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Abstract. Absorbing boundary conditions are important when one simulates the propa-
gation of waves on a bounded numerical domain without creating artificial reflections. In this
paper, we consider various hyperbolic-dispersive equations modeling water wave propagation. A
typical example is the Korteweg-de Vries equation

(1) Up + Uy + EUer =0, Vax €R, VE>0.

In the case of linearized equations, some progress was recently done for one dimensional scalar
dispersive equations by using discrete transparent boundary conditions. However a generaliza-
tion of this approach to multi-dimensional setting is not obvious. In this paper, we consider
the alternative perfectly matched layer (PML) approach for the linearized Korteweg-de Vries
equation:

(2) up + Uy + Elger =0 Ve eR, Vi>0,

where U € R denotes a reference speed. We first propose a direct perfectly matched layer
approach and study the stability of the modified system. These equations are not always stable,
the main obstruction being the classical condition vy(k)ve(k) > 0 found in the literature on
PML [3] that we recover in our analysis. Then, we introduce a hyperbolic system with a source
term that is an approximation of the Korteweg-de Vries equations. In this case, the complete
PML equations are not, again, completely stable. However, a version of the PML equations
for this system derived without the source term is found to be stable and can absorb outgoing
waves although it may creates reflections as it is not perfectly matched. Finally, we consider
the BBM-Boussinesq system that models bi-directional waves at the surface of an inviscid fluid
layer. The dispersive properties for a subclass of physically relevant models are better suited for
PML techniques since the condition vy (k)vg(k) > 0 is always satisfied. We show that the PML
equations are always stable in this case. We illustrate numerically the absorbing and stability
properties of these PML models and provide also KdV type simulation by choosing properly
initial data.



1 Introduction

The paper focuses on a particular numerical issue which appears when hyperbolic-dispersive
equations for wave propagation are solved numerically. Generally, the physical space, where the
phenomenon takes place, has to be limited in order to study in detail some regions of interest,
and artificial boundary conditions must be imposed. Mathematically, the equations are set on
an infinite space, and it is a hard problem to provide suitable boundary conditions which lead
to a well-posed initial-boundary problem approximating the initial problem.

Usually hyperbolic-dispersive equations are used to describe wave propagation in shore zones.
A typical example is the one-dimensional Korteweg-de Vries (KdV) equation

(3) U+ UUy + EUgze =0, VYV €R, Vt>0.

One can consider other dispersive models either the Benjamin-Bona-Mahoney (BBM) equation,
the Boussinesq system, or different types of fully-nonlinear Boussinesq-like approximations like
the Green-Naghdi equations. A detailed review of most important models that appear in the
literature for the description of water waves can be found in [42].

The dispersive nature of water wave propagation is included in these models through high
order derivatives terms which correspond to non-hydrostatic pressure effects. The discretization
of these terms induces several numerical issues like the optimization of numerical time consump-
tion, a robust numerical treatment of shoreline, a construction of well-balancing algorithms for
steady states and a choice of appropriate artificial boundary conditions. Here we focus on the
latter issue. All models mentioned above are, mathematically, set in an infinite space. We are
searching for suitable boundary conditions such that the solution computed with these boundary
conditions coincides on the bounded domain with the restriction of the solution to the whole
space problem.

There are different ways to handle the problem of artificial boundary conditions. The nu-
merical domain can be bounded by introducing absorbing/transparent conditions, for example.
Absorbing boundary conditions were initially developed by Engquist and Majda for acoustic
waves [22] and then generalised by different authors to various fluid models (see e.g. [38], [37]).
We also mention multidimensional absorbing boundary conditions for the linear water waves
model proposed for example in [39], [18]. When dispersion relation for the linear problem is
considered, one fruitful approach is to use exact transparent boundary conditions (TBCs). The
construction of TBCs can be carried out by using Laplace transform in time and impose bound-
ary conditions so as to obtain finite energy solutions. The inversion of those conditions, however,
yields nonlocal in time boundary conditions. An efficient strategy to approximate numerically
non local terms then needs to be proposed. However, another strategy allows to obtain directly
discrete transparent boundary conditions (DTBCs) by using Z-transform instead of Laplace
transform. Exact transparent boundary conditions both continuous and discrete were derived
and implemented for the linearized KdV equation in [9], and for linearized BBM equation in
[10], the bi-directional dispersive wave propagation for the linearized Green-Naghdi model were
considered in [41]. The generalization of this approach to the case of two-dimensional problem
was proposed in [8] for the transport equation. However, the design of DTBCs for the linear dis-
persive two-dimensional waves models such as the KdV, the BBM or the Green-Naghdi equations
is hardly extended to real situations.

Another common strategy to tackle numerical boundaries is a technique called Perfectly
matched layers (PMLs). They have been introduced in [7] for electromagnetic waves and ex-
tended, since then, to other wave propagation problems. The method consists in surrounding
the computational domain by a layer which absorbs outgoing waves. Mathematically, there are



different ways to present PMLs. One of them consists in considering PDE in the frequency
domain and using appropriate complex frequency-dependent change of variables aimed to en-
sure the exponential decay of the solution in space. PML techniques are efficient and easy to
implement for a large class of problems. Moreover, their use requires no auxiliary knowledge
(e.g. the fundamental solution) but only the PDE itself. However, it is well known that one can
observe instabilities when classical Cartesian PMLs are used. For example, when electromagnetic
or elastic waves propagation is considered, the dispersive or anisotropic character of media may
lead to instabilities of PMLs (see [3| for example).

The aim of this paper is to consider the PML strategy for various hyperbolic dispersive
equations or systems for the water wave problem. We will consider three models, namely the
Korteweg-de Vries (KdV) equation, a hyperbolized version of the KdV equation and a class of
BMM-Boussinesq system. In each case, we derive the set of PML equations and study their
stability and carry out numerical tests to show their ability to absorb outgoing waves. In section
2 we construct PMLs for the linearized KdV equation using the corresponding complex change of
variables. We then show that the constructed PML problem is not always stable. This is mostly
related to the well-known necessary condition for PML to be stable that the group velocity and
the phase velocity should have the same sign.

Then, we introduce a hyperbolized version of the Korteweg-de Vries equation. Recent pro-
gresses in dispersive shallow water modelling are concentrated on developments of first-order
hyperbolic equations with good dispersive properties that can model non-hydrostatic free surface
flows. Using a lagrangian approach, some hyperbolic systems approximating the BBM equation
and the Green-Naghdi equations were proposed in [?] and [27], respectively. The later model
was mathematically justified in [19]. Another hyperbolic approximation was derived in [24] us-
ing the method of an artificial compressibility. In [52] the compressible and quasi-incompressible
hyperbolic models are derived covering the fully nonlinear Boussinesq-type equations and the
Green-Naghdi equations, and a new treatment of the bathymetric terms is proposed.

The use of hyperbolic models simplifies numerous numerical issues and reduces computational
time. Note that it also provides a partial answer to the issue of artificial boundary conditions.
Indeed, if a hyperbolic system admits a Riemann-invariant form, the boundary conditions can be
treated using the Riemann invariant expressions. However, it is not always the case to have such
a form, and in two dimensions even if Riemann invariants exist, that might turn out to be a hard
problem to define them. On the other hand, PML construction for the first order hyperbolic
system is straightforward since only first order derivatives are included. In section 3, we introduce
a hyperbolic relaxed version of the KdV equation and study its ability to reproduce some of the
important properties of the original equation. In particular, we compare the dispersion properties
of the hyperbolized version of KdV and the original KdV equation. Moreover, we study the
nonlinear waves of the hyperbolic system: it admits periodic and solitary wave solutions close to
the KdV periodic and solitary waves. We also show that this model reproduces typical nonlinear
dynamics like the two-soliton configuration and the dispersive shock wave.

In section 4 the PML strategy for the hyperbolic model is proposed and numerical tests are
carried out. We have found that instabilities may appear just like in the original KdV equation.
If we withdraw the source (zeroth order) terms of the model in the design of PML, we recover a
stable PML model: we show numerically that it absorbs outgoing wave.

Finally within section 5 we focus on mixed Benjamin-Bona-Mahony Boussinesq system (also
known as abcd-model). We consider PML equations for this system and analyse its stability
for different sets of parameters associated to physically relevant models. The necessary stability
condition vy (k)ve(k) > 0 is also found in the PML system for abcd equations. For a large subclass
of models including in particular the shallow water equations with surface tension and for the



classical Green-Naghdi equations, the PMLs are stable. Numerical illustrations are provided
for the stable cases for the linearized Boussinesq system. We also propose a particular choice
of initial conditions for the classical Boussinesq system in order to demonstrate the stability of
PML equations for the unidirectional wave propagation which corresponds to the KdV equation.

2 A perfectly matched layer approach for the linearized KdV
equation

In this section, we introduce a set of PML equations for the linearized Korteweg-de Vries equation:
we modify the equations so that waves are damped as they propagate in the absorbing layer.
We study the stability of the PML system of PDEs in both cases eU < 0 and €U > 0. We then
perform numerical simulations to validate the stability result.

2.1 Continuous PML conditions

In this section, we consider a linearized version of the KdV equation in the form
(4) Ou+ Udpu + €0pzgu =0, Va €] — Ly, Ly[, Vt >0,

for some constant U € R. The PML system is obtained by considering the harmonic regime
Oyu = —iwu and by carrying out a complex change of variable 0, — (1 + %)_1836. The new
equation reads

(5) (1 Dyt Udyu + <, ((1 + )0, <(1 + f)laxu)» 0.

By introducing auxiliary functions u; and ug such that
1o} 10
Ozu =14+ —)uy, Oruys =1+ —)ug,
w w

one obtains, back to original variables (¢, ), the following system:

Ou + ou + Udgu + €0zus = 0,

6
(6) O (U1 — Opu) + oug =0, O (ug — Oyuy) + oug = 0.

By applying the initial value theorem, one finds
(7) u1 |t=0= Ozult=0, U2|t=0= Orzt|t=0-

Let us consider the stability of the system (6). In what follows, we will assume that o is a
constant so that we can use plane wave analysis to study the stability. We search for solutions
with an exponential growth e/®**=“Y) and the system (6) is stable if and only if J(w) < 0 for all
o > 0. We prove the following stability result:

Proposition 2.1. 1. IfU =0, the PML equations (6) are always unstable.

U
2. If eU < 0, the PML equations (6) are stable if and only if k* > 16u.

el

3. If eU > 0, the PML equations (6) are stable if and only if k* < %



Proof. Following [3], the dispersion relation associated to (6) is obtained by substituting k& by
k/(1+ %2) in the dispersion relation for (4). The modified dispersion relation reads:

(8) (w+i0)? = kU(w + i0)? — ek3w?.

If £k =0, w= —ioc and the assumption that J(w) < 0 is satisfied. Next, we assume k # 0 is
fixed. If o is set to 0 in (8), one finds:

9) w?(w —wo(k)) =0, wo(k) = kU — e k3.

Thus, two roots are bifurcating from 0 whereas one root bifurcates from w = wg(k). Let us
consider the case 0 < ¢ < 1 and continue the roots w = 0 and w = wy. In the case U = 0, the
roots bifurcating from 0 scale as w = 0®/2Q) and one obtains the following expansion:

32, ¢ 2
w (o, k) = £0%/ 8?—1-0(0 ).

As a result, the PML system (6) is always unstable if U = 0.
In what follows, we assume U # 0. We first consider the roots bifurcating from 0. Since
U # 0, theses roots may be rescaled as w as w := ¢{). In this case, one obtains the equation:

(10) EU(Q414)? — e B3Q% = o(Q + )3

By letting o = 0 in (10), one obtains, (1+iQ~1)? = %k:Q. Then, by a classical application of the
implicit function theorem, one deduces that the two roots w4 (o, k) that bifurcate from 0 expand

as .
10

/e
1+4/=
Uk'

In the case eU < 0, one has S(w) < 0 for o sufficiently small whereas in the case eU > 0, we find
that S(w) < 0 for o sufficiently small only if |¢|k? < |U|. In the case ek? = U, the bifurcation
from 0 is slightly different. If 0 = 0, w = 0 is a triple root (since wg(k) = 0). Following the
argument used previously, one roots expands as w = —%‘7 +o0(0o) which satisfies $(w) < 0 whereas
the two other roots are O(y/o) and expands, as o — 0:

w = +6%2\/|kU Vi + o(c®/?)

Thus a necessary condition of stability if eU > 0 is |¢|k? < |U].

Let us now consider the root w bifurcating from wy(k): in what follows, we will only consider
the cases eU < 0 and €U > 0 with |¢|k? < |U|. By applying the implicit function theorem, one
finds that

wi(o k) =— +0(0?)

U — 3¢ek?
U —ek?
From these preliminary computations, we deduce a necessary condition for the stability of PML
equations which is (U —ek?)(U—3¢k?) > 0. This condition is always satisfied when eU < 0 wheras
in the case eU > 0 with |e|k? < |U], this condition is only satisfied in the case 3|e|k? < |U|. Note
that this necessary condition is classical in the PML framework (see [3|) as this condition may
also be written as vy(k)vg(k) > 0 where vy(k) = U — 3ek? and vy(k) = U — ek? are respectively
the group velocity and the phase velocity and they need to have the same sign.

w(o, k) = wo(k) —io + O(c?).



Let us now check whether these conditions are sufficient to guarantee stability. The roots w
being continuous functions of the parameters (k, o), we shall prove that the roots lies in C \ R
as long as o > 0. In order to prove this statement, we suppose that (8) admits a root w € R
when o > 0. By separating the real and imaginary parts of this equation, one finds that w is
then solution of

3w? —2kUw =0, W — k(U — ek*)w? — 30°w + 0%kU = 0.
By eliminating o2 from this system, one finds that w is a root of
8w3 — k(8U + ¢ k*)w? 4 2k2U%w = 0.

In the case k = 0, the roots are w = 0 which in turns yields ¢ = 0. Let us assume next that
k # 0. We rescale w as w = kc and assume ¢ # 0. One finds

8c? — (8U + ek?)c +2U? = 0.
In order to simplify the discussion, we rescale ¢ and k and set
K? .= )%‘k‘Q, c:=Us.
We then find that
0 = K*U?(3s* —25) > 0, 85 — (8 +sign(eU)K?)s +2=0.

In the case eU > 0, there is no real solution if |U| — 3|e|k? > 0. If eU < 0, there is no real
solution if |¢|k? > 16|U|. As a conclusion, we have proved that S(w) < 0 for o > 0 small enough.
We have also proved that for any o > 0, there are no real solutions, which means that (w) # 0.
By continuity of the roots of a complex polynomial with respect to its coefficients, one deduces
that $(w) < 0 for all o > 0 and all k satisfying the hypothesis of the proposition.

O

2.2 Discretisation of PML equations

We will consider a centered finite difference scheme in space together with a Crank Nicolson
time discretization. In what follows, we consider uniform time and space steps. We denote
xj = jox, j € Z and t,, = ndt, n € N where dx, 0t are respectively the spatial and time steps.
The discretized system reads

vt —ul? vt =l vy — VY
9 J J + o+ U 7+1 7j—1 +e 2,7+1 2,7—1 _ O,
ot J 20 20x

2 v — v ult y —u
11 “ Un,_ﬁij _ u"._ﬁij +oul. =0,
(11) ot (( L 20z L 20z L

2 (o _ Pt V1) (Mg T W) e

ot \\ %/ 20 7 20 2
. n u2+1+u’,;‘ ) n n . ..
with vp; = g for £ = 0,1,2 and ug; = uj. Let us now consider the stability of

this scheme. We will study the ¢? stability and consider the Laplace in time and Fourier in
space transform: wu; j= 2met KT, A straightforward computation shows that we recover the
dispersion relation (8) by setting

2z-1 _ sin(Kdzx)
otz +1] Y

From this remark, one can deduce the following stability result.

—tw




Proposition 2.2. The scheme (11) can only be stable under the assumption: €U > 0 and
ox > 3—Ua

Proof. From the relation

2z—1
= =2
Stz+1’
we deduce that
S(w)ot R(w)ot
, =)+ (=)
(12) |z|* = .
S(w)dt .y  R(w)dt. 4
(1- )7+ ( )
2 2
Then, |z| < 1 if and only if |1 4+ M\ <|1- M\ which is equivalent to ¥(w) < 0. From
proposition 2.1, we deduce that 3(w) < 0 only if k2 > 16% in the case eU < 0 and k? < % in

the case eU > 0. The latter case can be satisfied if dx > 3—UE if eU > 0, otherwise the scheme
is unstable. O

2.3 Numerics

We have carried out numerical simulation of (6) with the numerical scheme (11). We have first
considered the case eU > 0. We have chosen a velocity U = 0.4. The function o involved in the
PML system is given by

r—>5

o(z) =2 <max(0, L)t max(— 0 0)4>

whereas we used Neumann boundary conditions at the end points. The spatial domain is [—8, §]
and time domain [0,200], the size of the spatial step is dx = 0.05 whereas the time step is
0t = dx: since we are dealing with a Crank Nicolson time discretization, there is no limitation
on the time step and we chosed to work with a CFL condition CFL = 6t/dz = 1 so as to obtain
a good resolution of the advection. The purpose of this first set of numerical simulation is to
illustrate the stability of (11) and its ability to absorb outgoing waves. Following proposition
2.2, for a fixed spatial step dz, there exists a critical dispersion parameter ¢, = Udz? /3 such that
(11) is stable if &€ < e, and unstable otherwise. In order to illustrate this point, we performed
a numerical simulation with ¢ = Uéx?/4 (stable case) and € = Udz?/2 (unstable case) with an
initial condition ug(z) = exp (—40 (z + 3)?). For the auxiliary variables u; and ua, we chose
u1 = ug and uy = uj. We plotted on the figure 1 a function v(t,z) defined as

v(t,z) = log(1 + 1000|u(t, z)|)

in order to focus on the size of reflexions and spurious modes generated by the PML technique.
The simulations show clearly that the stability of the scheme and its ability to absorb outgoing
waves depending on the stability criteria € < e, (stable) and € > . (unstable).

We have also carried out numerical simulation in the case eU < 0. Whereas the stability
condition for the continuous system is k% > 16'%, its discrete counterpart is sin(Kdx)? >
16%(%2 for a plane wave in the form (ein‘h)jeZ, K € N and the PML conditions are not
numerically stable. We carried out a numerical simulation with a finer resolution dx = §t = 0.01

and a initial data that is a wave packet ug(x) = exp(—(x—3)?)sin(2x). The coefficients encoding
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Figure 1: Represention of the function v(¢, x) = log(1+1000|u(t, z)|) in the (x,t) plane [—8, 8] x
[0,200] in the case eU > 0. On the left (stable case): U = 0.4, ¢ = Udz?/4. The solution is
nothing but the solution of the Airy equation advected on the right with speed c¢. The ougoing
waves propagating both on the left and on the right are damped in the absorbing layers. On
the right (instable case): U = 0.4, ¢ = Udz?/2. The solution is translated and damped in
the absorbing layer located at = > 5 whereas left going waves growth exponentially fast in the
absorbing layer x > —5.

the PML are unchanged. We decided to carry out numerical simulation for various dispersion
parameter that were multiple of |U|6x? (hence considering somehow that the factor sin(Kdx) is
away from 0). We carried out a numerical simulation for e = 16|U|dz? and € = 32|U|§z2. In the
first case, we carried out a numerical simulation for times up to time 7" = 2000 but did not find
any numerical instability. We show the simulation up to time 7" = 200 in figure 2. In the second
case, a numerical instability is detected at T' = 25.

Figure 2: Represention of the function v(t, z) = log(14 1000|u(t, z)|) in the (x,t) plane [—8, 8] x
[0, 7] in the case eU < 0. On the left: “stable” case U = —1, ¢ = 16622 with T = 200. The wave
packet travels on the left and is damped in the absorbing layer x < —5. On the right: unstable
case U = —1, ¢ = 32022 with T = 30. The wave packet is damped into the absorbing layer
x < —b5 and after some time a numerical instability expands from time ¢ == 25.



3 A hyperbolic relaxed version of the Korteweg de Vries equation

A classical PML approach is not always stable both from the theoretical and the numerical point
of view. However, they are useful and easily derived for first order systems. In this section, we
consider a hyperbolic system with a source term which is a relaxation of the original Korteweg-
de Vries equation. We perform a theoretical analysis of that system and compare it to the
original Korteweg-de Vries equation on two test cases: the collision of two solitary waves and the
formation of a dispersive shock wave.

3.1 Formulation of the relaxation system

The approximation of mixed hyperbolic-dispersive equation by hyperbolic systems with source
terms was derived in [27]| and [?] for respectively Green-Naghdi equations and BBM equation.
Let us consider the system of first order partial differential equations :

_px_w

u J—
(13) w g e =0, p— Pt =0, gy b

=0,

where ¢ is the dispersion parameter and 7 > 0 the relaxation parameter. Formally, in the limit
7 — 0, the function u turns out to be an approximate solution of the Korteweg-de Vries equation.
More precisely, provided that the partial derivatives are all bounded, it is an easy computation
to show that p, vy expand as

P = Uy + TUhtge + O(TQ)a 71) = Ugy + T (utxw:p - utx) + 0(7_2)-
By inserting the expansion of v into the first equation of (13), one obtains
(14) (U — TUzg + TUgzze); + Uy + EUgzy = 0(7'2).

If 7 = 0, equation (14) reduces to the Korteweg-de Vries equation whereas in the case 0 < 7 < 1,
the equation (14) is, up to order one with respect to 7, a Benjamin-Bona-Mahoney regularization
of the Korteweg-de Vries equation (see [42] for more details on the various models found in the
literature on water waves).

3.2 Dispersion relation

In this section, we compare the dispersion properties of (13) linearized about the constant state
u = U,p =1 = 0 and the linearized KdV equation. First, note that the system (13) admits a
symmetric counterpart. Consider the change of variable (¢,p) := (¢/\/eT,/eTp): the system
(13) reads

Ve Ve

€ € 1 1 1
(15) Ut+uux+7¢z:07 wt+7ux_*p:07 pt_fpx"i_*d}:()‘
T T T T T

VT VT

We compute the dispersion relation when the system (15) is linearized about a constant state
u = U: we search for solutions in the form (u,,p)(t,z) = e/k@=<(k))t (3 o) p). One finds the
spectral problem:

NG
wo 2L
@ a vT o
Ak, Uer) [ & | =wk) | & |, Ak Uer) = kf o &
A ~ T T
p p i L
0 - _r
T T



The matrix A(k,U, e, 1) is Hermitian: its eigenvalues w;(k),7 = 1,2,3 (we dropped the U, e, 7
dependence in order to simplify notations) are real and the matrix A is diagonalized by a unitary
matrix. The eigenvalues w;(k) are the roots of the polynomial

k 1 k?
P(X) = X3+ < —/-cU) x2 LrUter

T

kU — ek3
U2E _o.

X +

T T

We search w;(k) in the form w;(k) = k¢;(k): one finds that ¢; satisfy the relation
U-c

16 k= = f(e;U,e,7).

(16) (1+7¢)(e +7cU — 7¢2) feUe,7)
It is easily proved that f(c;U,e,7) > 0 for all

c |- _l U g_ U:—l-EUU g_|_ U72+£_|_
T 2 TR 2 TSR
) . .U Uz ¢ ]
We denote ciqy (k) the solution of (16) which lies in 5V + —,U|: for fixed k, it expands
T

as crav(k) = co(k) + O(e) where co(k) = U — ¢k? is the dispersion relation associated to the
linearized KdV equation

(17) ug + U ug + eugyr = 0.
We have plotted the two phase velocities for U = ¢ = 1 and 7 = 0.001 in figure 3. Note that as
U U?
k — 00, ckan(k) — SNV + E, one of the characteristic speed of the hyperbolic part of (13).
T

This behaviour is similar to what is found in mixed Benjamin-Bona-Mahoney (BBM)-Korteweg
de Vries equations.

3.3 Solitary waves

The Korteweg-de Vries equation is known to admit a solitary wave as a solution together with
a family of periodic (cnoidal) waves. In this section, we search for travelling waves solutions of
(13) and see if they are connected to travelling waves of Korteweg-de Vries equation. We search
for travelling waves solutions of (13) with wavespeed s: the system of ODE governing profiles is
given by

(18) (u—s)u' +e' =0, (1+7s)p =7, u —71s¢) =p.
We search for solutions such that

lim (u,%,p)(x) =0.

|z| =00

By integrating the first equation of (18) with these boundary conditions, one obtains
, u? T , u?

(19) e(1+7s)p =su— &, (1+gs(u—s))u =p, mp:su—?.

Setting 7 = 0 into (19) yields the standard profile equation for KdV profiles. System (19) admits

a conserved quantity & -(u,p) along the trajectories in the form

u? u? st <u4 sud  s2u? ) p?

(20) Eer(u,p) = 5 59 + .
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Figure 3: Dispersion relation co(k) = U —¢ek? for linearized KAV equation (17) and its hyperbolic
counterpart cpq, (k) associated to the system (13). The relaxation parameter is set to 7 = 0.001
whereas U = & = 1. The dispersion relaxtion cgg, (k) remains bounded whereas limy_,o, co(k) =
—00.

One has

85&,7’_ U2 TS

Then, the point (0, 0) is a local maximum of £ » whereas (2s,0) and (s—=,0) are local minimum.
It is easily seen that (0,0) is a saddle point whereas (2s,0) is a center. By drawing the level
curves of & ; (see figure 4), one easily deduces the existence of a solitary wave asymptotic to
the saddle point (0,0) and a family of periodic waves limited by this solitary wave and which
emerges from the center point (2s,0).

0.5;\\\ T /:':‘;T‘\‘\\“

N AN
0.0 ) -(<\/ /’ '(\:) ))\%U
N ==/

Figure 4: The phase portrait for the system (19). The relaxation parameter is set to 7 = 0.001
whereas a dispersion parameter is chosed € = 0.75 and the velocity of the solitary wave is s = 0.5.
The homoclinic orbit in the phase plane starting and ending in (0,0) saddle point corresponds
to a solitary traveling wave solution.
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3.4 Riemann invariants and conservation laws

The system (13) is hyperbolic, symmetrizable and admits a full system of Riemann invariants
which could be used to design transparent boundary conditions. Indeed, consider a vector form

of (13):

(21) U, +AU,=F, U= (up ),
with

U 0 e

1 T

(22) A=| 0 —— 0| F:<0,—¢,p)

1 T T

0 0

-

The eigenvalues \ are :

u 9
23 A(u) == 4+1/—+ 2, Ag=—-.

Hence, the system is strictly hyperbolic for small €. The Riemann invariants are given by :

U In (A
(24) w+/ £(s)ds =+ 5 Eas £ (T+)
It is also easily seen that this system admits the energy conservation law :
u? P2 i W e ep
25 = R -~ 4= -0
(25) (2 te +62>t+(37+7¢u 27)

3.5 Numerical simulation

In this section, we show the ability of the model to reproduce solutions of the Korteweg-de Vries
equations. We focus on the collision of two solitons on the one hand and on the formation of
a dispersive schock wave on the other hand. We first introduce a numerical scheme to carry
out simulations of (13). It is well known that a time explicit scheme of dispersive equations
can introduce strong limitation on the time step through restrictive CFL conditions. A similar
problem occurs for (13): an explicit in time discretization of this system introduces a CFL
restriction on the stability of the numerical scheme in the form
ot 1

(26) CFL := o < Cmax(|A+(u)l, [ Nol)

where C'is a numerical constant depending on the numerical scheme. This, in particular, imposes
CFL = O(y/7) with 7 < 1. In order to avoid such an issue, we will adopt a splitting in time
strategy with a hyperbolic part which consists in solving the Burgers equation

O+ udzu =0
on the one hand and in solving the linear hyperbolic/dispersive system on the other:
Pz — ¢ Uy — P

T

(27) Ut + El/lx = 0, Pt — =0.

:07 th—{—
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In this paper, we will use a Strang splitting in time strategy. Denote U = (u, p,): the splitting
method reads

U(l) = HBurgers <Un7 5;) ) U(2) = HAiry (U(l)a 5t> )
(28> Un+1 — HBu'rgers <U(2)> 6;) 5
where both Hpyrgers and Hagy are of second order accuracy in time and space. In order to
remove restrictive CFL conditions, we will use a Crank-Nicolson scheme for the linear hyper-
bolic/dispersive system together with centered finite differences scheme for the spatial discretiza-
tion. We discretize the Burgers equation with a Runge Kutta scheme for the time discretization
and Rusanov numerical fluxes with second order in space MUSCL reconstruction: this discretiza-
tion introduce a classical hyperbolic CFL condition.

In order to validate our numerical approach, we have chosen a classical benchmark for the
model and its numerical counterpart which is the propagation and the interaction of Korteweg-de
Vries solitary waves.

Figure 5: Interaction of Korteweg-de Vries solitary waves with the model (13)

For that purpose, we have chosen the following set of parameters: we considered a relaxation
parameter 7 = 0.001. The initial condition is a superposition of two solitary waves given by

1 2 1
u(0, z) = =sech? <x +€ 7> + gsech2 <$;€ 0) .

The initial data for p,v are given by p(0,x) = uz(0,z) and ¥(0,x) = uz,(0,z). The associated
solitons are solutions of the Korteweg-de Vries equation:

Ut + Uy + EUgpe = 0.

Here we have chosed a dispersion parameter € = 0.75 and the velocity of the second soliton is
¢ = 0.5. The numerical parameters of simulation are

CFL=0.2, d0x=0.1, t=CFLodx.
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An other test consist in the simulation of a dispersive shock wave. For this test, we have
chosen a step initial data

1
u(z,0) = 3 (1 —tanh(x +10)), Va € [-30,30].

According to the theory developped in [46], after the time T™ of the formation of the inviscid
shock, there is an oscillatory zone expanding between two characteristic speeds x = ¢it and
T = g0t Where ¢y represents the velocity of the solitary wave with endstate u = 0 and ¢; < ¢
represents the speed of planar waves about v = 1. We have implemented Neumann boundary
conditions for this particular case and stopped the numerical simulation before the front of the
shock hit the boundary. The dispersion and relaxation parameters are given by

e=035 T1=2510"%,
whereas the numerical parameters are given by dz = 0.05, CFL = 0.05 and dt = CFL x Jzx.

Figure 6: Simulation of a dispersive shock solution of the system (13) with initial step function
of height 1. On the left: representation of u at time ¢ = 5. We observe that the oscillatory part
extends in time along mostly two straight lines. On the right: characteristic curves in the z,¢
plane separating the zone u = 0 (blue) and the zone u = 1 (green).

WWWM,W,vawwmmJWMWW

4 PML strategy for the hyperbolic relaxation of KdV

We now use the first order system introduced in the previous section to design a Perfectly
Matched Layer approach for the Korteweg-de Vries equation. We introduce the PML system for
the first order system and then study the stability of the modified equations. We then carry out
several numerical simulations to illustrate the validity and the limits of this approach.

4.1 A perfectly matched layer formulation

In this section, we consider the perfectly matched layer approach for the linearized hyperbolic
system (13). Applying directly the PML approach, that is a change of variable in the complex
plane, yields the following system

— o
ug +ou+Uug + e, =0, pt-i-Up—prJ"‘;qﬁ:Ov

(29) _
Uy + o) + Yo 7P

g
—;q:o’ qt = D, ¢t:¢
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where ¢ is the dispersion parameter, 7 the relaxation parameter and o the damping parameter
associated to the PML method. An alternative approach would consist in neglecting the source
term when deriving the PML equation. This yields the following PML equations:

Pz — Y

u —_
(30) u+ou+Uuz+e, =0, p+op— - =0, Y +o+ —= P

=0.

Let us now consider the problem of the well posedness and stability of both systems (29)
and (30). Since the effect of applying the PML strategy only introduces zeroth order terms, the
systems (29) and (30) are both strongly well posed. Let us now consider the stability problem.
The system (30) is the simplest one to deal with: it is a straightforward computation to show
that a solution (u,p,®) of (30) satisfies the energy estimate:
<u2 P2 >

2 2
+5+5> +a(ls_+€¢2+6p2)+<UU+€wu—€p> =0.
t T

1
(31) o 2 9 2r T 2T

As a consequence, the system (30) is strongly stable, however recall that it is not an exact PML
system. Let us now consider the system (29). We carry out a stability analysis in the Von
Neumann sense and carry out a Fourier transform in space of (29): setting V= (u, 12;, D, (}5, q),
one obtains

(32) Vi + AV =0,
with
o+ €U €€ 0 0 0
' 1
i o = o -Z
A@©) ' ' '
o L, %
T T T
0 -1 0 0 0
0 0 -1 0 0

Let us now study the eigenvalues of A: the characteristic equation associated to A is given by

a(X):=(c — X +i€U) (TXQ(O' —X)(r(o — X) —i&) + (O‘—X)Q) +
e€2X? (1(o — X) —i€) = 0.

We consider the high frequency limit & — oo: in order to do so, we consider the rescaled
characteristic equation obtained by setting X = £ x: we obtain

2 (% _ o i 7 _ 2 ; 2, _ T2 _ ) —
:c<7'(g x) Z><5+T(§ ac)(g 3:—1—2U))+§ (z 5)(5 x+1U) =0.
Setting £ = 400 in this equation yields
22(i + 1) (e + T2 (x — iU)) = 0.

This equation has three non trivial roots which are nothing but the characteristic speeds of the

original system (13):
. . 1
xo:_ﬁ’ a:i:Z<U:|:\/U2+E>.
T 2 T
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There is an additional root, x = 0, with multiplicity 2: this correspond to a couple of roots of the
original polynom that converge to 0 as £ — oo. In order to compute an asymptotic expansion
as & — oo of these two roots, we rescale = as = y/£2. One then obtains:

U 1
2_ Y o 2
y =_0 +O(£).

U

From this equation, we deduce that y = :l:\/7 o. If eU > 0, the system (29) is not strongly

€

stable. This may generates numerical instabilities: we shall illustrate this fact numerically in
the next section. This is consistent with the fact that the KdV equation and the hyperbolized
version of KdV have similar dispersive properties. However, this later formulation provides a

natural approximate PML strategy if the source terms are neglected.

4.2 Numerical simulation of PML systems for the hyperbolized version of
KdV

We have only carried out numerical simulations in situations where PML are unstable for the
primary system. We have used the splitting in time scheme of the section 3. We have chosen
a reference velocity U = 1 whereas the dispersion parameter is set to ¢ = d x 6z? with d = 5
which corresponds to unstable situations for primary PML equations. We set the space step to
0x = 0.02 and time step 0t = CFLox with CFL = 0.3. The relaxation parameter 7 is set to
7 = 1075, The initial condition is set to ug(r) = exp(—40(x +2)?). The function o associated to
the damping term in the absorbing layer is given by o(z) =5 (max(x —5,0)* + max(5 — , 0)4).
As a result, the PML system (30), although not an exact perfectly matched layer method absorb
outgoing waves without numerical instabilities (see figure 7).

Figure 7: Representation of the function v(t,z) = log(1l + 1000|u(t,x)|) in the (z,t) plane
[—8,8] x [0,10] in the case eU > 0 with U = 1 and & = 5522 (unstable case for the original
PML system for KdV). On the left: partial “stable” PML conditions associated to system (30).
On the right: complete “unstable” PML conditions associated to system (29). At time ¢t ~ 9, a
numerical instability occurs.
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5 Perfectly Matched Layers for BBM- Boussinesq equations

In this section, we apply PML strategy for hyperbolic-dispersive systems which models water
wave propagation. We will consider BBM-Boussinesq type model which are often used to describe
the evolution of shallow water flows:

(1 — b02)0n + dpu + ad3u = 0,

33 Vt,x € O’T X Xy, Xp|.
. (1 — dO*)Oyu + Oy + cO3n = 0, (t,x) € [0,T] x [we, ]

where 7 represents the surface evolution and u the fluid velocity. This system was introduced
by Bona, Chen and Saut in [11] to describe small amplitude waves on the surface of an inviscid
fluid. A by-product of this analysis is that one may perform KdV type simulation by chosing
proper initial data that creates approximate one-way propagating waves.

We will assume that ¢ < 0,¢ < 0,0 > 0,d > 0. Following the strategy used for the KdV

equation, we introduce, in the hamonic regime d; — —iw, the change of variable z +— (1+%)_18x.
We define auxiliary functions 7; and wu; for ¢ = 1,2 as

77 (1+ ) 1858/'72 1 u’L (1+ ) 18 U’Z 1, Z‘:1727

with (no,up) = (n,u). The PML system then reads:

O(n—bnz) +a(n—bn) + 0.(u+ aug) =0,

(3 Oi(u — dug) + o(u — dug) + 0z (n + cn2) = 0,
O(m — 0zm) + om =0, 92 — Oem) + o2 =0,
Op(uy — Opu) +ouy =0,  O(ug — Opuy) + oug = 0.

The initial conditions are given by

Nilt=0= 02Mi—1t=0, Uilt=0= OzxUi—1|t=0, @ =1,2.

Let us now consider the stability of the system (34): as usual, we search for plane wave
solution with growth (n,u) = e/**=*Y (7 4). The PML system is stable if $(w) < 0 for any
o > 0. The dispersion relation for the system (34) is obtain by performing the change of variable
k+— (1+ 2)~1k in the dispersion relation of the unperturbed equations (33) given by

(1—ak?)(1 - ck?)

(35) Wt =K 1+ bk2) (1 +dk2)

The dispersion relation for the PML equations (34) then reads as
(w+i0)*(w +i0)? + bk*w?) ((w + i0)? + dk*w?)—
(36) k2 ((w +i0)? — ak®w?)(w + i0)? — ck*w?) = 0.

We first consider necessary stability conditions. A classical condition is given by the following
proposition:

Proposition 5.1. Denote vy and vy respectively the group velocity and phase velocity associated
to the system (33). A necessary condition of stability of (34) is vg(k)vg(k) >0 for all k € R.
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Proof. Letting o — 0 in the dispersion relation (36), one finds
W (1 + bEH) (1 + dE*)w? — (1 — ak?)(1 — ck?)) = 0.

Then, there are four roots bifurcating from w = 0 and two roots which correspond to the modes
of the original model.

Note that no instabilities are generated from the four roots w bifurcating from 0 for 0 < o < 1.
We can see this by rescaling w = o). If kK = 0, the only solution is {2 = —i and we have stability.
Now we assume that k& # 0. One finds that ) satisfies

o2+ 0)2(Q+19)2 + bk202) (Q + 1) + dk2Q?)—
(37) K (2 +1)? — ak*Q*) (2 +14)* — ck*Q%) = 0.
For a fixed k # 0 and letting ¢ — 0, one obtains
(2 +0)? = ak®Q*)((2 +1)* — ck?Q?) = 0.
From this equation, we deduce that €2 is given by
04 = B 04 = B
14 iy/|alk?’ 1+ iy/|c|k2

By applying the implicit function theorem, one finds that the four roots w bifurcating from 0

expands as
—i0 —i0

wh = ——— + w§ = ———— +
1 14y/|a]k2 TN

Let us now focus on the two roots bifurcating from the physical modes w{ (k) defined as

O(c?), O(c?).

5 (1—ak®)(1—ck?)
(1+0k2)(1+dk2)’

(Wi (K))? = W (k) = —w? (k) < 0.

A straightforward application of the implicit function theorem yields

2 4 wO 2 1.2 —(a B 9
k-2 K0 ter

+ O(c?).

If (ws(k,0)) <0 then necessarily one has
(3+2(b+ d)k* + bd k) (W (k)% — K*(2 — (a + ¢)k?) > 0.
By substituting the formula for w9, we find that it is equivalent to
1 —2(a+ ¢)k* 4 (3ac — bd — (b + d)(a + ¢))k* 4+ 2(b + d)ack® + abed k* > 0.

From the dispersion relation, one finds that the group velocity v, = Z—‘g and the phase velocity

vy = 7 satisfy the relation

(14 (b + d)k* + bdk vy (k)vg(k) = 1 — 2(a + c)k*+
(3ac — bd — (b+d)(a + ¢))k* +2(b + d)ack® + abed k®.

This concludes the proof of the proposition. O
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This condition is a generic condition of stability of PML equation: it was also found e.g. in [3].
Let us check this condition for some classical examples of BBM-Boussinesq model found in the
literature. For that purpose, we analyse some of the examples treated in [11]. Let us mention,
among others, the following systems that are proved to be well posed:

1. The purely BBM-type Boussinesq system: a =c=0and b =d = %

2. The purely KdV-type Boussinesq system: b=d =0 and a =c = %

3. The classical Boussinesq system: a = b = ¢ = 0 and d = % which is nothing but the

linearized Green-Naghdi equations.

We shall also consider the case a = b = d = 0 and ¢ < 0 which corresponds to linearized
shallow water equations with surface tension. It is easily seen that classical Boussinesq system
(a =b=c=0and d > 0) and shallow water equations with surface tension (¢ = b=d =0
and ¢ < 0) always satisfy the necessary condition vy(k)vg(k) > 0. It is also a straightforward
computation that BBM-type Boussinesq system satisfy the necessary condition of stability of
PML equations provided that 1 — bk? > 0 whereas KdV-type Boussinesq system verify this
necessary condition if (1 — a k?)(1 — 3a k?) > 0.

In what follows, we consider two subcases where we can prove stability.

Proposition 5.2. The PML equations associated to the classical Boussinesq equation (a =b =
¢ =0,d > 0) and the shallow water equations with surface tension (a =b=d = 0,¢c < 0) are
stable.

Proof. Let us first consider the classical Boussinesq system. The dispersion relation associated

with this system reads
(w+i0)? (w+i0)* + dk*w? — k*) = 0.

The roots (w;)i=1,... 4 are given by

_ io + /k2(1 + dk? + 4do?) io — \/k2(1 + dk? + 4do?)
Wi = w2 = e, ws = 1+ dk? P 1+ dk2 '

It is easily seen that I(w;) <0 for all « = 1,2,3,4 and o > 0 which in turn yields stability.

Let us now consider the shallow water equation with surface tension. The dispersion relation
reads

(38) (w+io)* = k*(w +i0)? + || k2w

We know that for 0 < 0 < 1 and fixed k, I(w) < 0. Assume that there exists o > 0 such that
$(w) > 0 then, by continuity of the roots of (38), there exists o > 0 and w € R solution of (38).
Then, one finds that w, o satisfy

wt — 60%w? + ot = k? (W? — o + |e[k*W?) |
wo (2k? — 4(w? — %)) = 0.

If w =0 then ¢ = 0. Then, the former system is equivalent to

wt — 60%w? + ot = k? (w2 — o’ + ]c|k2w2) . 2k% —4(w? - 0?) =0.
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By eliminating ¢ from these equations, one finds that w satisfies

k‘4
4wt — (2K% — |e]kHw? + 70
This equation do not have real solutions thus we get a contradiction: for all ¢ > 0, one has
$(w) < 0 for all w solution of (38). The PML equations for the shallow water equations with
surface tension are then stable. O

Remark 5.3. Note that in these two cases, the PML equations have a simpler form. The PML
equations for the classical Boussinesq system reads

on+on+0,u=0, O(u—dug)+o(u—du)~+ dyn =0,
(39)
Op(uy — Opu) +ou; =0,  O(ug — dpuy) + oug = 0.

whereas the PML system for shallow water equations with surface tension reads

(40) on+on+0,u=0, Ou-+ou+ d(n+cn) =0,
40
Ot(m — Ozu) +om = 0, O(ug — dyur) + oug = 0.

Proposition 5.4. The PML system is stable under the assumption a =d =0 and b > 0,c < 0.
The PML system s also stable in the case b=c=0 and d > 0,a < 0.

Proof. We only consider the first case, the second one being treated by symmetry. Note that in
the case a = d = 0, the PML system reduces to

Ot(n — bmz) + a(n — bnz) + Ozu = 0,
Opu + ou + 0 (n + enz) =0,
O¢(m — 0xn) +om =0, 0Oi(n2 — Ouwm) + om2 = 0.

The dispersion relation reads
(41) (w+i0)? ((w+i0)® + bk*w?) = k* (w + i0)? — ck®w?).

When ¢ = 0, one finds the roots

where w is a double roots. We can prove again that for ¢ > 0 and small enough the imaginary
part of w is strictly negative. Therefore, there remains to prove that (41) has no real roots w.
Assume it is true: then necessarily both w, o satisfy the equations:

(w? — o2

Y(wW?(1 + bk?) — 0%) — 40%w? = k?(w?(1 — ck?) — o),
w?(2 + bk? 2,

) —20% =k

We simplify this set of equations by setting Q = w? and S = 02. We can eliminate € from these
equations and find that S is solution of

(42) (16 + 8bk* + b%k*)S? — 25K ((b + 2¢)k? + bek* — 3) + (1 + 2|c|k? + ble|k*)k* = 0.
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If this equation admits a positive root S then there is a positive solution Q given by

G 12
Q- 25 +k '
2 4 bk?

We compute the reduced discriminant of (42), denote A:
A = —k* (74 k*(14b + 20[c|) + k*(30b|c| — 4c?) + k°(12b%|c| — 4bc®) + b*k®|c| (b — |c])) -

Either b > |c| and A < 0 and (42) has no real roots, or b < |c|: in this case A can change sign.
If it is non negative then (42) admits real roots. A closer look at the coefficients of (42) shows
that the roots have the same sign and that A is always negative. As a conclusion, there are no
real solution of (42) that are positive. This concludes the proof of the proposition: the PML
system is always stable. O

5.1 Numerical results

In this section, we proposed several numerical tests with the model (39) in order to illustrate the
stability of the PMLs constructed above. We focus here on the classical linearized Boussinesq
approximation, meaning that the parameters are fixed as follows: a =b=c=0 and d > 0 (we
have fixed d = 1/3). Using a centered finite differences in space with a Crank Nicolson time
discretization, the numerical scheme reads as follows

n n

7 Vi — Ui
9 J J h?} J J — 0
T Y on ’
2 Wi — i
57 (0 = dvsy) = (uff — dus ;) + o (v +03;) + ==———=— =0,
(43) ) YA — " u” —u”
2 (g, Y Ty (e M T e
5t L 20 L 20 Li—™
2 L e L O s 0o
ot ((UQJ T ase ) T \M T T g5y ) T T 0,

where we use similar notations to the ones already used, namely,

ny 4y

2

n+1 n
no_ Mg TG e 019 with uf s — o and A7 —
Vg = 5 or k=0,1,2 with ug ; = uj and h} =

We consider the spatial domain [—10, 10] and provide different test cases to describe the physics
included in the model. First, we present the case where bidirectional wave propagation is ob-
served. Indeed, the initial condition of the form

n(t =0,z) = exp(—2?), u(t = 0,z) = 0 YV € [-10, 10]

yields bidirectional dispersive propagation of waves. For the PML parameter ¢ we choose the
power function of the following form

o(z) = max(0,z — 6)* + min(0, z + 6)*,

so that the absorbing layers start at © < —6 and x > 6. We fix uniform space step dxz = 0.01,
and the time step is set to 0t = dx, since we are dealing again with a Crank-Nicolson time-
discretization. We used Neumann boundary conditions at the end points. The time domain is
[0, 100].
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Figure 8: Bidirectional dispersive waves propagation with the model (39) in the case a = b =
¢ =0 and d = 1/3 in the (z,t) plane [—10,10] x [0,100]. Representation of the evolution
log(1+ 1000|7n(t,x)|) (on the left) and log(1 + 1000|u(t, z)|) (on the right). The absorbing layers
are located at z < —6 and x > 6. For |z| > 8, the outgoing waves are completely absorbed.

free surface free surface

Figure 9: Unidirectional propagation in the (z,t) plane [—10, 10] x [0, 100]: plots of the function
log(1 + 1000|n(t, x)|) where n(x,t) is the solution to the model (39). On the left: the initial
condition is given by (44). There is a significant left-going wave meaning that this choice of the
initial conditions is not appropriate. Note however that the outgoing waves are absorbed. On
the right: the initial condition is given by (45). This generates a right-going wave, the left-going
part of the solution being negligible, the wave is absorbed in the layer.

We plot the (z,t)-contour plot of the solution in logarithmic scale (namely, we have plotted
the functions log(1 + 1000|n(¢,z)|) and log(1 + 1000|u(t, z)|)) in order to see clearly that there
is no any reflections on the numerical boundaries (see figure 8).

As already mentioned, the dynamics of unidirectional waves is approximated to first order by
the KdV equation. It implies that the assumption of unidirectional propagation of waves allows
to reduce the classical Boussinesq system to the KdV equation. Hence, the second test we focus

22



on is the simulation of unidirectional propagation. This implies a particular choice of the initial
data. First we have tested the initial conditions given as

(44) n(t=0,z) = exp(—2?), u(t=0,z)=n(t=0,z).

In fact, this simple choice for u(t = 0,x) corresponds to the classical linear acoustic system
(which is equivalent to the linear wave equation) and allows to reduce the solution in this case
to the right-going waves only. Of course, this choice is not exact for the Boussinesq equation,
and numerically we observe in figure 9 (on the left) that a significant left-going wave appears
quickly. However, note that the PML absorbing layers are stable as expected.

In order to set an exact initial condition for the Boussinesq system that will generate a right-
going wave, we need to factorize a corresponding differential operator in a similar way as for the
wave equation. This is done with the following condition:

(45) u(t =0,2) = (1 —dd?)~ V2t =0, z).

The Fast Fourier transform and inverse Fast Fourier transform allow to calculate the fractional
derivative. We observe in figure 9 that the more accurate choice (45) of initials conditions gives
a better result and generate a right-going wave that is later damped in the absorbing layer.

6 Conclusion

In this paper, we have studied the stability of classical perfectly matched layer equations for
different types of linear dispersive wave models. First, we applied the PML strategy to the
linearized Korteweg-de Vries equation, and showed analytically and numerically that this ap-
proach is not always stable. The main issue is, as it is now classical in PML literature, that
the group velocity vy (k) and phase velocity v4(k) may have not the same sign depending on the
wave number k. We have introduced a hyperbolic system with a source term which formally
approximates the Korteweg-de Vries equation and have shown its ability to mimic most of the
classical properties of the Korteweg-de Vries equation (dispersion relation, existence of solitons
and periodic waves). As one of the characteristic velocities of the extended system shares the
dispersive property of the original equation, the full PML system may not be always stable and
we have illustrated some cases of instability. Note, however, that if we choose to discard the
source terms in the derivation of PML equations, one obtains approximate PML equations that
are always stable. Finally, we have considered a class of more realistic water wave models, namely
mixed BBM-Boussinesq system that describes the evolution of a shallow layer of inviscid fluid.
In this last case, the dispersive properties of a subclass of these models including Boussinesq
equation and shallow water equation with surface tension ensure that the necessary condition
of stability vy (k)vg(k) > 0 is always satisfied. Moreover, we prove a complete stability for the
associated PML equations and illustrate numerically that the PML technique works in this case.

In any case, this does not cure the problem of instabilities when the common necessary
stability condition of PML is violated and an alternative approach to truncate the computational
domain should be proposed. There exist several stabilisation techniques for some models with
backward propagating modes (see, for example, 2| for hyperbolic systems, [17]| for advected
acoustics, [15] for anisotropic acoustics, [40] for linear Euler equations). In the context of the
various hyperbolic-dispersive models found in the literature, other strategies are possible, like
transparent boundary conditions: see e.g. [41] for linearized Green-Naghdi equations and [56]
for its application to domain decomposition for water wave propagation. However this kind of
technique is hard to extend to a two dimensional problem (see [8] for the 2d linear transport
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equation). Another interesting approach consists in imitating the shallow water equations with
nonlocal flux: see [44] in the case of a Boussinesq system where the problem of generating a
wave in the computational domain is treated. Concerning the PML techniques, it would be of
great interest to complete the analysis and test the methodology both in the case of nonlinear
equations and in order to tackle wave generation in the computational domain. We shall also
consider the extension to 2d problems: for this latter problem, it is of particular importance to
have systems that have dispersion properties adapted to the PML techniques, in particular to a
2d version of the necessary condition v, (k)vg(k) > 0.

7 Appendix

Consider the following system of equations :

Pz — Y

(46) g i =0, pp— =0, =P

=0.

Formally, in the limit € — 0 we recover the KdV equation. Let us introduce potentials ¢, v and
X such that

(47) U=Qr, P=Xar U =a

and the Lagrangian

3 2
(48) LZ—SOtQ%—%—w%—swgﬂ”—EXt2X$+%+X%C-

Proposition 7.1. The system (46) is the Euler-Lagrange equations for the Lagrangian (48).

Proof. Indeed, the Euler-Lagrange equation for ¢

0 (0L 0 (0L
4 - —_ R — =
(49) ot (8%) O (0%) ’
gives us

The Euler-Lagrange equation for y

0 (0L 0 (0L oL
oy o) () * oy =0
gives
(52) EXtr — Xzx + Yz = 0.

The Euler-Lagrange equation for ~y

9 5 () (5) -

gives

(54) &Ytz + Pz — Xe = 0.

This is exactly the system (46) written in terms of potentials. O
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Thus, the relaxation system (46) conserves the variational structure of the KdV equation
which turns out to be important for good approximation properties with respect to the original
equations. Such a method of extended Lagrangian transforming a dispersive system admitting
a variational formulation into the hyperbolic system was successfully used for the Serre-Green-
Naghdi equations [12, 27|, NLS equation and Euler-Korteweg equations [16], and BBM equation
[34]. The method of extended Lagranian was, in particular, justified in [19] for the Serre-Green-
Naghdi equations.

The system (46) does not inherit the Galilean invariance of the KdV equation. However, this
property is not relevant from the numerical point of view when the computations are performed
for fixed meshes.

8 Declarations

On behalf of all authors, the corresponding author states that there is no conflict of interest. All
data generated and analysed during this study are included in this published article.

References

[1] Abarbanel, S., Gottlieb, D., Hesthaven, J.S., Well-posed perfectly matched layers for
advective acoustics, J. Comp Phys 154 (1999) 266-283.

ppelo, D., Hagstrom, T'.; Kreiss, G., Perfectly matched layers for hyperbolic systems:

2| Appels, D., H T., Kreiss, G., P l hed [ h boli
general formulation, wellposedness, and stability, STAM J. Appl.Math. 67 (2006) no.
1, 1-23.

[3] Bécache, E. , Fauqueux, S., Joly, P., Stability of Perfectly Matched Layers, Group
Velocities and Anisotropic Waves, J. Comp Phys 188 (2003) no. 2, 399-433.

[4] Bécache, E., Joly, P., and Vinoles, V.. On the analysis of perfectly matched layers for a
class of dispersive media and application to negative index metamaterials. Mathematics
of Computation (2018).

[5] Benzoni-Gavage, S., Noble, P. & Rodrigues, L. M. Slow modulations of periodic waves
in Hamiltonian PDFEs, with applications to capillary fluids, J. Nonlinear Science 24
(2014) no. 4, 711-768.

[6] Berdichevskii, V. L. Variational Principles of Continuum Mechanics, Springer Verlag,
(2009).

[7] Bérenger, J.-P. A perfectly matched layer for the absorption of electromagnetic waves,
J. Comp. Phys. 114 (1994) no. 2, 185-200.

[8] Besse, C., Coulombel, J.-F., Noble, P., Discrete transparent boundary conditions for
the two dimensional leap-frog scheme, ESAIM: Mathematical Modeling and Numerical
Analysis 55 (2021), S535-S571.

[9] Besse, C., Ehrhardt, M. & Lacroix-Violet 1. Discrete Artificial Boundary Conditions
for the Korteweg-de Vries Equation, Numer. Meth. for PDEs 33 (2016) no. 5, 1455—
1484.

25



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

Besse, C., Mésognon-Giraut, B. & Noble, P. Artificial boundary conditions for the
linearized Benjamin-Bona-Mahony equation, Numerische Mathematik 139 (2018) no.
2, 281-314.

Bona J.L., Chen M. and Saut J.-C. Boussinesq equations and other systems for small-
amplitude long waves in nonlinear dispersive media: I. Derivation and linear theory,
J. Nonlinear Sci 12 (2002) 283-318.

Busto S., Dumbser M., Escalante C., Favrie N. and Gavrilyuk S. On high order ADER
discontinuous Galerkin schemes for first order hyperbolic reformulations of nonlinear
dispersive systems, J. Sci. Comput, 87 (2021) 1-47.

Cattaneo, C. Sur une forme d’équation de la chaleur éliminant le paradoze d’une
propagation instantanée, Comptes Rendus de I’Académie des Sciences 247 (1958) 431—
433.

Davis, S. F. Simplified second-order Godunov-type methods, STAM Journal on Scientific
and Statistical Computing 9 (1988) no. 3, 445-473.

Demaldent, E., Imperiale, S. Perfectly matched transmission problem with absorbing
layers : application to anisotropic acoustics in convex polygonal domains, International
Journal for Numerical Methods in Engineering 96 (2013), no. 11, 689-711.

Dhaouadi, F., Favrie, N. and Gavrilyuk, N., Eztended Lagrangian approach for the
defocusing nonlinear Schriodinger equation, Studies in Applied Mathematics 142 (3),
336-358.

Diaz, J., Joly, P. A time domain analysis of PML models in acoustics, Computer
Methods in Applied Mechanics and Engineering 195 (2006) no. 29-32, 3820-3853.

Dgaygui, K., Joly, P., Absorbing Boundary Conditions for Linear Gravity Waves,
SIAM Journal on Applied Mathematics 54 (1994) no. 1, 93-131.

Duchene, V., Rigorous justification of the Favrie-Gavrilyuk approzimation to the
Serre-Green-Naghdi model, Nonlinearity 32 (2019) no. 10, 3772.

Dumbser, M., Peshkov, 1., Romenski, E. & Zanotti, O., High order ADER schemes
for a unified first order hyperbolic formulation of continuum mechanics : viscous heat
- conducting fluids and elastic solids, J. Comp. Phys. 314 (2016) 824-862.

El, G. A. & Hoefer, M., Dispersive shock waves and modulation theory, Physica D 333
(2016) 11-65.

Engquist, B., Majda, A., Absorbing boundary conditions for the numerical simulation
of waves, Math. Comp. 31 (1977) 629-651.

Eringen, A. C., Microcontinuum Field Theories, I: Foundation and Solids, Springer
Verlag, (1999).

Escalante, C., Dumbser, M., Castro, M.J., An efficient hyperbolic relaxzation system for
dispersive non-hydrostatic water waves and its solution with high order discontinuous
Galerkin schemes, J. Comp. Phys. 394 (2019) 385-416.

26



[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Farzanian, M., Arbabi, F., A PML Solution for vibration of infinite beams on elastic
supports under seismic loads, JSEE 16 (2014) no.1.

Favre, H., Ondes de translation dans les canaur découverts, Dunod (Paris), (1935).

Favrie, N., Gavrilyuk, S., A rapid numerical method for solving Serre-Green-Naghdi
equations describing long free surface gravity waves, Nonlinearity 30 (2017) no. 7,
2718-2736.

Forest, S., Micromorphic approach for gradient elasticity, viscoplasticity and damage,
J. Engineering Mechanics 135 (2009) no. 3, 117-131.

Forest, S., Nonlinear regularisation operators as derived from the micromorphic ap-
proach to gradient elasticity, viscoplasticity and damage, Proc. Royal Soc. A 472
(2016) 20150755.

Gavrilyuk S.L., Large amplitude oscillations and their "thermodynamics” for continua
with "memory", European J. Mechanics, B/Fluids 13 (1994) no. 6, 753-764.

Gavrilyuk, S.L., Multiphase Flow Modeling via Hamilton’s principle. In the book :
Variational Models and Methods in Solid and Fluid Mechanics, CISM Courses and
Lectures, v. 535 (Eds. F. dell’Isola and S. Gavrilyuk), Springer, (2011).

Gavrilyuk, S. L., Liapidevskii, V. Yu. & Chesnokov, A. A., Spilling breakers in shallow
water : applications to Favre waves and to the shoaling and the breaking of the solitary
wave, J. Fluid. Mech. 808 (2016) 441-468.

Gavrilyuk, S. L. & Teshukov, V. M., Generalized vorticity for bubbly liquid and disper-
siwe shallow water equations, Continuum Mechanics and Thermodynamics 13 (2001)
365—382.

Gavrilyuk, S. and Shyue, K. M. Hyperbolic approzimation of the BBM equation, Non-
linearity 35 (2022) no. 3, 1447.

Green, A. E., Laws, N. & Naghdi, P. M., On the theory of water waves, Proc. R. Soc.
Lond. A, 338 (1974) 43-55.

Green, A. E. & Naghdi, P. M., A derivation of equations for wave propagation in water
of variable depth, J. Fluid. Mechanics, 78 (1976) 237-246.

Hagstrom, T., Radiation boundary conditions for the numerical simulations of waves,
Acta Numerica 8 (1999) 47-106.

Hedstrom, G. W., (1979) Nonreflecting Boundary Conditions for Nonlinear Hyperbolic
Systems, J. Comp. Phys, 30 (1979) 222-237.

Higdon, R. L., Absorbing Boundary Conditions for Difference Approzimations to the
Muti-Dimensional Wave Equation, Math of Comp 47 (1986) no. 176 , 437-459.

Hu, F.Q., A Stable, Perfectly Matched Layer for Linearized Fuler Equations in Unsplit
Physical Variables, J. Comp. Phys 173 (2001), no. 2, 455-480.

Kazakova, M., Noble, P., Discrete Transparent Boundary Conditions for the Linearized
Green-Naghdi System of Equations, STAM Journal on Numerical Analysis 58 (2020)
no. 1, 657-683.

27



[42]

[43]

[44]

[45]

|46]

[47]

48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

Lannes, D., Modeling shallow water waves, Nonlinearity 33 (2020) no. 5, R1.

Lannes, D. & Marche, F. A new class of fully nonlinear and weakly dispersive Green-
Naghdi models for efficient 2D simulations, J. Comp. Phys., 282 (2015) 238-268.

Lannes, D. & Weynans, L. Generating boundary conditions for a Boussinesq system,
Nonlinearity, 33 (2020) no. 12, 6868.

Le Métayer, O., Gavrilyuk, S. & Hank, S., A numerical scheme for the Green-Naghd:i
model. J. Comp. Phys. 229 (2010) no. 6, 2034-2045.

Lax, P.D. & Levermore, D. The zero dispersion limit for the Korteweg-de Vries KdV
equation, Proc. Natl. Acad. Sci 76 (1979) no. 8, 3602-2606.

LeVeque, R. J., Finite volume methods for hyperbolic problems 31 Cambridge univer-
sity press (2002).

Liapidevskii, V. Y., Gavrilova, K. N., Dispersion and blockage effects in the flow over
a sill. Journal of applied mechanics and technical physics 49 (2008) no. 1, 34-45.

Montecinos, G. 1., Lopez-Rios, J. C., Lecaros, R., Ortega, J. H. & Toro, E. F., An
ADER-type scheme for a class of equations arising from the water-wave theory, Com-
puters and Fluids 132 (2016) 76-93.

Neff, P., Ghiba, I. D., Madeo, A., Placidi, L., and Rosi, G., A unifying perspective: the
relaxed linear micromorphic continuum, Continuum Mechanics and Thermodynamics
26 (2014) no. 5, 639-681.

Peshkov, I. & Romenski, E., A hyperbolic model for viscous Newtonian flows. Contin-
uum Mech. Thermodyn. 28 (2016) 85-104, DOI 10.1007/s00161-014-0401-6.

Richard, G.L., An extension of the Boussinesq-type models to weakly compressible
flows, European Journal of Mechanics-B/Fluids 89 (2021) 217-240.

Salmon, R., Lectures on Geophysical Fluid Mechanics, Oxford University Press (1998).

Serre, F., Contribution o [’étude des écoulements permanents et variables dans les
canauz, La Houille blanche, 8 (1953) 830-872.

Su, C. H. & Gardner, C. S., Korteweg - de Vries Equation and Generalisations.
III. Derivation of the Korteweg - de Vries Equation and Burgers Equation, J. Math.
Physics, 10 (1969) 536-539.

Steinstraesser, J. G. C. & Kemlin, G. & Rousseau, A. A domain decomposition method
for linearized Boussinesq-type equations, Journal of Mathematical Study, 52 (2019)
no. 3, 320-340.

Toro, E. F., Riemann solvers and numerical methods for fluid dynamics: a practical
introduction, Springer Science and Business Media (2013).

Treske, A., Undular bores (Favre-waves) in open channels-experimental studies, Jour-
nal of Hydraulic Research 32 (1994) no. 3, 355-370.

Whitham, G. B., Linear and Nonlinear Waves, John Wiley & Sons (1974).

28



[60] C. Zheng, X. Wen, H. Han Numerical solution to a linearized KdV equation on un-
bounded domain, Numerical Methods for Partial Differential Equations 24 (2008) no.
2, 383-399.

29



