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Abstract

Local and non-local solitary waves of Boussinesq equations are considered. Accord-
ing to the classical weakly nonlinear theory of water waves, an illposed Boussinesq
equation governs the propagation of long waves to leading order approximation and
admits localized solitary wave solutions. The severe short wave instability of this equa-
tion casts real utility of this model. Necessity of smart filtering techniques is exempli-
fied. Using dispersive regularization, it is shown numerically and theoretically that the
regularized equation admits non-local solitary wave solutions with oscillating tails at
infinity. Computational aspects of solving these equations and their implications are

also considered.

1 Introduction
The Boussinesq equation
Uy = Ugg + (uz)mc + Ugrrx, (1)

describes propagation of small amplitude long waves in both the positive and the negative
z-directions in the weakly nonlinear long wave approximation of full water wave equations
[7]. This equation arises in many physical systems including shallow water under gravity [10]

and one dimensional nonlinear lattices [11]. This equation admits solitary wave solutions
(1) = A sech? { A/6(z — ct)} , (2)
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where A is the amplitude of the solitary wave, and ¢ = F,/1 +2A/3 is the speed of the
solitary wave. Such locally confined waves of permanent form indeed have been shown to
exist by both rigorous analysis [1] and numerical simulations [2, 8] of full nonlinear water
wave equations. These features of equation (1) are quite reminiscent of the properties of the
Korteweg-de Vries (KdV) equation

Up + Uy + Upgr = 07 (3>

except that the KAV equation allows only one-directional wave propagation.
The Boussinesq equation (1) has pathological behavior in the sense that its linearized
version about a constant state u. has decaying as well as growing normal mode solutions

ot+ikz

periodic in x with wavelength A, of the form e where k = 27” The linearized dispersion

relation for this equation is given by

Ox = :Fk\/ k? — p/(uc)7 (4>

where p(u) = u + u?. The equilibrium states in the elliptic region (i.e. p’(u.) = 1 + 2u. < 0)
are unstable to all modes and the states in the hyperbolic region are unstable to modes
|k| > 1/p'(u.). We are interested in the hyperbolic regime only. It is worthwhile to point
out that numerical as well as theoretical issues in the supercritical, critical and subcritical
regimes could be very different.

According to the dispersion relation (4), short-wave instability is given by
o~k as k— oo. (5)

This catastrophic instability of equation (1) is non-physical and is a consequence of break-
down of the model at short wavelength.

This equation is usually regularized as follows
Ugp = Ugg + (u2)x:c + Ugptt- (6)

Our modification of choice in this paper is different from this standard regularization. We

regularize the illposed equation via singular perturbation as follows.
Ut = (p(u>>mm + Upgaa + 5Ugcgcgcgcgcgc, o> 0. (7)

The sixth order derivative term in equation (7) provides dispersive regularization and is not

an ad-hoc regularization term (see [5] for more details). This regularized equation (7) has



ot+ikz

decaying as well as growing normal modes, ¢ , with the linearized dispersion relation

about the constant state, u., given by

o5 = Fhy/k? — p/(u;) — 0k, &> 0. (8)
It clearly shows the absence of short wave instability for fixed o > 0 and in fact, all modes

k> (1+4/1—4p'0)/20; 4p'(u.)d <1 9)

are neutrally stable.

This short paper summarizes some key findings on these Boussinesq equations and also
points out some links and analogies of the present work to modeling more complex systems.
The presentation of numerical results has been kept to a bare minimum due to page limita-
tion. Somewhat more elaborate and thorough numerical study of this problem with many
numerical results can be found in Daripa and Hua [3] and in Daripa [4]. Theroretical results
can be found in [5] and [6].

2 Numerical Method

Equations (1) and (7) are solved numerically in a finite domain, a <z < b, for t > 0 using a
finite difference method with uniform grid spacings h in x and 7 in ¢ for various choices of ¢
and subject to initial data u®(z,0), uf(x,0) and boundary conditions u®(a,t), u®(b,t) where
u®(z,t) is given by (2). The amplitude of the solitary wave is taken to be A = 0.5. The
boundaries are carefully chosen so that they are far away from the support of the solitary
wave for the duration of the computation. The details of this numerical method are described

in Daripa and Hua [3] and in Daripa [4].

3 Numerical Results

Many numerical results on this problem can be found in [3]. Here we briefly present some
key results. For § = 0 (illposed Boussinesq equation), instability is so violent that fine scale
motions which initially appear are rapidly amplified making the calculations completely
meaningless within a very short time. Use of larger mesh sizes inhibits active participation
of the very high wavenumber modes but the effect of large truncation error in this case
quickly deteriorates the accuracy of the numerical solutions. High precision calculations

allow accurate computations for little longer but discretization error in the high wavenumber



modes gets amplified and destroys the calculations. For better results, we needed to use
smart filtering techniques (see Daripa [4] for details) in Fourier space to smooth the fine

scale oscillations.
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Figure 3.1: Comparison of numerical and exact solutions of equation 1 at the time level
t = 1.7. The calculations were done in (a) double precision (15 digit arithmetics);
(b) single precision (7 digit arithmetics) with filter ®; at filter level 5. All the

computations use h = 0.5, 7 = 0.01.

Figure 3.1(a) shows the numerical solution at ¢ = 1.7 obtained in double precision calcu-
lations with no filter in use. A comparison of this numerical solution with the exact solution
in this figure clearly shows spurious small scale ripples which are rather severe. Figure 3.1(b)
shows the numerical solution at the same time level obtained using smart filtering in single
precision calculation. The filter that has been used for this purpose is twice continuously dif-
ferentiable, denoted by ®3, and construction and usefulness of this filter have been discussed
in detail in [4]. Continuation of the numerical solution shown in figure 3.1(b) for longer time
breaks down soon after t = 4 due to development of small oscillations.

Numerical experiments with equation (7) for various choices of 4 have been computed



and compared with the exact solitary wave solution (2) of the illposed Boussinesq equation
(6 = 0 case) in order to test the effectiveness of the regularization technique as well as to
investigate the structural stability of the solitary wave (2) under dispersive perturbation of
the illposed Boussinesq equation. Numerical results for various choices of § < 1.0 can be
found in Daripa and Hua [3]. Numerical results are not shown here due to page limitation.

Two observations were made. First, numerical solutions for positive values of § are good
approximations to the exact solutions of the illposed equation (1) in the core of the wave.
Secondly, oscillations of small amplitude appear at the tail ends of the solitary wave and
this amplitude depends on the value of . Extensive numerical experiments led us to believe
that oscillations far away from the core are not results of numerical artifacts but are rather

due to singular perturbation of the illposed Boussinesq equation (1).

4 Theoretical Results

Motivated by the numerical results, we proved theoretically that the solitary waves (2) of
equation (1) are structurally unstable under the singular perturbation of the dispersive type
used in (7). In particular, we show in [5] the existence of non-local solitary waves for the
regularized equation. An estimate of the size of these amplitudes which depends on the
parameter § can be found in [5]. Issue of singularity formation subject to small data with

small Fourier support for the illposed Boussinesq equation has also been addressed in [6].

5 Discussion and Concluding Remarks

Here we have addressed the issue of regularization of illposed Boussinesq equation by singular
(dispersive) perturbation as well as by smart filtering in Fourier space. We have also provided
numerical and theoretical evidence of the existence of non-local solitary wave solutions (with
dispersive (capillary) ripples at infinity) of the regularized Boussinesq equation. Issue of
singularity formation in the illposed Boussinesq equation is also addressed.

It is also worthwhile to point out some links and analogies of the filtering and regu-
larization techniques to subgrid scale turbulence modeling [9]. In subgrid scale modeling,
equations of fluid dynamics (Navier-Stokes equations) are rewritten in spectral space mak-
ing explicit distinction between explicit and subgrid scales. Evolution equations of these two
scales are separated with spectral/eddy viscosity appearing only in the equation for subgrid

scales. Similarly, in filtering and regularization techniques the modes are separated into two



parts in spectral space: subcritical (k < k.) and supercritical (k > k.) modes, where the

critical mode k. is carefully selected based on machine precision and grid size (see [3],[4]).
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