One has thus

Vﬂ
MvallB,
[[Wallp > 1 +cal[wal |5,

and
lwallg < Cllwallp, <C.

One deduces
[|wn||B, — O. (2.10)

But since ||w,||g, = 1 and By C B is compact, one can extract a subse-
quence wy, converging strongly in B to w.

Since ||wy —w||p, <C||wy —w||p, one has w = 0 from (2.10), which is
absurd since |[wy|[p > 1 . O

2.2.1 Application to PDE problems

The considerations above apply in general as follows. In order to solve (for
instance) a Cauchy problem posed in R”, one constructs (by smoothing the
equation, or the unknown function,..) a sequence of approximated solutions
(t4m), bounded in a space L= (0,T; H*(R")),s > 0.

We recall that the space L™(0,T; H*(R")),s > 0 is the dual of L!(0,T;
H~*(R")). By the weak * compactness of the closed balls of the dual of
a normed space, it thus results that, modulo extraction of a subsequence,
Uy — uin L=(0,T; H*(R")) weak™.

On the other hand, the equation provides a bound on (u),) = (%um)
in L=(0,T; H*~¢(R")). Aubin-Lions theorem implies that for any bounded
subset B C R”, and all p > 1, there exists a subsequence (still denoted (u,,))
such that for any integer k such that k < [s] the derivatives of order k, 9* (u,,)
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converge to d%u in L?(0,T;L*(B)) strongly and almost everywhere in B x
[0,T]. By the Cantor diagonal process (write R" = | Jycn+ By Where By =
B(0,N)), one may assume that ¥ (u,,,) converges to d*u almost everywhere
in R” x [0,T]. This argument suffices in general to pass to the limit in
the nonlinear terms (the convergence in the linear terms does not pose any
problem thanks to the weak convergence). Since all convergences also hold
in the sense of distributions one obtains a solution u € L=(0,T; H*(R"))
with 4 € L=(0,T; H*~(R")).

In order to prove that the trace u(.,0) makes sense in H*(R") one uses
a classical result of W. Strauss.

We first recall that if Y is a Banach space, C,,([0,7];Y) denotes the
subspace of L(0,T;Y) of functions which are continuous from [0,7] in Y
equipped with the weak topology. One has ([222]):

Theorem 2.5. Let V and Y be two Banach spaces, V reflexive, the embed-
ding V C Y being continuous and dense. Then

L*(0,7;V)NC,([0,T];Y) = Cy([0,T];V)

Proof. Let u be in the LHS space. It suffices to prove that there exists a
constant M such that :

u(t) € Vandlu(t)ly <M, vVt €[0,T]. (2.11)

In fact, if (2.11) is true, one can extract from any converging sequence
tn — 1o in [0,T] a subsequence #,, such that u(t,) converges weakly in V.
Since u is weakly continuous with values in V, the limit must be u(#y). Thus
u(ty) — u(ty) weakly in V.

To show (2.11), one considers a regularizing sequence 7 (¢) in the usual
way : let mo(¢) an even, positive function, ¥ compactly supported and
with integral 1; one then defines for € > 0, ne(t) = € 'no(t/€). Let us
consider 0 < ¢ < T such that (ng *u)(¢t) € V for € small enough. Let M be
the norm of u in L=(0,7;V). Then

(e *u) ()] < / Ne(s)|ult — 5)|vds < M.

There exists therefore a “subsequence” of € such that (1, * u)(f) con-
verges weakly in V. On the other hand, for all v in the dual V' of V,

((nexu)(t) —u(t),vy) >0 when € —0,
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since (u(s),v) is a continuous function of s. It results that u(¢) € V,

(Me % u)(t) — uft)

weakly in V, and that |u(t)|y < M.
To prove (2.11) in the case ¢ = 0, one applies a similar argument with

(Ne * u)(t) replaced by (ne * u)(g); for + = T, one considers
(Ne xu)(T —¢€). O

Corollary 2.6. Let V and W be Banach spaces, V reflexive, both contained
in a vectorial space, such that VW is dense in Vand W. Ifu € L*(0,T;V)
and u' = % € L'(0,T;W), there exists a weakly continuous function from
[0, T] with values in V which is equal to u almost everywhere.

Proof. The space Y =V + W satisfies the conditions of Theorem 2.5.
The hypotheses on u imply in particular that u € L'(0,7;Y) and ' €
L (0,T:;Y). u is thus weakly continuous with values in ¥, and Theorem
2.5 applies. (I

In the present situation, one applies Strauss Theorem with V = H*(R")
and Y = H*~?(R") (notice that by Sobolev in dimension 1 one already
knows that u € C([0,T],Y)).

Remark 2.4. Contrary to a method based on an iterative scheme a la Picard,
the compactness method does not provide either the (possible) uniqueness
of the solution, neither the strong continuity in time, neither the continuity
of the flow. One has to establish those properties separately.

The uniqueness (when it holds!) is usually obtained by a direct argu-
ment based on Gronwall’s lemma.

In some situations (for instance for symmetric hyperbolic systems) on
can prove the strong continuity in time, (i.e that u € C([0,T],V)) by using
the uniqueness in L=(0,7;V) and the fact that the equation is reversible in
time (see for instance [236] Chapter 16).

One can also prove the strong time continuity and the continuity of the
flow map by an approximation process (the “Bona-Smith trick™, [36], see
below).
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2.2.2 J. Simon Theorem.

We mention here for the sake of completeness a more general compactness
result. In [215] J. Simon caracterizes the relatively compact subsets of
LP(0,T;B) where 1 < p <o and B is a Banach space.

The result is the following:

Theorem 2.7. Let F C L?(0,T;B). F is relatively compact in LP°(0,T;B)
for 1 < p <o, 0rinC(0,T;B) if p= o if and only if

(5]
{/ f@&)dt . f € F}isrelatively compact in B,V 0 <t; <t <T.
J1

|Tnf = fllzr(0,7—n:8) — O, when h — O, uniformly for f € F.

(we have denoted 7, f(t) = f(t +h) for h > 0).
If one has a second Banach space X such that X C B is compact, Theo-
rem 2.7 implies:

Theorem 2.8. Let F C LP(0,T,B) with 1 < p < co. One assumes that F is
bounded in L}, (0,T;X) and that

||T/1f_fHLp((]7T,h7B) — 0, when h — 0, uniformly for f € F.
Then F is relatively compact in LP(0,T,B) (and then C(0,T;B) if p = o).

One can deduce useful sufficient conditions of compactness. For in-
stance

Proposition 2.9. Let B and X two Banach spaces such that X C B is com-
pact and let m be an integer.

Let F be a bounded subset ole;Cm’l (0,T;X) suchthat dF /dt ={df/dt:
f €F} be bounded in L' (0,T;B). Then F is relatively compact in L (0,T;B),
1< p<oo.

Let F bounded in Wl;:"l (0,T;X) with OF /9t bounded in L"(0,T;B),

where r > 1. Then F is relatively compact in C(0,T;B).

The article [215] contains many variants of this result.
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2.3 The Burgers equation and related equations.

This example is elementary but typical of the compactness method; it adapts
easily to more general contexts such as the symmetrizable quasilinear hy-
perbolic systems. 3

We recall that |.|, will denote the norm in L?, 1 < p < +-co.

We consider the Cauchy problem:

{ S+ udu =0, 2.12)

u(x,0) = ug,

where ug € Bg = {v € H*(R), ||v||us <R} ,s > 3.

We approximate the equation by “truncating the high frequencies”. Let
X E€CF(R)even,0<x <1,y =1on[-1,+1].

We introduce for j € N the operator x; = x(j~'D) (notation of Fourier
multipliers). x;(f)(§) = x (/') /(£).

It is clear that x; : H*(R) — H"(RR) is continuous for all 5,7 € R, and
that it is self-adjoint and commutes with all derivations (of integer order or
not).

We approximate (2.12) by

J (T . 7)) —
{ AU + (U7 x;(9:U7)) =0, o)

U’ (x,0) = uy,
The properties of x; imply easily that
U= xi(Ux;(d:U))

is locally Lipschitz on H*(R), s > % Cauchy-Lipschitz theorem in Banach
spaces implies the existence of a maximal solution U’ € C([0,7;]; H*(R)).
The following estimates show that 7; depends only on R and provide
bounds on U-.
One applies D* = (I — 92)3 to (2.13) setting DU/ =V :

AT+ 1 (U 0VD) = (UL DAL, 214

3We will see in Chapter 10 an approach via characteristics which explicits the finite time
blow-up of the solution.
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and one takes the L2 scalar product of (2.14) with V/ to obtain (we do not
indicate the ¢ dependence):

1d. . 4 o . o

EEW’@+/ij(U’xj(8ij))Vfdx:/Rxj([Uf,Ds]xj(8xU’))dex.
(2.15)

Using that y; is self-adjoint and commutes with dy, the integral in the

LHS of (2.15) writes

% /R Ujax[xj(Vj)]zdx:—% /R 3u(U7) [, (V7 Pax. 2.16)

We recall the Kato-Ponce commutator lemma [130] :

Lemma 2.10. Lets > 0and 1 < p < 4o0 and D* = (I — A)2. There exists
C > 0 such that

ID*(fg) = f(D’8)]p < C(IV flo| D' gl + D f18]e0)-

One deduces from (2.15), (2.16) and from Lemma (2.10) (applied with
f=U/and g = x;(d.U)) that

1d

. 1 . )
2V <510 [ (viPaxs

HCIV2{| 007 || D 2 (U7 )2 + DU o] (007 |0}
SCV {007 ooV |2+ [V 2] 2(9U7) |}
= CIV/[3{|0:U7 ] + [2(0:U7) 0}

We therefore deduce with Gronwall” s lemma that, for all 7 € [0,7;) :
107 ()l < ||Uol s exp(ClOU 3 0 75 1= () + 12 QU |11 0.7 1= ) )

Since s > %, Sobolev theorem implies that the argument in the expo-
nential is majorized by

CT||U | =(0,1: 15 () -

On the other hand, y;(¢) = ||V/(¢)]|5 is majorized by the solution of

V(1) = Cy(1)3, y(0) = [luo] s
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on its maximal interval of existence. The solution of this Cauchy problem

being y(f) = — 20—
(2-FCry(0)2)?

we deduce that 7; = T does not depend on j, that T = O(
has the bound

1
W) and one

U |07 s (r)) < C(llmol |5 w))- (2.17)

This is the key estimate. Using the equation, one deduces that d,U/
is bounded (at least!) in L=(0,T; L?*(R)) and thus converges to 9,U in
L*(0,T; L*(R)) weak* and in L?>(0,T; L?(RR)) weakly. As a consequence,
(modulo extraction of a subsequence still denoted U;), U; converges in
L=(0,T; H*(R)) weak-star to U. Aubin-Lions theorem insures that, for any
interval I, = (—m,m), m € N, a subsequence U(;,, converges in
L?(0,T; L*(I,)) strongly and almost everywhere. Cantor diagonal pro-
cedure then implies that another subsequence (still denoted U;) converges
to U almost everywhere in R x (0, 7).

It is then easy, using estimate (2.17) to show with Lebesgue domi-
nated convergence theorem that (U/)? converges to U? (at least !) in the
sense of distributions and thus that d,(U/)? converges to d,U?. Passing to
the limit in the linear terms giving no trouble because of the weak con-
vergences, one deduces that U satisfies (2.12) in the sense of distribu-
tions and in fact in L=(0,T; H*~!(RR)). Strauss result above implies that
U € C,(]0,T]; H*(R)) and thus that the initial data is taken into account in
H*(R). In fact we have a much more precise result as we will see below.

Uniqueness in the class L*(0,7; H*(R)) is very easily obtained. Let u
and v be two solutions corresponding to the same initial data uy € H*(R)
and let w = u — v. w satisfies the equation

wr +wiy +vw, = 0.

Taking the L? scalar product with w one obtains after an integration by
parts (justified thanks to the regularity of the solutions) :
——|w(.,1)|3 +/ (W™ (2, ) ux (x,2) — vy (x,8)w” (x,8)]dx = 0,
2 dt R 2
so that
S (B < C/Rw (x,)dx

and one concludes with Gronwall’s lemma.
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Remark 2.5. One has a persistency result, immediate consequence of the
proof above : if ugp € H"(R) with r > s, the corresponding solution belongs
to L=(0,T; H"(R)), on the same interval [0, T).

We will use freely this property in the following argument (“Bona-
Smith trick™) which proves the strong continuity in time and the continuity
of the flow map.

Letp € Z(R), p € C5(R), p(&) =1 in a neighborhood of 0. For € >0
we denote pe(x) = €~ p ().

We consider then the solution of (2.12) corresponding to an initial data
up € Br. We denote u® the solution of (2.12) with initial data uge = p * up.

Since

||uoe||rs < Clluol|as, €€ (0,1],

u® satisfies the bounds

Ms 1 Al <C7
{ el 1o, 1) < (2.18)

] =(0,7; 15y < C,
on the existence interval of de u. Let us also notice that from the persistency
property, the equation and Sobolev embedding theorem in dimension one,
that u® belongs (in particular) to C([0,T]; H*(R)). We will prove that u® is
a Cauchy sequence in this space. For € > &’ > 0 we set v = u® — ut'. One
easily checks that

[9(0)]]2 = O(€*) and [v(0) | = o(1) as € — 0.
On the other hand, v satisfies the equation

20, + (U +uE Y+ (uf +uf vy = 0. (2.19)

Taking the L? scalar product of (2.19) with v and using the bounds
(2.18) on u® and u® , one obtains the estimate

v(.,1)|3 < Ce*, (2.20)

for ¢ in the interval of existence [0,7 = T(R)) of u.
Proceeding as in the existence proof, we apply D° to (2.19), then takes
the L? scalar product with D*v and uses Kato-Ponce lemma to end with :

o) e < CLE o) e+ 1 ) e H Vo)

dt
AL (o) [ s + [ Cot) st HVC O s [ () s
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One deduces from (2.18) that, for 0 <t < T,
e (s 1)l g1 < Cllu[ e < Ce™. (2.21)

On the other hand, a classical interpolation inequality 4 and (2.20) imply
that

L 1-1 1-1
VGO a1 < AVCOI D < Cellv(0)l s (2.22)
Gathering those inequalities one deduces with Gronwall’s lemma that
[ (1) = (1) e = 0(1) (2.23)

when € — 0.

A similar argument leads to the continuity of the flow map ug — u(.,t)
on bounded subsets of H*. It suffices to consider u as above and a sequence
up, converging to up in H°(R); we denote u, the corresponding solutions.
One proves that

6 (o) = (5) s < Clluton = o |5 + (1) (2.24)

as € — 0.
One easily deduces with (2.23) the continuity of the flow.

Remark 2.6. From Sobolev embedding theorem we deduce that u, u, and u;
are continuous on [0, 7] x R, and thus that « is C! and satisfies the equation
in the classical sense.

Remark 2.7. Tt is straightforward to check that all the considerations above
apply mutatis mutandi, with minor modifications, to linear skew-adjoint
perturbations of the Burgers equation, for instance to the Korteweg- de
Vries

U + utly + Uy =0

or Benjamin-Ono
Uy + utty — Uy = 0,

equations.
Recall that 7 is the Hilbert transform, J# = .x vp(1), H#f(&) =

—isign £ f(8).

1-6
415 = (1-6)51+ 053, 0 < 0 < 1, then || ]lgs ey < 1135 (11185 e
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In those two examples, the equation is of course no more satisfied in the
classical sense and the result is far from being optimal as for the minimal
regularity assumptions on the initial data.

One can actually obtain global results with the following observation
made in [215, 1] (this could also result from the Brezis-Galloiiet inequality
[46] : assuming that one has local well-posedness in H*(R"),s > 5 and a
global a priori bound in H 2 (R™), then one has global well-posedness in
H*(R"),s > 3.

Consider for example the Cauchy problem for the Benjamin-Ono equa-
tion :

up +uuy — Huy =0,  u(-,0) =up. (2.25)

We have the following global existence result.

Theorem 2.11. Let ug € H*(R), s > 3. Then there exists a unique solution
u of (2.25) such that u € C([0,+oo; H*(R)).

Proof. We will just prove the key a priori bound, the computations below
can be justified on a smooth local solution emanating from a regularization
of up.

We recall first that the Benjamin-Ono equation being integrable by the
Inverse Scattering method possesses an infinite number of conserved quan-
tities. Besides the “trivial” ones

Io(u):/Ruz(x,t)dx:const., I (u)

1 1
= / [=D"2u(x,1)*> — —u?(x,1)]dx = const.,
R 2 6

where D° is defined by D*u(x) = §'|&|*a(&), it has in particular the in-
variants (see [1])

1
) = / it = 202 0 () + 202,
R 4 2

() = [ {50 + 500 )+ )

—[2u (u)* 4 6un?] — 4ust () bdx.
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We leave as an exercise that y,/; provide a global a priori H %(R)
bound, Iy, 11,1, a global a priori H'(R) bound, and Iy, I;,k,I5 a global a
priori H 3 (R) bound.

O

Lemma 2.12. For any T > 0 there exists C(T, ||uo||3/2)]|uolls), such that
1] | = 0,715 (R)) < C(T, [[uo]|3/2)]|uo]s- (2.26)

Proof. We take the L? scalar product of (2.25) by D*u to obtain

1d
/ |Dyu\2dx—|—/ D (uuy)D*u dx = 0. (2.27)
2dt
We observe now (see [204] for instance that for s >y =1 > % and
u,v € H*(R), there exists a positive constant c(¥,s) = ¢’(s)/,/7— 4 such
that

1D (uv) —uD*vly < c(y,s)([[ulls[vlly + ullyrilv]ls-1)-

Since s > % there exists 7 > 0 such that s > % + 1. We apply the ele-
mentary commutator estimate above with v =u, and y = % = 1) to obtain
that

|Df (uuy) — uD*uy)o < (2.28)

\/—Hu||3/2+n|‘u||s
On the other hand,
1
(uD}.,,D’u) = —E(uXDsu,DSu),
and since (at it is easily checked using Fourier transforms) for any 1 > 0
ltteee < fll 13729

one derives the inequality

. c
(WD, D) < Tl 0 (2:29)
We deduce from (2.28) and (2.29) that for any 1 >0 such that %Jrn <s,

|(D* (ute), D'u)| < \/—HMH'%/Z-H‘[HL‘HS (2.30)
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Since H3/**"(R) = [H*(R),H*/*(R)]g with 6 = 1 — (ZS 1y =112,
we have the interpolation inequality

2 1-2
ull 2 < ellual F7 a5, 7"

where ¢ does not depend on 1).
We also recall the a priori bound

||MHL°°(R+;H3/2(]R)) < ca([uoll32)-

Combining all those inequalities yields

Lo een
5l < (=l

for all 7 > 0 such that % +1 <, where C = [ca(||uol|32)]' .
One thus deduces that

[l 0113 < ¥(@),
where y(¢) is the solution of the differential equation

V()= -Sp0], 3(0) = Jluol 2

vl

on its maximal interval of existence [0,7(1)), where 6 = 1/(2s —3).

One finds easily that y(¢) = (||uo||s 2om —8,/NCt)~1/%1 whence

|[uo]];29M — +oo0, asn — 0.

T(n)= 5cf

For any fixed T > 0, we can choose 17 > 0 so small that 7 < %T(n). It
then follows that for 0 <t < T,

¥(1) < e(T 3 [uol|32) uol 7,

achieving the proof of Lemma 2.12.
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Remark 2.8. As we will see in Chapter 4, many equations obtained as
asymptotic models in a suitable regime write

us + uy + € (uux — Luy) = 0, (2.31)

where L is a skew-adjoint linear operator and € > 0 is a small parameter.
The method of proof developed above gives for the Cauchy problem an
interval of existence of order [0,0(1)), that is existence on the “hyperbolic
t' 9 1

1me R

Remark 2.9. The method above applies also ([236]) , with some extra tech-
nical difficulties to symmetric or symmetrizable hyperbolic quasilinear sys-
tems in R" of the form

n
A(x,t,U)0U+ Y Aj(x,1,U)d,,U +B(x,1,U) =0,
j=1

where A, A; are real symmetric p X p smooth matrices, A being moreover
positive definite, uniformly with respect to (x,z,U), that is there exists C >
0 such that

(A(x,1,E),E) > CIE)?, VEeR"xeR"teR.

One also assume that B is smooth.

In general, A arises from symmetrization of a non symmetric system,
the idea being then to replace the L? scalar products in the energy estimates
by

(W, S(x,1,U)w);2,

where the symmetrizer S is a symmetric, positive definite matrix.

As example we consider the one-dimensional version of the Saint-Venant
system that we will encounter in Chapter 4 as a model of certain surface
water waves:

on+divlu+nu) = 0
1 2.32
8,u+Vn+§V|u|2 = 0, (232)
where u = (u1,u5) and 7 are functions of (x,7) € R? x R.
This system writes in space dimension one :
In+uc+(un) = 0
{ du+ N + Uty = 0, (2.33)
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Setting U = (n,u)7, (2.33) writes also
U+ C(U)U, =0,

(1)

is of course not symmetric. However, setting

S(U):<(1) 1'87] )’

Al(U):S(U)C(U):( w14 )

where

we notice that

1+n u(l+n)
is symmetric. We thus get the system
A(U)o,U +A;(U)U, =0,

which is of the desired form, provided we restrict to the region where 1 +
n > 0, which is physically meaningful, this condition ensuring that the “non
cavitation” : the free surface does not touch the bottom.

Exercise : give the details of the proof for local well-posedness with
initial data in H*(R), s > 3.
Remark 2.10. Again if one considers the Saint-Venant system involving a
small parameter € > 0

on+diviu+enu) = 0
the interval of existence for the Cauchy problem will be of order [0,0(1)).

We conclude this Section by proving that the flow map associated to
the Burgers equation is no more regular than continuous. This displays the
“quasilinear” character of the associated Cauchy problem, a property that
is typical of quasilinear symmetric hyperbolic systems but that we will also
encounter for some nonlinear dispersive equations, a typical example being
the Benjamin-Ono equation.

The following result is based on the property of finite speed of propa-
gation of the Burgers solutions and is due to T. Kato [132].
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Theorem 2.13. The flow map associated to the Cauchy problem for the
Burgers equation is not (locally) Hélder continuous in H®, s > % for any
Holder exponent. In particular it is not (locally) Lipschitzian.

Proof. We recall ( classical result obtained by the method of characteris-
tics, see Chapter 10) that for any C! initial data, bounded together with
its derivative, that is ug € Cg (R) (2.12) has a unique C' solution which is
defined for

1
t< . (2.35)
[|9xo] oo
It is implicitly defined by
u=up(x—1tu) (2.36)

Let ¢ € C3(R) such that ¢ =1 for |x| <2 and @ € R such that

3 <o< !
s— = §—=.
2 2
In order to avoid technical details, we will restrict to the case where s is
integer > 2.
We consider the sequence of initial data

uy (x) = (A +x3o(x), —1<A <1, 2.37)

where x; = sup(x,0).

It is clear (choice of o > s — %) that u} € H*(R) C C}(R), the norms
H* being uniformly bounded in 4.

From (2.35), there exists 7 > 0 such that the solutions u* of (2.12)
associated to u} exist for |t| < T, for all A € [~1,+1]. Choosing T small
enough, one can furthermore assume that

I (x,0)| <1, xeR, || <T, |A|<1. (2.38)
Lemma 2.14.
W) = A+ (x— AN p(t(x— A0, k[ <1, A<,

where p(z) is a power series in z with p(0) = 1 with a stricltly positive
radius of convergence.
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Proof. Sety = x —tu*(x,t). One deduces from (2.38) that [y| < 2 for |x| <
1, |f| < 1 and |A| < 1. So we have ¢(y) = 1. It then results from (2.36) and
(2.37) that

W () = ug (v) = 2+

One therefore deduces successively, for ¢ small enough the sequence of
equalities :

y=x—At—ty* (1+0y%)y=x—At, (1+0%)y+ = (x—A1)4.
One gets the result by solving the last equation. 4

Coming back to the proof of the Theorem 2.13, Lemma 2.14implies
that for # small enough,

(=) (x,1) = A+ (x— A0) ¥ X3 4 (2.39)

(9)‘5(14’1 — %) (x,1) = (@ + 1)...(06—s+2)[(x—lt)‘fr’”l —x‘j‘f”l] +...
(2.40)

for |x| < 1, the ... indicating the higher order terms.
Observe now that
A A
[l (1) = u s > 1105 @ (1) = u®(0)) 2
(2.41)

=

> ([ 1306 )P

One easily checks that the contribution of the first term in the RHS of
(2.40) in the RHS of (2.41) is of order at least |M|°‘"‘+% .The contribution
of the remaining terms is of higher order. It results that there exists ¢ > 0
such that

i (1) = u(O(, 1) [as > c| A *3, (2.42)

for |¢| and |A| sufficiently small.
On the other hand, u} —u® = A¢ so that |[u} —uo||zs = |A||@]|ns.
Since one can choose o such that o — s+ % > 0 is arbitrarily small and
have again ug in H*, (2.42) proves that the mapping uo — u(.,t) fort #0
cannot be Holderian for any prescribed exponent.
O



Chapter 3

Varia. Some classical facts

We recall here some useful tools that we will freely use in the subsequent
chapters.

3.1 Vector-valued distributions

If X is a Banach space, we denote (see [212], [165])

2'(0,T;X) = £(2(]0,T[;X) equipped with the topology of uniform
convergence on bounded sets of 2(]0,T[) the space of distributions on
10, T'[ with values in X.

If T € 2'(0,T;X), its distribution derivative is thus defined as

oT d¢

E(g])):—T(E), V(PE.@(]O,TD

To f € LP(0,T;X), corresponds a distribution, still denoted f on ]0,7'[
with values in X, by

T
19)== [ rowds, o€ 2(0.70).

Observe (vectorial version of Sobolev embedding theorem in one di-
mension), that if f € L”(0,T;X) and % € LP(0,T;X), then, after possibly
a modification on a subset of measure zero of, |0, T[, that f is continuous
from [0,T] to X.

The following result is useful (see a proof in [232], Chapitre III, 1).

35
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Lemma 3.1. Let V and H be two Hilbert spaces, the inclusion being con-
tinuous and dense V.C H. One thus can identify H to its dual and write
VCH=H'CV'. Then, ifw € L*(0,T;V) and w' = 4* € [*(0,T;V"),

For instance, if u € L*(0,T,HJ (Q)) is a solution of the heat equation

du
I A=
5 u=>0,

one can justify the energy equality :

1d

2
S (Dl + V(1) =0

by taking the (H},H ') duality of the equation with .

3.2 Some interpolation results and applications
We consider here the triple (X, .7, i), where the set X is equipped with the
o-algebra o7 and with the measure p.

We shall denote L? (X, .7, i) the associated Lebesgue spaces. We con-

sider also another triple (Y, %, V).
We state the Riesz-Thorin interpolation theorem :

Theorem 3.2. Assume that 1 < py # p1 <oo, 1 <go # q1 < oo.
IfT e L(L(X, o, 1), L2 (Y, B, Vv)) with norm My and
T e L(L" (X, 1), L1 (Y,B,V)) with norm M,

then T € L(LPo (X, %/, 1),LI9(Y,AB,V)) with norm My,

where Mg < Mé_eMle and

1 _1-6, 6 1 _1-06_ 6
Pe  Po JrPl’ 96~ 4o +4|’ 6 < (0,1).
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We refer to [220], [27] for the proof, based on Phragmen-Lindelof, itself
based on the three lines theorem of Hadamard.

We now indicate some important consequences. Let X =Y = R” eand
U = Vv =dx, the Lebesgue measure. We say that a map T € £ (L”(R"),
L7(R™)) is of type (p,q) and we will denote f * g the convolution of f by
g. The following result is known as Young theorem.

Theorem 3.3. Let f € LP(R"), g € LY(R"), 1 < p,q < oo, with §+ 1 > 1.
Then fxg € L' (R") where L = l—l—é— 1. Moreover, || f*g|| < || fllpllgllq-

P
Proof. For g fixed, let T, f = f % g. From Minkowsky inequality, ||7 f|, <
llgll4!|f]]1. On the other hand Holder inequality implies that ||, f|]e <

1&llql171lg-

T, is thus of type (1,q) with norm < ||g||, and of type (¢’,+ec) with
norm < ||g||. From Riesz-Thorin theorem, T, is of type (p,r) with % =
1-60 , 6 _1_6,1_16_ _1 0 _1.,1 :
T—&-y—l—;et;—T—FO—;—&-(I—E)—I—;+;]—l7w1thnorm
< llgllg-

O

Another consequence is the Hausdorff-Young theorem (we denote f the
Fourier transform of f).
Theorem 3.4. Let f € LP(R"), 1 < p <2.Then f € LV (R"), L+ 1 =1,
with

L < 11A1lp-
Proof. Tt is a classical fact that the Fourier transform is of type (1,0) and

(2,2), with norms 1. The result follows readily from Riesz-Thorin theorem.
O

We will need a generalization of Theorem 3.3 that necessitates the use
of Lebesgue weak- LP spaces which we define now in the content of a
measured space (U, i) (it will be (R", dx) for us actually).

Definition 3.5. For any measurable functionf on U, almost everywhere,
we define its distribution function as

m(o,f) = p({x: |f(x) > c}).
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For 1 < p < oo, the weak- L space, denoted LP. consists in the f's such
that
1f]lp = supom(c, f)'/? < co.
o

Remark 3.1. 1. For 1 < p < oo, the weak-L” space is only quasi- normed.
In fact, the inequality (a -+ b)"/? < a'/? 4 b'/? implies that

1+l < 20111z, +Mellp)-

2. Obviously :
1 f 1z, < 1Az

3. It is easily checked that the function f defined on R” by f(x) =

1/|x|% belongs to L, (IR",dx) but does not belong to any L"(R"), for any
1 <r< oo,

4. The LY, spaces are particular examples of two- parameters space, LP9,
1 < p,q < +oo, the Lorentz spaces. The space LY, is the Lorentz space LP*.

A linear map T : L? — L, is said to be bounded if ||T f1[;p < C||f||rr-
The infimum on all C’s is by definition the norm of 7. We will denote then
T e Z(LP,LY).

We state now the Marcinkiewicz interpolation theorem. A proof can be
found in [27].

Theorem 3.6. Let 1 < pg#p; <o, 1 <qop#q1 <o, 0<0<1and
T € L(LP(U,u),L9(V,Vv)), with norm My,

T € L(LPY(U,n), LI (V,Vv)), with norm M.

Set
1 1-6 @6 1 1-6 @6

= —_— — = —,

P po P9 G @ q

and assume thatp < q.
Then T € £P(U,u),L1(V,V)).

Another useful result is Hunt interpolation theorem (see [198]).
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Theorem 3.7. Let 1 < pg # p1 < oo, 1 < gg # q1 < oo. We assume that
T is linear continuous from L7 (U, ) to L9(V,v) and from LP1 (U, ) to
LI(V,v).

Then, if p and q are defined as in Theorem 3.6, T extends to a linear
continuous map from Ll (U, 1) into L}, (V, V).

Moreover, [T llg < Cl|fll.y-

One deduces from Hunt and Marcinkiewicz theorems the generalized
Young inequality, see [198] :

Theorem 3.8. Let 1 < p,q < and f € LP(R"), g € LL(R").
Then fxg € L'(R"), L +1—1=1er

f xgllr < ClIfllerllgll g,

Proof. Fix f € LP(R") and set Ty = f x-. From Young’s inequality, 7 €
ZL(LIR"), L (R")), with | =+ 2 — 1.
One takes successively g = 1 then ¢ = p’ proving that

Trgllp < 11 f1Ipllgll1 and |[Tyg||e < [|f]|p]l8l],y and from Hunt’s theo-
rem,
T8l < Cllgllg,

f0r1<q<p’and11—)+$—1:%.
Fix now g € LY(R"). From what precedes, T, : L”(R") — L (R") is
continuous and from Marcinkiewicz theorem, f* g € L"(R") with the de-

sired estimate. O

The following corollary, a direct consequence of the above considera-
tions is known as the Hardy-Littlewood-Sobolev inequality.

Corollary 3.9. LerO<a<n 1 <p<g<+ecavect=1_

9 p
Set Iy (x) = [gn %dy. Then

SR

e ()| zarry < C(0t, pyn) || f1]1r (mn)-

Proof. Tt suffices to apply Young generalized inequality, recalling that the
function ¢ defined by ¢ (x) = -5 belongs L= Ry, O

Two excellent references on the theory of interpolation are the books
[27] and [220].
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3.3 The Van der Corput lemma

The Van der Corput lemma is a basic tool to evaluate oscillatory integrals
that occur often in the analysis of linear dispersive equations.

We follow here the excellent treatment in [219]. We want to study the
behavior for large positive A of the oscillatory integral

b
I(A) = /a MWy (x)dx, (3.1)

where the phase ¢ is a smooth real-valued function and the amplitude y is
complex -valued and smooth. We first consider the case where the phase
has no stationary points (critical points).

Lemma 3.10. Assume that ¢ and Y are smooth, that W has compact sup-
port in (a,b) and that ¢’ (x) # 0 for all x € [a,b)].
Then
IAM)=0A") as A — oo

Proof. Let D denote the differential operator

L df

DF(x) = (iA9'(x)) "

and let D its transpose,

iy -~ (1)

Then DV (¢*9) = ¢*9 for avery N and by integration by parts,
b iA b iA b iA
/ e ydx = / DV () ydx = / e (D) (y)dx
a a a

which implies clearly [I(A)] < AyA~N.
O

The Van der Corput lemma deals with the case where ¢ has critical
points.
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Proposition 3.11. Suppose that ¢ is real-valued and smooth on (a,b), and
that |¢®) (x)| > 1 for all x € (a,b). Then

b,
/ 00 gy

a

<Ak

holds when:
(i) k>2,or
(ii) k = 1 and ¢’ is monotonic.

The bound cy, is independent of ¢ and A.
Proof. We first prove (ii). One has

b . b . b .
/ eMdx = / D(e?9)dx = / ¢* ' D(1)dx + (irg) 0P
a a a

Lt (1N, | hd (1
< [ ()|l 1[ 5 (7)

where we have used that % (#) = % has a sign.

)

The last expression equals

1 1 <
¢'(b)  ¢'(a)| ~
This gives the conclusion with ¢; = 3.
We now prove (ii) by induction on k. Supposing that the case k is known
we may assume (replacing possibly ¢ by —¢) that

1
o

-1

¢* ) > 1 forallx € [a,b).

Let x = ¢ the unique point in [a, b] where |¢¥) (x)| achieves its minimum
value. If ¢ (c) = 0 then, outside some interval (c — 8,c + &) we have
|¢(®) (x)| > & (and of course, ¢’(x) is monotonic in the case k = 1). We
decompose the integral as

b c—8 c+6 b
=L L+ Ly
a a c—8 c+6
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By the inductive hypothesis,

-5
/a x| < e (A8) VK,
Similarly,
[;awdxgqgﬁrvk
Since | [ CC_J? e’M’dx’ < 28, we conclude that
b
[:awdxg(liﬁﬁ+aa

If ¢(X)(¢) # 0, and so c is one of the endpoints of [a,b], a similar argu-
ment shows that the integral is majored by ¢ (A18)'/%+§. In both situations,
the case k4 1 follows by taking

§= )Ufl/(kJrl)’
which proves the claim with ¢z = 2¢; + 2. Since ¢y = 3, we have ¢; =

5.2k=1_9
O

As a consequence, we obtain the following result on integrals of type
(3.1). We do not assume that y vanishes near the endpoints of [a, b].

Corollary 3.12. Under the assumptions on ¢ in Proposition 3.11,

b,
/ o) y(x)dx

a

b
<ok o]+ [ W s
a
Proof. We write (3.1) as [ F'(x)w(x)dx, with
X
F(x)= / Mgy,
a
Then we integrate by parts, and use the estimate

IF(x)| < A%, forx € [a,b],

obtained in Van der Corput lemma. O
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As example of application of the van der Corput Lemma, we will, fol-
lowing [162] (see [137] for a more general result) indicate how it can be
used to prove that the function (“half derivative of the Airy function”) de-
fined by

P 3
F(a) = [ |62 ae,
belongs to L (R).

Proposition 3.13. Let § € [0,1/2] and

I = [P,

Then Ig € L™ (R).
Proof. Let us first fix ¢g € C*(R) with

_JL nl>2
‘”0(")‘{0, il <3/2

Since the function Fi(1) = (1— ¢o)(n)e™’ |n|P € LY(R), its Fourier
transform belongs to L (R) and it suffices to consider

. < 3
) = [ B oy(m)dn.

e For x > —3, the phase ®,(n) = xn + n? satisfies
|9:()] = [x+3n7 > (]x|/2+1?)  on the support of gy,
and the result follows by integration by parts.
e For x < —3, one takes (¢1,¢2) € Ci (R) x C*(R) such that
91(1n)+¢2(n) = 1 with
Supp ¢1 CA = {n, |x+3n?| < [x|/2},

»=0 in B={n,|x+3n% <|x|/3.
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We set

1w = [ miPoym)gimn, j=1.2.

so that ' )
g ()| < |Ig" ()| + g~ (x)]-
When ¢(n) # 0, the triangle inequality implies that

|9e(n)| = [x+3n* > - (IXI+TI)

One integrate by parts to obtain

© d . ; 3
|—‘/ 1 m)on () 0T an| <

If now 1 € A, we have |x|/2 < 3n? < 3|x|/2 and

d? ¢,
dn?

<n>\ —6ln| = |x"".

Corollary 3.12 together with the definition of ¢, ®; then implies that
there exists a constant ¢ independent of x > —3 such that

~ Lol 3 -~
1= [ e mPan(mon(man| < il

and the proof is complete.
O

We will encounter in Chapter 9 another typical application of the Van
der Corput lemma.



Chapter 4

Surface water waves

Most of the equations or systems that will be considered in those Notes can
be derived from many physical systems, showing their universal nature as
a kind of normal forms'. For the sake of simplicity we will consider only
their derivation from the water wave system, for one or two layers of fluid.
We consider in this Chapter the case of surface waves.

4.1 The Euler equations with free surface

We recall here briefly the derivation of the water wave system, that is the
Euler equations with a free surface. A much more complete discussion of
these topics can be found in the excellent book by D. Lannes [155] which
contains also an extensive treatment of the justification of the asymptotic
models. Historical aspects of water waves and other fluid mechanics topics
can be found in [69].

We consider a irrotational flow of an incompressible, inviscid (non vis-
cous) fluid (say water) submitted to the gravitation field. The final goal is
to describe the evolution of surface gravity (or gravity-capillary waves if
surface tension effects are taken into consideration). One assume that the
bottom of the fluid layer is flat and that the fluid cannot penetrates it. >

'In analogy with the ODE theory where a normal form describes the dynamics in the
neighborhood of a critical point
20f course it is important in most oceanographic situations to consider non flat bottoms

45
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The flows will be bi or tri-dimensional, d = 1,2 denoting the horizontal
dimension of the flow. We will denote X = x or X = (x,y) the horizontal
variables and z the vertical variable. The height of the fluid at rest is &
and the free surface will be parametrized by z = {(X,7), t being the time
variable. The fluid domain is thus Q(¢) =: {(X,z) —h <z < §{(X,1)}.

We denote v = (V,w) the velocity field, p the (scalar) pressure field,
g = (0,0, —g) the acceleration of gravity, p the volumic mass of the fluid.

The Euler equations (1755) are a set of equations based on conservation
principles.

1. Conservation of mass.
pr+div (pv) =0 4.1)
which by incompressibility reduces to

divv=0. 4.2)

2. Newton’s law which implies here (assuming that the forces are just
due to the isotropic pressure and to exterior forces)

1
Vi +v-Vy, v= —EVXJIH‘:‘:'- “4.3)

We have denoted Vy . the gradient with respect to (X, z), V the gradient
with respect to X.

Moreover the irrotationality condition curl v = 0 implies that there ex-
ists a velocity potential ¢ such that v = Vx .¢.

We have to impose boundary conditions on the upper (free) surface and
on the bottom. Both surfaces should be “bounding”, that is no fluid par-
ticle should cross them. For a surface given implicitely by the equation
X(X,z,t) = 0 this fact expresses that the material derivative vanishes iden-
tically, that is

Y 4v-Vx 2=0.

For the lower (resp. upper) surfaces one has X(X,z,¢) = z+ h, (resp.
Y(X,z,t) = z— {(X,1),) and the bounding condition yields the two equa-
tions

v3=0 at z=-h 4.4

but this leads to technical difficulties that we want to avoid here.
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G ==V v _rxn (4.5)

Finally, we need a boundary condition at the free surface. In case of a
air-water interface and for a not too thin layer, one can ignore the effects of
surface tension and then the pressure at the free surface is a constant, equal
to the air pressure. The pressure p being defined up to an additive constant,
one may assume

p=0 at z={§(X,1). (4.6)

The free surface Euler system (4.2)- (4.3)- (4.4)- (4.5)- (4.6) can be
greatly simplified for potential flows. First the incompressibility condition
(4.2) writes

Ax 0 =0 in Q). “@.7

Next, (4.3) implies that
Vx,z(¢,+%|vx,z¢|2+§+gz) =0 —h<z<{(X,1), 4.8)
which yields after integration
03 VxdF + D g ) —h<i<C). @)

By changing ¢ by ¢ + [; f(s)ds one may assume that f = 0. Taking the
trace at z = {(X,r) and using (4.6) one gets

0t 5IVx:0P +a=0, 2= {(X.0). (4.10)
Lastly the boundary conditions (4.4) and (4.5) write in terms of ¢ :
d:0=0 at z=0 4.11)
and

AE+VE-VO_t(x1) = % —t(x.0)- (4.12)

The system (4.7)-(4.10)-(4.11)-(4.12) is the formulation of the Euler
equations with free boundary which was established in 1781 by Lagrange
[153]. A drawback is that the Laplace equation is posed in the moving
domain Q(7) which is an unknown of the problem.
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To overcome this difficulty we recall the strategy of Zakharov [248] and
Craig-Sulem [64, 65] which leads to a system posed on a fixed domain, and
eventually to the Hamiltonian form of the system.

The idea is to use as independent variables the elevation § and the trace
of the potential ¢ at the free surface, that is y(X,t) = ¢(X,{(X,1),1).

When y is known one reconstruct ¢ by solving the Laplace equation
in Q(¢) with Neumann condition on the bottom and the Dirichlet condition
¢ = v on the free surface.

The linear map

2(8): v — e

is called the Dirichlet-Neumann operator. It is easily checked that if I =
{z= ¢} is a smooth surface, then Z({) € L (H>/>(R*1), H'/2(R*-1)).
A precise functional setting will be given for similar operators in the
next Chapter.
Using that

oY =209,_¢+9CZ({)y and Vy=Vo_,+Z({)yVC,

it is easily checked that one can express (4.11) and (4.12) as

Ayt el + VY~ (L IVEP)Z(w) =0
ALV VE - (L4 IVEP)ZEw =0,

which is the Zakharov-Craig-Sulem formulation of the water wave prob-
lem.

(4.13)

Remark 4.1. Another definition of the Dirichlet-Neumann operator leading
to a slightly different but equivalent formulation is

G[C] iy — \[1+|VE[20uf—¢ (4.14)

where d, denotes the unit normal derivative to the free surface.

Remark 4.2. When surface tension effects are taken into account, (4.6)
should be replaced by

) v¢
p“’v'<m>’
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where ¢ > 0 is the surface tension parameter. This leads to the gravity-
capillary water waves system

dy -+ gL+ SIVyP — S+ IVER) QW) + SK() =0

p (4.15)
A+ VY- VE—(1+|VEHZ()y =0,
where K(§) = ﬁ.

Remark 4.3. Although this will not be used in the sequel, one should recall
that Zakharov [248] used the above formulation to derive the Hamiltonian
form of the water waves system. More precisely (4.15) can be written as

(o) (5 o) ()

where the Hamiltonian H = K + E is the sum of kinetic and potential en-
ergy,

1 pd &) )
K= 5/ / |Vx .0 (X,z)|“dzdX = (by Green’s formula)
R J-h

1
—E/RdlI/Z[C]‘VdK
and |
_ 1 2
E= 2/RdgC dX.

Solving the Cauchy problem for (4.13) is not an easy task. We refer to
S. Wu [241, 242] D. Lannes [155, 12], Iguchi [114],T. Alazard, N. Burq, C.
Zuily [4, 5, 6,7, 8], M.Ming, P. Zhang, Z. Zhang [178, 179] for local well-
posedness results in various functional settings and to [243, 244], [90, 91, 9]
for global or almost global well-posedness with small initial data.

In any case those results do not provide information on the dynamics
of solutions on relevant time scales. To this purpose one should focus on
specific regimes and try to derive and justify asymptotic models which will
describe the dynamics in those regime.

To have an insight on the nature of (4.13) let us have a look at the lin-
earization of (4.13) at the trivial solution ({, y) = (0,0), that is the system

{alwgco

¢ —Z(0)y =0. (+16)
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The solution of Laplace equation in the strip R? x [, 0] with boundary
conditions ¢(X,0) = y and d.¢,.—_, = 0is

_cosh((z+h)|DJ)
o(X,2) = W )

which implies that Z(0) y = d,¢|._ = | D[ tanh(h|D|) y, so that (4.16) writes
92¢ + g|D|tanh(k|D|)¢ = 0. (4.17)

A plane wave cos(k - X — wr),k € R?, is solution if and only if
o? = g|k|tanh(|Kk|A), (4.18)

which is the dispersion relation of surface gravity waves.
Where surface tension is taken into account, the dispersion relation be-
comes

(3
w* = (g+5\k|2)|k\tanh(|k|h). (4.19)
In the infinite depth case (h — +<0) , (4.17) reduces to
9/¢+¢lD|¢ =0, (4.20)

which can be seen as the product of two nonlocal Schrodinger type equa-
tions

(id +gD|"/)(i9, — g'*|D|'*)¢ = 0.

On the other hand, when k|2 < 1 so that o(k) ~ \/gh, (4.17) reduces
formally to the linear wave equation

9, — ghAL =0.

It is amazing that Lagrange already derived this equation in the very
same context in 1781. Also it is worth noticing that this simple linear PDE
retains some relevant physics : in case of a tsunami propagating in an ocean
of mean depth 4 km, it predicts a velocity of about 1/4000 x 10 m/s = 720
k/h, which is the correct order of magnitude for such a wave in the ocean.
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4.2 Asymptotic models

Because of the complexity of the system, it is almost hopeless to get rig-
orous informations on the long time dynamics of the water wave equations
except in trivial situations such as the perturbation of the state of rest. 3.

One can however, by restricting the range of wavelength, amplitude,
steepness,...get information on the dynamics of water waves on physically
relevant time scales. The resulting asymptotic systems are mathematically
simpler and allow to perform easier numerical simulations. This method
is in fact general and can be applied in various physical contexts (nonlin-
ear optics, plasmas physics,...). It leads to canonical equations or systems,
which are in some sense universal.

We explain here how to obtain asymptotic models from the full water
wave system (4.13). A thorough and complete discussion can be found in
[155].

We first define parameters that will be used to obtain a dimensionless
form of the equations, and-when small- to derive the asymptotic models.

a will denote a typical amplitude of the wave, & the mean depth of the
fluid layer, A a typical horizontal wave length (we will not distinguish for
the moment the x and y variables in the horizontal two-dimensional case).

We now adimensionalize the variables and unknowns as follows

L SU
A/ ak\/g/h

We introduce two important dimensionless parameters

2
82% and u:<§)

which measure respectively the amplitude and the shallowness of the flow.
The adimensionalized version of the water waves system write in those

3this leads however to interesting and difficult mathematical problems (see for instance [9]
and the references therein)
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variables (dropping the tilde) :
pAY + 929 =0, —1<z<el
az¢ = Oa = 17
£ €
&t¢+c+§|v¢|2+ﬂ|az¢‘2zoa Z:‘L:Cv (421)

8,C+£VC~V¢fﬁ8Z¢ =0, z=¢(.

When € = 0, the nonlinear terms vanish while when u = 0, the two first
equations yield d.¢ = 0 and the dispersive terms vanish.

We define (always dropping the tilde)

v(X,1) = 9(X,e6(X1),1)) and  Z, (€)W = P,

allowing to write the adimensionalized version of (4.13)

1
v G 5w (4 + VLR ) @uledw =0
H 4.22)

5 +evy Ve (L elVE) Zuely—o

When one (or both) parameter € or p is small, one can find asymptotic
expansions of Z, (¢¢)- and thus replace it in (4.22) by simpler (often local)
operators. Expansions with respect to p (supposed to be small) amounts
to studying how the solution of a linear elliptic equation depends on the
boundary.

Of course several regimes can be considered. We recall a few typical
ones.

1. Let S = £ the Stokes number. When &, it < 1 with S ~ 1, one has
the Boussinesq regime which eventually will lead to the Korteweg-de Vries
equation.

2. When u < 1 and € ~ 1, say € = 1, (thus S > 1) one has the nonlinear
regime.
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3. One could also define the steepness parameter € = % The case € <
1, (which allows large amplitudes, that is € ~ 1) leads to full-dispersion
models.

We describe briefly now the classical systems that are obtained in those
regimes (see [12, 155] for details).

4.2.1 The Boussinesq regime

Since here € ~ u < 1 we can take € = u. The strategy is first to strengthen
the fluid domain to the flat strip {—1 < z < 0} and to look for a WKB
expansion for the velocity potential

¢app = ¢o+ €01 +€2¢2
where
¢0\Z=0:W7 ¢j|z=0:()7j:1727 ¢j|z=_1201j:07132'

One finds (see [155])
1
Ze(e§) = —eAy — ' (; Ay + {AY) + O(eY).
Reporting in (4.22) one obtains a first Boussinesq system

-+ L+ SIVYP =0(e?)
| (4.23)
8,C+£Vy/-VC+AI/I—|—£(§A2V/+ CAy) =0(g?).

Setting U = V', taking the gradient of the first equation and dropping
the 0(&?) terms, one gets

QU +VE+ gvmz —0,
1 (4.24)
4 C+V-U+e(V-(SU)+ §AV~U) =0.

Remark 4.4. 1. Since by definition U = V@._¢, the expansion of Z¢(£{)
implies that U = V| _¢¢ + 0(€?) and is therefore an approximation of the
vertical component of the velocity at the interface.
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2. The system (4.24) has the big shortcoming of being linearly ill-posed
to short waves. In fact the linearization at (§,U) = (0,0) is equivalent to
the equation §;; — AL + % A2{ =0 and plane wave solutions ¢/®*~@) should
satisfy

w(k)? = [k|>(1— %|k|2) which is not real for large |K|.

One can nevertheless obtain an equivalent 3-parameters family of Boussi-
nesq systems with better mathematical properties. One parameter arises
from considering an approximation of the horizontal component of the ve-
locity at the height z = 6 — 1. It turns out that such an approximation is
given by

€
Up = (1+5(1- 8%)A)U +0(e?).

Two more parameters are introduced by a double use of the so-called
BBM (Benjamin-Bona-Mahony [20]) trick, that is to write

leading to

V-U=AV-U—(1-21)d,{+0(e).

Plugging these relations into (4.24) one obtains (dropping the error
terms O(€?) and denoting U = Ug,) the .2 family of Boussinesq sys-
tems ([34, 35, 30])

8,U+VC+8(%V|U|2+aAVC—bA8,U) =0 4.26)

98+V-U+e(V-(§U)+cAV-U —dAd, () =0,

where 5 5
1-6 1-6
a=-— , b= 3 (1—p),
0% 1 0% 1
C*(j*g)lv d*(j*g)(lfl)a

sothata+b+c+d=

W=
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Remark 4.5. 1. The Boussinesq systems can be conveniently classified ac-
cording to the linearization at the null solutions which display their disper-
sive properties [35]. More precisely, the dispersion matrix writes in Fourier
variables,

0 Ei(1—edé?)  &(1—ealt?)
1+€bl&E|? 1+¢blE|?
—~ M 0 0
A1, &) =i | 1redicP
& (1—eclE?)
21+£d|§\2 0 0

The corresponding non zero eigenvalues are

(1—2aleP)(1 —ecl ) ) a

A+(8) = +il¢] <(1+ed§|2)(1+eb|§|2)

One deduces that the Boussinesq systems are linearly well-posed when
b>0,d>0anda <0, c<0,(ora=c).

2. Although all equivalent (see below for a precise notion), the Boussi-
nesq systems have different mathematical properties because of the various
behavior of the dispersion (that is of the A/ s) for large frequencies. In par-
ticular, A4 (&) can have order 3,2,1,0,—1,—2 depending on the values of
(a,b,c,d).

Remark 4.6. When surface tension is taken into account, one obtains a
similar class of Boussinesq systems, [68] with a changed into a — T where
T > 0 is the Bond number which measures surface tension effects. The
constraint on the parameters a,b,c,d is the same and the conditions for
linear well-posedness read now

a—T<0, ¢c<0, b>0, d>0,
or 4.27)
a—T=c>0, b>0, d>0.

The Boussinesq systems can be simplified when one restricts the al-
lowed motion. First for a one dimensional wave propagating to the right
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and weakly modulated, one looks for u and § of the form

u(x,t) =i(x—t.er), C(x,0)=C(x—1,er).

Denoting 7 = &t and § = x —t, and considering firstly the original
Boussinesq system (4.24) i and { satisfy

€0cii — Jgii+ 9z § + €iidzii =0

. . _ 1 (4.28)
e&é—%g+%ﬁ+d%@m+§%mzo

One thus has dgii = 0 ¢ +0(¢) and one can replace i by £ in the dis-
persive and nonlinear terms, the resulting error being 0(e?). Adding then
the equation and neglecting the 0(&?) terms one arrives to the Korteweg-de
Vries equation

s losz 3z,
d:¢+ 685§+ iga,;c: =0.
One easily check that starting from a Sg j , system would have led to

s a+btc+d 5z 35 2
2+ R+ 5 8oL o,

that is to the same equation sincea+b+c+d = %

4.2.2 The weakly transverse “KP” regime

Another interesting motion is the weakly transverse one. We assume that
the scales in two horizontal variables (x,y) are different, more precisely,
we introduce a new scaling, denoting again by a a typical amplitude, & the
mean depth, A; the typical wavelength along the longitudinal direction x
and A,, the wavelength along the transverse direction y. We still denote
€ = 7 < 1 but we will assume now that

h? h?
s
i A5
The KP equation is obtained by decomposing the elevation as the sum
of two counter propagating waves following the ansatz

N82.

EP(ent) = 5 (C0 (et VEy.en) (v 1, VEpen)
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Neglecting the O(£?) terms, one checks that {1 (X,Y,7) solves the
Kadomtsev-Petviashvili IT (KP II) equation :

1 1 3
Ocled 20y 07 G ORLeE S Cedxle =0 (429)

When strong surface tension effects are present (Bond number > % one
obtains the KP I equation (the sign of the %8X_ 18)3 {4 termis F).

It turns out that the precision of the KP approximation is much worse
than the KdV or Boussinesq one : in general o(1) instead of O(&?t) (see
[155, 159]). It has been established rigorously in [154], [159] that the KP
II equation yields a poor error estimate when used as an asymptotic model
of the water wave system. Roughly speaking, the error estimates with the
relevant solution of the (Euler) water waves system writes :

||UEuler_UKP|| = 0(1)

So the error is o(1), (O(y/€) with some additional constraint) instead
of O(&?t), which should be the optimal rate in this regime (as it is the
case for the KdV, Boussinesq, equations or systems.). Nevertheless the KP
IT equation reproduces (qualitatively) observed features of the water wave
theory. For instance the well-known picture below displays the interaction
of two oblique “line solitary waves” in the Oregon coast which shows a
striking resemblance with the so-called KP II 2-soliton.

Figure 1: Interaction of line solitons. Oregon coast
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This is due to the singularity of the dispersion relation & 13 + % até; =0
which of course is not present in the original water wave dispersion. This
implies a constraint on the x-mean of u which is not physical (see however
Chapter 9 below).

One can however derive a five parameters family of weakly transverse
Boussinesq systems which are consistent with the Euler system, do not suf-
fer from the unphysical zero-mass constraint and have the same precision
as the isotropic ones (see [36]) :

v+ 0L +£(a03C — bA2Ay+ vdw + %w&xw) + %83/2w8yw —0

W+ VEDE +e(—ed2dw+wdyw+ %v&xw) +&32(£920,¢ + %vayv) =0
3C+8xv+\/§3yw—|—£(v8x§+ Caxv—l—cafv—dsz?,C)
+&2(wo,§ + Coyw + gd2dyw) =0,

(4.30)
where Vy = (v,w) and
a=1Fu b= (),
_ (81 =& -1
c=(& -, d=(&-H-21) 431)
e=3(1-0%)(1-v), f=3(1-0%v
g=(T+H - (&L -H-1a),

0<6<1, A,u,0,veR.

A similar system for capillary-gravity waves has been obtained in [180].

Remark 4.7. The d;"'9}u term of the KP equation comes from the strong
uni-directionalization made in its derivation. In the weakly transverse Boussi-
nesq systems, the uni-directionalization is less strong (it is modelled by the
introduction of the larger transverse wavelength in the nondimensionaliza-
tion); this yields less disastrous consequences: the zero mass constraints are
replaced by the possible growth in the second component of the velocity,
taken into account by the assumption that \@8}&[/ is bounded (see [159]).
The family of a,b,c,d isotropic Boussinesq systems cannot be used
in the “KP scaling” considered here. In fact, as observed in [159], these
isotropic systems do not provide a good convergence rate in the present
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case: indeed, it is shown in [30] that the error made by these models in ap-
proximating the full water-waves equations is of size £2C(||°|gs, || Vy°|| g )t,
for s large enough, and where ({9, w°) is the initial condition. For weakly
transverse initial conditions of the form

Co(x)y):[:o(x’\/gy)) WO(X’Y):V?O(X,\/E}]))

with f 0 and {° bounded in H*(R?),, the error estimates of [30] are there-
fore £2C(£~'/*)r and may thus grow to infinity when & — 0, justifying the
introduction of the weakly transverse systems which give the correct error
estimate O(&%1).

For the sake of completeness we recall the original derivation of Kadomt-
sev and Petviashvili [122] that displays the universal nature of the KP ap-
proximation. The argument is a linear one. Actually the (formal) analysis
in [122] consists in looking for a weakly transverse perturbation of the one-
dimensional transport equation

u +ue =0. (4.32)

As observed in [130] the correction to (4.32) due to weak transverse
effects is independent of the dispersion in x and is related only to the finite
propagation speed properties of the transport operator M = J; + d,. Recall
that M gives rise to one-directional waves moving to the right with speed
one; i.e., a profile @(x) evolves under the flow of M as @(x—1). A weak
transverse perturbation of @(x) is a two-dimensional function y(x,y) close
to ¢(x), localized in the frequency region |g| < 1, where & and 7 are the
Fourier modes corresponding to x and y, respectively. We thus look for a
two-dimensional perturbation M = d; + d, + @(Dy, Dy) of M such that, sim-
ilarly to above, the profile of y(x,y) does not change much when evolving
under the flow of M. Here @(Dy,D,) denotes the Fourier multiplier with
symbol the real function @(&,n). Natural generalizations of the flow of
M in two dimensions are the flows of the wave operators d; + v/—A which
enjoy the finite propagation speed property.

Since, by a Taylor expansion of the dispersion relation @(&,n) =
VEI+nET=4E(1+ 2—2)1/2 ~+(&+ %%2) of the two-dimensional linear

wave equation assuming |&| and % < 1, we deduce that

0+ 0+ %a;laf ~ 0 £ V=A,
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which leads to the correction @(Dy,D,) = 18;18),2 in (4.32) thus to the

—2
equation

1
Uy + e + Ea;luyy =0. (4.33)

Here the operator d, ! is defined via Fourier transform,

o f(&) = éf@, where & = (&1,&,).
Of course when the transverse effects are two-dimensional, the correc-
tion is %8{1AL, where A| = ay2 +92.
Remark 4.8. Equation (4.33) is reminiscent of the linear diffractive pulse
equation
2uye = Ayu,

where A, is the Laplace operator in the transverse variable y, studied in
[11].

The same formal procedure is applied in [122] to the KdV equation
(10.24), assuming that the transverse dispersive effects are of the same or-
der as the x-dispersive and nonlinear terms, yielding the KP equation in the
form

1 1
g+t utt+ (3= Ttk + Ea;luyy =0. (4.34)

where T is the Bond number which measures the surface tension effects.
By change of frame and scaling, (4.34) reduces to

Uy + Uty + Uy £ 8x_1uyy =0

with the + sign (KP II) when T < % and the — sign (KP I) when T > %

Note however that T > % corresponds to a layer of fluid of depth smaller
than 0.46 cm, and in this situation viscous effects due to the boundary layer
at the bottom cannot be ignored. One could then say that “the KP I equation
does not exist in the context of water waves”, but it appears naturally in
other contexts, for instance in the long wave approximation of the Gross-
Pitaevskii equation, see [54].

Of course the same formal procedure could also be applied to any one-
dimensional weakly nonlinear dispersive equation of the form

utue+ f(u)y—Lu, =0, x R, 1 >0, (4.35)
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where f(u) is a smooth real-valued function (most of the time polynomial)
and L a linear operator taking into account the dispersion and defined in
Fourier variable by

Lu(&) = p(&)5u(&), (4.36)

where the symbol p(&) is real-valued. The KdV equation corresponds for
instance to f(u) = $u* and p(§) = —&2. Examples with a fifth order dis-
persion in x are considered in [3], [125], [126].

This leads to a class of generalized KP equations

1
uy +uy + f (1) — Luyg + Eagluy_y =0,xeR, t>0. 4.37)

The Cauchy problem for the KP I type equation associated to a fifth
order KdV equation is studied in [205].

4.2.3 The Camassa-Holm regime

This medium amplitude regime corresponds to 4 < 1 and € = O(/11). It
is therefore more nonlinear than the Boussinesq one. For one-directional
one-dimensional waves it leads (see[155]) to the Camassa-Holm equation :

U, + KUy + 3UUy — Uy = 2UUsy + UUps, (4.38)

with ¥ € R. We refer to [59] for a rigorous derivation.

4.2.4 The Saint-Venant (nonlinear) regime

In this regime, one has € ~ 1 and ¢t < 1. One can prove (see [155]) that the
Dirichlet-Neumann operator has the expansion

Zu(§)y = —pu(1+ Ay +0(u?),

leading to the system

8;w+§+%lvw|2=0(u)
A+ Vy-V+(1+8)Ay =0(u).

(4.39)
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Setting U = Vy and dropping the O(u) terms we obtain the Saint-
Venant system
1
AU +VE+ VU =0
WHVE+ VI (4.40)
0,¢+V-U+V-(CU)=0.

Note that this system contains no dispersive terms and is purely hyper-
bolic (in the domain 1+ § > 0).

One obtains dispersive terms by going one order further in the expan-
sion of Z,, ({)y. This leads to the Green-Naghdi system [101] (see [12, 13]
for a complete rigorous derivation).

(h+uZ[h) U +hVE +h(U-V)U + %V(h3©ydiv U)=0

QE+V-U+V-(CU) =0,

(4.41)

where h =1+, Th] = —IV(KPV-U) and Dy = —(U-VU) +divU.

Remark 4.9. 1. One recovers the Saint-Venant system when y = 0.

2. The choice € = |/p instead of € = 1 would have led to the Serre
system (see [12, 13]).

4.2.5 The full dispersion regime.

In this regime, the shallowness parameter L = ;’L—zz is allowed to be large
(deep water) but the steepness parameter € = €/l is supposed to be small.
This leads to the Full dispersion system, derived formally in [172, 173, 55]
(see [155] for a rigorous derivation):

%G — U +E(Tu(EVAU) +V-(EU)) =0,

1 (4.42)
AU +VE+E(SVIUF ~VETVE ) =0,

where .7}, is the Fourier multiplier defined by

ﬁ(é)z—%u&)ﬁm
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In the infinite depth case, (4.42) simplifies to

KL — AV +E(H(LVAV)+V-(LV)) =0,

1o (4.43)
AV +VE+E(SVIVE-VERVE) =0,

_ 1l yr
where J# = \D|V'

4.3 The modulation regime

This regime is somewhat different from the previous ones since the asymp-
totic models approximate wave packets, that is fast oscillating waves whose
amplitude is slowly varying. One obtains equations or systems of nonlinear
Schrodinger type, the real part of the unknown being an approximation of
the slowly varying amplitude of the wave.

The first derivation of a nonlinear Schrédinger equation (NLS) as equa-
tion of the envelope of wave trains with slowly varying amplitudes was
performed in the pioneering paper [21].

The formal derivation of the nonlinear Schrodinger equation in this
regime in the context of water waves has been obtained by Zakharov in
[248]. Benney and Roskes [22] derived the so-called Benney-Roskes sys-
tem. * Davey and Stewartson [70] and Djordjevic and Redekopp [71]
when surface tension is included (see also Ablowitz and Segur [2]) derived
the Davey-Stewartson systems in the context of water waves. A rigorous
derivation (in the sense of consistency) of the Davey-Stewartson system is
made in [64, 65]. A complete rigorous treatment is given [155] and the
sketch below follows closely this reference.

One starts from the water waves equations on the form

1

Vi
1 = 2
g g9y +EVe-Vy)
ZIvwl? — —
81‘//+C+2| y|°-¢ 2(1+82|VER) 0,

&[C_ gl’/207

(4.44)

#A similar system was derived by Zakharov and Rubenchik [252] as a “universal” system
to describe the interaction of short and long waves.
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where the version ¢ of the Dirichlet-Neumann operator is defined by

Gy =1/1+|VE|20nd),—¢.

and, as in the Full dispersion regime, & = £,/[ = —ypicalamplitude - _ oy

. typical horizontal scale
denotes again the steepness parameter.
The linearization of (4.44) around the trivial solution is

L
AU +4(D)U =0, with %(D):(? WfO(D)>, (4.45)

where % (D) = \/f|D|tanh(,/f|D|) and U = ({, )T
Equation (4.45) admits real-valued plane wave solutions

UX,t) = <m$(l)/101) ® + complex conjugate,

where Yy is a constant and
6 =X k—ot, ©=o(k)=/(|k|tanh(\/[k|))"/>.

The idea is to look for approxlmate solutions of (4.44) under the form
of wave packets.

We will drop the tilde on the €’s for the rest ot the Section.

_ (iovo(eX. ) o .
U(X,1) —< woi (€X, 1) €'’ + complex conjugate. (4.46)

Since the nonlinearities in (4.44) do not preserve the structure of (4.46)
and create higher order harmonics, one must in fact look for approximate
solutions of a more general form, that is

Uapp(X,1) = Up(X, 1) + Uy (X, 1) + (X, 1), (4.47)

where the leading term Uy is the sum of a wave packet similar to (4.46) and
of a non oscillating term necessary to describe the creation of a mean mode
by nonlinear interaction of oscillating modes. More precisely,

_ (iowoi(eX,et)\ o 0
Up(X,1) = ( Yo (6X, 1) )e +c.c.+ (%0(8)(78[)).
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The corrector terms Uy, U, are sought under the form

)

U (X l‘) . Cll (8X, St)eie + CIZ(EX, El)ezie +c.c.+ Clo(EX, Et)
= Vi1 (eX,e1)e’® + yio(eX, 1) +c.c.

3
Ur(X,t) = Y Us(eX, €)™ +c.c.+ U (€X et).

n=1

The strategy is now to plug the ansatz into (4.44) and to cancel the
leading order terms in €.

This involves a multiscale expansion of the Dirichlet-Neumann operator
and leads eventually to the following Full dispersion Benney-Roskes system
(see [155]), where T = &r and the spatial derivatives are taken with respect
to the slow space variable X = €X.

ok+eD)— ok
drWo1 + i ( ) ( )llfm
€
+€i[k'Vll/oo+&(1 —62)C1o+2ﬁ(1 — o) | yor|*]wor =0
20 ) (4.48)
tanh(e D
9810 — \DIWW =20k V|yo |,
dcWoo + C10 = —|k[*(1— 0%)|yor |,

where 6 = tanh(,/fI[K|) and & = — 2% (1 — 62)?.

The classical Benney-Roskes system, derived formally in [22], in [252]
in the context of acoustic waves, in [193] for plasma waves and in [253]
as a “universal model” for interaction of short and long waves is deduced
from (4.48) by approximating the nonlocal operator i@ (k + €D) by its
Taylor expansion in € at order two, that is by the differential operator
io+eVo(k) V- e iV, (k)V.

The resulting system takes a simple form if one assume (without loss of
generality) that k is oriented along the x-axis, that is k = |k|e,. Following
[155] we also use the notations

o(k) = d(|k|), with @(r) = (rtanh(\/tir))"/?,

o=a(k), o =d(k), o' =a"(k)
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and obtain

o1 + @' Iy — ( o"97 + mayz)ll/m

k|2 2 IKk|* 2

B — 22— =
2w( c67)Cio+ P (1—a)|yoi"yor =0
9:810 +/HAW0 = —20[K|0x | wor |,

d:Woo + C1o = — k(1 — %) |y |*.

+&i[[k| 9o +

(4.49)
We will study the local Cauchy problem for Benney-Roskes systems in
Chapter 13.

One can derived a simplified system from the Benney-Roskes system
using the fact that at leading order, Wy, travels at the group velocity ¢, =
Vo (k). We refer to [155] for details. This amounts in particular in replac-
ing J; in the two last equations of (4.48) by —c,V, where V denotes here
the gradient with respect to the variable x — c,t.

One finally arrives at (see [155])

Kkl4
I Yor — (00 9%+ K })‘l/orH(ﬁa ll/oo-|-2| | (1—alyorl*)yo1 =0
(VE—o )97 + 10} | woo = —20B x| v |,
(4.50)
where

= |k|(1+(1 - o? a+-(1-0c%)?
B=IKI(1+(1-01) 25, &+ (1-0?,
o as previously while g is given by

Gio = ' (|K|)9x oo — K[> (1 — &) [yor .

The system (4.50) belongs to the family of Davey-Stewartson systems

{i3r+aafllf+b3yzll/ (Vi[W +v20:0)w.

4.51
cOip+ 970 = -8y, @3

where b > 0 (after a possible change of unknown) and & > 0. Those con-
ditions are satisfied by (4.50). The nature of (4.51) depends on the sign of



[SEC. 4.3: THE MODULATION REGIME 67

a and ¢, leading in particular to the so-called DS I and DS II systems (see
Chapter 12).

Using the terminology in [92], (4.50) can be classified into four types :

elliptic-elliptic if (sign a, sign c¢) = (+1,+1)

hyperbolic-elliptic if (sign a, sign ¢) = (-1,+1)

[ ]

elliptic-hyperbolic if (sign a, sign ¢) = (+1,-1)

hyperbolic-hyperbolic if (sign a, sign ¢) = (-1,-1).

For the gravity water waves problem, a = 1®" < 0 since ®” = @"(|k|)
and @" defined by @(r) = (rtanh(,/fir))"/? is concave.

We also have that ¢ = /i — ®? > 0. In variables with dimensions,
this is equivalent to M < 1 where M = c,/+/gh is the Mach number, with
Cg= % v/ grtanh(hr) =K the group velocity in dimensional form.

As noticed in [215, 71] the Mach number M can be > 1 in presence of
surface tension, and then ¢ < 0.

The Davey-Stewartson systems with ¢ < 0 (“DS I type Davey-Stewartson
systems”) have quite different mathematical properties than the “DS II
type” (when ¢ > 0.) In particular the equation for ¢ is hyperbolic and one
should instead of a Dirichlet condition prescribes a radiation condition of
type

O(x,y,t) =0 as x+y, x—y— oo

This implies that in the term d,¢y which can be written as R(|y|?)y,
the nonlocal operator R has order one (and not zero as in the elliptic-elliptic
or hyperbolic-elliptic cases).

Remark 4.10. The derivation of the Davey-Stewartson system breaks down
when ¢, = \/gh ([71, 155]). This corresponds to a long-wave/short-wave
resonance in which the group velocity of the short (capillary) wave matches
the phase velocity of the long (gravity) wave. A different scaling and anal-
ysis are required and one obtains a coupled pair of equations of type (see

[711)

A+ AA&& =BA
4.52)

B; = fot(|A|2)§.
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The Cauchy problem for elliptic-hyperbolic or hyperbolic-hyperbolic >
Davey Stewartson systems is studied in [163]. More results for the elliptic-
hyperbolic case are proven in [106, 53]. All these results are established
under a smallness condition on the initial data.

For purely gravity waves one thus encounters only the hyperbolic-elliptic
Davey-Stewartson systems. Some mathematical results will be presented in
Chapter 2.

>Note that the hyperbolic-hyperbolic Davey-Stewartson systems do not seem to arise in
any physical context.



Chapter 5

Internal waves

5.1 The internal waves system

Oceans are often stratified in two (or several) layers of different densities,
due to differences of salinity or temperature (see [107]). Gravity waves
are generated at the interface (s) and the goal of this Chapter is present
a brief overview of the mathematical modeling of those phenomena. We
refer to [32, 203] (and to [62] for a different approach) for a more complete
description and we just recall the equations and the different regimes. We
will consider only the two-layers case with a flat bottom.

Here is the geometry of the two-layer system with flat bottom and rigid
lid.

69
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Fluid 1]

L(t,X)

)

Fluid 2]

5.1.1 The Equations

As in Figure 1, the origin of the vertical coordinate z is taken at the rigid top
of the two-fluid system. Assuming each fluid is incompressible and each
flow irrotational, there exists velocity potentials ®; (i = 1,2) associated to
both the upper and lower fluid layers which satisfy

Ax ;=0 inQ (5.1

for all time ¢, where Q! denotes the region occupied by fluid i at time z,
i=1,2. As above, fluid 1 refers to the upper fluid layer whilst fluid 2 is the
lower layer (see again Figure 1). Assuming that the densities p;, i = 1,2, of
both fluids are constant, we also have two Bernoulli equations, namely,

1 P o
0,d; + 5\vx,ze1>l-|2 == —gz inQ (5.2)
)

where g denotes the acceleration of gravity and P the pressure inside the
fluid. These equations are complemented by two boundary conditions stat-
ing that the velocity must be horizontal at the two rigid surfaces I'y := {z =
0} and I'; := {z = —d) — d>}, which is to say

9.9, =0 on I, (i=1,2). (5.3)

Finally, as mentioned earlier, it is presumed that the interface is given as
the graph of a function {(¢,X) which expresses the deviation of the inter-
face from its rest position (X,—d;) at the spatial coordinate X at time .
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As in the case of surface waves, the interface I := {z = —d; + {(t,X)}
between the fluids is taken to be a bounding surface, or equivalently it is
assumed that no fluid particle crosses the interface. This condition, writ-
ten for fluid i, is expressed by the relation d,{ = /1 +|V|?vi, where Vi
denotes the upwards normal derivative of the velocity of fluid i at the sur-
face. Since this equation must of course be independent of which fluid is
being contemplated, it follows that the normal component of the velocity is
continuous at the interface. The two equations

0 =4/1+|V{[?0,®; on T, 5.4)
and
8,,<I>] = 8,1‘:1)2 on Ft, (55)
with |
dp:=n-Vy, and n:i=—-onr(-V¢ 1)

VIV

follow as a consequence. A final condition is needed on the pressure to
close this set of equations, namely,

P is continuous at the interface. 5.6)

When surface tension between the two layers is taken into account (see
Cung The Anh [66]), the continuity of pressure across the interface should
then be replaced by

Ve
VI+IVEP

where ¢ > 0 is the surface tension parameter.

Pl—P2=GV.( )7

Though the case ¢ = 0 is physically very relevant, ¢ > 0 plays a ma-
jor role to establish the well-posedness of the full system ( see D. Lannes
[158]).

5.1.2 Transformation of the Equations

In this subsection, a new set of equations is deduced from the internal-wave
equations (5.1)-(5.6). Introduce the trace of the potentials ®; and ®; at the
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interface,
V’i(taX) ::q)i(t7X7_dl+C(taX))v (12172)

One can evaluate Eq. (5.2) at the interface and use (5.4) and (5.5) to obtain
a set of equations coupling  to y; (i = 1,2), namely

¢ —\/1+|VE[20, D  =0(5.7)

2 (V1+|VE2(0,Di) +VE - V)2
2(1+vEP)

where in (5.7) and (5.8), (9,®;) and P are both evaluated at the interface
z=—d; + {(¢,X). Notice that 9,®; is fully determined by y; since ®;
is uniquely given as the solution of Laplace’s equation (5.1) in the upper
fluid domain, the Neumann condition (5.3) on I'; and the Dirichlet condi-
tion @; = y; at the interface. Following the formalism introduced for the
study of surface water waves in [65, 64, 248], we can therefore define the
Dirichlet-Neumann operator G[{]- by

GlCly1 =\ 1+ VEP (1) _,

Similarly, one remarks that y» is determined up to a constant by y; since
®, is given (up to a constant) by the resolution of the Laplace equation (5.1)
in the lower fluid domain, with Neumann boundary conditions (5.3) on I';
and 0,9, = d,®, at the interface (this latter being provided by (5.5)). It
follows that y; fully determines Vy, and we may thus define the operator

H[(]- by

pi(at%+gé+%W% ) =-6.3)

H[{]y1 = V..

Using the continuity of the pressure at the interface expressed in (5.6),
we may equate the left-hand sides of (5.8); and (5.8), using the operators
G[&] and H[{] just defined. This yields the equation

ava — ) + 81~ 1) + 5 (LIl — VW) .4 (8, ) =0

where ¥ = p;/p> and

2

7(GIEwi +VE-Vy)” — (GIEJys + VE-H[y)*

N (L) = 2(1+|VEP?)
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Taking the gradient of this equation and using (5.7) then gives the system
of equations

9 ¢ —G[Cly =0,
o (H[Cly1 —yVyr) +g(1-7)VE (5.9
+ 3V(H[Swi[* = 7V ) + VA ($y) =0,

for { and ;. This is the system of equations that will be used in the next
sections to derive asymptotic models.

Remark 5.1. More precise definitions of the operators G[{] and H[{] will
be presented in Subsection 5.1.3 and in Section ??.

Remark 5.2. Setting p; = 0, and thus 7 = 0, in the above equations, one
recovers the usual surface water-wave equations written in terms of § and
v as in [65, 64, 248].

5.1.3 Non-Dimensionalization of the Equations

The asymptotic behaviour of (5.9) is more transparent when these equations
are written in dimensionless variables. Denoting by a a typical amplitude of
the deformation of the interface in question, and by A4 a typical wavelength,
the following dimensionless indendent variables

i X ~ Z »tv t
=, =, = 9
A d] A/\/gd] 5
are introduced. Likewise, we define the dimensionless unknowns
o= ¢ o=
a’ ak\/g/di’

as well as the dimensionless parameter ‘s

P _di a . d
07’ 8.—d2, 8'_d1’ u._/lz.

Y=

Though they are redundant, it is also notationally convenient to introduce
two other parameter‘s & and U, defined as
2
a _d _u

Szzd—2:85, Hz—p:@.
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Remark 5.3. The parameters & and U, correspond to € and u with d; rather
than d; taken as the unit of length in the vertical direction.

Before writing (5.9) in dimensionless variables, a dimensionless Dirichlet-
Neumann operator G [€(]- is needed, associated to the non-dimensionalized
upper fluid domain

Q) ={(X,z) e R —1+€(X) <z<0}.

Throughout the discussion, it will be presumed that this domain remains
connected, so there is a positive value H; such that

1—e¢>H, on R% (5.10)

Definition 5.1. Let { € W2>(R?) be such that (5.10) is satisfied and let
y1 € H¥2(R%). If ®, is the unique solution in H2(Q1) of the boundary-
value problem

AD;+0%2P; =0 inQ
{IJ 1 +0;P; n L2y, .11)

32‘131 ‘2:0 == 07 cpl ‘z:—lJrEC(X) = Wla

then G*[e¢]y; € H'/?(R?) is defined by

G*[eClyy = —ueve -V, e 1ec + 0, P e

—1+e¢”

Remark 5.4. Another way to approach G* is to define

G*[eCly = \/ma"qjl le=—1+e¢

where d, @1 el stands for the upper conormal derivative associated to
the elliptic operator HA®| + 92P;.

In the same vein, one may define a dimensionless operator H*9[£{]-
associated to the non-dimensionalized lower fluid domain

Q={(X,2) eR" —1-1/8 <z< —1+eC(X)},
where it is assumed as in (5.10) that there is an H, > 0 such that

1+e6(>H, on R (5.12)
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Definition 5.2. Let { € W>=(R?) be such that (5.10) and (5.12) are sat-
isfied, and suppose that y; € H3/2(R?) is given. If the function ®; is the
unique solution (up to a constant) of the boundary-value problem

{ HAD, + 2@, =0 inQy,

_ _ i
9, P2 s = O @2 l——11ecx) — (1+e2|VCP)12 GH[eClyn,
(5.13)
then the operator H*%[¢{]- is defined on y; by
H*9 (el ]y = V(D, ) e H'2(RY).

Remark 5.5. In the statement above, d,®, e t4ec stands here for the up-

wards conormal derivative associated to the elliptic operator uAP, + 812<I>2,

V 1 + 82‘V§|zanq)2 ‘zzflJrEC = _LLEVC ’ V¢2 ‘z:7l+£§ + azq)z ‘z:71+£C :

The Neumann boundary condition of (5.13) at the interface can also be
stated as d, P, letae = P _

Remark 5.6. Of course, the solvability of (5.13) requires the condition
Jp 02®2dTl" = 0 (where dT" = /1 +¢€2|V{|2dX is the Lebesgue measure
on the surface I' = {z = —1 + &{}). This is automatically satisfied thanks
to the definition of G*[e{]y;. Indeed, applying Green’s identity to (5.11),
one obtains

/8nd>2d1“: / 8n<I>1dF:—/ (LAD; 4 92®)) = 0.
r JT Q

Example 5.3. The operators G*[£{]- and H*®[¢(]- have explicit expres-
sions when the interface is flat (i.e. when { = 0). In that case, taking
the horizontal Fourier transform of the Laplace equations (5.11) and (5.13)
transforms them into ordinary differential equations with respect to z which
can easily be solved to obtain

GH[0)y = —/EID|anh(VEID)y  and  HAS[)y——PWHIPD g
tanh(‘/Tﬁ|D|)
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The equations (5.9) can therefore be written in dimensionless variables
as

~ 1 =~
%C—EG“[&‘ ]llll = 0;
O [eClin — Vi) +(1-7)VE .
+ 5 V(H O[] P~ YV ) + eVt (el i) = 0,
(5.14)

where .##9 is defined for all pairs (£, y) smooth enough by the formula

Y(LGH[L)w+VE - V)’ — (LGH[Gy + V- BH L y)?
g 21+ 1IVEP) '

AL y) =
When surface tension is present, one just adds fp%VK (Z’) to the LHS
of the second equation, where K (E) = (LCN)
VI+HVER

We will later derive models describing the asymptotics of the non-
dimensionalized equations (5.14) in various physical regimes correspond-
ing to different relationships among the dimensionless parameter‘s €, ¢ and

J.

Remark 5.7. Linearizing the equations (5.14) around the rest state, one
finds the equations

1
81‘C_ HGH[O]IIH = 07
o (H*2 0]y —yVyn) + (1-9)V¢ = 0.
The explicit formulas in Example 5.3 thus allow one to calculate the lin-
earized dispersion relation
1 Jk|tanh(y/[K|) tanh (5 ))

5 k| .
Vi tanh(,/pt|K|) + ytanh(% kl)

o =(1

(5.15)

corresponding to plane-wave solutions e’*X~®’ In particular, the expected
instability is found when 7y > 1, corresponding to the case wherein the heav-
ier fluid lies over the lighter one. One also checks that the classical disper-
sion relation

o = ﬁknanhwnkn
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for surface water waves is recovered when y =0 and 6 = 1.

Thus the linearization around the rest state is Hadamard well posed
when y < 1 but the linearization around a state presenting a discontinuity
of the horizontal velocities at the interface leads to Kelvin-Helmbholtz insta-
bilities (see [49, 113] and the experiments in [234]), possibly stabilized by
surface tension ( [115, 158]).

It is worth to consider the related problem of the linear stability of hor-
izontal shear flows. It is well known (see [49], §100), that for horizontal
shear flows with constant horizontal velocities U; and U, the flat interface
develops instabilities for perturbations in the direction of streaming having
wave numbers Kk such that (in variables with dimension)

8(p3 —p7)
p1p2(U2 —U1)?

This formula shows in particular the stabilizing role of gravity on long
waves. However, the surface tension effects are very weak or negligible
in oceanographic situations. Furthermore, one observes “stable” waves
both in experiments and in oceans (see the above pictures) in relevant, long
enough, time scales.

In a recent paper which we will comment on in Section 6, D. Lannes
[158] studies the Cauchy problem for the two-layer system with surface
tension under a condition which extends both the classical Taylor sign con-
dition and the Chandrasekhar condition. This allows for sufficiently large
time existence and justification of some of the asymptotic models.

On the other hand, in presence of surface tension, the dispersion relation
of the two-layer system reads :

k| > kpin = (5.16)

tanh(/Z|k|) tanh (£ |k
wZ:(l—y+e\/ﬁv|k\2)M anh(,/H |k|) tanh( 6\/|ﬁ|) ’
VH tanh (/i |k|) + ytanh( %5 K|)

where
o

v:pzﬂ,z.

5.2 Asymptotic models

As in the case of surface waves one has to derive asymptotic models to
describe the long time dynamics in various regimes. There are however
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complications here due to the large number of parameters. We will only
sketch the description of the relevant regimes and write down the asymp-
totic systems they lead to. We refer to [32, 203] for details.

Here is a summary of the different asymptotic regimes investigated in
this paper. It is convenient to organize the discussion around the parame-
ters € and &, = €8 (the nonlinearity, or amplitude, parameters for the upper
and lower fluids, respectively), and in terms of y and U, = % (the long-
wavelength parameters for the upper and lower fluids). Notice that the as-
sumptions made about § are therefore implicit.

The interfacial wave is said to be of small amplitude for the upper fluid
layer (resp. the lower layer) if € < 1 (resp. & < 1) and the upper (resp.
lower) layer is said to be shallow if 4 <1 (resp. p < 1). This terminology
is consistent with the usual one for surface water waves (recovered by tak-
ing p; =0and § = 1). In the discussion below, the notation regime 1/regime
2 means that the wave motion is such that the upper layer is in regime 1
(small amplitude or shallow water) and the lower one is in regime 2.

1. The small-amplitude/small-amplitude regime: € < 1, & < 1. This
regime corresponds to interfacial deformations which are small for both the
upper and lower fluid domains. Various sub-regimes are defined by making
further assumptions about the size of u and p,.

2. The Full Dispersion /Full Dispersion (FD/FD) regime: € ~ & < 1
and u ~ tp = O(1) (and thus 6 ~ 1). In this regime, the shallowness pa-
rameters are not small for either of the fluid domains, and the full dispersive
effects must therefore be kept for both regions; the asymptotic model cor-
responding to this situation is

Y (piay)

+
g Vv TuTy Ty
+ ; (VT#2+%# B(C’ Vrl»lij# V))

v TuT,
eV - (L av) + DT (5 - () = 0
8tv+(1— YV¢E
T T ylg(v ( TuT 2
+%V(’ﬂyziTuv| — 7, = v V') +et V(W'(yr,’;f%ﬂv)) =0,
(5.17)
where, Ty, = tanh(,/ft|D|), Ty, = tanh(,/t2|D|) and the bilinear mapping
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B(-,-) is given by

D] tanh(,/77|D])

h h
R e T VD

3. The Boussinesq / Full dispersion (B/FD) regime: u ~ € < 1, tp ~
1. This regime corresponds to the case where the flow has a Boussinesq
structure in the upper part (and thus dispersive effects of the same order as
nonlinear effects), but with a shallowness parameter not small in the lower
fluid domain. This configuration occurs when 82 ~ g, that is, when the
lower region is much larger than the upper one. A further analysis of the
asymptotic model yields a three-parameter family of equivalent systems

(1-ubA)oC + %v- ((1—€Q)vp)

o
~ Y pcoth(EaID)Y vy
+4 (a— L coth? (/D) )AV - vg =0

€
(1— pdA)dvg +(1—7)VE - 2—yV|vﬁ|2+uc<1 —7)AVE =0,

(5.19)
where vg = (1 — BA)~!v and the constants a, b, c and d are defined by

3
witha; >0, >0and op < 1.

Remark 5.8. The dispersion relation associated to (5.19) is

1 1
a=z(1-u-3B), b=za, c=po, d=p(1-m)

]_
o = TY IK2(1 = pelk[?)

1 — K] coth( /) — p k[ (a — 25 coth? (/i K]))
>< )
(1+ublk[?)(1+ pd|k|?)
and (5.19) is therefore linearly well-posed when b,d > 0 and a,c < 0. No-
tice that in the case o = oy = B =0, one has a = % andb=c=d=0and
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the corresponding system is thus linearly ill-posed. The freedom to choose
a well-posed model is just one of the advantages of a three-parameter family
of formally equivalent systems. The same remark has already been made
about the Boussinesq systems for wave propagation in the case of surface
gravity waves [34, 30]).

It has been shown in [67] that the linearly well-posed B/FD systems are
also locally nonlinearly well-posed provided one at least of the coefficients
b, d is strictly positive.

4. The Boussinesq/Boussinesq (B/B) regime: [t ~ iy ~ €~ & < 1. In
this regime, one has 8 ~ 1 and the flow has a Boussinesq structure in both
the upper and lower fluid domains. Here again, a three-parameter family of
asymptotic systems is obtained.

2

82—
(1—ubA)8,C+ +5V Vot E— LV ({vg)+pav-Avg =0

(v +5)
€ 8-y . _
26172 5 VIVg[ 4 (1= Y)ucAVE =0,

(5.20)
where vg = (1 —uBA) ~ly, and where the coefficients a, b, ¢, d are provided
by

(1 f,udA)Q,Vﬁ F(1- )v;+

(1=a)(14+76)—38B(y+0) . 1w
35(7—1— 5)2 ’ 36(y+90)°
6’:[3062, dZﬁ(l—Otz),
witha; >0, >0and ap < 1.
Remark 5.9. Taking y =0 and 6 = 1 in the Boussinesg/Boussinesq equa-
tions (5.20), reduces them to the system

a =

1— oy —

(1_M%A)alg+v.((1+sc)v)+ :
(1= HB(1 — ) A) v+ VE + SVIVE + uBoAVE =0,

which is exactly the family of formally equivalent Boussinesq systems de-
rived in [?, 30].
Remark 5.10. The dispersion relation associated to (5.20) is

(55 — palk2)(1 - pelkP?)

2= (1—y)Kk/? .
o= =V = o) (1 + d kP
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It follows that (5.20) is linearly well-posed when a,c < 0 and b,d > 0.
The system corresponding to ¢t = o = 8 = 0 is ill-posed (one can check

that a = % > 0). This system corresponds to a Hamiltonian system

derived in [62] (see their formula (5.10)). As mentioned before, the present,
three-parameter family of systems allows one to circumvent the problem of
ill-posedness without the need of taking into account higher-order terms in
the expansion, as in [62]).

The Boussinesq/Boussinesq systems (5.20) are essentially similar to the
familly of classical Boussinesq systems for surface waves which were de-
rived in [34], [30] and we have seen in the Surface waves Section. It was
proved in [35], [72] ( see also [67]) that the linearly well-posed systems are
also locally nonlinearly well-posed in suitable Sobolev classes. Moreover
they are Hamiltonian systems when b =d.

5. The Shallow Water/Shallow Water (SW/SW) regime: u ~ t, < 1.
This regime, which allows relatively large interfacial amplitudes (€ ~ & =
O(1)), does not belong to the regimes singled out above. The structure of
the flow is then of shallow water type in both regions; in particular, the
asymptotic model

¢+ -1 7,+5 (th[y+385C}(h2V))
av+(1-yVE
+%V(’v— LsQ[LgesC] (hov)|

7+5 bl y+585§](h2")| ) =0,

(5.21)

where hy = 1 —€{, hy = 1 + €6, and the operator £ is defined in Lemma
?? below is a nonlinear, but non-dispersive system, given in (5.21), which
degenerates into the usual shallow water equations when Yy =0 and 6 = 1.
It is very interesting in this case that a non-local term arises when d = 2.
Such a nonlocal term does not appear in the one-dimensional case, nor in
the two-dimensional shallow water equations for surface waves.

Lemma 5.4. Assume that { € L(R?) is such that |€,¢|. < 1. Let also
W € L2(RY)4. Then
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i. One can define the mapping Q[&,] as
LZ(Rd)d _ L2 (Rd)d
Blead]: U e L) (&) ()

n=0

ii. There exists a unique solution V € L*(R4 )d to the equation
V.-(iV)=V-W, (h2:1+£24)

such that TIV =V and one has V = Q[&; (W
iii- If moreover § € H(R?) and W € H*(RY)? (s > d /2+1) then Q[e (W €
H* (R and

1
1—[&]w

Remark 5.11. Taking ¥y =0 and 6 = 1 in the SW/SW equations (5.21)
yields the usual shallow water equations for surface water waves (recall
that it follows from Lemma 5.4 that V- [(1 — €£)Q[—€]((1 + €d)v)] =

V- ((1+€Q)v)).

Remark 5.12. In the one-dimensional case d = 1, one has
_h
Shy + vhy

|Q[82C]W|HS SC(|82C|HX7 )‘WIH’

mﬂ[mﬁ'&;](hﬂ)

and the equations (5.21) take the simpler form

9, + 0k (5hhl+h§/h v) =0,

v+ (1— )agwa(gzlﬂhy”z\ ?) =

which coincides of course with the system (5.26) of [62]. The presence of
the nonlocal operator £, which does not seem to have been noticed before,
appears to be a purely two dimensional effect.

1. The Shallow Water/Small Amplitude (SW/SA) regime: y < 1 and
& < 1. In this regime, the upper layer is shallow (but with possibly large
surface deformations), and the surface deformations are small for the lower
layer (but it can be deep). Various sub-regimes arise in this case also.
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2. The Shallow Water/Full dispersion (SW/FD) regime: u ~ 822 <1,
€ ~ Uy ~ 1. The dispersive effects are negligible in the upper fluid, but the
full dispersive effects must be kept in the lower one to get

1
a,¢+ }V- (mv)— %V- (h1|D|coth(\/u_2\D|)H(h1V)) =0,
v+ (1= VL= V[P ~2Y v (Dol il I(Aiv)] =0,
(5.22)
where hy =1 —€f and [T = vaiT.

3. The Intermediate Long Waves (ILW) regime: u ~ e2~e <,
Uz ~ 1. In this regime, the interfacial deformations are also small for the
upper fluid (which is not the case in the SW/FD regime). This allows some
simplifications, and it is possible (see (5.23)) to derive a one-parameter
family of equivalent systems.

These depend upon the parameter & and have the form

uwﬁ%mcoth(mumazmiv- ((1-0))
—(1—a)%w\cmh(mw\)v-v:o, (5.23)

v+ (1- PV — Z%VMZ —0.

Remark 5.13. The ILW equation derived in [?, 133] is obtained as the uni-
directional limit of the one dimensional (d = 1) version of (5.23) — see for
instance §5.5 of [62].

4. The Benjamin-Ono (BO) regime: U ~ €2 < 1, y = oo. For com-
pleteness, we investigate the Benjamin-Ono regime, characterized by the
assumption § = 0 (the lower layer is of infinite depth). Taking Uy = oo
in (5.23) leads one to replace coth(,/tz|D|) by 1. The following two-
dimensional generalization of the system (5.31) in [62] emerges in this
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situation.

[1+ VEEID]9, + 1V (1 - e8)v) = (1 - @) YF D[V v =0,
IV+(1=PVE—FV|v} =o0.

(5.24)

Neglecting the O(,/ft) = O(€) terms, one finds that { must solve a wave

equation (with speed ,/1%/ ). Thus, in the case of horizontal dimension

d = 1, any interfacial perturbation splits up at first approximation into two
counter-propagating waves. If one includes the O(,/IL,€) terms, one ob-
tains the one-parameter family

(1+\/H%WXD(?,CJrcaxC—e%chCz— \z/—fc(l —20)|94|9:¢ =0, (5.25)

of regularized Benjamin-Ono equations (see ??). Here, ¢ = 4/ 1%7 . The
usual Benjamin-Ono equation is recovered by taking o« = 0. (5.25).

The range of validity of these regimes is summarized in the following
table.

e=0(1) ekl
1 =0(1) | Full equations 0 ~ 1: FD/FD eq’ns
U<l 6 ~ 1: SW/SW eq’ns i ~ € and 8% ~ &: B/FD eq’ns

8~ p~e:SW/FDeqns | p~¢gandd~ 1: B/Beq’ns
8% ~ u ~ % ILW eq’ns
d=0and u ~ €% BO eq’ns

Remark 5.14. The small amplitude/shallow water regime is not considered
here. It corresponds to the situation where the upper fluid domain is much
larger than the lower one, which is more of an atmospheric configuration
than an oceanographic case.

Remark 5.15. The two-layer system is an idealization. In the actual ocean
the density varies rapidly but continuously between two or more layers of
nearly constant densities in a narrow layer called the pycnocline. We do
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not know of a rigorous and systematic derivation of asymptotic models for
this situation. In [151] (see also [171] when shear is taken into account),
one-dimensional weakly nonlinear models are formally derived. They write

u,+coux+auux—co8xz /_oo G(x—&)u(&,1)déE, (5.26)

where

G(x) = ZB—I_}I coth (Zn—l-z) —sign (%)} + 213712 coth (%) —sign (x)}

where H; and H, are the dimensionless (scaled by wave length) depths of
the two layers and the constants & and ¢y depend on the density stratifica-
tion p(z). Note that (5.26) is reminiscent of the ILW equation obtained as
the unidirectional limit of the one dimensional (d = 1) and one directional
version of (5.23). We refer to [10] for mathematical issues concerning
(6.3) (and its extension of a system derived in [166, 167] for the transfer of
energy between waves running along neighbouring pycnoclines): Cauchy
problem, existence and stability of solitary waves.

It would be interesting to derive rigorously asymptotic models in this
situation and to investigate the limit as the width of the pycnocline tends to
zero, that is the discontinuous limit of a continuous stratification.



Chapter 6

Justification of the
asymptotic equations

6.1 Justification of the asymptotic equations

As we have seen in the previous chapters, the asymptotic equations or sys-
tems derived from the Euler equations with free surface (or surfaces) are
supposed to describe the long time dynamics of the original systems in spe-
cific regimes.

A not too bad analogy is the convergence theory of finite difference
schemes (Lax-Richtmeyer theorem):

A finite difference scheme approximating a PDE problem & is conver-
gent if and only if

o & is well-posed.

e The scheme is consistent with &2. This is not a dynamical notion
(just algebraic).

e The scheme is stable. This is a dynamical notion (well-posedness).

For the water waves asymptotic models the full rigorous justification
involves four steps that are in the same spirit.

86
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6.1.1 Consistency

The various approximations of the non local Dirichlet-Neumann or inter-
face operators lead to consistent systems in the sense of the following defi-
nitions

Definition 6.1. The water wave equations (4.13) are consistent with a sys-
tem S of of d 4 1 equations for { and v if for all sufficiently smooth solu-
tions (£, y1), the pair £, v solves S up to a small residual called the preci-
sion of the asymptotic model.

It can be rigorously established (see [32]) that the internal-wave equa-
tions (5.14) are consistent with the asymptotic models for (£,v) described
in Chapter 5 in the following precise sense.

Definition 6.2. The internal wave equations (5.14) are consistent with a
system S of d + 1 equations for { and v if for all sufficiently smooth so-
lutions (&, y1) of (5.14) such that (5.10) and (5.12) are satisfied, the pair
(&, v=H*%[el]y; — yVy) solves S up to a small residual called the pre-
cision of the asymptotic model.

Remark 6.1. 1. The rigorous approximations of the non local operators
provides Sobolev type norms to evaluate the residual terms.

2. The definition of consistency does not require the well-posedness
of the water wave or the internal wave equations, neither of the asymptotic
systems, and of course does not fully justify the asymptotic systems. It does
not involve any Dynamics of the underlying systems and as aforementioned
is similar to the notion of consistency for a finite difference scheme (which
of course needs not to be convergent, even if it is consistent!).

On the other hand, the other properties involves the dynamics of the
systems and ate the counterparts of stability for a finite difference scheme
(and of the well-posedness of the system the scheme is supposed to approx-
imate).

6.1.2 Long time existence for the Euler systems

This is the more difficult step, since even the local-wellposedness of the
corresponding Cauchy problems gives serious difficulties.
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The water wave systems

A pioneering result is the work by W. Craig [61] who treated the one di-
mensional water waves problem in the KdV scaling. For most asymptotic
regimes excluding the modulation one, long time existence for the water
wave problem has been established in [12].

Long time existence in the modulation regime (the Schrodinger one)
has been established in [233] in the infinite depth case. The finite depth
case seems to be open.

The Cauchy problem for the two-layer system

The Cauchy problem for the two-layer system leads to serious difficulties
because of the possible Hadamard type instabilities due to shearing at the
interface.

We sketch here the solution given by D. Lannes [158] to the apparent
paradox mentioned in the Introduction : the presence of Kelvin-Helmholtz
instabilities for the two-layer system in absence of surface tension, while
stable (in the sense of “observable on a relevant time scale”) internal waves
are observed in the ocean or in the laboratory despite the fact that surface
tension effects are physically negligible.

To sum up, the solution of the aforementionned “paradox” is, as ex-
pressed in [158], that “the Kelvin-Helmholtz instabilities appear above the
frequency threshold for which surface tension is relevant, while the main
(observable) part of the wave is located below this threshold. The Kelvin-
Helmholtz instabilities are regularized by surface tension, while the main
part of the wave is unaffected by it. This is gravity that prevent Kelvin-
Helmbholtz instabilities for low fequencies”.

This scenario is rigorously proved in [158] and we sketch below its
precise mathematical expression.

We will use here the notation — (resp. +) to index the quantities related
to the upper (resp. lower) layer, so that for instance p™ > p~.

An important result in the analysis of [158] is a new nonlinear criterion
for the stability of two-fluids interfaces. It expresses a condition on the
jump of the vertical derivative of the pressure P across the interface and

reads 5
I (p"p7)

Y o AL
T ae(prp

(©)|olz, 6.1)
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where @ = V* l.=¢ 1s the jump of the horizontal velocity at the interface,
¢(&) is a constant that depends on the geometry of the problem and that can
be estimated quite precisely and o is the surface tension coefficient.

This criterion is somewhat reminiscent, (but stronger) of the classical
Rayleigh-Taylor criterion for surface water waves (thus p~ = 0) which
writes in absence of surface tension and in infinite depth,

—9.P > 0. (6.2)

‘surface

We recall that the linearization of the Rayleigh-Taylor criterion around
the rest state is just g > 0 where g is the vertical acceleration of gravity.

Both quantities —d.P* .=¢ and [®|. are not easy to evaluate experi-
mentally. D. Lannes establishes a practical criterion in the shallow water
regime (the wave length of the perturbation is large relatively to the depths
of the layers). In this regime one can use the hydrostatic approximation
with a fairly good precision, that is evaluate the jump in the vertical deriva-
tive of the pressure by

—0.P~(pT—p7)g

One can also prove that @ has a typical size of order £+/¢’H, where g’

pt
++p

and H = (p* + p‘)%. Plugging those expressions into (6.1)

shows the relevance of the dimensionless parameter .7,

is the reduced gravity, g’ =

g, a a typical amplitude of the interface

_ (ptp)? at ¢
(pt+p ) H 40’

This leads to a very simple practical stability criterion in the shallow
water regime,

J < 1: Stable configuration; 7 > 1: Unstable configuration.

When .7 ~ 1, one should consider the exact criterion (6.1).

The stability criterion (6.1) (or its practical version above) ensures the
existence of a “stable” solution of the two-layer system, that is a solution
that exists on a time scale which does not vanish as the surface tension
parameter tends to zero, and which is uniformly bounded from below with
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respect to the physical parameters € and p. This leads in particular to the
full justification of the SW/SW system studied in Section 4.

One also finds in [158] interesting comparisons of the theoretical results
with the experiments of [176], [123], [102].

6.1.3 Large time existence for the asymptotic models

The aim is here to establish the well-posedness of the asymptotic models on
time scales at least as large as the ones on which the solutions of the original
systems are proved to exist. As we already noticed, this question is a trivial
one when the asymptotic models are, in the case of unidirectional waves,
scalar equations for which the global existence can be established. This is
not so however for most of two-directional waves systems, and this has to
be done case by case. We will go back to this issue in Chapter 11, where
we will study in some detail three systems of surface or internal waves.

6.1.4 Stability

Assuming that both the original system and the asymptotic model are well-
posed on the relevant time scales, it remains to prove the optimal error
estimates between the exact solution and the approximate one provided by
the asymptotic system. This is done in detail in [156]. For instance, for the
(a,b,c,d) Boussinesq systems for surface waves, this error is shown in [30]
to be of order £%r.



Chapter 7

The Cauchy problem for
the KdV and the BBM
equation

7.1 The Cauchy problem for the KdV equation

We will state and essentially prove here a global well-posedness result for
the Korteweg -de Vries equation due to Kenig Ponce and Vega [139]. Al-
though it does not give the optimal result for the regularity of the initial
data, it implies the global well-posedness in H'(R) which is required to
study the dynamics of the equation (in particular the orbital stability of the
solitary waves). We recall that as far as the rigorous connexion with the
water wave system is concerned, only a local well-posedness in H® with
s large is required, this implies well-posedness on time intervals of length
O(é), see Section 2.3 of Chapter 2.

The result we will set is also interesting in that it is a typical example
of how to use the dispersive properties of the linear group to get non trivial
results on the Cauchy problem.

We recall that the L norm, 1 < p < 40 is denoted | - | -

91
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For a € R, we set
DEF() = ca [ I AE NS

where f denotes the Fourier transform with respect to x.

We first recall the dispersive properties of the Airy group S(¢) = €' %
(not all of them will be used in the sequel). We refer for instance to the
book [162] for a presentation of various dispersive estimates, in particular
the ones used here.

1. Unitarity.
\S(t)u0|2 = ‘uo|2, vVt € R. (7.1)

2. Dispersion (consequence of Ai € L”(R) where the Airy function is
defined here byAi = §~! (eiég)).

C
IS(£)uple < m|u0|1, t #0. (7.2)

3. Strichartz estimates (consequence of 2.)
For any admissible pair (g,r), that is 2 < r < 40 and é = %(% — %),

one has for Af(t) = [§ e(’_s)aﬁf(s)ds,
o 11S()f sy < U

o |Af||L;1(L§ <C||f] \Lqu o for any couple of admissible pairs (g,r), (q1,71)-
t ‘X

o[|Afll 2y < Hf”L;/L;;"

'HAf”Ljf(L;) < C||f||L,'L§'

4. Strichartz estimates with smoothing [137] . They are consequence
of |D,|'/2Ai € L™(R)) which implies with a complex interpolation result of
Stein ([220])

IDS(t)uol2/16) < Clt| =T ugly /116,

'L} means LY(R,). L} means L' (R,). L means LI(—T,T).
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for any (e, ) € [0,1] x [0, 3].

For any (a, ) as above and (¢, p) = (572, %5 ),
0/2
oIS (0)uol g1z < Cluolo

ol [ DEOS(t —5)g(-,5)ds |9 1z < Cllgl

L;],Lfl.
0||f(;Dg‘eS(tfs)g(~,s)ds||Lz%Lf < C\|g||L,{L€/.

Remark 7.1. For an operator L with symbol p(&),the smoothing for the
free group is given (in Fourier space) by the square root |H (p(&))|!/?of the
hessian determinant [137], thus no such global smoothing effect is true for
the Schrodinger group.

5. Local smoothing.
o[98 (1)uol| 1= (12) < Clluolf2-

o[|0F JoS(r = 8)f($)dsl| 2 < ClI ] 12

Remark 7.2. (i) In term of L? space in x the smoothing is local : for almost
every t, S(t)up € L, (R). It cannot be global since S(t) is unitary in L*(R).

(ii) For general symbols p(&) the local gain of smoothness is given by
IVp(&)['/2.

6. Maximal function estimate (see [138]).
Lets > %. Then, Yuy € H*(R), Vp > %

o|[S(1)uol|2pz < C(L+T)P[uo||rs-

7. For up in the homogeneous Sobolev space H %(R) ={fed,
1 A
€117 e (R},

1/4
ol [S(t)uol 41+ < CIDY *ug)o.
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Let us sketch the proof. The estimate is equivalent to

—1/4
HDX / S(I)MOHL‘;L;” SC|M0‘2,

and by duality to

“1/4g
[ DM s0g0l1 < Clell o,

Squaring the left hand side and applying a trick used in the proof of
Strichartz estimates (the so-called P.Tomas argument), we arrive at the in-
tegrals are taken from minus to plus infinity:

| D012 = [ sty [0 sl - s)gtws)dsdar

We are thus reduced to proving
[ D0t et sl < elellsyy )

This will be a consequence of the

1x§+t<§
| e

Proof of lemma.

Lemma 7.1.

o t = 0. It suffices to recall that the Fourier transform of the distribution
(in R") #, 0 < a < 1,is equal to ‘éc‘”To‘a

et % (0. We observe by scaling that

L(x) = ﬂ%ll (ﬂ%)

and it suffices to prove that
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This results from the van der Corput lemma, by a proof similar to that
we used in Chapter 3 to prove that the function of x

/R |E[12605+E%) g

is bounded.

From the lemma, it results that
<12 c i
||[ Dy 2S(t - 5)g(x-,5)ds|| ay < |x|—1/2*/, 15(-,5)ds.

Noticing that MLI/Z € L2 (R) (7.3) follows since by the generalized Young

convolution inequality
2 74/3 — g4
L2+L*3 c Lt
We can now state a LWP result for the KdV equation.

Theorem 7.2. Let s > 2 and ug € H*(R). Then there exist T =T (||uo| | sy >
0 (T(p — +o when p — 0) and a unique solution u of the corresponding
Cauchy problem for the KdV equation such that

(i) ueC([-T,T];H*(R))
(ii) dw € LT (L)

(iii) ||D§C%HL§°(L%) < oo
(iv) [lull 2 () < +oo

Moreover :

o VT' € (0,T), there exists a neighborhood U of ug in H® such that
the mapping vy — v from U into the class above with T' instead of T is
lipschitz.

o If ug € H* (R) with s' > s, the above result holds true with s' instead
of s, on the same time interval (—T,T).
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olu(-, 1)} = [uol2, vt € (=T.T).

When s > 1 one has the additional properties:
The energy E(t) = % Jg |Ocu(x,t)2dx — % Ju?(x,t)dx is independent of
t on (=T, T) and the solution is globally defined.

Remark 7.3. Theorem 7.2 provides the ad hoc framework to justify fully
theH ! orbital stability of the KdV solitary wave (see [19, 26].

Proof. We will a complete proof only in the case s = 1 which corresponds
to the spaceH ! (R), the energy space for the KdV equation.
(i) We let the conservation of the L? norm as an exercice.

(i1) Conservation of energy and globalization.

The conservation of energy is obtained formally by multiplying the
equation by u, + %uz and integration by parts. The argument can be made
rigorous by smoothing the initial data by uge = ugx pe € H*(R) where
pe(x) =p(x/e), p e D(R), p >0, [z p(x)dx =1 and then passing to the
limit when € — 0.

To get the a priori H' bound which leads to global-well posedness we
write first using the conservation of energy

/Ruf(x,t)dx: 2E(0) —&—%/ ud (x,1)dx.

R
Then

\/R”3(xvf)dXI < a1 ]eo 1) 3 = [ul,1) o3

1/2 1/2

< Clu(0)]5 1)y

where we have used the well-known inequality for f € H'(R)

1/2 1/2
[ Fleo < V2] 3?13/

Using Young’s inequality

(7.4)
3/2 1/2
o3 = [uol3 *[ux (1) 137,

1 €
abSEaé+§bﬁ,f0ranye>0,0<a<1,
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one deduces (with @ = %) that

| [ x| < elu-,0) B +Cleuol),

and thus that
u( )1 < C([[uol| g1 )-

(iii) Local well-posedness.

Definition of the space X7.
For f:Rx [-T,T] — |R, we set

A ()=, max (G0 (15)
T T 4 %
0= ([ 1ncota) a6
-T
32
M =112z a7
3

AL(F) = (1+T)P||fll 2z for afixed p > 3 (7.8)
AT(f)= max A](f). (7.9)

j=1,....4

Finally,
Xr={f €C([-T.T]:H'(R)), A" (f) < +oo}.

The linear estimates above insure that if ug € H'(R), then S(t)ug €
X7, vT >0.
For vg € H'(R) we denote u = ¢, (v) = ¢(v) the unique solution of

Uy + Uyry = — vy, u(x,0) = up(x)

or, in the Duhamel representation

= S(t)up — /OIS(I —s)vve(s)ds. (7.10)
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We shall prove that there exist T = T'(||uo|| 1) > 0 and a = a(||uo| ;1) >
0 such that if v € X¢ = {f € Xr,AT(f) < a}, then u = ®(v) € X# and
¢ : X§ — X7 is a contraction.

One proves first that

19 (vwi)ll2zz + vl 22 < €1 +T)P (AT (v))% (7.11)

In fact,

Toge :
||VVX||L§L% = (/T/ [V]7]vyl dxdt)
' %
< (/ |vx(-,t)|idt> sup [v(,1)|
-T te[-T.,T)

1
T 2
< (/Tlvx(-,t)lidt) sup |[v(-,1)[3 (7.12)
- te

[77"’7‘]
< (by Hoélder in time)
1
<CT* ||Vx||L‘}(L;°)7LlT
<CTHATAT
<C(1+T)P(AT(v))™.

On the other hand, again by Holder inequality in time,

ol = ([ itonfar) o ([ btomatnfasn)

1
<CT* ||Vx||L‘;L;°t€[Sl1$T [Vex (-, 8) |2 + HVHL%L;?||VXX||L;OL%

< CT42f WA] () +C(1+T)PAf ()AL (v)
<C(1+T)P(AT(v))?
(7.13)

which achieves to prove (11.6).
Using the Duhamel formulation (7.10), the linear estimates on S(#)uo,
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(11.6) and Holder inequality in time, one gets

T
AT () < C||u0||Hs+C/T|\vvx||Hs(t)dt

T 1/2
< Clluo| | + €T (/ |vvx||;_1s(t)dt> (7.14)
J-T

< Cl|uo||s +CT2(1+T)P (ATv))2.
Now we choose a = 2C||up||ns, then T such that
4CT'?(14+T)Pa< 1.

Verify (exercice) that if v € X¢, then u = ¢(v) € C([-T,T];H*(R)).
One then concludes that ¢ : X7 — X7.
One can establish in a similar way that

AT(0(r) — 9(7)) < CTA(1+ TYP{AT () + AT (D)IAG— D), (7.15)
and that for 71 € (0,7),

AT (g (v) = 91y (7 < C|uo — o | 1

7.16
+CT (1 4+ T)PAT (v = 9) {Ar, (v) + AT (9)}. (7.10)

We have thus proven (see (7.14), (7.15)) the existence of a unique u €
Xj such that ¢y, (1) = u, that is

u(t) = S(t)uo — ./OIS(Z — ) (uuy)(s)ds.

Moreover (7.16), together with our choice of T and a shows that for any
Ty € (0,T) the map iy + i on a neighborhood U of ug in H' depending on
T to X7, is lipschitz.

One easily checks that u satisfies the KdV equation (at least) in the
distribution sense.

To prove uniqueness in X7, we suppose that w € X7, for some T} €
(0,T) is a solution of the KdV equation. The argument leading to (7.14)
shows that for some 75 € (0,7;), w € X7, . Hence our choice of 7" implies
that w = u in R x [—T», T»]. By reapplying the argument this result can be
extended to the whole interval [—T,T]. O
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Remark 7.4. The general case s > 3 7 is proven by similar arguments. An ex-
tra technical difficulty arises When one evaluates a term like D (vv,) when
s is not an integer. For % < s < 1 one must use the following fractional
Leibniz formula (see [139]):

Theorem7.3. Let ot € (0,1), 0,00 € [0
q,91,q2 € (1,+00) be such that % =

1 ’ ]1 ltha a1+a2 Letp P1,P2,
IDZ(f8) ~ FDZg — eD% lluzag < clIDZ fll,p1 o 11Dl 2
Moreover, for a; = 0 the value q; = +< is allowed.

Remark 7.5. The method we used in proving the theorem is robust. Similar
arguments (with extra technical difficulties) can be applied to the resolu-
tion of the Cauchy problem with data in H*%(R) for the generalized KdV
equations

U +ukux+uxxx =0,k=1,2,...

They give essentially optimal results as far as the value of s; is con-
cerned for k > 2. On the other hand since the method relies heavily on dis-
persive properties of ¢'% on R it cannot be applied in the periodic case, for
instance when ug € H'(T). One should then use Bourgain’s method which
implements a Picard scheme with a totally different choice of the space X7
(see [96] and below).

This method applies as well in the case of nonperiodic initial data, lead-
ing to LWP for the KdV equation with data in H*(R), s > —3 (the solution
is in fact global...).

The (rough) idea of the method is to use a classical space for S(—1)u,
that is use to implement the contraction argument a (possibly localized in
time) space X with norm ||u||x = ||S(—1)u||y, where H is a classical space
(Sobolev, Lebesgue, Besov,..). A typical choice for the KdV equation is

X = {f € S (@): [ (1+r—EDP(1+[E)>IFE, 7) Pagde < +eo)

Here & (resp. 7) is the Fourier dual variable of x (resp. 1).
Denoting by < - >= (1+]- |2)% the “Japanese bracket”, one sees that

= {u;S(—t)u € H*'},
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where
H = {u;]| < &€ > <t >0 |2 < +oo},

where i is the Fourier transform of u with respect to x and ¢.

This choice of space somehow evacuates the free evolution term and all
the difficulties are concentrated on a bilinear estimate which writes for the
KdV equation (that is S(¢) = el ):

Theorem 7.4. (i) Let s > —%. There exists b > % such that if v € X5P_ then
vaev € X501 and
2
[VOvl[xsp-1 < vl [5es-

(ii) For s < — %, the above bilinear estimate is false for any b € R.

Note that s measures the regularity in space and thus the bilinear esti-
mate “regains” the derivative in the nonlinear term by loosing a degree of
regularity in time. See [140] for details.

7.1.1 Remarks on the Inverse Scattering Transform method

As we already emphasized, the global solvability of the Cauchy problem
does not give any qualitative information on the solutions. We comment
here briefly on the Inverse Scattering method see [86, 160] which allows to
describe very precisely the long time behavior of the KdV solutions.

We follow the treatment in Schuur [210] and consider the KdV equation
written in the form

up — Oty + Uy =0, u(-,0) = up. (7.17)
We recall that (7.17) has the classical soliton solution
u(x,t) = —2k3sech [ko(x — xo — 4k3t],

where ko, x are constants and sech = 1/ cosh.
The crux of the method is the direct and inverse spectral problems for
the Schrodinger operator
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considered as an unbounded operator in L?(R). We thus consider the spec-
tral problem

Vi + (K —u(x,))y =0, —oo < x< oo,

Given up = u(+,0) sufficiently smooth and decaying at +oo, say in the
Schwartz space . (R), one associates to L(0) its spectral data, that is a
finite possibly empty) set of negative eigenvalues 7K12 < —K3 < fK‘}%],
together with right normalization coefficients ¢; and right reflection co-
efficients b, (k) (see [210] for precise definitions and properties of those
objects).

The spectral data consists thus in the collection of {b.(k),k;,c’}. It
turns out that if u(x,#) evolves according to the KdV equation, the scattering
data evolves in a very simple way :

Kj(t) = K;.
c;(t):c;exp(m(ft), j=12.-- N
b,(k,t) = b,(k)exp(8ik’t), —oo <k < oo.

The potential u(x,r) is recovered as follows. Let
Al 1 > ‘
Q&N =2 Y0P 295+ — [ b (ke k.
=1 o

One then solve the linear integral equation (Gel’ fand-Levitan equation):

ﬁ(y;x,t)+£2(x+y;t)+/0 Qx+y+z1)B(zx,t)dz=0, y>0,xeR,7>0.

(7.18)
The solution of the Cauchy problem (7.17) is then given by

u(x,t) = —%ﬁ(Oﬂx,Z), xeR, t>0.

One obtains explicit solutions when b, = 0. A striking case is obtained
when the scattering data are {0, k;,c(¢)}. It corresponds to the so-called
N —soliton solution according to its asymptotic behavior obtained by Tanaka
[229]:

M=

lim sup [ug(x,1) — Y (=2K)sech’ [k, (x—xf —4K21)]) [ =0,  (7.19)

=% xeR p=1
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r12 p—1 2
xh = —] log [Cp] H (Kle>
» .
2K, 2Kk, 1 \KtKp
In other words, uy(x,) appears for large positive time as a sequence
of N solitons, with the largest one in the front, uniformly with respect to

xeR.
For ugy € . (R)?, the solution of (7.17) has the following asymptotics

where

sup |u(x,t)| =0 ), ast—oo (7.20)

x2—tl/3

in the absence of solitons (that is when L(0) has no negative eigenvalues)
and
sup |u(x,1) —ug(x,0)| = 0@'3), ast—oo (7.21)
x2—t1/3
in the general case, the N in uy being the number of negative eigenvalues
of L(0). One has moreover the convergence result

lim  sup |u(x,z) —2ksech? [k, (x — X} —4ic1)])| =0. (7.22)

t—-o0 xzftl/g

||M2

In both cases, a “dispersive tail” propagates to the left.

Remark 7.6. The shortcoming of those remarkable results is of course that
they apply only to the integrable KdV equation (and also to the modified
KdV equation)

u; + 6u2ux + Uy = 0.

However, though they are of reach of “classical” PDE methods, they
give hints on the behavior of other, non integrable, equations whose dy-
namics could be in some sense similar.

7.2 The Cauchy problem for the BBM equation

The BBM equation can be viewed as an ODE in any H*(R) space, s > 0
which makes the local Cauchy theory easy. The global theory for 0 <s < 1
however needs a little care.

2This condition can be weakened, but a decay property is always needed.
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Observing that the Fourier transform of ¢ (&) = 157 isequal to F(x) =

C sign xe M the Cauchy problem for the BBM equation
up +uy +uny — e =0, u(-,0) =up (7.23)

is equivalent to
2
Uy + F %y <u+ ?> =0, u(-,0)=uo. (7.24)

Theorem 7.5. Lets > 0 and ug € H*(R). Then (7.24) or (7.23) has a unique
solution u € C(|0,00; H*(R)).
Moreover, if s > 1 the energy

/ [P (x, 1) (v, 1)) (1.25)

is independent of time.

Proof. We give details for the case 0 < s < 1 and refer to [38] for a complete
proof.

Lemma 7.6. For any s > 0 the map ® :u — F x (u+ ”—22) belongs to
C'(H*(R),H’(R)).

Proof. One has

(utev)?
2

and we just have to prove that the map v — F x (v+uv) belongs to .2 (H*(R),
H'(R)),0<s<1.
This results from the convolutions inequalities

DCD(u)-VZ%[F*(u—&—ev—J— Nje=o = Fx(v+uv)

|Fx (v +uv)a < C(|F|1[val2 + [Flofuv]y < C(|F|1[v]a+[F|2]ul2|v]2,

|Fx(v4 (uv))l2 S C(|Fl1|vl2+ [Fl2 [(uv)x]i
< C(IF [i[vela + [Fl2(|ucl2|vl2 + |ul2]vx]2)
and interpolating between L? and H'..
This proves that ® is differentiable from H*(R) to H*(R). A similar

argument proves that & is actually C' (observe that D®(u) - v is a sum of a
continuous linear map in u and a bilinear continuous map in (u,v)). O
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By the Cauchy-Lipschitz theorem in Banach spaces, (7.24) possesses
for any up € H*(R),0 < s < 1, a unique solution u € C([0, T (||uo||s)] with
T (||uolls) — 4o as [[uo]|s — 0.

The fact that this solution is global when s = 1 results trivially from the
conservation law (7.25).

To prove that the solution is global in L? (actually in H*,s > 0), we
sketch the argument of [38].

Fix T > 0 and let up € H*(R). In what follows we will use the notation
X5 ={feC([0,T];H*(R))} equipped with the standard norm. We want to
prove that the unique local solution of (7.23) lies in X} and that u depends
continuously upon ug. By the local well-posedness result this is true if the
initial data is small enough in H*. We write ug = vo + wg according to the
decomposition

i0(8) = Xje1=ntt0(8) + Xz <nito(8),

with N > 0 large enough in order that the solution of (7.23) with initial data
vo belongs to X7. This is possible since

[ A+ IEPY L&) Pag
=N

is as small as we wish for N large enough.
We consider the Cauchy problem

Wi + Wy — Wy +wwy + (vw), = 0,

{ Ww(-,0) = wo. (7.26)

If there exists a solution of (7.26) in X7, then v+ w will solve (7.23) in
Xr and the result will be established. Note that wy € H"(R) for any r and
in particular wy € H'(R).

One establishes easily following the lines of the local H* theory that,
v being fixed, (7.26) has a unique local solution in XT1 for some positive
T and it suffices to prove that we can extend this solution up to 7 = T.
This is established by an a priori bound on w. Multiplying (7.26) by w and
integrating by parts we get

%% ( /R W2 (x,1) +w§(x,t))}dx) - /R v, ) (x, ) wy (3, £)dx = 0.
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One obtains by Sobolev and Holder inequalities
I /RV(x,t)W(x,t)ww,t)dXIl <Clw(niv(s1)l2
and we deduce with Gronwall’s lemma that
Il < ol exp [ i)

proving that w(-,#) exists up to 7.
The proof of Theorem 7.5 is complete. O



Chapter 8

Some semilinearly ill-posed
dispersive equations

8.1 Some semilinearly ill-posed dispersive equa-
tions

Deciding whether a nonlinear dispersive equation is semilinearly well-posed
is somewhat subtle. To start with we consider the case of the Benjamin-Ono
equation following [185].

8.1.1 “Ill-posedness” of the Benjamin-Ono equation

We thus consider the Cauchy problem

Mt_Huxx+uux:0, (I,X)ER27 (8 1)
u(0,x) = ¢(x). '
Setting S(r) = e"% | we write (8.1) as an integral equation:
t
u(t) = S(1)p — / S(t =) (un (Yt ). (8.2)
Jo

The main results is the following

107
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Theorem 8.1. Let s € R and T be a positive real number. Then there does
not exist a space Xt continuously embedded in C([—T,T],H*(R)) such that
there exists C > 0 with

1S@)¢llxr <ClPllmsw), ¢ € H(R), (8.3)

and

H/ots(t_t/) (" Yus(t')] dt’

<Cllulg,, ueXr. (8.4)
Xr

Note that (8.3) and (8.4) would be needed to implement a Picard itera-
tive scheme on (8.2), in the space Xr. As a consequence of Theorem 14.1
we can obtain the following result.

Theorem 8.2. Fix s € R. Then there does not exist a T > 0 such that (8.1)
admits a unique local solution defined on the interval [—T,T| and such that
the flow-map data-solution

¢ —u(t), te[-T,T],
for (8.1) is C? differentiable at zero from H*(R) to H*(R).

Remark 8.1. This result implies that the Benjamin-Ono equation is “quasi-
linear”. It has been precised in [150] where it is shown that the flow map
cannot even be locally Lipschitz in H® for s > 0.

Proof of Theorem 14.1

Suppose that there exists a space X7 such that (8.3) and (8.4) hold. Take
u=S(t)¢ in (8.4). Then

Now using (8.3) and that X7 is continuously embedded in C([-T,T],H*(R))
we obtain for any ¢ € [T, T] that

<ClIS0)$ %, -
Xr

s [sw)0)(s0)0] ar

S 191z w)- (8.5)
H¥(R)

[se- [swexsereo]ar
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We show that (8.13) fails by choosing an appropriate ¢.

Take ¢ defined by its Fourier transform as'

o~

$E) =a 21, (E)+a N1, (E), N>1, 0<a<],
where I, I, are the intervals

I =[a/2,0a], L =[N,N+«a.
Note that ||@||zs ~ 1. We will use the next lemma.

Lemma 8.3. The following identity holds:

[s=r)[isworisare]ar
it (P(E)+p(E—81)—p(8)) _ |
@+ rE &) pE)

= o e E(E)d(E - dsds;,

where p(§) = §|5|-

Proof of Lemma 8.6. Taking the inverse Fourier transform with respect
to x, it is easily seen that

According to the above lemma,

[ $=1) [(56)0)S)00)dr = elile,0)+ fo(1.0) + £5(1.0),

where, from the definition of ¢, we have the following representations for

!The analysis below works as well for %Ze ¢ instead of ¢ (some new harmless terms ap-
pear).
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fl’fZ’f3:
it(&1&1[+(E=ENIE-&-EIE) _ 1
_ ¢ zxé+zt§|é\ ¢ d&éd
R T P TRE ] e )
it(E1|&|+H(E-E)IE-E1-EIE]) _ 1
_ _° ixE+itE|E] €
Iy e 5 e )
it(E11& | +H(E=E)IE-E-EIEN) _ 1
_ _Cc lx§+tt§|§\ e d
I P < e e e e ]
it(E11& | +H(E=E)IE—Ei1-EIE]) _ 1
‘. ix+irE[g| € d
vaw Lo £ e e a g
Set
1(E.8) = &l + (6~ EDIE ~ &I~ EIE]
Then clearly
_ | cgertl JEE) _ |
Jx'—nﬁ(fl)(taé) = T/;é'ggll mdﬁh
ceentkl JEE) _
Fos()0E) = W/fzf’éz e

cEoitElE] SILEE) _1 JLEE)
Foe08) = S ([ e dat [ Seerda )

§-bieh &-&1en

Since the supports of .7, ¢ (f;)(t,), j = 1,2,3, are disjoint, we have

= VETGDIIPGES

HS (R)

[ste=1) (65605 90)

We now give a lower bound for || f3(#,-)|| (). Note that for (&,§ — &) €
L xhor (81,6 —&1) € b x 1, one has [x(&,81)] =2[8i1(§ —&1)[ ~ aN.
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Hence it is natural to choose & and N so that cN =N¢,0 < € < 1. Then

e”X(ﬁ«él) —1

%(gaél)

for§1 611,5—51 eh 01‘51 612,5—51 Ell.Hel‘lCCfOI‘t#O,

= Il +0(v~*)

1
NN o o2 1
13t )s ) 2 g = 2N

Therefore we arrive at
2 1 l—¢
L 1003y = 1530 sy > @3N ~ N3,

which is a contradiction for N > 1 and € < 1. This completes the proof of
Theorem 14.1.

8.1.2 Proof of Theorem 8.2
Consider the Cauchy problem

{ u; — Huyy +uu, =0, (8.6)

u(0,x) =yp, y<1, ¢ cH(R).

Suppose that u(7,z,x) is a local solution of (8.6) and that the flow map is
C? at the origin from H*(R) to H*(IR). We have successively

u(y,t,x) = yS(t)¢ +/OIS(t —u(y,t' x)u(y,t' x)dt’

a%(o,t,x) =S(1)¢(x) =t ui(1,x)

214 t
T 000 = =2 [ slu—1) [(S)0)(S)60)]

The assumption of C? regularity yields

But the above estimate is (8.13), which has been shown to fail in section
8.1.1.

[ste=1) [sa)exs)00] ar

Sl ) -
H(R)
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Remark 8.2. The previous results are in fact valid in a more general context.
We consider now the class of equations

uuu,—Luy =0, u(0,x) = ¢(x), (l,x)eRz, 8.7)

where L is defined via the Fourier transform

~

Lf(E) = 0(&)](&).

Here @(&) is a continuous real-valued function. Set p(§) =& w(&). We
assume that p(&) is differentiable and such that, for some y € R,

PEISIEN, SR (8.8)

The next theorem shows that (8.7) shares the bad behavior of the
Benjamin—Ono equation with respect to iterative methods.

Theorem 8.4. Assume that (8.8) holds with y € [0,2[. Then the conclusions
of Theorems 14.1, 8.2, are valid for the Cauchy problem (8.7).

The proof follows the considerations of the previous section. The main
point in the analysis is that for & € I}, & — & € I, one has

Ip(&1)+p(E—E&)—p) SaN’, a<l, N>1

We choose o and N such that aNY = N7¢, 0 < € < 1. We take the same ¢
as in the proof of Theorem 14.1 and arrive at the lower bound

1—Yte

1
1~||¢||§1X(R>Za2N:N 7,

which fails for 0 < e < 1, y € [0,2].
Here we give several examples where Theorem 8.4 applies.

e Pure power dispersion:
o) =", 0<y<2.

This dispersion corresponds to a class of models for vorticity waves in the
coastal zone (see [213]). It is interesting to notice that the case y = 2 cor-
responds to the KdV equation which can be solved by iterative methods
as we have s(see [138]). Therefore Theorem 8.4 is sharp for a pure power
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dispersion. However, the Cauchy problem corresponding to 1 < v < 2 has
been proven in [?] to be locally well-posed by a compactness method com-
bined with sharp estimates on the linear group for initial data in H*(R),
s> (9-3y)/4.

e Perturbations of the Benjamin-Ono equation:

o(&) = (€ +1) 2. This case corresponds to an equation introduced
by Smith [217] for continental shelf waves.

(&) = & coth (&). This corresponds to the Intermediate long wave
equation, cf. [151, 10, 1] and Chapter 5 Section 2.

The “ill-posedness” of the Benjamin -Ono equation is due to the “bad”
interactions of small and large frequencies.
The mechanism is different for the KP I equation. Recall that the KP
equations are
g+ Uity + ey £ 9 1y = 0,

the 4 sign corresponding to the KP II equation, the — sign to the KP I
equation.

8.1.3 Ill-posedness of the KP I equation

The KP I equation is also semilinearly ill-posed, though for different rea-
sons.
Consider the initial value problem for the KP-I equation

{ (”l + Uxxx + l'”/‘x)x — Uyy = 0,
u(0,x,y) = ¢(x,y).

We have the following result.

(8.9)

Theorem 8.5. Let (s1,50) € R? (resp. s € R). Then there exists no T > 0
such that ((8.14)) admits a unique local solution defined on the interval
[—T,T] and such that the flow-map

Sii¢o—u(), te[-T,T]

for (8.14) is C? differentiable at zero from H*1*2(R?) to H*12(R?), (resp.
from H*(R?) to H*(R?)).
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Remark 8.3. As in the case of the Benjamin-Ono equation, Theorem 8.14
implies that one cannot solve the KPI equation by iteration on the Duhamel
formulation for data in Sobolev spaces H*1*2(R?) or H*(IR?), for any value
of s5,s1,5.

This is in contrast with the KP II equation which can be solved by Bour-
gain’s method, thus by iteration for data in H*(R?), s > 0, see [45].2
Remark 8.4. It has been proved in [150] that the flow map cannot be uni-
formly continuous in the energy space.

Proof. We merely sketch it (see [187] for details). Let

2

6(77‘5’71) :T_§3_%7

oi(t,&,m)=0o(t,&,m),

ox(t,8,m,7,81,m) =o(t—1,§ —&,n—m1).
‘We then define

— 2
x(&,&1,m,m) :=3881(& _gl)_M

S&i(E—&)

Note that x(&,&,m,m1) = 01 + 0» — 0. The “resonant” function
x(&,&1,m,m) plays an important role in our analysis. The “large” set
of zeros of y(&,&1,m,1M1) is responsible for the ill-posedness issues. In
contrast, the corresponding resonant function for the KP II equation is

(n& —mé)?
E&(E-&)

Since it is essentially the sum of two squares, its set of zeroes is small
and this is the key point to establish the crucial bilinear estimate in Bour-
gain’ s method ([45]).

We consider H*12(R?) and will indicate later the modifications for
H(R?).

2(8,61,m,M) :=3861(E —&1) +

Consider the Cauchy problem

u(0,x,) = 79(x,y), VER, (8.10)

2and even in H*1:2(R?), 51 > %7 52 >0, see [228].

{ (ut 4 vy + utty)y — ttyy =0,
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where ¢ € H*1*2(R?), (s152) € R? will be chosen later. Suppose that
u(y,t,x,y) solves (8.10). We fix t # 0, t € [T, T] such that S, is C>. We
have

t
u(y,t,x,y) =yU ()9 (x,y) —/0 Ut —tYu(y,t' ,x,y)u(y,t',x,y)dt',(8.11)

where U () = exp(—(d; — 9, '9})). Note that

d

a—?/(O,t,x,y) = U)o (x,y) :==u(t,x,y),

u ,

8 T2 (0,l,)€ y) = 72/ U(t 7t,>u1 (t/axay)axul(t,7xay)dt, = u2(tax7y)'
0

We could define formally, in a similar fashion u(¢,x,y) as 7(O,t,x y),

k=3,4,---, and thus taking into account that u(0,¢,x,y) = 0, write a formal
Taylor expansion

72

ure3) = L) + Lnlrox) + Dnlery) e 812

The term u(z,x,y) would correspond to the k-th iteration in an iterative
method applied to (8.11). Here the assumption of C? regularity of S, yields

M(')/,[7)C,y) = Wl(fax»)’) + 7/2u2(t,xay) +0(y2)
and
||u2(t7'a')||H51~52(]R2) S ||¢||?JS1J2(R2)- (8.13)

We look for data ¢ such that (8.13) fails. We define ¢ by its Fourier trans-
form as 3

$(E,m) = 2 p,(E,m)+a IN 221, (E,7).

Here the positive parameters N and o are such that N > 1, oo < 1 and Dy,
D, are the rectangles in R? En'

=[0t/2,0] x [-602,607], Dy =[N,N+ a] x [V3N?,v/3N* + o?].

3The analysis below works as well for Ze ¢ instead of ¢ (some new harmless terms ap-
pear).
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We note that ||@||gsis2 ~ 1. We have

Feyy(em () (6,6,m) = exp(ir (& + ))5(5 )

3

and hence

bx) = gezo? [ enplist i +ie*+ Daga
w(txy) = 3 exp(ix€ +iyn +i z n

N

+4L7r2a—%N—sl‘2S2/D exp(ixg +iyn +it (&> + é))dédn

The next lemma is in [187] used in order to compute u(#,x,y). We omit its
proof.

Lemma 8.6. The following identity holds

ot
/ Ut—t")F(t', x,y)dt
0

2

it(t-8~") |

175371753

= F(t,&,n)dtdEdn

2
. . LE3 N e
C/ ezxé—Hyn-Ht(é +% )
R3

whenever both terms are well defined.

Using Lemma 8.6 we obtain the following representation for u(z,x,y)
up (t,%,y) = C/Ra § exp(ix§ +iyn

l’[(T*é"’*%) 1

T—E3— n2 (g *i1) (7,&,m)dtdEdn.

2 e
+it(§3+%))

Since i (t,&,m) = 8(t — &3 — —2)(})\(5,11) (6 stays for Dirac delta func-
tion) we obtain that (u] xu}) (T § 1) is equal to

oo 2
[ se-g-F--ay
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2

_%)a(él,m)a(g =&, —M)d&dn.

e—itx(&&imm) _q

ix5+iyn+it(§3+ﬁ)
@ t7x, ) 9 ) ) = ¢ g
(t,x,y,&,E,mm) =& 2(&,E,m,m)

Then the second iteration u>(z,x,y) can be splitted in three parts

MZ(tvxay) = C(fl (t7xvy) +f2(t7xay) +f3(t7x7y))'

117

where
c I
fl(tax?y) = E/ (&.n1)eD; (I)(t?x7)7)§7€15nanl)dgdndgldnl
(6-&1.,n—n1)eDy
c
fltxy) = W/ (&,.my)€Ds &(t,x,y,6,81,m,m)dEdnd&dm
(§=&1.n—ny)eDy
c
Hlty) = i [ e @338 &0 M) dEdndE dn,
(6=&1.n—ny)eDy
c
+ W/ (&.11)eD, (1,x,y,8,81,n,m)dEdndS dm

(§=&1,n—ny1)eD;
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Now we easily compute the Fourier transforms with respect to (x,y)

2
_ B Céeir(§3+%) efitx(é,él.,n,m)_ldéd
Flay-em)68m) = ———5—— [ . 14
o e gee - x(8,8mm)
. 2
- ) céezt(r§3+%) efitx(é,él,n,m)_]déd
woy—(em (2)(66m =7,/ . 1dn
(xy)—(&.m) a3 N2(s1+252) (552;329n3é02 2(EE L n.m)
it( 53+H‘ eitx(EEmm) _q
Fay-en(HBIGEN) = W/ (€ m1)<Ds ZEET dédm

(6—&1.n—n1)eDy

d&idn,

2
Céeit(ébr%) e*itl(é-,élﬂ%nl) -1
+ / Gaedy  y(E Em.ng)

o3 Ns1+252 x(&.&,m,m)

(§—=&1.,n—ny)eDy

Actually the main contribution to the H*1*2 norm of us (¢, -, -) is given by f3.

For a fixed ¢ the supports OfJ —(E.7) (f] )(t, &, n), 3;(x,y)>—>(§,n)(f2)(tv‘§7n)’
Fay)—em) (S, 6,1m) are dlS]Olnt and therefore

w2 (s Masesa @y 2 (1300 s m2)-

Hence a lower bound for || f3(t,+, ) || g1 52 (r2) is needed. We shall make use
of the following Lemma.

Lemma 8.7. Let

(&,m) €Dy, (E—=&,nm—m)eD;
(&,m) €Dz, (§E—E&,m—m1) €Dy

Then
12(E,&,m,m)| S o?N.

Proof of Lemma 8.7.
Let first (517711) € D; and (é —};1,1’] —Th) €D;g.
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Fix (&1,m) € Dy. Let £ € R be such that & — & € [a@/2, o]. We look for

n*(éaélanl) such thatx(é;?&lvn*(é?élvnl)?n]) =0and |n*(éaélan1)7
M| < 6a?. Solving x(&,&1,m,m1) = 0 for fixed (&1,11,E) we set

16 ) =+ MESSZYIEGE S,

Now we bound |n*(&,&1,m1) —mi] :

mw@&mn—m|::|@—&xgr¢%&n

< Kéﬁ”m¢%f\@&@&w

Recall that 1 ranges in [v/3N?,v/3N? + &?] and & in [N, N + «]. Hence

V3EL € [VAN? V3AN? +2v3Na + V307

and moreover

In1 —V3E2| < 2vV3No+V3a?.

Therefore
o
n*(&,&,m)—ml| < N(2\/§Na+\/§a2+\/§a(N+ a)) < 6a?,
provided N > 1.

Hence we can write for (§1,1;) € Dy and (§ —&;,n—1n) € Dy

X(§7517n3n1) ZX(§7§17n*((§7§17n1)7n1)

+m—n%a&mm§$a&ﬁmm

where ] € [n,n*(§,&1,m1)]. Thus

x<€7517n7n1) = —(71 _n*(éaglanl))%.
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Therefore
ZEEmm)l = &M -0 (E &, m)) ’ - nzglgéég méf &)
o ((IMmE=ED) (M —m)é&i]
: “N<551<5—51>| EEE- ém)
< a2N<\/§NA2]2—|-a2 ]sai>
2
< a2N<\/§IIVV22+1 %2)
< a@N,

provided N > 1.

Let now (&,m) € Dy and (§ —&1,n — M) € Da. Since (&,m) = (& —
(E—&1),m—(n—m1)) € Dy the previous argument yields

|Z(§’€ —51777»77 —771)| § azN
The proof of Lemma 8.7 is complete by observing that

X(§7§17n3n1)ZX(évé_gl;nan_nl)'
O

Choose now @ and N so that 2N = N—¢, where 0 < € < 1 and N > 1.
Then due to Lemma 8.7 we obtain

e tx(E&nm) _q
x(E.&,m,m)

for (&1,m1) € D1,(§ —&1,m—m) €Daor (§1,m) €D2,(E—E1,m—m1) €
D;. Hence

=|t|+O(N"")

3
NNAY1+2S2 a3 az N

At i) 2 =gz = 0N
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Therefore we arrive at

L 00y 2 Nt ) s e

v

3 1_3e
130t ey 2 03N ~ N4 ¥,

Contradiction for N > 1 and € < 1. This completes the proof of Theorem
8.5 in H*1%2, The proof in H*(R?) is exactly the same with ¢ defined as

$E,m) =0 Hp, (E,n)+a SN Z1p,(E,).
O

8.1.4 Local well-posedness of the KP-I equation via com-
pactness arguments

In this section we shall prove local existence results for the KP-I equation,
based on the classical compactness method we have discussed in Section.
This method is quite general and does not use the dispersive nature of the
equation. One first solves a regularized version of the KP-I equation in-
volving a small parameter. Then one passes to the limit as the parameter
tends to zero using a suitable a priori estimate on the solution. Consider the
Cauchy problem for the KP-I equation

u(0,x,y) = ¢(x,y), (8.14)

For s € R and k € N, we define the Sobolev spaces H* (R?) as follows

{ (”t+uxxx+uux)x_uy}' =0, (taxvy) € R37

H (B = {ue 7R : Julls, <=},
where
oo poo 1/2
Juze, = (/ / w(1+|§|")2(1+|§I2+In|2)‘ﬁ(&m)lzdédn) :

Hg(Rz) will be denoted by H*(R?). Similarly, for s1,s, real and k € N, we
define the anisotropic Sobolev spaces H'';"(IR?) as follows

() = {ue 7 () fulypn <=}
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where

Il = ([ g <n>2s2ﬁ(€,n)lzd5dn)1/2-

We set H*12(R?) = Hy'"™? (R?).
We recall a result of I6rio and Nunes (cf. [118]) (see also [237], and indicate
briefly a somewhat shorter proof.

Theorem 8.8. The Cauchy problem (8.14) is locally well-posed for data in
H*, (R2), provided s > 2.

Proof of Theorem 8.8. It is based on a compactness method and relies
on commutator estimates and Sobolev embedding theorems. Let € > 0 and
de € :(C7(R?)) such that g converges to ¢ in H* | (R?) as € tends to zero.
We consider a regularized version of (8.14)

(uf + eAuf +uly, +uul)y —uS, =0, (8.15)
where A is the Laplace operator on R?. By standard Picard iteration ar-
guments the Cauchy problem associated to (8.15) has a unique solution
ut € C([0,T]; H*(R?)), where k is any fixed integer. Here T depends on &
and [[@|| k(g2). In fact T can be chosen independent of €. Taking the H*
scalar product of (8.15) with u® yields

(10 0) e+ €180 (@) )+ (O, 1) =0 816)

where (.,.)s connotes the H* inner product. By classical arguments involv-
ing some commutator estimates proved in [130], it yields

d
SOl S IV @) e[l (0l

S Mt @)l Nl (1) s

Similarly we obtain

d, ._ .
0w (Ol < 110w ()l e () s 14 () 1+
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From the previous inequalities one deduces by a standard compactness
method that (8.14) possesses, for each

¢ €H |(R?), s>2
a unique solution (in distributional sense) which satisfies
ueL”(0,T:H* | (R?)),

where T = T ([|¢|| 2+ (g2)). Further it can be shown by the regularization
technique of Bona-Smith (cf. [36] and Chapter 2, Section 3) that

u € C([0,T);H | (R?))

and depends continuously on the data ¢. This completes the proof of The-
orem 8.8. U

Remark 8.5. The previous theorem is sufficient (as it gives existence on
a time interval of length é in the weakly transverse Boussinesq regime) to
justify the KP approximation (with a “bad” error estimate though). One can
nevertheless prove the global wellposednessof the KPI Cauchy problem.
The first global well-posedness result for arbitrary large initial data in a
suitable Sobolev type space was obtained by Molinet, Saut and Tzvetkov
[188]. The solution is uniformly bounded in time and space.

The proof is based on a rather sophisticated compactness method and
uses the first invariants of the KP I equation to get global in time bounds. It
is worth noticing that, while the recursion formula in [253] gives formally
a infinite number of invariants, except the first ones, those invariants do not
make sense for functions belonging to L?(R?) based Sobolev spaces.

For instance, the invariant which should control ||uy(.,#)||;2 contains
the L? norm of 9, !9,(u?) which does not make sense for a non zero func-
tion u in the Sobolev space H>(R?). Actually (see [188]), one checks easily
that if 9,19, (u?) € L?(R?), then [g2 dy(u?)dx = 9y [pau?dx =0, Vy € R,
which, with u € L?(IR?), implies that « = 0. Similar obstructions occur for
the higher order “invariants”.

One is thus led to introduce a quasi-invariant (by skipping the non de-
fined terms) which eventually will provide the desired bound. There are
also serious technical difficulties to justify rigorously the conservation of
the meaningful invariants along the flow and to control the remainder terms
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The result of [188] was extended by C. Kenig [132] (who considered
initial data in a larger space), and by Ionescu, Kenig and Tataru [117] who
proved that the KP I equation is globally well-posed in the energy space
Y = {u € L*(R?);uy,d; 'u, € L*(R?)}.

Note that the solution constructed in Theorem 8.8 satisfies equation
(8.14) in the space C([0,T];H*~#(R?)). In addition the energy is well-
defined and conserved. For data ¢ which belong only to H*(R?), s > 2,
we will obtain solutions satisfying the KP-I equation in a weaker sense by
considering the integral equation corresponding to the KP-I equation

u(t,x,y)=U(t)¢(x,y)—/otU(t—t’) (e’ %,y ()] de', - (8.17)

where U(t) = exp(—1(d3 — 9, 8},2)) is the unitary group defining the free
KP-I evolution. We have the following result.

Theorem 8.9. The integral equation (8.17) is locally well-posed for data
in H*(R?), provided s > 2.

Proof of Theorem 8.9. Define H>, (R?) as

H™|(R?) = m Hil(Rz)-

seR

Let ¢ € H*(R?) with s > 2. From Lemma 3.2 of [183] there exists a se-
quence {¢¢} C H>(R?) converging to ¢ in H*(R?) as € tends to zero.
Using Theorem 8.8 there exists a unique solution u® € C([0, T¢]; H*, (R?))
of (8.14) with data ¢¢. As in the proof of Theorem 8.8 we obtain that the
sequence {uf} is bounded in L*(0,7;H*(R?)), where T only depends on
1191175 (m2)- Since u® € C([0, T];H*(R?)), uf satisfies the following integral
equation on the time interval [0, 7]

't

— = [ U@t (uf () (8.18)
2 Jo

ut (1) =U(1)¢*°

Set
V(1) = % /0 Ut —)ou(u (1))
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Note that the sequence {v¢} is bounded in L*(0,7;H*~'(R?)). We can
write

20,(vE(1)) = A (uf(1))? — /0 t(aj — 0, OU(t —1") 0 (uf (')t

We observe that the sequence {d;(v€)} is bounded in L*(0, T; H*~*(R?)).
Therefore from Aubin-Lions compactness theorem one obtains
. in L,((0,T) x B?)

V—s

Since
U(1)¢¢ —U(0)g, in L7((0,T);H'(R?))

we infer that
ut —u, in L .((0,T)xR?). (8.19)

Note that L=(0,7;H*"'(R?)) being an algebra, {(uf)?} is bounded in
L>(0,T;H*"'(R?)) and thus

(u)? = u?,  weakly in L2(0,T;H* ' (R?)),

where we have identified the limit thanks to (8.19). Hence for a fixed ¢ one
has

Ut—1)0(uf (t'))> =~ U(t—1")dc(u(r))?), weakly in L2(0,T;H*2(R?))
and therefore
t t
/ Ut —1)9 (u (7)) 2dr’ — / Ut —1) 9, (u())dr’, weakly in H*2(R%).
0 0
In particular
1 ! (N2 7./ 1 ! N2 74/
—/ Ut — 1), (uf () 2di —>—/ Ut —1)ou(u())dr
2 Jo 2 Jo
in 2'((0,T) x R?) which implies

W(t) = % /0 U)o (u(t))
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The uniqueness is obtained by Gronwall lemma arguments using the above
approximation of the initial data. The strong continuity in time of the solu-
tion and the continuity of the flow -map in H*(R?) are again consequence of
Bona-Smith argument together with Lemma 3.2 of [183]. This completes
the proof of Theorem 8.9. O

Let us emark that by differentiating (8.17) first with respect to x and
then with respect to ¢ we obtain readily

0; Ot + 0 () + Au — 3y2u =0 in C([0,T];H~*(R?)).

However the identity d,;dyu = d,.d;u holds only in a very weak sense, for
example in ’((0,T) x R?). Thus the KP-I equation is satisfied only in the
sense of distributions. Note also that the energy can be meaningless here.
Nevertheless the L? conservation law is valid. This can be seen by using the
approximation of the initial data performed in the proof of Theorem 8.9.



Chapter 9

The constraint problem for
the KP equation

When a KP type equation is written as
u,—|—uux—Lux:|:8x718y2u =0, 9.1)
it is implicitly assumed that the operator 9, ! 8}.2 is well defined, which a pri-

ori imposes a constraint on the solution u#, which, in some sense, has to be
an x-derivative. This is achieved, for instance, if u € .’ (]Rz) is such that

ET i, 61,8) € S (RY), 9.2)
thus in particular if &' @(t,&;,&) € #/(R?). Another possibility to fulfill
the constraint is to write u as

0
u(t,x,y) = Zv(l,x,y), 9.3)

where v is a continuous function having a classical derivative with respect
to x, which, for any fixed y and 7 # 0, vanishes when x — +co. Thus one
has

/ Wt x,y)dx=0,  yER, t£0, 9.4)

in the sense of generalized Riemann integrals. Of course the differentiated
version of (9.1), namely

(u,—&—ux—l—qu—Lux)x—&—&fu:O, 9.5)

127
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can make sense without any constraint of type (9.2) or (9.4) on u, and so
does the Duhamel integral representation of (9.1),

ult) = SO0~ [ S(0-)(s)n (). 9.6)

where S(¢) denotes the (unitary in all Sobolev spaces H*(IR?)) group asso-
ciated with (9.1),

S(1) = e 1O LAT 1) 9.7

In view of the above discussion, all the results established for the
Duhamel form of KP-type equations (e.g., those of Bourgain [45] and Saut
and Tzvetkov [204]) do not need any constraint on the initial data ug. It
is then possible (see, for instance [186]) to check that the solution u will
satisfy (9.5) in the distributional sense but not a priori the integrated form
involving the operator d; ' 9.

On the other hand, a constraint has to be imposed when using the
Hamiltonian formulation of the equation. In fact, the Hamiltonian for (9.5)
is

3
%/ {—uLu—&—(axluy)z—&—uz—&—lé} 9.3)

and the Hamiltonian associated with (9.6) is

1 B 3
5/ [(ax 1uy)2+u2+bﬂ . (9.9)

Therefore, the global well-posedness results for KP-I obtained in [187, 132]
do need that the initial data satisfy (in particular) the constraint 8;18)#0 €
L?(R?), and this constraint is preserved by the flow. Actually, the global
results of [187, 132] make use of the next conservation law of the KP-I
equation whose quadratic part contains the L?-norms of iy, ity, and 9y %uyy.
The constraint 9, 2dyyu € L*(R?) is thus also clearly needed, and one can
prove that it is preserved by the flow.

The linear case

We consider two-dimensional linear KP-type equations

(uy — Luy ) +uyy =0, u(0,x,y) = @(x,y), (9.10)
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where - R
Lf(E)=¢€l8|? (&), &eR, (9.11)

where € = 1 (KP-II-type equations) or € = —1 (KP-I-type equations). We
denote by G the fundamental solution

_ i o_ 12
G(t,x,y) :gz( ’ln)ﬂ(x’y) [et(€§\5| n /5)]_

A priori, we have only that G(t,-,-) € ./ (R?). Actually, for t # 0, G(t,-,-)
has a very particular form which is the main result of this section.

Theorem 9.1. Suppose that & > 1/2 in (9.11). Then fort # 0,
G(t,-,-) € C(R*)NL”(R?).
Moreover, fort # 0, there exists
Alt,-,) € C(R*)NL=(R*) NC}(R?)

(Ci (R?) denotes the space of continuous functions on R?> which have a
continuous derivative with respect to the first variable) such that

0A
G(tu-xay) = g(hxay)'
In addition, fort 20,y € R, ¢ € L! (Rz),

lim (A% @)(t,x,y) =0.

‘X‘Hoo
As a consequence, the solution of (9.10) with data ¢ € L' (R?) is given by
ult,,")=St)p=Gxo
and
ult ) = L (Ax ).
) 8x

One therefore has
/ w(t,x,y)dx=0 VyeR, Vi£0

in the sense of generalized Riemann integrals.
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Remark 9.1. Tt is worth noticing that the result of Theorem 9.1 is related
to the infinite speed of propagation of the KP free evolutions. Let us also
notice that the assumption @ > 1/2 can be relaxed if we assume that a
sufficient number of derivatives of ¢ belong to L!. Such an assumption is,
however, not natural in the context of the KP equations.

Remark 9.2. In the case of the classical KP-II equation (o =2, € = +1),
Theorem 9.1 follows from an observation of Redekopp [197]. Namely, one
has

Glt.x.3) = — 3. Ai() A (0),

where Ai is the Airy function and

2
e X Y
{=c AYE + CZW
for some real constants ¢; > 0 and ¢; > 0. Thus G(z,x,y) = %A(Lx, y)

with
2

1 y
A(t7x7y) 6C1t2/3 Ai (Cl 1/3 +C2t4/3)

and oA 5

U= -kp= a(A*(p),
which proves the claim for the KP-II equation (the fact that
lim, x‘ﬂwA(t,x, y) = O results from a well-known decay property of the Airy
function). A similar explicit computation does not seem to be valid for the
classical KP-I equation or for KP-type equations with general symbols.

Proof of Theorem 9.1. We will consider only the case € = 1 in (9.10).
The analysis in the case € = —1 is analogous. It is plainly sufficient to
consider only the case t > 0. We have

G(t,x,y) = (2m) 2 /]R 2 E M)+ /8) g gy 9.12)

where the last integral has the usual interpretation of a generalized Riemann
integral. We first check that G(¢,x,y) is a continuous function of x and y.
By the change of variables

e
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we obtain
Gy = / &1/ < /R ei(y/t”z)é‘/zn—isgn@)nzdn)et‘Xéth’t&é‘”dé
n
_ ¢ —i(sgn(& 1/2 1)25/4t lx&-Hté\é\a
= i [ @ a
- L/ / oilsen(€) ‘§|1/26ié(x+y2/4t> FEIE" ge
C

— —i(sgn(§ 1/2
T et

2 et
X exp <l§< xl + ya+2>>et€§| dé .
to+T 4o+t

H(l)zc/e (sgn(§ |§|1/2 irg té\él”‘dg
R

Let us define

Then H is continuous in A. We will consider only the worst case A < 0.
The phase @(&) = i(AE + E|E|?) then has two critical points +&¢, where

Ea = (a+1) /a, u = —A. We write, for € > 0 small enough

H(A):[_§“_8+/§“+s+ T =L(A)+b(A) £ BA).

il —Ea—¢ Eate

Clearly I,(A) is a continuous function of A. We consider only /5(14),

e E12 g ® B E1/260(5)
b= ) o a4 = g
Lo * 1 B a(o+1)E2-1/2 ) 4
Gate |2A+E¥(a+1)E2  (A+(a+1)E%) ’

which for o > 1/2 defines a continuous function of A. Hence the integral
(9.12) is a continuous function of (x,y) which coincides with the inverse
Fourier transform (in .7’ (R?)) of exp(it (£||* —n2/&)).

We next set for t > 0

Alt,x,y) = (2m) > /R s QG+ (EIET2/8) g g
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The last integral is clearly not absolutely convergent not only at infinity but
also for & near zero. Nevertheless, the oscillations involved in its definition
will allow us to show that A(t, x,y) is in fact a continuous function. By the
change of variables

e
n :WW
we obtain
A(t,x,y)
c [ sen(§) i(/t12) 2 —isgn(E)n? gy | irE+irE[E|
= — dn e d&
tl/z/R E]1/2 </R ‘
& n
_ tl%/ (sgn(§)|);|l—/t(2sgn(5))z SPE/ eix§+i’§|é‘ad<§
R
¢ [ (sgn(§))elsene)d ( ( x ) )) i€z
exp | i + —— e dé .
tm/ﬂﬁ |E[1/2 P raT 4 ¢

We now need the following lemma.

Lemma 9.2. Let for a >0

(sgn(&))eilen()g A& LiE|E|
F(A _—/ AEHEI" g |

Then F is a continuous function which tends to zero as || — oo

Proof. Write F as
F= [+ [ =RG)+BO).
JIEl<1 JIEl=1
Since |& |_1/ 2 in integrable near the origin, by the Riemann—Lebesgue lemma

Fi(A) is continuous and

lim Fi(A)=0.

Ao

We consider two cases in the analysis of F2(1).
Case 1. A > —1.
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After an integration by parts, we obtain that

_cecos(A+1-17)
B =
) o
+c/ cos()téJré“Hfg) A+(e+1)(2a+1)
1

E32(+ (a+1)E%)? dg. (9.13)

The first term is clearly a continuous function of A which tends to zero as
A — oo, Observing that
A+(o+1)2a+1)E”
T EPA+(a+1)E%)?
uniformly with respect to & > 1 and A > —1, we deduce from the domi-
nated convergence theorem that the right-hand side of (9.13) is a continuous
function of A for A > —1. On the other hand, for A > 1,
A+(o+1)2a+1)E o 20+l
E2(A+(a+1)E%)? = 18327

and thus the right-hand side of (9.13) tends to zero as A — 0.

<Cu& -3/

Case2. A < —1.

Set A = —u with g > 1. In the integral over || > 1 defining F> (1), we
consider only the integration over [1,+eo[. The integration over |—oo, —1]
can be treated in a completely analogous way. We perform the changes of
variables

§—¢&?

and |
§ —uwd
to conclude that

P T ngviege =t [
F(A) ::C/1 ﬁezléﬂé\él d’g’zcuﬁ/ 1 e [52( +1) 52]d§.

u 2a

Let us set
p(&) =gXerl g2,
Then
¢'(8) =28[(a+1)6** —1].
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Let us split

~ 1 00
B)=euts [ ) et [ n(w+nw).
I_L o

Since @’(&) does not vanish for & > 1, we can integrate by parts, which
gives

L) _ <£+C/1meiu‘*clt[52(““)§2] (a+1)(2a+1)§2“—1d§>’

"ot \a E2((a+ 1)E2% —1)?

which is a continuous function of ¢ > 1 thanks to the dominated conver-
gence theorem. Moreover, it clearly tends to zero as t — +oo.

Let us next analyze I; (it). We first observe that thanks to the dominated
convergence theorem, I; (1) is a continuous function of u. It remains to

prove that [;(it) — 0 as g — oo. For & € [/Jfﬁ,l], the phase ¢ has a
critical point, and a slightly more delicate argument is needed. Compute

¢"(&) =2l(a+1)(2a+1)E** ~1].

Observe that ¢’ (&) is vanishing only at zero and

&) = (O%H) .

Next, we notice that ¢ (€) is vanishing at

e@ = (GrmEarn)

Clearly & (o) < & (a) < 1, and we choose a real number 8 such that
&(a) <o <§i(a) <1.

For 1t > 1, we can split

S 1
n=cuze [* ) eute [ = nn)+ )
u

2a
For§ € [u‘ﬁ , 0], we have the lower bound

L
9"(&)| = cu™2 >0,
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and an integration by parts shows that

1 o1 -
Jhi(p)y=paop ey <cu!,
which clearly tends to zero as t — oo. For & € [§, 1], we have the minora-
tion
9"(8)| = >0,
and therefore we can apply the Van der Corput lemma to conclude that
h(i)=pro(u 2 m) <Cu 2,
which tends to zero as t — oo. This completes the proof of Lemma 9.2. [J

It is now easy to check that d,A = G in the sense of distributions. Since
both A and G are continuous, we deduce that A has a classical derivative
with respect to x which is equal to G. Finally, since ¢ € L'(R?), applying
Lemma 9.2 and the Lebesgue theorem completes the proof of Theorem 9.1.

The nonlinear case

After a change of frame we can eliminate the u, term and reduce the Cauchy
problem for (9.5) to

(ut+uux_Lux)x+uyy =0, u(O»an> = (P(X,y). 9.14)

In order to state our result concerning (9.14), for k € N, we denote by
H*O(R?) the Sobolev space of L?(R?) functions u(x,y) such that d%u €
L*(R?).

Theorem 9.3. Assume that & > 1/2. Let ¢ € L'(R*) NH**(R?) and
ue C([0,T]; H**(R?)) (9.15)

be a distributional solution of (9.14). Then, for every t € (0,T], u(t,-,-) is
a continuous function of x and y which satisfies

/ ut,x,y)dx=0 VYyeR, Ve (0,T]

in the sense of generalized Riemann integrals. Moreover, u(t,x,y) is the
derivative with respect to x of a C} continuous function which vanishes as
X — oo for every fixedy € Randt € [0,T)].
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Remark 9.3. The case ov = 2 corresponds to the classical KP-I, KP-II equa-
tions. In the case of the KP-II, we have global solutions for data in L' (R?) N
H?%(R?) (see [45]). Thus Theorem 9.3 displays a striking smoothing ef-
fect of the KP-II equation: u(t,-,-) becomes a continuous function of x and
y (with zero mean in x) for ¢t # 0 (note that L' (R?) N H*%(R?) is not in-
cluded in C°(R?)). A similar comment is valid for the local solutions of the
KP-I equation in [187] and more especially in [188].

Remark 9.4. The numerical simulations in [147] display clearly the phe-
nomena described in Theorem 9.3 in the case of the KP-I equation.

Proof of Theorem 9.3. Under our assumption on u, one has the Duhamel
representation

u(t) = S(t) g — /0 'S0 — 5) (u(s)ux(s) ) ds, (9.16)
where
/0 (1 — ) (u(s)ux(s))ds
= /Ot Oy (/IRZA(x—x/,y—y/,t —s)(uux)(x/,y',s)dx/dy/> ds.

From Theorem 9.1, it suffices to consider only the integral term in the right-
hand side of (12.8). Using the notations of Lemma 9.2,

e, )
Alx—x,y—y t—s)= C(Hz F al xl + b y()Hz .
(t —s) @D (t—s)atT  4(t —s)atl

Recall that F is a continuous and bounded function on R. Next, we set
I(X,y,t - S,S) = a)( </2A(X)C/,y 7)/7[ - S)(uux)(x/7ylas)dx/dyl) .
R

Using the Lebesgue differentiation theorem and the assumption (9.15), we
can write

Mot =59) = [ A=,y =1 = 5)u) (45 5)dv'dy'
R
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Moreover, for o > 0,
o+2

— <1
CE R

and therefore [ is integrable in s on [0,7]. Therefore, by the Lebesgue dif-
ferentiation theorem,

1
/ 2A(xfx',y—y',l‘—s)(lm,()(x’,y’,s)dx’dy/ds (9.17)
0 JR

is a C! function and

/Ot S(t —s) (u(s)uc(s))ds
=0y (/Ot /RZA(xx',yy’,ts)(uux)(x',y',s)dx'dy'ds) )

Let us finally show that for fixed y and ¢ the function (9.17) tends to zero as
x tends to F-oo. For that purpose, it suffices to apply the Lebesgue dominated
convergence theorem to the integral in s,x’,y’. Indeed, for fixed s,x",y’, the
function under the integral tends to zero as x tends to doo thanks to the
linear analysis. On the other hand, using Lemma 9.2, we can write

C
mww)@f/d,asﬂ .
tr—s o+

|A(x_xlay_y/7t —s)(uux)(x’,y/,s)| S

Thanks to the assumptions on u, the right-hand side of the above inequal-
ity is integrable in s,x’,y" and independent of x. Thus we can apply the
Lebesgue dominated convergence theorem to conclude that the function
(9.17) tends to zero as x tends to . This completes the proof of Theo-
rem 9.3.

Remark 9.5. If o > 2, the assumptions can be weakened to ¢ € L' (R?)N
H'"0(R?) and u € C([0,T]; H'*(IR?)). This result follows from the fact that
the fundamental solution G writes

c
G(t,x,y) = mB(t,Ly),

where B€ L” and 1/243/(2(a+1)) < 1 for a > 2.
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Remark 9.6. Similar results as those in the present Chapter are established
in [186] for the KP-II/BBM equation

(ur + t + sty — Uy )+ ttyy =0

and for versions involving more general dispersion in x.



Chapter 10

Blow-up issues

We review here the three different type of finite time blow-up that may
occur in the solutions of dispersive perturbations of hyperbolic nonlinear
equations or systems. One has in fact three possible scenarios for blow-up.

10.1 Hyperbolic blow-up, or blow-up by shock
formation

This phenomena is typical of quasilinear hyperbolic examples or systems,
a paradigm being the Burgers equation

u+uy =0, u(-,0)=ug € C'(R)NL”(R). (10.1)
Setting v = u,, (10.1) reduces to
v,—i—uvx—i—vz =0,

that is
Vv = 0,

where ' = a +ud, is the derivative along the characteristics Xg = { (x,t),x =

X(1) =tuo(§) +&}-

Integration gives

139
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vo(8)
v(X(1),t) = —22 |
(X(©),) 1+1tvp(€)
showing that, provided infuy > —eco, ||uy(-,f)|lc blows up at
T* = ——L >0, but u remains bounded since it is given implicitly by

~infuj
u(x,t) = up(x —tu(x,t))
(shock formation).

To display the universal nature of the nonlinear hyperbolic blow-up we
consider the case of a scalar conservation law in R".

du n
5 + X219y (fi(w) =0,
{ 00.0) .y € C'(RV) (102)

where u : R” x Ry — R and where, fori = 1,,,,,n the fi : R — R are C3
functions. We set f(u) = (fi(u), f2(u),..., fa(u)) and we denote F = f' =
(f1,f5s -+ f2)- The local C! theory results from the method of characteris-
tics as it is shown now.

We define the characteristic curves (X (¢),) by

{ X(l) :_F(”(X(t)7t)v (10.3)

when u is a C! solution of (10.2) in R" x [0, T].
One checks at once that
du u /L du
—(X =—(X ! X —(X =
i (X0 = S0+ L A 6.0 3200 =0

showing that u is constant along the characteristics, and that those are
straight lines

X(t) =1F(uo(6)) + 6.
We introduce the scalar quantity D = div F (uo) = F' (uo) - Vuo = ¥}, f7 (o) g—é‘
J

Theorem 10.1. Let ug € C'(R") NL™(R").
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(i) Assume that D > 0 in R". Then there exists a unique solution u €
C'(R" x Ry) of (10.2).

(ii) Assume that D takes strictly negative values. Let

T* = (sup{-~D(§),§ €R"})"' = (~inf{D(§),§ €R"})""

If T* > 0, (10.2) admits a unique C' solution on [0,T*) that cannot be
extended (as a C" solution) after T*.

Proof. (i) We first prove that under the assumption D > 0, F’ defined by

F'(&) =tF(uo(§)) +&

is a global diffeomorphism of R”, for any # > 0. Note first that F oug is
a bounded function since ug € L*(R") and moreover is a proper function
(that is the inverse image of a compact set is compact). In fact there exist
R > 0 such that £ > R implies |F'(&)| > $[&].

Lemma 10.2. The jacobian determinant of F' is
1+tD=1 —|—tF/(M()) -Vuy.
Proof. The coefficients of the jacobian matrix J(¢£) of F' are

Iy
dé;

The determinant P(¢,&) of J(z,£) is a polynomial in ¢ of degree < n.
One easily checks that its second derivative in ¢ vanishes identically (ap-
ply the rule of differentiation of determinants and observe that all the sub-
determinants occurring in the computation of P”(z,£) have proportional
columns). Since J(0,£) =0, one has P(t,&) =1+ a(&)r =1+ P'(0,6)r.
A simple computation leads to

(81, +1F (u0)(8)) 5 ¢ (£))ij-

P(0.8) = Tes(0.8) = ¥ Filuo€) 52
= :

By Hadamard Theorem (see below), F' is for any ¢ > 0, a diffeomor-
phism of R”. For each (x,7) € R" x R, there exists therefore a unique
& = &(x,1) € R" verifying

x=tF"(up(E(x,1),t) + E(x,1).
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Moreover, & is C! in (x,t) (the regularity in ¢ results from the implicit
function theorem). Defining then u(x,t) = uo(& (x,t)), one checks as in the
classical one-dimensional case that u is the unique C' solution on R” x
R;. d

(i) We assume now that D has negative values and define T as in
the Theorem. If T* > 0, the formula u(x,7) = uo(& (x,1),t) where & (x,1) is
defined as above, proves that u is the unique solution in C' ([0, 7*) x R”. Let
us check that this solution cannot extends to a C' ([0, 7] x R") function with
T > T*. To this aim, we compute Vu(x,¢) from the implicit representation

u(x,t) = up(x —tF (u(x,t)),

which is valid as far as u is C'.
One finds

Vi (€) _ Vu(®)
T+ 1Vuo(€) - F/(uo(€)) ~ 1+1D(E)’

Vau(x,t) =

This proves that along a characteristic, (that is when & is fixed and ¢
increases), V,u does not change direction, only its length varies.

If for some & D(&) < 0, then necessarily Vug(&) # 0, and |V, (u(x,t)| —
o0 as t — —ﬁ, and thus a C! solution cannot exists beyond the time
T* = (—inf{D(§),§ €R"})".

O

As in the one dimensional case, one can prove that the blow-up of cer-
tain expression depending on « and its derivatives is governed by a Ricatti
equation. More precisely,

Proposition 10.3. If u is a C> solution of (10.2), then the expression q =
div F (u) satisfies the equation q' +q* = 0 along the characteristics.

Proof. We differentiate (10.2) with respect to x;,i = 1,...,n, we multiply
the i by F/(u), and sum with respect to i yielding
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that is

On the other hand, denoting here %q the derivative of g along the char-
acteristics and observing that u, thus also F(u) is constant along the char-
acteristics, one has

n

Z, %J ZF (10.5)

Using (10.5) (10.4) writes also

d d
ai? ™ ar

q+q =0

Integrating this Ricatti equation, one finds that for a C! solution,

, D(S)
div F(u(x,t)) = ———,
(1)) 14+tD(§)
where & = &(x,1) is the foot of the characteristic passing through (x,?).
We find again the maximal existence time of the solution when D(&) takes
negative values. O

For the sake of completeness we present a proof of Hadamard inversion
theorem we used in the proof of Theorem 10.1.

Theorem 10.4. Let f : R" — R" be a C' mapping. Then f is a global
diffeomorphism from R" to R" if and only if f is proper (that is the inverse
image of a compact set is compact) and the jacobian determinant J f (x) =
det (aj’(. ) of f never vanishes.

Xj

Proof. The elegant proof that is sketched here is due to Gordon [99] but it
needs the extra hypothesis that f is C2.

One side of the equivalence being trivial, it suffices to prove that if f
is proper and Jf(x) # 0,¥x € R", then f is a diffeomorphism. The local
inversion theorem reduces to proving that f is a bijection.
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(1) f onto. Up to a translation, it is sufficient to prove that there exists
x € R" such that f(x) = Ois. Let F(x) = 5| f(x)|* = 3 X/j_; | /j(x)|?, so that

% =Y fj(%) Observe that F is proper since f is proper.

Let c strictly larger that an arbitrary value of F. Then F~!([0,¢]) is non
empty and compact since F is proper. It results that F achieves its minimum

at a point p of F~'[0,¢]), and this minimum is clearly an absolute minimum
(> 0! of F in R". Thus VF(p) =0and f(p) =0.

(ii) f is one to one. Up to a translation this amounts to proving that
S = £~1(0) reduces to one point. We proceed in several steps.

a) S is a finite set. If not, it would contains, by compactness, an accu-
mulation point g contradicting the fact that f is a local diffeomorphism in
the neighborhood of g. Thus S = {p1,..., pm}-

We will use uses a descent method, considering the differential system

dx(t)
dt

= —VF(x(#)), x(0)€ R" (arbitrary). (10.6)

Since VF is C!, the Cauchy-Lipschitz theorem guarantees the local
well-posedness of (10.6).
Observe that for any solution x(),
dF (x(1)) dx(t)

S — VF(x(r)

= —|VF(x,1))|*.

b) For ay i € {1,...,m}, there exists an open neighborhood U; of p;
such that any solution of (10.6) entering in U; remains in U;, and in fact
converges to p; as t — —+oo. In other words, every p; is an asymptotically
stable critical point of (10.6).

This follows from the fact that F is a Lyapunov function for (10.6) at
every p; : along any trajectory x(¢), one has % < 0, with equality if
and only if x(r) = p;.

Let W; be the set of ¢’s in R” such that the solution of (10.6) with initial
value x(0) = ¢ satisfies x(¢r) — p; as t — 0.
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¢) One has R" = UW; (finite union of non empty disjoint sets). This is a
consequence of the surjectivity and b).

d) Each W; is open and thus S reduces to a single element. This a con-
sequence of the continuous dependence of solutions to (10.6) with respect
to the initial values. Let € > 0 such that the ball of center p; and tradius
2¢ is contained in U;. Let ¢ € W; and x = x(¢) the solution emanating from
x(0) = g. There exists consequently some T > 0 such that |x(T') — p;| < €.
Taking ¢’ such that |g — ¢'| is small enough, one can insures that the solu-
tion y(r) starting from ¢’ satisfies [x(7') —y(T')| < €, so that y(T') € U;. But
then b) implies that ¢’ € W,. O

We now go back to the one-dimensional case. An interesting question
is to investigate the influence of a dispersive perturbation on the shock for-
mation.

As a paradigm (motivated by the fact that the quadratic nonlinearity is
natural in most equations arising from Fluid Mechanics and that the dis-
persion is often “weak"’) we consider the so-called Whitham equation that
Whitham [240] introduced exactly for that purpose.

u,—|—uux—|—/ k(x—y)ux(y,t)dy =0. (10.7)
This equation can also be written on the form
u; +uuy — Lu, =0, (10.8)

where the Fourier multiplier operator L is defined by

Lf (&) = p(&)f (&),

where p = k.
In the original Whitham equation, the kernel k was given by
1 tanh & vz
k(x)= — | (—= 6 g 10.9
=5 [(MF°) ez, 109)

1/2
thatis p(&) = (ta'%hé) / .
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The dispersion is in this case that of the finite depth surface water waves
without surface tension.

A typical result (see [190], [58]) suggest that for not foo dispersive
Whitham type equations that is for instance when p(&) = |§|*, -1 < o <0,
(10.7) still presents a blow-up of Burgers type. This has been proved for
Whitham type equations, with a regular kernel k satisfying

k € C(R)NL'(R), symmetric and monotonically decreasing on R, ,
(10.10)
by Naumkin and Shishmarev [190] and by Constantin and Escher [58],
without an unnecessary hypothesis made in [190]. The blow-up is obtained
for initial data which are sufficiently asymmetric. More precisely :

Theorem 10.5. [58] Let uy € H*(R) be such that

inf |ug(x)| + sup |ugp(x)| < —2k(0).
xeR xeR

Then the corresponding solution of (10.7) undergoes a wave breaking phe-
nomena, that is there exists T = T (up) > 0 with

sup  |u(x,t)| < eo,while sup|uy(t,x)] —ecast — T.
(x.)€[0,T)xR xeR

The previous result does not include the case of the Whitham equation
(10.7) with kernel given by (10.9) since then k(0) = oo, but it is claimed in
[58] that the method of proof adapts to more general kernels.

This has been proven recently by Castro, Cordoba and Gancedo [48]
for the equation

Uy + uy + DP #u =0, (10.11)

where . is the Hilbert transform and DP is the Riesz potential of order
—B, i.e. DP is defined via Fourier transform by

DPf(E) = |EPA(&), (10.12)

for any 8 € R. It is established in [48] (see also [112] for the case 8 = %)
1

that for 0 < B < 1, there exist initial data uy € L>(R)NC'*®(R), 0 < § < 1,
and T (ug) such that the corresponding solution u of (10.11) satisfies

Jim [fueCs 1)l 1o gy = oo
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This rules out the case —1 < ¢ < 0 in our notation. It would be in-
teresting to extend this result to a non pure power dispersion, for instance
(10.9).

The case 0 < @ < 1 is much more delicate and is open. The numerical
simulations in [145] suggest (as claimed in [152] ) that no shock like blow-
up occurs (but a blow-up in the sense of the next Section seems to occur
when 0 < a < %)

10.2 “Nonlinear dispersive blow-up'"’

Both nonlinear and dispersive effects are crucial for this type of blow-
up. A typical example is the L? critical and super critical focusing NLS,
that is when p > :—t in

v+ Ay + |yPy =0, y=vy(xt),xeR" reR. (10.13)

A formal proof of blow-up was given by Vlasov-Petrishev-Talanov 1971,
Zakharov 1972; it was made rigorous by Glassey 1977, Ginibre-Velo 1979.

We refer to the book [223] for precise references and for a proof of this
blow-up based on a virial identity and to [175] for a sharp analysis of the
blow-up in the critical case p = 5.

Note that both a blow-up of |[Vy/|;» and of |y]|. occur; actually the
conservation of the L? norm and of the energy

1 1
./RH[EWWZ— WW’V’H]

imply that a control on |y]. prevents the blow-up.
A similar result is expected for the L? critical and super critical KdV
equation
u+uPuy+uy =0, p>4. (10.14)

This was proved in [170] for p =4 , and conjectured for p > 4 accord-
ing to the numerical simulations of Bona-Dougalis-Karakashian-McKinney
[31D.

‘We consider
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10.3 Dispersive blow-up

This type blow-up may occur for most linear dispersive equations and is
due to the fact that monochromatic waves (simple waves) propagate at
speeds that vary substantially with their wavelength. Indeed, what appears
to be important is that the ratio of the phase speeds at different wave num-
bers is not suitably bounded. It can persist for nonlinear equations.

To explain the phenomenon, we consider the linear KdV equation (some
times improperly called Airy equation since it was introduced by Stokes)

du Pu __
o Tae =0, (10.15)
u(.,0)=¢
Take Ai()
i(—x
with
1 em< 1
cm< =
8 4’

where Ai is the Airy function defined by
Ai(z) = l/mcos(le%re )46
)= A 3 z)d6.

We recall the classical asymptotics of the Airy function (see for instance
[80D) :

e For x > 0,
0 < Ai(x) < ée_é where & = g153/2
= Hpl/2,1/4 3"
1/4 7
o X _5
_ < ).
0 < —Ai (x)_27r1/26 (1+72§)
e Forx <0,

Ai(—x) = lexmcos (J; 79 <1+0<é)> :
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Al (—x) = ;;—ﬁzsin (5 - %) (1 +0 (é)) .

Then ¢ € L>(R)NC=(R)NL>(R).

The solution u € C(R;L*(R)) is given by
c L Xx—y, Ai(—y)
— [ A ——=—dy.
AT

AP(—y) a0 o
(T2 dy = oo

When (x,7) — (0,1), u(x,t) = c [

Actually one can prove with some extra work using the previous asymp-
totics of the Airy function that (see [34]) u is continuous on R x R* except
at (x,¢) = (0,1). By a suitable change of variables one could have replace
(0,1) by any couple (xx,1x) € R x RY..

We have thus proved

Theorem 10.6. Let (x*,tx) € R x RY.. There exists ¢ € L>(R)NC*(R)N
L= (R) such that the Cauchy problem

Ju Pu _
at o =0 (10.16)
u(.,0)=¢

has a unique solution u € C([0,0); L*(R)NL2

2 (Ry;HL (R)) which is con-
tinuous on (R x R ) \ (x,1x) and satisfies

Hm  |u(x,t)]| = oo

(3,8) = (oo, %)

Remark 10.1. We will call this type of blow-up as the dispersive blow-up.
It is a precise way to express that the Airy group % is not well-posed in
L*(R) (and actually in any LP(R), 1 < p < 400, p £ 2.)
Remark 10.2. One establish by linearity (see [36]) that for any sequence
(Xn,12) € R x (0, +00) without finite acumulation points and such that {z,}>_,
does not cluster at zero, thee exists an initial data ¢ € L?>(R)NC*(R) N
L>(R) such that the corresponding solution u € C(R : L*(R)) of

ou du

TR
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is coninuous everywhere in R x R’ except at the points {(x,,,)}5_,, with

lim  u(x,t) =4, n=1,2,..
(X,I)H(Xn,tn)

The previous result can be extended to the generalized KdV equations
U +uP vy + Uy = 0,

but we will consider only the case of the usual KdV equation, p = 1. A
natural idea is the following.
For a solution u of the Cauchy problem corresponding to the initial data

¢ € L*(R) given by ¢(x) = (?1;2);2"’ 13—6 <m< }U we write the Duhamel

representation

u(x,t) = 8(t)¢o(x) —|—/(:/R ” 1s)§Ai( ((xy)l Yuuy(y,s)dsdy

t—s)3

and integrating by parts in the integral,

u(x,t):S(t)¢(x)+C/0t/]R(t_ls)gAi’(((x_y)l)uz(y,s)dsdy. (10.17)

t—s)3

This seems silly because Ai’ grows as (—x)% as x — —oo, but actually
the initial data ¢ belongs to some weighted L? space and this will be used
to compensate the behavior of Ai’ at —es.

For o > 0, we consider a non-decreasing, smooth function ws such that
we(x) = 1 for x < 0 and wg(x) = (1 +x2)°) forx > 1.

The class L?(R, ®) is the class of measurable functions which are square
integrable with respect to the measure w?(x)dx.

Theorem 10.7. Let 6 > 0 and y € L*>(R,®). There exists a solution u
to the KdV equation, with initial data y such that for any T > 0, u €
Lm(ov T;LZ(R, (D)) ﬁLZ(O, T;HZLC(R)'

Proof. We merely sketch it. One can use a compactness method, smoothing
the initial data by a sequence y; € Ci (IR) , deriving appropriate bounds on
the corresponding smooth solutions u;, and passing to the limit. We only
indicate how to derive the suitable energy estimates.
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Setting v; = wgu, we get (dropping the j’s and the 6”s)

3 2
v[+vxxx+v<6WxV;xx_6W_,;_Wxxx>_~_vx< W__3@>
w w w 1 w2 w (10.18)
—3&\/“%— —VVy — W—;vz =0
w w w

By assumption, v(-,0) € H*(R) and moreover ||v(-,0)|| is bounded
independently of j. Observe that the following functions are smooth and
bounded

3 2

WeW w w w Wee 1w
_>0 6 X XX_6_):§_ )(,')(/'X’6_)2(j_3ﬁ’_7 _.;.
w w w w w w w

Classical results imply that there exists one (at least local) H*(R) solu-
tion of (10.18). By the uniqueness of H(R) solutions of the KdV equation,
one has v/w = u.

To get the a priori estimates we take the L? scalar product of (10.18)
with v to obtain

1d 2 2 2
- = v 10.19
; dx+3/ vidx = / Ovidx+ - / dx7 (10.19)

where

g _ Wk w3 o ie 3 <Wxx>

w3 w2 2

w

w? 3 /wy
3(%5) +3(%)..

w X 2\ w /xx

The definition of 8 implies that 6 is a bounded and smooth function.
On the other hand,

00 {e)
/ “Xv3dx —/ 2 n2dx < ||M\|0|\V\|0’&V
o W —o W W e

Moreover, since wy/w and (wy/w), are bounded, it follows that

< ellvllo| )
w oo

Wy we |[V/2]] /wy 1/2
L= 5 1G)
w 0 w 0
Wy 1/2 Wy 1/2 Wy 1/2
<22 b2 (2) o 2D oo

1/2
<c{ Il + 1] 2

12
0 }’
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where ¢ denotes various constants depending on the weight w and on the
norm of the initial data ¥ but not on t or j. One also has

Wy wie\ 1/2 12
Wil Go)

w

Cc

0

0

and Young’s inequality implies that

oon 3 2 3 wa 2
[y [

We deduce from those estimates and from the boundedness of 6 that

1 oo
E/ 2dx+2/ 2d)c<c/ Vidx

from which one deduces the uniform bound on ||v(-,#)||o and the local L?
one on Vy. O

Remark 10.3. With some extra technical details a similar result can be ob-
tained for higher values of p's (see [36]).

The following lemma will be used in the proof of the dispersive blow-up
for the KdV equation.

Lemma 10.8. Let v € L>(R, @) were ¢ > %. Letu € L”(0,T;L*(R,»)) N
L*(0,T;H} (R)) constructed in Theorem 10.7. Then the integral

reo =[] (r —1)2/3’”/ <(r :)yl/s) W 0,)dyds

is continuous with respect to (x,t) € R x R%.

Proof. We break the integral as follows

A1) < \/t/m L v (20 )2y, s)dvds
= e (1= 5)23 (t—s)1/3 y,s)ay
t m 1 y )ny ,
Jr|/ / t—s 2/3Al ((l—s)1/3>u (y,s)dyds| (10.21)

H// 2/% ((;x_s)yl/3>”2<y’s)dyds|
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It results from the asymptotic of Ai’ that

o (e )| < =

forallt > sand x—y > 0.
Hence,

‘ xr|<‘// 2/% ((;:)yl/3>“2(yﬂ)dyds

1/3
<C/ [*S 2/3/ (y’ )dde<CT / HMHLN()T;LZ(]R))z < oo,
(10.22)

In a similar way we estimate the second integral in the right hand side
of (10.21) as

‘ x,1)| < \/ / 2/3 Al ((ti_s));ﬁ) u?(y, s)dyds
<C// 3/4 (v —x)""*u?(y,s)dyds
' (y—x)!/4

C/O f—S)3/4/ W%(y) W%O(y)uz(yas)dyds (1023)

(
RN
Sci‘iﬂ’< w30) >/o o s

4 (y—x)l/4 2
=cr i <W ez 0,7:22 ) 2-

Notice thatif o > 1/16

(y*x)l/4 C7 )C207
sup 2 < 1/4
y>x w5 (y) Clx| /4, x<0.
Combining (10.22), (10.23) imply that A is locally bounded. The conti-

nuity follows since its defining integral has been shown above to converge
uniformly for (x,7) in bounded subsets of R x R .

O
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We now state the dispersive blow-up for the KdV equation.

Theorem 10.9. Let (x*,tx) € R x RY.. There exists ¢ € L>(R)NC(R)N
L*(R) such that the Cauchy problem

J 23 du __
o T as Tug =0, (10.24)

has a unique solution u € C([0,0); L*(R)NL2

/OC(R+;H1
tinuous on (R x R )\ (x«,1x) and satisfies

loc

(R)) which is con-

lim )\u(x,t)| = oo

(%,8) = (oo

Proof. As in the linear case we may assume that (x*,7x) = (0,1). Let us

take as initial value y(x) = (?ir(;z’;)m
Duhamel formulation (10.17).

By Theorem 10.6, the free part blows up as stated in Theorem 10.9. On
the other hand, the extra hypothesis on m implies that € L?(R;wg) where
o6 > 1/16. In this case, Theorem 10.7 combined with Lemma 10.8 imply
that the integral term in the Duhamel formula is bounded and continuous in

R x [0,T], for any T > 0 and the Theorem is proven.

with 13—6 <m< }l and we consider the

O

Remark 10.4. As will be seen below, dispersive blow-up occurs for many
equations relevant to water waves for instance for the linearized water waves
equations (see [37]). The phase velocity in this later case is g% (% ) 2k
and thus a bounded function of k. This is contrary to the case of the linear
KdV-equations (Airy-equation) and the linear Schrodinger equation, where
both the phase velocity and the group velocity become unbounded in the
short wave limit.

The dispersive blow-up phenomenon is thus not linked to the unbound-

edness of the phase velocity, but simply to the fact that monochromatic
waves (simple waves) propagate at speeds that vary substantially with their
wavelength. Indeed, what appears to be important is that the ratio of the
phase speeds at different wavenumbers is not suitably bounded.
Remark 10.5. Once the dispersive blow-up property is established, one can
by a truncation process produce smooth and localized initial data with ar-
bitrarily small amplitude leading to solutions having an arbitrary large am-
plitude at any given point in space-time.
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Remark 10.6. Weakly dispersive equations do not display dispersive blow-
up. For instance, the Cauchy problem for the BBM equation

U+ uy +uy —upy =0, u(-,0)=29 (10.25)

can be written as the convolution equation
1,
uy=Kx|u+ Eu (10.26)

where K (x) = 1 (sign x)e~ Il from which one deduces immediately that the
Cauchy problem (10.25) is locally well-posed in L= (R).

Dispersive blow-up for the linearized water waves equations

As aforementioned dispersive blow-up occurs for the linearized surface
gravity waves as shown in [35] that we follow closely. We thus consider
the linearized gravity waves

Nu+@*(|D)n =0, xeRY d=12 teR:
1(x,0) = mo(x) (10.27)
nt(x’ 0) = nl(x)

for the elevation 11 = 1 (x,y,#) (or 1 (x,t) in case the motion does not vary

much in the y direction) of the wave (see e.g. [240] and Chapter 4). Here,
o(|k|) is the usual linearized dispersion relation for water waves given by

o”(|k|) = g|k|tanh(|k|Ao), (10.28)
where hg is the undisturbed depth, k = (k;,k,) and [k| = (k? +k2)? when
d = 2. The phase velocity is therefore

(k). 1 (tanh(Klh)\ 2.
et = k=t ()

where K is the unit vector in the k-direction. For waves of extreme length
wherein |k| — 0, the phase velocity tends to v/ghok. For water waves on
an infinite layer (corresponding to hg = +o0), the phase velocity is
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Thus, on deep water, plane waves travel faster and faster as the wavelength
becomes large, contrary to the case of the Airy or Schrodinger equations
where large phase velocities occur for short waves (large wavenumbers k).

Considered also will be the case of gravity-capillary waves whose linear
dispersion relation is

%K) = elkltann(kno) (142 KE), (1029
8

where p is the density and T the surface tension coefficient. In this case,
the phase velocity is

1 1
~ o(k). 1 (tanh(|k|h)\? T ,\2s
c(k) = k=g2 < K] 1+pg|k| k,

whose modulus tends to infinity as |k| tends to +eo, that is in the limit of
short wavelengths. In the infinite depth case, the phase velocity tends to
infinity in the limit of both infinitely long and infinitely short waves.

In the sequel, the equations are scaled so that the gravity constant g and
the mean depth 4 are both equal to 1.

The solution of (10.27) with the dispersion law (10.28) is easily com-
puted in Fourier transformed variables to be

1

sin [t(\k|tanh|k|)7
71 (k)

(10.30)
In consequence, the Cauchy problem is clearly well posed in L2-based
Sobolev classes. More precisely for any (10,m1) € H¥(RY) x H¥=3(R4),
k>0, (10.27) possesses a unique solution n € C(R,H*(R?)).
To establish ill-posedness in L™, it suffices to consider the situation
wherein f); = 0. Ill-posedness then amounts to proving that for each # # 0,
the kernel

(k1) = (k) cos [k anhK]) 2] + 1
oces[r(iann k¥ -+ — s

1
m,(k) _ eit(|k\tanh\k\)7

is not a Fourier multiplier in L™, which is the same as showing that its
Fourier transform is not a bounded Borel measure.
Let # > 0 be fixed and focus on m, (k). The first point to note is that

BI—=

(|| tanh |K|)?

1
K| (1 2 > —KZ4+r(k)  (1031)

142k
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where r € C(R)NC=(R\ {0}) and r(|k|) behaves like — L ‘;k‘ as |k| — +eo

and like — K| 2 (1— |k|%) as |k| — 0. Note that r =0 when the depth £y is
infinite.
Decompose the kernel m; as follows:

Sir(Kltanh k) ir(k)e itk _ (1+ﬁ(|k|))eit\k|% (10.32)

fi(|k]) = 2isin (@) EC

is continuous, smooth on R\ {0}, and decays exponentially to 0 as |k| —
oo, uniformly on bounded temporal sets, since (k) does so. This decom-
position leads to an associated splitting of the Fourier transform 7;(x) of
m; (K), namely

where

I[(X) = /Rd zl|k\2 lkxdk-i—/ |k| lt\k\Z zkxdk ( )+It2(x)
(10.33)

o Study of 77(x). Because f; decays rapidly to 0 as |k| becomes large,
the Riemann-Lebesgue lemma implies that I> is a bounded, continuous
function of x and thus locally integrable, in both dimensions 1 and 2. In
fact, when d = 1, it is actually a continuous L!-function. To see this, re-
strict to |x| > 1 and integrate by parts to reach the equation

|+ d AN
2 - - “ it|k| 2 ikx
r (%) ol BT (f,(k)e e*dk
) Y irsgnk
= —= elkxelt‘kﬁ f;/(k) gl ﬁ‘( )
ix J o 20k|2

The term in square brackets decays exponentially to 0 as |k| — oo and has
a singularity of order \k|’% at the origin, coming from f/(k) (note that
Si(k) |k|’% is bounded at 0). It is therefore the Fourier transform of an L?-
function, where 1 < p < 2, and so, by the Riesz Thorin theorem, must itself
be an L9-function where 2 < g < +oo. Since 1 € L*(|x| > 1) for any s > 1,
the Holder inequality thus insures that I> € Ll (R).
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o Study of 7! (x). The analysis of I! relies on detailed results about the
Fourier transform of the kernel w/(|k|)e’®“, for a in the range 0 < a < 1,
where y € C*(R),0< y<1,y=00n]0,1],y=10n[2,+e). For0<a<
1 and k € RY, let F,(x) = .7 (y(|k|)e'®")(x) be the Fourier transform of
the kernel. Since k — y(|k|)e/®* € .7/(R?), y([k|)e ekle!kl converges
to w(|k|)e!*“ as € — 0, at least in the sense of distributions. It follows that
F(y([k|)e M) — 7 (y(|k|)e ) as & — 0.

For the readers’ convenience, we recall the following general result (see
Wainger [240], Theorem 9 , and Miyachi, [182] Proposition 5.1).

Theorem 10.10. (Wainger, Miyachi) Let 0 < a < 1, b € R and define
Frp(x) = ZF (w(k|) k| Pexp(—¢|k|+i|k|*)) (x) for € >0 and x € R%.
The following is true of the function Ff .

(i) F;,(x) depends only on |x|.

(ii) Fup(x) = limg_ o+ F7,(X) exists pointwise for X # 0 and F,, is
smooth on R4\ {0}.

B
(iii) For all N € N, and B € N, | (ai) Fup(x)| = O(x| M) as |x| —
o0,

(iv)Ifb>d(1— ) F,  is continuous on R¢.

(v)Ifb<d(1- —) then for any mo € N, the function Fy , has the asymp-
fotic expansion

Fup(®)~ — exp< E )Zamx|w+o<x|> T 4 e

o)\ [
(10.34)
asx — 0, where §, € R, &, £ 0, and g is a continuous function.

(vi) When a > 1 and b € R?, F, is smooth on R? and has the asymp-
totic expansion

b—d+da/2

a/ _a
Fap(x) ~ Cla,b,d)|x| "¢ exp(iB(a)lx| %) +0 (|x| T
(10.35)
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as |x| — oo, where C(a,b,d) and B(a) are explicit positive constants.

(vii) For any b € R, Fy, is smooth on R4\ {|x| = 1} and for every
BN andN €N,

‘(%)Bﬂ,b(x)

Ifb < XL then

= O(M_N) as |x| — Hoo.

Remark 10.7. The previous theorem will be used with b = 0. For notational
convenience, set F, 0 = F,. If a = %, the three first terms in the asymptotic
expansion of F, are, respectively, a0|x|%m exp(0), a; |x| == exp(60) and
05 |x| =g exp(0), where 6 = i€,|x| . Notice that F, ¢ L} (R?), but that
it is defined as a distribution since, because of its oscillatory nature, it is
locally integrable around O in the sense of generalized Riemann integration.
For example, when d = 1, one has

A= e (15 ) +60

: |2

where & # 0 and G € L'(R). For any A > 0, integration by parts reveals
that

A 5 3
/ |x| "2 exp (1—) dx=2 dr— \f iz ——/ e rdr
—A |X| 0 r2

The last integral exists in the L' (0,A) sense. Thus, F 1 can be defined as a
distribution by writing it as F 1 =G+ §, where G € le( ) and, for any
test function ¢ € 6;°(R),

i [teelt i [t ¢
§.0)= 35 | Flow—ot-olds—g [ Va0 ' ()ax
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Returning to the study of 7! (x), notice first that for dimensions d = 1,2,

1 R 2 1 X
1 _ k|2 ik -
10 = [ k=0 ().
where 1
J(x) = / M ek,
R

Introducing a truncation function Y as above which is zero near the origin
and one near infinity, the integral J can be broken down as

. 1 . . l P
1) = [ whe™ s [y e k=100 + ).
Rd Rd
(10.36)
Arguing as in the analysis of Itz, one checks that in dimension d = 1,
J, € L'(R). In dimension d = 2,J, is a bounded continuous function of x.

ik
On the other hand, Theorem 10.10 implies that (1 — y(|k|))e’*!* is not
an L*(RY) multiplier. These considerations allow the following conclusion.

Proposition 10.11. The linearized water-wave problem (10.27) is ill-posed
in L*(R?), for both horizontal dimensions d = 1,2.

Proof. Take m; = 0 in (10.27) and an appropriate choice of 1g (see the
proof of Theorem 10.12 for more details).
O

This proposition is reinforced by the following, more specific dispersive
blow-up result.

Theorem 10.12. Let (x*,1*) € R? x (0,4-0),d = 1,2 be given. There exists
no € C°(R4\ {0}) NCO(RY) N L= (RY) N L2(R?) such that the solution 1 €
Cp(R; L*(RY)) of (10.27) with 0y = O satisfies the three conditions

(i) M is a continuous function of x and t on R x ((0,+e0)\ {r*})),

(ii) n(-,t*) is continuous in x on R\ {xx},

(i) T () (0 o) e ) [T, 1)] = o0,
() #(x* 1)

Proof. One may assume that (x*,#*) = (0, 1). Again, take f}; = 0in (10.27)
so that the corresponding solution is

N(t) =m0 7" (expil(Ik| anh i) 3])
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Using the notation introduced in our earlier ruminations, write

1 1 1
nin = no*f‘l<W(kl)e”'”+(1—W(Ikl)6”k'7+ﬁ(lk)€i’k'7)

710*«?71 (fl(tvk) +f2<tak) +f3(t7k))
Ni(-,t) + Na(-,8) + Na(-,1).

In spatial dimension d = 1, it has already been shown that for any fixed
1 € (0,400), F ! fa(-,1) and .F ! f3(-,1) are integrable functions of x, and,
as is easily confirmed, uniformly so on compact subsets of ¢ € (0,+o0).
Thus, the functions N, and N3 are continuous on R x (0, +-o0), for any 1o €
L*(R)NL*(R)NC(R). On the other hand, in dimension d = 2, for a fixed
1 € (0,40), Z ' fo(,1) and .Z ~! f3(-,1) are bounded continuous functions
of x, and uniformly so on compact subsets of z € (0, +o0),

Choose the initial value Mg to be Mg(x) = |[x|PK(x) for x € R, where
% < B <2d,and

k= (vt ).

In the notation arising in Theorem 10.10, this amounts to taking » = 0 and
setting K(x) = F 1 (x). Using the results of Theorem 10.10 along with the
choice of B, it is easily seen that ng € C(RY) NL=(RY) N> (R4 \ {0}) N
L'(R?). In particular, 1o is an L?>-function.

Note that although 1o € L'(R?), for t # 0, the solution 7(-,#), does
not necessarily belong to £ (R?) since .% ~! (expi[t(|k\ tanh \k|)%}) is not
an L”—function. Again this is in strong contrast with what obtains for the
linear KdV-equation (10.15) or the linear Schrodinger equation.

The preceding analysis demonstrates that N> (+,¢) and N3 (-, ) are convo-
lutions of an L!—function with a bounded, continuous function of x. Hence,
they are themselves bounded and continuous in x, and uniformly so on
compact temporal subsets.

Theorem 10.10 applied to N implies that as (x,#) — (0, 1), the solution
1 (x,t) tends to

Ci+Ca [ | IKO)PlyPdy =+

since B < 2d.
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It is now demonstrated that 1] is continuous on R¥ x (0, +e0) \ {(0,1)},
which is to say, everywhere except at the dispersive blow-up point. Since
N, and N3 are continuous in x and ¢, it remains to consider N (-,1) = 1o *

il
T (w(k|)eM?).
We first show that Ny (-, 1) is a continuous function of x on R\ {0}.
According to the definition of 7,

M) = [ oy Re-E 0. (103D
R4 2 2
Let 6 > 0 be fixed and suppose that |x| > &. Decompose the last integral in
the form
M= [ PR - Od+ [ ke PR -y F 0)dy
B (0) 2 2 B (x) 2 2
2

2

+f e yIPF (e ¥)Fy 0y = N 1)+ N5 1)+ N 1),
RA\B 5 (0)UB 5 (x) 2 2
2 3

By Theorem 10.10, N7 (-, 1) is a continuous function of x. By our choice of
B, N#(-,1) is a continuous function of x. The treatment of N] (-, 1) is a bit
more delicate and makes use of the oscillatory nature of the integrand. By
Theorem 10.10, F 1 (x) behaves like

(04] (0%) (0%} iCSM—l
¥ T + |x|%72+g(x) e (10.38)

for x near 0, where g is continuous.

When d = 1, only the first term in (10.38) gives trouble as regards the
continuity of Nll(-, 1). Integration by parts reveals immediately that the
integral
Gl !

|yl R =) S ——dy
B (0) 2

3
|yl

defines a continuous function of x.
When d = 2, the first two terms in (10.38) both lead to situations that
are possibly singular. We are therefore lead to consider the two integrals

/ e—ylPFy ( )eiCSMild (10.39)
x—y|"Fi1(x—y)———dy .
85 (0) 2 BE

2
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and

[ PR e (10.40)
x—yPFi(x—y)———dy. .
B;(0) 2 yl?

Straightforward integration by parts shows that both these integrals define
continuous functions of x.

Attention is now turned to the region D = {(x,t);x € RY, ¢ > 0,
t # 1}. It will be shown that N; is continuous throughout this domain. A
first observation is that

T (W(kle"""%) (x) = %9” (vf ('—k1|> e""‘%> (é) (10.41)
12 12 t2

On the other hand,
. Kk ! !
kel oy (B) M = gy e

where ¥; is smooth, compactly supported and vanishes in a neighborhood

1
of 0. Thus, the inverse Fourier transform of ;(|k|)e®? is smooth and
decays rapidly to 0 as |x| — eo; it is certainly bounded and continuous on
D. We may therefore write

1 . -
Nl('vt) = _an*F% <_]> +G(vt) ::N]('7t)+G('7t)a (1042)
d !
where G is continuous in x and ¢. Split N (x,t) as follows:

! y
M) = [ me-nry ()

12 2

1

= ([ w3 )avs [ moc-nr (
12 yI<1 2 \t2 [y|>1 2\t

= Nl (x,t) +N}(x,1).

| <

)

Since 1o (x —y) behaves like C|x —y|~ ¥ +B when y is close to x, the choice
of B and the properties of F ! imply that N% is continuous in x and ¢.

D=

The choice 19 = |x|PK(x) entails that

[<

~ 1 _
Ml = [ ksPRyeairy (

) dy. (10.43)
12

Nl—

t
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When x # 0, the singularity at y = 0 can be dealt with as in the preceding
analysis of N|. Attention is thus restricted to x = 0 and the aim is to prove
that the integral

_ 1 _
Moo=y [ 0PRoR (e a0
12 i<l SN £

taken in the sense of generalized Riemann integration, is finite when ¢ #
1. According to Theorem 10.10, the singular part of the integral defining
N 1 (0, t) is

G h
I(r) =1 / P35 ay,
yl<1

This integral is finite, as seen by integration by parts, provided > 2d — 1,
which is compatible with the restriction

M p<

on 3. The proof is complete.
O

Remark 10.8. It is proven in [35, 33] that dispersive blow-up holds true for
a general class of nonlinear Schrodinger type equations in R” (including
the “hyperbolic" one and the Davey-Stewartson systems).



Chapter 11

Long time existence issues

11.1 Long time existence issues

As we have seen in the previous chapters, a basic issue for the rigorous
justification of the asymptotic model is to establish long time existence
results for the solutions, that is on time scales on which the models are
meaningful.

This issue is of course irrelevant when, for simple models like KdV,
KP, Benjamin-Ono,..., local well-posedness in large spaces combined with
conservation laws insure the global well-posedness.

For most of asymptotic models however this strategy does not work.
Either no conservation laws exist or they cannot control a useful norm. For
instance, the Boussinesq systems (4.26) are hamiltonian only when b =d.
In fact (4.26) can be then rewritten in the 2D caseon the form

Ju+Agu+eSf (u)=0, (11.1)
where
¢
u=\|vy,
%)
0 (1+aeA)dy, (1+4aeA)oy,
Ae = (I—ebA) ™" [ (1+ceA)dy, 0 0 ,
(1+ceA)oy, 0 0
(11.2)

165
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and

We will denote by (-,-) the scalar product on L?(R?;R3), i.e

(u,u) Z/ (CE+V1\71 +v2\72> dxidx;
RZ

and by J the skew adjoint matrix operator

0 dy Oy
J=(I—ebA)"[a, O 0O
d, 0 0

Then, the system (11.1) is equivalent to

(1+eA)n+ v
du=—J | (1+€A)v;+elvy | =J(gradHe)(u),
(1+eA)vr+€lv,

where He (u) is the functional given by !
1
He(u) = 3 /2 (—ae|VEP —ce|VvP = ¢ — V2 — L [v]?)dxidixa.
R

Therefore, it follows that H is a conserved quantity by the flow of (11.1),
since

d

< He (u) = H;(u) du = ((grad He)(u), du)

= ((gradHe)(u),J (grad He) (u)) =0,

where we used the fact that J is skew adjoint.

On the other hand one easily check that the Hamiltonian H does not
control any Sobolev norm and one cannot use it to obtain useful a priori
bounds.”

Recall that the linear well-posedness of the Boussinesq systems implies that a < 0 and
c<0Qora=c.

%In 1D however, due to the Sobolev embedding H'(R) C L*(R) one can nevertheless
prove global existence results for some specific systems for small enough initial data, see
[14,209, 37].
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Another example is the dispersive Burgers equation (10.9) when o < 1.
We have already seen that the associated blow-up issues are delicate. So are
the long time existence problems. For the Burgers equation

Uy + €uny, =0,

the maximal existence time is O(1/€) and one can ask whether and how
this existence time is affected by a weak dispersive perturbation (O<a<1).

This question is not a simple one, as shows the related example of the
Burgers-Hilbert equation

u + euuy + #u=0, u(-,0)=u, (11.3)

where 7 is the Hilbert transform.
In fact, Hunter and Ifrim [110] (see a different proof in [111]) have
shown the rather unexpected result :

Theorem 11.1. Suppose that uy € H*(R). There are constants k > 0 and
€ > 0, depending only on |ug| 2 , such that for every € with |€| < &, there
exists a solution u € C(Ig; H*(R)) NC' (I; H'(R)) of (11.3) defined on the
time-interval I, = [—k/€*k/€?] .

As explained in [110], this enhanced lifespan is due to the fact that
the quadratic nonlinear term of order € in (11.3) is nonresonant for the
linearized equation. To see this, note that the solution of the linearized
equation

u = )
is given by u = e/’ ug, or
u(x,t) = up(x)cost +ho(x)sint,  ho = I [ug),

as may be verified by use of the identity 2> = —I. This solution oscil-
lates with frequency one between the initial data and its Hilbert transform,
and the effect of the nonlinear forcing term uu, on the linearized equation
averages to zero because it contains no Fourier component in time whose
frequency is equal to one.

11.1.1 Long time existence for the Boussinesq systems

Since the Boussinesq systems (4.26) are not skew-adjoint perturbations of
symmetric quasilinear systems, one cannot use the classical energy method
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(see Chapter ) to get “for free” well-posedness on time scales of order
O(1/e).

It has been nevertheless observed in [30] that, when a = ¢, one can
find an equivalent (in the sense of consistency) family of fully symmetric
systems that can be solved by the aforementioned method. More precisely,
by performing the change of variables

v=v(1+50)

one gets (up to terms of order £2) systems having a symmetric nonlinear
part. Those transformed systems can be viewed as skew-adjoint perturba-
tions of symmetric first order hyperbolic systems (when v is curlfree up to
0(€)) and existence on time scales of order 1/¢ follows classically. But
of course the transformed systems are not members of the a, b, c,d class of
Boussinesq systems and this does not solve the long time existence problem
for this class.

This question is addressed in [206] (see also [177]) for all Boussinesq
systems except the case a = ¢ = %,b =d = 0. We first need a technical
definition.

Definition 11.2. Forany s € R,k € N, € € (0, 1), the Banach space X7, (R")
is defined as H***(R") equipped with the norm:

Juls, = lualFys + € [ul 3 (11.4)
£

k, and later k' are positive numbers which depend on (a,b,c,d).

For instance (k, k') = (3,3) when a,c <0, b,d > 0,b #d.

Theorem 11.3. Letty > 5, s > to+2ifb+d >0, s >t9+4ifb=d =0.
Let a,b,c,d satisfy the condition (71.7). Assume that §y € X (R"),vp €
ng/ (R™) satisfy the (non-cavitation) condition

1—ely>H>0, He(0,1), (11.5)

Then there exists a constant ¢ such that for any € < & = PR T
olléolxs, X

there exists T > 0 independent of € and a unique solution ({,v)T with
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€ eC([0,T/el: X5 (R")) and v € C([0, T /€]: X7, (R")). Moreover,

max s +|V|xs ) < ¢ s +|Volxs ). 11.6
s (12l + Ve, < 2k + ol ). (116
Here ¢ = C(H™") and & = C(H™") are nondecreasing functions of their
argument.

Proof. We only sketch it (see [206] for details).

e The idea of the proof is to perform a suitable symmetrization (up to
lower order terms) of a linearized system and then to implement a
energy method on an approximate system. The method is of “hyper-
bolic” spirit.

e This is why we need the non cavitation condition (the hyperbolicity
condition for the Saint-Venant system). Note that no such condition
is needed when one solves thelocal Cauchy problem by dispersive
methods.

Setting V= (£,v)T, U= (n,u)” = ¢V, we rewrite (7.5) as

(1—beA)dm+V-u+V-(nu)+aeV-Au=0,
1 ) (11.7)
(1 —deA)du+Vn + 5V(|u| )+ceVAN =0.

with the initial data
(w7’ |—o = (4o, evo)" (11.8)

Let g(D) = (1 — beA)(1 —deA)~'. Then (11.21) is equivalent after
applying g(D) to the second equation to the condensed system:

(1—beA)d,U+M(U,D)U =0, (11.9)
where
u-v (1+n+aeA)dy, (1+n+aeA)o,
M(U,D) = g(D)(l +C£A)ax1 g(D)(u18x1) g(D)("‘Za)q)
g(D)(1+ceA)dy,  g(D)(u10y,) g(D)(Mzag)] 105

In order to solve the system (7.5)-(11.8), we consider the following
linear system in U

(1—beA)o,U+M(U,D)U =F, (11.11)



170 [CAP. 11: LONG TIME EXISTENCE ISSUES

together with the initial data
Ul;—o = Uy, (11.12)

The key point to solve the linear system (11.24)-(11.12) is to search a

“symmetrizer” Sy (D) of M(U, D) such that the principal part of iSy(&)M (U, §)

is self-adjoint and ((Sy(&)U,U))"/2 defines a norm under a smallness as-
sumption on U.
It is not difficult to find that:

(i) if b=d, g(D) =1, Sy(D) is defined by

1+C€A Zl 22
w141 +aeA 0 : (11.13)
22 0 1+ﬂ+a£A

(i) if b #d, Sy(D) is defined by

(1+ceh)’g(D) 8(D)(u; (1+ceA)) 8(D)(uy (1 +ceA))
g(D)(u; (1 +ceA)) (1+1n+aeh)(1+ceA) 0
8(D)(uy(1+ceA)) 0 (1+1 +aeA)(1+ceA)

0 0 0
+1 0 wuy wu, |(g(D)-1).
0 wuy wu

(11.14)
Note that Sy(D) is not self-adjoint since at least its diagonal part is not.
Then we define the energy functional associated with (11.24) as

Es(U) = ((1 —beA)A°U,Sy(D)A°U),. (11.15)

One can show that E(U) defined in (11.25) is trully a energy functional
equivalent to (the square of) some X, (R?) norm provided a smallness con-
dition is imposed on U, which is satisfied (for € small enough) if

1+n>H>0, |Uw<x(H,ab,cd), |Upg <1, for tec[0,T'].
a (11.16)
For the nonlinear system, if € is small enough, this smallness condition
holds for its solution (£,v)7, i.e., (n,u)” = &({,v)7 satisfies (14.20).
One has then (painful) task to derive a priori estimates on the linearized
system (which use in particular the commutator estimates of D. Lannes
[157], in the various cases.
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e Construction of the nonlinear solution by an iterative scheme :

We construct the approximate solutions {V"},~o = {(n",v")T },0 with
U"! = gV" solution to the linear system

(1—beA)q U + M(U" D)YU =0, U |_g=eVy=Uy, (11.17)

and with U° = Uy. Given U" satisfying the above assumption, the linear
system (11.36) is unique solvable.

Remark 11.1. e Our proof for the (abcd) systems does not seem to
work for the “KdV-KdV Boussinesq system” b=d =0,a=c=1/6
but it does when b =d =0, a < 0, ¢ < 0 (that may occurs for gravity-
capillary waves).

e The proofs using dispersion (that is high frequencies) do not take into
account the algebra (structure) of the nonlinear terms. They allows
initial data in relatively large Sobolev spaces but seem to give only
existence times of order O(1/+/€), see [72, 161].

e The existence proofs on existence times of order 1/¢ are of “hyper-
bolic” nature.They do not take into account the dispersive effects
(treated as perturbations).

e Is it possible to go till O(1/€?), or to get global existence. This is
plausible in one D (the Boussinesq systems should evolves into an
uncoupled system of KdV equations [220] but not so clear in 2D...
One should there take advantage of dispersion dispersion. A possible
strategy would be to use of a normal form technique (a la Germain-
Masmoudi-Shatah) 88, 89, 90, 91].

O

11.1.2 Long time existence for a class of Full dispersion
systems
We recall that the Full dispersion systems for surface water waves write
1 €
S — —— v+ = (A (EVHY)+V - (Ev) =0,
vRv v (11.18)

8lv+V§+§(%V(|v|2) —VIVVEANVE) =0,
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where v = v(t,x) (x € R?,d = 1,2) is an O(&?) approximation of the hor-
izontal velocity at the surface and { = {(z,x) is the deviation of the free
surface.

We recall that € is here the steepness parameter defined as the ratio of a
typical amplitude over a typical horizontal wave length.

Following Lannes ([155]), v is a smooth function of p such that v ~ 1
when u < 1 (shallow water) and v ~ ﬁ when pt = O(1) or pt > 1 (deeper

tanh(,/1r)
v/

water), for instance v = . ), is a Fourier multiplier defined as

wes®), e - 50, v

Without loss of generality, we may assume that

V=1, e=¢e/U<é€nx<1, 1> lnin>0. (11.20)

This model has been proven by D. Lannes ([155]) to be consistent with
the full water wave system. To our knowledge, no (local or on large time)
well-posedness result for the Cauchy problem associated to (11.18) seems
to be available. Our goal is to derive an equivalent system, which is also
consistent with the water wave system, and for which we can prove the
large time well-posedness of the Cauchy problem. The new system, which
has the same accuracy as the original one, is obtained after a (nonlinear
and nonlocal) change of the two independent variables and turns out to
be symmetrizable yielding the large time existence on the hyperbolic time
scale 1 /€. This method is inspired by [32] where it was used in the (simpler)
case of Boussinesq systems having a skew-adjoint linear dispersive part
(see the beginning of this Chapter).
One can now write the FD system as

3L — Aoy + (A (EVHv) +V - (40)) =0,
. (11.21)

W+ VE+e(3V(M) ~VEATE) =0,

where 7, = tanh(,/t|D|)## for d = 1 while ¢, = (H#,1,7,2)" with

H.j = tanh(\/i|D|)Z; for d = 2. Here 7 = _Ig_il is the Hilbert trans-

form and Z = (%, %,)" = —% is the Riesz transform. In what follows,
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we shall use the notations
2 2
Ru=Y Rjuj, uwRf=Y uZkf. (11.22)
j=1 j=1

The same notations are valid for J#,.

Note that the dispersive part (order zero part) is the linearized water
waves system at zero velocity and flat surface.

We consider first the one-dimensional case. We consider the nonlinear
changes of variables

ﬁ:v+§v%8xc, E:C—ZM? (11.23)

Deleting the O(&?) terms, we obtain the following system (omitting the
tildes)

A — A+ ;m(v%ﬁaxg) + §v8XC P (%(g%aﬂ) + C&xv) —0,

A0~ 0L AL + %v&xv ~Suav=o
(11.24)
In the two-dimensional case, we consider now the nonlinear changes of
variables
v=v+§v%vg, 5:§—§|v|2, (11.25)

Discarding the O(&?) terms, we finally get (omitting the tildes)

8;@—%v—k%%(v%VC)—l—§v~VC+£<%(CV%v)+CV-v> —0,
v +VE - gvg%vg - gv(%V% +div)y
c <2V191V1 +V232V1> € (Vzalvz +V1<92V2>

2voh vy +Vv101v2 2 \vidhvi +v201v;
(11.26)
In both cases the new systems are consistent with the original ones (as-
suming that curl v = O(€) in 2D, a condition which is satisfied when deriv-
ing the FD system). It turns out that the new systems are symmetrizable.
We need first to define some functional spaces
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Definition 11.4. For any integer N > 0, U € (Umin,) With Upp > 0,
the Banach space X} (RY) (d = 1,2) is defined as H¥*1/2(R) x HV (R?)
equipped with the norm

1
VE

where V = (,v)! withv=vford =1and v= (vi,»)! ford =2.

2
EN(V) = Vg = —=ICB+ [IDI"2E [ + Vv, (11.27)

Remark 11.2. When |1 = oo, the Banach space X‘ILV (RY) becomes
XVRY) ={V=(vIDI"*¢ e BV R'), veHV(R))}
equipped with the norm
2 2712 2
EV(V) = [VIzw = [IDI"2E [+ VI
In the one-dimensional case we have the following theorem.

Theorem 11.5. Given any Vo = ({,vo)T € Xﬁ’(R) with N > 2, there exist
T independent of € and a unique solution V= ({,v)T € C([0,T /€] ,XZ}'(R))
to (11.24)-(11.12). Moreover, one has the energy estimate

max &V (V) < Co&N (Vo). (11.28)

0<t<T/e
In the two-dimensional case we have the following theorem.

Theorem 11.6. Given any Vo= ({p,vo)! € X[L\'(Rz) with N > 3, there exist
T independent of € and a unique solution V= ({,v)T € C([0,T /€] ;Xﬁ’(Rz))
to (11.26). Moreover, one has the energy estimate

max &N(V) < CoéN (Vo). (11.29)

0<t<T/e

As in the case of the Boussinesq systems, the proof consists, in the
spirit of the procedure used in hyperbolic quasilinear systems, to construct
the suitable symmetrizers, and then to derive the corresponding energy esti-
mates. In the final step one constructs approximate solutions and one passes
to the limit thanks to the energy estimates.

Technically one has to derive some commutator estimates. For instance,
in the 1D case :
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Lemma 11.7. Let s > 0, fo > 1/2. Then for any ry,r, > 0, there hold
(i) |[A,a(x)|f(x) g S |A algsiry [N fl gy
(it) [[,a(x)]0f (x)|gs S |AVa|gsiry+1 [N flgr,
Lemma 11.8. Let ty > 1/2. Then for any r > 0, there hold
(i) (= AV W)l S G lflgsr. for sER:
(ii) |(1+ A f) s S | flgsr, for sER;
(i) |50, @(OLF 3 e 5 (1l + ol + el e+~ lal2) | g o
for s>0.

Introduce U = (n,u)” = (£,&v)" and U*) = 92U .
Write the modified FD system as

1 1
on —Hu+ E%(uéfuaﬂl) + Euaxn =gu(n,u),
11.30)
1 3 1, (
dru+ oen — Eaxn%’ﬁaxn + Euaxuf Eu% ou=0,

where

gu(N,1) = = (N Ay duu) — N0 = — [, M| Ay O — (A7 + 1)y

(i) for a = 0, U satisfies

dUO + U0 =GO, (11.31)

(0 A
s=(o 70)

and GO = (G\”,G")T with

where

1 1
G = eu(n.u) — 3 A (uAtydin) — Suden,

3 1
G<20> = %%ﬂ]%dcn — Euaqur Euz%’ﬁ&xu.
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Note that .7, = — tanh(,/i|dx|) Ig_i\ Then the symmetrizer of <7 is defined

by
o
S = tanh(\(/)mz?x\) NE (11.32)

(i) for 1 < or < N, applying d& to (11.30), we obtain that U@ satisfies
U (o7 + BU)U =G, (11.33)
where o7 is the same as above and B[U] = (b;;); j—1,2 is defined by

(fritmay b, inonan - donn)
_ann%ax_jjﬁtaxnax juax_Qu% Ok ’

and G = (G\*), GY)T with

G\ = 3%, (n.u) Zcﬁ ( A (P A, axn(afﬁ))+u(ﬁ)axn(afﬁ>)
o=

SN 1,

1 9= 1
Géw — _ Z CO( N B)%axn( -B)
ﬁ

o
1
+) Ch (—%M(B)axu(“’m + EM“%Z@M(W[%))
B=1

The symmetrizer of &7 + Z[U] is also defined by S in (11.32).
Energy functionals associated to the quasilinear system (11.31)-(11.33):

pa) |l/2
E(a) v)= U(a) SU(O[) |— (o) 27
( ) ( i )2 ‘tanh(\/—‘8|)1/2n ‘2+|M |2
Y 191/ (11.34)
EN U) = E(a) U) = I ) B ) 5 .
( ) ag() ( ) |tanh(\/ﬁ|8x|)1/2n|HN+|M|HN
1 2
EN(U)NgN(U):ﬁ|nl%+|\8x|1/2n!HN+|uliN. (11.35)

e The end of the proof consists in technical energy estimates.
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11.1.3 Large time existence results for some internal wave
models

We focus here on the Cauchy problem for some internal waves models in
the Intermediate long wave and Benjamin-Ono regimes, following closely
[245] (where the counterpart of the system below is derived in the case of
an upper free surface). We consider the ILW system derived in Chapter 5.2

1+g(D)N,E—1v. (e L+ EBlepv.v=0,
(1 +£(D)AE =37 - (e€v) + (1 + E5lg(D))V v 1136
v+ (1-)VE — £V(Iv]2) =0,
with the initial data
V=0 = (£, )" |i=0 = Vo, (11.37)
where 5
(D) = VEID|cotn(y/E]D)). (1138)
From now on we will assume that
B>1 and 7ye€(0,1), (11.39)

ensuring that (11.36) is linearly well-posed.
We first prove the local well-posedness of (11.36) with a small existence
time O(,/1t) by using in a essential way the dispersion of the system.

Theorem 11.9. Let € € (0,1) and pu € (0,1), g > 0. For any Vg €
H2H8) (R4), there exists T > 0 such that (11.36)-(11.37) has a unique solu-
tion V =: ({,v)T € C\([0, JaT]; H'*12/(RY))nC([0, /aT); H> 5] (RY)).
The correspondence Vo — V from H>+%) (R9) to C([0, \/[,_LT];HZH%] (R9))
is continuous. Here T is only depending on |V0|H2 4] and v, B, indepen-
dent of L and €.

Remark 11.3. The same result holds in spaces H*(R9) for any s > 2+ [4].

Proof. For the sake of simplicity we restrict to the case d = 1 and will only
prove the suitable a priori estimates and the uniqueness.
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Step 1. Setting n = €&, u = €v, using the formula

p-1 p-1
1+ 1+——¢g(D _—_|__
(1+2(D)~'( B (D)) 5 T8
(11.36) is rewritten in terms of (1, u) as
om = 1(1+¢(D) "1 a(nu) + Bl du+ (14 g(D)) ' du =0,
du+(1—7y)dn — )l/uaxu =0.

(1+gD))"",  (11.40)

(11.41)

Step 1.1. A priori estimates. Multiplying the first equation of (11.41) by
7ﬁ N, multiplying the second one by = J/u integrating over R, integrating
by parts, one gets

ld( J/ﬁ
2dt

1
B+ =) = 57 / + (D)) (mundx

1/ 14 ¢(D)) "' 0undx,
(11.42)
\il LY impli
which with the fact that 2= < c(l+ \/ﬁ) implies

ld yB
EE(—ﬁ—l nlz+

1
ﬁ)(|’4|mm\%+|u|z|ﬂ|z)- (11.43)

Multiplying the first equation of (11.41) by — ﬁy—fl&fn, multiplying the

1
1_Y|u|%)sC(1+

second one by 7—82u integrating over R, integrating by parts, one ob-
tains

1d, vB

- -1
i g B+ o) = 5P [0+ e0) a2 mamas

1
1+g(D _18x8xu8x dxfi/u&u&xzudx,
R( (D)) n =
(11.44)

b
B—1
which with the fact that ; f(' 5 < c(1+ ) gives

1d, yB
2dt(ﬁ

< e(1+ = )(ul 7+ laal g 0+l Ll 2)-

N

o +— — 1 ul3)
(11.45)
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Multiplying the first equation of (11.41) by 3 TB -0¢1, multiplying the
second one by 1 84u integrating over R, mtegratmg by parts, one has

ld _VB 2 -13 92 2
2 o m T |l = 1/ 1+ (D)) 002 (Mu)d2ndx
——ﬁ 1 / (1+g(D)~'0 azuazndx+ / 92 (udyu) O2udx.
- R
(11.46)

Integrating by parts, we get that

/82 (udu) 9> udx = 3/ u)?0 udx—|—/ 0,02 ud: udx——/(axzu)zc?xudx,
R

(11.47)
from which, we deduce from (11.46) that
1d, vB 1
2dt([3 |92TI|2+—|92M|2) (HW)(IM\HZITII@#Iulaz\n\Hz+lu|Zz)
(11.48)
Combining (11.43), (11.45) and (11.48), one obtains
1d vB 1 1
2dt(ﬁ |H2+ Iule) (HW)(I 12 M o+ [t g2 T g2+ a0,
(11.49)
which implies by denoting ¥ (t) =: ﬁy—flmHZ + 7,|v|22 that
1 1
Y <c(14+— +eY (1)) <c(1+—=)Y (1) (Y (1)+1), (11.50)
(1) <c( \/ﬁ)(() (#)77) <c( \/ﬁ)()(() )
that is J Y () |
t
—1 <c(l+—). 11.51
Then ,
Y(r) < . , (11.52)
(14 pig)e o 1
if (1+ pig)e U1 S 1. Taking T = Lln n(1+ pl). by (11.52), there
holds
1
Y(r) < ((1+m)‘/2+1)Y(0), vt € (0, \/iT). (11.53)
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The estimate on (J;{, dyv) is easy to be deduced from the equations (11.41)
and (11.53).

Step 1.2. Uniqueness. Suppose that ({1,vi)T and ({,v2)T are two
solutions to (11.36)-(11.37). Denoting { =: {; — &, v=:vi —wvy and n =:
e, u=:¢ev,n;=: &, u; =: €v; (i=1,2), then (n,u)7 satisfies

om— 71/(1 +(D)) ™ Ae(nus +mau) + By—gl%cwr %(1 +8(D)) ' du =0,

1
du+(1—7y)dn — ;/(uaxul +updu) =0
(11.54)
Multiplying the first equation of (11.54) by (n d2n), multiplying

the second one by m(u — d2u), integrating over R, integrating by parts,
after a similar argument as proving (11.43) and (11.45), we get

2dt (Bﬂs : 7|M|i”>

< el ]2 + a2 )( Inlm+|Mli1)+6(|nzlm\ulmlnlm+\MIH1|211|{115)5-)

Since (&1,v1)7, (§2,v2)T are bounded in C([0, /iT]; H*(R)) and satisfy-
ing inequality (11.53), we deduce from (11.55) that

|1-11 +

VB 1 , )
dt (B Ml + 1_,,'”111) <Cr(nPu+lu),  (1.56)

where Cr is a constant depending on ¥, 8, it, T, | Vo 2. Since (&,v)T |,—o =
0, we deduce from (11.56) that ({1,vy)T = (&, v2)T . This proves the unique-
ness of the solution to (11.36)-(11.37).

O

Still following [245] we now prove a large time existence of the Cauchy
problem (11.36)-(11.37) that is needed for the fumll justification of the
system More precisely we shall prove the solvability of (11.36)-(11.37)
in Sobolev space with higher regularity with the existence time at order
o) = O(ﬁ) when g ~ €2 < 1. To this purpose, we introduce the

€

Sobolev space X, (R9) as being H*T! (RY) equipped with the norm |“|§(,i =

‘MlHv +l""u|Hs+l
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Theorem 11.10. Letty > %, s>to+2and p € (0,1), up > 0. Assume that
Vo = (§o,v0)T € X5 (R) satisfies that

1-€elo>H>0, (11.57)

with vy = vo for d = 1 and vy = (voyl,vog)T for d = 2. Then there ex-
ists a constant ¢y such that for any € < §y = , there exists T > 0

5o|‘70\xfl
independent of 1 and §, such that (11.36)-(11.37) has a unique solution
Vec'([0,T/el: X5 (RY))NC([0,T /€]: X} (RY)). Moreover,

Vixg +101 V1) < & Volx; 11.58
(Vi + [Vl 1) <elVol s

Here and in what follows, without confusion, we denote ¢ = C(,u{1 JH Ya
nondecreasing constant depending on [, Uand H'. Otherwise, we denote
¢; (i=0,1,2,...) the distinguished constants with the same properties as C.

Proof. The proof of Theorem 11.10 follows the line of that of Theorem
11.5 and we refer to [245] for details. O



Chapter 12

Focusing versus defocusing

Dispersive equations are sometimes classified into two categories, the fo-
cusing ones and the defocusing ones. Roughly speaking the long time
dynamics of defocusing equations is expected to be dominated by disper-
sion and scattering, being thus in some sense “trivial”’. On the other hand,
the long time dynamics of focusing equations is expected to be not triv-
ial, due to the existence of special localized solutions (‘“solitons”, “solitary
waves”,..) that are supposed to play a major role in the dynamics as for
instance in the case of the KdV equation.

For the cubic nonlinear Schrédinger equation
i+ AutuPu=0 €R*xR, (12.1)

the focusing case corresponds to the + sign, the defocusing case to the —
sign. Besides the L? norm and the momentum (that we will note use here),
(12.1) preserves the energy (Hamiltonian)

1y 1
H(u):E/RZ |Vu\2dx1FZ/Rz|u|4dx. (122)

As it is well known (see for instance [223]), (12.1) possesses solitary
waves solutions u(x,t) = e ¢(x), ¢ € H'(R?), ® > 0 in the focusing case
and no such solutions in the defocusing one.

Solitary waves in the focusing case satisfy the nonlinear elliptic equa-
tion

—Au+ ou = |ul*u. (12.3)

182
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can be obtained by minimizing in H'(R?) the action

1 /2 1 o [?
— | [IVul* = 5 |u|¥)d —/ 2dx.
2./R[I ul 3IMIJX+2'RIMI x

It is well-known ([223]) that no such solutions exist for the defocusing
NLS equation. In the next sections we will consider different aspects of
a defocusing or defocusing dynamics, emphasizing the Davey-Stewartson
and KP equations.

12.1 Non existence of solitary waves solutions
for the nonelliptic nonlinear Schrodinger
equation

We will consider first the nonelliptic nonlinear Schrodinger equation we

had seen in Chapter 4 to be a model for very deep water waves in the mod-

ulation regime.
We will consider more generally equations of type

i, +Lu+ f(lu)u=0, inR"xR, n>2 (12.4)

where L is the second order differential operator given by

! 2%u
Lu= aip=——=-.
Z J
k=1 90k

We assume that f is a real valued continuous function such that

2
<c(1 P < —
SOl e+, p<——,
We are looking for travelling wave solutions of (12.4), that is solutions of
the form(2.1), that is, solutions of the form

(I1<p<owifn=2).

u(x,1) = e ¢ (x+ct), (12.5)
where ® € R,c € R", ¢ € H'(R") NH}

loc(an)‘

Theorem 12.1. For any ® € R,c € R", (12.4) has no nonzero solution
of type (12.5) if the nonsingular matrix (a ) is not positive-definite (resp.
negative definite).
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Proof. As usual in this kind of problem, we will derive and use Poho-

jaeV type identities. One can assume without loss of regularity that Lu =
22u

i1 &S o ,& = 1, where & # ¢ for some (k,/). ¢ should therefore satisfy
the equatlon
n a(P n 82¢ )
—0p+iY cito—+ Y S5+ =
¢ lj:Zlc] 3)6]' jz 8x5 f(|¢| )¢

i=1
By setting ¢ (x) = e "2 *y(x), we are reduced to the case ¢ = 0, (with a
different @) and we consider therefore
2

L
—0p+ Y €57 +f(19*)¢ =0. (12.6)
j=1  9%j

Since ¢ € H'(R") N HZ (R"), the following formal computations can
be justified by a standard truncation procedure, namely we replace x; in the
following argument by x;(x)x; = Xo (‘ |>xk, X0 €CF(R), x0>0, xo(r) =
1,0<t<1, () =0, >2and will let j — +oo.

Let k € {1,---,n} be fixed; we multiply (12.6) by xkg—i and integrate
the real part of the resulting equation. We obtain after several integrations

by parts
a 2 2
w/\¢|2dx—£k/ a¢ d —/F(|¢\2)dx=o
(12.7)

where F(x) = [y f(¢)dt
Let! € {1---,n} such that & # &. One obtains similarly

2 9¢2 ) a_¢2 _ DNy =
a)/\¢| dx—e,/la—xl dx+j§l£,/ o] @ /F(\¢| )dx = 0

0
dx+28j/‘a—f]

J#k

(12.8)
One deduces from (12.7) and (12.8) that
a 2
Sl/‘ dx+8k 9 dx =0,
8xk
and therefore
9 _ d¢ _

8x, o axk o
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Finally V¢ = 0 and ¢ = 0. O

Remark 12.1. Of course Theorem 12.1 does not exclude the existence of
non trivial non localized traveling waves.
Let us consider for instance the “non elliptic” NLS :

du d*u J%u
—+ = — =5 =0. 12.9
PP R (12.9)

Let (see [50]) f € H' (R?) be the unique radial positive solution (f(x,y) =
R((¥ +y%)'/?)) of
—f4+Af+f=0.
It is well-known that f € C*(R?), and therefore that R(r) = T(r?). One
easily checks that ¢ (x,y) = T'(x*> —y?) is a solution to

_¢+¢xx_¢yy+¢3 =0,

and thus that e ¢ (x,y) is a nontrivial traveling wave of (12.9).

12.2 Non existence of solitary waves for the DSII
Davey-Stewartson systems

We consider here the Davey-Stewartson system that appears in deep water
which we write for convenience as

{ ity + thy — ttyy = 0t|uPu+ Bugy, (12.10)

Ap = £ |uf.

Remark 12.2. We recall that the Davey-Stewartson system (12.10) is inte-
grable by the Inverse Scattering method (see [17, 224, 225, 226, 194] for
rigorous results) when

B

oa+==0.
+2

It is then known as the Davey-Stewartson II (DS II) system. The case
B < 0 corresponds to the defocusing DS 11, B > 0 to the focusing DS 1I. We
will keep this terminology in the non integrable case.
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We consider localized traveling wave solutions of (12.10), namely so-
lutions of the type

(eian-s-w(x—ct)U(x—ct),q)(xfct)), (12.11)

where x = (x,y) € R%,¢ = (c1,c2) € R?, U € HY(R*) NHZ.(R?),V¢ €
2 2
L*(R?) and v is a linear function and @ = - — 2.
The following result is proven in [93].

Theorem 12.2. The Davey-Stewartson system (12.10) can possess a non
zero traveling wave solution only if

(i) <0, aec(0,-p).

Moreover, (12.10) possesses a nontrivial radial traveling wave solution
if and only if

(i) <0, a+B=o.

Remark 12.3. 1. The case (ii) corresponds to the integrable focusing DS 11
system (which can always be rescaled to o = 1, = —2). Arkadiev et al.
[15] have exhibited a family of explicit traveling waves (the lump solitons)
having the profile (¢ = 0):

_ 2vexp (2iIm (Az) +4iRe (A?)r)
Mlump(xvyvt) - |z+417Lt+/,1|2—|— ‘V|2

b

where z = x+iy and A, v, i are arbitrary complex constants. Note that the
traveling wave profile |u(x,y,0)| is radial in appropriate variables and that
our hypothesis concerning Y and o are satisfied by ujump-

Ozawa [192] has independently exhibited a special case (A=u=0,v=1)
and used it to construct solutions to the corresponding Cauchy problem
which blow up in the L? norm using a pseudo-conformal invariance derived
in [95].

2. The fact that no traveling waves exist when 8 > 0 justifies the ter-
minology defocusing in this case and the long time dynamics should be
governed by scattering. Actually in the defocusing integrable DSII, Sung
[226] has proven, as we will see in more details in the next section, that the
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Cauchy problem is globally well-posed for arbitrary large initial data in an
appropriate functional space and that their sup norm in space decays as g,
that is as the solution of the linear problem. Such a global well-posedness
result is unknown for the defocusing not integrable DS II system, and also

for the non elliptic Schrodinger equation (12.4).

3. In the focusing case 8 < 0, (i) and (ii) express that non trivial trav-
eling waves can exist only “in the viciniity” of the integral case, and, for
radiial ones, only in the integrable case. The computations in [25] suggest
actually that no traveling waves exist in the focusing non integrable case,

B<0,a+b+o0.

Proof. We first prove that no non zero traveling wave exists when (i) is
violated. Inserting (12.11) into (12.10), we obtain

—(@+ Y} =y} — W —dy,)U + Uy — Uy, = aU3 + BU ¢y,
Ag = (U)s,

(Wx — Wy )U — (c =29 ) Uy — (d + 2y, )Uy = 0.
(12.12)
Since v is linear, the last equation reduces to

(c =2y )Ux+ (d +2y) U, =0,
that is U is constant on the characteristic lines
(d+2yy)x — (¢ —2y,)y = constant.
This can be satisfied by a H! function if and only if
Ve=c/2, y,=-d/2,
reducing the first equation in (12.12) to

{ Upe — Uy = U3 + BU ¢,

A= (D), (12.13)

As in the proof of Theorem 12.1, the computations below can be justi-
fied by a truncation argument.

We multiply the first equation in (12.13) by xU,. After several integra-
tions by parts, we get

Jw2+vdasay= [ [S-px?).0.] dxay,
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that is, by using the second equation in (12.13)

/ [UX2+Uy2_%U4_ g((pf—(p}z)} dxdy = 0. (12.14)

In a similar way, the first equation in (12.13) by xU, and integrating by
parts gives

o
/[UE+U§+§U4+§(¢3+3¢§)] dxdy = 0. (12.15)

On the other hand, multiplying the first equation in (12.13) by U and
integrating using the second one yields

/[Uf—Uyz—aU4—[3|v¢|2]dxdy=0. (12.16)
Adding (12.14) and (12.15) gives
/[|VU\2+B¢y2] dxdy = 0. (12.17)

By adding (12.14) and (12.16) one obtains

3 3
/{wyz—?z/“—?ﬁ(pf—g(pyz dxdy =0. (12.18)

Identities (12.17) and (12.18) imply that
B<0, and oa>0.

Substracting (12.14) from (12.15), we then obtain

/ [OCU4 +B(o?+ (Pfﬂ dxdy = 0.

—

We now set r = |u|2. By Plancherel theorem and the second equation in
(12.13) we obtain

2
Jiow*+ (62 + odlaxay = [ (a+ 1258 ) iPagiag o,
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where & = (£, &) is the dual variable of (x,y) and hence

2
%ﬁ) r2dE dEs = o.
(12.19)

Since f < 0, it follows that oc + 8 < 0, achieving to prove (i).
Let us now assume that U is radial. We then rewrite (12.19) as

/ [‘Hg_g (éﬁﬂffﬂ rfd& d& = 0. (12.20)

Since U is radial, the integral

§-&
| FgrPaaae

vanishes and (12.20) reduces to

/ U + B(92 + 92)]dxdy = / (a B

proving (ii).
O

12.3 Remarks on the Cauchy problem for the
Davey-Stewartson systems

We will consider here some aspects of the Cauchy problem for the DS-II
system (12.10). Inverting the equation for ¢, (12.10) writes as a single NLS
equation with a nonlocal cubic term:

ity + Uy — ttyy = ot|u|*u+ BuL(|ul?), (12.21)

where L is defined in Fourier variables by

Lf (&)=-— %, (product of two Riesz transforms).
Noticing that the Strichartz estimates for the group @ =9) are the

same as the usual Schrodinger group e ones, this allows (see [92]) to
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obtain the same local Cauchy theory as for the cubic (focusing or defocus-
ing) standard NLS equation, namely local well-posedness for initial data in
L?(R?) or H'!(R?) (global for small L? initial data).

No further results using PDE methods (global well posedness, finite
time blow-up, dispersion,...) is known. However very nice rigorous results
can be obtained for the integrable DS-II system ( o + % = 0). We refer to
[17, 194, 224, 225, 225, 226, 227] and the references therein. In particular
L.Y. Sung [224, 225, 226, 227] has obtained very nice global with decay
results. To state his main result, we will follow his notations and write the
integrable DS-II equation on the form

G = 2iq,x, + 16i[L(x|q]*)|q], 4(-,0) = qo, (12.22)

where L is defined as above and the 4+ sign corresponds to the focusing
case, the — sign to the defocusing case. The articles [224, 225, 226] are
devoted to present a rigorous theory of the Inverse Scattering method for
the DS-II equation. In [227] L.Y Sung proves the following

Theorem 12.3. Let gy € .7 (R?). Then (12.22) possesses a unique global
solution u such that the mapping t — q(-,t) belongs to C*(R,.#(R?)) in
the two cases:

(i) Defocusing.
2
(ii) Focusing and |qo|1|qole < %3 (\/5271) :

Moreover, there exists cq, > 0 such that

o) <5, () € R xR
We will not comment on the proof of theorem 12.3 whose techniques
are outside the scope of this book. We recall that such a result is unknown

for the general non integrable DS-II systems, and also for the nonelliptic
cubic NLS.

Remark 12.4. 1. Sung obtains in fact the global well-posedness (with-
out the decay rate) in the defocusing case under the assumption that go €
L'(R*)NL=(R?) and go € LP(R?) for some p € [1,2), see [226].
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2. Recently, Perry [194] has precised the asymptotics in the defocusing
case for initial data in H"!(R?) = {f € L*(R?) such that V.f,(1+|-|)f €
L?>(R?)}, proving that the solution obeys the asymptotic behavior in the
L>(R?) norm :

q(x,t) =u(-,1) +0(t7])7

where u is the solution of the linear problem.

On the other hand we recall that Ozawa [192] has constructed a solu-
tion of the Cauchy problem in the focusing integrable case whose L? norm
blows up in finite time (the solution converges to a Dirac measure having as
mass the L? norm of the initial data). The solution persists after the blow-up
time and disperses as t — co.

This blow-up is carefully studied numerically in [144]. On the other
hand, the numerical simulations of [25] suggest that this blow-up does not
persist in the non integrable case.

12.4 Solitary waves for KP type equations

12.4.1 Non existence of traveling waves for the KP II type
equations

We will illustrate here the defocusing nature of the KP II equation by prov-
ing, following [40] that it does not possess any non trivial localized solitary
waves. We recall that the KP II equation writes

3,u+u8xu+8)?u+8718y2u:0. (12.23)

We first recall the natural energy space associated to the KP equations.
We set

Y = {u€ L*(R?);du € L*(R?),d; ' dyu € L*(R?)},

equipped with its natural norm. A solitary wave for (12.23) is a solution
of the form u(x — ct,y) with u € Y and ¢ > 0 and it should thus satisfy the
equation

—cux—l—uu)(—l—u,m—i—&)fluy_y =0, or (12.24)

2
—Clyx + (2) + Uyory + Uy = 0. (12.25)
XX
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X

Observe that by the change of scale ii(x,y) = ¢ 'u (CW’ %) , one can
assume (that we will do from now on) that ¢ = 1.

Theorem 12.4. Equation (12.23) does not admit a nontrivial solitary wave
u such thatu € Y NH'(R*) N Ly (R?) with 02u € L2 (R?) and 8;18314 €

lac (Rz)

Proof. The extra regularity assumptions in the Theorem are needed to jus-
tify the following truncation argument (see also the previous Sections). Let
X0 €Cy(R), with0 < xo <1, xo(t) = 1if 0 < [t] <1, xo(r) =0, |t| > 2.

Wesetxj:x(‘]%z‘),jzl,Z,-m

We multiply (12.24) by x);u and integrate over R? to get (the third
integral has to be interpreted as a H' — H~! duality):

2
f/xxjax <b;> dxder%/xxjax(u3)dxdy+/xxjuax3u
(12.26)
+ /xxj(ﬁx_l%,u)udxdy =0.

After several integrations by parts, we obtain
1 2 1 3 3.,
Efmuww—gfmwwmwim%M@
1 -1 2 1 / r? 2
+§/XJ(ax uu_y) +_2/xx] —2 u dxdy
(r_z) udxdy — = /Xo < > u’dxdy

— —/ o (r_2> dxdy— - xxo ( )u dxdy
_ _/ 3" (;—2> uldxdy + = /xlo (r_2> uldxdy
2 2
(2> uy)dxdy + — /xxo ( > (95 'uy)?dxdy = 0,

(12.27)

wherer? = x> 4+ y*. By Lebesgue dominated convergence theorem we de-
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duce that
1 303 1
/ {—uz A (ax—luy)z} dxdy = 0. (12.28)

From now on we will proceed formally, he rigorous proof resulting from
the same truncation argument as above. We multiply (12.24) by y(d, 'uy)
and integrate (the last two integrals being understood as a H' — H~! dual-
ity). After several integrations by parts we obtain finally

1 2 1 3 1 2
/[Zu e+ il +2(3X Ly )? | dxdy = 0. (12.29)

To get the third identity, we remark first that if u € ¥ N L*(R?) satisfies
(12.24) in ®'(IR?), and if Y’ is the dual of Y, then u satisfies

2
—u+ Uy + % +0; uyy =0 iny’
where 9, 'uy, € Y’ is defined by (9, uyy, W)y y = (95 'uy, ;') for any

y € Y. Taking then the Y — Y’ duality of the last equation with u € ¥, we
obtain

3
/ [—uz + % —2+ (ax‘uy)z] dxdy = 0. (12.30)

Substracting (12.28) from (12.29) we get
1
/ {u2—§u3+2u§+(9xluy)2} dxdy = 0. (12.31)
Adding (12.30) and (12.31) we get

/ 12+ (97 V) dxdy = 0

which achieves the proof.
O

Remark 12.5. 1. A similar proof demonstrates that no non trivial soli-
tary waves exist for the generalized KP-1I equation, that is uu, replaced by
ulu, Vp € N.
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2. Theorem 12.4 was reinforced by de Bouard and Martel [39] who
proved that the KP-II equation does not possesses L>— compact solutions,
that is L? solutions u satisfying:

o there exist x(¢),y(r) : R — R such that Ve > 0, there exists R(€¢ > 0
such that, V¢ € R,

/ u(x+x(t),y +y(t),t)dxdy < €.
x| +Iyl=R(e

Obviously, any solitary wave solution ¢ (x — ct,y) with ¢ € L?(R?) is
L?— compact. The result in [39] can be viewed as a first step for proving
the expected conjecture that all bounded solutions of KP-II tend to zero in
the sup-norm as ¢ — oo.

12.4.2 Solitary waves for the KP-I equation

On the other hand, the focusing nature of the KP-I equation is revealed by
the existence of non trivial localized solitary waves.

First, as a consequence of to its integrability properties, the KP I equa-
tion possesses a localized, finite energy, explicit solitary wave, the lump
[169] :

. 2
8c(1—S(x—ct)*+5y%)
[T+ §0—a)?+ 502

Another interesting explicit solitary wave of the KP I equation which is

localized in x and periodic in y has been found by Zaitsev [246]. It reads

Oc(x—ct,y) = (12.32)

Z.(x.y) = 1202 1 — B cosh(ax) cos(dy) (12.33)

[cosh(ax) — B cos(8y)]?2’
where
(aVﬁ) € (0700) X (_17+1)7
and the propagation speed is given by
24P
1-82

Let us observe that the transform o — i, 6 — i8, ¢ — ic produces

solutions of the KP I equation which are periodic in x and localized in y.

c=0o
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Second, the existence of ground states solutions has been established in
[40] for the generalized KP I equations

Uy + Uy — 8;1uyy +uPu, =0, (12.34)
when p <4,p=",m,n € N, relatively prime, m odd.

In order to define this notion, we set

1 2, 1 -1 2_;/ p+2
EKP(W)—Z/RZ(aXW) +2/Rz<‘9x WS eV

and we define the action

S(N)=Exp(N)+5 [ N
2 Jr2

We term ground state, a solitary wave N which minimizes the action S
among all finite energy non-constant solitary waves of speed c (see [40] for
more details).

It was proven in [40] that ground states exist if and only if ¢ > 0 and
1 < p < 4. Moreover, when 1 < p < %, the ground states are minimizers of
the Hamiltonian Egp with prescribed mass (L? norm) and are thus orbitally
stable;

An important related remark is that the anisotropic Sobolev embedding
(see [24])

4—p P
2 7 1 5
/]Rz\ul"Jr dxdy < Cllul| 7 [lucl|72 19 uyll

which is valid for 0 < p < 4, implies that the energy norm ||u||y is con-
trolled in term of the L? norm and of the Hamiltonian

/ (%MQ&W)AL)CM
w2\ 272 Y Ty )T

if and only if p < 3.
Remark 12.6. When p = 1 (the classical KP I equation), it is unknown (but
conjectured) if the lump solution is a ground state. Observe however that
ground states have the same space asymptotic as the lump ([100]).

More generally, the question of the (possible) multiplicity of solitary
waves is largely open. One even does not know whether or not the ground
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states are unique (up to the obvious symmetries). Such a result is estab-
lished for the focusing nonlinear Schrédinger equations but the proof uses
in a crucial way that the ground states are radial in this case, allowing to
use ODE’s arguments.

12.5 Transverse stability of the KdV solitary wave

The KP I and KP II equations were introduced to study the transverse sta-
bility of the KdV 1-soliton (line-soliton). They behave quite differently in
this aspect. Roughly speaking, the line-soliton is stable for the defocusing
KP-II equation and unstable for the focusing KP-I equation. In the later
case, a breaking of symmetry seems to occur.

Zakharov [249] has proven, by exhibiting an explicit perturbation using
the integrability, that the KdV 1-soliton is nonlinearly unstable for the KP
I flow. Rousset and Tzvetkov [199] have given an alternative proof of this
result, which does not use the integrability, and which can thus be imple-
mented on other problems (eg for nonlinear Schrodinger equations).

The nature of this instability is not known (rigorously) but the numer-
ical simulations in [145] suggest a breaking of symmetry, the line-soliton
evolving into two-dimensional localized structures.

On the other hand, Mizomachi and Tzvetkov [181] have recently proved
the L?(R x T) orbital stability of the KdV 1-soliton for the KP II flow. The
perturbation is thus localized in x and periodic in y. The precise result is as
follows:

Theorem 12.5. Let ¢. the KdV solitary wave of velocity c. For every € > 0,
there exists a 6 > 0 such that if the initial data of the KP-II Cauchy problem
satisfies

|[1t0 — @[l 12(r, x,) < 8. the corresponding solution u satisfies

inf [lu(x.00) = 0+ Dlizge,em,y <€, 1€ R

Moreover, there exists a constant ¢ satisfying ¢ —c¢ = O(0) and a mod-
ulation parameter x(t) satisfying

tlgg | ‘M(.X,y,l‘) - ¢5(X _x(t))HLZ((cht)XTy) =0
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The proof involves in particular the global well-posedness of the Cauchy
problem for the KP-II equation on a background of a non-localized solution
(eg the KdV soliton) established in [189] and the Miura transform used in
[135] to established the global well-posedness for a modified KP II equa-
tion.

Such a result is not known (but expected) for a perturbation which is
localized in x and y.

One can similarly consider the transverse stability of the periodic KAV
solitary wave. To our knowledge no nonlinear results are known. On the
other hand spectral stability issues have been considered.

Johnson and Zumbrun [121] have derived a (spectral) instability crite-
rion for x- periodic line solitary waves of a class of generalized KP equa-
tions with respect to perturbations which are periodic in the direction of
propagation x and have long wavelengths in the transverse direction.

Haragus [105] has considered the spectral stability of small amplitude
x-periodic line solitons of the Classical KP equations. In the KP I case,
those solitary waves are spectrally transversally unstable with respect to
perturbations which are either periodic in the direction x of propagation,
with the same period as the one-dimensional solitary wave, or non-periodic
(localized or bounded). In the KP II case, the periodic line solitons are
spectrally stable with respect to transverse perturbations which are periodic
in the direction of propagation and have long wavelengths in the transverse
direction.

It is likely that the spectral instability results in those papers could be
obtained by using the simple method in [200]. Also the methods developed
in [199] to prove nonlinear instability of the localized line-soliton might be
useful to treat the periodic case.



Chapter 13

Some models in the
modulation regime

We present here results on the Cauchy problem for some systems arising in
the modulation regime. The local well-posedness is obtained thanks to the
smoothing properties due to the dispersive part.

13.1 The Cauchy problem for the Benney-Roskes
system

The Benney-Roskes system has been introduced in Chapter 4, section 4.3.
A similar system was derived by Zakharov and Rubenchik [252] as a “uni-
versal“ model to describe the interaction of spectrally narrow high fre-
quency wave packets with low-frequency acoustic type oscillations.

We present here, following [196] a proof of the local well-posedness of
those systems. The case of the full dispersion Benney-Roskes systems is
studied in [191].

Since we are not looking for existence on long time scales (and thus
will not introduce any small parameter), we will write the Benney-Roskes,
Zakharov-Kuznetsov in dimension n = 2,3 (of course n = 2 for the Benney-
Roskes system itself) in the nondimensional form displayed by [193], which
uses a reference frame moving at the group velocity of the carrying wave,

198



[SEC. 13.1: THE CAUCHY PROBLEM FOR THE BENNEY-ROSKES SYSTEM 199

namely

iy = —£02y — 1ALy + (0o y[* + W (p +D3:9))y
P+ 030, :A¢1—D8z|w\2, (13.1)
09 +030:0 = —-p— |yl
Here A| = 8)(24—8},2 or 92, A:AL+812, 01,02,03 = £1, W > 0 mea-
sures the coupling with acoustic type waves, M € (0, 1) is a Mach number,
D € R and € € R is a nondimensional dispersion coefficient.

One first wants to decouple the two last equations in (13.1). We first
apply the operator d; + 030, to them to obtain

(0 + 030, )2 = _<1at +03)A¢ — D(; +G3az>az|ll/|27

(9 +039.)%9 = —— (9, + 639:)p — (9, + 039 ||, (13.2)
A0+ 030:)9 = — A0 — Ay,

Therefore
1
(9 +030:)°p = = -Ap +Aly[* = D(9; + 030:)0: |y, 133
1 D :

(0 +030.)%¢ = MA‘P + M3z|‘lf|2 — (9 + 039, |y|*.

Introducing the following notations

P(x,3,2,1) = T3,05P (x,3,2,1) = p(x, 5,2+ O31,1),
¢(x7)’717t) = T3,a3t¢(X,y7ZJ) = ¢(x7yaz+o-3t7t)7

Ow=0>— Mz , (13.4)
Fi(y) ZAD|‘I’| D(0; + 039:):|y|?,
B(y) = 2w = (9 + o3)|yl’,

we rewrite (13.3) as

Oup = Fi(y),
Ond = B(y),
p(x),0) = po(x),
OP(0) = (3 + 0100p(x,0) = (80 + DAWP)(x.0),  (135)
¢(X’0) = ¢0(X)a

95(x.0) = 01+ 032100 =~ 0+ W) (x0)
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where x = (x,y,z) ifn =3 and x = (x,2) if n = 2.
Next, defining

Z =01+ 883 not necessarily elliptic)
the IVP associated to the system in (13.1) can be expressed as

Y+ 2y = {|Y? +W (53 _0,p + D73 —6,0:0) } ¥,
Oup = Fi(v),

DM‘P = Fz(llj)v

¥ (x,0) = yo(x),

P.0) = pu(), ()0 = () = (A + D2y %)
$5.0) = ). 20x.0) =6106) =~ ( 3700+ Il ) (o).

(13.6)

Since the nonlinear terms Fj,F, depend only on Yy, we can express

(P, @) i terms of (po, 1, P, $1)(x) and y(x,1),
p) = U WPy +U P+ [ UG~ R(y) ('
§0)=U R+ U0+ [ UGB
where U (¢) is the propagator of [y, that is

{ Ut)f =M">(=8) Psin(M 12 (=8) ),
U't()f = cos(M~'/2(=A)' /1) f.

We have the classical estimates

{ W) fla <t |fl2s (VXU () fl2 < MY2|f)a,
U (1) fl2 < | fl2-

(13.7)

(13.8)

(13.9)

Inserting (13.7) into the first equation of (13.6), we get a single, self-
contained differential-integral equation for y. However, both F;(y) and
F>(y) involve derivatives in the ¢- variable of y. It is thus convenient to
remove them by using the following formula which results from integration

by parts).

/ U= )G()dr' = —U(1)G(0) + / U -Gt
0 o
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More precisely, in (13.7) we shall use
t t
/ Ut —1")F(y)(d)dt = —U(t)G(0)+/ U(t—1')(A—Do3d2)|y|*dt’
0 0

1
+DUWalyo ~ [ U/t~ )Do P (ar
0
(13.10)
and

/o[ Ut—tF(w)()dt = /Ot Ut—t) ((% - c3> 9z|ll/|2(f/)> dt’

t
FUOIWl = [0 a=wP (e
(13.11)

Collecting the informations above we see that the IVP associated to the
system in (13.1) is formally equivalent to the following IVP for a scalar
equation in Y

{ oy =iLy — it (po, Po, ¥)
W(>O) = Y.

and to its integral version

(13.12)

. oy
v(r) ="y — i/ L H (po, ¢o, w) (1)t (13.13)
0
where the nonlinear term H () is given by the lengthy expression

H(po, 9o, ¥)(t') = oa|y Py ()
+WY (') T oy {U()po + U (') (p1 +2D0: |y ) }
+ WD‘V(I/)TB,—Gy’{&ZU(I/)(PO + azU(t/)¢1}

t/
P05 | [ U0 )8 - Do 2R ar
0 (13.14)

t’
W) { [ U= DOV
/ 0

4 D
WDU( )5 { [ UG =0 (37— 00 1w (ar" |
0
=H|+H)+H3+Hy+ Hs + Hg,
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with Hj ZHj(l//),] =1,...,6.

Thus equation (13.12) and its integral version (13.13) can be seen as
a nonlinear Schrodinger equation where the dispersion is given by a non
degenerate constant coefficients second order operator . which is not nec-
essary elliptic, and with a nonlinear term H involving nonlocal terms and
derivatives of the unknown y. The order of derivatives appearing in H is,
roughly, one, since (1! 822 is basically an operator of order one.

In the case where H depends only on ¥ and V., the corresponding
local well-posedness theory is due to Chihara [52] in the elliptic case . =
A and to Kenig-Ponce-Vega [142] for general .Z.

Due to the specific nature of (13.12) (and (13.13)) we shall combine
the structure of the nonlinearity H with estimates involving the smoothing
effect, in its homogeneous and inhomegeneous versions, associated to the
unitary group {ei’f 1. as well as special properties of solutions to the
wave equation to obtain the desired local existence theory.

We will first state the estimates for the group {e }__ that we will use
in the proof of the main theorem. We introduce the following notations.

{Qu}uezr is a family of unit cubes paralel to the coordinates axis with
disjoint interiors covering R”. We introduce the norms

15 ||1,LL%L§ = ”Sélgn II- HLz(QﬂX[O,T]) =|- Hz;;(LZ(QHX[o,T])),
and
- ||1}1L%L% = Z I ||L2(QH><[O.T]) =|- \|1‘11(L2(qu[oﬂ)).
pezn
In general
1
Z T pla \'"P /p
1F Il 00 = [ () ropa)a
wET uezr 0 Qli

We now state the needed smoothing estimates.

Proposition 13.1.

1/2 ;
126" fl] 12,2 < eIl (13.15)

L ’
sup |1,§/2/ LG |2 < cl|Glly 2z (13.16)
0 ‘X

0<t<T
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and .
||Vx/0 it )fG(t/)dt/‘|1;L;L§ §C‘|G||11uL%L§> (13.17)

where I;/zf =7 Y|E|"/2f) and c is a constant independent of T.

Proof. The estimate sm1 was proved in [60, 216, 238]. The estimate (13.16)
follows from the dual version of (13.15) and the group properties of {e# }*_..
Finally, (13.17) was proved in [?].

O

We will also use the following version of the Sobolev inequality whose
proof can be found in [196].

Let f: R" x [0,T] — R be a smooth function such that for each 7 €
0,7], f(-,1) € Z(R"). Let J = (1 — A)/2.

Lemma 13.2. . Let p; € [1,00) and p; € [p1,0|. Let s pl — 1% and s > pll
if p» = oo. Then for any r,q € [1,eo)
il e < el Al (13.18)
We remark that for f: R” — R, (13.18) tells us that
flly e < elld* g (13.19)

If s is a positive integer, this results from the Calderén extension theo-
rem [47].

We will use in the proof of our main theorem the following inequalities
on the wave propagator.

Lemma 13.3. Wirh U(t) defined as above, we have in the 3-dimensional
case
U ) gy < cL+TMY2P £, (13.20)

10O Vafllprzn < cMP(1+TM) | f (13.21)
i ! / / 1/2 1/2,\3
192 [ U= gz < M2+ TM 2 g g2, (1322)
and

||/ U~ () | ogp < U+ TM PP g (13.23)



204 [CAP. 13: SOME MODELS IN THE MODULATION REGIME
Proof. To prove (13.3), we observe that w(x,7) = U’(¢t) f(x) solves the [IVP

1
Oyw=0d*w——Aw=0, xR} reR,

Ww(x,0) = F(x), (13.24)
dw(x,0) =0.

The finite propagation speed of the solution implies that the values of
w on Qy x [0,T] depend on the values of f on (1-+M'/?)Q,, where AQ,
denotes the cube with the same center asQ,, and side 4. By a cutting off
argument and (13.9) one has that

sup [[w(-,0)l12(0,) < ellf 21 4mi2m)0 (13.25)

0.7] 4

Hence, adding in u and counting the cubes one obtains the desired re-
sult

U )l 1z < c(d +M'2T)| £l (13.26)

The proofs of (13.20)-(13.21) are similar and they will be omitted.
To prove (13.22) we observe that v(x,t) = [3 U (t —t')h(t')dt’ solves the
IVP

1
Oyv = 8,2\1— MAW =h(x1), xeR? 1eR,
W(x.0) =0, (13.27)
dv(x,0) =0.

The values of v on Qp, x [0, T] depend on those of A on (1+M'/2T)Q,, x

[0,T]. By combining a cutting off argument and the standard energy esti-
mate it follows that

T
[SOHTP]HVXV('J)HLZ(Q“) S1‘4]/2/‘0 ||h(t)|‘Lz((l+M1/2T)Qu)dt‘ (13.28)

By adding in u we get (13.22). A similar argument proves (13.23).
O

We now state our main result on the local well-posedness of Benney-
Roskes type systems.
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Theorem 13.4. Let s > n/2, n =2,3. Then given (v —0,p1,¢) € H® x
H 2 BT 2(RY), there exist T =T (|| ol |z |1Pol | ys-1/23 19 ys-1/2) >
0 and a unique solution y(-) of the integral equation (13.13) such that

y € C([0,T]:H*(R")) (13.29)
with

||JS+1/21V|\,§L%L% < oo, (13.30)

Moreover, the map (W, Po, $o) — W (1) from H* x H*~/2 x HT1/2 into
the class (13.29)-(13.30) is locally lipschitz.
Finally, from (13.29)-(13.30) one has

(p,9) € C([0, T); HV2(RY) x H*F /2 (R™)). (13.31)

Proof. To simplify the exposition we shall restrict to the case n = 3 and
s =2+ 1/2. The proof for general values of s follows by combining the ar-
gument below with the calculus of inequalities involving fractional deriva-
tives deduced in [139].

For (o, p0,00) € H/? x H? x H*(R?) fixed we define the operator
() as

Iy 4
D(@)0) =L yo—i [ L H(po. g0, (1332
0
with @ in the function space X7, meaning that

® € C([0,T):H’(R?)), |||w|||TfOSUP 100llps2+ Y 107 0llpp2,2 <a

lor|=3
(13.33)
We remark that when s’ +1/2 € Z7,
Sup || ||H +||Js+]/2 H1°°L2L2N sup H HHv + Z ||axa"|lﬁL%L)2('
la|=s'+1/2
(13.34)

This is consequence of the results in [139].
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From Proposition 13.1 one has

lI@(@)[lr = sup [|@(@)(1)l|ys2+ Y, [107P(0)ll21212
0<t<T la|=3

T
5c||uJo||H5/z+/0 (@ ||H5/zdr+2 ) @)

+Z Z HaaH ||11L2L2

J=2|a|=2
(13.35)
Since H*(R™"),s > n/2, is a muliplicative algebra we get
1 @0 = [ 0Pyt < T sup )]
(13.36)

Next, we estimate Ha(®) in the L7L? norm. Thus

[ W05 o0 (U000 + U)oy + 200 o)} o

SWT sup (1)l |73, -03 (U ()P0 + U () (p1 + 2D [y [*i{ 2]
<t<T

<WT sup [||o(t)]|2|U'(t)po +U (t) (1 +2(D] ;| ol *) 2]

0<t<T

=WT sup [ll@()l|1 (|pol2 + Tlpr ]2+ 2|DIM 2| ol [2)]

< CWT(\Po\z +T|pi|2+2|DIM"2[|yp| ‘Hzm)oiufr o ()| 7372+
<t<

(13.37)

To estimate H(®) in ¥ || - HI}LL% 12, We notice that an interpola-
tion argument of Gagliardo-Nirenberg type allows to bound ||V, ®||2 WI2TLS
and ||AG| 5,2 5 interms of Ty 3 |08 0l -3, (< [[[@]17) and || @] 2. (<

¢T'/?|||@|||7). Then, up to a multiplicative constant involving a power of
T, all these terms can be bounded by |||®]||7.

Now, we combine (13.17), Holder inequality, Lemma 13.3 (inequalities
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(13.20)-(13.21)) and the interpolation argument commented above to get

Y 1107 Ha(0)l]12.2
=2

=W Y [10%(@T {U"(1)po+U () (P +2D)2:¥0 )} 1312
Ja|=2

<cW Y [[ofor,- 9 (U'(0)po+U@)(p1+21D10:wo*) My 2.2
[vi+IBl=2
< WY lvl =2[10Yollz 12 2117 AU (o + U 6) (p1 +2D0: o)}l 2 216
+eWw ), ||a)2/w||lﬁL2TL?X
lvl=1 ’

Y 1730200 {U'(1)po + U () (p1 +21D10: w0 ) | 2 .12
1B1=2

<cWTY? sup ||@(t)||s2 %
0<t<T

(1+os|T) ), ||3f{U'(f)P0+U(f)(P1+2|D|l9z|lV0|2)}|\sz°;L§
IB1<2

<cWT'? sup ||@(t)]] 52 (1+]|03]T) %
0<t<T

(1+M"2) (1 +TM"2)2{[1pol |2 + |11 |11 + 21Dl wol 2.
(13.38)

The bound for H3(®) is similar to that deduced above for H,(w). We
turn thus to the estimate of Hy(®). First from (13.9) we have

T
| (@)t

T t
:/ Wa(t)T3 o, (/ U(t—t')(A—DG3822)a)|2(t’)dt’> dt
JO JO 2
T
<eWT sup |a)(t)|o<,/ Ut —')(A— Do302) 0
0<t<T 0 (13.39)

< cWT sup [|@(t)|[53/2+ %
0<t<T

(14D|T) sup |(=4)""*(A— Do —302)|wf* (1)l
0<t<T

< W (14 DT> (14|03 )M'* sup [|o()]] 32 -
0<t<T
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For the other piece of Hs(®) we write

Z [|0FHa( H,]Lsz
=2

= X 100005, ([ Ve8P0 0P (100)) Iy
o|=2

<cW Y oV ollpuz 2%
ly=2

2o [ 0018~ D02 0P ) g0

+eW Y ||oF w||12L2L4X
I711=1

¥ 153 ([ U198 (8- DordD @) )15
IBl=1
+CW||(DH12L2L°°X

Y 173,303t (/ Ut—t)of (a— Do3d2)| 0| (t )dt) leLsz
IB1=2
(13.40)

Combining (13.18) (13.22), Holder inequality and the interpolation ar-
gument used in (13.38) we can bound the last term in (13.40) by

WT'? sup [|o(1)]|2(1+|03]T)
0<t<T

M2+ 2P Y (0|0 | (13.41)
1<|p|<3

< WT(1+T)(1+|os|T)M' )0l

The estimates for Hs(®) and Hg(®) are similar to those deduced above
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for Hy(®). Thus, collecting the previous estimates it follows that

l[@(@)|llr = sup [|®(@)@)lys2+ Y, [105P(0)]]2,2
0<t<T RET™

lot|=3
< cl|Woll s +cToa| ||| @] 17
+ (W] + DT (1 +M") (14 |03|T) (1 +TM/?)? x
{11Pollg2 + 1Pl + 1100ll g3 + 11911122 + | wol 72 HI 0]

+e(1+ W[+ DT +T)(1+|o3])(1+M"?)(1+TM"?)|||ol||7.
(13.42)

The above inequality guarantees that for fixed values of the parameters
€,01,03,03,W,D and M, and for a given data (¥y, po, ¢o) € H>/% x H? x
H3(R?)), the operator ®() = D (yy.p0,00) defined as the left-hand side of
(13.12), with o instead of y, define a contraction map in X{ with a =
2¢||wol|s/2, T small enough depending on the value of the parameters and
on ||Wol| s/, |[rhoo|| 2, and ||@o| |43 . Therefore the map has a unique fixed
point y € X# that is ®(y) = y, which solves the integral equation (13.13).
Moreover the contraction principle tells us that the map (W, po, ¢o) — W (7)
from H>/? x H? x H? into X7 is locally Lipschitz.

Finally we observe that the condition

(¥0,P0,90) € H? x H> x H',  (H* x H*'? x H*M'/2, 5 > n/2)
implies that

9, (x,0) = pi(x,0) = —Ady + Doy € H', (H'/?)

and
7 1
29 (x,0) = ¢1(x,0) = _(MP(H_ o) € H2, (H2).
Since the arguments above show that
(F - 17F _2) S 141 ([O, T‘],I{1 X Hz)’ (HS*?’/Z X HS*I/Z)
we have that

(p,0) € C([0,T;H*> x H?), (H /2 x H"1/?),
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No global well-posedness, nor finite time blow-up are known for Benney-
Roskes type systems. However, it turns out that [193] has a Hamiltonian
structure, as noticed in [251] where it is derived from a general Hamiltonian
description of the interaction of short and long waves. Working directly on
the system [193] one obtains the following conservation laws.

O

Proposition 13.5. Let (y,p,¢) be a solution of (13.1) obtained in Theo-
rem 13.4, defined in the time interval [0,T]. Then

2dt/ lw(x,))?dx=0, 0<t<T, (13.43)

and

w w
QWP +o— 1V iy +-—p*+—|Vo|? )
3 [ el o~ 11V L+ S TIVO P+ osWpa

+7\1/44+Wp\w|2+DW\wlzaz¢}dx:0, 0<t<T.
(13.44)

Proof. To obtain (13.43) we multiply the first equation in (13.1) by ¥, in-
tegrate the result and take its imaginary part (if s < 2 the integrals have to
be understood as a H* — H~* duality).
To obtain (13.44) we proceed formally. A rigorous proof can be ob-
tained by smoothing the initial data and passing to the appropriate limit.
We multiply the first equation in (13.1) by J; ¥, integrate the result and
take its real part to get

1d (o _
3 it eloy P+ oV Ly T+ Rew [ pya s

—|—ReW/. PO, Wdx+Re WD/ 9.0, Frdx =0
Rn Rn

(13.45)
Therefore

1d o
[ (el0.wP + oV oyl + 2yl + Wolyl + DWa.6 v Pldx

2dt Jr
w DW
—7/ 8,p|l[/|2dx+—/ %09 |w2dx = 0
Rn 2 Jgrn
(13.46)
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Using the third equation in (13.1) leads to
w w oW
=5 [ oaplwPax=" [ agapar+ S [ 2pagdx

— = [ |Vo|*d
Jr4dt/ Vo[ dx.

(13.47)

Similarly, the second equation in [193] leads to

DW w oW
T/ 8l¢(9z|l[/\2dx=——/ at(])&t(])dx—S—/ d:p 9, 9dx
R’l 2 Rn 2 Rr[

W
+ 2 / Vo |dx.
4 R~
(13.48)

Combining (13.45)-(13.48) we obtain (13.44). O

Proposition 13.5 implies the existence of global weak solutions of (13.1)
for some range of the parameters. Namely

Theorem 13.6. Assume that
eE>0, o=0=1,

and that the quadratic form

"4 W, 1,
O(x,y,z) = wx + 2y —|—22 + o3Wxy+ DWyz+Waz

is positive definite.
Then for any (W, do, po) € H' (R") x H' (R") x L*(R"), there exists a
global weak solution (y,¢,p) of (13.1) such that

v.0 € L7((0, +oo> Hl(R"», p € L7((0, +oo; LX(R")),

(13.49)
ay,dp € L7((0, TR, %9 € L7((0,+oo LA(R")).

Proof. We use a compactness method. We approximate (o, ¢o,p0) by
smooth functions (Wo ¢, Po.¢,Po.e) and obtain local approximate solutions
(We, O¢, pe ) (x,¢) on some interval [0, T¢], thanks to Theorem 13.4. The as-
sumptions in Theorem 13.6 and Proposition 13.5 imply that (W&%,p(s) is
bounded independently of € in the space

L=((0, 4003 H') X L=((0, 4005 H') x L™((0, 4005 L?).
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One deduces that (J, W, d, @, d;p¢ ) is bounded in L((0,+o0; H!) x
L2 ((0, 4003 L?) x L*((0,4-o00; H™1).
Hence, up to a subsequence one can assume that

Ve =~y in L°((0,400; H'(R")) weak*
0e — ¢ in L7((0,+o; H'(R")) weak" (13.50)
pe—p in L7((0,+o0; L>(R")) weak®.
By Aubin-Lions lemma one can furthermore assume (up to a subse-
quence) that

Ve —y in L

loc

(10,+e0); L{ (R")), and ae.in [0,4e0) x R",

forany p,2<p <o and g, 2<g<6 ifn=3(resp. g, with2 < g < oo
if n = 2). Similarly for ¢¢, pe.

These convergences allow to pass to the limit in the distribution sense
in (13.1) written for (We7¢£7p(8), proving that (y,p,¢) satisfies (13.1) in
P(RT x R"), and actually in L((0,+o0; H™') x L=((0,4o0; H™') x
L((0, +oo; 12)).

The initial makes sense since by Strauss lemma,
(¥,9,p) € Cu([0,00); H'") x Cy([0,00); H') X Cy([0,00); L?).
O

13.2 The Cauchy problem for the Dysthe equa-
tion

Dysthe type equations [77, 109, 78] arise when one proceeds to the next
order in the expansion leading to NLS type equations in the modulation
regime. We are not aware of a rigorous derivation but the method sketched
in Chapter 4 would lead to one.

Recall that the nonlinear Schrodinger equation is derived in the modu-
lational regime when the wave steepness is small, ka < 1, and the bandwith
is narrow, |Ak /k < 1, ! both of the same order of magnitude O(€), the non-
linear and dispersive terms being of order O(&?). Recall that the deep water

'We have denoted by k the wave number of the carrying wave and k = [K|.
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case corresponds to (ki) ~! = O(¢), the infinite depth to (kk)~! = 0. The
Dysthe type systems are obtained when the expansion is carried out one
step further O(&*).

To start with we consider the one-dimensional case. One gets (see for
instance [168]) the following system coupling the complex envelope A of
the wave and the potential ¢ of the induced mean current

0A @ JA o 2’4 i
— = K*|APA
o "ok ax gz g T2k Ml

_%k_“;%_“;kﬁgi ’ kA|2—+kAg—i —0,

?;C‘f ?;T‘f:o (—h<z<0), (13.5D)
2

W99 (=)

2—2:0 (z=—h).

The equation for ¢ is easily solved by taking the Fourier transform in x
and we find that
9¢

09X |z=0

where the nonlocal operator .Z is defined in Fourier variables by

=2(A]%)

Z1(&) = ~SEcoth(hE) ().
Note that for & = 400, .Z is given by

E‘(é) = —2I&E|f(&, that is £ = 2#0, where J is the Hilbert
transform.
We thus can write (13.51) as a single equation:

JA ®wJdA o d*A i :
e i —kAPA - ——
8+2k8x+8k282+w 4] 590 4
+ = wk|A\2—+ ikAZ (|A]?) = 0.
(13.52)



214 [CAP. 13: SOME MODELS IN THE MODULATION REGIME

This equation is reminiscent of the cubic KdV equation
U+ 1Pty + e = 0 (13.53)

In fact by eliminating the transport term in (13.52) by the change of
variable X = x — %t (we will keep the notation x for the spatial variable),

then writing, with o = —%k% and = o5

<5+ : >3=€3+ﬁ€2+g+ B

3a o 302 ' 2703’

an easy computation shows that the fundamental solution of the lineariza-
tion of (13.52) can be expressed as

. 1 2ill33 —iﬁx i i£3 ié(at)’]/‘}(x—tﬁz)
A(x,1) = (ta)1/3exp<27a2>exp<2a2 )/we e 3a)dE,

that is

1 2itB3 —ifx\ .. 1 B2
W) = ()13 P (27a2> eXp( 202 )Al (t1/3a1/3 (=3a")

where we have used here as definition of the Airy function

Ai(z) = / T ) g
If follows that the dispersive estimates for 2l are essentially the same as
those of the linearized KdV equation and one obtains for (13.52) the same
results as for the cubic KdV equation (13.53), that is (see [139], that is local
well-posedness of the Cauchy problem in H*(R), s > %.
In the two-dimensional case, the mean flow potential is solution of the
system (we follow the notations of [221]).

20 %
TJE—’_T}’? TZ?:O (—/’l<Z<O),
2
%‘i’ _ gagﬁ (z=0), (13.54)
99 =0 (z=—h).

9z
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In the infinite depth case one obtains at the fourth order in € the follow-
ing higher order nonlinear Schrodinger equation for the slow variation of
the wave envelope (where surface tension can be included) (see [109]) 2

2P L O 0L O s OA 04
"\ or Tox ) TP Tl TTATAT TG T o8
Y A P
a9 . 297 e 2
iuA ax—kzv\A\ e + A%, aX\A|
(13.55)

where % is the Riesz transform defined by @(5) =i I% y(é).
The linear part is a third order dispersive equation of type

u +iP(D)u =0, (13.56)

where p is a real polynomial of degree three in two variables.
A classification for all possible pointwise decay estimates leading to
Strichartz estimates for the corresponding fundamental solution

2 .
G(x,1) = / ePEtics ge
R

are given in [18].

We describe briefly below, following [148], how to obtain the local
well-posedness of the Cauchy problem for a class of equations compris-
ing (13.55). We consider thus the Cauchy problem

{iu,—i—P(D)u = f(u,dyu) inR>xR, (13.57)

u((x,0) =up(x) forxeR.

We make the following hypothesis on P, f. P is a differential operator
with a real symbol of degree three p(&) and there exist c¢1,c, > 0 such that

IVp(&)| > c1lé]* —ca, VE €RZ (13.58)

Remark 13.1. It is straightforward to check that (13.58) is satisfied for the
Dysthe type systems above.

2In the deep water case one obtains by solving (13.54) a system similar to (13.55) where
) is a replaced by a zeroth order nonlocal operator with a inhomogeneous symbol (see the
one-dimensional case above). It has essentially the same mathematical properties and one
obtains the same local well-posedness result as in the infinite depth case .
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Concerning the nonlinear part, v is a unit vector in R?, to which we
associates the Riesz transform %, defined by

v,
Wﬂ&)'

For real or complex constants a;, j = 0,1,2,3, we define

(&) =i

Sflu,0y) = a0|u|2u +a1u28vﬁ—|—a2|u|28vu+a3u8v%v\u|2. (13.59)

Note that when
ap,az €R, aj,ap €iR, (13.60)

the L2 norm is formally conserved by (13.57). This condition is satisfied in
the case of Dysthe type systems.

As previously mentioned we will rely on smoothing properties of the
linear equation

(13.61)

i, +P(D)u=g inR*xR,
u((x,0) =up(x) forxeR.

We now introduce related functional spaces. For x € R? we set
~ 5 1
O,={yeR ,mjz_1x|xj—yj\ < 5}

and for T > 0,
Qx,T = Qx X [0, T]~

The local smoothing estimate is as follows. 3

Proposition 13.7. Suppose that p satisfies (13.58). Let T > 0. We have

1
sup|(1—A)*ullr2p, )+ sup [[u(t)]].2
X 0<t<T

1 (13.62)
<c (IIuole + )l —A)_"‘f||L2<Qk.T>> :

keZ?

3This result generalizes easily to polynomials of degree k > 3, see [148]
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Proof. We refer to [148] for the proof that consists in reducing to a one
dimensional estimate. A key observation is the elementary lemma
O

Lemma 13.8. Ler p(0) be a real polynomial of degree x. Then for all real
e#£0

1 iso ./
_/e p(G)d‘

ol <K.
2iw Jr p(o) —ie

The following spaces are natural ones in view of the smoothing prop-
erty.

Definition 13.9. We fix a smooth compactly supported function ¢ which is
identically zero on Qp.

The spaces X;, C C([0,%]; H>/*>(R?)) and Y, are defined through their
norms

/4
luelx, = P el g2 ey + sup [[(1 = Ay ullz(g,,
xeR2 '

1/2
+t0‘”2(2 sup (10— K1) 1250 ||¢’<"">“(°)"i"”<“@2>>>

keZ? 0<t<ty
(13.63)

and

Wl = il L 10=8)"Allgy + [ IO oo e}

fHit+f=f k2

Before stating the main result we prove a consequence of the local
smoothing estimates.

Lemma 13.10. Suppose that |Vp(E)| ~ |E|? for large €. Let ug € H>?(R?)
and u the solution of

i, — P(D)u= f inR?x (0,19), u(-,0) = up. (13.64)

Then

lullxy < Nl oz, + 111l -
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Proof. Proposition 13.7 implies that

sup [[ul[z1 + sup ||DFul| 2 (Qerg)
0<r<ig xeR2

SIpaok+ int (¥ il +/ (0) adt
fith=f keZ? o

We apply (1 —A)'/* to (13.64) and obtain

sup |[ull a2 + sup |[(1—4)*

uflp2 S uo [ g3/2 +1|flly, -
0<r<1 xe€R2 ||L (Qxp) || HH/ (R?) || H 0]

(13.65)

We will use an elementary estimate (which actually is also used in the
proof of the local smoothing). See [148] for the proof.

O

Lemma 13.11. Let
idv—P(D)v=f

where p is a real polynomial of degree Kk in n variables. Let ¢ € Cf(R") be
supported in Bg(x). Then

lov(e) 3= lov)B] <4t [ os(Bds+e [ IvOI] s, ds

We now combine (13.65) with Lemma 13.11 where we choose ¢ €
Cg(R?), identically 1 in [—1,1]]* and supported in [—2,2]? to obtain

Y (10— Ryuto) B~ o —Ru0)3] < [ r)Bs+ [ 1l ds

kez?

We apply this estimate to (1 —A)'/#u. The commutators [(1—A)'/4, ¢]
are of order —1/2. Their kernels decay fast and the corresponding terms
can be easily controlled. Hence

'Y

keZ?

1
S [ IO Bpraayds+ sup ()] B

0<r<ty

| (x —k)u(t ||H1/2 R2) ||¢(x_k)”(0)||?{1/2(R2)
(13.66)

The main result of this Section is the
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Theorem 13.12. Suppose that p satisfies (13.58) and that f is of the form
(13.59). Given c > 1 there exists to ~ ¢~ such that for ug € H3/2(]R2) with
|[t0]| 32 < ¢ there exists a unique solution u € Xy to (13.57). Moreover, the

map ug — u is analytic from H% (Rz) into Xy,. When (13.60) is satisfied (and
thus in the case of Dysthe systems), one has furthermore |u(-,t)|2 = |uo|2.

Proof. We will merely sketch it, refering to [148] for details. Assuming f
as in (13.59) wwe can write it on the form

f(u) = Flu,u,u

with

Fluew] = £t vtw) + () + 1)
F 08— k) — b w) = v ),

where F is symmetric and linear independently in each argument. A typical
term is

Flu,v,w] = udyZy (vw) +vZ%y (wu) +woy Zy (uv). (13.67)
Let wo € H*(R) to be precised below and let w be the solution to
iw, —P(D)w=0, u(x,0)=wp.
Instead of u we search by a fixed point argument the solution to

v, —P(D)v=f(v+w), v(-,0)=uy—wp

itP(D)

Thanks to the unitarity of the group e in L2 based Sobolev spaces

and to Sobolev embedding,
‘D)ZCW|L°°(R><R2) S ||W0HH4(R2)‘

Let co = ||uo]|3/2- We choose € small and wo € H*(R?) with ||ug —

woll 2 < €, llito —woll a2 S 20 and [[wolla(re) S 3 *&~>/. The result
will follow from Lemma 13.10 and from the following estimate on the non-
linear term. We assume that f is of the form (13.59), that F is related to f
as above and that i < 1.

O
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Lemma 13.13.
1/2 1/2
1P Lty S (100 g+ 15"l ) (11O sz +10 % VI, )
1/2 1/2
(19112 10 V1, ) (1wl + 15 Il )

1/2 1/2
(1w )l + 15 l1wllx, ) (1) 72 -+ 26"l )
(13.68)

Proof. 1t suffices to prove that

17 @)l < cllu(O)][31> +tolul[, - (13.69)

More precisely, by the Sobolev embedding
1) g,y S IS Iy s,y

we have to prove that

2
1/2
Y 11181+ 981 lsigy < € (Ol +15” i, )l
keZ

where g is one of the following terms
w1 Oyu, udy Ry ul’.

The treatment of udy %y |u|? is typical and contains all the difficulties.
For clarity we consider first the local term V (u>Du). By Hélder inequality

IV @ (5)Du(s)|| 473,y S ()35 [1D*u(s) 124,
+ [[u(s)l|15(6,) HVM||L16/5 )
and by interpolation,
1Vl PL'(0x) S [full g, + 107wl 20,

Hence

) > 2

/ IV (2()Du(5)) 243,55

< ) ) (1O By + 1P g, )

4
<t [ 1)z g 1) 2 g

<er sup [|(1=8) " u(t)] |2, 101 =) ull 2, -
OSZ‘StO

(13.70)
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and by the definition of the spaces Xy,
t
L { [ 1000 B 5}
kezz |70
2
1/2
< (110 = 8) ()12 + 1 lullx, ) "l

‘We now turn to the more difficult term

}:2Hv(uavégwuV)HLamﬁmLM%Qwr
keZ

There are two terms to control

Z ||(Vu)8v5£’v|u\2\ |L2([0,lo];L4/3(Qk)) (1371)
kez?
and
Y, VAR lul?|| 20 101045 (00))- (13.72)
kez?

By Holder inequality for fixed ¢
| \(Vu)av%’v |u|2||L4/3(Qk) 5 ||Vu| ‘L16/5(Qk) | ‘av%v|u|2| |L16/7(Qk) .
The kernel K (x,y) of dy%, decays fast for |x — y| — o, as
K ()| < ellx—y| 7
and we estimate

\|av%|u|2||Lm/7(Qk> S Z(l LI Sl;p [ul |12}(Qk)

%
+ ) ||8V|u|2||L16/7(Q7()'
|k—k|<2

Proceeding as above, one can similarly bound the term

Z | IV(Mavc@v |Li|2) | ‘Lz([O,to],LM}(Qk))
k

and this complete the proof of Lemma 13.13.
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We can now complete the proof of Theorem 13.12 using Lemmas 13.13
and 13.64.
Firstly we obtain

[Wllx, < ctm)llwollgs2 < e(n)eo.
LetJ:X,, — X;,, J(V)=v be defined as the solution to
vi+P(D)v=f(w+7), v(0)=up—wo.

Then by Lemmas 13.13 and 13.64

2
1/2 ~
VIl < o+ (1wollgu/z + 1o = wol g 2 + 15" llwol 2 + 11711, )
0 0

X ([1woll a2 + 11911, < co+1o(co+ |71, )°-
(13.73)
We shall see that this map is a contraction, after posibly decreasing fg.
The lower bound on the life span follows from (13.73).
Letfor j=1,2

v+ P(D) = fF(w+7), v/ (0) = up— wo.

We expand the trilinear term

Fow+) = f(w=+7") = 3F[w,w, v fv]+3F[wv + 1,0 — !

+F[P? +0L, 07 451 7 — ).

It is straightforward to estimate

2
1w (), w(6), 7 = 5|1 vz S 1" wol B 172 = [ Ix,
and hence
[V = vHlx, < 7117 =],
where 7y can be chosen such that

1/2

1/2 5
YN[()

[1wol s+ ([woll /2 + 1" b, + 1) S 19”23~ + (o + p)m

with
u :e+t0 (HVZHX,0 -+ |Ix,)-
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Suppose that ||#/|[x, < R with R > co. Then

Lo,
[1v2 =Vl < 5117 = 5Ix,

provided eR < 1, (/2R < 1. (e +1) < 1 andip < cp "

Given R we can satisfy all these inequalities. Let Ro = [[/(0)||x,,, R >
2Ry and &, fg as above. Then

N 1
IM@)lx, <Ro+5R<R

if ||‘7||Xr0 < Hﬁ(O)HHl/Z(RZ) <e.

Now J maps this ball into itself and it is a contraction. The same argu-
ment gives uniqueness of solutions in that class. Finally we may reinterpret
the considerations above as an application of the implicit function theo-
rem with analytic nonlinearities, which implies analytic dependence on the
initial data.

Remark 13.2. By similar arguments one could establish the local well-
posedness of (13.57) for n = 3 in the cubic case for initial data in H?(R?)
provided €; and & are nonzero.

Remark 13.3. The result above was obtained by using only the local smooth-
ing esffect or the associated linear propagator. It is likely that it could be
improved by using other dispersive estimates (Strichartz, maximal func-
tion,...).



Chapter 14

Some internal waves system

14.1 The Shallow-Water/Shallow-Water system

We will consider in this Chapter some internal wave systems, mainly the
shallow-water/shallow-water system. We will also make some comments
of possible extensions of the systems introduced in Chapter 5 : surface
tension effects; upper free surface; higher order systems.

The system that arises in the shallow-water/shallow-water regime for
internal waves with a rigid lid (see Chapter 5) is studied here in some de-
tails. it can be seen as the counterpart of the Saint-Venant system for surface
waves. It is thus of “hyperbolic” nature and does not possess a dispersive
term. As for the Green-Naghdi system for surface waves, the dispersive
effects appear when performing the expansion of the Dirichlet-Neumann
operator to the next order (see below).

We will see that the rigid lid assumption introduces in the two-dimen-
sional case a non locality which is not present in the case of a upper free
surface.

We will study here the well-posedness of the Cauchy problem asso-
ciated to (5.21) following [104]. The method of proof is essentially an
hyperbolic one with some technical difficulties due to the nonlocal terms.

224
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Since in the regime under study both € and &, are O(1) quantities, we
will take for simplicity € = 1 (and thus & = §).

Introducing the operator

R[Clu= mﬂ[mﬂj (hou),

one can rewrite (5.21) under the form

A+ V- (mR[L]Y) =0,

1 (14.1)
v+ (1= + V(v =1L~V RIC) =
Note also that when d = 1, one has IT =1 and
m[g]u - 8/11 +'yh2u7
so that (14.1) writes then
hihy _
” +"X<mv> =°
(8m) ~ 83 5 (142
v+ (1- )8C—I— (WV) 0,
Let the function f({) be given by
hihy
= —. 14.3
10 = (143)

One easily checks that (14.2) can thus be recast under the conservative

form
9 ¢+ (f(§)v) =0,
v+ (1—7)0 &+ %BX(f'(C)VZ) =0.

Remark 14.1. One derive from (14.4) the Rankine-Hugoniot condition for
a piecewise C! solution

(& = &)+ [f (G )ve = f(C-)v-]ne =0,
(V4 =vo)m + (1= 7) (&4 — {-)ne (14.5)
+31(F(G)v3) = (F/(E)v2 ) Ine =0,

(14.4)
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along the surfaces of discontinuity. A mathematical study of weak solu-
tion to (14.2) has not been performed yet, but Bouchut and Zeitlin recently
managed to handle numerically shock waves for a similar type of system
[43].

14.1.1 The one dimensional case

It is a tedious but simple computation to check that the SW/SW equations
(14.2) can be put under the “quasilinear” form :

FU+AU)KU =0, U=(Lv), (14.6)
. ) b
=4 o) )
and

aU)= V. BO =), eU)=(1-N+5fO¥, 147

and where the function f({) was defined in (14.3). Actually both formula-
tions are equivalent.

A simple computation shows that (14.6) is strictly hyperbolic provided
that

iﬁf(l -8)>0,

inf(1+8¢) >0, (14.8)
(1+86)?
(6+y-8(1-9¢)°

The two first conditions (no cavitation) are the exact counterparts of
the hyperbolicity condition for the classical Saint-Venant system. The third
condition can be seen as a “trace” of the possible Kelvin-Helmholtz insta-
bilities in the two-layer system.

The following theorem follows directly from standard results on hyper-
bolic systems but we will give the plan of the proof as a guideline for the
much more difficult two-dimensional case.

inf [1—y(1+8 vi)] > 0.

Theorem 14.1. Let 6 >0and y € [0,1). Let alsoto > 1/2, s >ty + 1 and
U% = (£°,v0)T € H5(R)? be such that (14.8) is satisfied. Then
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o There exists Tyay > 0 and a unique maximal solution U = ({,v)T €
C([0, Tyuax); H* (R)?) to (14.2) satisfying (14.8) on [0, Tyayx) and with
initial condition U°;

o This solution satisfies the conservation of energy on [0, Typay) :

2 L0=78 4R @ =0,

with (&) as in (14.3).

o If Thpax < oo then limy_,7,, |U(t)|y1e = oo or one of the three condi-
tions of (14.8) ceases to be true ast — Tpay.

Proof. As previously mention we only indicate the steps (see [104] for
more details).

Step 1. Construction of a regularized system of equations by truncating the
high frequencies. Let y be a smooth, even, compactly supported function
defined over R and with values in [0, o), and equal to 1 in a neighborhood
of the origin. For all 1 > 0, we define the operator ), as

X = xX(1D);

the operator Y, is thus a smoothing operator mapping continuously H*® into
H' for all s,r € R. The regularization of (14.2) is then defined as

AU+ 1 (AU 3 (0:U")) = 0. (14.9)

Since UY satisfies (14.8), the mapping U — x;(A(U)yx,(9:U)) is locally
Lipschitz in a neighborhood of U in H*, for all s >ty > 1/2. Exis-
tence/uniqueness of a maximal solution U' € C([0,T"); H*) (with T* > 0)
to (14.9) with initial condition U° and satisfying (14.8) is thus a direct con-
sequence of the Cauchy-Lipschitz theorem for ODEs in Banach spaces.

Step 2. Choice of a symmetrizer. A natural choice is :

)= ( "5 (o )
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Step 3. Energy estimates. There are obtained by multiplying the equa-
tion for U = A*U" (where A* = (I —A)Z by S(U') and using then various
commutator estimates.

Step 4. Convergence of U' to a solution U by standard methods (see eg
[231], Chapter 16). The blow-up condition is also standard.

Step 5. The conservation of energy results from the Hamiltonian structure
of (14.4). Actually, setting

HE) =5 [10-DE+ 27,

one can write (14.4) in Hamiltonian form (this corresponds to (5.24) in
[62])
dU+JIVH(U) =0, (14.10)

where J is the skew-adjoint operator J = dy < (1) (1) ) :

O

We refer to [104] for more precise blow-up conditions. In particular,
one can prove the following result (which has been observed in the numer-
ical simulations in [104] :

Corollary 14.2. Under the assumptions of Theorem 4.1, if the maximal
existence time Ty is finite and if Y > O then:

o U = (&,v) remains uniformly bounded on [0, Tygx) X R
o lim [9U(t,")]w = oo

t—Tnax
It is possible that the height of one of the fluids vanishes as t — Ty In
that case, additional information can be given on the blow up of o,U (t,-):

o Urll%:axlﬁf(l —(t,-)) =0 then [llg}m s?lép&xv(t7 ) = oo,

e If lim inf(1+6C(z:)) =0 then li;n infdyv(z,-) = —oo.
t—Imax I—Imax
Remark 14.2. Tt is of course possible to have a shock on the velocity with-
out vanishing of the fluid depth for the upper or lower fluid. This scenario
can also be observed on our numerical computations.
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Remark 14.3. 'We also refer to [104] for the proof that, under the assump-
tions of Theorem 14.1, one has always T, < o if U® # (0,0) is suitably
compactly supported. This results from the fact that the domain where the
system is genuinely nonlinear is a “big” subset of the domain of strict hy-
perbolicity.

14.1.2 The two-dimensional case

We first summarize in the following lemma various useful properties of the
operator JR[{] (see [104] for a proof).

Lemma 14.3. Let y € [0,1), 6 > 0 and to > 1. Assume also that § €
H*(R?), with s > to+ 1, and satisfies

iﬁf(l —18lw) >0 and iﬁf(l —0|{]w) > 0.

Then, for all v € L*>(R?)?, one has

sy
Shi + vhy

h

v. V.
Rclv Shy+yhs

V¢ +
and, for j=1,2,

9;(R[¢]v) = 6R[¢] (%i]‘]&jg) +RI[C]9)v.

Moreover, for all v € L*(R?)?,

v 1

G ~ s

|2

! 19
78— 8(1-p)Cl

Remark 14.4. The first part of the Lemma shows how the divergence and
differentiation operators act on R[{].

The second part proves that SR[] is a local operator on gradient vec-
tor fields up to a more regular term. We recall that in one dimension,

9‘{[4‘](%): WV'

<C(

(1 7'}/)|C|Ht()+l)|HV|H—1.



230 [CAP. 14: SOME INTERNAL WAVES SYSTEM

It is more tricky when d = 1 to put (14.1) under a quasilinear form
because of the presence of the nonlocal term 93[{]v. Nevertheless one can
write (14.1) on the form :

U +AUIU=0, U=V, (14.11)
where ' JU) W) |
vor=( o) Wy ) o=
and
JO) = (RS T (142
b/ (U) %ﬁmzei, (14.13)
cdUle = e —7v ej+5(G[C]v)j9%[C](%§]vo)], (14.14)
D/[Ule = (v—yR[C]v)jldaxa — ¥(S[L]V); R[],  (14.15)
where
S[Clv=v+(1—py)R[{]v (14.16)

One can prove, using in particular Lemma 14.3 :

Proposition 14.4 (The case d =2). Let T >0, ty > 1 and s > ty+ 1. Let
also U = (§,v) € C([0,T]; H*(R?)3) be such that for all t € [0,T),

(I=18(t,)]w) >0 and (1-8|C(t,")]w)>0 and curlv(s,-)=0.
Then U solves (14.1) if and only U solves (14.11).

Remark 14.5. The system (14.11) is not stricto sensu a quasilinear system
since ¢/[U] (resp. D/[U]) is not an R?-vector-valued (resp. 2 x 2-matrix-
valued) function but a linear operator defined over the space of R2-vector-
valued (resp. 2 X 2-matrix-valued) functions. However, these operators are
of order zero and, as shown below, (14.11) can be handled roughly as a
quasilinear system.

One next proves that a solution of (14.11) which is initially curl-free
remains curl-free on its existence time.
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We now turn to the local well-posedness of the two-dimensional SW/SW
system (14.1).

The following conditions generalize the hyperbolicity conditions of the
one-dimensional system.

1= |¢]- >0,
1-96|{]ew >0, (14.17)
SIEv2 '
1—y—1vy6 >0,
s 50— p)[C)-

with G[{]v as in (14.16).
The main result is the

Theorem 14.5. Let § > 0 and y € [0,1). Let also to > 1, s >ty + 1 and
U% = (L%, v € H¥(R?)? be such that (14.17) is satisfied and curl v° = 0
Then there exists Tya: > 0 and a unique maximal solution U = ({,v)T
C([0, Tynax); H* (R?)3) to (14.1) with initial condition U°. Moreover, if Ty <
oo then at least one of the following conditions holds:

() lim (U0 ors = o

(ii)  One of the three conditions of (14.17) is enforced as t — Ty

Proof. As in the one-dimensional case we will only indicate the main steps,
emphasizing the specific difficulties of the 2d case (see [104] for details).

Step 1. Regularized equations. This step is very similar to the 1d case after
checking the smoothness of the coefficients of the matrices A’ [U].

Step 2. Choice of a symmetrizer. Let us look for S[U] under the form

S[U] = ( SIE)U) Sz([)u} ) (14.18)

with sy (+) : H*(R?)? — H*(R?) and S, [U] a linear operator mapping L?(R?)?
into itself. Defining C[U] as

W= 1,%)T € 2(R2)?,  CUIV=e[UF; + UV,

a straightforward generalization of the one dimensional case consists in
taking s1(U) = b(U)~! and S,[U] = C[U]~!; unfortunately, such a choice
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is not correct because the operator C[U] is not self-adjoint. It turns out
however that C[U] is self-adjoint (up to a smoothing term) on the restriction
of L?(R?)? to gradient vector fields, as shown in the following lemma. We
first need to define the operator C;[U] as

C[U] (ly)Id+%6y( c1[U] +Oc1[U]* " +Oc1[U]* ) (14.19)

with ¢1[U] : L?(R?) — L*(R?) given by

1

1= m(ZG]GQH(e2,)I +6%H(el-)1 —|—6%H(e2-)2)7 (14.20)

Cl[U

and where &; = (S[(]v);.

One can now state :

Lemma 14.6. Letto > 1 and U = ({,v) € HO Y (R?)3 be such that (14.17)
is satisfied. Define also C1[U] as in (14.19) and let C,[U]| = C[U] — C,[U].
For all ¢ € L>(R?), one has

GUIVE]s < c(U)[C .

We now choose the coefficients s1[U] and S>[U] of the symmetrizer
S[U] given by (14.18) as follows

si(U) = bU)™", (14.21)
SUl = alulh (14.22)

One then checks that Cy [U] is invertible in . (L?(R?)?; L?(R?)).

The operator S[U] would therefore be a symmetrizer in the sense given
in Step 2 of the proof of Theorem 14.1 if S[U]A/[U] (j = 1,2) were sym-
metric, which is unfortunately not the case. However, one can prove that
TIS[U]A/[U]I1, where IT denotes as before the projection onto gradient vec-
tor fields, is symmetric at leading order.

Step 3. Energy estimates. The idea is the same that in the 1d case but much
more delicate. One uses various properties of the coefficients of the matri-
ces A/[U] and commutator estimates (see for instance [157], Theorem 6).
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Step 4. Convergence of the approximate solution. We first obtained the
convergence to the unique solution of (14.11) which turns out to be also the
unique solution of (14.1) since we assumed that curl vo = 0.

Step 5. Blow-up condition. It results from a standard continuation argu-
ment. O

Remark 14.6. We do not know whether or not (14.1) possesses a conserved
energy or a Hamiltonian structure. The existence of two-dimensional
blowing-up solutions, though highly expected, is also unknown.

14.2 [Extensions : free upper surface; surface
tension effects

A natural extension, (very relevant in applications to ocean dynamics prob-
lems) of the previous results is to consider a free upper surface instead of a
rigid lid and/or a non flat bottom (nontrivial bathymetry).

14.2.1 The case of an upper free surface

A formal derivation of asymptotic models in this situation has been car-
ried out formally in [56] in the weakly nonlinear regime and in [16] in the
strongly nonlinear regime (see also [174]). The weakly nonlinear regime
was also considered in [62] by expanding the Hamiltonian of the full sys-
tem.

The rigorous approach of [32] has been generalized to the case of an
upper free surface by V. Duchéne ([73]) who also incorporates a non trivial
bathymetry. This second aspect will be kept aside till the next subsection
in order to focus here on the effect of an upper free surface.

Let us denote by I'; and I, the upper and inner free surfaces respec-
tively and ¢ and ¢ the velocity potentials of the upper and lower layers.
The full system consists now in four equations for the elevations §; and &,
of the upper free surface and of the inner free surface respectively and for
the traces y; of ¢; on I'1 and y» of ¢ on I';. It involves two Dirichlet-
Neumann operators G;[{;, ] and G,[&,] and a nonlocal interface opera-
tor H[{1,§,]. As in the rigid lid case the full system suffers from Kelvin-
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Helmholtz instabilities in presence of discontinuous tangential velocities at
the inner interface.

Performing the suitable expansions of the nonlocal operators, V. Duchéne
obtains asymptotic models in the Boussinesq/Boussinesq and SW/SW regi-
mes, but his approach applies as well to the other regimes. Let us consider
for instance the SW/SW regime. We denote here by €; (resp. &) the ratio
of the typical amplitude of the upper (resp inner) free surface over the depth
of the upper layer at the rest position. Setting vi = V1, vo = Vy, one gets
the following system (compare with (5.21)):

oca,g’l +V.(/’l1V1) —l—V.(thz) =0,
aZCQ—FV.(/’lez) =0

vy + aV§1 + %V(|V1 |2) =0
Iva+(1=YVo+yave + 5 V(val?) =0,

(14.23)

where ot = % h=14¢&l —&l, hh= %+82C2-

Remark 14.7. This system was derived in the one-dimensional case in [62]
from the Hamiltonian formulation and in [57] (using the layer-mean for-
mulation). In [73] V. Duchéne considers also the case of a non flat bottom.

Contrary to (5.21), the system (14.23) above is local. Actually it can be
written as a symmetrizable hyperbolic system

QU +A1(U)3U +Ar (U)AU =0 (14.24)
where vi = (u1,uz)7, vo = (v1,v2)7 and

U = (h,hy,&u1,&u3,&Vv1,€V2),

Euy 0 h 0 0 0
&V 0 0 h2 0

1 Su;  &up 0 0

0 0
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Suy 0 0 h 0 0
0 EV) 0 0 0 hy
0 0 0 0 0 0
AZ(U) - 1 1 Uy &up 0 0
0 0 0 0 0 0
Y 1 0 0 &V &»y

One can then prove the

Theorem 14.7. ([73]) Let Uy € H*(R?))®, s > 2, such that Uy satisfies on
R?, for some h > 0,

hi>h, hy>h, &ui+uf| < (1—Y)hy, &Pi+v3|<h.

Then there exists T > 0 and a unique solution U € C([0,T); H*(R?))%
of (14.24) with initial data U,.

Remark 14.8. 1Tt is furthermore proven in [73] that the solutions of (14.23)
approximate those of the full system, provided the later ones exist.

It thus appears that the nonlocal character of the SW/SW system (14.1)
derived in the previous section is a rigid lid effect. As noticed in [73] one
can actually derived it from (14.23). In fact, using the notations of the
present subsection, the rigid lid assumption means that & = 0, while &
remains > 0, so that & = 0 and (14.23) writes now :

V.(hlvl) —I—V.(/’lez) =0,

(9t€2 + V.(thz) =0
v+ (XVC] + %VOV] |2) =0
ova+(1—=y)\V& +yavE + %ZV(|V2|2),

(14.25)

Let v = v, — yv;. We deduces from the first equation in (14.25) that

Y+6 y—1
V. =-V. =-——V.((14+——= .
(hav) (71 +vh2)v1) 5 V-((1+ y+55€2)V1)
Being given { € L*(R?)?, we define the nonlocal operator Q[{] (see
2.2.2) as the mapping

2m2\2
a:  HES o HE
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where V is the unique gradient solution in L?(R?)? of the equation
V.((14+0)V)=V.W.
We have thus

}’-I-l

Vl*Q[HS

& 6] (———=hav).

y+0

Plugging this expression into (14.25) we obtain

81C2+ y+6 (hIQ[y_égSC](hzv))
3,V+(1 - )VCZ
2V ([v— J5 0L e85 () - (|0l estl ()]) =0,
(14.26)
which is (5.21).

14.2.2 Effect of surface tension and of a nontrivial
bathymetry

The main effect of surface tension in the two-layer system is to prevent
the formation of Kelvin-Helmholtz instabilities. For instance, in the re-
lated problem of horizontal shear flows (see [49] and the Introduction), if
we denote by T the surface tension coefficient, the flat interface for hori-
zontal shear flows with constant horizontal velocities U; and U, does not
develop instabilities for perturbations in the direction of streaming having
wave numbers K such that (compare to (5.16)):

OC] kT
g(p1+p2

p1p2

CETIE k(=

1. (14.27)

In particular, no Kelvin-Helmholtz instabilities are present provided the
surface tension is large enough to insure that

2 Tglon—oy)
o o pi+p

(U —Us)* < (14.28)

Coming back to the two-layer system (5.14), we have seen previously
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that the surface tension adds a term — —VK (C ) to the LHS of the second
equation of (5.14), where K(E) = (Vig)

I+

In fact, in oceanographic applications, the surface tension effects are
very weak and can be ignored when deriving the aforementionned asymp-
totic models (they appear as a lower order effect). In situations where they
are small but of the order of the “small” parameters involved in the asymp-
totic expansions (the €’s or the p's) one has to add a cubic “capillary” term
to the equation for v (see [66] where the various regimes are systematically
investigated). For instance, in the SW/SW regime, (5.21) has to be replaced
by

A+ 5V (AL 4esC)(hov)) =0,

v+ (1-y)V¢
5V(|v—y+—5 [LesC)(mv)|’ - x5 |all; esc}(hzv)\)
—&,/LVAV{ =0, (1429,
where v = p;%. .

Taking into account a varying bottom is more relevant for the oceano-
graphic applications. For surface waves, F. Chazel [51] has incorporated
those effects in the context of weakly nonlinear longwave systems of the
Boussinesq type.

For internal waves, this issue has been settled by Cung The Anh [66]
and V. Duchéne [73], who, as we said previously considers the case of a
free upper surface. We refer to those papers for details.

14.2.3 Higher order systems

A natural question is to go one step further in the asymptotic expansion of
the nonlocal operators G*[£{] and H*®[¢{] in order to derive higher or-
der asymptotic systems. This has already been carried out in the Boussi-
nesq/Boussinesq and SW/SW regimes in the two-dimensional case and
with a free upper surface by V. Duchéne [73] who proved that these sys-
tems are consistent with the full two-layer system.
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In the SW/SW case (for the sake of simplicity we restrict to the flat bot-
tom case) one obtains a internal waves generalization of the Green-Naghdi
system which writes (compare with (14.23))

a9, §i +V.(hvi) + V.(hava) = w(V.51 + V. % — IV.(KV.a%)
—V.(h&e Vi),

0,8+ V.(havy) = uv.%,

v+ aVei+ZV(vi|?) = uevm,

va+ (1=YVE+yaVE + ZV(|va|?) = w(yd, 7 + y&, V(v .V.H)

+&V N+ ye V),
(14.30)

where

h=1-80, h=j3+e&b,

oy =V.(hvy), h =V.(hpvy),

T[h,blv = —1V(h3V.v) + L(V(R?Vb.v) — i*VbV .v) + hVb Vb.v,
P =T h,&blvi, H=—-1V(3V.v),
H=h(V.(hivi)+V.(hvy) — éhIV.Vl —&Véivy),

M= 3EVE.v = V.(hyvy) = V.(hva)?,

</V2 = %[(Ezvcl Vo — V.(h]Vg))z — Y(SQVCZ.V] — V.(h] VVQ))z].
(14.31)
Note that this system is linearly ill-posed so that one should derived
models with parameters to get linearly well-posed systems.

Previously, Choi and Camassa [57] derived formally a similar system
(using the depth mean velocities) in one-dimension and with a rigid top.
This system has been also derived in one dimension in [62] by expansion
of the Hamiltonian.

Finally, Barros, Gavrilyuk and Teshukov [16] has considered the two-
dimensional case with a free surface and obtained formally a version of the
generalized Green-Naghdi system by expanding the Lagrangian of the full
system with respect to the dispersion parameter.

We are not aware of any mathematical results on this type of systems,
suitably modified to get linear well-posedness (see [13] for the rigorous
complete justification of the classical Green-Naghdi system [101] for sur-
face waves).
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The asymptotic expansion in 2.2.2 could be of course carried out one
order further to get the equivalent of (14.30) in case of a rigid lid.

Alternatively, following [73], one can try to obtain this system from
(14.30). As in Subsection 5.1 this amounts to setting €, = 0 and thus o« =0
in (14.30). One gets

V.(vi) +V.(hava) = W(V.A + V.5 — IV.(h3V.ah)),
9o+ V. (hava) = uV. %,

avi+Z2V(Ivi|?) = uevVos,

Ova+ 1=V +vave + ZV(|va]?) = u(y0,. + y&;V (v .V.H)

+& Vs +ye V),
(14.32)
where now
o =V.(uvy), @b =V.(hv),
Th,blv = —=1V(h3V.v)+ 3 (V(h?Vb.v) — VbV .¥) + hVb Vb.v,
T =Th,eblvi, F=-1V(BV.v),
A =hy(V.(hiv) + V.(h1v2) — 10 Vovy),
M =3[=V.(vi) = V.(Iva]?,
N = (&VE.va = V.(11v2))? — 1(&2VE.vi — V. (11 Vv2))?).

(14.33)
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