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Preface

This dissertation is submitted as a partial fulfillment of the requirements for the de-
gree Doctor of Philosophy (PhD) at the Department of Mathematics, University of
Bergen. The research was supported by the Research Council of Norway on grant no.
213474/F20 for the project “Nonlinear PDE in Spaces of Analytic Functions”. The
doctoral study was supervised by Prof. Henrik Kalisch.

The evaluation committee has consisted of Guttorm Alendal (University of Bergen,
Bergen, Norway), Dmitry Pelinovsky (McMaster University, Hamilton, Ontario,
Canada) and Angel Durdn (Universidad de Valladolid, Valladolid, Spain).

This dissertation pursues several aims. The first one is to contribute to the under-
standing of implicit details in derivation of nonlinear dispersive water wave models.
The main focus is on the Hamiltonian theory for the surface water wave problem. The
second is to research the nature of solutions to model equations. Numerical investiga-
tion of the relations between different bifurcation curves and travelling-wave solutions
confirms some established theoretical knowledge and puts forward evidences that are
not fully understood analytically. The third aim is to present a method for numerical
solution of water wave equations. This method, being relatively simple in implemen-
tation, allows to circumvent the problem of turning points on bifurcation curves and
also to compute travelling-wave solutions that satisfy certain conditions such as waves
having troughs at zero level.
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This thesis is organized in the following way. Part I contains general theoretical back-
ground on nonlinear dispersive water wave models, their derivation and description of
methods used to solve the equations involved. Some properties of solutions to the equa-
tions and a summary of research results are also given in the first part. Part 2 consists
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General background






Introduction

The water wave theory is a classical part of Fluid Mechanics. It has a long scientific
history with a great number of mathematical results [10, 32]. The first studies in this
field were done by Stokes in 1847 [34]. He developed some approximations to periodic
waves and proposed conjectures about their behavior on deep water. Today these waves
are known as Stokes waves.

The problem of water waves concerns the two-dimensional flow of an inviscid, in-
compressible fluid, bounded above by a free surface and below by a rigid horizontal
bottom. In this situation, the flow is described by Euler equations with appropriate
boundary conditions [13]. By solving these equations, one obtains a complete under-
standing of the flow dynamics. However, for some applications the dynamics of the
free surface is of particular interest. Nonlinear dispersive wave equations, such as the
Korteweg—de Vries equation [22], allow to approximate the description of the free sur-
face evolution without having to provide a complete solution of the fluid flow below the
surface. Different questions related to these equations are actively researched. The ex-
istence of traveling and solitary waves solutions [15], well posedness of these equations
[21, 24, 25] are two examples.

In this work, nonlinear dispersive water wave equations are analyzed from a number
of points: their accuracy in approximating the solutions of Euler equations, derivation
from Hamiltonian formulation of the water wave problem, numerical solution of these
equations, stability of their solutions and investigation of their bifurcation curves.

The Part I of this thesis consists of three chapters. Chapter 1 is devoted to mathemat-
ical formulation of the surface water-wave problem. We revise the Eulerian formulation
of the problem, the Linear water-wave theory and the boundary conditions applied. The
second chapter describes a method for deriving nonlinear dispersive water-wave equa-
tions. The main focus here is on the Hamiltonian formulation of the problem and
different scaling regimes. A numerical method for solving the water-wave equations
is also presented in Chapter 2. Chapter 3 gives a brief summary of the research re-
sults obtained in the course of the doctoral studies. Part II contains the research papers,
published and submitted for publication, which were written for this PhD project.






Chapter 1

Theory on the problem of surface water waves

1.1 Euler equations

The mathematical description of the surface water wave problem begins with analyzing
Navier-Stokes equations

pU U I

- _ = —

— =—+(U-V)U =-=VP+§ +vVU. (1.1)

Dt ot p
where ﬁ is the velocity field, p is the density, _g’ acceleration due to gravity, P is the
fluid pressure and v denotes the kinematic viscosity. It should be noted that the fluid
is density p is assumed to be constant. The law of mass conservation enables one to
derive the continuity equation

D =const.

D—’;+pvﬂ’=0, 25 vU-=o, (1.2)
the latter is often addressed to as incompressibility condition [13]. Rotation of the fluid
flow is modelled by taking curl of the velocity field

- -
VxU = Q. (1.3)
ﬁ . . . . . . . . ﬁ

The parameter Q is called vorticity. In this setting, absence of vorticity, i.e. Q =0,
means that there is no rotation, and the flow is called irrotational.

Close observation of the equations governing the fluid flow show that in the case

of incompressible and inviscid (v = 0) fluid, the vorticity does not change in time. If

one takes the curl of equations (1.1), given listed assumptions and that VX VP =0, then

it is possible to find that % = 0. Hence, the initial fluid rotation is preserved without
changes in the course of the flow.

The Euler equations appear in case of inviscid fluid flow as a simplified version of
the Navier-Stokes equations (1.1). Conditions on boundaries of the flow domain give
additional equations that constitute the Euler system for surface water wave problem
[23]. The system is derived as follows.

We consider an open rectangular channel with flat bottom. The bottom is placed
along the x-axis at the level z = —hg, with z being the vertical axis. Waves propagate
in the x-direction. The fluid surface is described by the relation z = n(x,t). Figure
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~Z n(x,t)

E hg lg

zZ= *h()

bottom

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

1.1 describes the geometric setup of the flow domain. It is assumed that there is no
variation in along the y-axis and the that channel infinitely long. Hence, the domain
can be expressed as D(t) = {(x,z) € R? | x € R, —h0 < z < 5(x,1),}.

If we denote the components of the velocity field as TJ) = (U,V,W), then the Euler

equations are written as

Py
U+ UU+ WU, = ——,
P

P (1.4)
Wi+ UW, + WW, = —~ —g,
p

and the relation (1.2) has the form
U+ W, =0. (1.5)

It is assumed that the fluid vorticity is equal to the constant Q, and the relation (1.3)
reads
W, =U, = —-Qy. (1.6)

If we assume that the flow is irrotational, i.e. Qg = 0, then we can express the relation
(1.3) as Vx (V@) = 0. The function ¢ is called the velocity potential and V¢ = (U, W)T.
For the velocity potential ¢, the incompressibility condition (1.5) results in the Laplace
equation

Gux+ ¢, =0 in —hy <z <n(x,t). (1.7)
By integrating the Euler equations (1.4) with the condition Qg = 0 in (1.6), one arrives
to the Bernoulli equation

¢t+%(¢§+¢§)+§+gz=cu)+e. (1.8)

The variable C(t) can be eliminated by defining a new velocity potential

D= ¢—LtC(s)ds.

Now we focus our attention on the bottom and the free surface boundary conditions.
These conditions are natural to such a problem setup. It is required that the fluid cannot
penetrate the bottom. This condition written as

¢..=0 onz=—hy. (1.9)
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It is also required that fluid particles cannot leave the free surface. This is the kinematic
condition (1.10). The pressure at the free surface has to be equal to the atmospheric
pressure if the surface tension is neglected. This is called the dynamic and is derived
from the Bernoulli equation in the form written in (1.11).

N+ Pxnx—¢, =0 on z=n(x,1) (1.10)
¢t+%(¢§+¢§)+q:0 on z = n(x,t). (1.11)

The atmospheric pressure is assumed to be zero, since it is very small in comparison
with the fluid pressure.

Above we have assumed that the flow was irrotational. If we consider that the flow
is rotational, i.e. Qg # 0, the water wave problem is expressed in terms of the stream-
function . The stream-functions defines the velocity field as (U, W) = (¢, —¢x). To
this end, the equation (1.6) implies that

Ay = Qq. (1.12)

For this case, we also assume that the flow is steady and the velocity field not dependent
on time. This simplifies the Euler equations (1.4) - the time derivatives there can be
removed. The Bernoulli equation for this case is written as

é(wﬁ+¢3>+£+gz=9(w>, (1.13)
P

where Y(¢) is constant along streamlines. In analogy with the equation (1.7), the the
stream-function satisfies the Laplace equation:

Uex+ U, = Qo in —hy < z < n(x). (1.14)

The condition at the bottom reads

Y2=0 onz=—hy, (1.15)

and at the free surface:
U+, =0  onz=n(x), (1.16)
W2+ gz=T  onz=n(), (117)

where I' = Y(¢/)|,=, is constant.

1.2 Linear theory

Let us review the parameters that describe the fluid flow in the surface water wave
problem. In Figure 1.1, the surface elevation is represented by 7n(x,t), the wavelength
L defines the distance between two successive troughs. The wave amplitude is denoted
by a, which may be defined as the distance from the zero level z = 0 to the wave crest.
The phase speed c is defined as

= — 1.1
¢= = (1.18)
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where the parameter T denotes the wave period. The free surface n(x,t) can be repre-
sented in terms of a cosine function:

n(x,t) = acos(kx — wt), (1.19)

with k =2z /L and w = 27/T being the wavenumber and the radian frequency. To this
end, the wavespeed ¢ can also be written as

c= (1.20)

The linear water wave theory is a special case of the theory described in section 1.1.
We assume that the flow is irrotational and the relation a/L is small. This results in
the fact that the velocity field components become small and the nonlinear terms in the
Euler equations can be neglected [23]. In this setting, the free surface is described by
z =0 and not by z = 5. Thus the linear water wave problem may be written as follows:

Pxx+ ¢, =0 in —hy<z<0, (1.21)
¢.,=0 onz=-hg, (1.22)
¢.=n onz=0, (1.23)
¢r=—gn onz=0. (1.24)

The solution to this system is derived by combining (1.19) and the the kinematic bound-
ary conditions (1.22)-(1.23), and written as

n(x,t) = acos(kx — wt),
_ aw cosh(k(z + ho)) (1.25)

¢ kK sinh(kho) sin(kx — wt).
Using ¢, we find the velocity field components:
cosh(k(z+ hg))
=0y = R —— k — ,
U=¢ sinh(khy) cos(kx — wt)
sinh(k(z + hg)) .
W = — -_— . k - t .
9 Sinh(khy)  Sn(kx—ot)

In the linear theory, the dispersion relation is the relation w = w(k). It characterizes
the dependency between the wavelength L, wavespeed ¢ and wavenumber k. For the
problem decribed in (1.21)-(1.24), the dispersion relation is written as

= /gktanh(khy), (1.26)
_9_ 19
c= . 2ﬂLtanh(kho). (1.27)

It can be noted that the wavespeed is a function of wavelength. Therefore the lin-
ear surface wave problem is a dispersive model, since waves of different wavelengths
propagate with different speeds.

hence, the wavespeed reads:
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To obtain a full picture of the problem, one may derive the pressure P using the
Bernoulli equation and the dispersion relation (1.26):

cosh(k(z + hg))

cosh(kh) cos(kx — wt). (1.28)

P =-pgz+pga
The linear theory enables one to find the streamlines and particles paths as well.
In the case when the fluid depth is much smaller than the wavelength the dispersion
relation for the linear theory (1.26) reduces to

© = +/ghok?, (1.29)

and the wavespeed becomes a constant ¢ = ¢(, where ¢y = \/gTO. This is due to the fact
that in long-wave approximation, i.e. h0/L << 1, tanh(khg) — khy.

This case is addressed to as Shallow-water theory. It is also assumed that the flow
is uniform and the vertical velocity is zero. Thus, for the problem domain illustrated
in Figure 1.1, if we denote uniform horizontal velocity by u(x, t), Euler equations (1.4)
become p P

U +uuy=—,0 =—=—g, (1.30)
p P

where all terms with vertical velocity W are disregarded.
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Chapter 2

Derivation of water wave equations and their
numerical solution

2.1 Hamiltonian theory

From the previous chapter we know that the surface water wave problem is described
by the Euler equations with appropriate boundary conditions at the bottom and at the
free surface. There are also some of model equations that describe only the dynamics
of the free surface. This is of advantage in the cases when the solution of the flow
below the surface is not of interest. In a general form, these models are written as

ne+f (Ml +Lne =0, 2.1)

where n(x,t) is surface elevation, £ is a self-adjoint operator, and f is a real-valued
nonlinear function. Such equations are derived in an inconsistent way in the fluid me-
chanics for wave problems. For example, the derivation of the Whitham equation,
introduced by Whitham in [36], is also somewhat ad-hoc. In nondimensional form the
Whitham equation is written as

tanh(k)

PR
where the operation ~ stands for taking the Fourier transform. This section briefly de-
scribes the Hamiltonian formulation of surface water wave problem and derivation of
model equations from Hamiltonian function under different scaling regimes. For sim-
plicity, we will consider the case where surface tension is disregarded.

By taking the depth h¢ as a unit of distance, and the parameter /ho/g as a unit of
time, we can write the water wave problem in nondimensional form:

3 —
r7t+§r]17x+Kr7x =0, Kn(k) = 2.2)

Gux+ P, =0 in —1<z<n(x,t),
¢.,=0 onz=-1,
Ty s 2o Jonz=nten
do+3(93+97) +n =0 "

where ¢(x,z,t) is the velocity potential and 5 (x,t) describes the surface elevation. The
assumptions on flow properties are the same as in section 1.1 and the domain for prob-
lemis {(x,z) € R* | x €R, —1 <z <n(x,1)}.

(2.3)
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The total energy of the system (2.3) is the sum of kinetic energy and potential en-
ergy. The potential energy must be zero if there is no wave motion at the surface. To
this end, the Hamiltonian function for the problem can be written as

n n1
H:ff zdzdx+ff ~|V$|*dzdx. (2.4)
rJo RJ-12

Analysis described in [9, 32, 37] provides us with the following representation of the
Hamiltonian function:

1
H=> fR |7 +2G(n)2] dx, 2.5)

where ®(x,t) = ¢(x,n(x,t),t) and G(n) is a Dirichlet-Neumann operator such that
Gn® =G,
j=0

as described in [30]. In this case the terms Gy(n) and G;(n) are written as
Go(n) = Dtanh(D) and G(y) = DnpD — Dtanh(D)nDtanh(D),

with the operator D = —idy. The analysis is to linear terms in 1, hence, the terms G;(r),
J = 2 are not be considered further. We introduce the operator X (n) such that

G(n) = DX(n)D,

and the expansion
K= K;(m,  K;)=D"'Gy(pD"!
j=0

is valid around zero. One should notice that Ko = %, X1 = n—tanhD(ntanh D). In

such terms, the Hamiltonian (2.5) can be expressed as

1
H= —f [172 +uﬁK(17)u] dx, (2.6)
2Jr
where u = @, is the dependent variable. Then the water wave problem can be repre-

sented as the Hamiltonian system

O0H O0H
nt = _8x5_u’ ug = _ax_

This system has a symmetric structure map Jy ,:

Ty = (_%x _g") : 2.7)

Further, we consider the wave problem with characteristic nondimensional wave-
length A and a characteristic nondimensional amplitude «. Different approximations in
the this problem are obtained by considering the amplitude « to be a function of wave
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number p = 1/A. Different scaling regimes are defined by the behavior of a = a(p) at
small p. In the long-wave approximation n = O(«), u = O(a) and D = —idx = O(u).

Under different scaling regimes, one can take approximations of the operator X in
Hamiltonian function (2.6). This leads to derivation of systems that approximate (2.3).
For example, the Whitham system is written as follows:

O0H tanh D
fe=—Ocs = - Uy = (qu) +O(1’a?), (2.8)
u D
OH
U = —ax(S— = —tyx—uux+O(/13a2). (2.9
n

These systems describe water waves that propagate in both directions - right and left.
It is possible to separate the right-going and left-going parts of the waves and obtain
single equations dedicated to each one of them. We will demonstrate the argument
taking the Whitham system as an example.

Consider linearized version of (2.8)-(2.9):

tanh D
M+ ar;) uy =0, (2.10)
ur+n,=0. (2.11)

Taking solutions of this system in the form

n(x,t) = Aelt*iot, u(x, t) = Beléx-iot

) ()=o)

For the latter equation to have a nontrivial solution, the determinant of the matrix must
be equal to zero: w? — £tanh& = 0. Defining the wavespeed as ¢ = w(€)/& one obtains
the dispersion relation for the Whitham equation:

prompts the matrix equation

c2<§>:¥ — o)== tar;hg.

Positive wavespeed ¢ > 0 corresponds to right-going solutions the system (2.10)-(2.11),
left-going solutions have ¢ < 0.
The transformation of variables allows us to separate these solutions:

1 1
r=§(r7+Ku), S=§(U—Ku), (2.12)

where K is an invertible function of the operator D that is chosen specifically for dif-
ferent model equations. However, the possibility to find suitable K that r and s is not
guaranteed. The original functions are represented as

n=r+s, u:K_l(r—s), (213)
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In terms of r and s Hamiltonian system (2.1) takes the form
KS6H
=—0|=—|, 2.14
"t (2 or ) ( )
K6H )

St = ax (Eg (215)

The shallow-water scaling regime can be obtained by taking &« = O(1) and g — 0. If
we assume that left-going waves can be discarded s = o(1), the equation (2.14) leads to
the shallow- water equation

3
re+ Errx+ re =o(u).
If we let @ = O(p?), 1 — 0 and s = o(?), we obtain the Boussinesq scaling regime,

which allows us to derive the KdV equation

Ti+Ty+ —Try— grxxx = o(,us).

2

2.2 Numerical method for solving nonlinear dispersive water wave
equations

This sections describes a numerical method, which is designed to compute traveling-
wave solutions for water wave equations of a general form

e+ (mMc+Lnx =0,

where £ is a self-adjoint operator, and f is a real-valued function. For example, for the
KdV equation £ =1+ %c’)f and f(n) = %nz. The operator £ is considered to be a Fourier
multiplier operator

Ln(k) =y (k)7(k).

In case of the Whitham equation, £ is given by convolution with the integral kernel Kp,
in the form

L) = f Kn@nG—y)dy.  Ku(k) = y(k) = (/2200 (316

The theory of Stokes waves lies basis of the current method.

2.2.1 Cosine collocation method
The traveling-wave solutions to the equation (2.2) are found in the following form:
n(x,t) = ¢p(x —ct).

The equation then becomes integrable

¢ +[f(P)] +L4 =0, (2.17)
—cp+f(p)+L¢ =B, (2.18)
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where B is a constant of integration.

We assume that f € C2(R), f(0) = 0 and f/(0) = 0. The method is designed for
computing even periodic traveling-wave solutions. In some cases, it can be proved that
solutions of (2.18) are be even, but in general case it is not known [6]. This assump-
tion helps to make the numerical method applicable to many equations without special
configuration. This also enables us to use cosine collocation method and reduce the
number of unknowns by 2 — only one-half of the solutions needs to be computed, the
other half is constructed by symmetry.

We project the equation (2.18) on a subspace of L*(0,2x), namely on

Sn =spang{cos(lx) |0 < I < N-1}. (2.19)
The collocation points x,, = ”2511:]1 ,n=1,...,N discretize the domain. If the full wave-
length of solutions is L # 27, the x-variable is scaled:
, L
x' = —x,
2
and new collocation points x;, and wavenumbers x; given by
, L2n-1 27 I
X, == , k= —1L.
"T 272N T

Our aim is to find a function ¢y € Sy satisfying the equations

— e (x)) + Fdn) (xp) + LN pn(x;) =0, (2.20)

at collocation points x;,. The function ¢y is the discrete version of ¢:

N-1
(') = D 0l) D (1r) cos(rrx’),
1=0
_|VT/N, x=0,
OW) =\ VN, k>0,

N
On (1) = 0(11) D ¢ (x7) cos(kixy),
n=1

where x; = 0, ZT” ...,2£(N —1). The values ®y(-) are the discrete cosine coefficients.

The term LN ¢y is evaluated using the matrix £V (i, j) given as

N

LN () = DLV (g (),
j=1
v
LN(i,j) = Y @ (k) (k1) cos(px]) cos(xx)),
1=0

where y(+) is the Fourier multiplier function of the operator £.
The equation (2.20) is evaluated at each point x;,. This may be written F(¢y) = 0,
where F is a nonlinear system of N equations and N unknowns. This system is solved
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Py
Figure 2.1: Navigation on the bifurcation curve.

by an iterative method such as Newton’s method. The wavespeed c has to be fixed in F
to compute a particular solution. If a turning point appears on the bifurcation curve for
the equation under study, this approach will not work as there will be two solutions ¢y
for the same wavespeed c. This situation is described in [16].

In the current method, the amplitude a and the wavespeed c of a solution are defined
as functions of a parameter 8: a = a(f), ¢ = ¢(8). Such an approach enables one to
follow turning points on the bifurcation curve.

As the Figure Figure 2.1 shows, we use two points on the bifurcation curve, P; =
(c1,a1) and P, = (c2,a2), to define a direction vector d = (d¢,d%):

d: d°=cy—cy, d*=ay—aj.

Then the point P3 = (c3,a3) is fixed at a small distance s from the point P, in the direction
d:

Py: co3=cy+s-dS, a3 =ax+s-d*.

We take P; as an initial guess for computing the next solution P, = (c.,a.). The point
P, lies in the direction of the vector d; = (d<,d}) orthogonal to the vector d:

d,: dj=-d", di =d",
P.: c.=c3+0d] a.=az+0d].

The variable 6 is computed the system

PN (x1) (—c+Ln)Pn(x1) + f(Pn(x1)) — B 0

F ¢N(.XN) = (_C+LN)¢N(XN).+f(¢N(xN))_B =lo|- 2.21)
B Q(¢n,c,a,B) 0
0 In(x1) —Pn(xn) —a 0

We require the computed solution to have waveheight a by setting

dn(x1) = Pn(xn) —a=0.
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Nb. of grid points  1og;o([|fexact = 7llz=)  10g;0(|7exact —7ll;2)  Ratio of L2-errors

32 —-1.389 -2.092

64 -3.705 -4.549 286.8
128 -8.809 -9.508 90935.0
256 -15.353 —-16.144 4329670.9
512 —15.353 -16.087 0.9

Table 2.1: Estimates of error between the exact and computed solitary wave solutions for the
KdV equation. L/2 =30, waveheight a = 1.2651

The equation Q(¢n,c,a,B) = 0 allows to enforce different conditions on the computed
solution. For example, the function

Q(¢n,c,a,B) = pn(x1) + -+ + PN (xN),
requires a computed solution to have the mean of over a period equal to zero;
Q(én,c,a,B) =B,
sets the problem in the homogeneous form (B = 0);
Q(¢n,c,a,B) = dn(xn). (2.22)
enables to compute traveling-wave solutions that approximate solitary waves. Solitary

wave solutions are treated as traveling waves having long wavelength and trough at
zero. We test the latter condition for the KdV equation:

3 1
Ne+nx+ E’]']x + gnxxx =0,
which has exact solitary solutions in the form
Hexact (X, 1) :asechz( 3T“(x—ct)), c=1+a/2.
The computations suggest that the method features exponential convergence to the ex-

act solitary wave solution. The method is implemented in the Python language [18, 31]
and distributed as the SpecTraVVave solver [28].
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Derivation of water wave equations and their numerical solution




Chapter 3

Summary of results

This chapter provides an overview of the results achieved in the course of research
work.

3.1 The Whitham equation as a model for surface water waves

In this paper, the Hamiltonian theory for surface water waves is used to derive asymp-
totically both the Whitham equation and a system of Whitham type, which allows
for wave propagation in two directions. Moreover, the performance of the Whitham
equation as a model for time-dependent surface water waves is compared with well-
established models such as the KAV, BBM and Padé (2,2) equations. Numerical solu-
tions of the Euler equations with boundary conditions on the free-surface are taken for
the point of reference.

3.1.1 Derivation of evolution systems of Whitham type.

Investigation of amplitude—wavelength relation for solitary waves of the Whitham
equation yields the scaling regime

Wk, v) = hiOeK<l/h0>” ~1, (3.1)

where values for x and v are computed numerically. This regime is central for deriving
the Whitham type system and the Whitham equation from the Hamiltonian function H
for surface water wave problem:

n n1
Hsz zdzdx+ff ~|V$|* dzdx. (3.2)
RJO R —12

We follow the method detailed in the chapter 2.1 and re-write as
1
H= —f [172 +ufK(17)u] dx, (3.3)
2Jr

where u = @, is the dependent variable, ®(x,t) = ¢(x,n(x,t),t), K = %. The water
wave problem is then written as a Hamiltonian system
6H 0H

= _ax_,
Tt Su



20 Summary of results

Derivation of the Whitham type system is based on the scaling regime (3.1) and the
Hamiltonian (3.3). We introduce a parameter y = % and assume the amplitude-depth
ratio to be the following a/hg = e™/*". Thus we the regime W(x,v) = 1 is embedded.
Further, we expand the operator K(#) in the Hamiltonian function (3.3) and disregard
terms of order O(u?e "/ "), but not of order O(e™/*"). The truncated Hamiltonian in
dimensional variables may be written as

1
H-= —f [772+u5<31(r7)u+u17u] dxdz. (3.4)
2Jr

The operators Ky and iKON are equal up to the order of approximation and therefore the
Whitham system is can be obtained from the Hamiltonian (3.4) as follows:

0H

Nt = —3x5— = —Koux — (nu)x, (3.5)
u
0H

Uy = —8,65— = Iy — Ully. (3.6)
n

It is also possible to derive a higher-order system by discarding terms of order
O(p*e /"), but not of order O(p?e™/""):

n= =Koty — (nu)x — (Nt ) x>

U = —Nx — Ulyx + Uy Uxx.

3.1.2 Derivation of evolution equations of Whitham type.

To derive the Whitham equation for one-directional wave prepagation we consider the
linearized version of the Whitham system (3.5)-(3.6), which is written as follows:

N = —Kouy, 3.7
U = 1y (3.8)
If one considers 7 and u to be of the form 5(x,t) = Aels*7N y(x,t) = Belifx—iot),
it will lead to the relation w? — %52 = 0, which gives the existence of a nontrivial
solution of the linearized system. By defining ¢ = w/&, one obtains the dispersion

relation ¢ = +, /tar;hg. Right-going wave solutions are featured with ¢ > 0 and, hence,

the equation (3.8)Aypr0vides us with the relation 7 = Ku. Thus we define functions r and
s to separate the right-going and left-going parts of solutions:

1 1
r=§(11+Ku), s=§(17—Ku).

Using similar analysis of Hamiltonian function as the one described above, we arrive
to the Whitham equation:
ry=—-Kry— Errx,
and it’s higher-order version
13

ry=—=Kry— Errx - Erxrxx - Errxxx.
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3.1.3 Numerical results.

Approximation of solutions of the Euler equations with free-surface boundary condi-
tions was analyzed for nondimensional versions of the Whitham equation, the KdV
equation, BBM equation and the Padé (2,2) model. Equations were solved numeri-
cally using a standard pseudo-spectral method (see [16, 17]), a fourth-order evolution
integrator algorithm was used for computation of solutions’ development in time [12].
Comparison was performed for initial conditions with both positive and negative sur-
face elevation, and different amplitude-wavelength settings.

Numerical experiments show that the Whitham equation outperforms other models
except for the case of long waves with positive main part. In this case, the KdV and
BBM equations give better results than the Whitham equation. The Padé (2,2) model
performs better than the KdV and BBM equations, the Whitham equation is more ac-
curate for shorter waves and negative disturbances.

3.2 The Whitham equation with surface tension

This paper generalizes the results of the previous paper to the case where surface ten-
sion is present. The equation under study is

3 _
e+ Why + Emyx =0, Wny=w(—idx)nx = (EF lw) * Mes 3.9

where the convolution kernel of the operator w is given in terms of the Fourier transform

by
w(&) = ,/(1+u§2)%. (3.10)

The parameter », which is the inverse of the Bond number, embeds the surface tension
into the model.

The system of equations for the water wave problem in presence of surface tension
is written as follows:

Gex+ =0 in —1<z<n(xt), (3.11)
¢=0 onz=-1, (3.12)
’7t+¢x’7x_¢z =0
-3/2 on z = n(x,t). (3.13)
i+ 3(92+ %) +n—mne(1402) 7 =0

Hamiltonian function for this case is

n n 2
H= zdzdx+ff v |2dzdx+zf Te _dx
fn@fo rJ_1? ¢ R 1+V1+n%

The function H can be represented in a more convenient way as

H= [ [L2+Llocm)e iE ]d 14
fR[zr] #4000 + e dx. (3.14)
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where ®(x,t) = p(x,n(x,t),t) is the trace of the potential at the free surface, and G(r)
is a Dirichlet-Neumann operator, which has a power series form [30]. Using analogous
reasoning as in the previous paper, we transform the Hamiltonian (3.14) to be

Hzf 17 +5 ufK(iy)u+u \/_ (3.15)

However, in this case, one should notice that the dependent variable u = @, has a differ-

ent structure: u = @, + 1@, = @+ 1 + 12, where ¢, is the tangential velocity component
to the surface.
We split the Hamiltonian (3.15) into gravity and capillary terms as follows

H = Hy+H.+0(%a%), (3.16)
1
H, = 2f[n +u8By, 4 py? —ytanh D(ntanh Du) |dx, (3.17)
R
2dx 4
H = _nydx , .1
1+\/1+f7x dX+O(,U ) (3 8)

where D, p and « are as in [27]. Following the methods detailed in [7, 8], we represent
the system (3.11)-(3.13) in terms of 1 and u from the Hamiltonian equations:

6H OH
= —0y—, =—O0y—. 3.19
nt X 5u Ut X 5’7 ( )
This will eventually lead us to the Whitham system with surface tension
tanh D
e = ==t = () + O(a?),

Uy = =Ny — Ul + #xx + O (i %).
Employing the reasoning developed in [27], we obtain the dispersion relation

A(E) = (14222 2L

and the variables that correspond to the right-going and left-going wave solutions

1 1 1 tanh D
r=§(l7+Ku), s= E(T]—Ku), where K = m% (320)
Further, we represent the Hamiltonian (3.15) in terms of » and s and analyze the conse-

quent Hamiltonian system

K 6H K éH
1+ 0y (2 5y ) 0, s,—éx(zg)—O, 3.21)

using different approximations and scaling regimes. The first equation of this system
allows us to derive several models such as the shallow-water, KdV, BBM and Whitham
equations. The Padé (2,2) model and the Kawahara equation can also be derived from
(3.21).
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In this paper, several numerical experiments were carried to compare the accuracy
of the Whitham equation with surface tension with the KdV equation (» = 1/2) and
Kawahara equation (» = 1/3). Analysis was done for amplitudes and wavelengths cor-
responding to different Stokes numbers. Positive and negative initial surface elevations
were also analyzed. Numerical solutions for full Euler equations were taken for refer-
ence.

The experiments show that the Whitham equation has better accuracy than the KdV
and Kawahara models. The only case where this does not hold is with a wave of
depression and Stokes number close to one.

3.3 A numerical study of nonlinear dispersive wave models with
SpecTraVVave

The Paper C describes the SpecTraVVave solver for computing approximations to
traveling-wave solutions of nonlinear dispersive wave equations of the form

w+ [ f(u)lx+ Lu, =0, (3.22)

where u(x,t) is surface elevation, £ is a self-adjoint operator, and f is a real-valued
function. The numerical algorithm behind the solver is based on continuation method
along the waveheight-velocity bifurcation curve detailed in [16]. We developed a con-
venient navigation technique along the bifurcation curve that allows us to circumvent
issues related to turning points. Another advantage of our method is that it allows to im-
pose different conditions on solutions of the equations such as ”zero mean” and “trough
at zero” to approximate solitary-wave solutions. The solver is programmed in Python
language [18, 31]. Tests on convergence of solutions computed by the algorithm to
the exact solitary wave solutions of the KdV equation were positive. SpecTraVVave is
then used to experiment with the Whitham, modified Benjamin—Ono and the Benjamin
equations in order to obtain more understanding about their solutions.

3.3.1 Termination of the waveheight-velocity bifurcation curve of the Whitham
equation.

The SpecTraVVave solver is used to compute waveheight-velocity bifurcation curve of
the Whitham equation

tanh(k)

3 _
ut+§uux+Kux=O, Ku(k) = .

. (3.23)

We compute traveling-wave solutions of this equation in the following form:

u(x,t) = p(x —ct).

In terms of ¢ the equation obtains an integrable form, which is written as

¢’+%¢¢>’+K¢’:O = —cgb+§¢2+K¢=B. (3.24)
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where we set B = 0. The following questions were investigated and given answers to:

a) Where does the bifurcation curve terminate?

b) Where on the bifurcation curve do solutions change their stability?

c) Is there any role that the turning point on the bifurcation curve plays?
We focus the reader’s attention on the following findings:

1. Traveling-wave solution with minimum velocity corresponds to the turning point
of the bifurcation curve;

2. Traveling-wave solution with maximum L2-norm corresponds to the point of
change of stability;

3. Cusped traveling-wave solution corresponds to the point of termination of the
bifurcation curve.

Justification of the second proposition is based on analysis developed by Boussinesq
and used in [2, 4, 5, 29]. We define the functionals V and E:

v=3 [ wa o= [ -kl

(o]

and rewrite equation (3.24) in terms of variational derivatives of E and V as
E'(¢)—cV'(¢) =0. (3.25)

Stability of wave solutions are related to convexity of the function d(c) = E(¢) —cV (¢).
Stable solutions have velocities ¢ for which d”(c) > 0, unstable solutions are featured
with velocities ¢ such that d”(c) < 0. The derivative of d(c) in view of (3.25) gives

1=V =-3 [ #u=-3Il (3.26)

It turns out that d”(c) changes sign in the neighborhood of the solution ¢;» with maxi-
mum L%-norm. Solutions, which are placed around ¢;> on the amplitude-velocity bifur-
cation curve, are tested in a 4th-order evolution integrator and the proposition has been
confirmed.

One can write the integrated equation given in (3.24) as

= 3 -Kp, (3.27)

V3 2

The inequality ¢ < %c, that may be derived from the latter equation, imposes the condi-
tion that any continuous solution ¢ must be smooth. However, if ¢ = %c this argument
does not work. Hence, one may conclude that a cusped solution has a maximum value
of %c.

The cusped-wave solution mentioned in the third proposition satisfies the relation

]

c 3
sup, $(x) 2
with a good accuracy. This provides a numerical evidence to the proposition and justi-

fies it in view of the argument given above. This conclusion has been proved analyti-
cally in [14].
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3.3.2 Interaction of solitary wave solutions of modified Benjamin-Ono equation

We use the SpecTraVVave solver to compute accurate approximations to solitary-wave
solutions of the modified Benjamin—Ono

U + Uy + iy — e = 0,

Two computed solutions, one higher than the other, are set into a time integrator and
their interaction is studied.

Numerical experiment shows that during interaction the solitary-wave solutions
combine into one. This may be seen as if the higher wave annihilated the smaller
one. Further growth of the resulting wave leads to a blow-up process such as the one
described in [20] and proved in [26]. Absence of complete interaction of the solitary-
wave solutions prompts us to conclude that the modified Benjamin—Ono equation may
not be integrable.

3.3.3 Effect of competing dispersion in the Benjamin equation

The purpose of the work described in this section is studying the effects of competing
dispersion operators on periodic traveling waves. We employ the SpecTraVVave to
compute bifurcation branches of the Benjamin equation

U + Uy + Uty — Hidyy — Tl = 0, (3.28)

with 7 being a parameter that models surface tension [3], [19], [35]. Fixing the param-
eter = 0.1, leads us to the dispersion relation

c(k) =1-1k|+0.1k%. (3.29)

For ¢ = 0.525 the dispersion relation has two corresponding wavenumbers k3 = 0.5 and
ko = 19/2. This results in two bifurcation curves originating from one point, but for
solutions with different wavelengths L3 = 4z and L, = 47/19. We also compute the
bifurcation branch forc=1,1.e. ky =10and L; = /5 .

The bifurcation branches corresponding to L3 and L, contain solutions related to
capillary and gravity regimes. The branches originate in one point, but tend to different
directions without further interaction. However, the branches for solutions with wave-
lengths L and L3 have two common points. As the amplitude increases, the branch
Lj crosses the branch Ly, then it grows further and terminates at a point on the branch
L. During the process of this interaction the solutions of the branch L3 develop new
fundamental wavelength and change from 47 to /5.

Similar phenomena for the Whitham equation with surface tension were reported in
[33].

3.4 Explicit solutions for a long-wave model with constant vorticity

This paper presents a method for finding exact solutions to the nonlinear differential
equation

@22‘{—“2—3“—54 3_(2R 2 125u—Q? 3.30
(Q+2u) o =" 12u +gu” — (2R — wpQ)u” +2Su— Q“|. (3.30)
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The equation models steady surface water waves in presence of background shear flow.
It is shown that the equation (3.30) admits solutions given in parametric forms of the
Weierstrass P, zeta and sigma functions. Explicit solutions to the equation (3.30) are
compared to numerical results obtained in [1] for the same equation.

My contribution to this paper was finding that the exact solutions of (3.30) are very
close in shape to regular wave profiles from full Euler equations computed by Teles da
Silva and Peregrine in [11]. In case of overhanging waves such an agreement could not
be achieved due to the parametric representation of solutions of (1).

I also studied the pressure distribution and streamlines below the surface. It was
found that pressure profiles differ depending on the direction of wave propagation - up-
stream and downstream. In the first case, the flow under the surface develops critical
layers with recirculating flow and non-monotone pressure profiles. In the second case,
the flow produces irregular pressure profiles due to the loss of long-wave approxima-
tion.



Bibliography

[1] ALL, A., AND KALISCH, H. On the formulation of mass, momentum and energy
conservation in the kdv equation. Acta Applicandae Mathematicae 133, 1 (2014),
113-131, doi: 10.1007/s10440-013-9861-0. 3.4

[2] BENJAMIN, T. B. The stability of solitary waves. Proceedings of the Royal
Society of London A: Mathematical, Physical and Engineering Sciences 328,
1573 (1972), 153-183, doi: 10.1098/rspa.1972.0074. 3.3.1

[3] BENJAMIN, T. B. A new kind of solitary wave. Journal of Fluid Mechanics 245
(1992), 401-411, doi: 10.1017/S002211209200051X. 3.3.3

[4] BONA,J. L., SOUGANIDIS, P. E., AND STRAUSS, W. A. Stability and instability
of solitary waves of korteweg-de vries type. Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences 411, 1841 (1987),
395412, doi: 10.1098/rspa.1987.0073. 3.3.1

[5] BRIDGES, T. J. Superharmonic instability, homoclinic torus bifurcation and
water-wave breaking. Journal of Fluid Mechanics 505 (2004), 153-162, doi:
10.1017/S0022112004008432. 3.3.1

[6] CHEN, H., AND BONA, J. L. Existence and asymptotic properties of solitary-
wave solutions of benjamin-type equations. Adyv. Differential Equations 3, 1
(1998), 51-84. 2.2.1

[71 CRAIG, W., AND GROVES, M. D. Hamiltonian long-wave approximations to the
water-wave problem. Wave Motion 19, 4 (1994), 367-389, doi: 10.1016/0165-
2125(94)90003-5. 3.2

[8] CRAIG, W., GUYENNE, P., AND KALISCH, H. Hamiltonian long-wave expan-
sions for free surfaces and interfaces. Communications on Pure and Applied
Mathematics 58, 12 (2005), 1587-1641, doi: 10.1002/cpa.20098. 3.2

[9] CrRAIG, W., AND SULEM, C. Numerical simulation of gravity waves. Journal
of Computational Physics 108, 1 (1993), 73— — 83, doi: 10.1006/jcph.1993.1164.
2.1

[10] CrRAIK, A. D. The origins of water wave theory. Annual Review of Fluid
Mechanics 36, 1 (2004), 1-28, doi: 10.1146/annurev.fluid.36.050802.122118. 1

[11] DA SiLvA, A. F. T., AND PEREGRINE, D. H. Steep, steady surface waves on

water of finite depth with constant vorticity. Journal of Fluid Mechanics 195
(1988), 281-302, doi: 10.1017/50022112088002423. 3.4




28 BIBLIOGRAPHY

[12] DE FRUTOS, J., AND SANZ-SERNA, J. M. An easily implementable fourth-order
method for the time integration of wave problems. Journal of Computational
Physics 103, 1 (1992), 160-168, doi: 10.1016/0021-9991(92)90331-R. 3.1.3

[13] DEAN, R., AND DALRYMPLE, R. Water Wave Mechanics for Engineers and
Scientists. Advanced series on ocean engineering. World Scientific, 1991. I, 1.1

[14] EHRNSTROM, M., AND WAHLEN, E. On whitham’s conjecture of a highest
cusped wave for a nonlocal dispersive equation. arXiv:1602.05384. 3.3.1

[15] EHRNSTROM, M., GROVES, M. D., AND WAHLEN, E. On the existence and
stability of solitary-wave solutions to a class of evolution equations of whitham
type. Nonlinearity 25, 10 (2012), 2903-2936. 1

[16] EHRNSTROM, M., AND KALISCH, H. Global bifurcation for the whitham
equation. Math. Mod. Nat. Phenomena 8 (2013), 13-30, doi: 10.1051/mm-
np/20138502. 2.2.1,3.1.3,3.3

[17] FORNBERG, B., AND WHITHAM, G. B. A numerical and theoretical study
of certain nonlinear wave phenomena. Philosophical Transactions of the Royal
Society of London A: Mathematical, Physical and Engineering Sciences 289,
1361 (1978), 373—404, doi: 10.1098/rsta.1978.0064. 3.1.3

[18] FUHRER, C., SOLEM, J. E., AND VERDIER, O. Computing with Python: An
introduction to Python for science and engineering. Pearson, 2014. 2.2.1, 3.3

[19] KALISCH, H. Derivation and comparison of model equations for interfacial
capillary-gravity waves in deep water. Mathematics and Computers in Simulation
74,2-3 (2007), 168-178, doi: 10.1016/j.matcom.2006.10.008. 3.3.3

[20] KALISCH, H., AND BONA, J. L. Models for internal waves in deep water.
Discrete and Continuous Dynamical Systems 6 (2000), 1-20. 3.3.2

[21] KLEIN, C., AND SAUT, J.-C. A numerical approach to blow-up issues for dis-
persive perturbations of burgers’ equation. Physica D 295 (2015), 46-65. 1

[22] KORTEWEG, D. D. J., AND DE VRIES, D. G. XIli. on the change of form of
long waves advancing in a rectangular canal, and on a new type of long sta-
tionary waves. Philosophical Magazine Series 5 39, 240 (1895), 422-443, doi:
10.1080/14786449508620739. 1

[23] KUuNDU, P., COHEN, I., AND DOWLING, D. Fluid Mechanics. Academic Press,
2012. 1.1, 1.2

[24] LANNES, D. The Water Waves Problem, in: Mathematical Surveys and
Monographs, vol. 188. Amer. Math. Soc., Providence, 2013. I

[25] LANNES, D., AND SAUT, J.-C. Remarks on the full dispersion kadomtsev-
petviashvli equation. Kinet. Relat. Models 6 (2013), 989-1009. 1




BIBLIOGRAPHY 29

[26] MARTEL, Y., AND PILOD, D. Construction of a minimal mass blow up solution
of the modified benjamin—ono equation. Mathematische Annalen (2016), 1-93,
doi: 10.1007/s00208-016-1497-8. 3.3.2

[27] MOLDABAYEYV, D., KALISCH, H., AND DUTYKH, D. The whitham equation as
a model for surface water waves. Physica D: Nonlinear Phenomena 309 (2015),
99-107, doi: 10.1016/j.physd.2015.07.010. 3.2, 3.2

[28] MOLDABAYEYV, D., VERDIER, O., AND KALISCH, H. Spectravvave. available
at https://github.com/olivierverdier/SpecTraV Vave. 2.2.1

[29] NGUYEN, N. T., AND KALISCH, H. Orbital stability of negative solitary
waves. Mathematics and Computers in Simulation 80, 1 (2009), 139-150, doi:
10.1016/j.matcom.2009.06.010. 3.3.1

[30] NicHOLLS, D. P., AND REITICH, F. A new approach to analyticity of dirichlet-
neumann operators. Proceedings of the Royal Society of Edinburgh: Section A
Mathematics 131, 6 (2001), 1411-1433, doi: 10.1017/S0308210500001463. 2.1,
32

[31] PEREZ, F., AND GRANGER, B. E. Ipython: a system for interactive scientific
computing. Computing in Science and Engineering 9, 3 (2007), 21-29, doi:
10.1109/MCSE.2007.53. 2.2.1, 3.3

[32] PETROV, A. A. Variational statement of the problem of liquid motion in a con-
tainer of finite dimensions. Journal of Applied Mathematics and Mechanics 28, 4
(1964), 917- 922, doi: 10.1016/0021-8928(64)90077-2. 1, 2.1

[33] REMONATO, F., AND KALISCH, H. Numerical bifurcation for the capil-

lary whitham equation. Physica D: Nonlinear Phenomena (2016), —, doi:
10.1016/j.physd.2016.11.003. 3.3.3

[34] STOKES, G. G. On the Theory of Oscillatory Waves, vol. 1 of Cambridge Library
Collection - Mathematics. Cambridge University Press, 2009, p. 197-229. 1

[35] WALSH, S. Steady stratified periodic gravity waves with surface tension i: Local
bifurcation. Discrete and Continuous Dynamical Systems 34, 8 (2014), 3241-
3285, doi: 10.3934/dcds.2014.34.3241. 3.3.3

[36] WHITHAM, G. B. Linear and Nonlinear Waves. Wiley, New York, 1974. 2.1

[37] ZAKHAROV, V. E. Stability of periodic waves of finite amplitude on the surface
of a deep fluid. J. Appl. Mech. Tech. Phys. 9 (1968), 190-194. 2.1




30

BIBLIOGRAPHY




Part Il

Scientific results






Paper A

The Whitham equation as a model for surface water waves
Daulet Moldabayev, Henrik Kalisch, Denys Dutyh

Physica D: Nonlinear phenomena 309, pp.99-107, (2015)
http://dx.doi.org/10.1016/j.physd.2015.07.010






Physica D 309 (2015) 99-107

Contents lists available at ScienceDirect

Physica D

e [

journal homepage: www.elsevier.com/locate/physd o

The Whitham Equation as a model for surface water waves

Daulet Moldabayev?, Henrik Kalisch**, Denys Dutykh®

 Department of Mathematics, University of Bergen, Postbox 7800, 5020 Bergen, Norway
b [AMA, UMR5127, CNRS - Université Savoie Mont Blanc, 73376 Le Bourget-du-Lac Cedex, France

HIGHLIGHTS

Definition of Whitham scaling regime.

Asymptotic derivation of the Whitham equation.

.
o Derivation of a Hamiltonian Whitham system.
L]
.

Comparison of Whitham, KdV, BBM and Padé models with inviscid free surface dynamics.

ARTICLE INFO

ABSTRACT

Article history:

Received 16 October 2014
Received in revised form

9 June 2015

Accepted 24 July 2015
Available online 31 July 2015
Communicated by J. Bronski

Keywords:

Nonlocal equations

Nonlinear dispersive equations
Hamiltonian models

Solitary waves

Surface waves

The Whitham equation was proposed as an alternate model equation for the simplified description of uni-
directional wave motion at the surface of an inviscid fluid. As the Whitham equation incorporates the full
linear dispersion relation of the water wave problem, it is thought to provide a more faithful description
of shorter waves of small amplitude than traditional long wave models such as the KdV equation.
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Hamiltonian theory of surface water waves. A Hamiltonian system of Whitham type allowing for two-
way wave propagation is also derived. The Whitham equation is integrated numerically, and it is shown
that the equation gives a close approximation of inviscid free surface dynamics as described by the
Euler equations. The performance of the Whitham equation as a model for free surface dynamics is also
compared to different free surface models: the KdV equation, the BBM equation, and the Padé (2,2) model.
Itis found that in a wide parameter range of amplitudes and wavelengths, the Whitham equation performs
on par with or better than the three considered models.

© 2015 The Authors, Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

on the derivation and evaluation of a nonlocal water-wave model
known as the Whitham equation. The equation is written as

In its simplest form, the water-wave problem concerns the
flow of an incompressible inviscid fluid with a free surface over
a horizontal impenetrable bed. In this situation, the fluid flow
is described by the Euler equations with appropriate boundary
conditions, and the dynamics of the free surface are of particular
interest in the solution of this problem.

There are a number of model equations which allow the
approximate description of the evolution of the free surface
without having to provide a complete solution of the fluid flow
below the surface. In the present contribution, interest is focused
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3¢
ne + 2 + Kngx 1y =0, M
where the convolution kernel Ky, is given in terms of the Fourier
transform by

g
F i (€) V/ota“f;ﬂ‘

g is the gravitational acceleration, hg is the undisturbed depth of
the fluid, and co = +/gho is the corresponding long-wave speed.
The convolution can be thought of as a Fourier multiplier operator,
and (2) represents the Fourier symbol of the operator.

The Whitham equation was proposed by Whitham [1] as an
alternative to the well known Korteweg-de Vries (KdV) equation

(2)

3¢ 1 .,
N + Cotlx + Py ~+ gcnh[)r]xxx =0. (3)
o

0167-2789/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.

o).
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The validity of the KdV equation as a model for surface water waves
can be described as follows. Suppose a wave field with a prominent
amplitude a and characteristic wavelength [ is to be studied. The
KdV equation is known to produce a good approximation of the
evolution of the waves if the amplitude of the waves is small and
the wavelength is large when compared to the undisturbed depth,
and if in addition, the two non-dimensional quantities a/hy and
h2/1? are of similar size. The latter requirement can be written in
terms of the Stokes number as

$§=—~1
hy

While the KdV equation is a good model for surface waves if 8 ~
1, one notorious problem with the KdV equation is that it does
not model accurately the dynamics of shorter waves. Recognizing
this shortcoming of the KdV equation, Whitham proposed to use
the same nonlinearity as the KdV equation, but couple it with a
linear term which mimics the linear dispersion relation of the full
water-wave problem. Thus, at least in theory, the Whitham
equation can be expected to yield a description of the dynamics
of shorter waves which is closer to the solutions of the more
fundamental Euler equations which govern the flow.

The Whitham equation has been studied from a number of
vantage points during recent years. In particular, the existence of
traveling and solitary waves has been established in [2,3]. Well
posedness of a similar equation was investigated in [4-6], and a
model with variable depth has been studied numerically in [7].
Moreover, it has been shown in [8,9] that periodic solutions of
the Whitham equation feature modulational instability for short
enough waves in a similar way as small-amplitude periodic wave
solutions of the water-wave problem. However, even though the
equation is routinely mentioned in texts on nonlinear waves [10,
11], it appears that the performance of the Whitham equation in
the description of surface water waves has not been investigated
so far.

The purpose of the present article is to give an asymptotic
derivation of the Whitham equation as a model for surface water
waves, and to confirm Whitham's expectation that the equation is
a fair model for the description of time-dependent surface water
waves. For the purpose of the derivation, we introduce an expo-
nential scaling regime in which the Whitham equation can be de-
rived asymptotically from an approximate Hamiltonian principle
for surface water waves. In order to motivate the use of this scaling,
note that the KdV equation has the property that wide classes of
initial data decompose into a number of solitary waves and small-
amplitude dispersive residue [12]. For the KdV equations, solitary-
wave solutions are known in closed form, and are given by

e [P
n_ho sech ( 4h3(x ct)) (4)

for a certain wave celerity c. These waves clearly comply with
the amplitude-wavelength relation a/hy ~ h3/I* which was
mentioned above. It appears that the Whitham equation - as in-
deed do many other nonlinear dispersive equations - also has
the property that broad classes of initial data rapidly decompose
into ordered trains of solitary waves (see Fig. 1). Quantifying the
amplitude-wavelength relation for these solitary waves yields an
asymptotic regime which is expected to be relevant to the validity
of the Whitham equation as a water wave model.

As the curve fit in the right panel of Fig. 1 shows, the relationship
between wavelength and amplitude of the Whitham solitary

waves can be approximately described by the relation % ~

e~*(/M)” for certain values of x and v. Since the Whitham solitary
waves are not known in exact form, the values of ¥ and v have to be
found numerically. Then one may define a Whitham scaling regime

a v
Wi, v) = e 0 ~ 1, )
0

and it will be shown in Sections 2 and 3 that this scaling can be used
advantageously in the derivation of the Whitham equation. The
derivation proceeds by examining the Hamiltonian formulation of
the water-wave problem due to Zakharov, Craig and Sulem [13,14],
and by restricting to wave motion which is predominantly in the
direction of increasing values of x. The approach is similar to the
method of [ 15], but relies on the new relation (5).

First, in Section 2, a Whitham system is derived which allows for
two-way propagation of waves. The Whitham equation is found in
Section 3. Finally, in Section 4, a comparison of modeling properties
of the KdV and Whitham equations is given. The comparison also
includes the regularized long-wave equation

3¢ 1
ﬂr+cﬂnx+5hfiﬂnx*ghgnxxtzos (6)
which was put forward in [16] and studied in depth in [17], and
which is also known as the BBM or PBBM equation. The linearized
dispersion relation of this equation is not an exact match to the
dispersion relation of the full water-wave problem, but it is much
closer than the KdV equation, and it might also be expected that
this equation may be able to model shorter waves more success-
fully than the KdV equation. In order to obtain an even better match
of the linear dispersion relation, one may make use of Padé ex-
pansions. In the context of simplified evolutions equations, this
approach was pioneered in [18]. For uni-directional models, this
approach was advocated in [19], and in particular, the equation
based on the Padé (2,2) approximation was studied in depth. In di-
mensional variables, this model takes the form

3¢ 3, 19 ,
N + Co nx+5%nnx*%%honw7 @’10 Nt = 0. (7)
The dispersion relations for the KdV, BBM and Padé (2,2) models
are respectively

1
c(k) =co— gfgh(z)kz (KdV),

c(k) = co———=— (BBM),
0= Cop s (BBW)
14 2h2k?
c(k) = co—220—  (Padé (2,2)).

1+ gh3k?

These approximate dispersion relations are compared to the full
dispersion relation in Fig. 2. It appears clearly that the Padé (2,2)
approximation remains much closer to the full dispersion rela-
tion than the dispersion relations based on either the linear KdV
or linear BBM equations. As will be seen in Section 4, solutions of
both the Whitham and Padé (2,2) equations give closer approxima-
tions to solutions of the full Euler equations than either the KdV or
BBM equations in most cases investigated. However, the Whitham
equation still keeps a slight edge over the Padé model.

2. Derivation of evolution systems of Whitham type

The surface water-wave problem is generally described by the
Euler equations with slip conditions at the bottom, and kinematic
and dynamic boundary conditions at the free surface. Assuming
weak transverse effects, the unknowns are the surface elevation
n(x, t), the horizontal and vertical fluid velocities uq(x,z,t)
and u,(x, z, t), respectively, and the pressure P(x, z, t). If the
assumption of irrotational flow is made, then a velocity potential
¢(x, z, t) can be used. In order to nondimensionalize the problem,
the undisturbed depth hq is taken as a unit of distance, and the
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Fig. 1. Left panel: Formation of solitary waves of the Whitham equation from Gaussian initial data. Right panel: Curve fit for the Whitham regime and for the Boussinesq
regime to amplitude/wavelength data from Whitham solitary waves. The wavelength is defined as | = % [f; n(x)dx.
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Fig. 2. Approximate models to the exact dispersion relation of the full water-wave
problem.

parameter /hp/g as a unit of time. For the remainder of this article,
all variables appearing in the water-wave problem are considered
as being non-dimensional. The problem is posed on a domain
{x.2)" € R? — 1 < z < n(x, 1)} which extends to infinity in the
positive and negative x-direction. Due to the incompressibility of
the fluid, the potential then satisfies Laplace’s equation in this
domain. The fact that the fluid cannot penetrate the bottom is
expressed by a homogeneous Neumann boundary condition at the
flat bottom. Thus we have

P+ ¢ =0in —1 <z <n(x,t)
¢, =0 onz=—1.

The pressure is eliminated with the help of the Bernoulli equation,
and the free-surface boundary conditions are formulated in terms
of the potential and the surface excursion by

Ne + ¢xnx — ¢ =0,
$ot (82 +07) +n =0,
The total energy of the system is given by the sum of kinetic en-
ergy and potential energy, and normalized such that the potential

energy is zero when no wave motion is present at the surface. Ac-
cordingly the Hamiltonian function for this problem is

n ﬂ]
H:[[ zdzdx+// ~|V|* dzdx. (8)
R JO R —12

} onz = n(x,t).

Defining 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 in order to arrive at
the formulation

H= 1/ [7* + oG @] dx. (9)
2 Jr

This is the Hamiltonian formulation of the water wave problem as
foundin[13,20,14], and written in terms of the Dirichlet-Neumann
operator G(n). As shown in [21], the Dirichlet-Neumann operator
can be expanded in a series of the form

Ge =Y GN®. (10)
j=0

In order to proceed, we need to understand the first few terms in
this series. As shown in [15,13], the first two terms in this series
can be written with the help of the operator D = —id, as

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

Note that it can be shown that the terms G;(n) for j > 2 are of
quadratic or higher-order in 7, and will therefore not be needed in
the current analysis.

It will be convenient for the present purpose to formulate the
Hamiltonian in terms of the dependent variable u = @&y. To this
end, we define the operator X () by

G(n) = DK (n)D.
As was the case with G(n), the operator X (1)) can be expanded in

a Taylor series around zero as

Kg =3 K. I =D'GD . (1)

=0
In particular, note that Xy = w. In non-dimensional variables,
we write the operator with the integral kernel Ky, as K = / tanhD |
so that we have K, = K?. The Hamiltonian is then expressed as
1 2
H=—- [r] +uJC(r])u] dx. (12)
2 Jr

The water-wave problem can then be written as a Hamiltonian
system using the variational derivatives of H and posing the
Hamiltonian equations

SH SH

= —0x—, U = —0O0x—. 13
Nt su t X577 (13)
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This system is not in canonical form as the associated structure
map J, , is symmetric:

(0 b
Jﬂv“*(—ax 0)'

We now proceed to derive a system of equations which is similar to
the Whitham equation (1), but allows bi-directional wave propaga-
tion. This system will be a stepping stone on the way to a derivation
of (1), but may also be of independent interest. Consider a wave-
field having a characteristic wavelength I and a characteristic am-
plitude a. Taking into account the nondimensionalization, the two
scalar parameters A = I/hg and & = a/hy appear. In order to intro-
duce the long-wave and small amplitude approximation into the
non-dimensional problem, we use the scalingx = %x. and n = ai.
This induces the transformation D = AD = —Aidx. If the energy
is nondimensionalized in accord with the nondimensionalization
mentioned earlier, then the natural scaling for the Hamiltonian is
H = o?H.In addition, the unknown u is scaled as u = «il. The
scaled Hamiltonian (12) is then written as

~ 1 1 (. 1 ~ -
H:—/F]deﬁ—f/u 1— -A72D* 4. |fidx
2 J 2 Jx 3
o ~~2 o ~|.-15 1. 3=3
= u'dx—— [ u|A"D—-A"D +---
+5 [e-3 | [ E }
- 1 ~ -
X7 I:A’ID — 51*303 +o- ] it dx.
Let us now introduce the small parameter u = % and assume for
simplicity that « = e~</1" which corresponds to the case where

‘W(k, v) = 1.Then the Hamiltonian can be written in the following
form:

A 1[”2dx+1/ﬁ -1 2p* + iidx
_1 1 _L,
21" 2 ). 3/
e—x/n’ ) e—k/n’ - 1 55,
nu” dx — o|puD— -u’D’ +---
2 /m" 2 /R [“ E }

A -
xﬁ[uD—§M3D3+-~:|udx.

Disregarding terms of order ©(u2e™*/*"), but not of order
O(e~*/"") yields the expansion

1 1 1 ,-
H= | #?dx+~- [ a|1—-p?D*+--- |id
2/,;" x+2/};u|: 3u + udx
er/n’
+ fﬁfﬁdx. (14)
2 R

Note that by taking  small enough, an arbitrary number of terms
of algebraic order in « may be kept in the asymptotic series, so that
the truncated version of the Hamiltonian in dimensional variables
may be written as

H= %/ [1? + uxy (nyu + unu] dxdz. (15)
R

However, the difference between X, and JC(’," is below the order

of approximation, so that it is possible to formally define the trun-

cated Hamiltonian with X, instead of ,K(’)V.

Hence, the Whitham system is obtained from the Hamiltonian (15)

as follows:

8H

Ne = —O—— = —Kolx — (Nit)x, (16)
Su
SH

U = 73)(? = —lx — Ully. (17)
n

One may also de{ive a higher-order equation by keeping terms of
order O (u2e~*/*"), but discarding terms of order @ (u*e™*/*"). In
this case we find the system

Ne = — Koty — (M)x — (M),
Up = =Ny — Ully + Uyl

3. Derivation of evolution equations of Whitham type

In order to derive the Whitham equation for uni-directional
wave propagation, it is important to understand how solutions of
the Whitham system (16)-(17) can be restricted to either left or
right-going waves. As it will turn out, if  and u are such that n =
Ku, then this pair of functions represents a solution of (16)-(17)
which is propagating to the right. Indeed, let us analyze the relation
between 7 and u in the linearized Whitham system

ne = —Kollx, (18)
Up = —MNx. (19)
Considering a solution of the system (18)-(19) in the form
N, £) = A0 u(x 1) = Bel¥ D, (20)
gives rise to the matrix equation
tanh
—w § £ (A 0

B 5)=1o) @
3 -
If existence of a nontrivial solution of this system is to be guaran-
teed, the determinant of the matrix has to be zero, so that we have
w*— B £2 — 0 Defining the phase speed as ¢ = w/&, we obtain
the dispersion relation

(22)

The choice of ¢ > 0 corresponds to right-going wave solutions of
the system (18)-(19), and the relation between n and u can be de-
duced from (19). Accordingly, it is expedient to separate solutions
into aright-going part r and a left-going part s which are defined by

1 1
r=-(n+Ku), s = —(n —Ku).

3 (n ) 2(n )
According to the transformation theory detailed in [22], if the un-
knowns r and s are used instead of 1 and u, the structure map
changes to

1
aF aF \" [—5%K 0
Jrs = (—3 )]n.u (—) =| 2 1 .(@3)
[URD) 0(n, u) 0 ngl(

We now use the same scaling for both dependent and independent
variables as before. Thus we have r = o and s = «5. The Hamil-
tonian is written in terms of ¥ and § as

H:lf(F+§)2dx
2 Jr
1/~_1~~[ 1 2p }~_1~~
+- [ K'GF=5|1—-pu*D°+--- [KT'(F —3)dx
2 Je 3
o e (a1 e =)\
+E/R(r+s)<l< (,.,S)) dx
—g/kﬂ(f’—.?) ;Lf)—lu3l~)3+u, F+3)
2 Jr 3

O T S
x [;LD— §,u3D3+-u:|K”(r—s)dx.
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Following the transformation rules, the structure map transforms
to J; s = 1/a?], ;. In addition, the time scaling t = Af is employed.
Since the focus is on right-going solutions, the equation to be con-
sidered is

[
A = ——= 1K . . (24)
¢ 2a

2 8

So far, this eql‘fation is exact. If we now assume that s is of the order
of ©(u?e /"), then the equation for 7 is

~ 1 1, I 1 ,- 2\
rf=—582[1—6/42D2+~~i|{2r+5([1+€,u.2D2+--»]r)

1 ,- SR N .
+a[1+gu2D2+~-}(r[1+gu2D2+---]r>

R 1 ,- 2
7%([/4D7§u3D3+»~:||:1+6142D2+~~~]F>

R 1 ,-
—a[uD—§u3D3+---]|:l+€M2D2+~'j|

X (F[uﬁf %/L3[_)3+"-i||:1+ %;LZDZ+<H:|?>}
+0(ap?).

As in the case of the Whitham system, we use & = @(e’“/““ ), and
disregard terms of order O (u?e~*/*"), but not of order @ (e™*/~").
This procedure yields the Whitham equation (1) which is written
in nondimensional variables as

3
e = —Kry — Em'
As was the case for the system found in the previous Eection, itis
also possible here to include terms of order @ (u2e™*/*"), resulting
in the higher-order equation

13
e = —Kry — =1y — — Il — —= 1T

12 12

4. Numerical results

In this section, the performance of the Whitham equation as
a model for surface water waves is compared to the KdV equa-
tion (3), the BBM equation (6), and the Padé (2,2) equation (7). For
this purpose initial data are imposed, the Whitham, KdV, BBM, and
Padé equations are solved numerically, and the solutions are com-
pared to numerical solutions of the full Euler equations with free-
surface boundary conditions. We continue to work in normalized
variables, such as stated in the beginning of Section 2.

The numerical treatment of the three model equations is by
a standard pseudo-spectral scheme, such as explained in [23,24]
for example. For the time stepping, an efficient fourth-order im-
plicit method developed in [25] is used. The numerical treatment
of the free-surface problem for the Euler equations is based on a
conformal mapping of the fluid domain into a rectangle. In the
time-dependent case, this method has roots in the work of Ovsyan-
nikov [26], and was later used in [27-30]. The particular method
used for the numerical experiments reported here is a pseudo-
spectral scheme which is detailed in [31].

Initial conditions for the Euler equations are chosen in such a
way that the solutions are expected to be right moving. This is
achieved by posing an initial surface disturbance ny(x) together
with the trace of the potential & (x) = fox no(x') dx'. In order to nor-
malize the data, we choose 1 (x) in such a way that the average of
10 (x) over the computational domain is zero. The experiments are
performed with several different amplitudes o and wavelengths

Table 1

Summary of the Stokes number, nondimensional
amplitude and nondimensional wavelength of the
initial data used in the numerical experiments.

Experiment  Stokes number o A

A 02 01 V2
B 0.2 02 1

c 1 01 10
D 1 02 5
E 5 01 /50
F 5 0.2 5

X (for the purpose of this section, we define the wavelength A as
the distance between the two points x; and x, at which ng(x;) =
No(x2) = «/2). Both positive and negative initial disturbances are
considered. While disturbances with positive main part have been
studied widely, an initial wave of depression is somewhat more
exotic, but nevertheless important, as shown for instance in [32].
A summary of the experiments’ settings is given in Table 1. Exper-
iments run with an initial wave of elevation are labeled as positive,
and experiments run with an initial wave of depression are labeled
as negative. The domain for the computations is —L < x < L, with
L = 50. The function initial data in the positive cases is given by

no(x) = asech?(f(1)x) — C, (25)
where

2 14+ /172 1l L
0= Frog (L"), <= 155 (75

and C and f(X) 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
1o(X1) = no(x2) = a/2. The velocity potential in this case is given
by

PR) = ]% tanh(f (A)x) — Cx. (26)

In the negative case, the initial data are given by
no(x) = —asech?(f(A)x) + C.

The definitions for f(1) and C are the same, and the velocity po-
tential is

o
@ (x) = ——— tanh(f (A)x) + Cx.
x) o) Fx) +

In Figs. 3 and 4, the time evolution of a wave with an initial nar-
row peak and one with an initial narrow depression at the center
is shown. The amplitude is = 0.2, and the wavelengthis A = /5.
In Fig. 3, the time evolution according to the Euler, Whitham, KdV
and BBM equations are shown, and in Fig. 4, the time evolution ac-
cording to the Euler, Whitham, and Padé (2,2) equations are shown.

It appears in Fig. 3 that the KdV equation produces a significant
number of spurious oscillations, the BBM equation also produces
a fair number of spurious oscillations, and the Whitham equation
produces fewer small oscillations than Euler equations. Moreover,
while the highest peak in the upper panels in Fig. 3 is underpre-
dicted by the KdV and BBM equation, the Whitham equation pro-
duces peaks which are slightly too high. In the case of an initial
depression, the Whitham equation also produces some peaks
which are too high, but on the other hand, the KdV and the BBM
equations introduce phase errors in the main oscillations. As is vis-
ible in Fig. 4, the Padé (2,2) equation reproduces the leading wave
fairly accurately, but overpredicts the trailing oscillations in the
case of a positive disturbance, and underpredicts the trailing oscil-
lations in the case of a negative initial disturbance. Nevertheless,
since the Padé (2,2) does not introduce a phase error, the overall
performance is better than that of the KdV and BBM equations.
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Fig. 3. Wave profiles at three different times: - Euler (black line), --- KdV, - - BBM,
— Whitham (red line). Experiment D: 8 = 1, @ = 0.2, » = +/5. Upper panel:
positive case; lower panel: negative case. Horizontal axis: x/ho, vertical axis: z/hg.
Snapshots are given at nondimensional time t//hy/g.

In order to compare the performance of the four approximate
equations in a more quantitative manner, the discrepancies
between solutions of the model equations and the prediction due
to solving the Euler equations are measured in an integral norm.
In the center right panels of Figs. 5 and 6, the computations
from Figs. 3 and 4 are summarized by plotting the normalized
[2-error between the KdV, BBM, Padé and Whitham, respectively,
and the Euler solutions as a function of non-dimensional time.
Using this quantitative measure of comparison, it appears that
the Whitham equation gives the best overall rendition of the free
surface dynamics predicted by the Euler equations.

In the center left panels of Figs. 5 and 6, a similar computation
with 8 = 1, but smaller amplitude is analyzed. Also in these cases,
it appears that the Whitham equation gives a good approximation
to the corresponding Euler solutions, and in particular, a much
better approximation than either the KdV or the BBM equation. The
Padé equation also does better than both KdV and BBM equations,
but not better than the Whitham equation.

Figs. 5 and 6 show comparisons in several other cases of both
positive and negative initial amplitude, and Stokes numbers § =
0.2, 4 = 1and 4§ = 5. In most cases, the normalized [%-error
between the Whitham and Euler solutions is similar or smaller
than the errors between the Euler solutions and the other
three model equations. However, the Padé equation generally
outperforms both the KdV and the BBM equation by some measure.

The only case in this study in which the KdV, BBM and Padé
equations outperform the Whitham equation is in the case of
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Fig. 4. Wave profiles at three different times: — Euler (black line), - Padé (blue
line), - Whitham (red line). Experiment D: § = 1, @ = 0.2, A = /5. Upper panel:
positive case; lower panel: negative case. Horizontal axis: x/hg, vertical axis: z/hg.
Snapshots are given at nondimensional time t //ho/g.

very long positive initial disturbances. The case when § = 5 is
shown in the lower panels of Fig. 5. However, even in this case, the
Whitham equation yields approximations of the Euler solutions
which are similar or better than in the case of smaller wavelengths.
In addition, in the case of negative initial data, the performance
of the Whitham equation is on par with the KdV, BBM and Padé
equations in the case when § = 5 (lower panels of Fig. 5).

5. Conclusion

In this article, the Whitham equation (1) has been studied as
an approximate model equation for wave motion at the surface
of a perfect fluid. Numerical integration of the equation suggests
that broad classes of initial data decompose into individual solitary
waves. The wavelength-amplitude ratio of these approximate
solitary waves has been studied, and it was found that this ratio
can be described by an exponential relation of the form % ~

e~<(W/h)” Using this scaling in the Hamiltonian formulation of
the water-wave problem, a system of evolution equations has
been derived which contains the exact dispersion relation of the
water-wave problem in its linear part. Restricting to one-way
propagation, the Whitham equation emerged as a model which
combines the usual quadratic nonlinearity with one branch of
the exact dispersion relation of the water-wave problem. The
performance of the Whitham equation in the approximation of
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solutions of the Euler equations free-surface boundary conditions
was analyzed, and compared to the performance of the KdV and
BBM equations, and to the Padé (2,2) model. It was found that
the Whitham equation gives a more faithful representation of the
solutions of the Euler equations than either the KdV or the BBM
equations, except in the case of very long waves with positive
main part. In this last case, the KdV and BBM equations have the
upper hand over the Whitham equation. The Padé (2,2) model
also outperforms the KdV and BBM equations, but does not quite
as well as the Whitham equation for shorter waves and negative
disturbances. However, in the case of very long waves with positive
main part, the Padé model stays on par with the KdV and BBM
equations.
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ABSTRACT. In nonlinear dispersive evolution equations, the competing effects
of nonlinearity and dispersion make a number of interesting phenomena pos-
sible. In the current work, the focus is on the numerical approximation of
traveling-wave solutions of such equations. We describe our efforts to write
a dedicated Python code which is able to compute traveling-wave solutions of
nonlinear dispersive equations in a very general form.

The SpecTraVVave code uses a continuation method coupled with a spectral
projection to compute approximations of steady symmetric solutions of this
equation. The code is used in a number of situations to gain an understanding
of traveling-wave solutions. The first case is the Whitham equation, where
numerical evidence points to the conclusion that the main bifurcation branch
features three distinct points of interest, namely a turning point, a point of
stability inversion, and a terminal point which corresponds to a cusped wave.

The second case is the so-called modified Benjamin-Ono equation where
the interaction of two solitary waves is investigated. It is found that two
solitary waves may interact in such a way that the smaller wave is annihilated.
The third case concerns the Benjamin equation which features two competing
dispersive operators. In this case, it is found that bifurcation curves of periodic
traveling-wave solutions may cross and connect high up on the branch in the
nonlinear regime.

1. INTRODUCTION

This article concerns traveling wave solutions for a class of nonlinear dispersive
equations of the form

ut + [f(u)]s + Luy =0, (1.1)

where £ is a self-adjoint operator, and f is a real-valued function with f(0) = 0 and
f'(0) = 0, and which satisfies certain growth conditions. Equations of this form
arise routinely in the study of wave problems in fluid mechanics and many other
contexts. A prototype of such an equation is the KdV equation that appears if
L =1+ $02 and f(u) = 2u®. In the current work, the operator £ is considered to
be given as a Fourier multiplier operator, such as for instance in the Benjamin—Ono
equation, which arises in the study of interfacial waves. In this case, the Fourier
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multiplier operator is given by £ = I — HJ,, where the Hilbert transform H is
defined as

1 *° — —
Hu(z) = = p. v. / U ZY) gy Fu(k) = —isgn(k)ack). (1.2)
T -0 Y
We also study in detail traveling wave solutions of the Whitham equation, which
appears when L is given by convolution with the integral kernel K}, in the form

Luw) = [ Kyt —y)dy, Koy = LD

and f is the same function as in the KdV equation.

The particular form of equation (1.1) exhibits the competing effects of dispersion
and nonlinearity, which gives rise to a host of interesting phenomena. The most
well known special phenomenon is the existence of solitary waves and of periodic
traveling waves containing higher Fourier modes. Indeed, note that in the purely
dispersive model u; + Lu, = 0, the only possible permanent progressive waves are
simple sinusoidal waves, while in the nonlinear model (1.1) higher Fourier modes
must be considered to obtain solutions.

The order of the operator £ appearing in (1.1) has a major effect on the types
of solutions that may be found. A higher-order operator, such as in the Korteweg—
de Vries equation, acts as a smoothing operator because of its effect of spreading
different frequency components out due to a strongly varying phase speed [35].
Lower-order operators such as the operator Kp, in (1.3) appearing in the Whitham
equation may allow solutions to develop singularities, such as derivative blow-up
(see [29, 31]) and formation of cusps (see [25]).

On the other hand, highly nonlinear functions f(u) may lead to L*°-blow-up.
For instance, the generalized KdV equation which is written in normalized form as

up + uP Uy + Uz + Ugge = 0, (1.4)

features global existence of solutions for p = 1,2,3, but the solutions blow-up in
the critical case p = 4 (the case p > 5 is open). In the case of the generalized
Benjamin—Ono equation

up + uPuy + Uy — Hge = 0,

where H is the Hilbert transform, numerical evidence points to singularity formation
for p > 2 [11], but no proofs are available at this time.

To study different phenomena related to equations of the form (1.1) and their
traveling wave solutions, a Python-based solver package SpecTraVVave was devel-
oped by the authors [41]. The general idea behind the solver is to use a numerical
continuation method [36] implemented with a pseudo-spectral algorithm. Similar
previous projects include AUTO [21] and Wavetrain [49]. AUTO is written in C,
whereas Wavetrain is written in Fortran. Both programs are efficient and very
general, as they are able to cover a wide range of problems involving bifurcation
analyses. However, from a user’s perspective, such a generality coupled with low
level programming languages may lead to some difficulties in utilizing these pro-
grams efficiently.

SpecTraVVave is designed to provide researchers with a simple yet effective tool
for investigating problems on traveling waves. The package is flexible, and its
functionality can be easily expanded. The availability of the IPython notebook [45]
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makes the solver very interactive, so that it should be easier for new users to get
started.

To maximize ease of use, SpecTraVVave was designed to find even solutions
of (1.1). Symmetry of steady solutions can be proved for some of the models in
the form (1.1), but not for all [16]. Some of these equations also admit non-smooth
solutions, for instance as termination points of a bifurcation branch. This happens
for example for the Whitham equation, which features bifurcation curves which
terminate in a solution with a cusp [25]. One of the goals of the present paper is
to investigate the precise nature of the termination of the bifurcation curve.

The content of this article is structured as follows. A mathematical description
of the numerical method of SpecTraVVave is given in Section 2. Section 3 presents
results of different experiments carried out with the package. Concluding remarks
are given in Section 4. A method for finding initial guesses for the solver is described
in Section 5. Section 6 contains a schematic of program and a description of its
workflow.

2. SPECTRAL SCHEME AND CONSTRUCTION OF NONLINEAR SYSTEM.

2.1. Cosine collocation method. To compute traveling wave solutions to (1.1)
the following ansatz is employed:

u(z,t) = ¢p(x — ct).
Thus, the equation takes the form

¢+ [f(o) + L4 =0,

which can be integrated to give

—cp+ f(¢) + Lo =B. (2.1)
The constant B is a priori undetermined. One may set the B equal to zero as a way
of normalizing the solutions. Another option is to impose an additional condition,
for example that the integral of ¢ over one wavelength be zero. In this case, B will
be found along with the solution ¢.

We consider £ as a Fourier multiplier operator with symbol «(k). We also
assume that f is at least twice differentiable, and we have f(0) = 0 and f’(0) =
0. When computing traveling-wave solutions we focus on even periodic solutions.
While it can be proved in some cases that solutions of (2.1) must be even, this
is not known for a general operator £. Nevertheless, we make this assumption
here in order to make the numerical procedure as uniform as possible. For even
periodic solutions, one may use a cosine collocation instead of a Fourier method. In
particular, using the cosine functions as basis elements automatically removes the
inherent symmetries due to reflective and translational symmetry. Moreover, the
number of unknowns is reduced by a factor of 2, and the problem of the asymmetric
arrangement of nodes in the FFT is circumvented. Of course, all these problems
could also be dealt with a collocation method based on the Fourier basis, but the
cosine basis does all of the above automatically. In addition, the Python cosine
transform is based on an integrated algorithm, which relies on an optimized version
of the discrete cosine transform (DCT).

The following description of computation scheme was presented in detail in [24],
but we will briefly repeat it here for consistency of the manuscript. For the purpose
of clarity, we will refer to full wavelength L of a solution as the (full) wavelength,
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and half of fundamental wavelength will be called half-wavelength. Such a definition
is required because the method computes a half of a solution profile, the other half
is automatically constructed due to symmetry.

Traveling wave solutions to (2.1) are to be computed in the form of a linear
combination of cosine functions of different wave-numbers, i.e., in the space

Sy = spang{cos(lz) : 0 <[ < N —1}. (2.2)
This is a subspace of L%(0,27), and the collocation points z, = 71'2;;[1 for n =
1,..., N are used to discretize the domain. If the required full wavelength of solu-

tions is to be L # 27, one can use a scaling on the z-variable. Defining the new

variable
L
v 27rx’

yields collocation points 2, and wavenumbers «; defined by
, L2n-1
T 9 ToN
We are seeking a function ¢ € Sy that satisfies the equations
—con (@) + flon)(x),) + LY ¢n(a),) =0, (2.3)
at the collocation points z/,. The operator £V is the discrete form of the operator
L, and ¢y is the discrete cosine representation of ¢ which is given by
N-1
on(z) = Z w(k)®n (k) cos(ka’),
1=0
V1IN, k=0,
W)=Y V3N, >0,

2w
R = fl

N
O (k1) = w(kr) Y én(a,) cos(rar,),
n=1
where r; = 0,2%,...,25(N — 1) are the scaled wavenumbers, and ®y(-) are the

discrete cosine coefficients. As equation (2.3) is enforced at the collocation points
x,, one may evaluate the term £V ¢y using the matrix £V (i, j) defined by

N
LNon(a}) =Y LN, j)on (),
j=1

N-1
LN (i,7) = Z w? (ki) a(k) cos(kyxy) cos(kiay),
1=0
where «a(-) is the Fourier multiplier function of the operator L.

2.2. Construction of nonlinear system. Equation (2.3) enforced at N colloca-
tion points yields a nonlinear system of N equations in N unknowns, which can be
written in shorthand as
F(¢n) =0.

This system can be solved by a standard iterative method, such as Newton’s
method. In this system, the value of phase speed ¢ has to be fixed for comput-
ing one particular solution. Such an approach becomes impractical when a turning
point on the bifurcation curve appears.



EJDE-2017/62 WAVE MODELS WITH SPECTRAVVAVE 5

In SpecTraVVave a different approach is employed: both the amplitude a and the
phase speed ¢ of a solution are treated as functions of a parameter 6: a = a(f), ¢ =
¢(#). The parameter 6§ is to be computed from the system (2.4). This construction
makes it possible to follow turning points on the bifurcation branch with relative
ease. Having computed two solutions, i.e., two points on the bifurcation curve
Py = (¢1,a1) and Py = (¢, a2), one may find a direction vector d = (d¢, d*) of the
line that contains these points:

d: dC:CQ—Cl7 d“:ag—al.
Then the point P35 = (c3,a3) is fixed at some (small) distance s from the point P,
in the direction d.

Pg: 63102+8~dc, a3:a2+s~d“.

The point P; plays the role of the initial guess for velocity and amplitude when
computing the next solution P, = (¢4, a,). The solution point P, is required to lay
on the line with direction vector d; = (d9,d% ), which is orthogonal to the vector
d.

d, : df =-d% G =d°,
P.: co=c3+0d, a.=a3z+0d].

A schematic sketch of finding a new solution P, is given in Figure 1.
The variable 0 is computed by Newton’s method from the extended system

on(x1) (—c+Ln)on(z1) + f(én(21)) — B 0

F ¢N(.$N) = | (—c+ EN)(bN('TN).“F flon(zn))—B | = O (2.4)
B Q(¢Nacv a, B) 0
0 on (1) — dn(TN) —a 0

Here a nonhomogeneous problem (B # 0) is considered. The equation
¢n(x1) — dn(zN) —a =0,
makes the waveheight of the computed solution to be that of a. The equation
Qén,c,a,B) =0,

is called the boundary condition. It allows to enforce different specifications on the
computed traveling wave solution. For example, if one sets

Q(¢chaa7B) :¢N(x1)++¢N(IN)7

then the mean of the computed wave over a period will have to be equal to zero.
One may also experiment with

Q¢n,c,a,B) = B,
to consider the homogeneous problem (B = 0). It can be also interesting to set
Qon,c,a,B) = dn(TN). (2.5)

This enables us to compute traveling wave solutions that mimic solitary wave so-
lutions.
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FIGURE 1. Navigation on the bifurcation curve.

2.3. Convergence. To test the numerical implementation of the discretization,
the method is applied to a case where the solution is known. One such case is the
KdV equation

3 1
U + Uy + o W + éuWL =0,

which has a known solution, given in the form

ucxact(x7 t) = asech2 (\/?(‘T _ Ct)),

with ¢ = 1 4 a/2. Using the boundary equation (2.5), SpecTraVVave is capable of
computing approximations to solitary wave solutions of nonlinear wave equations.
Solitary wave solutions are treated as traveling waves with sufficiently long wave-
length that have the wave trough at zero. In case of the KdV equation solitary
wave solutions have exponential decay, and therefore, considering the symmetry
of solitary solutions, the half-wavelength of 30 is considered for the comparison.
Approximation errors are summarized in Table 1.

grid points log;o(||tUexact — wllL=) 1ogio(||texact — ullz2) Ratio of L2-errors

32 —1.389 —2.092

64 —3.705 —4.549 286.8
128 —8.809 —9.508 90935.0
256 —15.353 —16.144 4329670.9
512 —15.353 —16.087 0.9

TABLE 1. Estimates of error between the exact and computed soli-
tary wave solutions for the KdV equation. Half-wavelength 30,
waveheight a = 1.2651

3. EXPERIMENTS WITH SPECTRAV VAVE.

3.1. Termination of waveheight-velocity bifurcation curve of the Whitham
equation. The waveheight-velocity bifurcation curve of the Whitham equation

— h(k
ut+§uuz+Kuz:0, Ku(k) = tanh (k)

5 — 3.1
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FIGURE 2. Graph of error estimates given in Table 1.

was studied numerically in [24]. An attempt was made to identify the termination
point of the Whitham bifurcation curve. The investigation was limited by compu-
tational tools and complete results were not obtained. In particular, the authors
could not confirm that traveling wave solutions do not exist past the point where
the authors, based on pioneering work of Whitham [52] suspected a cusped solution.
In this section a number of numerical results on nature of the bifurcation curve for
the Whitham equation are presented. Solutions to (3.1) are computed in the form
of traveling waves u(x,t) = ¢(z — ct) and the homogeneous (B = 0) integrated
version the equation is considered:

—cop+ qu? +K¢=0. (3.2)

Special attention is given to relation between stability of solutions and their wave-
height and velocity parameters, i.e., their position on the bifurcation curve. The
following questions are under study:

(a) Where does the bifurcation curve terminate?
(b) Where on the bifurcation curve do solutions change their stability?
(c) Is there any role that the turning point on the bifurcation curve plays?

The results presented here focus on 27-periodic solutions to (3.2), i.e., solutions
of system (2.4). Figure 3 presents Whitham bifurcation curves with numbers of
grid points N = 512, N = 1024 and N = 2048. The current implementation of the
SpecTraVVave package allows fixing the number of grid points N and a so-called
doubling parameter D, i.e., the number by which NV is doubled as computations are
made. This allows us to get sets of solutions with N,2N,...,2P N grid points. If
D =1 then only two sets of solutions are computed and they are regarded as lower
grid (lower resolution) and higher grid (higher resolution) solutions. While system
(2.4) is processed by Newton solver, lower grid solutions are taken as initial guesses
for higher grid solutions. All curves shown in this manuscript have been produced
after tests with a number of resolutions were run, and the curves shown did not
change significantly under further refinement.

Figure 4(a) presents the Whitham bifurcation curve computed by SpecTraVVave
with N = 1024 and D = 1. There are three solutions which deserve to be singled
out:
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(1) Traveling wave solution with minimum velocity (rhombus);
(2) Traveling wave solution with maximum L?-norm (circle);
(3) Cusped traveling wave solution (square).

Profiles of the above listed solutions are given in Figure 5(a). The solution with
minimum velocity corresponds to the turning point of the bifurcation curve. The
solution with maximum L?-norm is very close to the latter one, although it has
a higher waveheight and a different velocity. The solution marked by a square is
called here the terminal solution. As already mentioned, previous studies, such as
[23, 24] did not provide any conclusive analysis on the part of the bifurcation curve
past the turning point. In particular, it was not clear whether solutions ceased to
exist at or after the turning point, or whether solutions were stable or unstable
after the turning point.

Let us first focus on the stability of solutions. Note that SpecTraVVave has an
evolution integrator routine, which enables one to check the stability of computed
solutions. The current version of the package uses the fourth-order method de-
veloped in [20]. In addition one may use a more refined analysis, resting on the
evaluation of invariant functionals. This analysis is based on the observation that
the traveling waves can be thought of as solutions of a constrained minimization
problem. This analysis is based on ideas developed by Boussinesq, first exploited
in [8], and later used in [12, 14, 42], and many other works.

Let us define two functionals V' and E:

1 +o0 ) too (1 3
v =3 [ e b= [ {2¢ - ¢K¢} ac.
Equation (3.2) can be then written in terms of variational derivatives of E and V/
as
E'(¢) = cV'(¢) =0. (3.3)
It is known from [12] that under certain conditions, the stability of solitary wave
solutions depends on convexity of the function d(c) = E(¢) —cV (). Solutions with
values of ¢ for which d”(¢) > 0 are stable solutions, and solutions with wave speeds
for which d”(c) < 0 are unstable solutions.
The current numerical investigation can therefore be interpreted as an indication
of the stability properties of traveling wave solutions of the Whitham equation. Note
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FIGURE 4. Whitham bifurcation curves for 2m-periodic solutions.

that differentiation of d(c) yields

d'(c) = E'(¢) = cV'(¢) =V (¢).

—_——
=0
Using (3.3) as indicated yields
! 1 oo 2 1 2
)= V@) =—3 [ =6l

Therefore, to understand the convexity of d(c), it is sufficient to find points of
maximum L?-norm on the curve in the right panel of Figure 4. It is straightforward
to see that d”(c) changes sign in the neighbourhood of the maximum point of this
curve, i.e., around the solution with maximum L?-norm. In particular, d”’(c) > 0,
i.e., solutions are stable to the left of the maximum point, and d”’(c) < 0, i.e.,
solutions are unstable to the right of the maximum point.

In addition, the solutions were tested with the evolution integrator to confirm
their stability /instability in time. The solution with maximum L?-norm and those
on the left-hand side were always found to be stable in the time-dependent compu-
tations. Solutions on the right-hand side do not preserve their shape and thus are
unstable. Examples are given in Figure 6. This analysis confirms that the point
corresponding to the minumum wave speed (the turning point), and the point of
stability inversion are two distinct points on the bifurcation curve. Moreover, the
point of stability inversion is a little further up the branch from the turning point.

Next, we turn our attention to the analysis of the terminal point. There are
two main questions. Does the branch terminate, and if so, does the terminal point
on the branch correspond to a cusped traveling wave. First of all, note that the
solution, which is computed by SpecTraVVave, past the terminal solution has two
crests, no matter how small the stepping on the bifurcation branch is taken. (see
Figure 5(b)). Secondly, as will be explained presently, the relation

c 3

sup, ¢(x) 2
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FIGURE 5. Profiles of specific traveling wave solutions.

holds for the terminal solution with a good degree of approximation. For the most
accurate runs, we obtain ¢/ sup,cg ¢(x) ~ 1.51. To explain how this relation comes
about note that the steady integrated form of the Whitham equation can be written

as
c V3 N2 1,
= _v° = —c* - Ko. 34
( =% 0) =3¢t —Ko (3.4)
It is clear that for any ¢ < 3¢/2, the relation (3.4) can be used in a bootstrap
argument to show that any continuous solution must be in fact smooth. However
for the case ¢ = 3¢/2 this bootstrap argument fails since the left-hand side vanishes.
It can be concluded that a solutions containing a cusp will have a maximum value
of 3¢/2.

As an additional check, the discrete cosine coefficients of the solutions were
examined, and fitted to the following models:

_ —vok™ o M1
E(k) = 1€ , P(k) =L
where vy, v, p1, po, u3, n and m are fitting parameters. A smooth function is
known to have discrete cosine coefficients with exponential decay in k. On the other
hand, if a function is not smooth, the discrete cosine coefficients feature polynomial
decay. To identify the best fit, two parameters were used: L?-norm of the residual
and the Akaike information criterion (AIC) measure.

From the data given in the Table 2, one can deduce that for solutions with
minimum speed and maximum L2-norm exponential fit is better than polynomial.
That is not the case for the terminal solution. Thus, the first two solutions are
smooth and the terminal solution is nonsmooth. In fact, the polynomial fit is better
than exponential for solutions that are between the maximum L?-norm solution and
the terminal solution.

The numerical evidence brought forward supports the conclusion that the Whitham
bifurcation branch terminates at the terminal point indicated in Figure 3. Of
course, as already mentioned, this conclusion has now also been reached using tools
of mathematical analysis [25].
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Min speed solution | Max L?-norm solution | Terminal solution

Model (k) Pk) (k) Pk) (k) Pk)
Res. L?-norm | 5x107° 4x 1073 | 7x 107° 3x1073|6x1073% 6x10*
AIC -543 -321 -529 -333 -298 -416

TABLE 2. Results for measures of fit.

3.2. Interaction of solitary wave solutions of modified Benjamin—Ono
equation. In this section, we utilize the SpecTraVVave package to obtain high-
precision approximations to solitary-wave solutions of the modified Benjamin—Ono

2
Up + U Uy + Uy — Htgy = 0,

which is a special case of the generalized Benjamin—Ono equation, with p = 2. This
case corresponds to the critical scaling, i.e., invariance of the energy norm under
the natural invariant scaling.

The Benjamin-Ono equation was found by Benjamin [7] as a model for long
small-amplitude interfacial waves in deep water. The validity of approximating the
more physically correct configuration of a continuous density distribution by the
two-layer approximation has recently been justified mathematically [17].

Solitary-wave solutions of the modified Benjamin-Ono equation with p = 3,
p =4 and p = 5 were approximated in [11] with a standard Newton scheme. The
solutions in [11] were not very accurate, but since singularity formation of the evo-
lution equations were under study, the accuracy of the solitary-wave approximation
was not an important issue. The problem with the method of [11] and some other
works was that the fft used there was not purged of possible symmetries (trans-
lational and reflective). In the current code, since a cosine formulation is chosen,
these symmetries are automatically eliminated, and the resulting computations are
able to to render more accurate approximations.

Solitary-wave solutions of these equation could be computed with higher accu-
racy using a type of Petviashvili method in [44], but here we employ the Spec-
TraVVave package using the boundary equation (2.5), and treating solitary waves
as traveling waves with sufficiently long wavelength that have wave trough at zero.
Once these high-accuracy solutions are found, they are aligned in an evolution code
using a high-order time integrator, and the interaction of two waves is studied.
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Two questions are investigated. First, the interaction is investigated for evidence
of integrability. Second, we are looking for possible annihilation of one of the waves,
such as may happen in some other evolution equations [19].

A possible approach to studying the question of complete integrability is analyz-
ing the interaction of two solitary wave solutions of the equation, such as carried
out in [32, 34] for other nonlocal equations. In Figure 7, snapshots of interaction of
two solitary waves at different times are shown. The time difference between two
consecutive snapshots is constant. As it may be observed, during the process of
interaction, the two initial solitary waves combine into a single wave, and an addi-
tional oscillation is produced. This leads us to the conclusion that the interaction
of solitary waves is not elastic and the modified Benjamin—-Ono equation may not
be integrable. In addition, it appears that the smaller wave disappears as most of
its mass is acquired by the larger wave. Thus one may argue that the small wave
is annihilated by the larger wave. It can also be observed that the larger wave
starts growing, and it is likely that this growth will lead to finite-time blow-up.
This question was not investigated further since blow-up phenomena have already
been studied closely in [34]. Indeed, very recently, the finite-time blow-up has been
proven mathematically in [39].

Approximations of two solitary waves

4&_/¥
| W
0.23J

-5000 -2500 0 2500 5000

FIGURE 7. Interaction of two solitary waves of the modified
Benjamin-Ono equation.

3.3. Effect of competing dispersion in the Benjamin equation. The Ben-
jamin equation was found by Benjamin [9] as a model for two-layer flow in the case
when the interface is subject to surface tension. The approximation may not be a
good model for a stratified situation, but more applicable to the case where two
fluids are separated by a sharp interface. The equation is

Up + Uy + Uy — HUgy — TUgzs = 0, (3.5)
where 7 is a parameter similar to the inverse of the Bond number in free surface
flow [9, 33, 50].

In this section, a study relating to the effects of competing dispersion operators

on the shape of periodic traveling waves in the Benjamin equation is presented. An
in-depth study of solitary waves was carried out in [22]. As will come to light, the
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periodic case features some new phenomena, such as secondary bifurcations, con-
necting and crossing branches. For the purpose of this study, we fix the parameter
7 = 0.1, so that the dispersion relation for the linearized equation is

c(k) =1 — |k| +0.1k% (3.6)

Traveling wave solutions with full wavelengths L; = 7/5, Ly = 47/19 and L3 =
47 are computed for (3.5). The corresponding wavenumbers are k1 = 10, ko = 19/2,
and k3 = 0.5, respectively. A plot of the dispersion relation (3.6) is given in Figure

8. Bifurcation branches of traveling wave solutions with the selected wavelengths
are given in Figure 9.

—— Phase speed
— k=10

05251 - - - —mmmms o -

Phase speed (c)

0.2f

0 2 4 6 8 10

Wavenumber (k)

FIGURE 8. Dispersion relation (3.6)

The branch denoted by L; originates at the bifurcation point located at ¢ = 1
and zero waveheight. The branches denoted by L, and L3 originate from the same
bifurcation point, located at ¢ = 0.525 and zero waveheight. These two branches
continue in different directions, due to differences in wavelength. In particular,
the L3 branch contains waves with shorter wavelengths, and falls into the capillary
regime. On the other hand, the Lo branch falls in the gravity regime. As the
waveheight grows, solutions on the L3 branch first cross the L; branch without

— =7/
- - Ly=47/19
6 L, —dn
sk
=4t
]
e
e
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faf
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FIGURE 9. Bifurcation curves of (3.5) with different wavelengths,
A — points of bifurcation, e — selected solutions (see Figure 10).
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connecting. Additional oscillations develop in the solutions until a new fundamen-
tal wavelength 7/5 is reached, and the branch terminates as it connects to the L;
branch. The situation is depicted in Figure 10. The point where the L; and L3
branches meet is approximately (¢*,a*) = (0.945,5.938). The corresponding pro-
files essentially overlap, as shown on Figure 11. This point can also be interpreted
as a secondary bifurcation point of the L; branch, where solutions with wavelengths
that are multiples of 7/5 develop. We should note that similar phenomena con-
cerning crossing and connecting branches were previously observed in [47] for the
Whitham equation with surface tension which was introduced in [30].

FIGURE 10. Selected solutions of (3.5). Labels preserved as shown
in Figure 9.

—Li=1/5m

Solution profile (1)

. 1
0 01 02 03
X

FIGURE 11. Solution profiles at the point (¢*,a*) where the L;
and Lg branches meet (see Figure 9).

4. CONCLUSIONS AND FUTURE WORK

The numerical algorithm of SpecTraVVave features ample flexibility for research-
ing different aspects of nonlocal dispersive wave equations and their traveling wave
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solutions. The solver package is simpler in use when compared with programs such
as AUTO and Wavetrain, however it does not have the same level of generality.
Moreover, AUTO and Wavetrain are programmed in low-level programming lan-
guages and will therefore run more efficiently. SpecTraVVave is implemented in an
object-oriented fashion [27], which makes the program easily expandable. IPython
provides means for interactive work with the package, and enables users to create
convenient notebook-programs. A parametric approach in defining amplitude and
phase speed makes it possible to follow turning points on bifurcation curves. Spec-
ification of different boundary conditions allows computing solutions with certain
features, such as traveling waves with zero mean, or approximations to solitary
waves.

In this work, the SpecTraVVave package has been put to use for the study of
a number on nonlinear evolution equations: the Whitham equation, the modified
Benjamin—Ono equation and the Benjamin equation. For the chosen set of param-
eters, experiments on the Whitham equation resulted in numerical confirmation of
the conjecture on cusped solutions. It was also possible to identify the point of
stability inversion of traveling wave solutions of the equation and the termination
point of its bifurcation curve.

In case of the modified Benjamin—Ono equation, the study on solitary wave
solutions lead us to conclude that interaction process ended with annihilation of
one of the two waves. The experiment on the Benjamin equation showed one
more example of the effect of competing dispersion. As the amplitude increased,
traveling wave solutions of wavelength 47 developed additional oscillations, and
later connected up with a branch of solutions with wavelength 7 /5.

Future work on the SpecTraVVave package will be focused on development of its
functionality and broadening the range of problems that can be studied. Possible
extensions may include implementation of algorithms based on the Petviashvili
method [4, 5] and generalization to systems of equations.

5. APPENDIX: COMPUTING INITIAL GUESSES FROM STOKES EXPANSION.

u + [f(u)], + Lugy =0, (5.1)
The goal of this section is to explain how the idea of Stokes’s approximation works
in providing the initial data (guess) on wave and phase velocity for solving (5.1)
numerically.
We will consider £ being linear and self-adjoint Fourier multiplier operator, and
a function f that has degree of zeros p > 2:

Lu(k) = a(k) - a(k),
<£U7U>L2(0,L) = <U, £U>L2(O,L)7
p =min f*7Y(0) = 0 and f*)(0) # 0
€

Consider equation (5.1) and its solution in the form wu(z,t) = ¢(x — ct), which is a
traveling wave solution. Inserting ¢(z — ct) into (5.1) leads to the equation

—cd' + f(9)¢' + L&' =0,
which can be integrated to give

—cp+ f(¢) + Lp= B, B =const. (5.2)
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Consider B = 0 in equation (5.2), and expansions of ¢ and c:
p=C=cbi+e%+. .., (5.3)
c=co+ecy +e%ca+.... (5.4)

The next step is to insert (5.3) and (5.4) to (5.2) and write out the terms at powers
of . The function f(¢) is expanded around zero and, therefore, will appear only
in P terms. Thus, the term at the first power of € reads

e:  —cp&1+ LE =0, (55)

Hence, ¢ is an eigenvalue of the operator L, regarded as defined on L-periodic
functions. Taking the Fourier transform of (5.5) gives:

— cobr (k) + a(k)& (k) = 0. (5.6)

Equation (5.6) has two trivial solutions: either & (k) = 0 or a(k) = ¢p. If we assume
non-trivial & and a(k) # const, the following solves the problem

& (k) =2r0(k — ko), and co = alko), (5.7)

for some ky € R. Since &; is the first-order approximation to ¢, the corresponding
wave number should be equal to 1. The L-periodicity condition entails that kg =
27 /L - 1. The spatial variable x has to be scaled to 2’ = L/2mz, accordingly. From
the solutions in (5.7) we have

&(2) = ™% = cos(koz') + sin(koa'). (5.8)

Considering the projection onto the space Sy, we are led to choose & (z') =
cos(koz'). For further analysis, let us define an operator A,

A= —co€ + L,
where £ is the identity operator. The operator A inherits the property of being
self-adjoint from £. Moreover, it follows from (5.5) that A& = 0 and &; € ker(A).
If p > 2 then f”(0) = 0 and the terms at €> are:

A§2 — lel =0. (59)

Taking scalar multiplication of the latter with £;, one obtains

(€1, A2) 12 0,1) = 01||§1||%z(0,L), (€1, A2) 12(0,1) = (AL,
&)r20,0) = (0,82) 120,y = 0.

As a result, one has Cl||§1H2L2(0 =70 and, hence, ¢c; = 0. Repeating the same
argument, it becomes clear that ¢y = 0 for any k < p — 1. Besides that, & is in the
kernel of A, so it may be assumed to be proportional to £&;. The terms at order &P
are:

®) (0
Aty — i+ 0 o (5.10)
Let us denote for brevity
. f(p)(o)
p - p!

Pairing (5.10) with &; (and assuming ||&1]/2(0,z) = 1) gives
cp—1 = fp (&1, &1)12(0,1) (5.11)
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which gives us the value of c¢,_;. It only remains to solve the following problem
numerically in order to obtain £p:

.Afp = Cp_1§1 - fpff (5.12)

For the last equation to be solved, the operator A has to be invertible. It is
also required that (£1,&p)12(0,z) = 0. Therefore the solution is sought in the space
orthogonal to ker(A). Since A is still a Fourier multiplier operator, one can take
the Fourier transform of (5.12) to find

A()E (k) = cpa&a (k) — fo€l (k),
& (k) = AR) ™ (epr&a(k) = L (R))

Taking the inverse Fourier transform of gp(k) gives &,. Since only even solutions
of the problem are considered the cosine part of the Fourier transforms will be
required. It is sufficient to use & and ¢y as the initial guesses for the Newton
method. However, it should be noted that for different values of p the pair of
parameters &, and c,_; are computed in different ways.

(a) If p = 2, then & is computed from (5.12), but cp,—1 here becomes zero.
Therefore one has to consider the next level of the expansion eP.

(b) For odd values of p the parameter ¢,_1 can be computed from (5.11) and
&, from (5.12).

(c) For even values of p > 4 the parameter £, can be computed, but ¢,_; may
not be non-zero in general. In such cases a different strategy of fixing the
initial guess should be used.

6. APPENDIX: PRESENTATION OF SPECTRAVVAVE AND ITS WORKFLOW

6.1. Overview. There are several classes in the SpecTraVVave package. An over-
view of the program is shown in Figure 12. The workflow begins with defining a flux
function f and the Fourier multiplier function « to set up an equation. The trav-
eling wave solution is characterized by the wavelength L and a boundary condition
Q(c,a,pn, B). These parameters are fixed for a given problem. The defined equa-
tion is then discretized. The Discretization object contains all required elements
such as grid points, wave-numbers and the discrete linear operator.

The initial guess and the equation’s residual are passed from the Discretization
to the Solver object. The Navigation object is responsible for finding good initial
guesses for ¢ and a that are passed to the Solver object. The Solver object applies
Newton’s method to find a solution to system of equations (2.4).

The new solution is sent back to the Discretization and Navigation objects,
where variables get updated. All computed solutions are stored for further analysis.
This finishes one iteration. For the next iteration the updated variables are used
and a new solution is found. The process may be continued as long as the Jacobian
of the problem is non-singular.

6.2. Class Description. We present an overview of the classes used in SpecTraV-
Vave package. Note that, since the package is under continuous modification and
development, we describe here only the basic classes and functions the package.
We refer to the package repository [41] for up-do-date tutorials and installation
instructions.
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EQUATION

L - wavelength

f() - flux function
a(-) - dispersion relation

L fw
DISCRETIZATION
Ty — ZTZ’N,lL, n=1...1 N - scaled grid nodes

b = Fm,m =0,... 1 - scaled frequencies
L(-) = F~' [w(k) F[]] - linear dispersion operator
R(c,¢n,B) = —cén + f(én) + L(¢n) — B - residual
co = w(k1).ap = 0.01, By = 0 - initial data

% () = ag - cos(x,,) - initial guess

Co. @y

SOLVER

System of equations to solve:

0
N
On(z1) — dn(TN) —a 0

New solutions:
P, = (¢« a.) - point on the bifurcation curve
¢ - new wave profile

NAVIGATION

Points on the bifurcation curve

Pr = (c1,a1), P2 = (2, a2)

initially Py = (co, —€), Py = (c0.0)
d = (d°, d") - direction vector

s - step size in direction d

P = (c,a) - new point for SOLVER

B* - new integration constant

/]((pa. ¢n,B)

- BOUNDARY CONDITION
Q(c,a,¢n,B) =B -keep B=10

pn(en) - keep on(zn) =0
Qc,a,¢n,B) =3, ¢n(2,) - keep mean gy =0

FI1GURE 12. Overview of the SpecTraVVave package.

The Equation class is the general class for all model equations. Its only role is
to store a parameter L, the wavelength:
class Equation(object):

def __init__(self, L):
self.length = L

A subclass of the Equation class has to implement two functions, compute_kernel

and flux.
The KdV model equation

3 1
Ut + Euuoc + Uy + éumxm =0

with f(u) = 2u? and Lu(k) = (1 — +k?)u(k) is presented in the program as a
subclass of the Equation class:

class KDV(Equation):
def compute_kernel (self, k):
return 1-1/6*k*k

def flux(self, u):
return 3/4*uxu

One can then create an object of the class KDV with the command:
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kdv = KDV(L=np.pi)

The solver will compute only a half of a solutions profile. The full wavelength of
the solutions of the defined equation will be equal to 2.

In order to find solutions with specific features, boundary conditions are in-
troduced as separate classes. For instance, the boundary condition specifying a
constant of integration is implemented as follows:

class Const(object):
""" The boundary condition under which the constant of integration
(B) is always set to zero. """

def init__(self, level=0):

self.level = level

def enforce(self, wave, variables, parameters):

nwun nwun

Enforces the Const boundary condition.
return np.hstack([variables[0] - self.levell)

def variables_num(self):
""" The number of additional variables that are required to
construct
the Const boundary conditionm. """
return 1

A Const boundary condition object is created as follows:

boundary_condition = Const ()

The next step is to create an object of Discretization class, which is initialized
with a model equation such as kdv_model and the number of grid points. The main
parts of the class are the following:

class Discretization(object):

def __init__(self, model_equation, grid_size):
self.equation = model_equation
self.size = grid_size

def operator(self, u):
u_ = scipy.fftpack.dct(u, norm=’ortho’)
Lv = self.fourier_multiplier ()*u_
result = scipy.fftpack.idct(Lv, norm=’ortho’)

return result

def residual(self, u, wavespeed, const_B):
residual = - wavespeed*u + self.equation.flux(u)
+ self.operator(u) - const_B
return residual

The call Discretization.operator(u) computes Lu as the inverse transform
of a transformed convolution

Lu=F ' Lu(k)] = F " [a(k) - (k)] .

The result of the call Discretization.residual (u, wavespeed, const_B) isthen
used in the Solver class. An object of the Solver class is initialized with an object
of the Discretization class, and a boundary condition object.
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class Solver (object):

def __init__(self, discrete_problem, boundary_condition):
self .discretization = discrete_problem
self.boundary = boundary_condition

def solve(self, guess_wave, parameter_anchor, direction):
""" Runs a Newton solver on a system of nonlinear equations once.
Takes the residual (vector) to solve. parameter_anchor
is the initial guess for (c,a) values and it is taken from the
Navigation class. """

size = len(guess_wave)

self.discretization.size = size

def residual(vector):
""" Contructs a system of nonlinear equations. First part,
main_residual, is from given wave equation; second part,

boundary_residual, comes from the chosen boundary conditions.

wnon

return np.hstack([main_residual, boundary_residual,
amplitude_residuall)

return new_wave, new_boundary_variables, new_parameter

Some omitted parts in the above script are substituted by '. . ." sign. Each
iteration on a Solver object is run from a Navigation object, which takes the
Solver object for initialization.

class Navigation(object):
""" Runs the Solver and stores the results. """

def __init__(self, solver_object, size=32):
self.solve = solver_object.solve # function to run Newton method
self.size = size # size for navigation

def run_solver(self, current_wave, pstar, direction):
new_wave, variables, p3 = self.solve(current_wave, pstar,
direction)
return new_wave, variables, p3

All the above classes can be modified and developed further, new classes may be
defined as well.

6.3. Detailed Workflow. The workflow with the package consists of three basic
steps:

(1) Once the necessary classes have been imported in the current namespace,
generate all necessary objects:

equation = KDV(L=np.pi)

boundary_condition = Const ()

discretization = Discretization(equation, grid_size=64)
solver = Solver(discretization, boundary_condition)
navigator = Navigation(solver)

(2) Choose a number of iterations, i.e., the number of solutions to compute,
and run the solver:
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n_iter = 50
navigator.run(n_iter)

(3) All computed solutions are stored in navigation_object

last_computed = -1

wave_profile = navigator[last_computed] [’solution’]
wave_speed = navigator[last_computed] [’current’][0]
wave_amplitude = navigator[last_computed] [’current’][1]

For up-to-date instructions on how to run the code, we refer the reader to the
code repository https://github.com/olivierverdier/SpecTraVVave.
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Abstract

Explicit parametric solutions are found for a nonlinear long-wave model describing steady
surface waves propagating on an inviscid fluid of finite depth in the presence of a linear shear
current. The exact solutions, along with an explicit parametric form of the pressure and
streamfunction give a complete description of the shape of the free surface and the flow
in the bulk of the fluid. The explicit solutions are compared to numerical approximations
previously given in [1], and to numerical approximations of solutions of the full Euler equa-
tions in the same situation [31]. These comparisons show that the long-wave model yields
a fairly accurate approximation of the surface profile as given by the Euler equations up
to moderate waveheights. The fluid pressure and the flow underneath the surface are also
investigated, and it is found that the long-wave model admits critical layer recirculating flow
and non-monotone pressure profiles similar to the flow features of the solutions of the full
Euler equations.

1 Introduction

Background vorticity can have a significant effect on the properties of waves at the surface of a
fluid [19,24,26,30,32,35]. In particular, in the seminal paper of Teles da Silva and Peregrine [31],
it was found that the combination of strong background vorticity and large amplitude leads to
a number of unusual wave shapes, such as narrow and peaked waves and overhanging bulbous
waves. In the present contribution, we continue the study of a simplified model equation which
admits some of the features found in [31]. The equation, which has its origins in early work of
Benjamin [3], has the form

w 2 (du\? w2
(Q + 70u2) (E) =-3 (1—;u4 + gu® — (2R — woQ)u? + 2Su — QZ) , (1)
where we denote the volume flux per unit span by @, the momentum flux per unit span and
unit density corrected for pressure force by S, and the energy density per unit span by R.
The gravitational acceleration is g and the constant vorticity is —wg. The total flow depth as
measured from the free surface to the rigid bottom is given by the function u(z).

Equation (1) was recently studied in [1]. It was found that solutions of this equation exhibit
similar properties as solutions of the full Euler equations displayed in [31]. In particular, in [1]
an expression for the pressure was developed, and it was shown that the pressure may become
non-monotone in the case of strong background vorticity. Indeed, it was shown in [1] that if
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|wo| is big enough, the maximum fluid pressure at the bed is not located under the wavecrest.
Such behavior is usually only found in transient problems (cf. [33]). Moreover in some cases,
the pressure near the crest of the wave may be below atmospheric pressure.

The purpose of the present work is two-fold. First, we develop a method by which equation (1)
can be solved ezactly. The resulting solutions are compared to the the numerical approximations
found in [1] and to some of the solutions of the full Euler equations from [31]. Secondly, more
features of the solutions of (1) are discussed. Using a similar analysis as in [1], the streamfunction
is constructed, and it is found that solutions of (1) may feature recirculating flow and pressure
inversion. These features may have an impact on the study of sediment resuspension. Indeed,
while it is generally accepted that the main mechanism for sediment resuspension is turbulence
due to flow separation in the presence of strong viscous shear stresses [7,27,29], the strongly non-
monotone pressure profiles exhibited by the solutions of (1) may represent a more fundamental
mechanism for particle suspension than the viscous theory.

The geometric setup of the problem is explained as follows. Consider a background shear flow
Uy = wpz, where w can be positive or negative (cf. Figure 1). Superimposed on this background
flow is wave motion at the surface of the fluid. One may argue that the wave motion itself
introduces variations into the shear flow due to the Stokes drift [16,25]. However for very
long waves, the Stokes drift can be compared to the Stokes drift in the KdV equation [5], and
it becomes negligible in the long-wave limit. Moreover, as observed by a number of authors
[3,31,32], a linear shear current can be taken as a first approximation of more realistic shear
flows with more complex structures.

If it is assumed that the free surface describes a steady periodic oscillatory pattern, then the
flow underneath the free surface can be uniquely determined [10, 23], even in the presence of
vorticity. Thus for the purpose of studying periodic traveling waves, one may use a reference
frame moving with the wave. This change of reference frame leads to a stationary problem
in the fundamental domain of one wavelength. The incompressibility guarantees the existence

of the streamfunction ¢ and if constant vorticity w = —wyq is stipulated, the streamfunction
satisfies the Poisson equation
Aﬂ’ = wzx + 'L/)zz =wp, N0 <z< 77(95) = d}lz:n- (2)

As explained in [2,4], the three parameters @), S and R are defined as follows. If ) = 0 on the
streamline along the flat bottom, then @ denotes the total volume flux per unit width given
by

Q=/0nwzd2~ 3)

Thus @Q is the value of the streamfunction v at the free surface. The flow force per unit width
S is defined by

- / 2 12} (4)
and the energy per unit mass is given by

1 1
R= 5w3+5w§+9n on z = 1(z). (5)

Finally, the pressure can be expressed as

Pzp(R—gz—%(1/134-7/1?)'1'0101!1—500@), (6)



It is well known that the quantities @ and S do not depend on the value of = [4]. Using the
fact that S is a constant, the derivation of the model equation (1) can be effected by assuming
that the waves are long, scaling z by the undisturbed depth hg, x by a typical wavelength L,
and expanding in the small parameter 3 = h3/L2 This yields (1) as an approximate model
equation describing the shape of the free surface. In order to distinguish from the free surface n
in the full Euler description, we call the unknown of equation (1) w which is an approximation
of . The derivation of (1) was given in [1,4], where it was shown that (1) is expected to be
valid as an approximate model equation describing waves on the surface of the shear flow if
the wavelength is long compared to the undisturbed depth of the fluid. On the other hand, a
detailed analysis of the derivation explained in [1,4] shows that there are no assumptions on
the amplitude of the waves. Thus at least formally, the model (1) can be expected to model
waves of intermediate amplitude.

Direction of wave propagation —=————

Figure 1: This figure shows the background shear flow Uy = wpz. In the figure, wy is positive, and the
waves which are superposed onto this background current propagate to the left.

2 Explicit solutions

In order to obtain solutions of (1) given in explicit form, we apply the change of variables

dy du wo
s~ (@50
y(s) = u(x).

This gives us a new equation for y(s) in the form

dy ? W(Q) 4 3 2 2
) =3\ vty — (2R —woQ)y? + 25y — Q? ), (7)

and the relation
ds 1
&~ Qw2
Integrating (8) we have

o) = [ (@+ D) de - (9)

where 7 is a constant of integration, written explicitly for convenience. We want to solve (7)
for y(s) and plug our solution into (9). We notice that in the variables y and % the equation
describes an elliptic curve of genus one [14]. Hermite’s Theorem [34, p. 394] states that for a
uniform solution to exist we need [ ds to be an abelian integral of the first kind. This condition



is indeed satisfied and we proceed with using a birational transformation to put (7) in the
standard Weierstrafl form

dyo 2 3
2} =g — — 10
( dm()) Yo — 92Y0 — 93, (10)

where the transformation is given as

 24(-2V12Q%y%wo — V12Qgy® + 4V12QRy? + 4v/12Q° - 6V12QSy + 8Q*W — 4 gy)

ds
y3

4(—QyPwo + 2Ry* + W /12Q + 6Q2 — 6Sy) an
Yo = 2 )
y

xrog =

and go and g3 are the lattice invariants

go = —T68QRwy + T68R? — 11525,

g3 = 2048Q3w — 6144Q Rw? — 6912Q%¢>
+ 6144Q R%wp — 4608Q S gwp + 20345%wi — 4096 R® + 9216 RSy.
It is well known that the solution to (10) is yo(z0) = @(x0+co; g2, 93), where p is the Weierstraf

P function and ¢ is an arbitrary constant [6,14]. We invert the birational transformation to
determine the exact solution to (7) as

_ A+ Bo'((s +c0)/4:92,93) + Cp((s + c0)/4: 92, 93)

V) =0 ({5 + co) /s 92, 98) + Dp((s + )/ 42,93) + B
with
A = —288Q% — 96QuoS + 192RS,
B =V12Q,
C = —248,

D = 8Quy — 16R,
FE = 64Q%w3 — 64QRwy + 64R>.

This gives us u(z(s)) in the form

u(a(s)) = A+ Bg'((s + c0)/4;92,93) + Co((s + 0)/4; g2, g3)
©2((s +c0)/4: 92, 93) + Dp((s + c0)/4; 92, 93) + B’

(12)

as a function of the parameter s. If we express z(s) as a function of s, then we have a parametric
representation for u(x), the surface elevation. From (9) we have

z(s) = Qs —x1+ % /s y*(€)de. (13)

Expanding and simplifying y(s)? gives

o ABp® + C?p” + (2AC — B?p)p + (A* — Bgs) N 24B -2BCyp
Y (9? + Dp + E)? @2+ Dp+ B

(14)



making use of the shorthand p = p((s + co)/4;92,93) and ¢’ = ©'((s + c0)/4; 92, 93). Plugging
(14) into (13) and integrating gives

D+2p
8(24 — UD) arctan (7\/%) —4AD + 8CE + (—8A +4CD)p

z(s) = Qs — 1 +woB

(—D2? 4+ 4E)3/2 (D? —4E)(p* + Dp + E)
5 3 2,2 24C — BZ ” A2 _ 32 ’
Lo [PABp 4 CTp" + 24C 92)p + ( 93)515. (15)
2 (2 + Dp + E)?

To evaluate the integral in (15) we let

D +VD?-4E
m=———-——0,

2 2

D VD?—-4E
m=-x + — 5

denote the roots of p? + Dp + E = 0. The integrand can be split into its components

4Bp® + C%p? + (2AC — B%gy)p + (A? — B?g3) _ J(my,n1) +K(m17"1)+J(n17m1)+K(”17m1)
(p —m1)?(p —m)? (p—m1)?2  p-m1  (p-m)® p-m

)

with
A% — B%g3 4+ 2ACmy — B2gamy + C?m3 + 4B*m3}

J(mi,ny) =

D2 —4F ’
—2A2 + 2B%g3 — 2ACmy + B2gomy + 4B?m} — 2ACn; + B%gany — 2C*myng — 12B%m?2n,
K(mi,n) = 3 .
(1E — D?)’2

Letting

a=gp (m),

B=p "t (m),
and

71 = —coQ + w2,

where 25 is another arbitrary constant, we express x(s) as

D+2
8(24 — CD)arctan (7¢, thw) —4AD + 8CE + (—8A +4CD)p
(—D2 + 4E)3/2 (D? — 4E)(p? + Dp + E)

z(s) = Q(s +¢co) — w3 + woB

+ 2wp [J(ml,nl)lg((s +co)/4, ) + K(my,n1)I1((s + cp)/4, @)
+ J(n1,m)I2((s + co) /4, ) + K (na, ma) 11 ((s + co) /4, B)] (16)

where I; and I come from [6] and [21] and are expressed as

hwy) = 55 {bg (%) + 2u<(w)} ,

2p(v) N 29" (7)€ (7)) v

w20 (ot
Bafur) = : ( 920 9RO

1
K)’3(’7) O'(U — fy)) - 9/2(7) (C(U« + "Y) + C(u — 7)) _ <



Here ¢ is the Weierstrafl zeta function and o is the Weierstrafl sigma function. Thus we have
x(s) given in (16) and wu(x(s)) given in (12) both as functions of s. This gives a parametric
representation of our solution as a function of s

{y =u(xz(s)), given in (12),

x = x(s), given in (16). (7

The approximation to the pressure given in [1] is

1 ? 1 2
P= p{R -9z — = (% + %) (ZQu'2 +u2) + B (%ug - %zgu - §w0z3 - %u+22%>

2
u'Q " Q wo
X | 2Q— — — + = . 18
( Q" —u (u2 ’ (18)
This leads to a parametric representation of the pressure as a function of s

{y = P(u(z(s)),2), given in (18), (19)

x = x(s), given in (16),
where z is the distance from the channel bed.

Finally, note that an expression for the streamfunction can be derived using the techniques
of [1]. Since this was not done in [1], the derivation is outlined in the appendix for the sake of
completeness. The expression for the streamfunction is

1 uw u/2 u// w u2u// 23 2 u/2 u// w u//
w:iz%oJrz(%——OJrQ— @ 0 )_E(L @ OT) (20)

2 3u 6 12

us u?

which gives a parametric representation of the streamfunction as a function of s as

{y = (u(z(s)),z), given in (20), (21)

x = x(s), given in (16).

3 Matching the explicit solutions to previous works

First, we verify the explicit solutions found here and the numerical approximations given in [1]
by comparing them to each other. Following the analysis of [1], we first note that (1) can be
written in the form

u? G(u)

= Ty (22)

Letting Z1, Z3, m and M represent the roots of the numerator G on the right-hand side of (22)
we write

2
G(u) = -3 (%U4 + gu® — (2R — woQ)u® + 25u — QQ)

= %(M —u)(u—m)(u—Z1)(u— Z3). (23)



By comparing the coefficients of (23) and assuming that @, m, and M are given, the two
additional roots Z; and Z are found as (note that a small typo in [1] has been corrected
here)

2 2
leg{— (37?59+(M+m)>—\/(%§9+(]‘“m)> +w%87§M}’

2 2
Zy =3 { (},—§9+(M+m)> +\/(i—§g+(M+m)) + w%gn‘fM}.
The total head R and the flow force S are obtained as

wo@
2

2

w

R= 2—2(21Z2+mM+(M+m)(Z1+Z2)),
w2
S = —2—2 (M +m)Z1Z2 +mM(Zy + Z3)) .

Following the work in [1] there are two cases depending on the sign of wg. If wg > 0, then u'?
has no singularities and there is a smooth periodic solution if Zo < m < M. If wy < 0, then
u'? has two singularities and the parameter space is more restricted. To find the conditions for
smooth solutions to exist, we let F(u) be expressed as

Flu) = (Q+ﬂu2)2:‘”—3(u—A 2(u— A_)? (25)
2 4 + —)

which reveals that the derivative is singular when u takes the values Ay = ,/3—3] and A_ =

— E—ﬁ] In the case wy < 0, smooth solutions exist when M < A,. To better understand this
condition, we introduce the non-dimensional Froude number

woM?
F=2
2Q
Substituting F' for wy we find four cases:
0< F: smooth solutions exist is Zo < m < M,
—1 < F <0: smooth solutions exist, (26)
F=-1: limiting case of smooth solutions ceasing to exist,
F<-11: smooth solutions do not exist but overhanging waves are possible.

Ouly solutions of the first two cases above are seen in [1]. Below we show one representative
example of each of the cases. As in [1], we use the parameters

2QF

g=981; p=1; m=11; Q=12Vg; ho = Vg~'Q% wo = 75 (27)

For the following figures, we use the following parameters:

0< F: M =13 and F = 1.15,
—-1<F<0: M=17and F =-0.3,
F=-1: M=17and F = —1,

F<-1.1: M=17and FF = —1.1.



(a)

Figure 2: (a) u(z) as a function of z. (b) P(u(zx),0) as a function of z.
0< F, M =13, F=1.15and —1/2 < s < 1/2. Smooth solutions exist.

(a)

Figure 3: (a) u(z) as a function of z. (b) P(u(zx),0) as a function of .

(b)

—-1<F<0,M=1.7F=-0.3,and —1/2 < s < 1/2. Smooth solutions exist.

(a)

Figure 4: (a) u(z) as a function of z. (b) P(u(zx),0) as a function of z.
F=-1,M=17F=-1,and —1/2 < s < 1/2. Cusp solution.

(b)

Figure 5: (a) u(z) as a function of z. (b) P(u(zx),0) as a function of .

(b)

F<-1,M=17F=-1.1,and —1/2 < s < 1/2. Overhanging solutions.



Additionally, in order to obtain periodic solutions with m < u(x) < M and with zero imaginary
part, we need to set
co = 4wa(92, 93)s (28)

where wo is a Weierstrall half period corresponding to the lattice invariants g, and g3 with
non-zero imaginary part.

We produce plots of the explicit solutions for the various cases of (26) with the parameters given
in (27), (28) and (32). Two plots for each case will be shown:

1. u(x) as a function of z,
2. P(u(x),0) as a function of z.

Note that since our solutions are symmetric under spacial translations (varying xzs) we can
shift the waves so they coincide with those in [1]. Figures 2 and 3 show two curves found
in [1], and no visual difference can be detected between the explicit solutions and the numerical
approximations of [1]. We notice that z(s) is a monotone function of s as ¥ > —1 decreases up
until the critical value of F = —1. Beyond the critical point where F' = —1, z(s) is no longer
monotone and as a result the solutions are no longer smooth. Figure 4 shows the limiting case of
a cusped solution. Note that the evaluation of the pressure at the bottom under the wavecrest
appears to yield extremely low and apparently non-physical values. Figure 5 shows a looped
(or self-intersecting) solution which is allowed in equations (10) and (11), but not possible in
(1). Since it was assumed in the derivation that the free surface is a single-valued function of
z, the solution shown in Figure 5 is beyond the physical validity of the equation.

Next we investigate whether the solutions of (1) are close to the solutions of the full Euler
equations with a background shear flow found in [31]. Figure 6 and 7 show a sequence of large
waveheight solutions with waveheight H = 1.2, and for the set of parameters g = 9.81,p =
1.0, hg = 1.0. Note also that by rearranging the variables, we can make the self-intersecting
solution look like an overhanging solution. Even though the curves shown in Figure 7 look
similar to the free surface profiles shown in Figure 6 of [31], strictly speaking, the curves in
Figure 7 do not represent solutions of (1).

We can also set our solutions to be 27 periodic. For this we need to examine the periods of
z(s) and u(s). Let wy be the Weierstral half period corresponding to the lattice invariants go
and gs with non-zero real part. We note that

u(s +Ty) = u(s),

where
Tu = 8w 1y

denotes the period of u(x), since both p((s+cp)/4; g2, g3) and ¢'((s+ co)/4; g2, g3) are periodic
of period 8w;. Next we notice that

x(s+Ty) = x(s) + Ty,
where
T = QTy + 2w [J(m1,n1) J2(a) + K (my,n1)Ji(a) + J(n1,m1)J2(8) + K(n1,m1)J1(6)],

with

Ti(y) = p,éw (—AC(w)y + 4w1C(7))



Figure 7: u(z) as a function of z: (a) overhanging solution F' = —2.0, (b) overhanging solution F' = —3.0.

and

hy) = 20 ) <2m> . 2@”(7)4(7))_

¢
. 4¢(w1)y —
A0 T P CONMNE1CY
This was determined by noting that

L(u+2w1,7) = Li(u,y) + J1(7),

Io(u+2wi,7) = Io(u,v) + J2(7),

which we see from [28]:
Clu+ 2wr) = ((2) +2¢(w1),

o (14 2w;) = —eX @Dt 5 ().
Here T, gives an analytical expression for the wavelength of the solution. If we wanted to force
our solutions to be 27 periodic, we could simply rescale x by 27/T, and u by 27 /T, as this is
the scaling symmetry of (1).
In order to better compare our results with those in [1], we would like to have the peak of the
wave at = 0. To achieve this we determine the value of s for which u(s) is at a peak and call
this value Ts. Taking (11) we have

4(—QM?3?wy + 2RM? + 6Q? — 65 M)
M?2 '

o((Ts +c0) /4. 92, 93) =
where we plugged in y = M and dy/ds = 0 to be at the peak of the wave. This gives

—_OM? 2 2
T = 4! (4( QM%w) + 2RM? + 6Q* — 65 M)

e »927g3> — Co-

10
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Figure 8: Comparing approximate solutions of the full Euler equations (dashed curve) to exact solutions

of (1) (solid curve). The waves have waveheight H = 1 and wavelength 27. The problem is normalized
with ¢ =1 and ho = 1, and the background vorticity is wg = —3.

Thus for solutions with the peak at z = 0, we rewrite (17), (19), and (21) as

y=u(Ty,(s —Ts)), given in (12),
{x 2(Ty(s —Ts)), given in (16), (29)
{y = Pu(Ty(s = T3),2), given in (18), (30)
z=x(Ty(s — Ty)), given in (16).
y = Y(u(Ty(s —Ty)),2), given in (20), (31)
x=x(Ty(s — Ty)), given in (16).

Additionally, we set

8(24 — C'D) arctan <4D+L([(,Sziiﬂg/4)>

(—D? + AE)3/2

z9 =Ty (Q(§ + Co) + woB

“4AD + 8CE + (—8A + 4CD)p((5 + o) /4)
(D2 = 4E)(p((5 + c0) /4)* + Dp((5 + co)/4) + E)
+ 2wo [J(m1, 1) T2 ((8 + ¢0) /4, @) + K (ma,n1) 1 ((5 + c0) /4, @)

+ J(nl, ml)Ig((§ + Co)/4, ﬂ) + K(nl,ml)Il((é + Cg)/4,ﬁ)} ) s (32)

where § = T,,(0 — Ts). This @9 is chosen so that when s = 0, x = 0. Additionally, note that we
scale s by T,. The scaling of s is so that as s ranges from —1/2 to 1/2, we plot exactly one
period of wavelength T7.

We compare some wave profiles presented in Fig. 6 of by Teles da Silva and Peregrine [31] with
solutions of same parameters computed by the current explicit method. Note that in [31], the
parameters g and hy were normalized, so that we need to choose g =1 and hg = 1.

We first present a comparison of a traveling wave of waveheight H = 1 and vorticity wg = —3.
In order to get a good match with the plot from Fig. 6 of [31], we selected m = 1.44, M =

11
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Figure 9: Comparing approximate solutions of the full Euler equations (dashed curve) to exact solutions
of (1) (solid curve). The problem is normalized with g = 1, hg = 1 and wavelength 2. The background
vorticity is wg = —3. (a) waveheight H = 4. (b) waveheight H = 5.

2.44,Q = 0.09 Figure 8 shows an explicit solution of (1) compared to a solution of the full Euler
equations shown in Fig. 6 in [31]. Even though the waveheight-depth ratio of 1/2 is not very
small, the profiles match fairly closely.

Comparing higher-amplitude waves is more difficult since the solutions shown in [31] with wave-
height larger than 1 are overhanging. Setting all parameters correctly yields the comparison
shown in Figure 9. As can be seen, the wavelength matches, and the solutions of (7),(8) are also
overhanging, but look very different nevertheless. One may conclude from this last comparison,
that if solutions of (7),(8) are not single-valued, and therefore are beyond the validity of (1),
they will not in general represent the physical reality of the surface-water wave problem.

4 Pressure contours and streamlines

In this section, we explore the flow underneath the surface as predicted by (1), with the help of
the expression (18) for the pressure and (20) for the streamfunction.

First, pressure contours and streamlines are reviewed for positive Froude numbers F. This case
corresponds to the case labelled "upstream’ in [31]. As mentioned in that work, it is in this
case that a critical layer is possible. Examining figures 10-15, it appears that as the strength of
the vorticity increases, first, the pressure becomes non-monotone (Figure 11). In other words,
the pressure strongly departs from hydrostatic pressure, the bottom pressure is maximal under
the sides of the wave (not the crest), and this goes hand in hand with the development of
closed streamlines (Figure 12). For large enough Froude numbers, a critical layer (i.e., a closed
circulation) develops in the interior of the fluid domain (Figure 13). In the extreme case of
F = 3, pressure inversion occurs as regions of high pressure are above regions of low pressure
in the fluid column (Figure 15).

For negative Froude numbers, the flow corresponds to the downstream case [31]. In this case
non-monotone pressures also develop, but no critical layer occurs in the fluid domain. Figures
19 and 20 show strongly non-monotone pressures. Apparently, as the shape of the free surface
approaches a cusped profile, non-physical features appear in the description of the flow.

12



Figure 10: Traveling wave with m = 1.1, M = 1.3, and F = 0.2. Left: pressure contours. Right:
streamlines.

Figure 11: Traveling wave with m = 1.1, M = 1.3, and F = 0.9. Left: pressure contours. Right:
streamlines.

Figure 12: Traveling wave with m = 1.1, M = 1.3, and F = 1.2. Left: pressure contours. Right:
streamlines.
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Figure 13: Traveling wave with m = 1.1, M = 1.3, and F = 1.5. Left: pressure contours. Right:
streamlines. Pressure highly non-monotone, critical layer appears.
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Figure 14: Traveling wave with m = 1.1, M = 1.3, and F = 2.0. Left: pressure contours. Right:
streamlines.
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Figure 15: Traveling wave with m = 1.1, M = 1.3, and F = 3.0. Left: pressure contours. Right:
streamlines. Pressure inversion: high pressure above low pressure.

14



Figure 16: Traveling wave with m = 1.1, M = 1.3, and F = —0.001. Left: pressure contours. Right:
streamlines.
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Figure 17: Traveling wave with m = 1.1, M = 1.3, and F = —0.5. Left: pressure contours. Right:
streamlines.

Figure 18: Traveling wave with m = 1.1, M = 1.3, and F' = —0.7. Left: pressure contours. Right:
streamlines.
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Figure 19: Traveling wave with m = 1.1, M = 1.3, and F = —0.9. Left: pressure contours. Right:
streamlines.

5 Conclusion

The nonlinear differential equation (1) is known to be a model for steady surface water waves
on a background shear flow. The equation has been found to admit solutions given explicitly
in terms of a parametric representation featuring the Weierstrafl P, zeta and sigma functions.
This representation is a convenient tool for obtaining a variety of wave profiles without having
to resort to numerical approximation. In connection with the reconstruction of the pressure
underneath the surface explained in [1], and the reconstruction of the streamfunction detailed
in the appendix, a complete description of the flow can be obtained.

The exact solutions of (1) have been compared to wave profiles obtained from full Euler compu-
tations in [31], and fair agreement was found for regular waves. On the other hand, overhanging
waves were found not to agree with the full Euler solutions. This is not surprising since the
parametric representation enables the description of multi-valued profiles which transcends the
collection of solutions of (1).

With a view towards the flow in the fluid column below the wave, a number of wave shapes
with increasing strength of vorticity were exhibited. It was found in the case of steady waves
propagating upstream that the flow underneath the waves may feature critical layers and non-
monotone pressure profiles. In the case of waves propagating downstream, the development of
cusped surface profiles goes hand in hand with unrealistic pressure profiles apparently conflicting
with the long-wave approximation which is the basis for the model (1). Building on the results
of this paper, future work may focus on detailed comparisons of the fluid flow as described by
the methods of the current work to numerical approximations of the flow governed by the Euler
equations with background vorticity. Such a study will cast more light on the limitations of the
current model, especially as regarding the ability to describe properties of the flow in the bulk
of the fluid.
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A Reconstruction of the streamfunction

We want to reconstruct the streamfunction t(z,z) using the solutions u of the differential
equation (1). This is done by using the ansatz

"

1 1 .
Y= 522100 +z2f - gzsf ) (33)
for the streamfunction and the identity
1 51
Q= 5“2“10 +Cf - U36f//7

both of which are valid to second order in the long-wave parameter 3 = h2/)\2, where hg is the
undisturbed depth of the fluid, and A is the wavelength. To obtain an expression for f in terms
of ¢, one has to invert the operator 1 — %42&”, leading to

1 g o1
|:1 - ECQaww:| (E - 5(‘”0) = f

In order to bring out the difference in scales between the undisturbed depth hg and the wave-
length L, we use the scaling

oz 5 z ~ ¢ ~ 1 5 hg
I_La Z_h(]’ C_h07 w_00h0¢7 WO—COW(L
In addition, @ is scaled as
5__ @
ho(’o

In non-dimensional variables, the expression for 1 is

§ = 3Pa+if- SR o).

The function f is written as

i = ng?auow?)} (%%ﬂwo>+0(62)~
o Q 1~~ ﬂ (ﬁ/)z B ~1 /3 ~2 // 2
= 3 T it 30T~ G puedi + O(F).
The second derivative is
e ) ~/ ) ~1 1 ~//
oy - Lar Lot +0(0).

S ~1\2
v = 122w0+2 QflawoJrﬁQ(") 5@”’ Bw aa’
2 u 2 3 u
ﬁ ~ Q ~/ Q ~ I/ W //
—§z3 25( )? 20 20 +0(8%).
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