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Abstract

The PhD project concerns the surface water wave theory. Liquid is presented as a three
or two dimensional layer bounded from below by a rigid horizontal bottom. Above it
can have either a free surface or an elastic layer such as an ice cover, for example. The
fluid flow is considered to be inviscid, incompressible and irrotational. The flow is de-
scribed by the Euler equations with some appropriate boundary conditions. Following
Lagrange we assume that at the bottom liquid has zero vertical velocity component and
at the free surface there is a constant atmospheric pressure. The first condition is very
natural meaning that water cannot penetrate through the bottom and is always attached
to it making no cavities. The second condition is based on the fact that the air fluctua-
tions are negligible and the pressure is defined by the weight of the atmosphere. Note
that it also assumed that the pressure is changing continuously in the air-water media.
The latter can be modified in different ways. For example, assuming a strong capillar-
ity effect one can assume that the liquid pressure at the top is proportional to the surface
curvature. However, it turns out that this effect is more important in water tanks than
in the ocean. Another more relevant modification for the real world is the modelling of
ice cover. In such situation the surface tension is caused by deformation forces in the
ice. The latter is assumed to be elastic.

Solving the Euler equations with the mentioned boundary conditions provides with
the complete description of the flow dynamics. However, in many situations it is more
important to know only the surface time evolution, whereas solving the full problem
may be too demanding. Different nonlinear dispersive wave equations, such as the
Korteweg-de Vries equation, allow to approximate the free surface dynamics without
providing with the complete description of the fluid motion below the surface. There
are several ways of testing the validity of these models. The two most important of them
are tests on well-posedness and travelling wave existence. A relevant model should at
least reflect adequately these two properties.

In this work we are mainly concerned with the fully dispersive bi-directional exten-
sions of the mentioned KdV equation. Still being simple toy models they are believed
to be better approximations to the full Euler equations. Moreover, they allow two di-
rectional water motion for the two dimensional liquid layer, whereas the scalar KdV
equation describes the waves traveling in one direction. A recent interest in such mod-
els was caused by discovery of certain phenomena in the Whitham equation that is a
direct fully dispersive one-directional extension of the KdV equation. Among them are
solitary waves, the existence of a wave of greatest height predicted by Stokes, the ex-
istence of shocks and modulational instability of steady periodic waves. A natural step
forward is to try to find an adequate two-directional extension of the scalar Whitham
equation displaying the same phenomena or some other water wave properties.

In this project we have an overview of several such models recently put forward.



iv Abstract

We pay a special attention to one particular system introduced by the author. We anal-
yse situations demanding the use of such models, testing them with different surface
boundary conditions, as for example, putting ice cover atop. Consideration is given to
the initial value problem and solitary wave existence. We simulate periodic travelling
waves for these models and also for one exact model the so-called Babenko equation,
that is also an example of a fully dispersive model, in particular. The thesis is based on
ten papers submitted during the work on the project, with eight of them being included
in the text.
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Chapter 1

Water waves

1.1 Introduction

We start with a short reminder of the very basic concepts of Hydrodynamics [4, 56].
Fluid flow in some domain Q is governed by the fundamental conservation laws and
boundary conditions. In our framework Q represents a layer bounded from below by
the flat bottom z = —h. The upper boundary is called a free surface. It is described by
z="n(x,y,t). The positive finite constant 4 is called an undisturbed depth. This notion
needs some clarification, since the depth at each point (x,y) € R? at time moment ¢ € R
equals &+ 1 (x,y,t), and so it is not definite. It will be convenient for us below to
work with L2-based Sobolev spaces H*(M) where M = R or T¢ with d = 1,2. For
this reason we define the undisturbed depth /4 in a way that n — 0O at infinity for the
non-periodic domain Q and [ndxdy = 0 over a period otherwise. Such restriction
gives us a reference length that will be convenient for approximations below. We use
standard notations for the density p, pressure p, velocity v = (vi,v2,v3) and the gravity
acceleration g = (0,0, —g).
The first fundamental principal is the mass conservation

AP +V-(pv) =0

that in the case of incompressible fluid takes the form

V-v=0. (1.1)
The second principal is the momentum conservation (Newton’s law)
\%
IVt (v-Viv=g— L (1.2)
p
~Z z = 77(% Y, t)

Ly T

bottom

Figure 1.1: The domain of the fluid flow: longitudinal cross-section of a rectangular channel,
7 is the free surface, L, is the wavelength, 4 is the undisturbed depth, g is the gravity.



2 Water waves

where it is assumed that the liquid is inviscid. These two equations were put forward by
Euler in 1755. Then Lagrange complemented them in 1781 by the boundary conditions

v3=0 atz=—h, (1.3)

N =vi—vidN =M, p=po atz="1n(x,y1). (1.4)

Here pg = const. Condition (1.3) reflects the fact that the bottom is impenetrable. The
second surface boundary condition (1.4) means that the pressure at the top of the liquid
coincides with atmospheric pressure assumed to be constant. The first equation of (1.4)
is in fact the velocity definition of surface particles. Indeed, the material derivative in
Euler coordinates is d, + (v- V). To find the velocity v of liquid particles at the surface
one has to apply it to the vector field (x,y,n(x,y,7)) describing the surface location. In
particular, v3 = d;n + (v- V)1 that is the first equation of (1.4).

Equations (1.1)-(1.4) represent the full gravity water wave problem. In some situ-
ations it is desirable to take into account surface tension effect [S6]. Then the surface
condition p = const is substituted by the more general

vn
Vi+[Vnl?
where it is assumed that the capillary pressure is proportional to the free surface curva-

ture. The full gravity-capillary water wave problem consists of Equations (1.1)-(1.5).
It can be significantly simplified admitting existence a velocity potential ¢ such that

p = po = const — pgh’»V - atz="n(x,y,1), (1.5)

v=V¢

implying the flow to be irrotational. The complete problem reduces to the Laplace’s
equation
Ap=0 inQ, (1.6)

the Neumann boundary condition at the flat bottom
d,0 =0 atz=—h, (1.7)

the kinematic condition at the free surface

atn :az¢_ax¢axn_ay¢ayn atZ:n(xvyvt)y (18)

and the Bernoulli equation combined with the surface tension

1 v
¢+ 5|V¢|2+gn —gh* %V <n> =0 atz=n(xy1). (1.9)

V14[Vnf?

The latter is a consequence of the momentum conservation (1.2) restricted to the free
surface. Note that we do not regard the Bernoulli equation inside of the fluid domain
Q, since it will only give us the pressure distribution provided the rest of the problem
is solved.
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System (1.6)-(1.9) poses a conserved quantity having the meaning of the total en-
ergy

. Lpo el Vil
%:/ / 2dzdxd +7/ / Vo |2 dzdxdy + dxd
o)y 8 y+5 ), VO Y e T i

(1.10)
that is the sum of the potential energy due to gravity, the kinetic energy and the surface
tensi(z)n energy. In the periodic case the domain of integration R? should be substituted
by T-.

Our main concern is formation and propagation of surface waves. For this reason
Equations (1.6)-(1.9) are restricted to the surface as follows. Firstly, we introduce
the trace of the potential at the free surface as ®(x,y,t) = ¢ (x,y,n(x,y,1),7). With
the elliptic problem (1.6), (1.7) and ¢ = ® on the surface we associate the Dirichlet-
Neumann operator G(7n) by the formula

G(n)® = \/1+|Vn[2d,0 (111

where d,¢ is the projection of the surface fluid velocity on the outer normal. For
the more detailed definition of G(7n) taking into account the appropriate periodic or
asymptotic conditions on ¢ we refer to [2, 44]. Note that the right hand side of (1.11)
coincides with the right hand side of (1.8). The full system (1.6)-(1.9) is reduced to

am = G(n)@, (1.12)

vn 1 (VN -V®+G(n)®)?
0P = —gn+gh*sV - [ ———— | — = |VO|*+ 1.13
AL ( 1+|vn|2> 2V vy

with a slight abuse of notation V = (dx, d,). A pair (1, ®) solving System (1.12)-(1.13)
describes the surface waves completely. An obvious drawback of this formulation is
that the dependence of the Dirichlet-Neumann operator on the surface elevation 7 is
implicit. As was shown by Zakharov [59], System (1.12)-(1.13) enjoys the Hamiltonian
structure

oK 0K
on=— o9b=—— 1.14
ITI 5@7 t 31" ( )
with the total energy (1.10) serving as the Hamiltonian
1 »gh?|Vn|?
H(n,® :f/ 241 ®G(N)D+ —> | dxdy. (1.15)
(n.®)=7 |, |81 (m) i vaE |

One can simplify the water wave problem further approximating the Dirichlet-
Neumann operator by different explicit expressions.

1.2 Linear wave theory

It is a matter of common knowledge that ocean waves are small and long with respect
to the water depth 4. So the simplest possible approximation of (1.12)-(1.13) is the
linearisation

an = Go®, (1.16)
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O, ® = —gn + gh*»An (1.17)

where Gy = G(0) is the Dirichlet-Neumann operator corresponding to the undisturbed
surface 1 = 0. We will provide with an exact expression for Gy.

Firstly, we remind the notion of Fourier multipliers. Let 8'(M) with M = R? or T¢
and d = 1,2 be the space of tempered distributions. The Fourier transform is defined
by the formula

-~

FE) =F()E) = /M F)eEd

on Schwartz functions. By the Fourier multiplier operator ¢(D) with symbol ¢ €
C=(M) we mean the line F(@(D)f) = @(&)f(E) for any f € 8'(M). In particular,
D) = —id\ is the Fourier multiplier associated with the symbol ¢(&) = &;.

For any given potential trace ® the elliptic problem (1.6) with Q = M x (—h,0),
(1.7) and ¢ = P at z = 0 can easily be solved in the frequency space. Indeed, defining
(3 (€,7) to be the Fourier transform of ¢ with respect to the horizontal variables one
obtains

920(E,2) = [EP(E,z) for —h<z<0,
9.0(E,~h) =0,
0(£,0)= (&)

that is a second-order ODE in z with boundary conditions at z = —h and z = 0. It has a
unique solution given by

~ ~ cosh((h+z)|&]) ~
(P(é?Z)_ COSh(/’l‘éD (b(é)

where & lies in the frequency space and z € [—h,0]. Therefore by the definition of the
Dirichlet-Neumann operator (1.11) we have Go® = d,¢ at z = 0 and so

F(Go®)(&) = 99(§,0) = [&| tanh (k| ) D(&).
In other words, Gy is a Fourier multiplier operator given by the formula
Go = |D|tanh(h|D|) (1.18)

where we use the notation D = —id if d =1 and D = —iV = —i(d\,d,) if d = 2.
With the explicit expression (1.18) one can easily solve the linear Cauchy problem
(1.16)-(1.17) with n(0) = np € 8', P(0) = Py € §' as

in @t
n(t) = cos wtny + Go o

D, (1.19)

sin wt
w

O(r) = —g(1+4 2h*|D)?) o + cos wr Py, (1.20)

where @ = (D) is the Fourier multiplier operator defined by the symbol

0(&) = \/5(1+ ?/E ) & | tanh(h]€)) (1.21)
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that is called the water wave dispersion relation. Note that 1) satisfies a wave type
equation
n+aw’n=0

with frequency variable speed. Introducing the wave celerity

H ] (122

one can notice that ¢/(|§|) < 0 after setting 5 = 0. This phenomena results in the fact
that the linear solution always disperse. The phase speed increases with the wave length
approaching maximum cg = +/gh.

Dispersion of linear waves makes it impossible to explain the so called solitary
waves (or localised waves of translation) discovered by Russell in 1834, staying only
in the framework of the linear theory. Moreover, neglecting dispersion by assuming
waves to be long and substituting ®(D) with the long wave limit ¢3|D|* one arrives at
the wave equation

cllgh =) = \/gu + i) S

0t —ciAn =0
where A = —|D|> = 97 + 8y2. It comes across with the fact that the height of a soli-

tary wave depends on its speed, whereas this cannot be the case with the linear wave
equation.

1.3 Nonlinear long waves

Nonlinear long wave approximation of the water wave problem (1.12)-(1.13) can be
done through expansion of the Dirichlet-Neumann operator (1.11) developed in [20,
22]. It was shown in [49] that this operator depends analytically on the unknown 717 and
can therefore be expanded in the power series

G(n)® = i)Gj(n)ﬂD,
=

where each operator G (1) is homogeneous of degree j in 1. The first term Gy of zero
order was computed above in (1.18). The next term has the form

G1(n)® =D (nDP) — Go(nGoP) (1.23)

and the rest terms in the power series can be computed using a recursion formula [19,
21].

In the long wave framework it is generally assumed that the surface displacement
and velocity are comparable with respect to smallness, at least after nondimensinal
transformation  — 1 /h, v — v/co, see [6, 45], for example. For this reason we intro-
duce the surface velocity variable u = V® = (¢, + 1,¢., ¢, + 1,¢.). Note that by the
definition the new velocity u is curl free. It will be also convenient to introduce the

operator
[tanh(h|D|)
K=\l—F7—. 1.24
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Note that Gy® = —hK>V -u. We neglect cubic and higher order terms in (1,u) in order
to approximate formally (1.12)-(1.13) by the system

om = —hK*V-u—V - (nu) + hGo(nK*V -u), (1.25)
du= —g (1+3h*DJ?) Vn—%V|u|2 (1.26)

which can be found in [45]. Since we neglected the third order terms one could antic-
ipate a good agreement with the full problem (1.12)-(1.13), however, numerical simu-
lations carried out in [27] suggest that this system is probably ill-posed and so is not a
relevant asymptotic model.

In order to proceed we need to make some assumptions on relations between wave
amplitudes and lengths. Regard a wave-field with a characteristic non-dimensional
amplitude o = a/h. We suppose that a characteristic wavelength L, along the x-axis is
of the same order as L, along the y-axis. Define the small parameter u = i/L,. The
squared value u? is often referred as the shallowness parameter, whereas (o is called
steepness [44]. A particular scaling regime is defined by assuming a dependence of
a on W, while n = hO(a), u = /ghO(o) and hD = O(u). The latter means that the
Fourier transformations of 77, u are localised close to the origin, so the absolute value of
frequencies involved do not exceed tt. One of the mostly used scaling is the Boussinesq
regime o = O(u?).

Using Taylor expansions of symbols corresponding to Gy and K in the first equation
(1.25) one obtains

am = —h(1— %h2|D|2)V-u— V- (nu)+0(u’)

in the Boussinesq regime, and so discarding the error term O(u’) we arrive at the
following Boussinesq system

on =—h (1+;h2A>V-U—V'(TI“)7 (1.27)
O = —g (1= 544) V1 3 VIuf (128)

appeared in [24]. In the purely gravity case s = 0 it is also known as the integrable
Boussinesq system [55]. Note that from the definition of velocity u and Equation (1.8)
follows

u=(vi,v2) + (I + (v1,v2) - V)V = (v1,v2) + 0O (1),

and so in the Boussinesq regime we can identify u and the surface horizontal velocity

(vi,m).
System (1.27)-(1.28) is a particular case of the following four-parameter Boussinesq
system

om = —h(14ah*A)V-u+bh*Adn —V - (nu), (1.29)
o= —g (14 (e~ )W) V) +dI*Adu — 3V u] (1.30)
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introduced in [6, 9] without the surface tension sz = 0. Here u = u(x,y,7) is the hori-
zontal velocity taken at some height in the fluid domain Q, and a, b, c,d are modelling
parameters satisfying the constraint @ + b+ c+d = 1/3. Such three degrees of free-
dom arise from the choice of height at which the horizontal velocity is taken and from
the double use of the BBM trick [5].

In order to justify rigorously Equations (1.29)-(1.30) one has to include the shallow-
ness parameter > explicitly. It can be done by introducing non-dimensional variables
via changing x,y — Lyx,Lyy, t — (Ly/co)t, 1 — an, u— (ga/co)u. This leads to

o = — (1+au®A) V-u+bu?Adn — u?v-(nu), (1.31)
du=— (1+ (c—»)u*A) VN +dpu*Adu — %M2V|u|z (1.32)

where we have set & = u?. Note that we have a balance here between dispersion and
non-linearity. Well-posedness of this system was investigated in [8, 53] establishing
long time T = O(u~?) of existence for some particular restrictions on the modelling
parameters a, b, c,d. Consistency with the full water wave problem (1.12)-(1.13) with
the optimal error estimate (‘)(,u4t) was proved in [9]. Note that the full problem is
well-posed [44] on the time scale O(u~2).

In the one dimensional case d = 1 assuming waves travelling in one direction the
Boussinesq system (1.27)-(1.28) can approximately, staying in the same framework of
accuracy, be reduced to the scalar KdV equation

P coh? 3 3co B
tn+m&n+0—3%yg—@n+aﬁn&n—0 (1.33)

firstly introduced by Boussinesq in 1871 and then later in 1895 by Korteweg and de
Vries. It is known to be globally well-posed in H* with s > 1 (see [41], for instance).
This is a quasilinear equation, which in particular, results in the fact that for a proof
of the well-posedness one might need to study a regularized problem first, and then
investigate convergence of solutions of the regularized Cauchy problem [10]. In their
proof Bona and Smith have used the BBM regularization

3¢

Eﬁn&nzo (1.34)

2
o +codan — (1~ 32) "= 02an +
firstly introduced in [5]. In particular, they showed that the Cauchy problems for the
KdV and BBM equations give close solutions in the long wave limit. A nice exposition
of the well-posedness for (1.34) in H* with s > 0 can be found in [7].

In the physically relevant case » < 1/3 one may rescale x and ¢ by /1 —3s in
both equations (1.33), (1.34) to exclude the surface tension. Thus the capillary effect
does not play any significant role at this level of accuracy. One of the most important
features of Equations (1.33), (1.34) is that they admit explicit solitary wave solutions.
Indeed, one can easily check that the wave

1(x,) = mosech? ( 4(13%@ - Ut))
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with the velocity depending on the amplitude 79 according to

Mo
U=c (1 + 3 h)
is a solution of the KdV equation (1.33). Solitary waves for the BBM equation (1.34)
look similar. At this point we would like to make a remark that the general (a,b,c,d)-
family (1.29)-(1.30) also has explicit solitary waves [16, 24].

As one can notice the solitary wave solution of the KdV equation (1.33) is defined
for all ng/h > 0. However, solitary waves are found to peak at a maximum height
No/h ~ 0.7 experimentally. To overcome this difficulty and precise the model Whitham
proposed [57, 58] the following equation

am +c0\/1+%h2]D|2K8Xn+32%naxn =0 (1.35)

where we have the KdV type nonlinearity and the full dispersion (1.22). For the
Whitham equation with the surface tension we refer the reader to [28]. In the case
of pure gravity waves s = 0, it was proved to be locally well-posed in H*(M) with
M =RorM =T and s > 3/2 [33]. Moreover, several interesting phenomena predicted
by Whitham were confirmed, as for example, a solitary wave regime close to KdV [34],
the existence of a wave of greatest height [35], the existence of shocks [37], and mod-
ulational instability of steady periodic waves [38]. With the nontrivial surface tension
2 > 0 the dynamics of (1.35) appears to be completely different [42]. Finally, we point
out that the Whitham equation (1.35) was proved to be a relevant water wave model
[42]. However, it is justified only in the Boussinesq regime. In other words, it is proved
to be at least as accurate as the KdV equation (1.33). The question if the Whitham
equation (1.35) gives a better approximation remains open. Various numerical simula-
tions suggest the positive answer [11, 15, 28, 48]. We also refer to [42, 52, 54] for other
interesting numerical experiments.



Chapter 2

Main results

2.1 The Whitham equation for hydroelastic waves

We introduced a Whitham type model for describing thin elastic water cover. The
validity is checked numerically on periodic travelling waves. We also observed asym-
metric waves. Some of them bifurcate sub-harmonically from curves starting from
trivial solutions. And some of them cannot be obtained from the Crandall-Rabinowitz
asymptotics.

In fact Paper 2.1 is a continuation of our other work [28], where we have showed
how the surface tension naturally arises in asymptotic models from the Hamiltonian
formulation of the water wave problem. Moreover, the use of the Whitham equation
with surface tension was justified by a formal derivation and numerical experiments.

We work in the same variables 1, u as they were introduced in Section 1.3 in the one
dimensional setting d = 1. They are non-dimensionalised in a way that h = g = co = 1.
The Hamiltonian formulation has the form

0K 0K
t —3x5, Ur = —axﬁ (2.1)
with the energy
1
H(n,u) = E/R (0% +uD"'G(n)D'u] dx+3,.(n) 2.2)

where J{,, stands for the surface deformation energy due to either capillarity or elas-
ticity. Correspondingly, s is either the capillarity or elasticity parameter. Simplifying
only the Hamiltonian functional in the long wave framework we obtain the system

Nt =

D () 23)

Uy = —MNy — »|D|" Ny — uuty (2.4)

where r = 2 for the surface tension problem and r = 4 for the hydro-elastic problem.
Note that this system is Hamiltonian, and moreover, its Hamiltonian comparable with
the total energy (2.2) of the full problem. On the contrary, in such formulation one
inevitably has to impose more smoothness on variable 1 than on u. As a result operator
N +— dy(Nu) with fixed u is singular regardless of the choice of domain, and so one can
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hardly anticipate a satisfactory well-posedness result here. This does not seem in line
with the fact that surface tension sometimes is used for regularisation of approximate
models. Indeed, the following system

tanh D

N =

(14 |D*)wy — (MW)s, (2.5)
Wy = —Tx — WWy (2.6)

can be found in [15, 42]. The corresponding initial value problem was considered in
[51] for 3¢ = 0 and in [40] for s« > 0. The latter work provides with a more satisfactory
formulation of the Cauchy problem, because of the regularization effect due to the
surface tension. Note that the new velocity variable w = (1+|D|?)~'u, and so formally
Systems (2.3)-(2.4) and (2.5)-(2.6) differ only in the nonlinear part, negligibly from
the long wave point of view. However, System (2.5)-(2.6) has a different Hamiltonian
structure, and in particular, its Hamiltonian is not comparable with the total energy
(2.2) of the full problem.

Assuming waves travelling in one direction we reduce System (2.3)-(2.4) to the

Whitham equation
3
M+ K/ 145D+ 5nn.e =0

where K is defined by (1.24).
We simulate periodic travelling waves 1 (x,t) = @(x — ct) satisfying

3
—cp+39° +K\/1+xDlp=B 2.7)

with some constant B. Exploiting asymptotic Crandall-Rabinowitz expressions [23]
one can bifurcate from trivial solutions and obtain a wide range of travelling wave
solutions. However, there are some solutions that cannot be obtained from the linear
theory. Those were obtained by trial and error method. We would like to point out a
very good agreement between the Whitham approximation and the full hydro-elastic
travelling wave problem even for high waves.

2.2 Fully dispersive models for moving loads on ice sheets

The paper is on modelling of ice response of a floating elastic plate to the time-
dependent motion of a moving load. The final model combines the full dispersion
together with nonlinearity, forcing and damping.

The main motivation comes from the previous study 2.1. Firstly, deformations of an
ice cover are normally very small, and so nonlinearity is very weak. Hence presumably
the KdV type nonlinearity should be enough. Secondly, elastic effects affect only high
frequencies of the dispersion relation, so it makes more sense of using fully dispersive
models. Thirdly, as was mentioned at the end of the last section there are travelling
waves that cannot be deduced from the limit argument, but can be obtained from the
Whitham asymptotic model. As mentioned in the appendix of Paper 2.2, waves of half
a meter height and of 50 meters length in a channel of 4 meters depth might be of purely
nonlinear nature.



2.3 Modified Babenko’s Equation For Periodic Gravity Waves On Water Of Finite
Depth 11

2.3 Modified Babenko’s Equation For Periodic Gravity Waves On Wa-
ter Of Finite Depth

Known Babenko equations, as for example introduced in [17, 18, 43], have a flaw in the
following sense. The operators involved are parametrised by non-physical conformal
parameters. We modified the equation from our other paper [43] in order to exclude
the shortcoming. As a result we were able to carry out numerical bifurcation with a
fixed depth. To our knowledge this is the easiest way to calculate asymmetric periodic
travelling waves, in particular.

It is a continuation of our paper [43]. It turns out that 2D periodic travelling water
waves of finite depth can be described by the single differential equation

udw=w+wiw+ %Hr(wz) , where J, = Z Ay . (2.8)

n=1
Here P, is the projector onto the subspace of L2(0, ) spanned by cosnt and

1+
is the corresponding eigenvalue of J, = B,d;, n € N. Parameters 4 > 0 and r € (0,1)
are called the Froude number and conformal radius, respectively. The Hilbert transform
B, in L*(T) is defined by the line

o0 o 2n
B, (Z (aycosnt + by sinnt)) = Z i i— :2n (aysinnt — b, cosnt).
n=0 n=1

If we H'(0,7) solves (2.8) for some 1 >0 and r € (0, 1) then the corresponding wave
profile z = 1(x) can be restored from the parametrisation x = —t — B,w(t),z = w(t)
with w being evenly extended on the whole interval ¢ € (-7, 7). The square root /[
gives the speed of the wave up to some dimensional constant. The non-dimensional
fluid depth 7 = —logr — Pyw with a slight abuse of notation where Pyw stands for the
mean value of w.

As one can see the conformal radius r, the undisturbed water depth 4 and the mean
value Pyw are bounded by one relation. This makes it difficult to solve the problem as it
was formulated in the introduction 1.1 for the fixed depth /4 using the Babenko equation
(2.8). We modified (2.8) in the way

1
p(1 = Py)w=Lyw = Ly(—wdiw) + 5 (1 —PRy)(w?) (2.10)
where the nonlinear operators £, J; parametrized by the physical depth & > 0 are
defined as follows. Firstly, we introduce the nonlinear functional

ra(w) = exp{—h— Pyw}. .11)

Secondly, changing r to this functional in formula (2.9) giving the sequence of eigen-
values of J,, we come to the following functionals

A ) =l H OO

= G 2., (2.12)
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all of which are well defined provided Pyw # —h. Changing {A,}’;_, to these function-
als in the definition of J,, we introduce the following nonlinear operator

dnw = Z 7Ln(h> (w)Bw, weH'(0,1), Pow> —h.
n=1
The second operator is defined on the whole L*(0, ) by the formula

—P (B) (L \ P here 1™ (w) = M

Lypw 0W+n;1/~ln (W) nW, where Uy (W) I’l{1+ [rh(W)]Z"}
Note that according to Proposition 2.1 of the paper there is a bijection between solutions
of the Babenko equations parametrised by 4 and solutions of the Babenko equations
parametrised by r. However, this bijection is not so much of use. Solving the equations
parametrised by r does not give us solutions of the initial problem for particular given
h. As aresult one has to somehow iteratively adapt r to converge to the correct solution
of the physical problem for the given 4. This is not very efficient. The modified version
of Babenko’s equation allows us to avoid this difficulty.

As in the case of infinite depth [3], we observed numerically sub-harmonic bifur-
cations. We believe that this Babenko equation can be used for analytical proof of
existence of these bifurcations, as it was done for the infinite depth in [14]. Note that
the infinite depth 4 = o corresponds to r = 0.

2.4 A comparative study of bi-directional Whitham systems

We show how one can naturally come from the full water wave problem (1.12)-(1.13)
to different dispersive models of a Whitham—Boussinesq type. Numerical experiments
demonstrate that all these models approximate the full problem similarly. Moreover,
it turned out later (see [25, 30]) that one of the systems proposed in this paper is well
posed under physically satisfactory conditions.

To our understanding models of such type were introduced mostly ad hoc [1, 15,
31, 39, 42]. Moreover, the non-physically conditional well-posedness proved in [51]
for one of the systems was not enough. Unfortunately, we were not aware of the system
introduced in [31], while writing our paper, because they introduced a fully dispersive
system with satisfactory results on the initial value problem [31] and on existence of
solitary waves [32]. Other than that, it seemed that some tidiness were needed to be
add to the existing results.

We start from the formulation (1.14)-(1.15) and introduce the new variable

v=Ku=KVd

where @ is the surface trace of the potential ¢ and K is given in (1.24). For simplicity in
the paper we consider the one dimensional problem d = 1 that corresponds to 2D water
waves. Since in [26, 30] we regard the initial value problem for both cases d = 1,2 we
will present here the content of Paper 2.4 more generally.
Under the change of variables ® > v the Hamiltonian structure (1.14) transforms
visually to
at(n7V)T = 3Vj{(n7v)
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with the skew-adjoint matrix

0 —K?%9, —K?0,
3 == _K2a_x1 0 0
~K?9,, 0O 0

Applying the Hamiltonian long wave approximation as was explained in Section 1.3
(see also [19, 22]), and keeping untouched the part of the Hamiltonian responsible for
the linear waves, one simplifies the energy functional to the form

1 1.2
J—C(n,v)zi/Rz (gn2+%gh2|Vn|2—|—h|K y| +n|vy2)dx. (2.13)

Note that (2.13) is well defined on H' x (Hl/z)d for 2 > 0 and on L* x (Hl/z)d for
s = 0. Such Hamiltonian structure generates evolution described by the model

on+hV-v=—K*V-(nv),

2.14
{8;v+gK2V(1+%h2|D|2)n =—K*V ([v[*/2). @149
There are two conserved quantities for this system. The first one is Energy (2.13). The
second one has the meaning of momentum and the form

I(n,v) = /R nK %vdx. (2.15)

The latter conserves under the restriction that v is a curl free vector field (V x v =0),
which holds true according to the definition of the velocity variable v given above.

In addition to the introduction of System (2.14), we compared numerically perfor-
mance of different fully dispersive models. In most simulations results for (2.14) were
slightly better than for other Whitham—Boussinesq type models.

25 On well-posedness of a dispersive system of the Whitham-
Boussinesq type

Soon after submission of Paper 2.4 we obtained energy estimates for Model (2.14) for
the one dimensional case d = 1 and the pure gravity »c = 0, that were presented in this
short note. A natural choice of the energy norm is E(1,v) = (|1, v|| s, gys+1/2 - With the

energy estimates in hand we claimed the local well-posedness in H*(R) x H*t!/2(R)
with any s > 1/2. This is a standard method to use for quasilinear equations. The result
was extensively extended later in my work with Selberg and Tesfahun [30], when we
realised that System (2.14) is actually of the semilinear nature in the absence of the
surface tension » = 0.

In addition some numerical computations of solitary waves were carried out, which
allowed us to make a hypothesis about their existence for System (2.14). It was later
confirmed in my work with Nilsson [29]. This is a crucial milestone for the justification
of the model.
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2.6 Well-posedness for a dispersive system of the Whitham-Boussinesq
type

We have studied well-posedness for the Whitham—Boussinesq system (2.14) in the
pure gravity case s = 0 at a very low level of regularity proposed in Paper 2.4. For
this purpose we improved dispersive estimates of Strichartz type for water waves and
implemented them together with the fixed point argument. In fact we derived the fre-
quency localised estimates. Conservation of Hamiltonian allows to extend globally
well-posedness at least for small initial data in the one dimensional case d = 1. This is
a nice complement to the existing initial value problem results on other fully dispersive
models [31, 51].

We work in the non-dimensional settings 7 = g = 1 with zero surface tension. We
take the initial data

n(0) =no € H* <Rd) . V0 =vye [HS“/Z (Rd)]d (2.16)

where d = 1,2. The corresponding Sobolev product space is notated shortly by X*. In
case d = 2 we also have to impose the natural curl free condition V X vo = 0. System
(2.14) can be rewritten in the Duhamel form

t Ava
00 =80~ [ 56-0) (g [y ) O @

in X; = C([0,T];X*). Here 8(¢) is the fundamental continuous group. In other words,
for any fixed up = (1o, vo)” € X* function 8(t)ug solves the linear initial-value problem
associated with (2.14). With the help of the inequality || fif2||zs S || fillgs (|21 gst1/2
that can be found, for example in [36], the X*-norm of the right hand side integrand can
be estimated by ||17, v||%. This means that Equations (2.14) are semilinear, in particular.
One can proceed applying the fixed point argument to obtain solution u = (1,v)7 € X7
at least for small enough 7" > 0. As one can notice the main ingredient here are suitable
bilinear estimates for the right hand side of (2.14). These estimates hold true provided
s>0ford=1ands>1/2ford=2.

The main focus of the work is on lowering the regularity threshold for the lo-
cal well-posedness through the implementation of the dispersive nature of Equations
(2.14). However, the dispersion is weak in the sense that the time-decaying L' — L™-
boundedness of the group 8(¢) is not available. So instead, we obtain the decay estimate
on each component of the dyadic Littlewood-Paley decomposition with a sharp depen-
dence on the dyadic number. From this local-in-frequency decay we deduce bilinear
estimates in the Bourgain spaces Xj[’h(T) associated with the water wave dispersion re-
lation (1.21). The local well-posedness is deduced from the contraction mapping prin-
cipal applied to the Duhamel formula (2.17) with the help of these bilinear estimates.
The dispersive estimate is given in Lemma 9 of the paper, whereas Lemma 10 provides
with the Strichartz estimates. By S,,,(£f) we denote elements of the matrix 8(¢) ob-
tained after diagonalisation, more precisely, 8(t) = K diag{Sy, (t),Sm,(—1)}X . The
final Bourgain bilinear estimates are given in Lemma 12 with the regularity restriction
s>—1/16ford=1and s > 1/4 ford =2.
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Global bound for d = 1 in X° = L*(R) x H'/?(R) follows from the Hamiltonian
conservation, since H(1,v) ~ ||n,v\|§o provided ||n,v||yo is small. Hence the global
well-posedness in X* with s > 0 follows from the local result and an a priori bound
obtained from the persistence of regularity and the Brezis-Gallouet inequality [12, 13].
In the two dimensional case the gap between the energy space X° and the solution
existence spaces X* with s > 1/4 is too big to claim the global-in-time well-posedness.
It worth to notice that a similar situation takes place in the capillarity case [26].

2.7 Solitary wave solutions of a Whitham-Boussines( system

We have showed existence of solitary waves for the Whitham—Boussinesq system
(2.14) introduced in Paper 2.4. It was proved to be well-posed in the previous two
papers [25, 30]. Solitary waves we obtain from the Concentration—-Compactness prin-
ciple [46] by Lions. We transformed the travelling wave system to one scalar equation.
There are two difficulties here: the symbol of the Fourier multiplier standing in the
linear part is of positive order and nonlinear part is also nonlocal.

Here weseth=g=1, > =0and d = 1in (2.14). Solitary waves 1 (x,t) =1 (x— ct)
and v(x,1) = v(x —ct), with ¢ > 1 standing for the Froude number, satisfy the system

en =v+K*(nv), (2.18)
ev=K*n+K»?*/2 (2.19)

where K is a bounded self-adjoint operator in Lp(R) defined by (1.24). Expressing n
via v by (2.19) and substituting to (2.18) one obtains

1 Lo, 1oa oo 1 43
==K —K -K*(vK ——K
V=3 v+2c v+ " (vK™*v) 52KV
that can be represented as the Euler-Lagrange equation
d&(u)+AdQ(u) =0,

after introducing the new variable u = —K~'v/c. The Lagrange multiplier A = —1/c2.
The functionals involved are

e(u):%/R <K1u+;(Ku)2>2dx,

Q(u) = %/Ruzdx.

Hence, in order to find solutions of (2.18)-(2.19) we can instead consider the con-
strained minimization problem

inf E(u) with U, = {u eH'2(R) : Q(u) = q}

uely
where g parametrises size of a solitary wave in some sense. Implementation of the
Lions principle in the spirit of [47] to a minimizing sequence provides us with solitary
waves. In addition we analyse the long wave asymptotic of the obtained solutions
following closely arguments of [32]. Thus we complement other results on solitary
wave existence for the fully dispersive bidirectional models [32, 50].
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2.8 Well-posedness for a Whitham-Boussinesq system with surface
tension

We have showed global well posedness for the Whitham—Boussinesq system (2.14)
introduced in Paper 2.4. In contrast to the case considered in [30], we have now an
additional half loss of regularity due to presence of the surface tension. It makes the
technique based on Strichartz estimates [30] inapplicable. Modified energy method is
used instead.

As above we stay in the non-dimensional settings 4 = g = 1 with the surface tension
s > 0. Formally the Duhamel formula looks the same as (2.17). However, now the
group 8(t) is continuous in the space

X5 = g2 (Rd> x [Hs (Rdﬂd

where d = 1,2, since 8(¢)ug solves a different linear system. So the integrand in (2.17)

lies in [H® (RY)] " instead of X*. It means that Equations (2.14) are quasilinear. A
natural way to tackle the problem is to find an a priori estimate using the energy method
with the norm ||, v||ys . However, it turns out that the straightforward use of X*-norm
as the energy does not allow to close the estimates. The main problem is to find an
appropriate coercive energy functional.

We define the following energy

2
g1 /2V‘

Em) = vzt [
2 2

that up to norm equivalence coincides with Hamiltonian (2.13) for s = 1/2. From this
perspective the choice seems natural. In order to guarantee that E° is coercive one has
to impose an additional condition, namely, the non-cavitation of the flow. The latter
can be controlled locally by the first equation of the System (2.14) or globally by the
Hamiltonian conservation.

Finally, we would like to point out that the System (2.14) introduced in Paper 2.4
satisfies all the necessary conditions to be a relevant water wave model, such as well-
posedness, solitary wave existence (at least in case 3¢ = 0). It incorporates the surface
tension in the natural physical way as was explained in Section 2.1. It is globally well-
posed for small initial data. We anticipate the wave breaking for big enough initial data,
that can be questioned by the future research.
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ARTICLE INFO ABSTRACT

Keyword:
Hydroelastic waves

A weakly nonlinear fully dispersive model equation is derived which describes the propagation of waves in a thin
elastic body overlying an incompressible inviscid fluid. The equation is nonlocal in the linear part, and is similar
to the so-called Whitham equation which was proposed as a model for the description of wave motion at the free
surface of an inviscid fluid.

Steady solutions of the fully nonlinear hydro-elastic Euler equations are approximated numerically, and
compared to numerical approximations to steady solutions of the fully dispersive but weakly nonlinear model
equation.

The bifurcation curves for these two different models are compared, and it is found that the weakly nonlinear
model gives accurate predictions for waves of small to moderate amplitude. For larger amplitude waves, the two
models still agree on key qualitative features such as the bifurcation points, secondary bifurcations, and the
number of oscillations in a given fundamental wave period.

1. Introduction

The present contribution is devoted to hydroelastic waves propa-
gating along a thin elastic body overlying an incompressible inviscid
fluid. The prime example for this situation is wave propagation in an ice
sheet over a body of water, a topic which has attracted increasing at-
tention among researchers in recent years.

One of the motivating problems for studying this situation has been
the motion of trucks and other vehicles on frozen lakes and rivers (see
for example [1,2]). In many such cases, hydroelastic waves are highly
dispersive but only weakly nonlinear. For example the measurements
recorded in [2] feature a large spectrum of wavelengths while non-
linearity is relatively weak. As a result, many researchers have chosen
to disregard nonlinear effects altogether [1,3-5]. More recently, non-
linear effects have come into focus as some studies of weakly and fully
nonlinear hydroelastic waves (see for example [6-9]) have suggested
that nonlinearity does have an appreciable effect on hydro-elastic
waves.

The nonlinear model system derived in [8] couples the well known
Saint-Venant (shallow water) system with hydroelastic dispersion, but
neglects gravity dispersion. Going further, the works [10,11] take into
account gravity dispersion in addition to both elasticity and non-
linearity. These studies depend heavily on the long-wave assumption

* Corresponding author.

and therefore lose part of the information of the linearized problem, as
wavelengths are restricted to be very long when compared with the
undisturbed depth of the fluid and the elastic length scale. In order to
improve the modeling accuracy of such long-wave systems, in the
present work we are aiming at the derivation of a fully dispersive but
weakly nonlinear system. As mentioned above, the motivation and need
for such a system is given by experiments such as those reported in [2]
where a weakly nonlinear but highly dispersive response is recorded
which may not be adequately modeled by traditional long-wave equa-
tions.

The idea of using fully dispersive weakly nonlinear equations goes
back to Whitham [12], and was recently formalized both mathemati-
cally [13-15] and asymptotically [16,17]. Fully dispersive equations
have been the subject of a number of studies recently, especially re-
garding the existence and stability of traveling waves [18-23]. In the
current work, we first present a formal derivation of a Whitham-type
fully dispersive and weakly nonlinear system of evolution equations,
and then reduce the system to a single equation in the case when it can
be assumed that the waves travel in a single direction (such as is the
case for traveling waves). Using a recently developed open-source Py-
thon code, we then provide numerical approximations of traveling-wave
solutions of this system. In order to check whether the derivation and
numerical approximation are valid, we compare these solutions against

E-mail addresses: evgueni.dinvay@math.uib.no (E. Dinvay), henrik kalisch@math.uib.no (H. Kalisch), daulet.moldabayev@math.uib.no (D. Moldabayev),
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numerical approximations of traveling-waves solutions of the fully
nonlinear Euler equations with an elastic surface layer. As will come to
light in Section 4, there is very good agreement between solutions of the
full model and the weakly nonlinear model.

The fully dispersive weakly nonlinear equation we are aiming for
can be written as

3
Wi + S, = 0. &)
Elasticity and gravity dispersion are combined in the convolution
Whitham operator Wz, = w(—id,)n, = (¥ 'w)*, which is defined by
the dispersive function
[ tanh(£)
w®) = [+ 2
\ 3 @
Here we have non-dimensionalized the variables so that we may take
the gravitational acceleration g = 1 and the undisturbed depth of the
fluid as hop=1, and the -corresponding long-wave speed is
co= x/% = 1. This non-dimensionalization is explained in the next
section. The floating ice sheet is included here by means of the non-zero
elasticity parameter x = D/p where D is the coefficient of flexural ri-
gidity for the ice sheet and p = 1 is the normalized density of the fluid.
The convolution operator W represents a Fourier multiplier operator
with the symbol (2). Note also that the Whitham equation (1) has the
conserved integral
= 1 3,
Q) = anndx + > fn dx. @)
Firstly, in case of free surface x = 0, Eq. (1) was proposed by
Whitham [12] as a fully dispersive alternative to the well known Kor-

teweg-de Vries (KdV) equation. With non-zero x the last equation [10]
is of the fifth order

N+t %m + énm + %(19 + 180%) 7 = 0- @
For very long waves the KdV equation (4) is thought to be a good model
for hydro-elastic waves. In order to be able to model shorter waves one
needs to use an equation which also gives a good description of shorter
waves, such as for example Eq. (1).

In the present article, we arrive at the Whitham equation from the
Hamiltonian formulation of the water-wave problem given in [24-26]
and modified for the hydroelastic problem in [10]. Extending the re-
sults of [10,16,17] we justify the Whitham equation (1) as a Hamilto-
nian system. We also obtain numerical results on steady solutions of Eq.
(1) and compare them with solutions of the fully nonlinear hydro-
elastic system based on the Euler equations. The comparisons indicate
that the Whitham equation is able to provide a good description of
hydro-elastic waves. Indeed, small-amplitude solutions of the full Euler
equations are always closely approximated by the weakly nonlinear
model, regardless of the wavelength. For large-amplitude solutions,
there is good quantitative agreement in many cases, and good quali-
tative agreement in essentially all cases.

2. The hydro-elastic system

We consider a thin elastic plate supported by a fluid below. The
elastic layer is modelled by making use of the special Cosserat theory of
hyperelastic shells in Cartesian coordinates [27]. As already stated, the
fluid base is assumed to be inviscid and incompressible, and the fluid
flow is assumed to be two-dimensional and irrotational, so that po-
tential theory can be used to describe the flow.

In order to normalize the problem the following standard non-di-
mensionalization is used. Letting the dimensional variables be primed,
the non-dimensional variables are defined in terms of the fluid depth hy,
the gravitational acceleration g and the long-wave speed ¢, = |/gh, as
X =hex, 2 =hex and ¢’ = V’Mﬁ The unknowns are the vertical
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deflection of the cover and the velocity potential, and these are non-
dimensionalized as #” = hon and ¢’ = hocog, respectively. This non-di-
mensionalization is equivalent to using the fluid depth ho as a unit of
length, and \/T/g as a unit of time.

In the non-dimensional setting, the fluid domain is given by
{(x,2) € R’ — 1 < z < n(x, 1)} extending to infinity in the positive and
negative horizontal x-direction. The complete hydro-elastic Euler
system [10] consists of the Laplace's equation in this domain

S+ ¢,=0 forxeR, -1<z<nx,1), 5)

the Neumann boundary condition at the flat bottom

¢z=0 atz = —1, 6)

the kinematic condition at the free surface

n+¢n —¢ =0 forxeR, z=7n1), @

and the Bernoulli equation combined with elasticity

8 + %(qu +e) +n+ %(Kﬁ + %;&) =0 for x€R, z=7n(x1),
®)

where x = 1,, (1 + 72)™/? is the curvature of the shell and s is the ar-
clength along this cover and therefore

3
1 1 1 N 1 s
Kss + 7’63 =0 f—a"[ 2 3/2] + 7( 2y3/2 )
2 Ji+n2 Y+ @+ 2\ +n)

The total energy of the system is the sum of the kinetic energy, the
potential energy and the shell deformation energy [10], so the Ha-
miltonian function for this problem is expressed as

x

H= [ f"zdzax+ [ f7 %IV¢\2dzdx+2‘/_;

Introducing the trace of the potential at the free surface as ®(x, t) = ¢
(x, n(x, t), t), one may integrate in z in the first integral and use the
divergence theorem on the second integral to obtain

n2

o
a+ 773)5/2 dx.

T

1
H=— 2+ OGP + x—2 | d
2‘/m.i n (r]) K(1+n3))/z X

(©)
This integral represents the Hamiltonian functional of the water wave
problem with a floating thin elastic cover as found in [10]. The Ha-
miltonian is written in terms of the Dirichlet-Neumann operator G(). It
was shown in [28] that this operator depends analytically on the un-
known 5 and can therefore be expanded in a power series

G® =Y, G,
=0

where each operator G;(y) is homogeneous of degree j in ;. The terms in
the power series can be computed using a recursion formula (see
[25,26]), and the first two terms have the form

Go(n) = Dtanh(D), G,(n) = DyD — D tanh(D)nD tanh(D)

where D = — id, is a self-adjoint operator on L*(R).

Our first aim is to give the Hamiltonian formulation of the hydro-
elastic problem in terms of the displacement s and the variable
u=o=¢ +n4d= 45,\;“ 1+ ;7)(2 proportional to the velocity of the
fluid ¢, tangential to the surface. Formally integrating by parts one may
rewrite the Hamiltonian in terms of new variables as

1 2

2

fR 72 + uD-'G(n)Du + % dx.

@+ )2 10)

The integration by parts can be made mathematically precise by using
the following well known lemma.

Lemma 1. Let f, g be real-valued square integrable functions on the real line
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R. Regard D = — id, as self-adjoint on L*(R, C) and a real-valued function
@ that is measurable and almost everywhere finite with respect to Lebesgue
measure. If f, g lie in the domain of the operator (D) then

S fp(D)g = [ gp(~D)f.

S fe(D)g = [gp(~-D)f.

3. Derivation of Whitham type evolution equations

We now give a formal analysis of the long-wave approximation of
the Hamiltonian. For the sake of completeness, we summarize some
arguments presented in [16]. Regarding a wave-field having a char-
acteristic non-dimensional wavelength A and a characteristic non-di-
mensional amplitude a, we define the small parameter u = % and in
order to bring out the difference in the horizontal and vertical scales in
the problem, the scalings 7 = aij and D = AD = —1id, are used. Then
the natural scaling for the velocity unknown u is u = aii, and the Ha-
miltonian is scaled as H = a?H. Omitting terms of cubic and higher
order in a, the scaled Hamiltonian (10) is then written using only the
terms G; and G, as

- 1o 1 p 1,5 _ o« o
H—E‘/i;n dx+5'/|);u[l—§/1D +---:|udx+;j';r]u dx
a _
-2k

52~ 5 5
+ ,u“% fR (Dzn)z{l - acZulE(Dzy)2 + m}dx.

[Mﬁ - %}1353 + ]ﬁ[,uD- - %/.43)53 + -~]12dx

In the case of flexural-gravity waves, the linear terms are dominant and
terms of all order in u should be kept. We may assume that a = o(i)
such as for example the exponential scaling appearing in [17]. Then if
terms of order O(a®) and O(ap) are disregarded, the Hamiltonian (10)
reduces to

1
AL

u%u +nu? + myé] dx.

an

Now the hydro-elastic problem can be reformulated as a Hamiltonian
system using the variational derivatives of the approximate Hamilto-
nian (11). We point out [26,29] that the pair (i, ®) represents the ca-
nonical variables for the Hamiltonian functional (9). Our purpose is to
derive the equations of motion in terms of n and u = ®, which is
slightly more convenient in the situation at hand. The transformation
(5, ®) — (n, w) is associated with the Jacobian

A, u) _ (1 0)

o, @)~ \0 o)

So in terms of 5 and u the Hamiltonian equations have the form
6H

2w =-02

on

a12)

which is not canonical since the associated structure map J,,, is sym-

metric:
3(n, w) (o 1) s, w) _( 0 —d
-10 -4 o)

(5(7;, ) o, @)

The Gateaux derivative §H/8u of the Hamiltonian (11) is defined by
means of an arbitrary real-valued square integrable function h from the
variation

=

tanh D
—u+
D

tanh D
pme
D

d 1
Su () = — LU H(u+th, 1) = Ej'; [h h
+ 2u'r;h]dx.

Integrating by parts according to Lemma 1 and taking into account
arbitrariness of the given function h one obtains
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6H _ tanhD
su D

u+nu

and similarly

SH

R W
o n+3 ey

Substituting these variational derivatives into Eq. (12) we arrive at the
Hamiltonian system

_ _tanhD

' D

ux = (M as)

a4

U = =7 — Ully — K-

This system is fully dispersive in the linear part, which is the distinctive
feature of the original Whitham equation [12]. At the same time it al-
lows bi-directional wave propagation, so that it may be of independent
interest.By changing variables in the Whitham system (13) and (14) one
may arrive at a new system, where the equations will be uncoupled in
the linear part. In other words we can separate solutions corresponding
to waves moving left and right. To justify this we follow the approach of
[16,17], and consider the linearization

tanhD 0
T Tp as
u + (1 +xD*)y, = 0. (16)

Looking for solutions of this linear system as waves 5(x, t) = Ae'™ ™! y
(x, O =Be® ™ gives rise to the necessary condition
®? — (£ + x&°) tanh ¢ = 0. Introducing the phase speed as ¢ = w(¢)/&
one arrives at the dispersion relation

tanh &
3

which coincides, up to the sign of ¢, with the Whitham dispersion re-
lation (2). Clearly, the choice ¢ > 0 corresponds to right-going wave
solutions of the linear system (15), (16), while the phase speed ¢ < 0
gives left-going waves. In order to split up left- and right-going waves
we use the following transformation of variables:

@) =1 +x"

1 1
r==-m+Ku), s==1n-Ku),

2 (U] ) 2 o ) an
where one anticipates K to be an invertible operator, or more precisely,
an invertible function of the differential operator D. The inverse
transformation has the form

n=r+s, u=K'(r-s) (18)

It turns out that the operator K can be chosen in a way that r and s
correspond to right- and left-going waves, respectively. Substituting the
transformation (18) to the linear system (15), (16) obtain

1 + 0.(AD, K)r + B(D,K)s) =0,

5 — 0x(AD, K)s + B(D, K)r) = 0,

where the operators A and 8 depend on D and K as follows:
A= l((1 +xDhK + 2D DK“), 8
2 D
= l((1 +xphk — B D DK").
2 D
So to achieve independence of the obtained two equations we need to

choose the transformation K in the way 8(D, K) = 0, so that

| 1

| tanh D
K= |[——.
1+ xD*

D

(19)

which leads to A(D, K) = W = w(D), in terms of the dispersive Whi-
tham operator W which was introduced at the beginning of the paper by
means of the dispersive function (2). In this way, we get the two
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independent linear equations

I + 3,Wr =0, (20)

s — 0,Ws = 0. 21)

If we again look at the special solutions r(x, t) = exp(iéx — iw,t) and s(x,
t) = exp(iéx — iwgt) then we conclude that the first equation (20) de-
scribes waves moving to the right with the phase velocity
¢, = w,/& = w(£) and the second equation (21) corresponds to the left-
going waves with ¢, = w,/§ = —w(£).

Returning to the nonlinear theory we want to obtain a new
Hamiltonian system with respect to unknown functions (17). In new
variables r and s after integrating by parts due to Lemma 1 the Ha-
miltonian (11) takes the form

H(r,5) = %fk [+ 57 + (r = ) + DY — )
+ (r+ )K= 5))? + x(r + s)]dx. (22)

As explained in [29], the change of variables (17) transforms the
structure map to

(2

that leads to the Hamiltonian system

K éH K 6H
n+ 6,((35) =0, St — BV(;g) =0.

a(r, s) 0

a(n, u)

a(r, s)
9y, u)

s

1
)* |- JOK
- 1
J8K

(23)

As explained above, one calculates variational derivatives of H given by
(22) with respect to r and s at a real-valued square integrable function.
Then after integrating by parts as in Lemma 1 and applying operator K/
2 one obtains as a result

KSH _ 14 oy L SV
o Wr + ra K(r—s))+ > (r+ s)K'(r - s), oy
Kol _ 4 g _gp_ L i
a5 Ws + X K (r —s)) 2 (r+s)K'(r—s), ©@5)

If these expressions are substituted into (23), a Whitham system de-
scribing in terms of a left-going component s and a right-going comp-
nent r is appears. This system corresponds to the Hamiltonian (22)
which is the same as for the system (13), (14), and no further ap-
proximation has been made. Recalling that the approximate Hamilto-
nian (22) was obtained by discarding terms of order O(ua) and O(a®) in
(10) we may modify terms in the Hamiltonian on the of order O(ua) and
0(a®) without changing the overall order of approximation.Thus in
order to simplify the above system, we use the long-wave approxima-
tion D = O(u) which leads to K=1+ Ow?, K~! =1+ O0@? and
since r = O(a), s = O(a), the nonlinear part of (24), (25) can be written
as

Hi= 3 [ 04 9E = 9Pdx =3 [ (4 - 5Pdx + 0().

Thus neglecting again terms of order O(ua), and assuming that the left-
going waves are s = o(a) such as in [26], we can write the nonlinear
part of the Hamiltonian as H;, = 1/2‘[;z r3dx. So eventually we arrive at

K éH 34

=Wr + =12,
2or YT (26)
K 6H
—— = Ws.
28 @7

These approximations in the Hamiltonian together with the equations
(23) yield the system

32
n+ Wr + ?(rrx) =0, ©28)
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S — Ws, = 0. (29)

This system is a fully dispersive system describing waves mainly
moving in the right direction. Since we have modified only the energy
of the hydro-elastic problem, the system (28), (29) is still Hamiltonian.
Indeed that system corresponds to the Hamiltonian

H(rs) = 2 [ 10+ 92+ (=)0 + 0 =)+
+ %(r + 5)%]dx.

As one can see the first equation (28) can be considered independently
from the second one (29) which is actually linear and homogeneous.
Moreover, one can easily see that the Hamiltonian splits additively into
two functionals H(r, s) = H(r) + H(s), where the first one has the form

H(r) = ./; [7’(1 +xDY)r + %r3]dx.

With this energy, comparable with the initial total energy (9), the new
Whitham equation (28) becomes Hamiltonian in the sense (23).

One may now use the approximation K = 1 + O(u?) in the first
equation (28) to arrive at the Whitham equation (1). This is consistent
with disregarding terms of order O(ap) in the derivation of the system
(13),(14). Note, however, that this equation is then not Hamiltonian in
the current context. Indeed, we have changed the structure map J,,
and the unknown 4 in Eq. (1) has the same meaning as r in Eq. (28),
though the Hamiltonian structure is different. We have

where Q(n) is given in (3). Note that energy Q is not comparable with
the original Hamiltonian H given in (9), and it is therefore not clear
whether it represents the energy. Indeed, as indicated in [30], the
mechanical energy might take a completely different form in the con-
text of Eq. (3).

4. Numerical analysis

For the numerical analysis of Eq. (1) we use the method thoroughly
described in [31,32]. Here we will just give a quick overview. Travel-
ling wave solutions are under investigation, so the ansatz

N0, 1) = @(x = ct) (30)
is employed which together with Eq. (1) yields

342
—cp+— +Wp=B8B

14 31

with some undetermined constant B. We look for solutions of the last
equation that are even and 2L-periodic, so we compute solutions on the
interval [0, L] and restore it symmetrically on the whole interval [— L,
L]. We regard solutions with different wavelengths L and elasticity x.
We also normalize solutions by requiring its mean-value to be zero. This
means that we require ‘/(;L ¢ = 0. We use a cosine collocation method,
so solutions of Eq. (31) are represented as linear combinations of
functions cos m;“, m=0, 1, ..., that form a basis in L0, L). As ex-
plained in [20,31], for the discretization of the problem we look for
solutions in a subspace Sy spanned by the first N of these cosine
functions and defined at the collocation points x, = L% forn=1,
..., N. Let W™ be the discrete form of the Whitham operator W and
¢y € Sy be the discrete cosine representation of a solution ¢. Then the
values of @y at the collocation points satisfy the algebraic equations

342
= oy () + = (xa) + WNpy(x,) = B
PN (32)

with n =1, ..., N. As indicated above, to this system one also needs to
add the mean-value normalization
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N
PIENED!
n=1 (33)
To compute profiles along the bifurcation curve, we introduce a para-
meter 6 as a coordinate on the curve. We define the pseudo-waveheight
A by the equation

maxy=1,..,.N Py Xn) = Miny=y . N Py (Xn) = A, (34)

and treat the pseudo-waveheight A = A(6) and the phase speed ¢ = ¢(6)
as functions of the parameter 6. This procedure is described in more
detail in [31].

Egs. (32)-(34) form the final system to be solved by Newton's
method. The unknowns here are @n(x;), ..., @n(xn), B, 6. Solutions
bifurcating from the linearization of Eq. (31) can be obtained from the
initial guess, provided by the Stokes approximation [31].The numerical
algorithm used to solve the fully nonlinear Euler equations with an
elastic term (5)-(8) is based on the conformal mapping techniques
[33,34] and generalizes previous works on gravity waves or capillary
waves [35,36] to the hydroelastic case [10]. We will give just some
essentials here. The Bernoulli equation (8) at the free surface in the
moving frame X = x — ct and Y = z has the form

1 1
5@’2‘ +¢D+n+ k(xss + Exl) =8

where B is the Bernoulli constant. As above (30) the surface is re-
presented by n(x, t) = ¢(X), so the outward unit normal vector is
n = (—¢y, /|1 + ¢ .The physical domain bounded by the free sur-
face and the bottom is transformed with a conformal mapping from
X +iY to ¢ + i{ into a strip of thickness h (called conformal modulus),
with ¢ = 0 corresponding to the free surface and { = — h corresponding
to the bottom. Solving a Dirichlet boundary-value problem for Y(¢, ¢) in
the mapped domain, using Cauchy-Riemann relations between the
partial derivatives of X(¢, ¢) and Y(§ () and denoting
X(): =X (& + i0)m Y (£): =Y (£ + i0), we obtain after some algebra and
dropping the hats (see e.g. [35])

Xe=1-TY%

where 7 is the operator 7 = icothh D. In the new variables the Ber-
noulli equation can be re-written

1 ¢ 1,

S o P Y Hx|rs+ o1 =8B
2 X2 + Y7 2 (35)
The elastic term (7{55 + ix3) can be expanded in an explicit form in
terms of derivatives of X and Y, as explained in [11]. The velocity po-
tential on the free surface is satisfying ¢ = c£. We expand the variable Y
as a Fourier series

Y= i ape™s,

22(-1)
2N+1

and we are using equally-spaced collocation points §; = ,ji=1,

..., 2N + 1. The non-local operator acts (for n = 0) as
T(e™) = icoth(nh)el™.

After truncating the Fourier series at n = * N, we satisfy the Eq. (35)
at the 2N + 1 collocation points for the 2N + 2 unknowns a,, n = — N,
..., N and the Bernoulli constant 8. The remaining equation is obtained
by fixing ap = h and the nonlinear system obtained is solved in MA-
TLAB using a Newton method. In practice, for any given ¢ we choose an
initial guess h = 1 of the conformal modulus and then we enforce that
the dimensionless height of the fluid in the physical space remain un-
changed and equal to 1 for all computations, so we actually use a fixed-
point procedure to guarantee

1 L
ZI—L YX:d§ =1,
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Fig. 1. Bifurcation diagrams for L = 47 and x = 0.1. The blue curves represent
the full hydroelastic system. The green curves represent the Whitham equation.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

until the correct value of h is found for each c. It was found that
N = 128 is enough for most of the calculations to obtain a very good
accuracy of solutions. When the curves are turning in the bifurcation
diagrams, a version of this algorithm is used, where the height of the
wave is enforced and ¢ was found as part of the solution.

17 In Figs. 1-18, one can see how solutions change in the bifurca-
tion diagrams. Solutions are plotted on the interval [— L, L], where L
ranges from /2 to 4m, and several features are worth noting. First of
all, in the bifurcation curves in Figs. 1, 8 and 11, for large to inter-
mediate wavelengths, the bifurcation curves of the hydro-elastic Whi-
tham equation are very close to the bifurcation curves for the Euler
system as long as the waveheight, defined as max(Y) — min(Y), is
below about 0.4. A similar conclusion is reached by examining Figs. 2,
9, 12 and 16, where steady wave profiles are shown, and a close match
between the two curves is evident. Whitham waves of larger amplitude
still resemble the full hydro-elastic waves, qualitatively as shown in
Figs. 3-7 for L = 4m and x = 1, and similarly in Figs. 13, 14 and 18 for
other parameter values. It is also worth noting that on the period
[— 4w, 4m] solutions with large enough waveheight develop several
secondary crests which actually start dominating the main crest at the
center of the wave.

For small-amplitude solutions the error in the phase speed c is
generally below 1%. For large-amplitude solutions, the error in the
phase speed becomes larger. An extreme example is shown in Figs. 8
and 10. Concerning solutions high up on the branch in Fig. 8, if one

0.015

0.010 4

0.005 4

0.000

Surface Elevation

—0.005 4

-0.010

15 -10 -5 0 5

X

10 15

Fig. 2. Wave profiles for L = 4, x = 0.1 near the bifurcation point of the
rightmost curve in Fig. 1. The blue curve is an approximate solution of the full
Euler system with ¢ = 0.9910. The green curve an approximate solution of the
Whitham equation with ¢ = 0.9911. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)



26

Selected works

E. Dinvay, et al.

0.4 T T T T T

0.3 4

0.2 4

0.1 4

0.0 9

Surface Elevation

~0.1 4

—0.2 !

-5 0 5

-0.3
-15

-10

Fig. 3. Wave profiles for L = 4, x = 0.1 higher up on the main branch in
Fig. 1. The blue curve represents the Euler system with ¢ = 1.0506. The green
curve represents the Whitham equation with ¢ = 1.0391. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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-0.15
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Fig. 4. Wave profiles for L = 4, x = 0.1 on the second (middle) bifurcation
point in Fig. 1. The blue curve represents the Euler system with ¢ = 0.9764. The
green curve represents the Whitham equation with ¢ = 0.9742. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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-0.25 -

=2 -10
Fig. 5. Wave profiles for L = 4, x = 0.1 on the left bifurcation branch ema-
nating from the middle bifurcation point in Fig. 1. The blue curve represents the
Euler system with ¢ = 0.9553. The green curve represents the Whitham equa-
tion with ¢ = 0.9545. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

matches the waveheight, then a near-exact match in the shape of the
wave is obtained, such as in the blue and green profiles in Fig. 10.
However, the phase velocities for these two solutions vary a great deal.
On the other hand if one tries to get the best fit for the phase velocity,
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Fig. 6. Wave profiles for L = 4w, x = 0.1 on the third (leftmost) bifurcation
point shown in Fig. 1. The blue curve represents the Euler system with
¢ = 0.9530. The green curve represents the Whitham equation with ¢ = 0.9552.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Wave profiles for L = 4, x = 0.1 on the right bifurcation branch
emanating from the leftmost bifurcation point in Fig. 1. The blue curve re-
presents the Euler system with ¢ = 0.9553. The green curve represents the
Whitham equation with ¢ = 0.9501. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Bifurcation diagrams for L = 2rt and x = 1. The blue curve represents
the full hydroelastic system. The green curve represents the Whitham equation.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

then the solution profiles have very different waveheights, though they
still look qualitatively similar (cf. blue and red curve in Fig. 10). Fig. 10
also shows the interesting result (when compared with Figs. 13 and 14)
that a larger elastic parameter x actually leads to fewer oscillations in
the steady wave profile.
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Fig. 9. Wave profiles for L = 2, x = 1 for small-amplitude solutions on the
bifurcation branches in Fig. 8. The blue curve represents the Euler system with
¢ = 0.9779. The green curve represents the Whitham equation with ¢ = 0.9771.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 10. Wave profiles for L = 27, x = 1. The blue curve represents the Euler
system with ¢ = 0.4767. The green curve represents the Whitham equation with
¢ = 0.7431. The red curve shows a different solutions of the Whitham equation
with ¢ = 0.5002 (that is 5% difference from ¢ = 0.4767). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 11. Bifurcation diagrams for L = 2n and x = 0.1. The blue curves re-
present the hydroelastic system. The green curves represent the Whitham
equation (1). The black curves correspond to the fully nonlinear Whitham
equation (28). The purple color is associated with the KdV-like equation (4).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

For large enough wavelengths and small enough elasticity, branches
were found which do not connect to trivial solutions with vanishing
waveheight (see Figs. 1 and 11). On the other hand, for short
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Fig. 12. Wave profiles for L = 2w, x = 0.1 for small-amplitude waves on the
main branch in Fig. 11. The blue curve shows a solution of the full hydro-elastic
system with ¢ = 0.9653. The green curve shows a solution of the Whitham
equation (1) with ¢ = 0.9657. The black solution corresponds to the Hamilto-
nian Whitham equation (28) with ¢ = 0.9654. The purple color is associated
with the KdV equation (4) for ¢ = 0.9668. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 13. Wave profiles for L = 2, x = 0.1 for waves high up on the main
branch in Fig. 11. The blue curve shows a solution of the full hydro-elastic
system with ¢ = 0.9668. The green curve shows a solution of the Whitham (1)
equation with ¢ = 0.9685. The black solution corresponds to the Hamiltonian
Whitham equation (28) with ¢ = 1.0682. The purple color is associated with the
KdV equation (4) for ¢ = 0.9607. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

wavelengths there are secondary bifurcation from the main branch,
such as shown in Fig. 15. In this figure, one can see how 2n-periodic
solutions bifurcate from zi-periodic ones. In all cases examined, the
bifurcation picture of the Whitham model looks qualitatively similar to
the fully nonlinear hydro-elastic system. Since the Whitham equation is
much more easily approximated numerically, future work will include
obtaining bifurcation curves for a larger parameter space of x and L,
such as for example presented for the similar Whitham equation with
capillarity in [32].

Finally, we want to comment on two other models mentioned in the
current paper, the 5th-order KdV equation (4) with a flexural term, and
the fully nonlinear Whitham equation (28). Since the flexural effect
corresponds to the term with the 5th derivative in (4), it appears that
elasticity has a rather weak effect in the long-wave regime. Indeed, in
the case of long waves, the Whitham equation (1) with a free surface
(i.e. x = 0) gives similar small-amplitude solutions to solutions of other
models depicted in Fig. 12. However, with increasing of amplitude
elasticity causes the appearance of several crests on the fundamental
wavelength [— L, L], whereas the wave profiles of the free surface
Whitham equation have exactly one crest and are strictly monotonic to
both sides of it [20]. Some simulations of (4) and (28) are presented in
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0.20

Surface Elevation

Fig. 14. Wave profiles for L = 2x, x = 0.1 on the leftmost branch in Fig. 11.
The blue curve shows a solution of the full hydro-elastic system with
¢ = 0.9353. The green curve shows a solution of the Whitham equation (1) with
¢ =0.9261. The black solution corresponds to the Hamiltonian Whitham
equation (28) with ¢ = 0.9486. The purple color is associated with the KdV
equation (4) for ¢ = 0.8932. It corresponds to the secondary bifurcation curve
in Fig. 11. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Wavespeed
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Fig. 15. Bifurcation diagrams for L = & and L = w/2 with x = 0.1. The blue
curves represent the full hydroelastic system. The green curves represent the
‘Whitham equation. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 16. Wave profiles for L = &, x = 0.1 for small-amplitudes solutions on the
left branch in Fig. 15. The blue curve shows a solution of the full hydro-elastic
system with ¢ = 0.9140. The green curve shows a solution of the Whitham
equation with ¢ = 0.9129. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Figs. 11-14. Note that both Whitham equations (1), (28) give travelling
waves very similar to the fully nonlinear solutions. Whereas the elastic
KdV (4) gives qualitatively different waves, i.e. with a different number
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Fig. 17. Wave profiles for L = 1, x = 0.1 on the left branch in Fig. 15. The blue
curve shows a solution of the full hydro-elastic system with ¢ = 0.5148. The
green curve shows a solution of the Whitham equation with ¢ = 0.6790. The
red curve shows a solution of the Whitham equation with ¢ = 0.5402 (that is
5% difference from ¢ = 0.5148). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. Wave profiles for L = i, x = 0.1 on the secondary branch on the very
right in Fig. 15. Note that these solutions have full wavelength 2, the same as
the solutions in the leftmost branch in Fig. 15. The blue curve shows a solution
of the full hydro-elastic system with ¢ = 1.0173. The green curve shows a so-
lution of the Whitham equation with ¢ = 1.0786. The red curve shows a solu-
tion of the Whitham equation with ¢ = 1.0658 (that is 5% difference from
¢ = 1.0173). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

of wavecrests on a fundamental wavelength. Moreover, the KdV wave
depicted in Fig. 14 is a solution of the secondary bifurcation type. It can
be obtained by bifurcating from the L = n-branch as shown in Fig. 11.
On the other hand, it does not seem possible to obtain corresponding
solutions of the full system and equations (1), (28) in a similar way
continuously from linear theory.

5. Conclusion

In order to understand properties of waves in a thin elastic sheet
overlaying an inviscid fluid, a fully dispersive system of equations was
derived using the Hamiltonian formulation of the hydroelastic surface
wave system. The Hamiltonian was approximated using an asymptotic
expansion of the Dirichlet-Neumann operator, and the derivation was
based on fundamental ideas regarding Hamiltonian evolution systems
[24-26,29]. It was also shown how the Hamiltonian equations can be
restricted to model wave propagation in a single direction. Finally, a
single fully dispersive weakly nonlinear equation of Whitham type (1)
has been derived. This equation is the hydro-elastic version of the so-
called Whitham equation put forward by Whitham [12] based on
phenomenological considerations.

In order to further validate Eq. (1) as a model for hydro-elastic
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ARTICLE INFO ABSTRACT
Article history: In 1967, Whitham proposed a simplified surface water-wave model which combined
Available online 2 October 2018 the full linear dispersion relation of the full Euler equations with a weakly linear

approximation. The equation he postulated which is now called the Whitham equation has

. . recently been extended to a system of equations allowing for bi-directional propagation of
Whitham equation X
Fully dispersive system surface waves. A pumber of different .two-w.ay sy5t§ms have been put forward, aqd even
Surface water waves though they are similar from a modeling point of view, these systems have very different
Split-step scheme mathematical properties.
In the current work, we review some of the existing fully dispersive systems, such as found
in [1,4,9,17,22,23]. We use state-of-the-art numerical tools to try to understand existence
and stability of solutions to the initial-value problem associated to these systems. We also
put forward a new system which is Hamiltonian and semi-linear. The new system is shown
to perform well both with regard to approximating the full Euler system, and with regard
to well posedness properties.

© 2018 IMACS. Published by Elsevier B.V. All rights reserved.

Keywords:

1. Introduction

Consideration is given to the two-dimensional water-wave problem for an inviscid incompressible fluid with a free
surface over an even bottom. As this problem has not been completely resolved mathematically, there is still interest in
developing new simplified models which yield an approximate description of the waves at the free surface in the case
when the waves have distinctive properties, such as small amplitude or large wave period. In particular, there is the Boussi-
nesq scaling regime which gives a good approximate description of long waves of small-amplitude. Recently, there has been
interest in full-dispersion model which aims to give an exact description of “linear” waves while still being weakly nonlin-
ear, and therefore accommodating some nonlinear processes such as wave steepening. The idea of representing the linear
dynamics exactly goes back to the work of Whitham [27] who conceived the equation (now called Whitham equation)

ne+ gWne+ 380, =0, (11)

where W = w(—idy) = F~'wF is a Fourier multiplier operator defined by the dispersive function

wig) =/ SmHE), (12)
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and co = +/gH is the limiting long-wave speed, defined in terms of the undisturbed fluid depth H and the gravitational
acceleration g. The Fourier transform F and inverse transform F~! are defined in the standard way, such as for example
in [28]. It is clear that since the operator WV reduces to the identity for very long waves (§ — 0), the Whitham equation
reduces to the inviscid Burgers equation for very long waves. Properties of the Whitham equation have been investigated in
[11,12,16,19,21,24].

Recently, Whitham's idea has been extended to the study of systems of evolution equation which allow for bi-directional

wave propagation. In particular, in [1], Aceves-Sanchez, Minzoni and Panayotaros, found the Whitham system

Nt = —HKuy — (nu)x, (13)

Ur = —gMx — Uly, (1.4)
and in [23], it was shown how this system arises as a Hamiltonian system from the Zakharov-Craig-Sulem formulation of
the water-wave problem using an exponential long-wave scaling. The operator K is defined by the Fourier symbol %
so that we have the relation HK = gW?. It can be seen that since the operator K reduces to the identity operator for
very long waves (& — 0), this Whitham system reduces to the classical shallow-water system for very long waves. In the
remainder of this article, we will refer to the system (1.3), (1.4) as the ASMP system.

The system (1.3), (1.4) has been studied in a number of works. In particular, it was shown in [10] that it admits periodic
traveling-wave solutions and features a highest cusped wave on the bifurcation branch. The modulational stability of its
periodic traveling-wave solutions has been investigated numerically in [4], and the system has been studied numerically in
the presence of an uneven bottom in [25]. Moreover, it was shown in [14] that the initial-value problem on the real line is
well posed locally-in-time for data that are strictly positive and bounded away from zero.

On the other hand, the system

Ne = _Hvx - (’IV)x, (]45)
Ve =—gKnx — vvx (1.6)

was put forward by Hur and Pandey in [17], and it was shown to behave somewhat more favorably than (1.3), (1.4) with
regard to modulational instability and local well posedness (see also [4]). We will call this system the HP system.

In the current work, it is shown how the ASMP system (1.3), (1.4) and the HP system (1.5), (1.6) can be related by
an asymptotic change of variables. Using the new variables, it is also possible to obtain a Hamiltonian system which is
much less sensitive to instabilities than either the ASMP or HP system. We also show that the new system yields better
approximations to the full water-wave problem than any of the other bi-directional Whitham system in use so far. We also
present two other Hamiltonian systems, the right-left system, where dependent variables are chosen to represent wave
propagating mainly to the left or to the right, and the essentially right-going system For the sake of completeness, we also
include the Matsuno system in our study since it is easily obtained using the Hamiltonian theory.

2. The Hamiltonian formalism

A two-dimensional water-wave problem with the gravity g and the mean depth H is under consideration. The fluid is
supposed to be inviscid and incompressible with irrotational flow. The unknowns are the surface elevation n(x,t) and the
velocity potential ¢ (x, z,t). The fluid domain is the set {(x,z) € R% — H <z < n(x,t)} extending to infinity in the positive
and negative horizontal x-direction. Liquid motion is governed by the Euler system consisting of the Laplace’s equation in
this domain

dxx+¢z=0 for xeR, —H<z<nkt), (2.1)

the Neumann boundary condition at the flat bottom

¢,=0 at z=-—H, (2.2)

the kinematic condition at the free surface

Ne+¢xnx—¢,=0 for xeR, z=n(,0), (2.3)

and the Bernoulli equation

¢z+%(¢§+¢§)+gn:0 for xeR, z=n(1). 24)

The total energy of the fluid motion consists of potential and kinematic energy:

n n
H://gzdzdx-&-%//lvmzdzdx. (2.5)
R O R —H
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It is known that the system (2.1)-(2.4) is equivalent to a certain Hamiltonian system. Indeed, with the trace ®(x,t) =
¢ (x,n(x,t), t) of the potential at the free surface and the Dirichlet—-Neumann operator G(7) the total energy (2.5) takes the
form

1 1
H= 5fgnzder 3 f DG (n)Ddx. (2.6)
R R
We regard #(n, ®) as a functional on a dense subspace of L?(R) x L?(R). We do not wish to specify smoothness of functions

1, ® and the exact domain of the functional # at this point, but we assume its variational derivatives lie in L2(R). The pair
(n, @) represents the canonical variables for the Hamiltonian functional (2.6) with the structure map

0 1
J”v“’=(—1 o)

and so the Hamiltonian equations have the form

SH SH
=, Pp=——o. 2.7
Ne 5O t o (2.7)
This evolutionary system in L%(R) is known to be equivalent to the Euler system (2.1)-(2.4). However, it does not simplify
the problem since in general there is no explicit expression for the operator G(1). More details on the Hamiltonian approach
can be found in [5-7,30].

3. Weakly nonlinear approximations

In this section several approximations to Hamiltonian (2.6) will be presented. Each one will give rise to a system that
can be considered as an approximate model to (2.7). The analysis is mainly heuristic consisting of arguments represented
in [5,9], for example.

Regarding the self-adjoint operator D = —idy in L%(R) we assume that the Dirichlet-Neumann operator appearing in
(2.6) may be approximated by the sum G(n) = Go + G1(1) where

Go(n) = D tanh(HD), G1(n) =DnD — GonGo.

Such substitution should not change the Hamiltonian significantly since the remaining terms in the truncated operator G ()
are of at least quadratic order in n and its derivatives. After integration by parts (Lemma 2.1 in [9]) it leads to

H= %/ (gn2 +®Go® — n(DP)? — n(G()(D)Z) dx. (3.1)
R

One may notice the relative advantage of this approximation immediately. Instead of integrating the system (2.1)-(2.4), the
much simpler system (2.7) with Hamiltonian (3.1) is to be solved.
In works on the surface water-wave problem, it has been common to use unknowns other than the potential ®. Here, we

use the variable u = ®y = ¢ + 7x¢p; = ¢pr,/ 1 + 12, which is proportional to the velocity component of the fluid ¢, which is
tangent to the surface. This change of variables transforms the Hamiltonian (3.1) to

1 tanh HD
7-[:i/(gr)z+uanTu+nuz+n(tanhHDu)2)dx. (32)
R

From now on, we will refer to the pair (1, u) as Boussinesq variables. Note that unlike (7, ®) these new variables are not
canonical. The corresponding structure map has the form

0 —b
]”v”=<fax 0)

and the Hamiltonian system (2.7) transforms to

SH SH
=, U= —Og—. 33
Ne X Su t X 81’] ( )
It will become clear later that it is convenient to introduce yet another change of dependent variables. We define the new
velocity variable v = Ku, where the transformation K is defined by the expression

tanh HD
K=——7—

HD (34)
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which shows that it is an invertible and bounded Fourier multiplier operator. While the physical meaning of the new
velocity variable v = Kdy® = itanh(HD)®/H is not clear, it will be shown later that it can be used to find a new system of
equations which has desirable mathematical properties. In these new variables the Hamiltonian functional #(», v) has the
form

1
H= if (gn? + HVK ™1y +0CT )2 4+ n(HDY)? ) dx (3:5)
R

with the structure map

(0 —Kd
Inv=\_xa, o0

and the Hamiltonian system (2.7) transforming to

SH SH
=—Kox—, v =—Kox—. 3.6
Ne 5y t X s (3.6)
In physical problems a question often arises if there is a way to split waves on right- and left-going components. One
possible way of doing this splitting is to regard the linearization of the problem given in elevation-velocity variables and
then change variables [23]. Namely, regard the following transformation

1 1
r=§(n+Wu), S=5(n—Wu) (3.7)
where W is supposed to be an invertible function of the differential operator D. The inverse transformation has the form

n=r+s, u=W’1(r—s). (3.8)

Omitting the details provided in [9] we notice that to split the linearized system into two independent equations one needs
to take

H tanh HD
W= L= jBmar (3.9)
g gDh

The new variables r and s correspond to right- and left-going waves, respectively. Returning to the nonlinear theory we want
to obtain a new Hamiltonian system with respect to unknown functions (3.7). Using the variables r and s and integrating
by parts puts the Hamiltonian (3.2) into the form

1
H=3 / (280 + )+ T+ 9OV = )% + (r+9)(/8Go(r — 5)? ) dx, (3.10)
R

with the structure map

_(-Wa2 0
Jrs= 0 Wiy/2,

and the Hamiltonian system (2.7) transforming to

SH

1 1
= ——Wix— = —Woy—.
Tt ZWX St ZWX85

s 3.11
5r (3.11)

In what follows we perform a Hamiltonian perturbation analysis based on the assumption of smallness of wave gradients.
Regard a wave-field with a characteristic non-dimensional wavelength A =I/H, amplitude @ =a/H and velocity 8 =b//gH
where [, a and b are typical dimensional parameters. Define the small parameter @ = 1/A. Usually « and B are identified
and regarded as functions of wave-number w. For justification of the models derived below there is no need for this
identification or concretization of the dependence ¢, f on p. The meaning of the scaling is of course that n = HO(w),
u=./gHO(B) and HD = —iHdy = O(u). During our derivations, omission of higher-order terms is applied only to the
Hamiltonian expressions (3.2), (3.5). The main idea is that high-order dispersive effects have little effect on the energy of
the motion. Moreover, this approach guarantees that the obtained systems are Hamiltonian.
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3.1. Matsuno model

The first useful system can be obtained if we take Hamiltonian (3.2) as it is and find the corresponding variational
derivatives. Taking any real-valued square integrable smooth function h and using the definition

1

/i—?(x)h(x)dx = % H@u + th,n) = i/(HhICu+HuICh+2nuh+2n(tanhHDu)tanhHDh)dx
7=0

R R

one arrives after integration by parts to

SH

E:HICu+nu—tanhHD(ntanhHDu)
and in the same way to

SH 1, 1 2

— = - —(tanh HDu)“.

o0 gn+2u +2(an u)

Thus System (3.3) transforms to

Nt = —HKuy — (nu)x + tanh HD (n tanh HDu)y, (3.12)
ur = —gnx — Uy — (tanh HDu) tanh HDuy (313)
which appeared in [18], and is similar to the systems found in [3] and [22]. It is not known so far if the system is well
posed, but from a modeling point of view, it is sometimes regarded as the most exact model of all the so called bidirectional

Whitham systems. Even though this system conserves the Hamiltonian (3.2), it turns out that this system is very sensitive
to aliasing due to spatial discretization.

3.2. ASMP model

Simplifying the Hamiltonian through and appropriate scaling such as & = 0(uN) and thus discarding the last integrand
in (3.2), one arrives at the system

Nt = —HKuy — (nu)y,
Up = —&MNx — Ullx.

This is the system (1.3), (1.4) mentioned in the introduction. The corresponding Hamiltonian is

1
H= 5_/ (gnz + HuKu + nuz) dx. (3.14)
R

This is also a Hamiltonian system with respect to the same Boussinesq variables 7, u in the same sense as (3.3). This model
started to attract attention after it appeared in [1] and [23]. The local well-posedness of the system (1.3)-(1.4) is proved
[14] by imposing the additional condition inf#(x,0) > 0 on the initial surface elevation. It should be remarked that this
condition may mean that the system is not useful from a physical point of view since all surface water wave models should
have the property that the mean elevation be zero. However strictly positive solutions, like solitons for example, have always
featured prominently in the analysis of such systems. In a recent paper by Claassen and Johnson [4] the well-posedness for
more general initial data was questioned. In fact the authors showed numerically that the ASMP system is probably ill-posed
in L?(T). However, our computations suggest to assume this is not the case in L?(R) and so that the system is probably
well-posed on the real line. We also show that periodic discretization affects numerical computations significantly.

3.3. Hamiltonian version of the Hur-Pandey model

Regarding the Hamiltonian (3.5) given in the new variables defined above, one may discard the last integral in the
expression and simplify the next one staying in the same framework of accuracy up to O(u?af?). This results in the
Hamiltonian

1
H=i/(gn2+Hv}C’1v+nvz)dx (3.15)
R

with the Gateaux derivatives
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SH 1
— =HK v v,
sv +n
H_ oy L2
5y &1t
Thus for the Hamiltonian (3.15), the system (3.6) has the form
ne=—Hvy—Knv)x, (3.16)
Ve =—gKnx — K(vvy). (3.17)

To the best of our knowledge this system is completely new. One may notice that the nonlinear part of System (3.16)-(3.17)
contains only the bounded operator Kdyx, which could mean that it is at least a locally well-posed system. Moreover we
shall see later that among all bidirectional Whitham systems this is numerically the most stable one.

If one formally substitutes the operator X into the nonlinear part of (3.16)-(3.17) by unity according to the long wave
approximation K =1+ O(u4?) then one arrives at the system

Ne=—Hvy— (V)x,
Ve =—gKnx — vvy,

i.e. system (1.5), (1.6) which was introduced by Hur & Pandey [17]. This system does well in the sense of numerical stability
comparing with ASMP model but not as well as its Hamiltonian relative (3.16)-(3.17). Unlike the system (3.16)-(3.17) one
cannot say for certain if the Hur-Pandey system is Hamiltonian with the same structure map as the original water-wave
problem.

3.4. Right-left waves model
Again simplifying the Hamiltonian (3.10) up to O(u%a8?) we obtain

H:g/<r2+52+$(r+s)(r—s)2>dx (318)

with the Gateaux derivatives

85—7: =2gr+ %(% +5)(r—s),
% =2gs— %(35 +1r)(r—5s).
Hence for the Hamiltonian functional (3.18) the bi-directional Whitham system has the form
re=—gWryx — %W&X(3r+s)(r—s), (319)
St = gWsx — %WGXGS +1)(r—5). (3.20)

This system is also new even though it has implicitly appeared in a recently submitted paper [8], where it was not investi-
gated further. Here we emphasize its usefulness and demonstrate that this system also outperforms the system (1.5)-(1.6) in
the sense of numerical stability. Moreover, the variables r, s have a clear physical meaning and in particular initial data are
easier to obtain. This means that sometimes the initial elevations r(x, 0) and s(x, 0) can be measured directly as opposed to
velocity variables. We do not know if the system is well-posed. It deserves note that the symbol of the unbounded operator
Way behaves like a square root at infinity. This fact might be enough to obtain well posedness. In any case, as shown later,
the system has favorable numerical stability properties.

3.5. Uncoupled twin-unidirectional model

One may notice that in the system (3.19)-(3.20), the coupling between the dependent variables is due to the following
part of Hamiltonian (3.18):

g
Heoupling = — = / rs(r + s)dx. (3.21)
2H
R
This part may sometimes be neglected. Then we arrive to the Hamiltonian

H:g/<r2+sz+%(r3+s3)>dx (3.22)
R
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and the corresponding Hamiltonian system consisting of the two independent equations
38
e =—gWrx — ﬁWer, (3.23)

3g
St = gWsx + ﬁWssxA (3.24)

The first equation is a modification of the equation proposed by Whitham [27,28]. The second one is its analogue for
left-going waves. It is not known if they are well-posed even though for a large class of similar equations the answer is
affirmative [13]. We shall see below that it is quite often the case that colliding waves almost do not affect each other and
one may admit independence and regard basically just the equation (3.23). Up to small terms, the final result is obtained
by linear superposition (3.8). Indeed in Fig. 2 the dependence on time of interaction energy (3.21) for the right-left system
(3.19), (3.19) is represented. One can see that the interaction is going on for a short time and is of negligible order. This
results in a small residual of solution after the interaction.

4. The numerical approach

All the models discussed in the project are solved by treating the linear part £ and the nonlinear part N\ separately
using a split-step scheme. In other words we solve a system of the form
7zt =L(2)+N(2) (41)

which is treated by solving the systems z; = £(z) and z; = A/(z). Denote by exp(tL) an integrator of the first one and
exp(t\V) an integrator of the second one. We make use of a symplectic integrator of 6th order introduced by Yoshida [29].
The main advantage of such an integrator is that the time step can be made relatively large which can accelerate calculations
greatly. Yoshida developed his numerical scheme for separable finite Hamiltonian systems, however, it proved to be efficient
also in water wave problems [2]. Below we describe the method in application to the models derived. Following Yoshida a
one step integrator for the whole system (4.1) is approximated by the product

exp[8t(L + N))] = exp(c18tL) exp(d15tN) exp(cadtL) - ... - exp(d78tN) exp(cgStL)

where 4t is the time step and c;, d; are constants given by

C1=cg=w3/2, C3=c7=(W3+W2)/2, c3=c6=(W2+W1)/2, c4=0C5=(W1+Wp)/2

and

di=d;=w3, dy=ds¢=wy, d3=ds=wq, dq=wyo.

Here we take the following set of weights

w3 =0.784513610477560, w; = 0.235573213359357,
wq =—1.17767998417887, wo =1.315186320683906.

One can notice that the integrator is symmetric. The meaning of the product is that each time step is divided into substeps.
The systems z; = £(z) and z; = N (z) are solved using spectral methods. Moreover, the first one for each model can be
solved exactly. For example, the linearization of the system (3.16)-(3.17) has the following solution

. sinUt
n(t) =cosUtno —iHD

Vo,
sinUt
U
with the initial data ng, vo. The operator U has the form

U=./gGy=+/gDtanh HD. (4.2)

These formulas represent the integrator exp(t£) for the systems (3.16)-(3.17) and (1.5)—-(1.6) since the linear part £ is the
same for those two.
For the systems (1.3)-(1.4) and (3.12)-(3.13) the integrator exp(t£) has the form

sinUt

v(t) = —ig/HtanhHD

No + cos Utvo,

n(t) =cosUtno —itanh HD

Uop,

u(t)=—igDh

sinUt
U no + cos Utuo,

with the initial data ng, ug.



86 Selected works

E. Dinvay et al. / Applied Numerical Mathematics 141 (2019) 248-262 255

For the system (3.19)-(3.20), the operator exp(tL£) is diagonal,

gWaox =igWD =i,/gGosgnD,

and the linearized problem has the solution

r(t) = exp(—itU sgn D)ro,
s(t) = exp(itU sgn D)sp,

where rp, so are initial right- and left-going waves, respectively, and U is defined by (4.2).
For all models discussed here, we use the standard Runge-Kutta scheme of 4th order as the nonlinear integrator exp(t\).
It is explicit but not symplectic. One might argue that it makes the whole integrator exp(t£ + t/N') not symplectic any more.
As an alternative we also ran all computations with a symplectic Euler scheme, such as described in [15]. This scheme
turns out to be explicit for most of the models discussed here. Indeed, for example, for the ASMP model (1.3)-(1.4) one step
of the semi-implicit Euler method has the form

Nn+1 = Mn — 8tox(HKup + Nnt1tn),
1
Upg1 = Up — 8tx(&Nn+1 + iuﬁ)

that can be resolved with respect to 1,41 as follows. On the space l%’ define operator By f = —dtdx(uy f) that is bounded
|[Bn|l < 8tN maxuy. Expecting uniform boundedness of solution u one can choose the time step §t = O(1/N) so that ||B,| <
C < 1. Thus

(1 — Bn)Nnt1 = nn — 8tdoxHKup

is resolved as

M1 = (1 + By + B2 ++..) (13 — 8tdHKup).

Hence 7n41, uny1 are resolved via n,, u, and the scheme is explicit and symplectic at the same time.
The numerical scheme of the free-surface problem for the Euler equations is based on a time-dependent conformal
mapping of the fluid domain into a strip. A complete description of the method can be found in [20,26].

5. Numerical experiments

The model systems described above are now characterized with respect to numerical instability due to spatial discretiza-
tion. For the numerical experiments we make the problem nondimensional by setting H =1 and g = 1. The computational
domain is —L < x < L, with L = 70. Initial conditions are imposed by means of

No(x; xo,a,k)=a-sech2(f(x7x0))fC, (5.1)

where
2 a
FG =1 log (1 4 ﬁ) ©CO)= gy (@nh £ = xo) + tanh f(L+x0)).

Here C(1) and f(A) are chosen so that ffL No(x)dx =0, and the wave-length X is the distance between the two points x;
and x; at which no(x1) = 10(x2) = a/2. Below we always take the wave-length A = /5.

In all problems below we are interested in time evolution from tp =0 to tpe = 50. In cases of collision of two waves we
send them towards each other. So first of all we simulate problems that cannot be described by unidirectional models like
KdV or Whitham equations. Secondly, one can see that all the models introduced are in line with the effect of quasi-elastic
interaction of waves. So after collision waves behave as independent with slight tails. In all experiments below we provide
initial data 7(x,0) and ®(x,0) for the Euler system. Initial data for the approximate models can easily be obtained by
applying transformations of variables u(x, 0) = 9y®(x, 0), (3.4) and (3.7). According to (3.8) one can make quasi-right moving
waves taking the surface velocity u(x, 0) = W~1n(x, 0).

As was already said the splitting method we are making use of allows us to take relatively large time steps. So we take
8t =0.05 when the number of Fourier harmonics is either N =512 or N = 1024. This choice is dictated by the stiffness of
the ASMP model (1.3)-(1.4) since the scheme becomes unstable for large N and might need filtering due to the probable
ill-posedness of the model. In comparative experiments, on the other hand, we do not want to use any filtration.
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Fig. 1. Experiment (A). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green — HP system. (For interpretation of the
colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Left panel: Development of the Hamiltonian for total initial energy # = 0.1420, and the coupling term Hcoupling for Experiment (A). Right panel:
close-up of the graph of Hcoupling-

Experiment 5.1 (A). Consider a collision of two approaching positive waves. Let a = 0.2 and xo = 20. Impose initial surface

1(x, 0) = no(x; X0) + Mo (X; —Xo)

and initial potential
X X
D(x,0)=— / W lno(&; x0)d€ + / W o (€; —x0)d.
0 0
All approximate systems in Experiment (A) are solved on the grid with N = 1024. (Fig. 1.)

Experiment 5.2 (B). Consider a collision of a trough and a convex wave. Let a = 0.1 and xo = 20. Impose initial surface

n(x, 0) = no(x; Xo) — No(X; —Xo)

and initial potential
X X
0.0 =~ [ W no(es xonde — [ W notes —xonde.
0 0

All approximate systems in Experiment (B) are solved on the grid with N =512. (Fig. 3.)
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Fig. 3. Experiment (B). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green — HP system.
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Fig. 4. Experiment (C). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green — HP system.

Experiment 5.3 (C). Consider a collision of two troughs. Let a = 0.1 and xo = 20. Impose initial surface

n(x,0) = —no(X; X0) — Mo (X; —Xo)

and initial potential

¢mm=[w”w@mmffw4m@—m&.
0 0

All approximate systems in Experiment (C) are solved on the grid with N =512. (Fig. 4.)

Experiment 5.4 (E1-E3). Consider the evolution of waves with the initial surface elevation

n(x,0) = no(x; Xo = 0)

where a = 0.3 and xo = 0. Impose firstly (E1) initial potential

M&®=/W”m®@,
0

than secondly (E2) initial potential

X

O(x,0)= / no(§)dé,

0
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Fig. 5. Experiment (E1). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green - HP system.
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Fig. 6. Experiment (E2). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green — HP system.

and finely (E3) initial potential
d(x,0)=0.

All approximate systems in Experiments (E1-E3) are solved on the grid with N = 1024. (Figs. 5-7.) Note that the initial
potential of Experiment (E2) creates only approximately a right-going wave according to the linear long wave theory. Any-
way neither the conditions of Experiment (E1) or of Experiment (E2) induce completely one way propagation as numerical
results shows. Surprisingly, initial potentials of the type as in Experiment (E3) lead to better correspondence between ap-
proximate models and the Euler system then initial potentials of the type as in Experiment (E2). And moreover, of the type
as in Experiment (E2) lead to the better correspondence then of the type as in Experiment (E1). We believe it is mainly a
technical feature since the initial error of evaluation surface potential via YW~! and integration normally increases with the
time.

In all presented figures initial elevation profiles are marked by grey lines. Solutions of the Euler system (2.1)-(2.4)
are black, of the ASMP system (1.3)-(1.4) are blue, of the Hur-Pandey system (1.5)-(1.6) are green, of the Hamiltonian
Hur-Pandey system (3.16)-(3.17) are purple, and of the right-left system (3.19)-(3.20) are red. (See Table 1.)

In order to quantitatively compare the accuracy of each approximate model we calculate the differences between Euler
solutions and solutions of each system correspondingly. These errors are measured in the integral L2-norm normalized by
initial condition as follows

_ IIEuter — NMmodet |
[1Minitiatl
where

1M Euter — Nmodet |l = mgax \// (NEuter (X, £) — Nmodet (X, £))2dx
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Fig. 7. Experiment (E3). The thin grey curve represents the initial data. The black curve is the approximate solution of the full Euler system at t = 50. The
color coding is as follows: purple - Hamiltonian HP system; red - right-left system; blue - ASMP system; green - HP system.

Table 1
Hamiltonians H for various systems, evaluated at t = 50.
Experiment A B C E1 E2 E3
Euler 01316 0.0329075955585 0.03291 0.1481 0.1398 0.0740610317118
ASMP 0.1440 0.0329075170851 0.03136 0.1686 0.1569 0.0740419134333
Hamiltonian HP  0.1405  0.0329075170854  0.03180  0.1626  0.1524  0.0740419134422
Right-Left 0.1420 0.0329075170854  0.03162 0.1651 0.1543 0.0740419134422
Table 2
Errors £, evaluated at t = 50.
Experiment A B C E1 E2 E3
ASMP 0.488 0.109 0.149 0.883 0.768 0.153
Hur-Pandey 0253 0085 0126 0339 0315 0.082
Hamiltonian HP  0.167 0.130 0.106 0.231 0.207 0.061
Right-Left 0167 0089 0128 0240 0218 0.048

and

1initiat | = /r;(x, 0)2dx.

Here ngyier(x, t) is the solution for the Euler system and 9yoqge1(X, t) corresponds either to ASMP, Hur-Pandey, Hamiltonian
Hur-Pandey or Right-Left system. The corresponding results are represented in Table 2.

As was stated above some models work better in the sense of numerical stability. There were many discussions about
ill-posedness of ASMP model [4]. In the next experiment we provide an example with initial data satisfying the condition
for local well posedness. One can see that the initial data is lifted over the real axis so the mean value is approximately 0.35.
It is known from Ehrnstrom, Pei, Wang [14] that we are in a locally well posed situation, however, the obtained solution
seems very unstable as one can see in Fig. 8. This experiment was repeated with different time integrators, including the
symplectic first-order Euler method described in Section 4. The results were always the same, pointing to doubts about the

long-time well posedness of the ASMP system.

In order to systematize our experiments regarding the well posedness and stability of the Whitham systems, we used

the following initial data:

Experiment 5.5. Suppose we have a trough with amplitude a = 0.3. Let xo = 0. Solve System (1.3)-(1.4) with the initial surface

N(x,0) = —1o(x) +0.35

and the initial velocity

u(x,0)=w-In(x,0).

Problems with the HP system (1.5)-(1.6) may occur if an initial trough is deep enough. In the example shown on Fig. 9
we have to filter half of the high Fourier modes to make computations stable. The resulting noisy solution continues its
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Fig. 8. Approximate solution of the ASMP Whitham system with initial data satisfying the condition infno > 0.
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Fig. 9. Left panel: De-aliased solution of the HP system with N = 512 and time step = 0.05. Snapshot is taken at t = 25. Right panel: The same for
Hamiltonian version of the HP system and the Right-Left system.

propagation and one can notice that all the oscillations happen around some reasonable mean curve that can be obtained
easily by solving either the system (3.16)-(3.17) or the system (3.19)-(3.20) without any filtration. The results are repre-
sented on Fig. 9.

Experiment 5.6. Suppose a = 0.6 and xo = 0. Solve System (1.5)-(1.6) with initial surface

n(x,0) = —no(x)
and initial velocity

v(x,0)= Kw! n(x, 0).

As to numerical stability of the Right-Left system (3.19)-(3.20), we can notice that this system encountered problems
only in extreme non-physical situations, as for example, with an initial deep trough of amplitude a = 1.2 and increasing
number of harmonics up to N = 21>, The Hamiltonian version of the Hur-Pandey system (3.16)-(3.17) is numerically stable
even in such a physically absurd problem.

Finally, let us look at the development of the Hamiltonian in two cases. First, an example of self-stabilization in the
Matsuno system:

Experiment 5.7. Suppose a = 0.2 and xo = 0. Solve Matsuno System (3.12)-(3.13) with initial surface n(x,0) = no(x) and initial
velocity u(x, 0) = KW~"n(x, 0). We take the time step t = 0.1 and the number of grid points N = 512.

One might think that a numerical method conserving the total energy could remove the instabilities in the solution.
Unfortunately this is not the case. We applied a simple projection method [15] to obtain a conservative method. With this
method, energy was indeed conserved, and we managed to get a constant instead of the time-varying energy shown in
Fig. 11. However, the solutions itself remained noisy such as in Fig. 10, and the computational cost is substantially higher
than in the nonconservative method.
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Fig. 10. Self-stabilized solution of the ASMP, Hamiltonian HP and Matsuno systems with N =512 and time step 5t = 0.1. Left panel: t = 20, right panel:
t=50.
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Fig. 11. Total energy of solutions of ASMP and Hamiltonian HP systems, and self-stabilized solution of the Matsuno system as a function of time t, with
N =512 and time step §t =0.1.
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1. Introduction

We regard the Cauchy problem for the system that in non-dimensional variables has the form

e = —v, — 4 tanh D(nv), (1.1)
v; = —i tanh Dy — i tanh Dv? /2 (1.2)
where D = —i0, and so tanh D is a bounded self-adjoint operator in Ly(R). The system models the two-

dimensional water wave problem for an inviscid incompressible flow. As usual 1 denotes the surface elevation.
Its dual variable v roughly speaking has the meaning of the surface fluid velocity. In the Boussinesq regime
it coincides with the horizontal fluid velocity at the surface.

Egs. (1.1)-(1.2) appeared in literature recently as an alternative to other linearly fully dispersive models
able to describe two-wave propagation [1]. Those models capture many interesting features of the full water
wave problem and are in a good agreement with experiments [2]. As to well-posedness, the existing results for
them are not satisfactory. For example, the system regarded in [3] is locally well posed if only an additional
non-physical condition n > C > 0 is imposed. This system is probably ill-posed for large data if one removes
the assumption 7 > 0. An heuristic argument is given in [4]. This is not a problem for System (1.1)—(1.2).
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Another important property of System (1.1)-(1.2) is its Hamiltonian structure. Indeed, regarding the
functional

H(n,v) = % /R <772 + 7)&1} + 771)2> dx

Egs. (1.1)—(1.2) can be rewritten in the form
Bi(n,v)" = JVH(n,v)

with the skew-adjoint matrix

7— 0 —itanh D
“ 7 \—itanh D 0 '

In particular, H is a conserved quantity. Thus Egs. (1.1)-(1.2) provide an example of a nonlinear Hamiltonian
system that is locally well posed. It is worth to notice that this model can be obtained in the long wave
framework from Zakharov’s system [5] also known to be Hamiltonian.

In some sense (1.1)—(1.2) can be regarded as a regularisation of the system introduced in [6]. Indeed, if
one formally admits that tanh D ~ D for small frequencies, then substituting D instead of tanh D to the
nonlinear part of System (1.1)—(1.2) one arrives to the system regarded in [6]. Such approximation is in
line with the long wave framework, when we keep all dispersive terms in the linear part and exactly first
dispersive term untouched in the nonlinear part. That is formally justified due to smallness of regarded
water waves. Changing variables and admitting tanh D ~ D in nonlinear part, as explained in [1], one
can arrive to the system studied in [3]. It is also worth to notice that for the system regarded in [6] the
Benjamin-Feir instability of periodic travelling waves is proved. If one in addition formally discards the
term nd,u in the system given in [6], then a new alternative system turns out to be locally well-posed and
features wave breaking [7]. However, the latter does not belong to the class of Boussinesq-Whitham models
since nonlinear non-dispersive terms have been neglected.

In addition it is worth to notice that System (1.1)—(1.2) outperforms other bidirectional Whitham models
both in the sense of numerical stability and accuracy of approximation of Euler equations [1]. This is might
not be surprising since in the nonlinear part of Egs. (1.1)-(1.2) we have a bounded operator. However, if
one tries to diagonalise the system then one will encounter a fractional derivative \D\I/ % both in the linear
and nonlinear parts. So further considerations turn out to be not completely straightforward.

Finally, let us formulate the main result. We stick to the usual notations of Sobolev spaces H* = H*(R)
with the norm defined via Fourier transform.

Theorem 1.1. Let s > 0. For any no € H*t'Y2(R) and vo € H*T'(R) there exists a positive
time T > 0 depending only on the norm |noll ys+1/2 + ||[vol| gs+1 such that there exists unique solution
(n,v) € C([0,T); HY2(R) x H*L(R)) of System (1.1)~(1.2) with the initial data (no,vo). Moreover, it
depends continuously on the initial data.

In the following section a priori bound is established. The complete proof of the existence would result
from a standard compactness argument implemented on a regularised version of the system. In the third
section, we derive an estimate for the difference of two solutions. With this estimate in hand, one can prove
the uniqueness as well the continuity of the flow map. For the complete proof one can follow Bona and
Smith [8], for example. In the fourth section consistency is analysed. In the end, the relevance of (1.1)—(1.2)
as an asymptotic model for water waves is supported by numerical calculations. The latter demonstrates
a good agreement with the Euler equations. It is worth to notice that Theorem 1.1 does not rely on the
non-cavitation hypothesis 1 4+ n > 0, since smallness of waves is implied in the model.
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2. A priori estimate

For the notational convenience we stick to the case of the low regularity with s = 0 in the theorem
formulation. One can see that it changes insignificantly the derivation of the estimate. Introduce a functional
of the form

1
B(n,v) = 5/ (n\D\n + 1)|D|2v) dx (2.1)
R
and a norm E(n,v) of the view
2 Loz 1y e
E5(n,0) = 3lnllz, +5llvllz, +B(0,v) (2.2)
that is obviously equivalent to ||9||;1/2 + [|v]| 1. Here the pair 5(x,t), v(x,t) represents a possible solution

of System (1.1)—(1.2).

Lemma 2.1 (A Priori Estimate). Suppose n(t) € HY/2(R) and v(t) € H'(R) solving System (1.1)~(1.2)
are defined on some interval including zero. Then there exist constants C >0 and T > 0 such that

EOECt
Et) S ——FF—~
O < =g e

for any t € [0,T). Here E(t) stands for E(n(t),v(t)) and Ey = E(0).

Proof. Firstly, calculate the obvious derivative
1d

sl = [me== [ =i [ ntanh D) < IilcalOstilen + 1, ol

that follows from Holder’s inequality and boundedness of operator tanh D in Lo(R). Similarly

Ld
2dt

|v

2 2
Ly <l llolle, + Mo, ol

Hence derivative of the first two terms in (2.2) is bounded as

1d

2 2 2 2
535 (M2, +e 2, ) < (mllea + 03, +10 11, ) el (2.3)

Differentiating (2.1) with respect to ¢ obtain

d
B0 = [ [ilDln+ oD Pu] de =
dt .
= / [77]\D\Bmv — in|D| tanh D(nv) — iv|D|* tanh Dy — iv| D|? tanh sz/Q] dx (2.4)
R
Note that i|D|? tanh D = 8,|D|[tanh D| and so combining the first and the third integral in (2.4) gives

- / 2| DJo,w / v, | D|[tanh Dy = / 00, D|(1 — |tanh D]}y < Clllz, o]z,

since operator d;|D|(1 — [tanh D|) is obviously bounded. Again applying i|D|tanh D = 9, (|tanh D| —1)+ 0,
to the second part of the Integral (2.4) obtain

—i/n|D|tanhD(7]1)) = /7781(1— [tanh D|)(nv) — /7781(171))
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where the first integral is bounded by || HQLQ ||| Lo up to a constant. The second integral

1 1 1, .
= o) =5 [0 == [ 100 < S lealocvlia < Clnlie ol

where the L -norm was controlled by H'/?-norm as in Theorem 3.3 of the book by Linares and Ponce [9].
Noticing again i\D\Q tanh D = iD|D|(|tanh D| — 1) 4+ 0,|D| one can treat the last part of Integral (2.4) as
—i /U|D|2tanh Dv?j2 =i /vD|D|(1 — |tanh D|)v?/2 — /v(()zv\Dh) <
| - o2 | 3
S Ol lly I0llze + 1020 117, 0llae < Cllv [0 -

Thus combining all these inequalities in Identity (2.4) one arrives at

d 2 2 3
7B <C (H?)HLZHUHLZ + iz, ol + 10 2 lollg + o HHl)
that is together with (2.2) and (2.3) results in

%E < C(E+ E?) (2.5)

where equivalence of E(1,v) to [1]| g1/2 + |[v]|z1 was used. Integration of (2.5) proves the lemma. O

3. Uniqueness

Suppose on some time interval we have two solution pairs 71, v1 and 72, v of System (1.1)—(1.2). Introduce
functions 0 = m — 12, w = v1 — vy and ¢ = (1 +72)/2, u = (v1 + v2)/2. Then  and w satisfy the following
system

0; = —w, — itanh D(uf + (w), (3.1)

w; = —itanh DO — i tanh D (uw). (3.2)

The idea is to obtain an estimate for this system similar to the priori bound given in the above lemma. For
this purpose one calculates derivative of the square norm E?(#,w). Calculations are similar

1d

2dt

and for the derivative of the rest part of E? obtain

d
ﬁB(ﬁ,w) = ‘/R[—G\D\Ozw -

—if|D| tanh D(uf + (w) — iw|D|? tanh DO — iw| D|? tanh D(uw) | da. (3.4)

(I|9 17, +lw HZ) < V21 g s+ (Ul + lull ) (1012 + lwll)® (3:3)

The first and the third integral in (3.4) together are estimated exactly as the corresponding part in (2.4) by
16|z, |Jw]| L, up to some constant. Similarly also estimate the fourth integral in (3.4) by ||ul| g1 ||w H%{l up to
a constant. Due to identity i|D|tanh D = 9,(Jtanh D| — 1) + 9, instead of regarding the second integral in
(3.4) it is enough to estimate the following integral

/\931(410” < 1912611, 110212 (¢, <

1/2 1/2 1/2
< L0l (110:1 2Nl + 1NN 0] ) < CUCH 172161112 a0l

which finishes the estimation of Derivative (3.4). Firstly, the fractional Leibniz rule was used here, that was
derived by Kenig, Ponce, and Vega [10]. For the exact form we apply, one can look on page 52 of the book
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by Linares and Ponce [9]. Secondly, Ly-norms were estimated via H'/2-norms. This estimate follows also
from product estimates in Sobolev spaces.
The resulting inequality has the form

d
21 E0,0) < C (14 [cll sz + llull 1) E(O, w). (3.5)

Taking into account boundedness of the norm ||¢|| ;12 +||u|| g1 on the regarded time interval one can deduce
uniqueness from the obtained inequality (3.5).

4. Consistency

In this section we will show that System (1.1)—(1.2) is at least as precise as any of Boussinesq systems [11]
in the sense of approximation of water waves. Denoting by h the mean depth of the fluid layer, by a a typical
amplitude and by A a typical wave length we assume

e=a/h=(h/N? <1

where ¢ is a long wave parameter in this Boussinesq regime. In this framework the regarded Whitham—
Boussinesq model has the form

Ny = —v, — iv/e tanh(v/eD)(nv), (4.1)
v = —% tanh(vED)n — iv/e tanh(vED)v? /2 (4.2)
that is consistent with the following Boussinesq system
N = —vy — (V) (4.3)
v=— (1 + %82) Ny — EVU, (4.4)

rigorously studied in [12,13]. In fact the latter is an ill-posed almost fully justified model [5].
Lemma 4.1 (Consistency). Let s > 0. Suppose that there exist T > 0 and a pair n € L*°([0,T); H**5(R)),

v € L®([0,T); H5T3(R)) solving System (1.1)~ (1.2). Then this pair satisfies Eq. (4.3) up to a reminder
r bounded as

Il g < Celmlpse rosollol s eso,
and Eq. (4.4) up to a reminder q bounded as
: 2
lallzgerrs < 2 (Wlluge rss + 110 W govs ) -

Proof. The proof follows from a straightforward estimation of reminders r» and q. O

The energy method reapplied to System (4.1)—(4.2) can guarantee the time of existence only of order
O(1/+/e). Thus for the full justification one needs to prove long-time existence.

5. Computation of solitary waves

In this section we calculate numerically solitary waves corresponding to the Whitham-Boussinesq system
(1.1)~(1.2) and compare them with the Euler solitary waves. We also regard evolution of Euler solitary
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waves with respect to System (1.1)-(1.2). This comparison supports relevance of System (1.1)—(1.2) for
water waves theory. It is just an additional justification to what has been done in [1]. However, these new
calculations give a complete quantitative information on the accuracy of the model when it comes to solitary
wave problems. The numerical scheme implemented here is relatively simple, so one should anticipate that
a similar analysis has been done with most other justified models either unidirectional or bidirectional. On
the other hand accuracy calculated below is impressive and deserves to be pointed out.

For notational convenience, we use the same notations 7, v for solitary waves profiles corresponding to
(1.1)=(1.2). In other words, we write n(z,t) = n(xz — ct) and v(x,t) = v(z — ct). Here ¢ stands for a Froude
number coinciding with the speed of a soliton in our non-dimensional framework. The corresponding solitary
waves system has the view

cn =v+ K(nv), (5.1)
cv = Kn+ Kv?/2 (5.2)

where K = tanh D/D is a bounded self-adjoint operator in Ly(R). A simple heuristic analysis shows that
solutions of System (5.1)—(5.2) are smooth and expected to exist for any ¢ > 1. Indeed, expressing 7 via v
by (5.2) and substituting to (5.1) one obtains

1 Lo, Lo o 1 o3
v:c—lev+Zle +EIC(7JIC v)—ﬁ}Cv.

Clearly, operator K~! — | D| is bounded and the operator K improves the smoothness of its operand by one
order. So if one takes v € H' and substitutes it to the right part of the last identity then one obviously gets
v € H?, which results in the fact that both solutions v and 7 are infinitely smooth and there is no restriction
on their amplitudes.

A use of the Petviashvili iteration method is made to calculate solitary waves [14]. Applicability of the
method, as well as existence of such solutions, is out of scope of this note. The essence of the method is to
split the linear £ and the nonlinear A/ parts as follows

o= (5 ) () vo- (502)

and so System (5.1)—(5.2) can be rewritten as £(n,v) = N(n, v). Clearly, the operator £ is invertible if and
only if ¢ > 1. The Petviashvili iterative scheme is defined by

(77n+17 Un+1)T = Siﬁil(N(nnvvn))

where S, is a stabilisation factor computed by

" f(nnv Un)/\/(nn, Un)d.r :

An analogous splitting is applied to the Babenko equation describing Euler gravity solitary surface
waves [14]. This is implemented in the code [15]. For time evolution performance of System (1.1)—(1.2),
it is treated by the numerical scheme thoroughly described in [1].

For comparison with the fully nonlinear model we introduce the relative difference between waves 77 and
72 as

m —2(L
o) = 1=l (59
.
As is pointed out above, solutions of System (5.1)—(5.2) are defined for any Froude number ¢ > 1, whereas
for the fully nonlinear solitary waves it does not exceed ¢ ~ 1.29421 that is the highest possible speed
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Fig. 1. Amplitude versus speed relation a(c) for the Whitham system (solid line) and the Euler system (dashed line) on the left.
Relative difference e(c) on the right.

0.7 T T T 0.7 T T T T T T T
06
05F
04f
031
0.2

0.1

—01 L L L L " " "
10 0 20 40 60 80 100 120 140 160

0.0
~10

Fig. 2. Solitary waves corresponding the Froude number ¢ = 1.25 for the Whitham system (solid line) and the Euler system
(dashed line) on the left. Evolution of the Euler solitary wave due to the Whitham system on the right.

for solitary waves. In Fig. 1 solitons for different models are compared. In the left picture one can see the
dependence of amplitude a = 1(0) on speed ¢. The black line corresponds to the Whitham-Boussinesq model
and the dashed line to the full Euler model. In the right picture one can see the dependence on speed of the
relative difference €(c) = d(9,n), where Euler 79 and Whitham 7 solitons correspond to the same speed c.
It is worth to notice that even for solitary waves with amplitude of order a = 0.4 the error of approximation
does not exceed 10%. It approaches zero when amplitudes are taken small.

In Fig. 2 approximation of relatively high solitary waves is examined. In the left picture solitons
corresponding to ¢ = 1.25 for different models are represented. The dashed line is for the Euler solitary
wave ng(x). The latter is taken as an initial condition for numerical integration of System (1.1)—(1.2). Thus
one can look at the time evolution of the fully nonlinear solitary wave with respect to the approximate
model System (1.1)-(1.2) in the right picture in Fig. 2. The shot is taken at the moment ¢ = 112. The
corresponding initial data has the form

n(x,0) = no(z), v(x,0) = K(us + u20:m0)

where elevation 7, horizontal u; and vertical us velocities are associated to the Euler solitary wave moving
with the speed ¢ = 1.25 (the dashed line in the picture). One can see that the initial wave is diminishing
leaving a dispersive tail behind. It is worth to notice that after some time this leading wave turns out
to be a solitary solution of (5.1)-(5.2). More precisely, if one excludes the tail from the solution n(z,t)
then at the moment ¢ = 10 minutes (according to our nondimensional settings) we have the difference
d(ns,m) = 2.2-107°. Here 5, is the solution of (5.1)—(5.2) corresponding to the Froude number ¢ = 1.22957.
This allows us to make a conjecture about asymptotic stability of solitary waves for the regarded model

(1.1)~(1.2).
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6. Conclusions

The dispersive Boussinesq system (1.1)—(1.2) was derived using Hamiltonian perturbation theory by
Dinvay, Dutykh and Kalisch [1]. In the current paper this system has been proved to be locally well-
posed. Its accuracy as of an asymptotic model was tested with solitary waves, the latter admit a complete
characterisation via speed—amplitude relation.

There are many possibilities for further study of System (1.1)—(1.2). First, it is desirable to prove long
time existence and so complete the full justification of the model. Second, it is of interest to check if the
model features modulational instability and wave breaking. Third, it would be interesting to try to extend
the local result of the paper to a global well-posedness and possibly to prove asymptotic stability of solitary
waves. Existence of the latter should be also shown rigorously.
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WELL-POSEDNESS FOR A DISPERSIVE SYSTEM OF THE
WHITHAM-BOUSSINESQ TYPE

E. DINVAY, S. SELBERG AND A. TESFAHUN

ABSTRACT. We regard the Cauchy problem for a particular Whitham-Boussinesq system modelling
surface waves of an inviscid incompressible fluid layer. We are interested in well-posedness at a very
low level of regularity. We derive dispersive and Strichartz estimates, and implement them together
with a fixed point argument to solve the problem locally. Hamiltonian conservation guarantees
global well-posedness for small initial data in the one dimensional settings.

1. INTRODUCTION
We consider the following Whitham-type system posed on R+
{ A+ O = — K20, (1) (L1)
O + K10 = ~K70.(%/2), '

where

K] = K] (D) =1/
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with the skew-adjoint matrix

0 —itanh D
J = <7i tanh D 0 ) ’

which in particular guarantees conservation of the energy functional H. It is worth to notice
that System (1.1) can be derived at least formally in the long wave asymptotic regime from the
Zakharov-Craig-Sulem formulation of the water wave problem [18] also known to be Hamiltonian.
The Hamiltonian structure of the Zakharov-Craig-Sulem formulation is canonical, in the sense that
0 1
-1 0
also enjoys a canonical Hamiltonian structure, which is directly comparable with the one of the
full water wave system, when using variables (1, ¥) where ¢ is such that v = ¢ tanh D). Numerical
simulations done in [8] show how insignificantly values of functional H differ from the corresponding
energy levels of the full water problem.
We also consider a system posed on R?>*! of the following Whitham-Boussinesq type

o +V-v=—KV-(nv),
v+ K2V = —K3V ([v[*/2) ,

the corresponding skew-adjoint matrix J = . It is interesting to notice that Model (1.1)

(1.5)

where v = (vy,v2) € R? is a curl free vector field, i.e., V x v = 0, and

Ky =KyD)=+/
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WELL-POSEDNESS OF WHITHAM-BOUSSINESQ TYPE SYSTEM 3

In fact (1.1) can be regarded itself as a regularization of the system introduced by Hur and
Pandey [14]. The latter was also investigated numerically in [8] and compared with other models of
Whitham-Boussinesq type. Admitting formally tanh D ~ D for small frequencies and substituting
D instead of tanh D to the nonlinear part of Equations (1.1), one comes to the system regarded in
[14]. Hur and Pandey have proved the Benjamin—Feir instability [14] of periodic travelling waves
for their system, which makes it valuable. If one in addition formally discards the term nd,u in the
system given in [14], then a new alternative system turns out to be locally well-posed and features
wave breaking [15]. However, the latter does not belong to the class of Boussinesq—~Whitham models
since nonlinear non-dispersive terms have been neglected.

We would like to pay special attention to a system that was not considered in [8] but was in-
troduced by Duchéne, Israwi and Talhouk [9]. They modified the bi-layer Green-Naghdi model
improving the frequency dispersion. In fact, their system is also linearly fully dispersive, which
makes it a close relative to System (1.1). Note that their system is Hamiltonian as well. More-
over, they have justified the Green-Naghdi modification proving well-posedness, consistency and
convergence to the full water wave problem in the Boussinesq regime [9]. In addition, consistency
of Hamiltonian structure is shown, so that energy levels of the approximate model can be compared
with the full water energy. Existence of solitary waves for their system is also proved in [10]. Re-
turning to the system regarded by Ehrnstrom, Pei and Wang [11], we should notice that a question
of existence of solitary waves for it, is closed as well [20]. Finally, we point out that well-posedness
of the modified Green-Naghdi model is satisfactory, in the sense that it needs neither surface tension
nor any non-physical initial condition. All this together makes it a promising system. And indeed,
as noticed in [9], their modification gives more reliable results when it comes to large-frequency
Kelvin-Helmholtz instabilities than other models of the Green-Naghdi type.

On the contrary, System (1.1) has a couple of advantages compared with the modified Green-
Naghdi model [9]. Firstly, it is derived, though not rigorously, from the Zakharov-Craig-Sulem
formulation, and as a result one knows the relation between variables (7, v) and those describing
the full potential fluid flow [8]. As to the modification discussed, it is presented in variables where
the first one has the meaning of the surface elevation and so coincides with 7. Its dual variable
is called the layer-averaged horizontal velocity [9]. In the Boussinesq regime it definitely coincides
with the same object associated with the full Euler equations. However, one cannot guarantee
that it will be the case in shorter wave regimes. Whereas for Whitham type models one might
anticipate a good agreement which is confirmed by experiments [5]. Here we must admit that
neither the Whitham-Boussinesq system (1.1) nor the modified Green-Naghdi system are tested by
Carter [5]. So it might be only a matter of time before the modified Green-Naghdi velocity is given
an exact physical meaning. In other words, we expect that this velocity will be associated with the
full water problem notions. The second issue is that it does not seem obvious how the modified
Green-Naghdi system can be generalized to a three-dimensional model, whereas for System (1.1)
it is straightforward.

Let us formulate the main results. The first one is an improvement of the local existence claimed
in [7].

Theorem 1 (Local existence in 1d). Let s > —1/16. Given any R > 0 there exists a time
T = T(R) > 0 such that for any initial data (no,ve) € X® := H5(R) x H*TV2(R) with norm
[Inollzs + lJvoll gsv1/2 < R, there exists a solution (n,v) in the space X5 = C([0,T]; H*(R) x
H¥t/2(R)) of the Cauchy problem (1.1), (1.3). Moreover, the solution is unique in a subspace of
X% and it depends continuously on the initial data.

Theorem 2 (Local existence in 2d). Let s > 1/4. Given any R > 0 there exists a time T =
T(R) > 0 such that for any initial data (1o, vo) € X* := H* (R?) x (H*+1/2 (]RQ))2 with Vx vy =0
and with norm |nollms + [Voll(gs+1/2y2 < R, there exists a solution (n,v) in the space X7 =
C ([(),T];HS(RQ) X (HS“/2 (RQ))Q) of the Cauchy problem (1.5), (1.6). Moreover, the solution is
unique in a subspace of X7 and it depends continuously on the initial data.
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Remark 1. For s > 0 in 1d and s > 1/2 in 2d the solution is unique in the whole space X7..
Moreover, the flow map is real analytic for such values of s.

Theorem 1 does not rely on the non-cavitation hypothesis 1 + 7 > 0, since smallness of waves is
implied in the model. It can be seen as a drawback comparing with the model from [9]. However, as
mentioned above, it is difficult to say for now which one of these two competing models is a better
approximation to the Euler equations. Instead of the non-cavitation, there is another condition
that we have to impose to prove the following global result. The meaning of this new condition
is that the total energy should be positive and not too big. We point out that this condition is
imposed at the energy level of regularity and is independent on the regularity s of the initial data.

Theorem 3 (Global existence in 1d). Assume that s > 0 and consider the local solution from
Theorem 1. There exists § > 0 such that if

mollc2@y + l[voll /2wy < 6

then the solution extends to a global-in-time solution
(n,v) € C (R; H*(R) x HS“/?(R)) ,

In the sections below, we first diagonalize Systems (1.1) and (1.5) and reformulate the local
theorems in the new variables. Then we demonstrate how the local result can be obtained in
less general settings applying an elegant classical PDE technique based on the standard Sobolev
embedding. This also demonstrates the necessity of dispersive estimates for going down to the
energy level of regularity s = 0 in 1d. Note that the domain of the Hamiltonian functional (1.4) is
L2(R) x HY?(R). After that we obtain estimates of Strichartz type studying asymptotic behaviour
of a particular oscillatory integral (see Lemma 9 and its proof below). This is an improvement
comparing with dispersive estimates obtained in [1]. In fact we have L>-norm decay dominated
by L'-norm locally in frequency, which gives us localised Strichartz estimates. Whereas the decay
in [1] is dominated by weighted Sobolev spaces, though frequency independent. With the new
estimates in hand we can apply the fixed point argument in a ball of the Bourgain space associated
with the water wave dispersion. This gives us the local existence theorems, Theorems 1 and 2.

The last step is to prove the global well-posedness theorem 3. For s = 0 it comes straightforwardly
from the energy (1.4) conservation via the continuity argument and the local result. For s > 0
we prove the persistence of regularity. Surprisingly, it is not enough just to have the dispersive
Strichartz estimates to claim the persistence. Thankfully, our velocity variable v is bounded in
H'2-norm and so we are able to use the following limiting case of the Sobolev embedding theorem.

Lemma 1 (Brezis-CGallouet inequality). Suppose f € H*(RY) with s > d/2. Then

1l < o (141 gar2V/
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The main focus of the work is on lowering the regularity threshold for the local well-posedness
through the use of dispersive estimates. One anticipates that even the weak dispersive properties
of System (1.1) can lower the threshold at least to the limit case s = 0. This together with
the global bound automatically gives us the global well-posedness in X°. However, the weakness
of dispersion means that the time-decaying L' — L*>-boundedness of the semigroup, associated
with the linearised system, does not hold. As a result the standard strategy based on Strichartz
estimates is unavailable. So instead, we obtain the decay estimate on each component of the dyadic
Littlewood-Paley decomposition with a sharp dependence on the dyadic number. From this local
decay we deduce bilinear estimates in the Bourgain space associated with the water wave dispersion
relation. The local well-posedness is deduced from Duhamel’s formula with the help of these bilinear
estimates.

The main peculiarity of the two dimensional case is that with this technique we are able to prove
the local well-posedness in X® = H® x HsH1/2 % gst1/2 only for s > 1/4. Tt still leaves a gap from
the energy space X°, too big to claim global existence. Moreover, even in 1d it is not clear so far
if the problem is globally well-posed for some s € (—1/16,0).

2. DIAGONALIZATION OF (1.1) AND (1.5), AND REFORMULATIONS OF THE LOCAL EXISTENCE
THEOREMS

We diagonalize (1.1) as follows. Defining the new variables

K
UT: 1m+ov
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To diagonalize (2.9) we define
+  Ks|DinpFiV-v
u2 =
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Theorem 4 for s > —1/16 and Theorem 5 for s > 1/4 we need to derive dispersive estimates on the
semigroups Sp,,(£t) := eFitma(D) where

mi(§) = EK1(E) = &4 |
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and

[(mv1 = m2v2, 0 /2 = 03 /2) [ x < Call(m = m2, 01 = v2) [l (011, 01) [x= + (| (12, v2) | x2).

Thus for any 7', M > 0 and u,uy,up € By C X7 hold
g 2 2
[ A(w) — S(t)uollx;. </0 (v, v°/2)[Ixs < CsT |Jullxs.,

A1) = Alu2)llxz < CsTllun = wallxz (lullxg + lluzllxz)s

and so taking M = 2||lug||x= and T as in the lemma formulation we conclude that A is a contraction
in the closed ball Bys. The first statement of the lemma follows from the contraction mapping
principle.

We turn our attention to smoothness of the flow map. Let R >0, T = (7TCyR)~" and B = Bg(0)
be an open ball in X*®. Define A : B x X§ — X7 as

Aug,u) = u — A(u; up)

that is obviously a smooth map. Its Fréchet derivative with respect to the second variable is defined
by

t
dul(ug, u)h = h+ z/ S(t — ') tanh D (8 Z) h(t)dt’
0

where v = (n,v)T and h € X3. If uy € X3 is the solution of Problem (3.3) corresponding the
initial data ug € B then A(ug,u1) = 0. Moreover, it satisfies the following estimate

t
llua (®)llx < fluollxs +Cs/ [l ()1t
0

and so

t 2
t s
/ llur ()| %5t < _ tuollxs
0
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3.2. Local well-posedness for s > 1/2 in 2d. The proof is essentially the same. Now the change
of variables has the form

K=_—
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and if s > 1/2 then

t
ll(n, ) @)l xs < ([ (05 v0)llxs +Cs/0 [0l grs+1/4ll(m, v) | x5
where constant Cs depends only on s.

Proof. Estimating A(t) given by (3.2) in X*-norm defined by (3.1), one deduces from (3.3) the
following inequality
dt'.

o) < Dl + [ | (20 ) N

Tt is left to calculate the integrand. Provided s € (0,1/2) by the Leibniz rule [19] we have
[[.7° tanh D(nv)[| 2 S ([l e ol o + (19l o2 | J*0]| a2 (3.5)
where setting p1 = 2, g1 = 00, p2 = 2/(1 — 2s), g2 = 1/s and using the Sobolev embedding obtain
1.7 tanh D(nv) || 2 < [Inll s (vl + vl g1/e) -
Similarly, but now for any s € (0, c0) we have

T2 S ol |75

||JSK_1 tanh DU2HL2 < ‘

o S ol [ 0 (3.6)

This implies the first inequality in the statement valid for s € (0,1/2).
Regarding the case s = 1/2 and setting ps = g2 = 4 with the same p; = 2, ¢ = oo in the Leibniz
inequality (3.5), after implementation the Sobolev embedding, obtain
[7° tanh D(no)l 2 < [lnllas l[oll gosasa-
This inequality is obvious for s > 1/2 since H* is an algebra under the point-wise product, and so is
true for any s > 1/2. Taking into account (3.6) we deduce the second inequality of the lemma. [

In order to use the persistence of regularity lemma 5 one needs two Gronwall inequalities. One
of them is considered to be standard. For the completeness, we give here a proof of the other
Gronwall type inequality, which is less standard and will be used below.

Lemma 6 (Gronwall inequality). Let y(t) > 1 be a continuous function defined on some interval
[0,T] with y(0) = yo. Suppose that for any t € [0,T] hold

t
y(t) <wo+ C/ ylogy.
0
Then
y(t) < exp (e“"logyo) -
Proof. One can easily calculate
d
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and if s > 1/2 then

t
(@l < ol exp (€ [ ol
0

where constant C' depends only on s, ||u(0)| xo and ||u(0)| xs.

Proof. Suppose s € (0,1/2) and u(t) = (n(t),v(t)) € X* solves System (1.1) on some time interval.
Let its initial data ug be small with respect to X%-norm in the sense of Lemma 4. Then u(t)
stays bounded in X, and so ||v(t)||;1/2 is bounded by the same constant independent on the time
interval. Hence from the Brezis-Gallouet limiting embedding (1.8) one deduces

[o@)llze S 1+1og (2 + [[o(t)] gs+1/2)
and applying Lemma 5 obtain

t
l[ullxs < fluollxs +C/O (1 +1log (2+ [[uflx+)) l[ullxs-
Introducing y(t) = 2 + ||u(t)||xs we arrive at the assumption of the Gronwall inequality lemma 6.
As a result we have the estimate
2+ ||ullxs < exp (eZCt log (2 + ||uo||x=))
that is the first claim.
In the case s > 1/2 we make use of the second inequality in Lemma 5 and a more standard
Gronwall inequality [23]. O
4. DISPERSIVE ESTIMATE FOR S, (£t)f

First we establish a lower bound for the first and second derivatives of the function m(r) =

o
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Now let us estimate m/(r). One can assume without loss of generality that » > 0. Since

Koy =V
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Corollary 1. Assuming A > 1, d € {1,2} and 2 < r < co, we have

. B 1-2/r )
Sma () Pallg ey S (A7) 1 F -

The remainder of this section is devoted to the proof of Lemma 9. It suffices to prove the estimate
for positive times:

Sma (6 frll Lo ey S NV Y2 fllpy ey (8> 0). (4.5)
One can write

[Sma (O] (@) = 7 [ 4O B\ (1€)f] (@) = (Ins + 1)),

where
Ina(o) = 75 [0 €])] (0) = [ cimerimat@g, (glag =t [ eeerimas g e
R4 R4
(4.6)
Then by Young’s inequality
(1S () fall oo ay < 10¢ll poo ey L1 21 ey (4.7)
so (4.5) reduces to proving
Tt oo ey S AP/ 47472, (4.8)
But clearly,
Inll e (mety S A,
so in view of (4.8) it is enough to consider the case where
N2 o N oy g NT1/2 (4.9)

The proof of (4.8) in this case is given in the following two subsections, first for space dimension
d =1 and then for d = 2.

4.1. Proof of (4.8) when d = 1. In one dimension we have

Lyg(z) = A /R 1O 5] de,

where
OA(E) := Az /t + mi(NE) = Ax/t + AR (NE).

Note that mq(§) = m(§), where m is as in Lemma 8. Now since the function ¢, is odd we can
write

o0 2
To(a) = 22 /0 cos(téx(€)B(E) de = 2\ / JRECNOECTS

Since
(&) = A z/t +m' (A)] (4.10)
#R(E) = A*m" (A6), (4.11)
we see from Lemma 8 that
0< =g5(€) = =Nm"(A) ~ A3(\) /2 ~ A2 (4.12)

for £ € [1/2,2]. Here we used also the assumption A > 1.
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4.1.1. Non-stationary contribution. This is the case when either (i) z > 0 or (ii) z < 0 and —z/t <
A2 or —x/t 3> X\7Y/2. Then since m/(\€)) is positive and comparable to (A\&)~/? (Lemma 8),
we see from (4.10) that

[6A(€)] 2 A1/ (4.13)
for € € [1/2,2]. Integration by parts yields
2 d

1/2

I)\ﬂt(x) = 2>\t_1
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But by the mean value theorem and (4.12),
(G0 = 164(€) = Sh(€o)| ~ A2l = | for € € [1/2,2],

so we we conclude that

£o—68
[ costeon(@pte) de| a2t =g/

1/2

by the definition of § above. The third integral in (4.16) can be estimated in a similar way, and
satisfies the same estimate, while the second integral (4.16) is trivially estimated as

"§o+0
[ costeon@nsierds < 5= A

&o—0d

Summing up the three contributions, we conclude that the desired estimate holds,
| Dnel(@)] S N2,

in the stationary case under the assumptions that ¢} (o) = 0 for some & € [1/2,2], and that
1/2<& —dand {406 <2. If 1/2 > &y — 0 or {+ § > 2, the above argument is easily modified.
For example, if £y + 0 > 2, we split the integral as ff});s + f;_ s instead; the first integral is then
treated as above and the second is trivially O(4).

It remains to prove the estimate when the function ¢}, has no zero in [1/2, 2], so it is either positive
or negative everywhere in that interval. Since the arguments for these two cases are similar, we
just treat the case where ¢y < 0 in [1/2,2]. Then we split the integral as

1/2+6 2-6 2
Iy 4(x) = 2X </1 ’ + +/25> cos(tpx(£))B(€) d€.

/2 1/2+6

The first and third integrals are trivially dominated in absolute value by d, while for the second
integral we use integration by parts, estimating

<¢ ! (;

2—6
/1 cos(tén (€))B(€) de

/246
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4.2. Proof of (4.8) when d = 2. In two dimensions we have
I)\t(ac) _ )\2/ 6i)\x£+itm2(/\§)ﬂ(£) d£
. -

which is the inverse Fourier transform of the radial function A2 B(¢), and hence I, (z) is
also radial. So we may set = = (|z|,0). Then in polar coordinates we have

I)\t _ )\2/ / z)\r\x\cosﬂ itma (Ar) ﬁ(r) dodr.

2m L
/ ei)\r|z|c059 do :/ (ei)\r\z|c059 + C*i)\’l“.’l}‘cose) do
0 0

1
_ 2/ ei/\r|x|s (1 _ 52)*1/2 ds
-1

= 2nJo(Ar|z),

We can write

where J(r) is the Bessel function:

k
= /)
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4.2.2. Case 2: |x| > A~!. Using (4.21) in (4.17) we write
2 2 o ~
In(z) = 27X { / SO R |2)) B(r) dr + / e "N IR(Arfz])B(r) d}
1/2 1/2

where
(bf(r) = Arjz|/t £ m(Ar).
Set Fy(|z|,7) = h(\r|z|)B(r). In view of (4.22) we have
[Px(|2],7)] + 10- Fx(la], )| S (All) ™/ (4.25)

for all r € (1/2,2), where we also used the fact A|z| > 1.
Now we write
Iy(z) = I/tt(x) + Iy (@),
where

2
I;t(z) = 2w\? /1/2 eit@i(T)FA(\rLr) dr,

n2 _ _
I3, (x) = 27X /1 , e R (|2, 7) dr.

Observe that
Ordx(r) = AJzl/t£m/(\r)], i (r) = £Xm" (\r),
and hence by Lemma 8,
063 ()| Z A2 (873 (r)| ~ N2 (4.26)
for all r € (1/2,2), where we also used the fact that m' is positive.

Estimate for I;t (z)
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ro—0 T0+08 2 L _
I, (x) = 2222 ( / + / + / )wt% OF (||, 7) dr. (4.29)
’ 1/2 T0—0 ro+48

Integrating by parts we write the first integral as

ro—0 o B
/ e~ oA (T)F,\(\:ELT) dr
1/2

We decompose

— ! [e—iw;(r) Fa(lz],r)
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5. FUNCTION SPACES, LINEAR AND BILINEAR ESTIMATES

5.1. Function spaces. The mixed space-time Lebesgue space L{L” on R is defined with the

norm
4

ll gz = e, Mz g = ( / ( / \'u(tw)de>
JR Rd
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Lemma 10 (Localized Strichartz estimates). Let A > 1 and d € {1,2}. Assume that 2 < g < o0

and 2 < r < oo satisfy
2
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Proof. By symmetry we may assume 1 < A\; < Xy. Consider first the case d = 1. By Holder’s
inequality and (5.3),
lunona sz < lusallzgzse Ronllzars < s lgpse [or oo
so it only remains to check that
< \3/8

3
lunllparee S A ||“/\1||xi’b '

but this holds by Lemma 10 if A; > 1, while if Ay = 1 we can use the Bernstein inequality (5.6)
followed by (5.3) to obtain

s llzre < o lpsze S oo
Now consider the case d = 2. We apply Hoélder’s inequality and (5.3) to write
Hux\lvAz”LZTLg < ”U/\1HL2TL2<> ||v>\zHLg$Lg < ||u/\1”L2TLgc ||U)\zHXib-

To estimate |uy, ”L%LDC we want to use Lemma 10, so we let 2 < r < oo and define ¢ by 2/¢ = 1-2/r.

Thus 1/2 = 1/q + 1/r, so applying Holder in ¢, the Bernstein inequality in x, and finally Lemma

10, we get
2 2 3/4)(1-2
lanillgz e < TN Nlullgg £ S TV A AP o0

proving the claimed estimate in the case A\; > 1. If A} = 1, we can apply the Bernstein inequality
and (5.3), instead of Lemma 10, and again we get the desired estimate. O

We now present the key bilinear space-time estimates needed for the proof of local well-posedness.

Lemma 12. Let 1/2 <b <1 and 0 <T < 1. Assume that sq > —1/16 if d = 1 and sq > 1/4 if
d = 2. Then we have the estimates

[IDIK? - Ko ygaaies gy € T g ol 00 (513)
DI (B Kol graes gy S Tl g o]0 (514
where the signs in all the X+ norms can be chosen independently on each other.
Proof of (5.13). In view of (5.2) the estimate (5.13) reduces to proving
[IDIK? - Ko) g2 S el o ol g

which by duality can be reduced to

T
/0 /Rd |D|K?(D)% (D)™ *du- (D)™ Kv)w dudt| < HUHXi,b ”UHXi’b ||wHL?,1 . (5.15)

Decomposing u = 37, »; uy, and v = Y7y, vy, we have

T
LHS (515) < > /0/Rd|D|K2<D>SdPA(<D>*SduM~<D>*SdKuA2)wAdxdt. (5.16)

A 2 >1
Setting
ax = lunllxors  ba i = loxllyge,  ex:=llwallz,
we have
lull xor ~ Iax)llz o vl xor ~ 1)l 5 [hwllzz  ~li(ex)llz,

hence the estimate (5.15) reduces to proving
RHS (5.16) 5 ll(@x)llz [10x2)lliz_ll(en)liz.- (5.17)

To this end, we note that by Lemma 11 we have, for € > 0 arbitrarily small,

3d/8+¢ Hu)\l

[P (ur,vx0)ll 2 L2 S min(Ar, Az) o0 loxall o - (5.18)
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We remark that in dimension d = 1, the lemma would actually allow us to take £ = 0, but the
proof below works for sufficiently small, positive € > 0 in both dimensions.
Then using Cauchy-Schwarz, (5.12) and (5.18) we obtain

RHS (516) 5 Y [IDIK?(D)Py (D) *us, - (D)Kol 5wl
ML A2>1 - '

< 30 Amin(Ag, A/ Yy by (5.19)

A A1, 2>1
S Ii(d) + Ix(d) + I5(d),

where

]1(d) = Z )\Sd)\gd/8+6_1/2_28da)\1b)\ZC)\,

AA1,A2>1
ASAL~oA2

Ld)= Y (ﬁ

A Ao>1
A< X2mA
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By Cauchy-Schwarz, (5.12) and (5.18) we obtain

s Y N

AAA2>1
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dependence on the initial data can be shown in a similar way, by the difference estimates. This
concludes the proof of Theorems 4 and 5.
Then we use the transformation (2.1) to obtain the solution

(n,v) € C ([O,T]; H* (R) x H‘““/Q(R))

of the original system (1.1)-(1.3). Similarly, we use the transformation (2.7) to obtain the solution
2 1/2 (p2y) 2
(n,v)eC ([(),T];H"’Z (R?) x (HSZ+ /2 (R )) >

of the original system (1.5)—(1.6). Thus we obtain also Theorems 1 and 2.

6.2. Proof of Theorem 3. Here we assume d = 1. For s = 0 one can easily extend the local result
globally making use of Lemma 4. With the global bound of the lemma we can reapply the local
result, Theorem 1, as many times as we want, thus proving Theorem 3 with § = ¢y/2 for s = 0.
The proof for positive s is done iteratively. In other words, assuming the result for some s’ > 0 we
prove for s € (s',s' 4+ 1/4]. The argument is essentially the persistence of regularity based on the a
priori estimate lemma 7, where we use the notation ||(7,v)||xs defined by (3.1). Indeed, the first
estimate in Lemma 7 allows to reapply the local result and extend the solution to any time interval
if 0 < s < 1/2. In the case s > 1/2 extension is carried out iteratively making use of the second
inequality in Lemma 7.
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Abstract

The travelling wave problem for a particular bidirectional Whitham system modelling
surface water waves is under consideration. This system firstly appeared in [9], where it
was numerically shown to be stable and a good approximation to the incompressible Euler
equations. In subsequent papers [8, 10] the initial-value problem was studied and well-
posedness in classical Sobolev spaces was proved. Here we prove existence of solitary
wave solutions and provide their asymptotic description. Our proof relies on a variational
approach and a concentration-compactness argument. The main difficulties stem from the
fact that in the considered Euler-Lagrange equation we have a non-local operator of positive
order appearing both in the linear and non-linear parts.

1 Introduction

1.1 Motivation and background
We consider the system

N = —v, — itanh(D)(nv), (1.1)

v

2
—itanh(D)n — itanh(D) (5) , (1.2)

Ut

~

with D = —id, and F(tanh(D) f)(§) = tanh(&) f (&), where F is the Fourier transform

F(H(E) = / F(w)e i€ da.

We are interested in solitary wave solutions of (1.1)—(1.2) and so we search for solutions of the
form
n(x,t) =nlx +ct), v(z,t) =v(z + ct), (1.3)

1
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with 77(z + ct), v(z + ct) — 0, as |z + ct| — oco. Here n denotes surface elevation and v is the
fluid velocity at the surface. Such systems describes permanent progressive surface waves of a
fluid layer. The model (1.1)-(1.2) approximates the two-dimensional water wave problem for an
inviscid incompressible potential flow.

System (1.1)—(1.2) was introduced in [9] as a fully dispersive model for two-way wave prop-
agation. In recent years several fully dispersive two-way systems have been paid close attention
to, and for a survey we again refer to [9], where they compare some of these models, and in
particular, find that the system (1.1)—(1.2) approximates the full water-wave problem better than
some of the other fully dispersive bidirectional models. It worth to point out that those demon-
strate a good agreement with experiments [7]. In addition, System (1.1)—(1.2) has been recently
shown to be well-posed in [8, 10]. Moreover, the result is global if the initial data is sufficiently
small. The latter is the main advantage of Equations (1.1)—(1.2) comparing with other models
regarded in [9]. Indeed, there is a local well-posedness result for another system regarded in [9]
obtained by Ehrnstrom, Pei and Wang [13]. However, they impose an additional non-physical
condition > C' > 0. Kalisch and Pilod [16] have proved local well posedness for a surface ten-
sion regularisation of the system from [13] without the positivity assumption > 0. However,
the maximal time of existence for their regularisation is bounded by the capillary parameter.
Whereas one does not need any regularisation or special non-physical conditions to claim the
well posedness for (1.1)—(1.2). In fact Model (1.1)—(1.2) can be regarded itself as a regular-
ization, arising naturally from the Hamiltonian formulation of the water wave problem, for the
system introduced by Hur and Pandey [15]. There is another Whitham-Boussinesq type model
known to be well-posed that was not considered in [9] and was introduced by Duchéne, Israwi
and Talhouk [11]. For more discussion on the Cauchy problem and rigorous justification of the
various Whitham related equations we refer to [17]. Note that for systems regarded in [11] and
[13] existence of solitary waves was proved in [6] and [22], respectively. The next natural step is
to show the solitary wave existence for Equations (1.1)—(1.2). This is the main aim of the current
paper.

We use a variational approach together with Lion’s method of concentration-compactness
[19] to establish the existence of solitary wave solutions of (1.1)—(1.2). This approach has been
used extensively to prove existence of solitary wave solutions to equations of the form

uy + Lug, + n(u), =0, (1.4)

where L is a Fourier multiplier operator of order s and n(u) is a homogeneous nonlinear term.
Under the travelling wave ansatz u = u(x + ct), equation (1.4) becomes

cu+ Lu+n(u) =0. (1.5)

In [23] the author studied long wave model equations of the form (1.4), with s > 1, and proved
existence and stability of solitary wave solutions. This approach was later used in [3] to prove
existence of solitary waves for an equation used to model stratified fluids, with s = 1, and was
later generalized in [1] to s > 1. A class of Whitham type equations of the form (1.4) was
studied in [12], with a Fourier multiplier operator of negative order. In this case the resulting
functional in the constrained minimization problem is not coercive. This makes the application
of the concentration compactness theorem a lot more technical, requiring the authors to use a
strategy developed in [4, 14] and first consider a related penalized functional acting on periodic

2
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functions. In the recent work [21] an entirely different approach to proving the existence of
solitary wave solutions of the Whitham equation, based on the implicit function theorem instead,
was presented. Arnesen proved existence of solitary wave solutions to two different classes of
model equations [2], one of them of the form (1.4), for s > 0. Results, similar and previous
to those of Arnesen, were obtained in [18] in application to two particular cases, namely, the
fractional Korteweg-de Vries and the fractional Benjamin-Bona-Mahony equations. The case
when the nonlinearity n is allowed to be inhomogeneous was considered in [20], where the
author proved the existence of solitary wave solutions of (1.4), for operators of positive order
and with weak assumptions on the regularity of the symbol.

These methods have also been applied to bidirectional Whitham type equations. As men-
tioned above, in [6] the authors established the existence of solitary waves for the class of modi-
fied Green—Naghdi equations introduced in [11], and in [22] the authors proved the existence of
solitary waves for the Whitham—Boussinesq system regarded in [9, 13]. Just as in [12], both of
the functionals appearing in [6, 22] are noncoercive, so the minimization arguments adapted to
noncoercive functionals developed in [4, 14] are used in order to obtain the existence of mini-
mizers. In addition, the Fourier multiplier operator is entangled with the nonlinearity in [6, 22],
which makes the proofs more technical.

1.2 The minimization problem

We formulate the problem in the variational settings. A Hamiltonian structure [8] of System
(1.1)—(1.2) allows us to do this in a straightforward way. Indeed, under the travelling wave
ansatz (1.3), Equations (1.1)—(1.2) can be written as

Kv+nv+cKn=0, (1.6)
2
’r]—l—%—&—cKU:& (1.7)
where we have introduced a Fourier multiplier of the form
D
= 1.8
tanh(D) 18

Note that this operator is of order one. It is equivalent to the Bessel potential J = (1 — 83)1/ 2

associated with the symbol () = /1 + &2, since £/ tanh & ~ (£). Regarding the Hamiltonian
and momentum

1 r
H(n,v) = §An2+va+nv2 dz,

Z(n,v) = / nKwv dz,
R
one can notice that Equation (1.6) can be written as
d,H + cd,Z =0,

and Equation (1.7) as
dyH + cd, Z = 0.

3
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Our aim is to obtain a single travelling wave equation that can in turn be interpreted as a
constrained minimization problem. We can derive a travelling wave equation in the following
way. In (1.6)—(1.7) we make the change of variable v = K ~'/27, which yields the new system

KY25 4+ n(K~Y20) + ¢Knp =0, 1.9)
n+(}(_;ﬂ+d(1/2@=o. (1.10)

From (1.10) we get that
n= —Lf;/w — K3, (L.11)

and inserting this into (1.9) yields
K—1/2,~ 3 K—1/2,~ 2
K2 (%) — K VH(KVGK12) — cKY? (%) — 2K =0. (1.12)

Here we make the change of variables ¥ = cu so that (1.12) becomes

-1/2,\3 L —1/2,\2
%u_K—l/Q <u> _ Kﬁl/Q(Kiqul/Qu) _ K2 <M> — Ku=0. (1.13)
c

Now let us show that Equation (1.13) represents an Euler-Lagrange equation for some functional.
Indeed, regard the surface elevation and velocity defined by u as follows

F-1/2)2
= 2 (( ; u) T Kl/Qu) 7 (1.14)

vy = cK 2, (1.15)

and note that

1
H (N, V) FEL (M, vy) = ¢* [75/RuKu + Kl/Qu(K_l/Qu)2 + 1 22 J;

F1/2)4 1
ﬁdx+— qux} ,

which leads us to define

1 K71/2 4
E(u) = f/uKu+K1/2u(K71/2u)2+ ( ) dz,
2 Jr 4
1
Qu) == / u? dx.
2 Jr
We then note that equation (1.13) can be written as
d€(u) + AdQ(u) =0,
where A = —1/c2. Hence, in order to find solutions of (1.13) we can consider the constrained
minimization problem
inf £(u)  with U, = {ue HAR) : Q(u) =q}. (1.16)
uclUq

Instead of working with the specific Fourier multiplier K, we will work with a more general
class of Fourier multipliers, and thus a more general constrained minimization problem.

4
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Definition 1.1 (Admissible Fourier multipliers). Let operator L be a Fourier multiplier, with
symbol m, i.e. N

F(LF)E) =m(§)f(E).
We say that L is admissible if m is even, m(0) > 0 and for some s' > 1 and s > 1/2 the symbol
satisfies the following restrictions.

(i). The function & — '&(ﬁ) is uniformly continuous, and

m(&) —m(0) ~ [¢|* for |¢] < 1,
m(§) —m(0) ~ [¢]° for |€] > 1.

(ii). For each e > 0 the kernel of operator L='/? satisfies
FH(m™?) e LAR\ (—¢,¢)). (1.17)
There exists p € (1,2) N [2/(s+ 1),2) such that

FH(m™?) e LP(—1,1). (1.18)

The symbol m(&§) = &/tanh(§) satisfies the conditions of Definition 1.1 with s = 1 and
s’ = 2 [5]. We have the corresponding functional

1 1 °
E(u) = 7/ (Ll/Qu + 7(L71/2u)2> dz (1.19)
2 Jr 2
defined on H*/?(R). Our main goal is then to obtain a solution of the minimization problem
inf £(u)  with U, = {ue H*R) : Q(u) = q}. (1.20)
uely

For convenience we separate £ into the functionals

L(u) = ! /uLu dz,
2 Jr

No(u) = % / LYV2u(L7Y2u)? da,
Jr
~1/2,,)4
No(u) = %/R(L% Qe

so that
E(u) = L(u) + N(u)

where

N(u) = No(u) + N, (u).

We are now ready to state our main results.



140 Selected works

Theorem 1.2. Let D, be the set of minimizers of € over U,. There exists qo > 0 such that for
each q € (0, qo), the set D, is nonempty and HU”Z{; < q uniformly for uw € D,. Each element of
D, is a solution of the Euler—Lagrange equation

L1/2)3 L1242
Au 4 L2 <(TU)> + L7V2(LMPuL ) + L2 (%) +Lu=0. (1.21)

The Lagrange multiplier \ satisfies

@ < =\ <m(0) — D¢, (1.22)

/ . .,
where 3 = 55— and D is a positive constant.

Our other main result concerns the asymptotic behavior of travelling wave solutions of (1.1)—
(1.2).

Theorem 1.3. If L = K then there exists qo > 0 such that for any q € (0, qo) each minimizer
u € D, belongs to H'(R) for any > 0 with ||u||,. < g, and moreover, it satisfies the following
long wave asymptotics

: —2/3, -1/3\ _ o < 1/6
fé‘lia}&é%”q (g™ = Yxav(- = o) g1 gy S 0'7°,

whereas the corresponding surface elevation (1.14) and speed (1.15) satisfy

o ~2/3, (. —1/3, S < gV/s
sup jnf, g™ nu(a™"%) + vkav(: = 20)|| s oy S 0V,

: —2/3, ( ~1/3. . < gl/0
sup la™* P vula™ ") + vxarl- = 20| ooy S a"°,

where

Yrav(z) = — Ao sech? <%\/3)\0m>

and )y = 3/v/16. In addition, the Lagrange multiplier ) satisfies
A=—1+Xg”? +O(¢*°).

We discuss here briefly how to prove Theorems 1.2, 1.3.
The main ingredient in proving Theorem 1.2 is Lion’s concentration compactness theorem
[19]:

Theorem 1.4 (Concentration-compactness). Any sequence {e, tnen C L(R) of non-negative
functions such that

lim [ e, de=1>0

n—oo Jp

admits a subsequence, denoted again {e, } nen, for which one of the following phenomena occurs.
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o (Vanishing) For each r > 0, one has

T+r
lim | sup / e, dr | =0.
n—=00 \ zcR Jz—r

o (Dichotomy) There are real sequences {x, }nen, { My fnen, {Nntnen C Rand I* € (0,1)
such that M,,, N,, — oo, M, /N,, — 0, and

T +Mp Zn+Np,
/ ep,dr — I"  and / e, dx — I,
Tn—My Tn—Nn

as n — oQ.

o (Concentration) There exists a sequence {z, }nen C R with the property that for each
€ > 0, there exists v > 0 with
Tp+r
/ enx > 1 —k,
Tp—T

forallm € N.
2

We will apply this theorem to e, = w2, where {u,}°, is a minimizing sequence, and
show that the vanishing and dichotomy scenarios cannot occur. Then we obtain a convergent
subsequence of {u,}22; using the concentration scenario. The functional £ is similar to the
corresponding functionals appearing in [6, 22], in the sense that the Fourier multiplier and the
nonlinerity are entangled. However, in contrast with [6, 22], our functional £ is coercive, hence
the penalization argument of [4, 14] is not necessary in our case.

In [6], the exclusion of dichotomy gets more technical due to the entanglement of the Fourier
multiplier with the nonlinearity, and this is true for the present work as well. In contrast, the ex-
clusion of the vanishing scenario is straightforward in [6], while this is not the case in the present
work. This is due to the fact that in [6] the constrained minimization problem is formulated in
H*(R), s > 1/2, allowing the use of the embedding H*(R) — L°°(R), while our problem is
formulated in 7*/?(R), preventing us to make use of this embedding. Instead we show that if
{u, }2, is vanishing, then L'/, is vanishing as well, which leads to a contradiction. In order
to show that L /%, is vanishing we make use of the integrability assumptions (1.17), (1.18)
imposed on the kernel of L, and this is the only instance where these assumptions are used. Apart
from (1.17), (1.18) we have precisely the same assumptions on L as in [20], and we are able to
adopt many of the methods used in that paper to our present work. Also, we refer to [20] for a
discussion on the necessity of assumptions (i), (ii) in Definition 1.1.

Theorem 1.3 is established using standard arguments, see for example [6, 12].

2 Technical results

The current section is devoted to the general properties of the functionals introduced above. We
start with a useful proposition on continuity of symbol m (&) described by Definition 1.1.

Lemma 2.1. There is a function w : R — [0,00), bounded above by a polynomial, with
limy_,o w(A) = 0, such that

[m(€) — m(n)| < w(€ —n){€) (m)=.
7
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Proof. See [20, Proposition 2.1]. |

The following functional estimates will be used a lot in the text below, sometimes without
references.

Proposition 2.2. For any u € H*/?(R) one has
L(u) > ul

2
Hs/2 -

Proof. This is immediate from Definition 1.1. O
Proposition 2.3. For any s > 1/2 and u € H*/*(R) one has
V()] S llullz l[ullgore @1
NG ()] S Jlullge - 2.2)

Proof. Inequality (2.2) follows from the Sobolev embedding
1 _ 4 _ 4 s 4 4
o)l = g L7172l S 10 L7 2ul| o S (174720l 2 S Hlule
Inequality (2.1) follows from (2.2) and Holder’s inequality. O
Proposition 2.4. For s > 1/2 and u, h € H?(R) the Fréchet derivative of £ satisfies
A€ () (W] S Null 5 (1+ llull = + NullZe) IRl s

Proof. We first note that
[AL(w)(P)] S Nlull s ([l s -
Next consider
1
dN,(u)(h) = 3 / LY2R(L7Y2u)? 4 2u LY (LY 2uL=Y?h) daz, (2.3)
R

where )
L2202y < (L3R |27 20 < Tl 1Al

|wL* (L 2ul ™ 2h)|| < o [|LYA(L Pl 2h)) L,
< Nl | 2/ 28)]

S Ml e (|27 ull g5 127420 ;.
2
S Mlullzz 1]l s -
Using the above estimates in (2.3), we immediately get that
2
AN (u)(A)] S Hlullz (1Al s -
In a similar way we find that
3
AN (W) ()] S Hlullze 1Al 5 5
which concludes the proof. 0



3.7 Solitary wave solutions of a Whitham-Boussinesq system 143

We next record a decomposition result for V.

Lemma 2.5. Let u € H*?(R). Then

Ne(u) = u? dz 4+ Ney (u) + Nea(u) + Nes(u),

2\/7/

where

Natu) = Y [ (@ - o)) aa
Noe(u) = /}RuQ(Lfl/2 —m™Y2(0))u d
Naclu) = 3 / (L™2)2 (L2 = 2(0) yu da,

and

Nae(u)| < Jlull}a (L7 = m772(0))u| .
Nae(u)| S flull3z || (L7 = m~2(0))ul| .

Proof. The proof is straightforward and is therefore omitted. |

Before we continue we want to make a remark on the convolution theorem. According to our
choice of the Fourier transform normalisation, for any two functions f and g we have

. 1~
F(fg) =5 f*g
m
where star stands for convolution.

Lemma 2.6. The functional £ defined by (1.19) is translation invariant. In other words, for any
u € H¥?(R) then &(uy) = E(u), where uy,(x) = u(x — h) denotes translation by h € R.

Proof. Due to the property u, (&) = e 4%(£) and the Plancherel theorem we have

o e
,lhg\/i ﬂhsj:(( 1/2u)2) (g)r d¢ = E(u)

where we have also used the fact that the Fourier transform of multiplication is convolution of
Fourier transforms up to a normalization constant. |

In the following lemma we provide a slightly sharper estimate for N.. It will be the first step
towards the non-vanishing proof given below.

Lemma 2.7. For s > 1/2 the following estimate hold true
()] S Ml oy 17 0| ooy

9
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Proof. Clearly, L~'/?u € L°(R) and so applying a Kato—Ponce type estimate obtain

V()| S Ml | L2 (L7 20) 2 S lull el /2L 20))| 2
S Ml ze | 72 L7 2ul| 2 | L7 2ul| oo S Ml o |27 20l e
O

We finish this section with a lemma which will be used when ruling out the dichotomy
scenario.

Lemma 2.8. Let ¢ € S(R), and let A,: H/*(R) — H*?*[R), B,: L>(R) — L*(R) be the
operators

Af = [Lop (21,
Bf =175 (2)If.

Then the operator norms
A, | B+l = 0 as r — oc.

Proof. We follow the proof of [20, Lemma 6.2]. Let ¢, (z) = ¢(x/r). Using Lemma 2.1, we
find that for f, g € H*?(R)

sl = 5| [ [ @nTE = nm(e) = mle - m)acE anae
< / G ()] / (€ — )31 (€ — m)l () 31| dnde
/ 1800w (/)] dn 11l gl e

Hence [|4,]| < [z|@(n)w(n/r)| dn and this last integral tends to zero by the dominated conver-
gence theorem as r — 00, since w is bounded above by a polynomial and lim,,_,q w(n) — 0.
Similarly, for f,g € L?(R) we have

(Bof,)| = o= ‘ / / FF(E — ) m2(E) —m e — 1)@ dndf‘

5/ / wrnte - ”( AT 7 ) 10 |

€/2 s/2
< / Gl [ S iFie - - o] dnde

< /I@(n)w (/r)l dn [ fll2 lgll2
R

and we can conclude in the same way as before that || B,|| — 0 as r — oc. O

10
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3 Near minimizers
In this section we provide necessary estimates for the infimum

I, = inf E(u) 3.1

u€ly

and for those u € U, that give values £(u) close to this infimum. The regarded functional (1.19)
is non-negative and so the same is true for the infimum. However, we also need an upper bound
for I, and this is addressed in the next result.

Proposition 3.1. There exist constants D, qy > 0 such that for q € (0, qo) holds

0 < I, <m(0)g — Dg"*?,

with 3 = =2

2s'—1°

Proof. It is immediate that 0 < I,. To establish the other inequality we consider ¢ € C*(R),
with supp(¢) € (—1,1), ¢(z) < 0,z € R and Q(¢) = 1. We rescale and define ¢, ,(z) =

g/ap(z/a), a > 1,s0 that Q(p4.0) = ¢.

We first note that
L(¢ga) <m(0)q+ Ciga™, Cy >0, (3.2)
and using Proposition 2.3
IV (pga)] < Cag?, Cy > 0. (3.3)
In order to estimate N (¢,,.) we begin by estimating
— m(0)
0 < m2(¢) — mi’2(0) < M7
<m*(¢) 0) <=, )
m(§) =m0)

m~Y2(&) — m~2(0 ,
m e —m )] <

and then, using Lemma 2.5, we find that

Welpra)l S g¥2a" 712,
el S 6¥2%".

Moreover, since ¢(z) < 0, we have that

1 3 _
_ ()P dz = —2C0¢* 1/270 >0
QW/R@Q, ( ) 0q 0
N—IC(‘Pq,a) <0.

Hence, it follows from the above estimates that there exists «g > 1, such that for o > ay,

Ne(pga) < =Cog*?a™2,

11
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and combining this with (3.2), (3.3), yields
E(ga) <m(0)g — (Coqg/Qoz_l/2 — Clqa_sl) + Ch¢?, (3.4)

and by choosing a~s = B¢®, with 0 < B < ozgs/q*ﬁ, so that o > «p, we get from (3.4) that

E(pga) <m(0)g — (CoBY®) — C1B) ¢ + Cod?, (3.5)

=:2D

By choosing B small enough we have that D > 0, and if we in addition choose g, sufficiently
small, we find that
Iy < E(pg.a) < m(0)g — Dg' ™.

O
We now define a near minimizer to be an element u of U, such that
E(u) < m(0)g — Dg"**. (3.6)
By the previous proposition, there exist such elements v € U,,.
Proposition 3.2. A near minimizer u € Uy satisfies
[[ul ?p/z Sq
Proof. Using propositions 2.2, 2.3 and 3.1, we find that
el 5y = £(0)
= &(u) = N(u)
< m(0)g — Dg™** 4 [ul2aqey lull 5 gy + 1l ey
S m(0)g — D" + qllull 5 g + ¢
Hence, it follows that for ¢ sufficiently small
ul3 ) < m(0)g — D < g.
O

We next show that [ is strictly subadditive as a function of ¢. This is essential when proving
that dichotomy cannot occur.

Propeosition 3.3. For any q1,q2 € (0, qo) such that ¢ + ¢ € (0, qo), holds

0< Iyigy < Ip + 1. 3.7)

12
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Proof. We show that I, is strictly subhomogeneous, i.e
Il <aly, a>1q<aqg<q, (3.8)

from which the strict subadditivity follows from a standard argument. First we show that (3.8)
holds for a € (1,2]. Let {u,, }5°, be a minimizing sequence. From (3.6) we have that

L(un) + Ne(up) + No () < m(0)g — Dg'*?, (3.9)
and since L(u,,) > m(0)g, N,.(u) > 0, we get from (3.9) that
N.(u) < —Dg'*7. (3.10)
We also note that v/a — 1 > (a — 1)/(1 + +/2). With this in mind we see that

Is < &(a 1/Qun)
E(a1/2un) -I—./\/'(al/Zun)

= al(uy) + a®*N,(up) + a*N,.(uy,)

= a&(un) — a(Ne(un) + N (un)) + as/zA[c(un) + QQM(un)
= a€(uy) + (a*? = a)N.(uy) + (a® — a)N;(uy,)

< a€(uy) — (a*? — a)Dg"*? + (a? — a)Cs¢?

IN

af(u,) — (a2 — a) (fjlj/; - 03q2) .

Hence, for ¢y sufficiently small
Dq1+,3
2V2

which implies (3.8) for a € (1, 2], but also that I, > 0, for ¢ € (0, go), proving the first inequality
in (3.7). For the general case when a > 1, we choose | € N sufficiently big so that a € (1,2].
Then !/ € (1, 2], and so

Iog+ (a2 —a)

< alg,

[uq = Ial/lu(l—l)/lq < al/l[a(l—l)/lq = (Il/llal/la(l—2)/lq < (Lz/l]u(zf‘z)/zq < ... < alq.

4 Existence of minimizers

In order to establish the existence of minimizers, we will apply the concentration-compactness
principle (Theorem 1.4) to e,, = u2, where {u,}°%, is a minimizing sequence. The idea is to
show that the vanishing and dichotomy scenarios cannot occur and then prove the existence of a
minimizer using concentration. We start by excluding the vanishing scenario.

Proposition 4.1. Vanishing does not occur.

13
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Proof. Let {u,};>, C U, be a minimizing sequence of £. By Lemma 2.7 we have
V()] S llullZa@ I L0l )
and so for a minimizing sequence
¢* SNIL72un ).

Arguing as in the proof of [6, Lemma 4.5], we have for any = € R that

1-1 2 1 2
1Lt oot oty S ILT 20 L5 L7 2l o)
_ 1-1 2 1 2 1-1 2
5 HL 12 n“LZz/ 15i+1)H "‘uz(?li <q /9 ”L 1/2 "HL2 z/(lsm—l)
and hence

¢" ) S sup | L2, 50,
zeR

—1/2 —1/2

which means that L u,, cannot vanish. Now we show that L
that w,, is vanishing. In order to do this we start by decomposing

uy, is vanishing if one assumes
(L7120 (2) = (FHm™Y2) x wy) ()
= [ F ) @t =) dy

= [ Fm )z — ) dy + /‘ LT ) ay

lyl<e

=:I7 =:I2

+ FH m ) (y)un (2 — y) dy,
[y >R

=:I3

and so

||L71/2unHL2(i,Li+l) S Wallpeg-1z11) + 12l p2g—1.240) + 15l L2141y -

The goal is then to show that each of the above integrals can be made arbitrarily small.
By assumption there exists p € (1,2) N [2/(s + 1), 2) such that (1.18) holds, and so

| Ft (m=?)] 1r(—esy = 0(1) as € — 0. On the other hand its dual number p' satisfies condi-

tion 1/2 — 1/p’ < s/2 resulting in the embedding 3 (R) < L” (R). Thus applying Holder’s
inequality to /; yields

@+l
2 _ _ 2
11l 72—1241) < / ) H]: Y(m I/Q)HLP(—E,E) ||un||ip/(R) dz =o0(1) ase — 0.
For I3 we apply the Cauchy—Schwarz inequality as follows

T+1
2 _ _1/9 2
H13HL2(57175+1) < / ) H]—' 1 (m I/Z)HLZ(]R\(*RR)) HunH%z(R) dr = 0(1) as R — oo.
G

14
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After choosing ¢, R we turn our attention to

F+1
R R (s | PR PHEE A
<O, R)lunllT2( 1z -roasiaier) — 0asn — oo,
if one assumes vanishing of u,,. O
We next turn our attention to the dichotomy scenario.
Proposition 4.2. Dichotomy cannot occur.

Proof. Let x : R — [0, 1] be a smooth cutoff function with x(z) = 1, for |z| < 1 and x(z) =0,
for |z| > 2, and such that
X=xi, l-x=x,

where X1, X2 are smooth. Next, let w,(x) = u,(x — x,) and

w,&l)(m) = X1 (ﬁ) 'LUT,(-I), wff)(r) = X2 <]W > w"(x)’
n n

=:X1n () =:x2n(T)

/ ar
In<\z|<Nn

1

2

1 [N Mn
7/ w? do — f/ w? dw
2 M,

= q"

=0.

Note that from the dichotomy assumption

1 /
2 Mng\z\gﬂ\ln

Since |w! (z)| < |wn(z)], i = 1,2, it follows directly that fM"’<|L‘<2Mn( N2 dz — 0, as
n — oo. From this we can then deduce

1 (132 1 1 (142 «
5 (wn ) dz = 5 wy, dz — 5 (wn ) dz — qa,
R — M, M <|z|<2M,,

1 (2)42 1 2 12 1 2)\2 *
[ (w)de =< [ widx — = w; dz + = (wy?) de — ¢ —q".
2 Jr 2 Jr 2 ) am, 2 J Mo <jal<2n,

We next show that
EwM) + Ew?) — E(w,) = 0, n — 0. 4.1)

As a first step towards this, we show that
L(w) + L(w?) — L(w,) = 0, n — o0 (4.2)
15



150 Selected works

Indeed, note that

n n

L) + L) — ) = 5 [ L0? P - (0t + s Lo d
and using Lemma 2.8 we find that
/wfll)wall) — X%nwann dz = / X1nWn (L(X1nwn) — X1nLw,,) do
R R
= / Xlnwn[L7 Xln] dz
R

—0,n— o0

In the same way we find that
/ wﬁf)Lwﬁf) — X2, wpLaw, dr = / X2nWn[Ly X2n — 1w, dz — 0, n — oo,
R R

hence, (4.2) holds. The next step is to show that

N(wM) + N (w?) — N(w,) = 0, n — oo, 4.3)
and for this we use the decomposition ' = N, + N,., and show that

Ne(wiP) + No(w?)
2

N (wiD) + N (wf?)

— N (w,) = 0n — oo, 4.4)
— N (wy,) = 0n — oo. 4.5)

Starting with (4.4), we note that

Nl + Nl = M) = 5 [ (P00 P00 4 02 102
R

-+ x§n>Ll/2wn<L*/2wn>2) d,
furthermore
/ Ll/Qw,(Ll)(L’l/?wf}))z . X%nLl/an(Lil/zwn)Z dr
R
_ / Ll/Qwﬁll)(L’l/QwS)f . X%nLl/QwﬁLl)(L—lﬁwn)Z dr
R

+ / X%nLlﬂwf})(L*l/zan _ X%nLl/2wn(L71/2wn)2 d$,
R

16
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and using Lemma 2.8 we find that

J

»

’LU£Ll>(L_1/2IU£L1))2 _ X?nLl/2w7(ll)(L—l/2wn)2 dx

——

L1/2w£1)((L—1/2w£1))2 _ X?ﬂ(L—l/an)Q) dr

Ll/ngLl)(L—l/2w7(11) 4 XlnL—l/an)(L—l/ng) _ XlnL—l/an) dz

= [ DD (L7 Pl + xan L Py ) [L7Y2, ), de

R
— 0, n— 0,
and
[ AL D (L ) = 3 L (L )
R
- / anLl/Q(wfl1> — wn)(L_l/zwn)2 dz
R
= [ ) ) (L
R
= [l = wan (L,
R
where

/ L1/2(X1n(w§ll> - wn))Xln(Lil/zwn)? dx
R

/Xln(X17z - 1)U)7LL1/2(X17L(L71/2U)'n)2) dTZ
R

S HXln(Xln - l)wnHLz ||L1/2(X1n(L_l/2wn)2)HL2

2
S Hwn”LQ([_Qz\fn,—Mn]u[MngMn]) l[wn sz
— 0, n — o0,

and [ [L'/?, Xln}(w,(f) — wy)X1n (L7?w,)? dz — 0, n — 00, according to Lemma 2.8. Hence
1m0 [y V20l (L7720 0)2 = 33 LY 2w, (L7 2w,)? dz = 0, and in the same way we
can show that lim,, o [ LV P (L2022 — x2 LV 2w, (L~Y?w,)? dz = 0, which implies
(4.4). The limit (4.5) can be shown using similar techniques as (4.4) and we therefore omit the
details.

We conclude that (4.3) holds, which together with (4.2) implies (4.1). Since {w,}°, is a
minimizing sequence, we get that

lim &(wM) + E(w) — I, (4.6)
n—oo
However,
; oY — & (w®)) = 0. § =
lim (€ (v))) =€ (w))) =0,i=12, 4.7
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Where o) = 1/q /Q( )wn o) = (¢—q )/Q( ) By construction v € Uy,

vn € U,—g+, and so using (4.6), (4.7), we find that

= lim E@M) + W) > I + Iy,

n—oo
which contradicts Proposition 3.3. |
Proposition 4.3. There exists u € U, solving minimization problem &(u) = I,.

. L. . oy 1
Proof. By the concentration-compactness principle our minimizing sequence e,, = u2 € L'(R),
n € N, concentrates. Moreover, due to the translation invariance one can assume that it concen-
trates around zero, and so

/ u?(x) dz — 0 uniformly with respect to n € N as 7 — oo.
|z|>r

In addition, {u, }2°, is a bounded sequence in /3 (R) due to Proposition 3.2, and so

6th _ 1|<€ —s/2

[ (wn)n — tn22 S g ||€ [

that tends to zero uniformly with respect to n € N as h — 0. Taking into account the bounded-
ness of {u,}%°, in L?(R) one deduces from the Frechet-Kolmogorov theorem that {u, }%° is
relatively compact in L?(IR). Thus we can assume that {u, }°°, converges to some « in L?(R).
Again using that {u, }°, is bounded in /3 (R) , we may in addition assume that u,, converges
weakly in /3 (R) to u. Hence u € U, and it is left to check that it solves the minimization
problem.

Firstly, applying the weak lower semi-continuity argument we deduce

L(u) < lir{giogf L(un).

Indeed, the square root of £(u) defines a norm in Hz(R), equivalent to the standard Sobolev
norm. By the Mazur theorem a closed ball is weakly closed. The latter property implies the
weak lower semi-continuity of the functional L.

It is left to show that A/ (u,,) tends to A/ (u) as n — co. The cubic part is estimated as

N () = M) < 5
1

2
+ % / (L7 (u = ) (L7 (u + wn)) Ly, da
R

+ HL‘l/Q(u — Uy)

/ (L71/2u)2 LYV (u — u,) dz

R

((L’1/2u)2 - (L’l/Qun) 2) LY, dz| = % /(u - u”)Ll/2 (Lfl/Qu)2 dx
JR

U2 (L71/2u)2)

< = .

_1/2(u+un

HH% HHZ unHLz f\/QH’U’i’U’TIHL2

18
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which tends to zero as n — oo. For the remainder we have

NG () = N (un)|

- é /R (L7 = ) (L7 + ) (L7720)° + (57%u,))
S22 =)o | 272+ ) e (127720 + 2720 5)
S @ = w2
that tends to zero as n — 0o. Summing up we obtain
I, < E(u) < liminf &(uy) = 1,
which concludes the proof. O

We finish the proof of Theorem 1.2 by proving the estimate. Let u be a minimizer. We know
that u satisfies the Euler—Lagrange equation

Au+dE(u) =
Taking the inner product in this equation with u yields
—2Xg = d&(u)(u)
= 2L(u) + 3N (u) + 4N (u)
= —L(u) + 3&(u) + 4N, (u) 4.8)

Since £(u) > m(0)q and [N, (u)| = O(¢*/?), |N;(u)| = O(¢?) by Proposition 2.3, it is easy to
see from the second inequality in (4.8) that for ¢ sufficiently small

m(0)
2
For the upper bound we use (4.8) together with propositions 2.3, 3.1, 3.2 to deduce that
—2Xq = —L(u) + 3E(u) + 4N, (u)
—L(u) + 31, + AN, (u)
~m(0)g +3(m(0)q — Dg"**) + O(¢*)
= 2m(0)g — 3Dg"*" + O(¢?),

—A>

IN

hence, for ¢ sufficiently small
—\ <m(0) — D¢’

S Long wave approximation

In this section we return to the initial variational problem for the Whitham—Boussinesq system.
So from now on L = K. We will show that all minimizers are infinitely smooth and refine
existing estimates for them.

19
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Lemma 5.1. There exists qo > 0 such that for each v > 0 holds |u||%. < q uniformly for
q € (0,q0) and u € D,

Proof. Firstly, one can notice that the statement holds for r € [0,1/2], due to Proposition 3.2.
We will extend the result by induction to bigger values of r applying Formula (1.13).

Let r > 1/2, then from the equivalence of operators K, J and product estimates in Sobolev
spaces we deduce

_ 1233 :
HK 12 (12 HHT < vl

[ K2 (KoK= 20) ||, < ol

Hr ~

| (20| ol

for any v € H"(R). All three constants here depend only on r.
Now for any minimizer v € D, calculate Ku by Formula (1.13) and obtain

1 _ _ 3
el S IKulie < Nl + 5 567172 (520

Hr

i HK—1/2 (Kl/%K_l/ZU)HHT n % HKl/Q (K_I/QU)2HW < Vi

for any r > 1/2. We have used |\| < 1 according to Theorem 1.2. This concludes the proof by
induction. 0

Lemma 5.2. There exist qo > 0 and C > 0 such that the following estimates hold

|uf| L~ < Cg*?, 3.1
0pul|2: < Cg°/3, (5.2)
[02ull?> < Cq™"? (5.3)

uniformly for q € (0,qo) and u € D,,.

Proof. Introducing the notation
M(u) = %Kq/z (K71/2“)3 K2 (KI/ZUK—I/2“) + %KI/Q (K*1/211,)2
one can rewrite Equation (1.13) in the form
A+ K)u=—M(u).

Note that —\ € (0,1 — Dg*?) according to Theorem 1.2 and so A + 1 > Dq*?. The Fourier
transform of minimizer v can be estimated as

I FM@)| _ FM@)] g€ X
PO = T | < B a1 S POl (G + 55

where x4(€) stands for the characteristic function of a set A. As was shown in the proof of
Lemma 5.1 M (u), is smooth and its H*-norm is bounded by ¢ for any non-negative s. Hence
F (M (u)) multiplied by any power of £ is bounded by ¢ with respect to L?-norm.

20
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Let us show that the L>°-norm of F (M (u)) is bounded by ¢. Indeed, we have

# (0 ) )] < [ YE ng@ 4 < llullfs S a.

F(K Y2 (K2 K12 < m(§ — Qlu(€ — Qu(Q)| ac < llu 2L2 <
F (7 )M@hﬁév e A Il £

and similarly

7 (572 (57P0)°) (©)] £ fuloe

_ 2
(K20)|| Sl S o2
Thus || F(M (w))]|~ < ¢. So we are in a position to prove (5.1), indeed,
- F(M(u F(M(u
ol Sl [ 0L O
1€l ¢>1

d
3+ €2 e
S a BIFM )l + |F(M(u)ll 2 < ¢**.

Estimate (5.2) is proved as follows

1.2 = I o a2 < [ EEM@IEOP d£+/\a>1 E|F (M (u))(&)?

d
e (@P 1) @Free  *
< B FM ()2 + I FOL() 22 S 7

A straightforward repetition of the last argument for the second derivative of the minimizer gives

e EF(M () (©)]? EF(Mw)(©)P
|@wm—MHsmmm54@—@%:@F—&+4m—@%:mvfﬁ

S aPIFM @)z + IIF@M @) < a7 + 10 M (u)|[72 (5.4)

that is only O(g?) and so weaker than (5.3). However, Estimate (5.2) is a refinement compared
with Lemma 5.1, so it can be used for more delicate estimate of the square norm ||, M (u)||3, as
follows

.12 (5120

o S NET PR 20,
Sl K200 S 6

where product estimates were used. To continue, first note that the estimate of the derivative
(5.2), will not be spoiled if one changes L?-norm to H*-norm with any s > 0. In other words,
|0,ulle S ¢°/°, and so

012 (Pt | 5 |20k Kk 0]

S 10sull gaa el 2 + N1l oo 10zull 2 < g
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The last remaining term is estimated similarly

o e RO N I [ S Py A R PP
Thus
10 M ()2 < ¢*°
that together with (5.4) conclude the proof of Estimate (5.3). O

Remark 5.3. Lemmas 5.1, 5.2 remain valid with the surface elevation n,, and velocity v, defined
by (1.14), (1.15) substituted instead of the minimizer u € D,.

We now turn to the task of approximating the solutions found in Theorem 1.2 with solutions
of the KdV-equation. For this part we follow [6] closely.
We introduce the long-wave scaling Sxqv(f)(z) = ¢*® f(¢"/?x) and note that when making
the ansatz v = SKdV( ) in (1.13), the leading order part of the equation as ¢ — 0 is, with
| 2 Yoo
Ao + 2¢ 3

Equation (5.5) is the travelling wave version of the KdV-equation, which has the up to translation
the following unique solution

Prav(z) = =g sech? (%\/3)\03?> .

We note that (5.5) is the Euler-Lagrange equation of the minimization problem

=0. (5.5)

I = min &
Kav i= Tl kav(¥),

where

v
2 R 3
and V; := {¢) € H'(R) : Q(¢)) = 1}. The constraint Q(yxay) = 1 requires that Ay = 3/163.
The relation between £ and Exgy is now established.

Exav(¥) == + ¢ du,

Lemma 5.4. For u € H*(R) hold

S(U‘) Q(U‘) + 8Kﬂ'V( ) + 8rem( ) (56)
with
2
[Erem(W)] S [103ull 2 + Null oo 10zullZe + lfull 72 105l g2 + [l 7 [|07ul] o + llullze

5.7

2
[{dEem(w)su)| S [[02ull o + el poe 10xull72 + llull72 190l g2 + lutll 7o 18rull 2 + llull 72
(5.8)
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Proof. We note that
Ew) =3 / WK dz + No(u) + N ()
= QU+ /RU(K ~uds+ %/Rud Az + Nio(t) + Nogt + Nac(u) + N (1)
= Q(u) + Ekav(u)

1 52 o . . ) )
+§/R<m(§)—l—§>\u| dé + Nie(u) + Noo(u) + Nao(w) + N, (w)

=:Erem(u)

Since m(¢) = £/ tanh(€), we have that [m(£) — 1 — §| < ¢4, so that

/R &

N 2
|l de 5 o2,
Wae(u)| < / (K2 — 1)u)?| da < [lull o D]

m(§) —1—

From Lemma 2.5 we have

Similarly we find that

Wee(w)] S Il 7 19sull 2
W ()] S Jlullze 10sul 2

The term N,.(u) is estimated in Proposition 2.3, hence (5.7) is established. The estimate (5.8) is
proved in a similar way and we therefore omit the details. O

Lemma 5.5. There exists qo > 0 such that

I, = g+ Ekav(u) + (9((12)7 uniformly over u € Dy, (5.9)
I, = g+ @3 Ixav + O(g). (5.10)

Proof. Let u € D,. From Lemma 5.1 we know that v € H"(R) for any » > 0. In particular
u € H?(R), hence by Lemma 5.4

E(u) = ¢+ Ekav(u) + Eem(u).

Using (5.7) together with Lemma 5.2, we get |Eem ()| < ¢2. Hence, (5.9) follows.
Turning now to (5.10) we let ¢» = Sy, (u) and note that ¢ € V; and

Exav(u) = ¢*PEav(¥h) = ¢"PIxav,
so this together with (5.9) implies
I, > q+ qs/SIKdV + O(QQ)-
23
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On the other hand, @ := Skav(¢kav) € Uy, so again using (5.9) obtain

I, < &)
=g+ &av(@) + O(¢?)
= ¢+ ¢ Eav(txav) + O(¢°)
=q+ " Ixav + O(¢*),

which concludes the proof of (5.10). O
The statement of Theorem 1.3 is a summary of the following lemmas.

Lemma 5.6. There exists qo > 0 such that for any q € (0, qy) and u € D, there exists z,, € R
such that

| St () = Woav(- — :qu)HHl < ¢/,

uniformly with respect to g € (0, q) and u € D,

The proof of Lemma 5.6 is identical to the proof of [6, Theorem 5.5] and is therefore omitted.
We next relate the two Lagrange multipliers A and A,.

Lemma 5.7. The Lagrange multipliers related to the minimization problem (1.20), satisfy
A= —1+ X +0(°).
Proof. Letu € D,. From Lemma 5.4 we have
(A& (u),u) = 2q + (dEkav(u), u) + O(g?). (5.11)
Moreover, {(d€kay(u), u) = ¢°/*(dEkav(Say (1)), Skay (1)), and by Lemmas 5.2, 5.6
(déxav(Sgav(w)), Sxav (W) — (dEkav (¥xav), Yrav) = O(q1/6)~
Combining this with (5.11), we obtain
(A€ (u),u) = 2q + ¢°/*(AExav (Vrav), Yrav) + O(q"/°). (5.12)
On the other hand, from the Euler-Lagrange equations we have

20q + (d€(u),u) = 0,
2X0 + (d€kav (Yxav), Yxav) = 0,

and when we combine this with (5.12), we get
—2Xq = 2q — 2000 + O(¢"%),
and dividing with —2q yields

A= =14 X\g*? 4+ O(¢"%).
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For each solution u of (1.13), we have the corresponding physical parameters 7, v, defined
by (1.14), (1.15) where —1/c* = A\ = —1 + M\o¢*® + O(¢*/%) by Lemma 5.7. We have the
following estimates for 7, v, that are similar to the one given in Lemma 5.6.

Lemma 5.8. There exists gy > 0 such that for g € (0,qo) and u € D, there exists z,, € R such
that

‘|SEJV(7IU) + Ygav(- — l’u)HHl/z < q1/67
HSIE}V(’Uu) + Vkav(- — l'u)HHB/z S ql/G
uniformly with respect to q € (0, qo) and u € D,

Proof. We will prove the first inequality. The second one can be proved analogously. Firstly,
one can notice that due to 1/2 < —\ < 1 in accordance with to Estimate (1.22), it is enough to
prove

HASECIIV(”IU) + )\deV(' - l’u)”HUz S q1/67 (513)
where z,, is taken as in Lemma 5.6. The first term under the norm in (5.13) has the form
g3

_ B 2 L o
/\SKle(nu) =5 (K I/ZU) (q 1/5')"‘(] Q/S(KI/ZU)(Q 1/5.)

where the first element of the sum is negligible in view of the straightforward estimate
JE2u)* (@) e S 4
The second element of the sum can be rewritten as follows. We note that
(KY2u) (g Pw) = (K Pu(q ) (),
where we used K to denote the Fourier multiplier operator with symbol m(q'/3-). We then get
that ¢~2/3(K/2u)(q~1/3.) = K/*Sih (u). Using this, we find that
¢ PEPu)(q7) = drav (- = 2) = K Sy (0) = Ykav (- — )
= K;/Z(Sﬁdlv(“) — Ykav(- — 7)) + (K;/Z — Dtbkav(- — ).
Here the last term is estimated as
10K = Doxav (- = @) e S 0 Wokavll e
Finally, we have
H)‘S]z(ilv(nu) + )\QZJKdV(' - xu)HHl/z N HK;/Q(SIZCIIV - qudV(' - xu))HH1/2
+ (K2 = Dbgav (- — @) | e 1L+ N tkav (- = )l e + q"?
that gives (5.13) by Lemma 5.6 and 5.7.

O
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arxXiv

WELL-POSEDNESS FOR A WHITHAM-BOUSSINESQ SYSTEM WITH
SURFACE TENSION

EVGUENI DINVAY

ABSTRACT. We regard the Cauchy problem for a particular Whitham-Boussinesq system modelling
surface waves of an inviscid incompressible fluid layer. The system can be seen as a weak nonlocal
dispersive perturbation of the shallow water system. The proof of well-posedness relies on energy
estimates. However, due to the symmetry lack of the nonlinear part, in order to close the a priori
estimates one has to modify the traditional energy norm in use. Hamiltonian conservation provides
with global well-posedness at least for small initial data in the one dimensional settings.

1. INTRODUCTION

Consideration is given to the following one-dimensional Whitham-type system

0y = —0,v — i tanh D(nv),
: 1.1
O = —itanh D(1 + D?)n — i tanh Dv?/2 1)
where D = —id,, and tanh D are Fourier multiplier operators in the space of tempered distributions

&'(R). The positive parameter 3 stands for the surface tension here. The space variable is z € R
and the time variable is ¢ € R. The unknowns 7, v are real valued functions of these variables.
We pick the initial values 7(0), v(0) corresponding to the time moment ¢ = 0 in Sobolev spaces as
follows
n € HM2R), vy e HY(R) (1.2)
where s > 1/2. System (1.1) has the Hamiltonian structure
8 (n,v0)" = TVH(n,v)

with the skew-adjoint matrix

0 —itanh D
J= <7i tanh D 0 )
and the energy functional
1 2 2 D 2
mv) == | (i vy m? | da 1.
H(n,v) 3 /]R (l] + 2(9m)” + Vi DY + v | da (1.3)

well defined on H' x H'/2. The latter conserves on solutions together with momentum Z (5, v) that
has the same view as in the pure gravity case

D
Z(n,v) = /RntanhDvdI'

In case of the trivial surface tension s = 0, System (1.1) was proposed in [6] as an approximate
model for the study of water waves to provide a two-directional alternative to the well-known
Whitham equation [22]. The latter was proved to be consistent with the KdV equation [18] in the
long wave regime [19]. We also refer to [10] for another version of the fully-dispersive Boussinesq
type. Importance of such models is supported by experiments [4]. The unknown 7 denotes the
deflection of the free surface from its equilibrium position, corresponding to the vertical level z = 0.
The bottom is assumed to be flat and located at the level z = —1. The variable v is associated
with the free surface velocity as explained in [6].

2010 Mathematics Subject Classification. 35Q53, 35Q55, 35A01.
1
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The initial value problem for Model (1.1) was studied in [5, 9] in the case of vanishing surface
tension » = 0. In the same framework existence of solitary waves was proved in [8]. A natural
extension of the existing results is to consider the case of non-trivial capillarity » > 0. Note that
usually the term 1+ D? is applied to —wv, in the first equation as it is done in [12], for example, to
regularise the system regarded in [11]. However, the case regarded here is physically more relevant
[7]. Tt turns out that surface tension spoils regularity. Indeed, the multiplication operator 1 — vn
is not bounded in our problem. We have 1/2 loss of regularity here, which means that System (1.1)
is quasilinear. As a result the proof of well-posedness demands a technique different from the one
used in [9].

As to additional initial conditions, apart from inclusions given in (1.2), one has to impose a
restriction essentially similar to the one used in [9], namely, smallness of the H' x H'/2-norm of
(no,v0). This is important for the global-in-time existence. The meaning of this condition is that
the total energy H(no,vo) should be positive and not too big. We point out that this condition
cannot be significantly weakened even for the proof of the local result, which is also different from
the non-capillarity situation. More precisely, for the local regular (s is large enough in (1.2))
well-posedness result it is enough to assume non-cavitation instead.

Definition 1. We say that elevation n € C([0,T7]; L°(R)) satisfies the non-cavitation condition if
there exist h, H > 0 such that H > n > h—1 on R x [0, 7]. Analogously, one defines non-cavitation
at a particular time moment.

The non-cavitation condition is a physical condition meaning that the elevation of the wave
should not touch the bottom of the fluid for System (1.1) to be a relevant model. For convenience
we have also included boundedness from above in this definition. We exploit the definition for
providing with more general local existence formulation at high regularity level. However, in the
low regularity case this condition cannot be controlled without imposing a stronger assumption, as
we shall see below. We turn now to the formulation of the main result.

Theorem 1. Let s > 1/2. For any no € H*T/2(R) and vy € H*(R) having sufficiently small
H' x H'?-norm there ewists a unique global solution (n,v) € C([0,00); H*T/2(R) x H*(R)) of
System (1.1) with the initial data (no,vo). Moreover, the solution depends continuously on the
initial data on any finite time interval [0, T).

Remark 1. Assuming instead of smallness of H! x HY/2-norm the noncavitation condition for 79
one obtains local well-posedness for s > 3/2.

The proof is essentially based on the energy method, that is natural to apply to quasilinear
equations. The scaling H*t1/2(R) x H*(R) is needed to rule out the linear terms. The main
difficulty lies in the lack of symmetry of the nonlinearity. Indeed, a direct time differentiation of
the norm ||, v|| gs+1/2x s leads to the term [ (Jsfl/Qazn) nJ5t1/2y, where J° stands for the Bessel
potential of order —o (see the proof of Lemma 6 below). Note that this term cannot be handled
by integration by parts or commutator estimates, and so cannot be estimated via the energy norm.
To overcome this difficulty we modify the energy norm adding the cubic term [ 7 (J s=1/ 21})2 . The
linear contribution of the derivative of this term will cancel out the mentioned inconvenient term.
Meanwhile, the contribution coming from the nonlinear terms can easily be controlled. As we
point out below a hint on the choice of the modifier comes from Hamiltonian (1.3). Note that after
adding the cubic term the energy loses coercivity, and so one has to impose an additional condition.
Either the noncavitation for big s or the smallness for small s of the initial data, both propagating
through the flow of System (1.1), is enough to ensure that the modified energy is coercive.

Additionally, consideration is also given to a system posed on R**! of the form

I +V-v=—K2V-(pv),
v + K?V(1+ x|D*)n = —K*V (Iv|*/2)
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that is a direct two dimensional extension of Model (1.1). Here v = (v1,v2) € R? is a curl free
vector field, that is V x v = 0, and

K = y/tanh |D|/|D|

with D = —iV. So the corresponding symbol K (£) = y/tanh(|¢])/|¢]. We complement (1.4) with
the initial data

n(0) = no € H/2(R?),  v(0) =vo € H* (R?) x H* (R?). (1.5)

As above the variables n and v stand for the surface elevation and the surface fluid velocity,
respectively. The system enjoys the Hamiltonian structure

at(% V)T = jVH(% V)
with the skew-adjoint matrix
0 -K?20,, —K?0,,
J = | -K?0,, 0 0 ,
~K29,, 0 0

which in particular, guarantees conservation of the energy functional
1 12
Hnv) = [ (4 V0P + |5 4 o) do (L6)
R2

The noncavitation definition in the two dimensional problem has exactly the same view as in
Definition 1 with the real line R substituted by the plane R2.

Theorem 2. Let s > 1. Suppose that the initial data (1.5) has curl free velocity V x vo = 0 and
either has small enough H' x H'Y? x HY2-norm if s < 2 or satisfies the noncavitation condition
if s > 2. Then there exist T > 0 depending only on the initial data and a unique solution (n,v) €

C ([O,T];HS'H/Q(]R) X (HS(R))2> of System (1.4) associated with this initial data. Moreover, the

solution depends continuously on the initial data.
Note that the theorem has the local character, in the opposite of the one dimensional case.

Remark 2. The same results hold in the periodic case as well. The proof is similar up to some
small changes in the commutator estimates [15].

In the next section some important inequalities are recalled. In Section 3 we introduce the
modified energy and obtain the corresponding energy estimate for System (1.1). In Section 4 we
obtain the energy estimate for the difference of two solutions of System (1.1). In Section 5 the
parabolic regularisation is studied and the corresponding energy estimate is deduced. In Section 6
a priori estimates are obtained. Finally, in Section 7 we comment on the last steps in the proof of
Theorem 1, omitting only the thorough discussion of the initial data regularisation. In Section 8
we discuss some peculiarities of the two dimensional problem.

2. PRELIMINARY ESTIMATES

We start this section by recalling all the necessary standard notations. For any positive numbers
a and b we write a < b if there exists a constant C' independent on a,b such that a < Cb. The
Fourier transform is defined by the formula

&) = F()(e) = /R fla)e S de

on Schwartz functions. By the Fourier multiplier operator ¢(D) with symbol ¢ we mean the
line F (p(D)f) = ©(§)f(€). In particular, D = —id, is the Fourier multiplier associated with the
symbol p(§) = &. For any a € R the Riesz potential of order —« is the Fourier operator |D|* and

the Bessel potential of order —« is the Fourier operator J¢ = (D)%, where we exploit the notation
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(€) = /1 + €2. The L2-based Sobolev space H® is defined by the norm || f||ja = ||J®f|| 2 , whereas
the homogeneous Sobolev space H® is defined by || f| ;o = [I[D*f| 2 -
Introduce the operator

K, =)0+ ;:DQ)targD

(2.1)

where s is the surface tension. Note that s > 0 is a fixed constant. We implement the notation
K = Ky = \/tanh D/D used in [9]. Its inverse K~! and K,, both have the domain H'/?(R) and
are equivalent to the Bessel potential J 1/2 Below we will need to compare J, |D| and K 2 and so
we prove the following simple estimates.

Lemma 1. For any f € L*(R) hold
_ 1
1(7 = K7%) Df[| 2 <7 = [DDDS 2 < 5 £l -

Proof. By the Plancherel identity it is enough to check the following inequalities

I3 1
0<(§) — <& -l < 57
(€ - e <O -1 < g
where the middle one is trivial. The rightmost inequality follows from
1 1
-l = w77 < g
© -+l 20l

The leftmost one follows from the tanh-definition via exponents and the obvious
eXpe X924 4¢%.
O

Throughout the text we make an extensive use of the following bilinear estimates. Firstly, we
state the Kato-Ponce commutator estimate [14].

Lemma 2 (Kato-Ponce commutator estimate). Let s > 1, p, pa2, ps € (1,00) and p1, ps € (1, ]
be such that Il—) = p% + p% = pi + p%. Then

I17%, Flallee S 10 fllemllT°~ gllzra + 17° f | o lgl| os (2.2)
for any f, g defined on R.

By the commutator [A, B] between operators A and B we mean the operator [4, B|f = ABf —
BAFf. Secondly, we state the fractional Leibniz rule proved in the appendix of [16].

Lemma 3. Let 0 = 01 + 09 € (0,1) with o; € (0,0) and p, p1, p2 € (1,00) satisfy % = le + piz
Then
I1D17(fg) = fIDI7g = gIDI” fll o S DI fll s [1 D172 g e (2.3)

for any f, g defined on R. Moreover, the case oo =0, py = 00 is also allowed.
We also state an estimate, firstly appeared in [17] in a weaker form, and later sharpened in [21].
Lemma 4. Suppose a,b,c € R. Then for any f € H*(R), g € H*(R) and h € H¢(R) hold
I fghlie S I fllzallgllzellP]| 2 (24)
provided that
1
a+b+c> 5,
a+b>20, a+c=>0, b+c=>0.

Proving a global-in-time a priori estimate we will use the following limiting case of the Sobolev
embedding theorem.
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Lemma 5 (Brezis-Gallouet inequality). Suppose f € H*(R™) with s > n/2. Then
17z < Cun (14 1l Mog @+ 17T (25)

Inequality (2.5) was firstly put forward and proved for a domain in R™ with n» = 2 in the work
by Brezis, Gallouet [2]. It was extended to the other Sobolev spaces in [3].

3. MODIFIED ENERGY

For s > 1/2 define the modified energy

S » 1 1 o1 \2
B°0,0) = S lilyesss + el + 5 [0 (5 H0) (31)

where the pair 7(z,t), v(z,t) represents a possible solution of System (1.1). Note that in the limit
case s = 1/2 this quantity almost coincides with the Hamiltonian

—1 1
EI/Q(% v) = H(n,v) + %TH??H%Z‘ + 3 /v (J - K—Q) V.

Lemma 6. Suppose s > 1/2 and n(t) € H**'/2(R), v(t) € H*(R) solve System (1.1). Then
d 2
B 00) S Inlpese + [0llF + (IlFeerss + IllZ) "

Proof. Firstly, we regard the limit case s = 1/2. Taking into account energy conservation derive

GE00) = = 1) [+ [o(7- K)o

Substituting the right hand side of the first equation (1.1) to the first integral obtain

/ = — / g — i / ntanh D(nv) < 12:nl 22010l z2 + Ill e Il s 1ol 2

following from Holder’s inequality and boundedness of operator tanh D. Similarly, the second
integral

/v (J - K_Q) vy = —z'/v (J - K_Q) tanh Dn + i%/(Dtanth) (J - K_Q) Dv
7 _ 1 » 1
-3 /U (J = K72) tanh Dv* < Shallzzllvllze + S 100 2 llvll 22 + ZHUHLZHWHQM
is estimated using Holder’s inequality and boundedness of operators tanh D, (J - K _2) Din L2(R).

Applying standard Sobolevs’ embeddings one proves the statement for s = 1/2.
Assuming s > 1/2 calculate the derivative

g%nnuzm = —x / (75+30) I+ 0,0 — i / (75*+3n) 74 tank Do)
= i%/ (J*TDn) J*v +7?%/ (Js*%DT]> J”%(m}) +1
where the rest
I = i%/ (Js+1 tanh Dy — JSDn) J*(nv)

= i%/JS ((J — D) tanh Dy + D(| tanh D| — 1)) J*(i0) < lnlls [[v] s
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The derivative of velocity norm

1d i
EEHUH%IS = —i/(Jsv)Js tanh D — i%/(JSU)JSD2tanhD77 - %/(JSU)JS tanh Dv?

= %%/(J“’v)J‘*’“Dn + 1+ I3
where the first and the third integrals are put in Is. They can be estimated straightforwardly

Iy S |nllaslvllms + o]
and the rest

I3 = i%/(Jsv)JS(J — Dtanh D)Dn

— i [(750)2°( = D] = |D|(|tanhs D] = 1)1 £ [l e o] -
Summing up these derivatives obtain

»d 1d . _1 1
§EHT]H§FH/Q + EEHUH%P = +Z%/ (Js 2D7/) nI v+ L+ L+15+ 14
where the last part

ty=ie [ (5740n) [2% 5] 0 S ilgeovs (100l 1957 el + 195 Sl o)

is estimated applying Holder’s inequality and the Kato—Ponce commutator estimate. Taking
pi(s) = 1175, pa(s) = % for s € (%, 1) and p; = pa = 4 in case s > 1 one deduces to
I 3 H”]H%—]s+l/2HUHH§
after implementing the Sobolev embedding. Differentiation of the last summand of energy E* gives
1d 1 \2 . 1 o1 . 1 s—1 .9
sa | " <J° 21}) =—i[n (Jé 21}) J*T2tanh Dy —is [ n (J“’ 21}) J*72D* tanh Dn
7
2 T
2

/77( %v) J*% tanh Dv? — %/ O (JS*%UY — %/tanhD(nv) (Js*%v>2 (3.2)

where the first summand, that we notate by I5, is estimated easily

Is < |mllzee vl gs-/2l1mll rs-/2
via Holder inequality. The third integral in (3.2), notated by I, is estimated in a similar way

1
o < e lelrvallo? v S Il gersss ol
where the last bound follows from the fact that H® is an algebra. The fourth integral in (3.2) equals
i 1 1 _1\2 . 1 _1 1L
I; = —5/(sgnD\D|2v) |D|2 ( s 2v> = —z/ (sgnD\D|2v> <JS 21}) J72|D|zv

é/(sgnDlDI%Q {\DI%( o) -2 () JS*%|D\%U}

where the first integral can be treated with interpolation in Sobolev spaces and the second integral
by the fractional Leibniz rule as follows

I7 < |lsgn DID|Z 0| oy |7° 730 e | J*7 2| D|20] 12 +

1 _L :
sgn D|D|Z v 2| J°~ 2 |D|2vlfZ: < [lvlli-
The last integral in (3.2), that we notate by Ig, is bounded by

1 1 .
Is < Glnllz= vl 2] 7° 20]|74 < Inll gosrsa vl Frs-
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It is left to calculate the second integral in (3.2). For this we approximate D tanh D by J in exactly
the same way as was done for estimating integral I3 so that

- m/n (JS*%U) J*~3D? tanh Dy = fm/n (JS’%U> T Dy + I

= —i%/n (JS‘L%U> J‘S*%Dn + 19+ I1o
where the first rest
Iy = m/n (JS—%U) J*=3D(J — Dtanh D)y < ||l o]l oz lnl o1z

follows from Hélder’s inequality together with boundedness of operator D(J — D tanh D) and the
last part

i = —ise [ (774Dn) 170 740 5 Ml (10l 15 S0l + 1Tallos 17 ol

follows from the Holder and Kato—Ponce inequalities. Again taking p; = p3 = ﬁ, P2 =ps = 25271

for s € (% 1) and p; = pa = p3 = p4 = 4 for s > 1 one deduces
Iy S ||77H?1s+1/2H7JHHs

after implementing the Sobolev embedding. Finally, summing Derivative (3.2) with the derivative
of square of H*T1/2 x H’-norm according to Definition (3.1) obtain

d 2
ZEmv)=h+...+hos 90354172 + 1011z + (1ll3es1/2 + N0 lFrs)
which concludes the proof. O

In the following obvious statement the non-cavitation condition plays a crucial role.

Lemma 7 (Coercivity). Let s > 1/2 and (n,v) € C ([0,T]; H**V/2(R) x H3(R)) be a solution of
System (1.1) for some T > 0. If in addition n satisfies the non-cavitation condition then

B (,0) ~ [0l 3s1/2 + 0]
Corollary 1 (Energy estimate). In the conditions of the previous lemma holds true
d ,
SE(,0) S B*(n,0) + E*(n,v)°.

As we shall see below, the non-cavitation condition is convenient to work with only in the case
of high regularity s > 3/2. Then the time interval on which the condition holds true can be
easily estimated through the first equation in (1.1). Our goal is to study well-posedness in spaces
of low regularity. So in case of s < 3/2 we will have to impose a stronger condition, instead of
non-cavitation, namely smallness of the initial data norm to control it in time with the help of
Hamiltonian conservation.

Lemma 8. There ezists a constant H > 0 depending only on the surface tension » > 0 such
that for any € € (0,H| if a pair u(t) = (n(t),v(t)) € H (R) x HY*(R), having initial condition
[lwoll g1 5 prive < €/2, solves System (1.1) then ||u(t)|| g1y g2 < € for any time t.

Proof. We use a continuity argument. Without loss of generality we prove the statement with a
norm equivalent to H* x H'/2-norm instead. Regard the norm defined by

> 1 1,
[ull® = S 10emll72 + 5 lInll7z + 511K ol 72
2 2 2
Then there exists C' > 0 such that
l[ull(1 = Cllull) < H(u) < [[ul*(1 + Cllull)
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where u = u(t) is a solution of (1.1) defined on some interval. Take H = (2C)~!, any 0 < e < H
and a solution with ug = u(0) having ||ug|| < €/2. By continuity ||u|| < € on some [0, 7] and so

14+ Ce/2
ol < V() = V2Hu) < | EEL e <
which means that the continuous function ||u(¢)|| cannot touch the level e with time. O
As a consequence of the lemma we can control ||n|/fe for any s > 1/2 admitting only small

initial data. Paying this price we can guarantee non-cavitation, in particular.

4. UNIQUENESS TYPE ESTIMATE

Suppose that we have two solution pairs 71, v1 and 72, v of System (1.1) on some time interval.
Define functions 6 = 1, — 12, w = v; — v2. Then 0 and w satisfy the following system

0 = —w, — i tanh D(Gvg + nw), (4.1)
wy = —itanh D(1 4 »D?)0 — i tanh D((vy + va)w)/2. (4.2)

We need an a priori estimate similar to one obtained in the previous section for the difference of
solutions. For this purpose we introduce the difference energy

» 1 1 _1 2
B (o1 0) = 5 00s + g0l + 5 [ (772 (43)
Note that E*(n,v) = E*(n,v,0,0) and so this new notation is in line with (3.1).

Lemma 9. Let (m1,v1), (n2,v2) € C ([()7T];HS+1/2(R) x H*(R)) be solutions of System (1.1) for
some T >0 and s > 1/2. Their difference is denoted by (0,w). Let 0 <r < s—1/2. Then

d
B v m2,02) S (L I lgena + loallzes + loallz) (101Fee + ol ) -

Proof. We follow the same arguments as in the proof of Lemma 6. The derivative of squared norm
wd o 1d P ral el . r+d r+d
e T (J 29) T30, — iz (J 29) J+3 tanh D(0vs)
— i / (.]”%9) J™3 tanh D(mw) — i / (J"w)J" tanh DO

—ix /(JTw)JTD2 tanh D — % /(er)JT tanh D(vy + vo)w
= I+ O (|0 lwlar + lvallgrsss2 1001/ + lnllze 100z lwllze + [lor + va s lwlF)
where
1 1
I = i%/ (JTfiDé’) J" T2 (nw).

In the case 7 > 1/2 we have the commutator estimate

|77 m]w]

o],
L4

J”%m‘

L2 S N0z Lo 1wl S lmllgzssaro [lwll e

and so
. 1 ral
B=ise [ (7 4D8) ™ b4 O (Il 18]yl (4.4)
For r € (0,1/2) we apply the Leibniz rule

1 1 1
H|D\T+2 (mw) —w|D[" 2 — 771|D\T+“U‘

12 SMPIT aull o IID12 @l os S Ml llell e
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where po > 2 is such that o9 = r—1/2+1/ps > 0. The last estimate is due to Sobolev’s embedding.
Operator JrHE - |D\T+% is bounded in L2. Thus

. r—1 r+d
=i [ (7775D0) DI 01w) + O (ol 0l o)
N VAN il ) ,_1 il
=ise [ (J72D0) wD iy + e [ (77ED0) m DI 2w+ O (| gessel|0)l s ool

where the first integral can be estimated by interpolation in Sobolev spaces. In the second integral

the fractional derivative |D|™*2 can be approximated by J™2 to come again to (4.4) now for

0<r<1/2.
Differentiation of the energy modifier gives

1d _10\2 . ol ol . ol ol
ia/m (JT Zw) :72/7)1 (J 2w>J ZtanhDsz%/m (J 2w>J 2 D% tanh D
R S — 1 )P i )
3 /771 (J 2w) J"72 tanh D(vy + vo)w 3 /811)1 (J zw) 3 /tanhD(mvl) (.] zw)
= Iy + O (Il 100l grr—s2 1wl g2 + L+ I llazs) (fvallzzs + loallzs) lJwllFe)

where
L= *i”/ (JT_%M) J(mJ""2w) = fm/ (JT‘%DQ) " w
+ 1101l gr+120 (Haaﬂ]l”LPl ||JT7%7U||LP2 + || I || es ‘|JT7%“7HLP4)
= —ioe [ (77 1D8) L+ O (ol 0] ol

following from the Kato-Ponce inequality with p; = p3 = ﬁ, P2 =ps = 25% for s € (%7 l) and
p1 = p2 = p3 = ps =4 for s > 1. Summing I» together with I calculated in (4.4) we conclude the
proof. O

Corollary 2 (Energy estimate for difference). If in addition to the conditions of the previous we
assume non-cavitation for m then

d . .
S (myvnmz,02) S (L4 Il ez + lorllrs + llvallzrs) E7 (1, v1,m2, v2).

Proof. Non-cavitation implies coercivity for E™ and the rest is obvious. O

Remark 3. The restriction s > 1/2 appeared in the lemma and its corollary is inconvenient. It
comes from the loss of Hamiltonian structure of System (4.1)-(4.2). This results in the fact that
we can obtain only a weak solution in case s = 1/2 and probably not unique.

5. PARABOLIC REGULARISATION

For application of the energy method we need to do a parabolic regularisation of the view

M + vy + ¢ tanh D(nv) = —p|D[Py,

5.1
{vt+z'tanhD(1+;¢D2)n+itanhDv2/2— —u|DPv (6.1)

where p € (0,1). We want to prove solution existence for (5.1) for any given p, by the contraction
mapping principal and so p should be big enough. However, we also do not want to spoil our energy
estimates, and so p should be small enough. As we shall see below, this bounds us to p € (1/2,1].
Here the left number comes from the following lemma.
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Lemma 10. For any s > 1/2, pn € (0,1) and p > 1/2 there exists a finite positive bound C(T),
tending to zero as T — 0, such that

1 dt < C(7) Hf”CTIF HQ”cTus

T
[ e er oo
JO
for any functions f, g defined on [0,T). Here either r =s+1/2 orr =s.

Proof. In the case r = s > 1/2 the statement is obvious due to boundedness of exp(—put|D|P) and
the algebraic property || fgll = S |fl = 119l = - Hence C(T') = ¢, T with some constant ¢ depending
only on s.

Otherwise we use

e 12 (1), < |6 e €472 sl gr-sra

where in the case r = s = 1/2 by the Holder inequality we have

gl g2 = W fallpe < Wfllzallgllze S U Versa gl gare S UF e 1915

and in the case 7 = s+ 1/2 we obviously have

gl gzr-1r2 S W g Nl -

It is left to check that the L°°-norm above is locally integrable. Indeed, we can estimate the function
at £ € [0,1] and at £ > 1 separately

e HHEP <§)1/2 < max {21/4, sup 21/4§$ e~ HlE] } < 24 max {1, (2pe;1,t)7% }
&1

that is an integrable function with respect to time over any bounded interval for p > 1/2. The
integral of this function over [0,T] defines the bound C(T). O

With Lemma 10 in hand we can prove the local well-posedness in H*+Y/2 x H® with s > 1 /2 for
System (5.1) by the fixed-point argument. Diagonalization has the matrix form

—itK,.D 0 _

1 /1 1 411 K1
S 1 S RS G
with K, defined by (2.1). For any fixed ug = (n9,v0)” € X® = H*tY/2 x H* function S(t)ug

solves the linear initial-value problem associated with (5.1). Let X3 = C([0,T]; X*) and regard a
mapping A : X7 — X7 defined by

where

A, v;u0) () = S(t)ug + /0 S(t —t')(—itanh D) (U;772) (t")dt'. (5.2)

Then the Cauchy problem for System (5.1) with the initial data uy may be rewritten equivalently
as an equation in X7 of the form

u = A(u;up) (5.3)

where u = (n,v)T € X§.

Lemma 11. Let s > 1/2, p > 1/2, u € (0,1) and up = (no,v0)” € X*. Then there is T =
T(s,p, , |uollxs) > 0, decreasing to zero with increase of the norm of ug, such that there exists a
unique solution u = (n,v)" € X3 of Problem (5.3).

Moreover, for any R > 0 there exists T = T(s,p,u, R) > 0 such that the flow map associated
with Equation (5.3) is a real analytic mapping of the open ball Br(0) C X° to X5.
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Proof. We need to show that the restriction of A on some closed ball Bys with the center at point
S(t)ug is a contraction mapping. Note that |S(¢t)ullys < |lexp(—put|D[P)ul| i« . Hence by Lemma
10 for any 7, M > 0 and u,u;,us € By C X7 hold

() = S(tyuollx; < C(T)lull3; < CT)M + luollx+)?,

[A(u1) — A(uz)llxz. < C(T)llur — uallxz (lua llxs + lluzllxs) < 2C(T)(M + [luollx=)llur — w2l xs.s

and so taking M = |lug||x= one can find such T that A will be a contraction in the closed ball Bjy.
The first statement of the lemma follows from the contraction mapping principle. Smoothness of
the flow map can be proved in the same spirit applying the implicit function theorem instead, and
so we omit it. Some details can be found in [9]. O

Lemma 12. Suppose s > 1/2 and n(t) € H*TV2(R), v(t) € H*(R) solve System (5.1) with
we(0,1) and p € (1/2,1]. Then

d . 2 2 2 2 \2
# Z70.0) Snlgsea + l1ollzs + (InlFpssare + 0l )"
In other words, the parabolic regularisation (5.1) does not spoil the energy estimate.

Proof. Following the proof of Lemma 6 one arrives at

d - -
ﬁEé(r],fu) Sh+L+...

where
Ti= —ps H\DV"/ZT H2 - H|D|P/%H2 <0
1 M ] Hot1/2 M e SO
~ o - 2 _ _
=4 [ (o 20) Dn = [0 (557120) 552D < o ol
for p < 1 and the rest is the same as in Lemma 6. O

As was noticed at the end of Section 3, one has to make sure that the modified energy is coercive.
An effective way to do it at the low level of regularity is to control ||7]| ;- via the energy conservation.
One can get the same controllability for the regularised problem via the energy dissipation due to
the following result.

Lemma 13. Suppose n(t) € H'(R), v(t) € H'?(R) solve System (5.1) with u € (0,1) and p €
(1/2,1]. Then there exists 6 > 0 independent on the viscosity u such that H(n,v) is a non-increasing
function of time t provided ||n(t)|| g1 + [v(t)||g1/2 < I holds for any t.

Proof. Hamiltonian (1.3) has the derivative

1d

2 2 _ 9
a0 = =l = <l ens = K el = 1= 1o

where the rest integrals

1
L :/m\DV’% I = §/U2\D|p77

are of no definite sign. One has to check that I;, Is are absorbed by the first three norms. The
main difficulty arising here is that two different homogeneous Sobolev spaces cannot be compared
for inclusion, however, there is interpolation between them.
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Using the Holder inequality, the fractional Leibniz rule for |D[P/2, the Sobolev embeddings
HY* — L4 H' < L% and HY? < H'Y/4 — L2 obtain

|| = ' J10rzaiprz) < [1Dp2e) — oDy - aipr | D
o+ ||etorrz| [ iper2] |+ a2
L2 L2 L2 L2
2
< Il |lDP720]|,+ i/2]| ol D120

12 _
S e 1K 0l o+ Wl Inllgoaens K70 e
where [|7]| /24174 can be interpolated between HP2norm and HP/*'norm. Hence I; can be

absorbed provided H! x H'/2-norm of the solution is small.
The second integral I can be treated similarly for p = 1 exploiting |D| = Dsgn D. Indeed,

I, = 7/\D\1/2(vsgnDn)|D|1/2 sgn Dv

and so it can be estimated by the same chain of inequalities since sgn D preserves Sobolev norms.
For p € (1/2,1) we have

2Ll <MIDPall, o ol s ol 2 < llll

s e [0l g

e ol
. 1— 4 . 2

by the Holder inequality and the Sobolev embeddings H RN LT+, HP/? — L[T5. Again we

interpolate the norm of  between H?/2-norm and H?/>*!-norm. Estimate ||UHH17—£ < o]l g1/2 and

[o]] /2 < HK71UHHP/2 . Eventually we obtain

2 2 — 2
14151 S (Wlidre + 5 s + 1K 0] 2 ) mace Qnl ol e}

that concludes the proof.

As a simple corollary with the proof similar to that of Lemma 8 one obtains the following.

Corollary 3. There exists a constant § > 0 depending only on the surface tension » > 0 and the
parabolic reqularisation power p such that if a pair u(t) = (n(t),v(t)) € H'(R) x HY2(R), having
initial condition ||uo|| g1y 172 < 6/2, solves System (5.1) then ||u(t)|| g1 g2 < 8 for any time t.

The dependence of § on the parabolic regularisation power p is unimportant since below we stick
only to the case p = 1.

6. A PRIORI ESTIMATE

We have an a priori global bound for solutions of both systems (1.1) and (5.1) in H' x H/? due
to Lemma 8 and Corollary 3, respectively. Our aim is it to obtain estimates in H' s+1/2 5 [ with
s>1/2.

Lemma 14 (A priori estimate). Suppose s > 1/2. Let (n,v) € C ([0, T*); H*+Y/2(R) x H3(R)) be
a solution of System (1.1) (or of the regularised system (5.1) with p € (0,1) and p = 1) defined on
its maximal time of existence and satisfying the blow-up alternative

T* < 400 implies 11_13"1* 1), v@) || gres1/25 s = +00. (6.1)

Suppose that its initial data (1.2) either satisfies the non-cavitation condition for s > 3/2 or has
small enough H* x HY?-norm for s < 3/2. Then there exists Ty = To (|00, voll gres1/25grs) < T*
such that

sup (), v()|| gs+1/25 s < Cllnos voll o1z prs (6.2)
t€[0,To]

for some C > 0 independent on p.
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Proof. We closely follow the arguments in [12] since we have essentially the same energy estimates.
The main difference lies in the control of coercivity of the modified energy (3.1) for small s. Let
ho, Hy define non-cavitation of 79 according to Definition 1. Regard h = ho/2 and H = Hy + ho/2.
If the wave 7 satisfies the non-cavitation condition associated with h, H then there exist positive
constants cg(h), Co(H) such that

o Hnrv”§{5+1/2><H5 < ES(TIHU) <Gy Hnrv”§{5+1/2><H5

by coercivity of the energy. These constants depend only on hg, Hy. They are used to define the
time set

T= {T € (OvT*) . sup Hn(t)vv(t)”HS‘H/?st <3 CU/CO UU”HS+1/2><HS}

te[0,T]

that is non- empty and closed in (0, T*) by the solution continuity. Moreover, for T = sup7 we
have either 7' < T* and so T € T or T = T* = 400 by the blow-up alternative (6.1). Introduce
To = min{71, T>} with

1 1
T1 = = log 1+ 5
&1 < 1+ C1Cy |7]07vozs+1/zxﬂs>

ho

5 for s > 3/2
Ty = Co (I, vollgs1/2ze + 1m0, 00l 3res1/2. )
1 otherwise

where C},Cy are two big positive constants to be fixed below in the proof. The idea is to show
that these constants can be chosen, independently on the initial data, in such a way that Ty € T
or equivalently T < T.

Assume the opposite T<T, 0. Firstly, we will check that the non-cavitation condition holds on
0, f] Indeed, in the low regularity case s € (1/2,3/2] it is assumed smallness of the initial data
and so H! x HY2-norm of the solution stays small with time evolution by Lemma 8 and Corollary
3. In particular, the wave satisfies the non-cavitation condition. For s > 3/2 one can estimate 7
using the first equation in System (1.1) (or in System (5.1)) as follows

n(x,t) = no(z / O (x,t)
where

[10en1ll oo < 1020l oo + [[tanh D(no)l| oo + p 11Dl oo S Wll s + 0l zzs + 11l gz 10112z

with the implicit constant independent on p € (0,1), obviously. Hence
19l oo S 170, Vol o172 11 + 1005 V01 F7041/2 g1

uniformly on (0, 7] C 7. Thus we have

1
H/ Om(x,t)dt'
0

for big enough Cy since T < Tb. As a result the non-cavitation

h—1=hy/2—-1<n< Hy+hy/2=H

ho
<T sup lam(®)] - <
Lo te(0,T]

holds on R x [0,7]. Without loss of generality one can assume that for s < 3/2 the non-cavitation
of 1 is governed by the same h, H.
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Let E(t) = E*(n,v)(t) be the energy defined by (3.1) and Ey = E(0). For System (1.1) (or for
System (5.1)) we have the a priori energy estimate given in its differential form by Corollary 1. A
straightforward integration gives

Ey By
E)(1- o) <
()< 1+Eoe) T+ By

for any t € [0, f] with ¢ depending only on h. Note that

et <1+ 1
= 1+ C1Ey
for any C7 > cand 0 <t < T < T;. In particular,
Ey 4 1/Cl+E0 <1
14+ Ep = 1+ Ep
if in addition Cy > 1. Thus
1 2+ C1Eo
E(t) < < B < 2E
()\(Eo ccz)il_l\ 01+(Cl—1)E0\ 0
T+Eo

if in addition C7 > 2. As a result we have

I7(), v gss1r2 s < V/2C0/ o 1105 voll grs+1/2 prs

for all t € [0, f] Taking into account 7' < T* and continuity of the solution one can find T < T’ <
T*,Tp such that on [0,7"] holds

[n(@), ()|l o172 s < 28/ Co/co 110, voll os1/2 s
which contradicts the definition of T'. Therefore, we showed that Ty < n concluding the proof. O

Lemma 15. Suppose s > 1/2 and a pair n(t) € H*T/2, v(t) € H® solves System (1.1) (or the
reqularised system (5.1) with p € (0,1) and p=1). Then if s < 1 the following holds true

d 2 2
EE&(TINU) S (1 + vl e + H’?vUHHlel/z) 7 vl 3rsar2 s grs
and if s > 1 then

d 2 2
B ,0) S (1 I 0lesssasrriesro) I o s
Moreover, the implicit constants do not depend on p.

Proof. The estimates obtained while proving Lemmas 6, 12 need to be refined for s > 1/2 as follows.
We stick to the notations used in the corresponding proofs. Note that by Lemma 4 we have

Bl e

p v DDl e+ Wl e || 75720

|7+=+=10w]
H-1/2

H/2
2
S vll gascps—12 1 v psea/2 s -
Since H® N L™ is an algebra under the point-wise product one obtains
2 2
Iy S lnllas vl s + lollzoe lollzs S A4 [ollzee) 10, vl a1z s -
The integral I, is essentially estimated already as
L < 2 [Vl gz + ol for s € (1/2,1)
4 5 M pgs+1/2 [ollypessa for s > 1 .

In order to refine I7 we need to estimate

Jfmoiot) =], o)

J571/2,U)

L1 ‘ LP2
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following from Hélder’s inequality with p1(s) = ﬁ, pa(s) = ﬁ for s € (%, 1) and p1 = pa =4 in
case s > 1. Implementing the Sobolev embedding and gathering the rest of I7 obtain

2 [0l 12 for s € (1/2,1)
Ir S ol { ,

|o]| gs—1/a for s > 1
The integral Ijg is also estimated already as
lvll a2 for s € (1/2,1)

< Al res e
Io S H77HH“+1/2 { H’U”H"’IM fors>1

Thus gathering all the parts obtain
L+ ol g + ||777UH§11X}11/2 for s € (1/2,1)

LT+ L+ Lo S mvl ez e
* 1+ ||77’U”12L15+1/4><H371/4 for s >1

which are the desired estimates. O

Knowing coercivity of the energy E*, controlled either by the smallness or by the non-cavitation
of the initial data, one can deduce from the lemma that the time of existence depends only on
170, vol| gs/+1/2 s Where 1/2 < s" < s. Taking into account the boundedness of |1, v|| g1y g1/2
holding true at least for small initial data, one can get a stronger result thanks to the Brezis-Gallouet
limiting embedding (2.5). In order to exploit it we need the following Gronwall inequality.

Lemma 16 (Gronwall inequality). Let y be an absolutely continuous positive function defined on
some interval [0,T]. Suppose that almost everywhere

y' < Aylogy
where A > 0 is constant. Then there exists C > 0 independent on T such that
y(t) < exp (CeAt) .

Proof. Denote the right hand side by z(t) = exp (CeAt), where we take C' > 0 such that z(0) > y(0).
Regard the derivative

)

y)’ Yz -y Yy
) =" < A% log =
< = z gZ

2

z z

where the latter is less than zero at least for ¢ = 0. So the fraction y/z decreases and stays always
below the unity.

O

Corollary 4 (Persistence of regularity). In the conditions of the a priori estimate lemma 14 the
following holds true

Hn(t)v U(t)HHé’Jrl/?xH" < exp (CeCt)
provided s < 1, and if s > 1 then

t
(), 0O /2 < N70; V0l a2 prs P (CH C/O ||77ﬂ)||§{s+1/4st—1/4>

where the constant C > 0 does not depend on p. In particular, the maximal time of existence
T* = +o0 provided |00, vo|| g1 g1/2 s small enough.

Proof. The statement is obvious for s > 1. Suppose s € (1/2,1). By Lemma 8 and Corollary 3
the norm ||n(t), v(t)|| g1 g1/2 stays bounded with time. Hence from the Brezis-Gallouet inequality
(2.5) one deduces

o)z < 1+log (2 + [Jo(t)las) -
Thus applying Lemma 15 and taking into account that E* is coercive obtain

%ES < (1+log (2 + E%)) E*.
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As a result, after the application of the previous lemma with y = 2 + E*, we have the estimate
E° <exp (CeCt) ,

which again due to coercivity of E° leads to the first inequality of the corollary after renaming the
constant.

d

7. PROOF OF THEOREM 1

With the a priori estimate (6.2) in hand we can reapply the local existence lemma 11 for the
regularised problem (5.1) with € (0,1) and p = 1 in order to obtain solution u* = (n*,v") on the
time interval [0, Tp] defined by Lemma 14. Convergence of u* as p — 0 follows from an adaptation
of Lemma 9 to the difference energy (4.3) with n; =7/, v; = v (j =1,2) and 0 < pp <y < L.
The proof repeats the arguments of Lemma 9 and Lemma 13. Moreover, using the Gagliardo
Nirenberg interpolation one can obtain that u* converges to some u in C([0,Tp); H™*'/2 x H") as
o — 0 for any 0 < 7 < s. This u is a solution of (1.1) in the distributional sense. Furthermore, to
prove persistence u € C([0, Tp|; H51/2 x H?), justify all the previous steps and obtain continuity
of the flow map one has to regularise the initial data (1.2) as u§ = (1o * pe, Vo * pe), where p is an
approximation of the identity parametrised by 0 < € < 1 [1, 13]. An application of the Bona-Smith
argument in a straightforward standard way [1, 15, 20] results in the persistence and continuous
dependence. We omit further details.

8. THE TWO-DIMENSIONAL PROBLEM

In this section we comment briefly on adaptation of the proof for the two dimensional case.
Firstly, we define the modified energy

» 1 1 _ 2
B (0) = S ilEsesvs + 5V B + 5 [ 0|72 (8.1)

and notice that it is coercive provided the wave 7 satisfies the noncavitation condition or has small
H'-norm. Note that the latter does not imply the first one, since now we do not have embedding of
H* to L. The smallness of H! x HY/2 x H'/2-norm can be controlled by the energy conservation.
Indeed, by Hoélder’s inequality and the Sobolev embedding the cubic part of Hamiltonian (1.6) is
estimated as

2
[ aivide S il 191

and so repeating the arguments given in the proof of Lemma 8 we arrive at the conclusion that
the small enough initial data stays small through the flow. For s > 2 the noncavitation preserves
locally-in-time due to the first equation in (1.4). The energy estimates and the rest of the proof of
Theorem 2 can be done in exactly the same manner as in the one dimensional case, and so we omit
further details.
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