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Preface

Waves are ubiquitous in nature. We are all familiar with water waves,
sound waves, electromagnetic and seismic waves. It is fair to say that every
area of science and technology has sources of problems involving some type
of wave motion. As a result, a large arsenal of analytical techniques has been
developed to describe and analyze linear and nonlinear wave phenomena. And,
of course, the numerical simulation of wave motion, mainly the numerical
solution of the partial differential equations of wave theory, has been at the
center of attention of computational scientists since the advent of the modern
computer era.

The aim of the volume at hand is to present some modern, effective com-
putational methods used to describe wave propagation phenomena in selected
areas of current interest in physics and technology. One cannot hope to be
comprehensive in such an effort. It was the editors’ choice to concentrate in
four areas, which are, inevitably, close to their interests and expertise:

I. Nonlinear dispersive waves.

II. The Helmholtz equation and its paraxial approximations in underwater
acoustics.

III. Numerical methods in elastic wave propagation.
IV. Waves in compressible flows.

Each part consists of chapters (or articles) on specific topics, written by in-
ternationally known experts. Part I begins with two articles on the simulation
of nonlinear dispersive waves from nonlinear optics. In Chapter 1, X.-P.Wang
reviews the dynamic rescaling technique and the iterative grid redistribution
method for approximating singular (blow-up) and near-singular solutions of
the Nonlinear Schrodinger equation. In Chapter 2, G.Fibich and S.Tsynkov
consider the Nonlinear Helmholtz equation describing time-harmonic electro-
magnetic waves in Kerr media. They pose boundary-value problems for this
type of equation with nonlocal artificial boundary conditions at the near-
and far-boundaries of the half-space in the direction of which propagation
of the wave mainly takes place, and radiation conditions on the transverse
boundaries, and they solve them numerically by high-order finite difference
methods. In Chapter 3, V. A. Dougalis and D. E. Mitsotakis, after reviewing
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the derivation and the well-posedness theory of a class of Boussinesq type sys-
tems that approximate the Euler equations of water wave theory and describe
two-way propagation of long waves of small amplitude, they investigate by
analytical and numerical means (using fully discrete Galerkin-finite element
methods) solitary waves of these systems and their role in the evolution of
general solutions.

Part II consists of four chapters on computational techniques for mathe-
matical models of underwater sound propagation and scattering. In Chapter
4, D. A. Mitsoudis, N. A. Kampanis and V. A. Dougalis present a finite ele-
ment method for the (linear) Helmholtz equation in a general fluid waveguide
with range-dependent layer topography and concentrate on the implementa-
tion and the coupling of the finite element method with DtN type nonlocal
boundary conditions at the inflow and outflow boundaries of the waveguide.
The next three chapters concern various issues related to paraxial (‘parabolic’)
approximations to the Helmholtz equation, that have been successfully used
to model long-range propagation of sound in the sea. First, D. J. Thom-
son and G. H. Brooke in Chapter 5 present an overview of Parabolic Equa-
tion (PE) techniques in underwater acoustics, including an introduction to
PE-based matched field processing techniques for source localization and for
decomposing the acoustic field into its modal components. In the following
Chapter 6, V. A. Dougalis, N. A. Kampanis, F. Sturm and G. E. Zouraris
address modelling and numerical issues for the PE and its higher-order wide-
angle analogs in waveguides with range-dependent interfaces and bottoms in
axisymmetric and fully 3D environments, when range-dependent changes of
variable are used to make the layers horizontal. Finally, in Chapter 7, G. H.
Brooke, D. J. Thomson and the late T. W. Dawson, after reviewing various
nonlocal boundary conditions that are applied at interfaces between the com-
putational domain and an external half space (transverse to the direction of
propagation) in the case of the PE, they study a particular half space with lin-
ear squared index of refraction and show how to construct nonlocal conditions
for higher-order PE’s as well.

Part III is a comprehensive introduction to modern numerical methods for
time-dependent elastic wave propagation written by P. Joly and his collabora-
tors. It consists of seven chapters. In the first one (Chapter 8) P. Joly provides
a general introduction and an orientation to this part of the book. In Chapter
9 he continues with a presentation of the mathematical model for elastic wave
propagation, i.e. the equations of linear elastodynamics. Chapter 10, also by
P. Joly, is a detailed exposition of full discretizations of the elastodynamics
equations using standard finite element subspaces in space. Chapter 11, by P.
Joly and C. Tsogka, concerns mixed finite element techniques, while Chapter
12, by the same authors, covers fictitious domain (finite element) methods.
In Chapter 13, G. Derveaux, P. Joly and J. Rodriguez analyze space-time
mesh refinement techniques based on the principle of domain decomposition,
while, in Chapter 14, P. Joly and C. Tsogka review the state of the art of two
numerical methods for treating elastic waves in unbounded media, namely



the discretization of local absorbing boundary conditions and the perfectly
matched layer technique.

Part IV, by J. Ekaterinaris, is an overview of high-order, low numerical dif-
fusion numerical methods for complex, compressible flows of aerodynamics. It
consists of five chapters. Chapter 15 is introductory and Chapter 16 contains
the governing equations of such flows. Chapter 17 concerns high-order finite
difference schemes, Chapter 18 ENO and WENO schemes, while Chapter 19
provides an introduction of Discontinuous Galerkin methods for hyperbolic
systems.

The editors would like to express their sincere thanks to the authors of the
various chapters for contributing their work to this volume. They also wish
to express their sincere thanks to their students G. Arabatzis, I. Toulopoulos,
and S. Volanis for their help in the preparation of this volume.

Heraklion, June 2007
N. A. Kampanis
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Chapter 1

Numerical Simulations of Singular
Solutions of the Nonlinear
Schrodinger Equations

Xiao-Ping Wang, The Hong Kong University of Science and Tech-
nology, mawang@ust.hk

1.1 Introduction

The nonlinear Schrédinger equation (NLS) with cubic nonlinearity
i + AP+ |[YPY =0 t>0, (1.1)

$(0,x) = Po(x), x € R?

arises in various physical contest as an amplitude equation for weakly non-
linear waves [23]. For a certain class of initial conditions, namely those for
which the invariant H = fot(|V1M2 — 3|¥[?)dx is negative, NLS has solutions
that become singular in a finite time when the dimension of the space d is
larger than or equal to two [32], [15]. In two space dimensions d = 2, NLS
is also the model equation for the propagation of cw (continuous wave) laser
beams in Kerr media, where 1 is the electric field envelope, t is axial distance
in the direction of beam propagation, and A is the diffraction term. It is
also well known that when the power, or L? norm, of the input beam is suffi-
ciently high, solutions of eq. (1.1) can self-focus and become singular in finite
t [8], [29].

Because of the infinitely-large gradients that exist at the singularity, stan-
dard numerical methods break down after the solution undergoes moderate
focusing. In this chapter, we review two methods which are effective for han-
dling such singular solutions, namely, the dynamic rescaling method and the
iterative grid redistribution method (IGR). The dynamical rescaling method
was developed by McLaughlin, Papanicolaou, Sulem and Sulem [20] as part
of the research effort during the eighties to find the blowup rate of the NLS,
and was extended to NLS with non-isotropic initial conditions in [17], [25].
This method exploits the known self-similar structure of the collapsing part
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of the solution near the singularity, which relates the shrinking transverse
width of the solution to the increase in its norm. Therefore, the solution is
computed on a fixed computational grid, which in physical space corresponds
to a grid that shrinks uniformly toward the singularity. The focusing rate
of the grid points is determined dynamically from some norm of the solution
([ |V|¥|? dzdy, max, , |¢|, etc). Because the focusing rate of the grid points
can be chosen to be the same as the physical focusing rate, in the transformed
variables the solution remains smooth and can thus be solved using ‘standard’
methods. The method of dynamic rescaling works extremely well for solutions
of the NLS with radially-symmetric initial conditions, in which case focusing
by 10'° or more can be easily realized.

Although the method of dynamic rescaling has been extended to NLS with
non-isotropic initial conditions [17] and to perturbed NLS (e.g., NLS with nor-
mal time dispersion [10]), in such cases dynamic rescaling is considerably less
efficient, because the solution does not focus uniformly and/or it is not clear
how to extract the physical focusing rate from the solution. The iterative grid
redistribution (IGR) method, developed by Ren and Wang [28], overcomes
these difficulties by allowing the grid points to move independently (rather
then uniformly) according to a general variational minimization principle and
a grid iteration procedure which controls the grid density near the region of
large solution variations. This method has been shown to be highly effective
for solving solutions of PDEs with rather general singular structures, such as
the NLS and the Keller-Segal equations with multiple blowup points.

1.2 Dynamic Rescaling Method
1.2.1 Radially Symmetric Case

The dynamic rescaling method is motivated by the scaling invariant of the
solution of (1.1), i.e.,

Yz, t) — A M(z /N t/N?) (1.2)

where )\ is a constant. To introduce the method, we consider radially sym-
metric solutions of the NLS. By analogy to A in (1.2), let L(¢) be a positive
function that will be defined later and

=110, 7= [ prmds wen)-Lven  (3)

One finds easily that u(¢, 7) satisfies the equation

d—1
iur + uge + TUE + |ul?u + ia(éu)e = 0 (1.4)
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where a = L% = %%. In order to solve (1.4) numerically, we shall choose
L(t) such that the solution w of (1.4) is well behaved. There are various
possibility for choosing L(t). One proper choice of L(t) is to ensure that
[|[Vu(-,7)||3 constant in time. That is, ||Vu(-,7)||3 = |[Vuo||3 which implies
that

[[Vuol[3

IV, £)113

|7

L(t) = [
where p = 4 — d. This leads to

Cpf1- ) |ul2P=V Im(uAu*)dé
o J luPrde

With the rescaling (1.3), the NLS has been transformed into equation (1.4)
where a(7) is given by an integral expression. The solution u(&,7) behaves
nicely for all 7. As 7 — oo, t — t* and L(t) — 0. The behavior of a(t) as
7 — oo determines the behavior of L(t) as t — t*. For example, if a(7) — —A
(A >0), then L(t) ~ (2A(t* —t))'/2.

In the supercritical case d = 3, the singular solutions with a single blowup
point can be easily computed numerically by the dynamic rescaling method
[18]. The numerical solution u(&,7) is shown to converges to a steady state
solution ) and a converges to a negative constant which gives a blowup rate
(t* —t)~/2 and a self-similar character of the form;

1 x|

ﬁlogtf—it
V2Kt — t)Q(\/QK(t* - t))e (1:5)

P(x,t) =

where () satisfies the ordinary differential equation

df
Qec + Tng CQIK(EQ) +1QPQ =0 (1.6)

Qe(0) =0, Q(0)real, Q(o0)=0

One also obtains a precise estimates for the constant K =~ 0.9173.

1.2.2 Anisotropic Dynamic Rescaling

We introduce a general change of dependent and independent variables in
the nonlinear Schrodinger equation (1.1) in dimension d. Let D(t) be ad x d
matrix function of time, x¢(¢) a vector function of time and L(t) a nonnegative
scalar function. We consider a change of variables

_ b1
€= D7 (O —x0). 7= [ grsds w(en) = LW (L)

where the matrix D(t) has the form

D(t) = OT (t)A(t) (1.8)
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with O(t) an orthogonal matrix and A(t) a diagonal matrix whose diagonal

elements are \;(i = 1,...,d). We will choose D(t), L(t) and xo(t) so that the

transformed solution u has desirable properties, such as boundedness.
Substituting (1.7) into (1.1) and noting that DT D = A%, the NLS becomes

ifur — L' Lyu+f-Vu] + L*(A™2: VV)u + [ul*u =0 (1.9)
where D J
f=_p1%7¢ p-12X0
dr ¢ dr
and
o ) 1 d
VV = i, =1,..,
(ocoe,
The matrix product : is defined by
d
A:B= Z aijb,;j where A = (a,;j),B = (b”)
i,j=1

Note that we may consider L, D and xq as functions of ¢ or as functions of 7,
because of (1.7). These quantities can be chosen in several ways. One choice
is so that the transformed solution is as close as possible to isotropy. Let p be
a positive integer. We take x( to be the centroid of 2p power of ||, which,
for large 7, is very likely to be the blowup point

i fxi|¢|2pdx
0T g Rrdx

We will use p > 3 in order to ensure accuracy in the numerical computation
of the integrals. To make u as isotropic as possible we choose D(t) so that
the second moment of |u|?P is the identity matrix, that is

J&&ilulrde

(1.10)

or, using (1.7),
DS H =1 (1.12)

where S = (s;;) and

i AN od 2p g
Sij:f(fﬂ w(})(z%dio)lwl X (1.13)

L(t) = /me (1.14)

We also set
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which makes the coefficients of the second order derivative terms in (1.9)
bounded by 1.

Given v, we compute S from (1.13) and (1.10). Since S is symmetric and
positive definite we have the decomposition S = OTA20. If S has distinct
eigenvalues (i.e. 1 is anisotropic) then O is unique.

To see how x¢, D, L vary with time, we take derivatives of (1.10), (11.2),
(1.13) and (11.3) with respect to the scaled time 7 and using (1.1) and (1.7)
we get

dX;

dr = 7AZ‘CL“, (’L = 1, ,d) (115)
and VAL S an/N
Qi) Aj
[ 2 Y e N 1.1
L dr Zl/)\? (1.16)
with 1) o
8ii — &E: P=DIm(L*A2: *d
0, = 20 = §&)e D m WYWdE
[ |ul?rd€
We also deduce that
f=DB¢-208

where B = (b;;) is defined by
bii = ai;
2)2 ., 1.18
bij = /\gfj)\?aij (i #7) (1.18)
and 3 is given by

_ p[&uPP D Im(L2A? : uV V) urdE

B; TTuPrde (1.19)
The rotation O and the centriod xg can be obtained by solving
dXO T
=20 —207TAB (1.20)
dr
d
9 _ _co (1.21)
dr
where oA
9ii = 0; Gij = —o—25ai; (N #N))
J )\12 _ )\]2 J J

We observe that (1.9) and (1.15) are a closed system so that v and \; are
determined by these equations alone without having to compute the rotation
O or the centroid xg. This shows that the translation and rotation are not
fundamental in the singularity formation. It is the local scaling that deter-
mines the collapse of the solution . The secondary quantities x¢ and O can
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be computed from (1.20) and (1.21) once u and A; are obtained by solving
(1.9) and (1.15).

The above approach was used to solve the nonlinear Schrodinger equation
with the initial conditions corresponding to a wavepacket without rotational
symmetry [17]. We found that after an early transient, during which the
anisotropy is significantly amplified, the solution becomes isotropic which
shows that the isotropic singular solutions are dynamically stable with re-
spect to a broad class of anisotropic initial perturbations. The method was
also applied to solve the singular solutions for the Zakharov equations and
the Dave Stewartson equations [24], [26].

1.3 Adaptive Method Based on the Iterative Grid Re-
distribution (IGR)

The dynamic rescaling method described in the previous section works well
for solution with single blowup point and the method relies on the known
self-similar structures of the solution. However, it is in general not applicable
for solutions with more complicated structures such as solutions with multiple
blowup points, or solutions to perturbed NLS (e.g., NLS with normal time
dispersion [10]). More general solution adaptive methods are needed for
computing the singular solutions for NLS. In fact such a method would work
for other type of equations with singular behavior. Various solution-adaptive
methods which eliminates the need to have a priori qualitative estimate of the
solution, have been developed towards the above end, such as local adaptive
mesh refinement [2], adaptive finite elements mesh refinement [21], [22], [1],
adaptive node movement (see, e.g., [3], [16], [6], [19], and references therein), or
methods based on attraction and repulsion pseudoforces between nodes [27].

In order to handle singular problems (in particular blowup solutions) more
effectively, Ren and Wang [28] introduced the iterative grid redistribution
(IGR) method to give an effective control of grid density near the region of
large solution variation. The method has been successfully applied to many
problems with singular behavior [28], [13], [9]. The method consists of the
following three parts:

(1) A grid generation rule that determines the mesh mapping x = T'(€).

(2) An iterative procedure that controls the grid distribution near the sin-
gular points.

(3) A procedure for solving PDEs.
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FIGURE 1.1: The effect of map iteration.

The step (2) is the key improvement introduced in [28] so that the method
can be effective for the problem with singular behavior. It is a procedure that
improves the grid distribution near singular region if the mapping 7T in step
(1) cannot achieve enough resolution in the singular region. To understand
this, let us assume that the mesh mapping T in (1) has the tendency to move
the grids toward a point xy in the domain as in Fig. 1.1 where xq is the
center of the domain. Then the grid points will continue to move toward xg
as we iterate the mapping 7. This gives certain control of the density of the
grid points near the point x¢ and therefore improves over step (1). We now
explain the three steps in details.

1.3.1 Grid Distribution Based on the Variational Principle

In two (or higher) spatial dimensions, mesh distribution is usually obtained
using a variational approach, specifically by minimizing a functional of the
coordinate mapping between the physical domain and the computational do-
main. The functional is chosen so that the minimum is suitably influenced by
the desired properties of the solution u(x) of the PDE itself.

Let x and £ denote the physical and computational coordinates, respec-
tively, on the computational domain Q € R?. A one-to-one coordinate trans-
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formation on (2 is denoted by
x = x(§), £eq. (1.22)

The functionals used in existing variational approaches for mesh generation
and adaptation can usually be expressed in the form

;L OEx 9gP
Be) = [ ¥ g5 G (123

.3,0,8

where G = (g; ;), G~' = (¢"7) are symmetric positive definite matrices that
are monitor functions in a matrix form. Normally, we choose g; ; = d; ; +
Uz, Uz, . The coordinate transformation and the mesh are determined from
the Euler-Lagrange equation

V- (GT'VvE) =0. (1.24)
In one dimension, this is reduced to
zeG =C. (1.25)

where G is the monitor function and C'is a constant. This is the familiar case
of the equal-distribution principal introduced in [8]. We note that more terms
can be added to the functional (1.23) to control other properties of the mesh,
such as orthogonality of the mesh and the alignment of the mesh lines with a
prescribed vector field [4].

Understanding how the monitor function influences the resulting mesh prop-
erties is crucial for the success of a mesh adaption method. In one dimension,
such a relation is given by the equidistribution rule, but only in an average
sense. In multiple dimensions, it is even more difficult to predict the overall
resulting mesh behavior from the monitor function itself. In other words, it is
difficult to have a precise control of the resulting grid distribution from (1.24),
(1.25). Numerical experiments in [28] have shown that adaptivity is achieved
only when the solution is moderate. Grid points stop moving towards (or
even turn away) from the singular region when singularity is approached, i.e.,
adaptivity is lost when it is most needed (Fig. 1.2). Part of the reason is be-
cause the solution is so concentrated in a small region that it has little effect
on the grids far away from the singularity. In a particular application, such
a problem may be fixed partially by choosing a carefully designed monitor
function when the structure of the singularity is available. But a method that
works in general is desirable. Such a method must be based on a better grid
redistribution procedure than those given above.

The phenomena observed in Fig. 1.2 may be explained by a asymptotic
analysis for a one dimensional example [28]. Let’s assume that we have a
monitor function that is close to a self-similar singularity characterized by a

parameter €
1 =z
Ge(z) =4 /1+ 579(2)
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FIGURE 1.2: Grid behavior for u = ce—¢*(@*+¥) in 2D as ¢ increases.

where g(y) is positive, has maximum at = = 0 and decays rapidly (say, fast
than y% for a large enough n) as y — oco. We want to study the behavior of
the grid as ¢ — 0. jFrom (1.25), we have

L) _ )
L+ &g(2)

C(e) /01 ,/1+€ikg(§)dx

Integration by parts, we have

[ 1 x|t ok (%)
Cle)=x/1+ —g(—) —/ E -t dx
€k g ‘0 0 9 /1 + Eikg(g)

1
11 e [ yd'(y
1+T€9(*)*51 2/ %dy
erft e 0o 2v/eF+g(y)

(1.26)

where

Since g(y) decays rapidly as y — oo, we have, as ¢ — 0,

k

Ce) ~ 14 Ae'z2 (1.27)
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where

_ [Twydy) [T
A=-— dy = [ /g(y)dy.
o 2v9(y) 0
We thus have from (17.2) that for  # 0 (i.e., away from the singularity)
ze =~ C(e) as € — 0, and

z¢ — 1 when k<2
¢ > 1+ A when k=2
x¢ — 0o when k>2 (1.28)

This implies that, in the case k < 2, we have from Taylor expansion, AX ~ A&
away from the singularity. Therefore, as € — 0, only grid points very close to
0 are allowed to move, i.e., the grid adaption is very limited near the place
that function g is large. This also shows that one has to know the solution
behavior in some detail in order to design the monitor function which can
generate the desired grid distribution near the singularity.

1.3.2 An Iterative Grid Redistribution Procedure

Examples and analysis in the previous section have shown that grid gen-
eration based on (1.24) cannot give a satisfactory grid distribution adaptive
to the solution in the singular case unless detailed singular behavior of the
function is known a prior. The procedure designed in [28] gives a much better
control of the grid adaptive to the solution.

Let us define the grid mapping:

T: (xu(x)) = (&v(§) = (& ux(f)))

Here x = x(&) is determined from (1.24) with a monitor matrix involving
u(x). If the monitor matrix G is properly chosen (typically involve gradient
of the function u(x)), the resulting mesh should concentrate more grid points
in the regions with large variations. This also means that v(£) should be
better behaved than the original function u(x) in the sense that the variation
of the monitor function in the new variables is reduced. However, as shown
in the previous section, this improvement might be very limited. A natural
idea to improve further is to repeat the same procedure for v(£). In fact,
this process can be repeated until a satisfactory v(€) is achieved as shown in
Fig. 1.1. Based on this intuition, an iterative grid redistribution procedure is
introduced by applying the grid mapping T iteratively:

e Let u¥(x) be the function after k iterations.

e Determine the mapping x**1(¢) from u*(x) according to (1.24) where
monitor matrix w® is defined using u*(x).

e Define uF*t1(¢) := u¥(x(€)).
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For example, after two iterations, we have

(x, u(x)) =7 (&1, v1(61) =T (&2, v2(&2))

In the first iteration, we determine a grid mapping x(&;) and vi(&) =
u(x(&1)). In the second iteration, we have &;(&2) and v (&2) = v1(£1(&2)).

The results of the iteration is to flatten out the monitor function gradually.
In fact, if u*(x) and x¥(€&) converge, then we must have x¥ — x*(¢) = ¢ and
uF — u*(x).

How to obtain the grid mapping (1.22) from (1.24) efficiently is also an
important issue. In [28], the mapping (1.22) is obtained by interchanging
the dependent and independent variables in (1.24) and rewriting the equa-
tion (1.24) into an equivalent equations for x(£) which is then solved by heat
flow. Although affordable in two dimensions, it is too expensive for three
dimensional applications. The computational cost for time integration of the
underline PDE in 3D is further increased by the fact the number of terms
generated from the chain rule (when calculating derivatives in the compu-
tational variables) increases exponentially with the order of the derivatives.
Therefore, in order to solve a 3d singular problem within a reasonable CPU
time, we introduce a fast algorithm for grid generation in [30]. The algorithm
is based on an intuition that the curvilinear coordinates or equivalently the
grid points are just the intersection points of the iso-surfaces (contour lines in
2d) of the map £(x) from the physical domain to the computational domain,
which can be obtained easily from a linear decoupled elliptic system. Based
on this intuition, we develop a fast algorithm consisting of solving the linear
system for £(x), constructing the iso-surfaces and finding the intersections.
This direct grid generation method not only is very efficient but also elimi-
nates the convergence and stability issues for the existing methods for solving
the grid system. Furthermore, it can be parallelized effectively.

1.3.3 Adaptive Procedure for Solving Nonlinear Schrédinger
Equations

We now incorporate the iterative remeshing into a static adaptive method
for solving nonstationary NLS equations whose solution is ¢ = ¢(r,t, z). Re-
call that these are initial value problems in z, in which ¢ plays the role of a
third spatial variable.

The procedure is as follows:

(1) Given an initial condition 9 (r, ¢,z = 0), the initial grid transforms

r(p,7), t(p,7) are determined from the iterative remeshing, which in
turn gives an initial condition in the computational domain ¢ (r(p,7),
t(p,7), z = 0). solution ¥ (p, T, z*) cannot meet a certain smoothness
criterion.

(2) Generate a new mesh by the iterative remeshing, starting with
¥(p,T,2*). The remeshing iteration stops if the criterion in (1) is sat-
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isfied. Interpolation is used to generate the solution at the new grid
points.

(3) Go to (1) to continue the integration.

Remark 1. The stopping criterion in step (1) depends on the specific prob-
lem. In our numerical examples below, the criterion is set so that the
maximum amplitude of the gradient is smaller than a given value TOL.
The choice of TOL is flexible. However, it has to be larger than the in-
tegral average of the gradient of the solution over the domain. It is easy
to see that a smaller TOL requires more remeshing iterations. In actual
applications, one should include quantities of interests near the singu-
larity in both the monitor function and in the stopping criterion. For
example, in the fluid problem, vorticity might be the desired quantity
to be included in the monitor function.

Remark 2. In most of the cases, only one remeshing iteration is needed when
we start the iteration with @(&, 7, t*) in Step 2. Since we always start the
iteration from the most recent solution in the computational domain,
when the cycle (1)-(3) is repeated k times, effectively we have at least
k remeshing iterations at t* from the solution in the original physical
variables.

Remark 3. Our grid movement method is static, i.e., the grids are held
stationary during the evolution of PDEs until the stopping criterion is
violated and are shifted to their new positions by our iterative proce-
dure. The solution values are moved from old grid to the new grid by
interpolation. The interpolation is carried out on the uniform mesh and
using cubic polynomial interpolations. As pointed out in Remark 2, our
iterative procedure was carried out gradually as the solution evolves to-
ward the singularity and solution behavior in the computational domain
is always controlled by the stopping criterion (e.g., max |Vu| < TOL).
Therefore interpolation errors are also controlled.

1.4 Applications
1.4.1 Singular Solutions with Multiple Blowup Points
We first solve the nonlinear Schrédinger equation(NLS)

{i¢t +AY+ [Py =0, (2,y) € Qp,t >0,
QZJ(I’, Y, t)|an =0

in two dimensions. Let (x(£,n),y(£,n)) be the spatial coordinate transforma-
tions. Both €, (the physical domain) and €. (the computational domain) are

(1.29)
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chosen to be [—1,1] x [—1,1]. In the iterative grid redistribution, the monitor
function is taken to be w(¢,n) = (1+alp(&,n) >+ BIVH(£,n)|?). The criterion
is set so that the maximum amplitude of the gradient is smaller than a given
value of TOL.

As the minimum mesh size is decreased, the time step is also decreased
according to the CFL condition. We may also rescale the time, as in the
dynamic rescaling, from ¢ to 7 as

dr 1

Pl 1.
dt  A\2(t) (1.30)
Let
V=0
L)
where L(t) is a scaling factor chosen to be
1
L(t) = . (1.31)

max (e y)eq, [V(,y,1)]

To balance the coefficients in the transformed equation, we choose A = L. In
the coordinate system (&, 7, 7), the NLS becomes

L- .
6r = 7 ¢~ i\ Apo+[¢*9) =0 (1.32)
together with
L: = LgIm((b*AB(b)l(Eomo) (1‘33)
where (£o(t), 10()) is the maximum point of |¢(&, n,t)|, and
19 bage—buad) | D budy ~ busde
Ao = 75 7 )+ 3 5 )},

b1y = x? + yg, bio = Texy + Yeyn, bz = x% + yg

J is the Jacobian of the coordinate transformation.

In the first example, we solve the NLS in the critical case with the initial
condition
() ¢(x,y,0) = 10e~4"~9%",
(1.32) and (1.33) are solved simultaneously on 2. with 100 x 100 grid points
and a = 2, § = 1, TOL = 5. About 20 remeshing steps are conducted
before the computation reaches 7 = 95.82 (or ¢ = 0.024317104) when the
maximum value of the solution is 2.9514 x 10°. Fig. 1.3 shows solutions in
the computational and the physical variables respectively at 7 = 95.82. The
mesh distribution is shown in Fig. 1.4 where one can see that the minimum
mesh size is about 1076. The computation is well resolved with more than 40
grid points within the interval of size 1075,
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x10°

FIGURE 1.3: The solution ¢ (with initial value (i)) in the computational
domain (left) and the physical domain (right) at ¢ = 0.024317104 with the
maximum amplitude at 2.9514e + 05.

To verify the stable property of the isotropic singularity, a result first shown
numerically by the dynamic rescaling method [17], we define two scaling fac-
tors in the z and y directions:

I pr |1/;m\2dxdy
FN S, [0Pdedy
I fQP Wy|2d$dy
2N\ o, [6Rddy

Fig. 1.5 shows the ratio of % as a function of 7 and the limit converges to

1 which shows that the solution converges to an isotropic singularity. It also
shows ’\—*(: a%) as function of 7, which approaches 0 slowly that leads to
the blowup rate. All the results above are consistent with the results obtained

from the dynamic rescaling method.

In the second example, we use the initial condition

(11) ql)(x7y’ 0) _ 20(6—20((w+0.5)2+y2) 4 e—20((w—0.5)2+y2))

with two maximum points. Our results show that the solution blows up
at two points. Such a calculation cannot be done by the dynamic rescaling
method because one can only rescale around one point. We solve the equation
with 160 x 160 grid points in the computational domain and TOL = 7. Fig.
1.6 show solutions in computational and physical variables respectively at
t = 0.005651 when the maximum of the solution reaches 1.488 x 10°. The
grid distribution at the same time is shown in Fig. 1.7. The blowup structure
of each singularity is the same as that of the solution with single blowup point.
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FIGURE 1.4: Mesh in Q, at t=0.024317104 (7 = 95.82) corresponding to

Fig. 1.3 (left) and an enlarged picture of the above mesh around the center
(right).
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x10'

a4

FIGURE 1.6: ¢(&,n,t) in Q. (left) and in Q, (right) at ¢ = 0.005651, 1/X =
1.4880e + 05.

FIGURE 1.7: Mesh in ,, (left) at t=0.005651 corresponding to Fig. 1.6 and
an enlarged view (right) of the above mesh in €, around one blowup point.
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1.4.2 Numerical Simulations of Self-Focusing of Ultrafast
Laser Pulses

‘We now present some examples with more complicated singular structures.
The NLS (1.29) does not include temporal effects. These effects become im-
portant in the case of ultrashort laser pulses, whose propagation can be mod-
eled by the dimensionless nonstationary NLS [11]

iqu(zvxayat) + AL¢ + |1/’|2¢ + 7631;[}& = Oa (134)

where the propagation distance is denoted by z and the real time variable is
denoted by ¢.

In Figures 1.8-1.10 we present simulations of the time-dispersive NLS (1.34)
performed using the IGR method, with €3 = 1/32 and the initial conditions

Yo = AvV2exp ( z ;y2 - t2) : (1.35)

We use the values of A = 1.75, A = 2, and A = 3, whose peak power at
t = 0is 1.65P., 2.15P, and 4.83P., respectively, where P, is the threshold
power for collapse [8]. In these simulations we integrate the equation on
a domain [r,t] = [0, 4] x [0, 12/4/32] with an initial uniform mesh of
100 x 300. With the IGR we reached smallest mesh size of ér = 2.1 x 1073,
0t = 1.4863 x 10~* for the simulation of Fig 1.8, r = 1.0197 x 10~%, §t =
6.4876x 1076 for Fig 1.9 and §r = 1.911 x 1079, 6t = 4.048 x 10~ for Fig 1.10.
We also plot the solution in the computational temporal variable (Fig. 1.8
1.10, right columns) to show that there is enough resolution in the oscillatory
and shock-like regions. Indeed, even after focusing by 10° the solution appears
to be sufficiently smooth in the computational temporal and radial variables
(Fig. 1.10).

The observed dynamics agrees with the simulation results of Germaschewski
et al. [14] and of Coleman and Sulem [7], namely, that after the pulse splitting
the two peaks continue to focus, but later decay into small temporal oscilla-
tions. The overall arrest of collapse by small normal time-dispersion can be
clearly seen in Figs. 1.8-1.10. Since the simulations in [14] and in [7] were done
using a different numerical method, this agreement provides strong support
to the validity of the results obtained with these two methods.

1.4.3 Ring Blowup Solutions of the NLS

In [9], a new type of singular solutions of the critical nonlinear Schrédinger
equation (NLS), that collapse with a quasi self-similar ring profile at a square
root blowup rate, are discovered by both the dynamic rescaling method and
the IGR method. This type of singular solutions happen when the initial input
power is sufficiently high (the so-called super-Gaussian beam). We observe
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FIGURE 1.8: On-axis amplitude |¢)(z,r = 0,¢)| for the solution of eq. (1.34)
with the initial condition (1.35) and A = 1.75. The right column shows the
corresponding solution in the computational variable of ¢ (only one-forth of
the grid-points are shown).

that the self-similar ring profile is an attractor for a large class of radially-
symmetric initial conditions, but is unstable under symmetry-breaking per-
turbations. Collapsing ring solutions are also observed in the supercritical

NLS.
We first solve the radially-symmetric NLS

W) + e P =0, PO =), (136)

with the high-powered super-gaussian initial condition ¥ = 15" (N(0) ~
38N.). As can be seen in Fig. 1.11, the solution collapses with a ring profile
that becomes taller in amplitude and smaller in radius.

In addition, the results suggest that the ring solution is self-similar, i.e., of
the form

ot )| ~ ﬁ@(g» £ 7 (1.37)

for some profile Q(§). In order to check for self-similarity, we rescale the
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FIGURE 1.9: Same as Fig. 1.8 with A = 2.

numerical solution according to

r 1
Snormtiaalter) = 200 (775 ) DO = 03
Fig. 1.12 shows the results of Fig. 1.11D-F, rescaled according to (1.38). All
three normalized plots are indistinguishable, indicating that the collapsing
ring solution is indeed self-similar while focusing over more than 10 orders of
magnitude.

Fig. 1.13 shows that lim;_,7, LL; = 0.085 for the super-gaussian initial con-
dition 1y = 156’T4, suggesting a square root blowup rate of L(t) ~ ay/T. — t
with a 2 0.41. We can then construct an explicit self-similar ring blowup
solution as follows. Let

g = L oL ) i iy (1.39)
— 6 « c—t 9 .
Q oI, —t oI, —t

where Q(&; «) is a solution of

Q" (&) + cg + [?252 — 1} Q+Q*=0, 0£Q0)€R, Q(0)=0. (1.40)
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FIGURE 1.10: Same as Fig. 1.8 with A = 3.
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FIGURE 1.11: Solution of the NLS (1.36) with o = 15¢~"". A:t = 0, A(t) =
1; B: £ =0.020, A(t) = 1; C: t = 0.027, A(t) = 1; D: t = 0.0286, A(t) = 1;
E: A(t) = 3.32- 10%; F: A(t) = 6.64 - 10°.

Lyl
0.5

0 10 20 30
r/L

FIGURE 1.12: Results of Figure 1.11D-F normalized and superimposed; all
three lines are indistinguishable.

Then, g is an explicit blowup solution of the NLS whose blowup rate is
L(t) = a/T, — t.

We now present numerical simulations to study the effect of radial-
symmetry breaking on collapsing ring solutions. Our simulations above show
that the collapsing self-similar single ring profile is stable in the radially sym-
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FIGURE 1.13: LL; as a function of A(t) for solutions of the NLS (1.36) with
initial conditions: g = 15¢~"".

metric case. We now test the stability of ring solutions in the anisotropic case,
in which symmetry breaking is due to the introduction of small ellipticity in
the initial condition. We first solve the radially-symmetric NLS (1.36) with
the ring initial condition w% of the form (1.39) up to some time ¢y such that
the maximum of the solution = 1000. Then, we add small perturbation to
the solution at ¢ty and use it as an initial condition for the simulation of the
NLS

ipe(t, 2, y) + A+ [P =0, 9(0,2,y) = vo(z,y),  (1.41)
In other words, we solve the NLS (1.41) with the initial condition

Yoz, y) = Yo(te,r = Va2 + 1.01y2). (1.42)

As Fig. 1.14 shows, the ring breaks into eight filaments located along a circle
r = r5y. Therefore, the collapsing ring profile is unstable as a solution of
the NLS (1.41), i.e., with respect to perturbations that breakup the radial
symmetry.

1.4.4 Keller-Seigel Equation: Complex Singularity

Our next example is the three dimensional Keller-Segal (KS) model for
bacterial pattern formation:

pr=€Ap—V - (pVC),(z,y,2) € Qp,t > 0.

Here p is the bacterial density and C is the attractant field. In some cases, the
concentration of the attractant C' draws the bacteria together and they achieve
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FIGURE 1.14: Solution of the NLS (1.41) with the slightly elliptic single ring
profile (1.42). Top: surface plot. Bottom: level sets of |¢].

an infinite density with complicated geometric structures. It is observed in
[5] that the high density regions initially collapse into cylindrical structures
(line singularities) which subsequently destabilize and break up into spherical
aggregates (point singularities). Here, we are interested in simulating the
phenomena with the Keller-Segal(KS) model. We consider the case in which
the initial attractant concentration on a straight line. Subsequent evolution
shows a transition from line singularity to point singularities. The initial
condition is an uniform density distribution and an attractant field with a
small perturbation in the z direction on the domain [0, 1]3:

p(w,y,2,0) = 1.0,
C(z,y,2,0) = e 10(@=05"+w=05") (1 1 0.01|sin 272|).

The € is taken to be 0.01.

The above equation is solved on a uniform mesh in 2, with 40 x 40 x 200
grid points. The monitor function and the parameters o and § are chosen
as that in the NLS point singularity problem, and the TOL is chosen to be
8.0. The computation is continued until ¢ = 0.7534794 when the maximum
density reaches about 4.6 x 10%.

The density p, at first, increases gradually, showing a line singularity along
the central line (0.5,0.5,2),z = 0,1 until ¢ reaches about 0.70. Then, this
line singularity changes to multiple points singularity on two points which are
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initially perturbed to the maximal: (0.5,0.5,0.25) and (0.5,0.5,0.75). The
density increases quickly and blows up at these two points in the end (Fig.
1.15). The color Fig. 1.16 shows the transition from line singularity to point
singularity in contour filling forms corresponding to times: ¢; = 0.0023; t5 =
0.736591; t3 = 0.7511; and t4 = 0.75347497. Fig. 1.17 shows the cutting
view of the local grids corresponding to line singularity and points singularity
and the local sectional view of the grid around one singular point. Also, Fig.
1.15 shows the log plot of density values along the cental line (0.5,0.5, 2)
(0 < z < 1) versus time, which again illustrates the singularity transition.

10°

Q_10374_/\,_/\
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) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z

FIGURE 1.15: Transition from line singularity to point singularities for KS:
p (log scale) along the center line (0.5,0.5, 2).

1.5 Conclusion

In this chapter, we have reviewed two numerical methods for computing
singular (blowup) and near singular solutions of the nonlinear Schrédinger
equations, namely the dynamic rescaling method and the iterative grid re-
distribution method. The dynamic rescaling method is based on the scaling
invariants of the solutions of the PDE and is effective for the self-similar single
point singularity and it is easy to implement. The iterative grid redistribution
method is more general and can handle singularities with more complicated
structures. Our numerical examples have shown the effectiveness of our meth-
ods. We note that error analysis of the iterative grid redistribution method
is difficult and requires further studies.
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FIGURE 1.16: Cross sectional view of the color density plot for the same
solution as in the previous figure.
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FIGURE 1.17: Local grid distribution near the line singularity.
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Chapter 2

Numerical Solution of the Nonlinear
Helmholtz Equation
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8205, Raleigh, NC 27695, USA, tsynkov@math.ncsu.edu

2.1 Introduction
2.1.1 Background

The objective of this chapter is to describe a new numerical algorithm for
studying nonlinear self-focusing of time-harmonic electromagnetic waves. The
physical mechanism that leads to self-focusing is known as the Kerr effect.
At the microscopic level, the Kerr effect may originate from electrostriction,
nonresonant electrons, or from molecular orientation. At the macroscopic level
the Kerr effect is manifested through an increase in the index of refraction,
which is proportional to the intensity of the electric field |E|?. Since light
rays bend toward regions with higher index of refraction, an impinging laser
beam would become narrower as it propagates, a phenomenon known as self-
focusing. For more information on self-focusing, see, e.g., [3,8,11].

Since nonlinear self focusing leads to nonuniformities in the refraction index,
a part of the incoming beam gets reflected backwards, a phenomena known as
nonlinear backscattering. At present, very little is known about it, except for
the general belief that it is “small.” Since, however, small-magnitude mecha-
nisms can have a large effect in nonlinear self-focusing in bulk medium [8], one
needs to be able to accurately quantify the magnitude of backscattering and
study how it may affect the beam propagation. From the standpoint of ap-
plications in modern science and engineering, the capability to quantitatively
analyze and predict the phenomena of nonlinear self-focusing and backscatter-
ing is extremely important for a large number of problems. Those range from

37



38 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

remote atmosphere sensing (when an earth-based powerful laser sends pulses
to the sky [14], and the backscattered radiation accounts for the detected
signal), to laser surgery (propagation of laser beams in tissues), to transmit-
ting information along optical fibers. There are other possible applications,
e.g., all-optical switching in electrical/electronic circuits, that involve inter-
actions (“collisions”) between co-propagating or counter-propagating beams.
It is well known that within the framework of a simpler model based on the
nonlinear Schrodinger equation, these beams have the form of spatial solitary
waves (solitons), and that collisions between solitons are elastic (i.e., involve
no power losses). However, whether such collisions remain elastic in more
comprehensive models, such as the nonlinear Helmholtz question, is currently
an open problem.

2.1.2 The Nonlinear Helmholtz Equation

X
Kerr—type medium |
impingin forward
# J backscattered ———
_ wave propagating !
E (inc, left) wave 1
0  Zmax z

FIGURE 2.1: Schematic for the propagation of waves in Kerr media.

The simplest theoretical (and experimental) setup for the propagation of
electromagnetic waves in Kerr media is shown in Figure 2.1. An incoming laser
beam with known characteristics impinges normally on the planar interface
z = 0 between the linear and nonlinear medium. The time-harmonic electric
field E = E(x, z) is assumed to be linearly polarized and is governed by the
scalar nonlinear Helmholtz equation (NLH):

(0.. + AL)E +K*E =0,

2.1
B =k2(1+€E*), ¢>0 =zecRP™H 2>0, 21)



Nonlinear Helmholtz Equation, G. Fibich and S. Tsynkov 39

where kg is the linear wavenumber, € = 2ng/ng, ng is the linear index of
refraction, ng is the Kerr coefficient, and A} = 0y,4, + -+ + Ozp_y2p_, 18
the D — 1 dimensional transverse Laplacian (the diffraction term). The value
of o is equal to one for the physical Kerr effect. However, for reasons that
will become apparent is Section 2.1.5, other values of ¢ are also considered
in this study. Note also that in all the physical problems mentioned earlier,
the nonlinearity in (2.1) is typically weak, i.e., e| E(in¢:1eft) ()20 <« 1. where
Eine,left) ig the impinging wave, see Figure 2.1. The reason for this is that the
physical value of the Kerr index ns is so small, that even for high-power lasers
the nonlinear change in the index of refraction is usually small compared with
the linear index of refraction, i.e., na|E|? < ng.

The nonlinear medium occupies the half-space z > 0. Consequently, the
NLH (2.1) should be supplemented with boundary conditions at z = 0 and
at z = 4oo. Although global existence of its solutions is currently an open
problem, there are various indications that, at least in some cases, the NLH
is solvable (see Section 2.1.5). In fact, one of our primary long term goals in
this study is to address the solvability issue with the help of our numerical
methodology. Assuming that the solution does exist globally, for large prop-
agation distances (i.e., as z — 400) it can either diffract, in which case the
propagation becomes linear, or it can maintain its shape through a balance of
the focusing nonlinearity and diffraction (i.e., converge to a soliton). In either
case, as z — +00, E will have no left-propagating components, i.e., F will
only be composed of the right-traveling waves. Since the actual numerical
simulation is carried out on a truncated domain 0 < z < z,.x, the desired be-
havior of the solution as z — 400 has to be captured by a far-field artificial
boundary condition (ABC) at the artificial boundary z = zyax. This bound-
ary condition should guarantee the reflectionless propagation of all the waves
traveling toward z = 400 through the interface z = zyax. Often, boundary
conditions designed to ensure the transparency of the outer boundary to the
outgoing waves are referred to as radiation boundary conditions [12].

The situation at the interface z = 0 is more complicated, as the total field
there, E(zx,0), is composed of a given incoming component E("¢1ef) (2) and
the unknown backscattered (i.e., outgoing) component E(®) (z, 0), i.e.,

E(x,0) = B M) (g) + B (g,0) . (2.2)

As such, the boundary condition at z = 0 has to provide for the reflectionless
propagation of any outgoing (left-traveling) wave through this interface, and
at the same time has to be able to correctly prescribe the incoming (right-
traveling) field. A two-way ABC that possesses the required capabilities has
been first implemented in [9].

In addition to the foregoing simplest setup, we can also use our algorithm
to solve more elaborate problems. For example, instead of assuming that the
nonlinear Kerr medium occupies the entire semi-space z > 0 and as such, that
it can only be excited by waves coming from the left, we can consider the Kerr
medium to be confined to the “slab” 0 < z < zpax, as is frequently the case
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in experiments. Then, the excitation can be provided by waves impinging
on both interfaces z = 0 and 2 = zpax. As such, from the standpoint of
setting the two-way ABCs these interfaces become equal — either has to be
transparent for its corresponding outgoing waves while simultaneously being
able to fully transmit the corresponding incoming field. The latter setup will
be instrumental for simulations of coherent counter-propagating beams.

2.1.3 Transverse Boundary Conditions

Any of the foregoing formulations requires setting boundary conditions in
the transverse direction(s) x;, j = 1,..., D — 1. Although in some cases the
domain filled by the Kerr medium extends all the way to infinity in the trans-
verse direction(s), for the purpose of practical computing, we truncate this
domain at an external artificial boundary 9Q x R and set the boundary con-
ditions for all (z, z) such that z € 9Q C RP~! and z > 0. In our work [6,7,9],
we assumed that the electric field vanished at this lateral artificial boundary:
E(w’z)‘zeaﬂ,zzo = 0. While the approach in [6,7,9] enabled us, appar-
ently for the first time ever, to solve the NLH as a genuine boundary value
problem, there have still been indications that it could be improved. Indeed,
the Dirichlet boundary conditions, while being easy to implement, possess the
non-physical property of reflecting the waves back from the lateral boundaries
into the computational domain. Even though the solution with the Dirich-
let transverse boundary conditions can be expected to approximate well the
original infinite-domain solution in the domain of physical interest, namely in
the central region of the computational domain, we still had to position the
lateral boundaries sufficiently far away from the center so that to alleviate the
undesirable reflections, see [6,7,9]. Therefore, in [10] we replaced the Dirichlet
boundary condition with a local Sommerfeld-type radiation boundary condi-
tion at the transverse boundaries of the computational domain. This change
facilitated major gains in performance, allowing us to considerably reduce
the width of the computational domain, and also enabled the computation of
solutions that could not be computed previously.

2.1.4 Paraxial Approximation and the Nonlinear Schro-
dinger Equation

Let r¢ be the initial radius of the impinging laser beam. We first introduce
the dimensionless quantities &, z, and A:

- T - z
r=—, Z=

E = ikoz 2]€2 —1/20‘A 2.3
o 2LDF ’ e (67'0 O) (CL',Z), ( )

where Lpr = kor3 is the diffraction length. Then, by dropping the tildes we
obtain from (2.1):

PA, + ALA+AP7A = —4f%A,, (2.4)
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where f = 1/roko < 1 is the small nonparaxiality parameter.

The standard derivation of the nonlinear Schrodinger equation (NLS) is
based on the assumption that the envelope A varies slowly. Then, one can
neglect the right-hand side of (2.4) [i.e., apply the paraxial approximation]
and obtain the NLS:

iA,+ALA+APPA=0. (2.5)

The NLS (2.5) is an evolution equation in which the variable z plays the role
of “time.” Hence, it only needs to be supplemented by the initial condition
at z =0:

A($, 0) _ (Ergkg)l/QaE(inc, left) (:13)

Subsequently, the NLS (2.5) is to be integrated by a “time”-marching al-
gorithm for z > 0. We note that almost all self-focusing studies available
in the Literature have used NLS-based models, rather than the NLH, the
main reason being that the NLH is much a “tougher” object for analysis and
for simulations. However, the NLH provides a more comprehensive physical
model for self-focusing. In particular, it takes into account the effect of non-
linear backscattering, which the NLS model disregards. Indeed, once (2.5) has
been integrated, the overall solution, according to (2.3), is the slowly varying
amplitude A times the forward propagating oscillatory component e?*0%.

The capability to account for the effects of nonparaxiality and backscatter-
ing makes the NLH model (2.1) more in-depth compared to the simpler NLS
model (2.5). It is precisely the role of these two important effects in nonlinear
wave propagation that the numerical methodology developed in this paper
would enable us to focus on. In the overall perspective, however, the scalar
NLH (2.1) itself does not represent the most general setup either. A yet more
comprehensive model would be the vector NLH that also accounts for the vec-
torial nature of the electric field while still taking care of the phenomena of
nonparaxiality and backscattering. Note that the vectorial effects, nonparax-
iality, and backscattering are all of the same order of magnitude; see [5] for
more detail.

2.1.5 Solitons and Collapse

It is well known that solutions of the NLS (2.5) exist globally when o(D —
1) < 2, the subcritical NLS, but can become singular (collapse) at finite
propagation distances, when either (D — 1) > 2, the supercritical NLS, or
when o(D — 1) = 2, the critical NLS [11]. As shown by Weinstein [13], a
necessary condition for singularity formation in the critical NLS is that the
input beam power (i.e., [|A(-,0)||3) exceeds the critical power N.. The value
of N, is equal to the power of the ground-state solitary wave solution of the
NLS; this value can be calculated explicitly for D = 2 and numerically for
D > 2.
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In our subsequent numerical simulations in Section 2.4 we will focus on two
cases. The first one is D = 2 and o = 2 (quintic nonlinearity), for which the
NLS (2.5) is critical. Although the actual physical setting for the critical NLS
is D = 3 and o = 1, which corresponds to propagation of waves in a bulk Kerr
medium, one can expect the role of nonparaxiality and backscattering to be
quite similar for both cases. This expectation should, in particular, pertain
to the question, which has been open for many years, of whether the more
comprehensive NLH model for nonlinear self-focusing eliminates the singular
behavior that characterizes collapsing solutions of the critical NLS.

The second case that we will consider is D = 2 and ¢ = 1 (cubic non-
linearity), which physically corresponds to nonlinear propagation in a planar
waveguide (i.e., there is only one transverse dimension). In this subcriti-
cal case solutions to the NLS do not collapse. Instead, the laser beam can
propagate in the Kerr medium over very long distances without changing its
profile — the type of behavior often referred to as spatial soliton. In the past,
solitons have primarily been studied as solutions to the NLS. Although it is
generally expected that in the subcritical case the NLH will have similarly
looking solutions, until now it was not actually possible to study the effect
of nonparaxiality and backscattering on solitons. Even more so, the NLH
appears particularly well suited for simulating interactions between counter-
propagating solitons. Indeed, in the NLH framework the counter-propagating
case can be naturally formulated as a boundary-value problem on the slab
0 < z < Zmax, see Figure 2.1, whereas in the NLS framework the two counter-
propagating solitons will imply two opposite directions of marching.

2.2 Algorithm — Continuous Formulation

For clarity of presentation, we first outline the algorithm using a continuous
formulation. We consider from now on the case D = 2 that corresponds to
propagation in a planar waveguide. Therefore, equation (2.1) becomes

(022 4 Opz)E(z,2) + K*E = 0,

2.6
K =k}(1+€E*), 0>0, xcR, z>0. (2:6)

Compared with the case D = 3, the two-dimensional setup offers a consider-
able reduction of the computational effort while preserving all the essential
physical and numerical effects. For simplicity and with no substantial loss
of generality, for all our numerical experiments we will choose the rectangu-
lar computational domain {—Zmax < < Tmax, 0 < 2 < Zmax ). At the “up-
stream” and “downstream” boundaries z = 0 and z = z,.x We will set the
nonlocal two-way ABCs. At the transverse boundaries © = +x .« we will set
local radiation boundary conditions of the Sommerfeld type.
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2.2.1 Iteration Scheme

We solve the NLH (2.6) iteratively by freezing the nonlinearity and reducing
the NLH to a linear variable-coefficient equation on every iteration

AEY 4 k21 + ¢ EVYP2EWD =0,  j=1,2,..., (2.7)

where A = 0,, + 0,,. The initial guess is typically chosen as E© = (. The
sequence (2.7) will be referred to as the outer iteration loop or the nonlinear
iteration loop. Then, for every j the corresponding linear equation (2.7) is
also solved iteratively as

AEUR) L 2EOHR = k2 E<J’*1’K>’2U EURD k=12 .. K, (28)

where EU0) = RU-LK) We will refer to sequence (2.8) as to the inner
iteration loop. Tt is clear that finding EU*) for every k in (2.8) amounts to
solving the standard constant-coefficient inhomogeneous Helmholtz equation:

AE 4+ K E = ®(x, 2), (2.9)

with E = EUR)(z,2) and ®(z,2) = —k3e |E(j*1’K)(x,z)|20 EU+=1 (g, 2).

Equation (2.9) is solved repeatedly [for updated ®(z, z)] on the rectangular
computational domain via the separation of variables. In so doing, the bound-
ary conditions in either the longitudinal direction z or the transverse direction
x are specified for the linear constant-coefficient equation (2.9), rather than
for the original nonlinear equation (2.6), see Section 2.2.2. The reason is that
the key role of the boundary conditions is to distinguish between the waves
propagating in different directions, see Section 2.1.2, and this is done most
naturally in the linear framework. Once the iterations converge, the resulting
solution is assumed to inherit the desired wave radiation properties that are
built into the methodology for solving equation (2.9).

2.2.2 Separation of Variables and Boundary Conditions

The Sommerfeld radiation boundary conditions in the transverse direction x
are set based on factorization of the one-dimensional second-order Helmholtz
operator into the product of two first-order factors:

Opz + k2T = (0 +ikoI)(0y — ikoI), (2.10)

where i = /—1, I is the operator identity, and kg = \/% > 0. While the
equation (9., + k3I)E = 0 admits two linearly independent solutions, e**o®
and e~ each of the first-order factors on the right-hand side of (2.10)
selects only one solution from the foregoing pair. Therefore, the boundary
conditions

E, — ikoE| =0 and B, +ikoBE| _ =0 (2.11)

L=Tmax —Zmax
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correspond to propagation of waves only upward or only downward, respec-
tively, see Figure 2.1. In other words, they guarantee that the upper artificial
boundary & = 2.« be completely transparent for the plane waves e**0% trav-
eling with normal incidence in the positive z direction, and the lower artificial
boundary & = —Zmax be completely transparent for the plane waves e~ *ko®
traveling with normal incidence in the negative = direction.

Let us now introduce the following eigenvalue problem on [—Zmax, Tmax|
for the transverse Laplacian A = 0,,, subject to the radiation boundary
conditions (2.11):

Yoo =N, Yo —ikoy|,_, =0, Yy +ikoy|,__, =0 (212)
It is easy to show that the eigenfunctions ¢ = () (z) of (2.12) are given by
) = cosh(v/Az) and ¢ = sinh(v/Az), and that the eigenvalues A = A) can be
obtained by solving the transcendental equation:

62\/XLEmax o :l: \/X + Zk() ,
VI —iko

where the plus and minus signs correspond to 1) = cosh(v/Az) and to ) =
sinh(v/Az), respectively.

Equation (2.12) is not a classical Sturm-Liouville problem, because the
operator O, subject to boundary conditions (2.11) is not self-adjoint. As
such, one should not expect its eigenvalues to be real. Indeed,

(2.13)

Proposition 1 ( [10]) Let A be an eigenvalue of (2.12). Then, Im(X) > 0.

Furthermore, since the boundary-value problem (2.12) is not self-adjoint, its
eigenfunctions {1 (x)} are, generally speaking, nonorthogonal. Therefore,
one cannot separate the variables in equation (2.9) using standard Fourier
expansion of its solution in terms of the eigenfunctions of (2.12). It, however,
turns out that one can still build the expansion E(z,z) = 3. Ej(2)® () with

1

the help of the following “real orthogonality” property of the eigenfunctions
{®O(2)} (see, e.g., [1] for further detail) summarized in Proposition 2:

Proposition 2 ( [10]) Let 9™ and ™ be the eigenvectors of (2.12) with
corresponding eigenvalues Ay, # M. Then,

/ " () () i = 0, / " G2 (@) da £ 0. (2.14)

Tmax Tmax

Note that as the eigenfunctions ¥("™) and (") are complex, expression
(2.14) does not yield a genuine inner product. However, Proposition 2 still
indicates that the eigenfunctions of (2.12) can be rescaled so that

/ B ()60 () d = G

Tmax
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Therefore, for all z € [0, zmax], solution to the linear Helmholtz equation (2.9)
can, in principle, be obtained by expanding E and ® on [—Zmax, Tmax] in
terms of the rescaled eigenfunctions v (z) of (2.12), i.e.,

E(z,2) =Y Ei(2)pV(x),  ®(z,2) =) &(2)p" (), (2.15)
l l

Bi(z) = / Y B e (@) e, by(z) = / " (20O () da.

B (2.16)

Substituting representation (2.15) into equation (2.9) and taking the “real

inner product” (2.14) with ¢) we obtain the following set of ordinary differ-
ential equations with respect to the unknown quantities Ej(z):

Tmax Tmax

d*E,
dz?

Since Proposition 1 shows that Im(A")) > 0, we conclude from equation
(2.17) that introduction of the Sommerfeld radiation boundary conditions at
the lateral boundaries results in the addition of a positive linear “damping”
in the z direction. This conclusion has an intuitive explanation, since as the
beam propagates in the z direction, the transverse radiation at +x,.x will ob-
viously cause a power drain away from the interval [—Zmax, Tmax]- As shown
in [7], introduction of linear damping has a regularizing effect on the NLH
(which, e.g., has allowed us to solve the linearly damped NLH for initial con-
ditions that led to singularity formation in the corresponding linearly damped
NLS). However, unlike in [7], where linear damping was essentially motivated
by the physical process of absorption of waves by the medium through which
they propagate, the “damping” in (2.17) has nothing to do with actual phys-
ical absorption or with power losses. This “damping” in the z direction is
rather a manifestation of the power radiation at £x.x. Another impor-
tant difference is that unlike the case of physical damping, the magnitude of
“damping” in (2.17) is determined by the transverse eigenvalue AD e, it
changes with the mode number 1.

To complete the current illustrative section, we yet have to describe a key
component of the algorithm — nonlocal ABCs at the boundaries z = 0 and
2z = Zmax. Each equation (2.17) is to be considered on the interval [0, zpax] and
is to be supplemented by the boundary conditions at the endpoints z = 0 and
Z = Zmax- Assuming that supp @l(z) C [0, Zmax], i-e., that if extended beyond
the interval [0, zmax] the solution £ (z) would be governed by the homogeneous
counterpart of equation (2.17), we employ the same considerations as those
that led to the Sommerfeld conditions (2.11) and obtain:

dEl~/2 5 _ dEl</2 DE
E""L ko-l-)\()ElZ:O—O and E—Z k0+/\()El

+ (k2 4+ XNE = @, (2.17)

=0.
2=Zmax

(2.18)
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The boundary conditions (2.18) guarantee that all outgoing waves will leave
the domain [0, zmax] With no reflection. Indeed, the left-traveling waves
e VRHADz i) propagate freely through the endpoint z = 0, and the
right-traveling waves e*V KA 2 il propagate freely through the endpoint
Z = Zmax-

Having obtained the ABCs (2.18) that allow for reflectionless propagation
of all the outgoing waves, we now need to take into account the given in-
coming wave as well, see formula (2.2) and Figure 2.1. The incoming field
Eine, left) () = 3~ El(mc’ )(D(z) that impinges on the interface z = 0 from

1

the left gives rise to a solution of the homogeneous constant-coefficient linear
Helmholtz equation of the form

E(z,2) =Y B W VRTAD 0 (), (2.19)

l

After the separation of variables, each individual component E, =
El(mc’ M) giv/k+A02 can be substituted into the first relation of (2.18). Since

this component satisfies % = i/kZ + XD E; for any z, the aforementioned

substitution yields the two-way boundary condition at z = O:

dE ~ A (in
iR AVE, = 2R AL Eline,1eft), (2.20a)

Symmetrically, if there is also incoming radiation at the right interface z =
Zmax: B TiENY) (3) = S El(mc’ “ght)w(l)(az:)7 then a similar procedure leads

to the two-way boundary condition at z = zy.x as well:

dE ~ A(inc, ri
d—l — i\ K2+ ADE = —2iy /K2 + A Fline risht), (2.20b)
z

Note that while being able to correctly prescribe the given incoming wave(s),
boundary conditions (2.20) still retain the full radiation capability of bound-
ary conditions (2.18). Indeed, any solution of type (2.2) identically satisfies
boundary condition (2.20a). A similar property will obviously hold for bound-
ary condition (2.20b) as well. The capability of properly handling the waves
propagating through a given interface in both directions has prompted us in [9]
to call boundary conditions (2.20) the two-way ABCs. In contradistinction to
that, relations of type (2.18) that only guarantee the radiation of waves in
one particular direction, are often referred to in the literature as the one-way
Helmholtz equations [9,12]. Let us also emphasize that as the two-way ABCs
(2.20) are obtained in the transformed space individually for every mode I,
they would become nonlocal if transformed back to the original space.

2=Zmax
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2.3 Algorithm — Finite-Difference Formulation

We now describe the finite-difference implementation of the algorithm. The
NLH (2.6) is approximated on the uniform two-dimensional Cartesian grid
with mesh sizes hy = Tmax/M and h, = zmax/N, so that:

Ty =M - hy, m=—-M,...,0,..., M,

(2.21)
Zn =n- hy, n=0,...,N.

2.3.1 Fourth Order Scheme

The discrete implementation of the algorithm is carried out with the fourth
order of accuracy. As we shall see, the construction of the algorithm and its
analysis are more complex for our fourth-order discretization than they would
have been for a second order discretization. Nevertheless, this was a price
worth paying, since higher-order approximations offer the possibility to take
fewer points per wavelength. In addition, higher order offers the capability to
better resolve the small-scale phenomenon of backscattering at the background
of the larger forward-propagating wave.

For our algorithm, we have chosen the standard central-difference fourth-
order scheme on the grid (2.21):

~FEpm—2n+16E_1, —30E, +16Ep1 1.0 — Emion
12h2
%7—lﬂmn,2—%16lﬂmn,1——30£Lmn—+161ﬁmn+1——l%mn+2 (2.22)
12h2
+kg (1+ €[Epnl*?) Emn = 0.

Scheme (2.22) is written on the stencil that extends five grid nodes wide in
each coordinate direction. Therefore, scheme (2.22) can only be written for
the interior nodes of the grid (2.21) that are at least two nodes away from the
boundary. Alternatively, two ghost nodes can be added to grid (2.21) from
each side in each direction. In either case, the finite-difference equations to
be solved near the boundaries of the computational domain will differ from
the interior equations (2.22), and these special near-boundary equations shall
be interpreted as discrete boundary conditions for the scheme (2.22).

To keep all the notations straightforward, let us introduce the ghost nodes
(T, zn) form = (M +1) and £(M +2), and n = -2, -1, N+1, and N +2.
From here on, we will assume that the special near-boundary treatment shall
apply to these ghost nodes, while the finite-difference equations (2.22) can
keep their form on the entire grid (2.21). It is important to emphasize that
system (2.22) itself is a system of fourth order finite-difference equations, and
therefore it requires more boundary conditions than the original second order
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differential equation does, even though the former approximates the latter.
More precisely, we will see that scheme (2.22) will require two boundary con-
ditions at each boundary, whereas the original differential equation requires
only one, see Section 2.2.2.

As indicated in Section 2.2, the boundary conditions are to be set for the
linear constant coefficient equation solved repeatedly on the inner loop of the
nested iteration scheme. Therefore, for the nonlinear finite-difference sys-
tem (2.22) we introduce an iterative solver fully analogous to the one outlined
in Section 2.2.1 for the continuous case [cf. formula (2.8)]:

—B9Y) 4 16BYE)  —30EYR +16EUF)  — BYE)

m—2,n m+1,n m+2,n
1212
ik i,k jk jk ik
B + 16BN, — 30BN + 6B — Eo, (223)
1212

HREGS = ke |0 B

m, )

where j = 1,2,...;k=1,2,...,K; E®Y = 0; and ESY) = EY M. Next,
. . 20 .
denoting E,,, = E%:ﬁ) and ®,,, = —k%e‘E,(ﬂ;ll’K) E%jﬁ_l), we arrive

at the fourth-order central-difference approximation to the linear constant
coefficient Helmholtz equation (2.9):

~FEpm—2n+16Ep_1, —30E, +16Em11.0 — Emion
12h2
~FEmn—2+16E; 1 —30E,, +16Ey 01 — Emnio (2.24)
12h2
+kg B = P

_|_

System (2.24) is to be supplemented by the boundary conditions and solved
repeatedly in the course of the iteration (2.23) for updated @, .

2.3.2 Transverse Boundary Conditions

To set the discrete Sommerfeld radiation boundary conditions at m = =M,
we first need to identify the waves that propagate upward and downward in
the corresponding discrete framework. To do that, let us consider the one-
dimensional discrete homogeneous Helmholtz equation (for clarity, we sup-
press here the subscript n)

—Lm—2 + 1GE’mfl B 30Em + 16E‘7ﬂ+1 - Em+2
1212

+ k3B, = 0. (2.25)

Equation (2.25) has a four-dimensional fundamental set of solutions:
{q{",ql_m,qén,q;m}, where q1, 1/q1, g2, and 1/go are the four roots of the
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algebraic characteristic equation that corresponds to the discretization (2.25):
—1+4 16¢ + (1202 — 30)¢* + 16¢> — ¢* = 0. (2.26)
They are given explicitly by

_di+ /-4 q_lidl—\/df—zl
2 k)

" b 2 (2.27)
dy — /d% — 4 L do++/dE—4
Gp=—" Ggl=—""2 —
2 2
where
dy =8—-6y1+0a2/3 and do=8+6+y/1+0a2/3.
The parameter
o, = hzko (2.28)

is a measure of how well the waves are resolved by the transverse grid. In [9]
we have shown that when 0 < a, < 1 (i.e., when the wavenumber kg is
well resolved on the transverse grid), the roots ¢; and ¢ ! have unit mag-
nitudes, |¢1| = |¢;'| = 1, and the solutions ¢}* and ¢; ™ approximate the

genuine traveling waves e’*0% and e~"0%  respectively, with the fourth order
of accuracy:
qqln — eikohmm, +0 (ai) , ql—m — e—ikohmm +0 (Oéi) .

Regarding the second pair of roots, g2 and g5 ! it was shown in [9] that |g2| < 1
and |gy 1| > 1. Accordingly, solutions ¢5* and g, ™ are always evanescent.
These solutions are numerical artifacts, as they do not exist in the continuous
context, see Section 2.2.2, and only appear because the discretization is fourth
order, whereas the original differential equation is second order. Still, the
presence of a second evanescent pair of waves requires special treatment at
the boundary and necessitates setting an additional pair of the boundary
conditions.

Consistently with the idea of Section 2.2.2; to guarantee the reflection-
less propagation of the discrete outgoing waves through the lateral artificial
boundaries, we need to require that the boundary at m = M be transparent
for the waves 7" traveling upward, and the boundary at m = —M be trans-
parent for the waves g; ™ traveling downward. This requirement constitutes
the Sommerfeld radiation principle in the fourth order discrete framework,
and it cannot be either altered or relaxed in any way. As, however, concerns
the second, evanescent, pair of waves, ¢5* and ¢; ™, more flexibility can be
exercised toward their near-boundary treatment. Indeed, these waves are non-
physical and as such, we only need to ensure stability of the resulting overall
discretization once the corresponding second pair of the boundary conditions
has been chosen.
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The fourth-order discrete Sommerfeld radiation conditions are obtained in
[10] in the form of one-way Helmholtz equations:

Eny1 =C1Ey + CoEp—, E_y1=CiE_py+CoE_pya, (2.20)
Enryo =C3Ey + CaEp—, E_y—o=C3E_p + CoE_p4a, )
where
o = 2T a - a(l+g) ,— (Lt a)(1—dP)
@+ —q(l+43) ©2+a—all+4) (2.30)
0, — {2t a)(a—d) = 0+ a) —gile +6)

©+aéE—all+g) @+ —qal+e)

The fundamental property of boundary conditions and (2.29), (2.30) is that
they render the reflectionless radiation of the physical waves ¢]* and g; ™.
Moreover, they yield an overall stable discretization and possess additional
symmetries which become useful when proving properties of the transverse
eigenvectors in Section 2.3.4.

2.3.3 Discrete Eigenvalue Problem

Let us now formulate a discrete eigenvalue problem analogous to (2.12). For
that purpose we first introduce a (2M +1) x (2M +1) transverse discretization
matrix A that would contain the fourth order central difference approximation
of Oy, at the interior nodes, see (2.24) or (2.25), and would also incorporate
the boundary conditions (2.29). By eliminating the ghost variables E_j;_o,
E—M—17 E]V[+1, and EM+2, we obtain:

[—30+Cs5 16+Cs —1 0 O 0
16—-C; -30—Cy 16 —1 0 0
) -1 16 —-30 16 —1 0
= 1212 - ST T - : )
0 -1 16 =30 16 -1
0 0 -1 16 -30—Cs 16— C"
i 0 0 0 -1 16+ Cs —30+Cs|
(2.31a)
where
Cs = 16C; — Cj, Cs = 16C5 — C4. (2.31b)

The discrete counterpart of the eigenvalue problem (2.12) can now be formu-
lated as follows:

A = . (2.32)

In order to be able to separate the variables in the finite-difference system
(2.24) using the eigenvectors of A, we need to make sure that these eigen-
vectors form a basis. To do that, we will use the results of the forthcoming
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Proposition 3 to prove in Proposition 4 that the (2M +1) x (2M +1) matrix A
of (2.31) has (2M + 1) distinct eigenvalues. This implies that A has (2M +1)
linearly-independent eigenvectors. Then we will prove in Proposition 7 that
these eigenvectors can be rescaled so that they posses the real orthogonality
property, that allows us to arrive at formula (2.37) for the inverse of the ma-
trix of the eigenvectors; the latter is needed for the actual implementation of
the separation of variables.

Let us recall that the roots of the characteristic equation (2.26), and con-
sequently, the entries of the matrix A of (2.31), are functions of «,. In
particular, it is easy to see that in the fine grid/long waves limit a, — 0+,
we have ¢ — 1. For ¢; = 1 formulae (2.30) imply that C; = C4 = 1 and
Cy = C5 = 0. As such, boundary conditions (2.29), (2.30) for a, = 0 reduce

to
Eny1 = B, E_y-1=FE_pu, (2.33)
Enyo=En-1, E yo=FE_pq1.
Equalities (2.33) imply symmetry with respect to the points +=(M + 1/2),
which can also be interpreted as a fourth order approximation of the homo-
geneous Neumann boundary conditions. Moreover, the matrix A of (2.31)
acquires a particularly convenient form for o, = 0:

[—14 15 =1 0 0 0
15 =30 16 -1 0 O

) -1 16 -3016 -1 O

A(O):W o ] (2.34)
’ 0 -1 16 —30 16 —1

0 0 —1 16 —30 15

0 0 0 —1 15 —14]

so that the corresponding eigenvalue problem (2.32) can be solved analytically.

Proposition 3 The eigenvalues AD(0) and eigenvectors M (0) =

T
[wgu(O), . ,1/)5”(0), ce gvl[) (O)} of the matriz A(0) of (2.84) are given by:
16 1 % 1 %
AD(0) = ——= sin? ( = —— sin® 2.35
O ==z \ S oar51) T3 \aars 1) (2:35)
() = _mm 7T

) (0) = by cos [l <2M+1 + 2)] , (2.35b)

where ] =0,1,...,2M; by = \/ﬁ, and b; = QMQﬁ for 1> 0.

The eigenvectors 1(D(0) of (2.85b) are orthonormal, and the eigenvalues
XD(0) of (2.85a) are distinct.

Proposition 4 Let a, < 1. Then, the (2M + 1) x (2M + 1) matriz A
of (2.81), with {C; };*:1 given by (2.30), has 2M +1 distinct eigenvalues A\ =
MO ().
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Proposition 4 clearly implies that the matrix A of (2.31), (2.30) has 2M +1
linearly independent eigenvectors. Our next goal is to show that this basis of
eigenvectors has the real orthogonality property (Proposition 7).

Proposition 5 ( [10]) The matriz A of (2.31), where {C;}j_, are given
by (2.30), is real-symmetric, i.c., AT = A.

Proposition 6 ( [10]) Let ¢ and ¢ be eigenvectors of the matriz A of (2.31)
with the corresponding eigenvalues Ay and \y. If Ay # Ay, then, T4 = 0.

Remark. Proposition 6 is the discrete analogue of Proposition 2.

Since the eigenvectors of A are, generally speaking, complex, the operation
¢T'9 is not a genuine inner product of the two vectors. Hence, it is not obvious
whether any nontrivial eigenvector v would satisfy ¢+ # 0. However, for
o, < 1 a continuation argument can be employed to prove the following:

Proposition 7 Let ay, < 1. Then, the eigenvectors v, 1 =0,...,2M, of
the matriz A of (2.31), where {C;}j_, are given by (2.30), can be normalized

50 that (zz}m)%(m) = 8.

With the Dirichlet boundary conditions set at the transverse boundaries,
we have used the discrete Fourier transform to separate the variables in sys-
tem (2.24). In the Sommerfeld case we rather need to use the transformation
by means of the eigenvectors of A. This transformation will be a discrete ana-
logue of (2.15) and (2.16). Moreover, as formula (2.37) will show, its inverse
is numerically straightforward and inexpensive.

Let us introduce a square matrix of order 2M + 1 that would have the
original non-normalized eigenvectors ¢! as its columns:

o= [zp(‘”, . ,WM)} . (2.36)

From Proposition 7 it follows that 7% = I and

/u® 0 0 0

_ 0 1/u™ o 0
o = ()T = . o7 (2.37)
0 ) 1/M(2M)

The easy formula (2.37) is used in the computations of Section 2.4 to invert
the matrix of eigenvectors W.

2.3.4 Separation of Variables

We now use the transformation matrices ¥ of (2.36) and ¥~! of (2.37) to
separate the variables in the discrete system (2.24).
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Let us define the 2M + 1-dimensional vectors &, and @, for n =0,..., N:

En=E-rps-- s Bops-o s Barnl

By =[P sy Pons s Parnl
Then, system (2.24) subject to the transverse radiation boundary conditions
(2.29), (2.30) can be recast as follows:

+ _gn—Q + 165n—1 - 30571 + 165n+1 - gn

o2 22, =, (2.38)

A&,

In analogy with (2.15) and (2.16), let &, = UE, — &, = ¥1E, and
b, =W, < &, =¥ 1, In so doing, system (2.38) transforms into:

—Epo +16E,_1 — 30E, + 16Ep11 — & s .
n—2 + n—1 12h2n+ n+1 n+2 +kgg”: an- (239)

A, +

The variables in (2.39) have separated, as the diagonal structure of the matrix
A enables a natural decomposition of system (2.39) into a set of 2M + 1
separate one-dimensional systems that would govern individual components

n n N T
of &, = Eovn,...vEngn} :

_EAl,n72 + 16EA’z,n71 - 30El,n + 16El,n+1 - El,n+2
12h2

+ (k2 + XD By, =
1=0,...,2M, (2.40)

here (ihm, 1 =0,...,2M, are components of the vector b,,.

Each system (2.40) needs to be solved independently of the others, after
which the solution in the original space can be reconstructed as &, = wé, for
every n =0,...,N. For any [ = 0,...,2M, the corresponding system (2.40)
is still subdefinite unless supplemented by the boundary conditions at n =0
and n = N. We describe these discrete two-way ABCs in Section 2.3.6.

2.3.5 Properties of Eigenvalues

In Section 2.2, we have shown that the introduction of the Sommerfeld
transverse radiation boundary conditions can be interpreted as linear “damp-
ing” in the z direction. We have an equivalent result at the discrete level (cf.
Proposition 1):

Proposition 8 ( [10]) Let A = A(a,) be an eigenvalue of the matriz A
of (2.31), where {C;}j_, are given by (2.30). Then,

dX

=iv and v >0.
day -
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2.3.6 Nonlocal ABCs

Having separated the variables in system (2.24), we obtain a set of one-
dimensional finite-difference equations (2.40). Each of these equations will
be supplemented by 1D boundary conditions at n = 0 and at n = N in
much the same way as done in Section 2.3.2 for equation (2.25). Thus, let g1,
1/q1, g2 and 1/¢o be the four roots of the algebraic characteristic equation
that corresponds to the homogeneous counterpart of equation I of (2.40)! (cf.
equation (2.26)):

—1 4 16¢ + (122 — 30)¢® + 16¢> — ¢* = 0, (2.41)

where (cf. formula (2.28))

@, = hoy[K2 + A, (2.42)

The desired finite-difference two-way ABCs at the left boundary are given
by (see [10] for detail):
EAl,fl — (@ + Q2)El,o + Q1Q2Ez,1
=d [G™' = (1 + ¢2)G° + 112G (2.43a)
A (inc, leff —
+ B (gt — (g1 + g2) + ¢l go]
and
Ez,—z — (1 + @2)* — Q1Q2]El,o + (¢ + QQ)Q1Q2E1,1
= P10 (G = (1 + ©2)° — 0142 G° + (@1 + 12)102G"] (2.43b)
F(inc, leff _
+ B (072 — (1 + 02)? — quae] + (a1 + a2)a3a2] -
Similarly, at the right boundary we have:
El,N+1 — (¢ + QQ)EZ,N + QIQZEA‘l,Nfl
=P n (G = (01 + )G + 1G] (2.44a)
+ El(mc’ “ght)ql_N 4" — (@1 + @2) + diqe)

and

El,N+2 —[(q1 + Q2)2 - Q1QQ]EI,N + (g1 + Q2)Q1QQE1,N—1
=& N [G° = [(@1 + 32)* — 0192]G° + (1 + 42)0142G '] (2.44b)

fr(inc, right)  — -
+ Byre Tt g (672 = @+ 02)° — @@l + (@1 + @2) 47 g2] -

INote that unlike in Section 2.3.2, the parameter o, of (2.42) and the roots of equation
(2.41) all depend on the transverse mode number I.
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Altogether, to obtain the solution on every iteration, we now need to solve
equations (2.40) for n = 0,..., N and for all I, subject to the boundary
conditions (2.43) that supplement the ghost nodes n = —2 and n = —1, and
boundary conditions (2.44) that supplement the ghost nodes n = N + 1 and
n=N-+2.

The ABCs (2.43) and (2.44) are fourth order discrete counterparts of the
continuous boundary conditions (2.20). We emphasize that the right-hand
sides in relations (2.43) and (2.44) are obtained by local formulae and as
such, are numerically inexpensive, see [10]. We also emphasize that similarly
to boundary conditions (2.20), the discrete two-way ABCs (2.43) and (2.44)
are obtained in the transformed space independently for each one-dimensional
system (2.40), and would therefore become nonlocal if transformed back to the
original space by means of the matrix ¥. However, we never actually need to
explicitly transform the ABCs to the original physical space, because system
(2.24) is solved on each iteration (2.23) using the separation of variables (2.39)
and consequently, the boundary conditions only need to be applied to variables
El)n in the transformed space.

Each one-dimensional difference equation (2.40) subject to boundary con-
ditions (2.43) and (2.44) is normally solved using LU decomposition. In our
latest paper [2], we proposed an alternative approach based on an efficient
summation rule that evaluates convolution with the discrete Green’s func-
tion. The latter has the boundary conditions (2.43) and (2.44) automatically
built in.

2.4 Results of Computations

In this section we present computational results obtained with the help of
the algorithm of Section 2.3. In order to judge whether the iterations (2.23)
converge, we monitor the following three quantities on the outer loop:

. . . ] i—1
1. The difference between successive iterations: max,, , |E,(7§)n — E,(,]m )|.

2. The maximal residual: maxp, », \R%)n

, where

~EY ,  +16EY) | —30EQ, +16EY,,  — BV,

() —
Brn 1212
B 1688, S0+ 168, P
12h2

+kg{1+e

£D[”] 89
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3. The mean residual: ﬁ Do don |R%?n|-

2.4.1 Critical Case

We solve the 2D NLH (2.6) in the critical case o = 2 with kg = 8 and with
the incident Gaussian input beam given by:

2

E(inc,left)(l,70) — e T

The fractional critical power of this input beam is equal to, see [9],

P= 3T Fo.
Therefore, ¢ = 0.06 corresponds to p = 90%, i.e., when the power of the
corresponding NLS solution is 90% of the threshold power for collapse N..
In Figure 2.2, we show a solution to the critical NLH obtained for kg = 8
and p = 90% on the domain with z,.« = 13 and zp.x = 40. As in the NLS
model, the solution undergoes mild self-focusing and then decays (diffracts)
with propagation.

FIGURE 2.2: Solution of the critical NLH for kg = 8 and p = 90%.

In Figure 2.3 we show the results that correspond to higher input powers and
as such, allow one to observe stronger self-focusing. These results are obtained
for kg = 8 on the domain zmax = 60, Tmax = 20, h, = Ag/20, and h, = A\¢/8
[Figure 2.3 (left)], and for kg = 30 on the domain zpax = 60, Tmax = 15,
h, = Xo/5, and h, = Ag/4 [Figure 2.3 (right)]. In the computation with
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p = 99.6% the plot of the solution looks more stretched in the longitudinal
direction, because we used kg = 30, which implies a larger diffraction length
LDF = koT’g.

FIGURE 2.3: Solution of the critical NLH subject to the Sommerfeld trans-
verse boundary conditions for kg = 8 and p = 99% (left), and ko = 30 and
p =99.6% (right).

One of the advantages of our method is its ability to calculate the magnitude
of backscattering. This is most easily done at z = 0, where the backscattered
way is given by |E(computed) (5, ) — plinc,1eft) (3:)| In Figure 2.4 we show the
corresponding graph for € = 0.04, zmax = 20, Tmax/Zmax = 1, h, = Ao/10,
and h, = A\o/4. From Figure 2.4 we conclude that most backscattering occurs
around the axis of symmetry = = 0, and that the magnitude of backscattering
there is about 1.2% of the incoming power.

2.4.2 Subcritical Case

We recall that the subcritical NLS (2.5) for ¢ = 1 admits a well-known
soliton solution
eiz/2

 cosh(z/v?2)

To see how this soliton would propagate in the framework of the nonparaxial
Helmholtz equation, we solve the two-dimensional NLH (2.6) with ¢ = 1 and
with the incoming beam specified as

(ckg) "/

cosh(z/v/2)

E(inc,left) (SL’ —
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FIGURE 2.4: Backscattering for ¢ = 0.04.

To maximize the effect of nonparaxiality and backscattering, we set kg = 5.
As we can say that ry = ﬂ, the diffraction length is Lpp = korg ~ 10.
We also set zpmax = 70, which corresponds to propagation over 7 diffraction

lengths.
In order to see how well our boundary conditions can treat the incoming
waves that are not parallel to the z axis, we solve the subcritical NLH with

the incoming beam

exp (—ikosin@(z — 5)) (ekd) /2
cosh ((z — 5) cos 0/v/2)

E(inc,left) (.T, 0) — R 0 = arctan(1/4)7

which corresponds to a solitonic initial condition impinging on the z = 0
interface at an angle 6 £ 0°. The numerical parameters are as before, except
that we set zpa.x = 15. As can be seen in Figures 2.5, 2.6, and 2.7, the
solitonic propagation is unaffected by the non-normal incidence angle. In
particular, there is no indication of spurious numerical reflections from the
artificial boundaries, showing that our algorithm is capable of handling well
the waves not aligned with the grid/boundaries.
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FIGURE 2.5: Soliton at an angle: Cross-section profiles at z = 0 and z =

Zmax~

FIGURE 2.6: Soliton at an angle: 3D mesh plot.

Another significant advantage of our NLH solver is its natural ability to
solve, apparently for the first time ever, for counter-propagating beams with-
out making any additional assumptions. This is in contrast with the NLS
model that admits propagation in one direction only and as such would require
numerical marching in two opposite directions when analyzing the counter-
propagation case. Note that although coupled NLS models have been used
for counter-propagation, see [4], this approach involves some approximation of
the Kerr nonlinearity induced by two coherent beams. In Figures 2.8 and 2.9
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15

-15 . . .
0 10 20 30 40

FIGURE 2.7: Soliton at an angle: Level curves.

FIGURE 2.8: Counter-propagation of two solitons at an angle: 3D mesh plot.

we show our numerical solution of the subcritical NLH for the case of two
counter-propagating incoming beams:

exp (—ikosinO(z — 10)) (ek2)~1/2

E(inc,left) z,0) = E(inc,right) Ty Zmax) = )
( ) ( a ) cosh (COS 9(3? - 10)/\/5)

where § = 7/4. The computational domain is Zpmax = 20, zmax = 20, and
the grid sizes are h, = A\g/60 and h, = \o/16. The centers of the two input
beams are located at (z = 0,z = 10) and (z = 20,2 = 10), the beams prop-
agate downward at an angle of 45°, interact nonlinearly, and then continue
to propagate as solitons. The periodic oscillations in the interaction region
result from the phase differences between the two counter-propagating beams,
they disappear as the beams move further away from each other.
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FIGURE 2.9: Counter-propagation of two solitons at an angle.

2.5 Summary

In this chapter we described an algorithm for solving the NLH as a true
nonlinear boundary value problem. This methodology allows, apparently for
the first time ever, to calculate the backscattered wave. Several extensions
that we developed over the years for these method, which are nor presented in
this chapter, are the addition of linear damping [7], an integral Green’s func-
tion formulation for implementing the two-way boundary conditions [2], and
an extension to the cylindrically symmetric three-dimensional case [2]. Most
recently [10], we have also introduced a compact fourth order discretization
and a Newton-type nonlinear solver for the one-dimensional NLH. The new
algorithm has allowed us to compute the solutions for the media with material
discontinuities and for very high levels of nonlinearity.
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3.1 Introduction

In this chapter we shall be mainly concerned with the numerical solution of
the Boussinesq systems of equations that occur in water wave theory. These
systems, derived in their general form in [11], may be written in nondimen-
sional, unscaled variables as

N+ Uy + (nu)r + aUgqqy — bnmzt =0, (3 1)
Ug + Mg + Uy + CNgre — AUgze = 0, ’

where n = n(z,t), u = u(x,t) are real functions defined for € IR and ¢t > 0.

In addition
507 — (1 —v),

c= 51— 0% d= 11021 p),

a= %(027%)1/, b=

(3.2)

where v and p are constants and 0 < # < 1. Our main goal in this paper
is to review the existing mathematical theory for the systems (3.1) and solve
them numerically for specific choices of a, b, ¢, d in order to study interesting
features of their solutions.

63
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The systems are named after J. V. Boussinesq, in whose pioneering work
on water waves in the 1870’s, [19], [20], systems similar to (3.1) (and approx-
imations of the type that we will be considered later in this section) played a
significant role; cf. e.g. [44] for references and historical comments.

The family of systems in (3.1) is an approximation of the two-dimensional
Euler equations that describe the irrotational, free surface flow of an incom-
pressible, inviscid fluid in a uniform horizontal channel, when cross-channel
variations of the flow are negligible. As opposed to one-way models, such as
the Korteweg-de Vries equation, the equations (3.1) describe two-way propa-
gation of surface waves. The independent variables x and ¢ are proportional
to position along the channel and time, respectively, while the dependent vari-
ables n(x,t), respectively u(x, t), are proportional to the values at (z,t) of the
height of the free surface of the fluid above an undisturbed level, and to the
horizontal velocity of the fluid at some height above the bottom, respectively.
In Section 3.2 of this chapter we review the derivation of (3.1) from the Euler
equations and specify the range of parameters for which the approximation is
valid.

Our aim in Section 3.3 is to review the existing well-posedness theory for
the initial-value problem and for some initial-boundary-value problems for
(3.1). Being approximations to the Euler equations, the systems (3.1) are
expected to have solitary wave solutions. In Section 3.4 we discuss known
results of existence, uniqueness and stability for these important special solu-
tions. In Section 3.5 we construct and outline the properties of a fully discrete
Galerkin-finite element numerical method that we will use to approximate the
solutions of the periodic initial-value problem for (3.1) in a bounded interval.
We shall use this scheme in Section 3.6 to simulate numerically phenomena
such as two-way propagation of solutions and the generation, stability and
interaction of solitary waves. Finally, in Section 3.7 we shall briefly outline
the analogous Boussinesq models in two space dimensions and review aspects
of the well-posedness theory of their initial-value problems, and of their nu-
merical analysis.

3.2 Derivation and Examples of Boussinesq Systems

In this section we shall derive the Boussinesq equations (3.1) from the Euler
equations in the appropriate parameter regime. This has been done in [11]
using the potential flow form of the Euler equations. Here, following [48], [11],
and [4], we derive (3.1) using the primitive variables.
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Y

—ho

FIGURE 3.1: Euler equations variables.

The 2D Euler equations for inviscid, incompressible, irrotational flow with
a free surface over a horizontal bottom at height y = —hg (the undisturbed
level of fluid is at y = 0) may be written as follows in dimensional, unscaled
variables: Let n(x,t) be the deviation of the free surface of the fluid above its
level of rest and consider the domain Q; = {(z,y) : —o00 < z < 00, —hg <
y < n(z,t)}. Then, for (z,y) € Q; and t > 0 we have

1
Up + Uy + vuy + ;px =0, (3.3)
1
Ve + uvg + voy + ;py =—g, (3.4)
Ug + vy = 0, (3.5)
Uy = Vg, (3.6)

where g is the acceleration of gravity, u = u(z,y, t), respectively v = v(z,y, t),
denotes the horizontal, respectively vertical, velocity component, p is the (con-
stant) density of the fluid, and p = p(x,y,t) the pressure. (If the irrotation-
ality condition (3.6) holds at ¢ = 0, then it will hold for all ¢ > 0, by Kelvin’s
theorem). The system (3.3)—(3.6) is supplemented by the free surface kine-
matic and dynamic boundary conditions

n+un, =v, at y=n(z,t), (3.7)

p=0, at y=n(z,t). (3.8)
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At the bottom y = —hg we assume that the normal component of the velocity
vanishes, i.e., that
v=0, at y= —ho. (3.9)

We also assume that initial conditions for n and « have been specified and let
n(,0) = ¢(z), =€, (3.10)

u(:c,y,()) = w(xvy)v (x,y) € QO> (311)

where 19 and ug are given real functions. (We assume that wug satisfies the

compatibility condition %(x, y)=—/ :0 gif (z,y")dy’ in Qp, which follows by
assuming that (3.5), (3.6) and (3.9) hold at ¢t = 0.)

The first step in deriving (3.1) from the Euler equations is to nondimen-
sionalize and scale the problem (3.3)—(3.11) in an appropriate way. We are

interested in the regime of long surface waves of small amplitude, wherein
A ho
= — 1 == 1 3.12
€ I <1, o h <1 ( )
where A is a typical amplitude and A a typical wavelength of the waves.
Accordingly, cf. [48], we make the change of variables

(3.13)

where ¢y := v/ghg. Then, the problem (3.3)—(3.11) is transformed into the
equivalent problem that follows, in which the dependent variables and initial
conditions are of order one, while powers of ¢ and o signify the order of
magnitude of terms that they multiply. We seek u* = w*(x*,y*, t*), v* =
v(a*, y* ), pt = pt(at,y*, ), n* = n*(a*, t*), defined for —oo < a* < oo,
—1 <y* <en*(z*,t*), t* > 0, such that,

eup. + 2wt ul. + vl 4+ ph. =0, (3.14)
eovj. + 20’ u ). + 20 v 4 ph. = —1, (3.15)
Uy + Vye =0, (3.16)

up. — o*vh. = 0. (3.17)

This system is supplemented with the free surface and bottom boundary con-
ditions, which now take the form:

N +euni. = 0", for y* =en*(a*, "), (3.18)

p* =0, for y* =en*(z*,t%), (3.19)
v* =0, fory* =-1, (3.20)
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and the initial conditions
n*(2%,0) = ¢™(z%), u (2%, y",0) =¢"(a",y"), (3:21)

where, in terms of the functions ¢, ¥ in (3.10)—(3.11) we have

¢ (x") = h(b( ho) (2", y) = L¢ (hox*,hoy*> . (3.22)
0€ 0
The incompressibility and irrotationality conditions (3.16), (3.17) constitute
an elliptic system for u and v that may be solved, using the boundary condition
(3.20), in terms, for example, of the function U* defined by U*(a*,t*) :=
u*(z*,0,t*). We easily obtain by an iterative process that

k(K% ok gk * * 1 * *
wHatyt ) = U = oy + (7)) U +0(a"), (3.23)

v*(x*7y*,t*)=—(y*+1)U§*+%(3(y*)2+(y) 2)Uye e +0(0%). (3.24)

Using (3.23) and (3.24) in the vertical momentum equation (3.15), and also
(3.19), we obtain

1
pr(z*,y* t*) = —y* +en* +eoy (1 + 52/*)U;*t* + O(eo?, €%0?).  (3.25)

Substituting now these expressions in the horizontal momentum equation
(3.14) yields
U + i +eU UL = O(0*, c0?). (3.26)

Another equation coupling U* and n* is obtained by evaluating u* and v*,
given by (3.23)—(3.24) at y* = en* and substituting in (3.18). This gives

2
M + Ul + e U)ge + %Ux = O(ea?,o%). (3.27)

If we now assume that the dispersive and nonlinear terms in the bystem (3.26)—
(3.27) are of equal importance, i.e. that the Stokes number S = 5 = O(1),
and put for definiteness € = 0, we obtain the Boussinesq-type system

{n;; + Upe +e( U ) + §Uzw g = 0, (3.28)
Ui + 13 +eU UL =0, '
in which we replaced the right-hand side (which by our assumption is of O(£?))
by zero.

One may obtain a plethora of Boussinesq-type systems by choosing other
velocity variables. For example, defining the mean velocity with respect to

depth as
1 =’
uF (") = 1+677/ u* (2%, Yy, 1) dy",
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Peregrine, [48], obtains, expressing u* in terms of U* in a series expansion
of powers of ¢ and o, a different system, formally equivalent to (3.28) up to
O(g?) terms, which is the so-called ‘classical’ Boussinesq system, see (3.35)
below.

Alternatively, following [11], we may choose as velocity variable the hori-
zontal velocity of the fluid wj(x*,t*) at height y* = —1+0(1 4 en*), for some
6 € [0,1], i.e. put uy(z*,t*) = u*(z*, =14 0(1 + en*),t*). Taylor expansions
and the use of (3.23) with 0% = ¢ yield

1
up=U"~+ 55(1 —0HUZ. . + O(e?),

which we may invert, using e.g., the Fourier transform, to obtain

1
U* =up — 55(1 — 0%)Uj 4o ye + O(E7).

Substituting this expression in the equations of the system (3.28) we obtain
the Boussinesq system, valid for —oco < z* < oo, t* > 0,

{7’]; + ugvx* + a(n*ué)z* + %(92 - %)u;,x*x*x* =0, (3.29)

* * *, % £ 2\, ,* _
Up go T+ Mg + EUGUG o — s(1—-46 )uew*aj*t* =0,

where we have replaced the O(e?) right-hand side by zero. This system is
supplemented for * € IR by the initial conditions

n" (2", 0) =n5(z") == ¢*(z") (3.30)
and
ug(x*,0) = ugo(2”) == ¢ (a", =1+ 0(1 + eng(z7))), (3.31)

where the functions ¢* and ¥* are given in terms of the original Euler data

in (3.22). Once the uj and n* are determined by (3.29)—(3.31), we can then

compute U*, and u*, v* and p* by the appropriate formulas given above.
Following now [11] (see also [8]) we observe that the equations (3.29) give

N + U 4o = O(e),

g g + e = O(e),

which imply that the third order derivatives of uj in (3.29) may be expressed
in terms of third order derivatives of n* with an error of O(g). For example,
we may write

u;,x*x*x* = _n;*x*t* + 0(5)7

and, more general, using a modelling parameter v

Uy o g e = l/u;@*w*x* — (1 = )Ny + O(e).
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Using such expressions in (3.29) we obtain a family of Boussinesq systems in
nondimensional, scaled variables given by

{77;;* + u;,w* + 5(77*“;):6* + g(aug,w*x*w* - bn;*x*t*) =0, (3 32)
U e+ Mype + EUGUG o + E(CTu e e — AUG o eye) = 0, )
where the coefficients a, b, ¢, d are given for 0 < 6 <1 and v,u € IR by (3.2),
and where, again, the O(¢?) right-hand side has been replaced by zero. The
system is supplemented with the initial conditions (3.30)—(3.31).

In the sequel, we shall write the system (3.32) in the following equivalent
nondimensional but unscaled form, whenever the parameter ¢ plays no essen-
tial role in the analytical or numerical investigation. Performing the change
of variables i = euy, 7 = en*, T = e~ 1/24* t = e=1/2¢* we obtain the system

M + Uz + (fi)z + alizzz — bijzz; = 0, ~ s
{ﬂg + 7z + Ulg + chzzz — digz; = 0, TeR, t20, (3.33)

where the initial conditions
n(x,0) = no(Z), u(z,0) = ao(Z) (3.34)

are obtained by (3.30), (3.31) using the last-mentioned change of scale. (In
terms of the original Euler dimensional variables we have for example 7o(Z) =
% (Zhg), and an analogous formula for g(Z). Since (3.33) is intended to
model waves of small amplitude and large wavelength, we have that 7y =
O(A/ho) = O(e). Similarly we can see that 49 = O(e), i.e., that the system
(3.33) should be integrated with small initial data. It should also be stressed
that in the approximation procedures that lead to (3.33), one-way propagation
assumptions were nowhere made. Hence, these systems may be used to study
two-way propagation of long surface waves of small amplitude. If one-way
assumptions are made, cf. [59], [48], one recovers well-known one-way model
equations such as the Korteweg-de Vries (KdV) and Benjamin-Bona-Mahoney
(BBM) equations. In the sequel, we shall drop, for simplicity of notation, the
tilde from the variables in (3.33)—(3.34), reverting back to the notation of the
system (3.1).

As it will be seen in the sequel, although all systems of the family (3.1)
are, in a sense, formally equivalent (being O(¢?) formal approximations to
the Euler equations), there are choices of the parameters ¢, 1 and v leading
to Boussinesq systems that:

(i) Have favorable mathematical properties. As will be seen in Section 3.3,
some of these systems are linearly ill-posed and should be excluded
from further study as useful model equations. Among the linearly well-
posed ones one should consider systems whose Cauchy problem is at
least locally (nonlinearly) well-posed with long enough temporal interval
of existence of solutions. In addition, existence of solutions to initial-
boundary-value problems is an important requirement. We shall briefly
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review the literature on the well-posedness of such problems in Section
3.3. Finally, the systems in their scaled form should be rigorously jus-
tified to be good approximations of the Euler equations as ¢ — 0. (See
the remarks at the end of this section.)

(ii) Have solitary wave solutions. Being approximations to the Euler equa-
tions, the Boussinesq systems are expected to have solitary wave solu-
tions. Attention must be paid therefore to systems that have solitary
waves whose uniqueness, stability and other properties should be also
studied. A review of the theory of solitary waves for these systems will
be made in Section 3.4.

(iii) Can be easily solved numerically to high accuracy. The scarcity of closed
form analytical solutions and the need to study, e.g., the stability and
the interactions of the solitary waves of some of these systems, and
the characteristics of the long-time evolution of their solutions make
it imperative that the systems should be solved numerically by fully
discrete methods. A brief study of some of these systems from the point
of view of their numerical analysis will be done in Section 3.5.

A fourth (and perhaps the most important) criterion for selecting a ‘good’
system is, of course, the favorable comparison of its solutions with experi-
mental data of propagation of surface waves. We will not discuss this issue
of modelling, referring instead to the relevant references cited, e.g., in [11]
and [10].

We now list some examples of particular Boussinesq systems of the form
(3.1) that we will have occasion to refer to in the sequel of this paper. The
initial-value problem for all these systems has been shown to be at least non-
linearly well-posed locally in time, cf. [12].

(i) The ‘classical’ Boussinesq system (u =0, 2 = 1/3, i.e., a=b=c =0,
d = 1/3), whose initial-value problem is globally well-posed, cf. [3], [50].
The system is given by

N+ Uz + (u)s =0,
U + Ny + Uy — %umt =0. (3.35)

(ii) The BBM-BBM system (v = u =0, 2 =2/3,ie,a=c=0,b=d =
1/6), whose initial-value problem is locally well-posed, cf. [12], [10]

Nt + uz + (nu)x - %nrzt = 03
Ug + N + Uz — %umt =0. (3.36)

(iii) The Bona-Smith system (v = 0, p = (4 — 6602)/3(1 — 6?), i.e., a = 0,
b=d=(30>-1)/6,c=(2—30%)/3,2/3 < 6? < 1), whose initial-value
problem is globally well-posed, cf. [17]. The limiting form of this system
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as § — 1, corresponding to a =0, b=d = 1/3, ¢ = —1/3, is the system
actually studied by Bona and Smith, [17]. These systems are

30%—1

2-30 30°—1
ur + Nz + uug + 3 Nexzx — 3 Ugprt = 0.

(iv) The KAV-KdV system (v = p = 1, 62 = 2/3, ie, a = ¢ = 1/6,
b = d = 0), whose initial-value problem is locally well-posed, cf. [11], [15]

U+ Ny + Uy + £Npze = 0. (3.38)

As we will see in Section 3.5, the systems (i)—(iii) possess solitary wave solu-
tions, while system (iv) has mainly generalized solitary waves.

It is worthwhile to mention that in [14] a new family of Boussinesq systems
was derived. These are the symmetric Boussinesq of general form

Nt 4 g + 5 (NU)g + QUaze — bNgr =0,

: 3.39

where a,b, ¢, d are given by (3.2). These systems, like the usual Boussinesq
systems (3.1) are formally O(e?) approximations of the Euler equations, when
written in nondimensional, scaled variables in a form similar to that of (3.32),
wherein their nonlinear and dispersive terms are multiplied by €. These sys-
tems have several favorable mathematical properties that are due to the fact
that their hyperbolic part (the system which is obtained by omitting the dis-
persive, third-order derivative terms) is symmetric and L2-conservative.

We close this section with some brief comments on the rigorous justification
of the scaled form of system (3.1), i.e., (3.32), and the analogous form of the
symmetric system (3.39), as approximation to the Euler equations as e — 0.
On this topic, the literature is large and growing, cf. e.g., [27], [14], [2], and we
cannot describe it in a satisfactory way here. Let us just mention that since
the right-hand side of (3.32) is really of O(g?), it is expected that the solutions
of (3.32) with suitable initial data approximate for ¢ > 0 appropriate smooth
solutions of the Euler equations, in the same scaling, with an error of O(g2t).
In [14] and [2] it was proved that the error is indeed of O(¢?t) uniformly for
t € [0,T;], where T, = O(1/¢) for the Boussinesq systems of the form (3.1)
or (3.39) that are locally well-posed. (The proof holds for one or two space
dimensions and it includes, [2], a local existence proof of smooth solutions of
the scaled Euler equations, written in Hamiltonian form, in temporal intervals
with T, = O(1/e).)
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3.3 Well-Posedness Theory

We consider the initial-value problem for the general Boussinesq system
(3.1), i.e., we seek n = n(x,t), u = u(x,t) defined for z € R, ¢t > 0, such that
forzreR,t>0

N + uz + (nu)m + aUgpy — b"?mmt - 0,

Ut + Nz + Uy + Nagz — AUy = 0, (340)
with given initial conditions
’LL(LC,O) = UO(Z'), 77(90,0) = 770(1')7 z € R. (341)

We always assume that the constants a, b, ¢, d are given by the relations (3.2).

A first step in the analysis of the initial-value problem (3.40)—(3.41) is the

study, via the Fourier transform, of the analogous problem for the linearized
equations,

Mt + Uz + QUggy — bnmxt - Oa

us + Nz + CNyzx — dumzt - 07

for x € IR, t > 0 with the initial conditions
U,(J?, O) = ’LL()(.’E), 77(3% 0) = 7]0(33)’ z € R. (343)

The problem (3.42)—(3.43) has been thoroughly analyzed in [11]. We give here
a synopsis of the theory of its well-posedness in L?; for the LP, 1 < p < oo,
theory and related questions, cf. [11]. (By “well-posedness” we mean, as usual,
existence and uniqueness of solutions and continuous dependence on the initial
data in specific function spaces.)

In the sequel, we shall denote LP = LP(IR), 1 < p < oo, and let, for real s,
H*® = H*(R) denote the L?-based Sobolev spaces of functions on IR. Defining
the Fourier transform of a function f € L? for k € R by

fy = [ e f (),

— 00

(3.42)

and taking the Fourier transform with respect to a of the system (3.42) we

obtain Py R
a (n . ny _
7 (ﬂ) +ikA(k) (ﬂ) =0, (3.44)

A(k) = (w20(k) wlék)> :

with wq (k) = ﬁﬁkj, wo (k) = ﬁigkkz' If we let 0 = |wiws
account (3.43), we conclude that the solution of (3.44) is

() @). e

where

|'/2 and take into
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where, provided that wq (k)ws(k) > 0,

kA _ cos(ka(k)t)  —isin(ko(k)t)“LE
—isin(ko(k)t) 2 cos(ka(k)t) '

Using an elementary result of the theory of Fourier multipliers we may con-
clude that the linearized problem (3.42)—(3.43) is well-posed if the matrix
e~ kARt is bounded in finite intervals of ¢. It turns out that this happens if
and only if one of the following conditions hold:

(C1) b>0,d>0,a<0,c<0,
(C2) b>0,d>0,a=c>0,
(C3) b=d<0,a=c>0,

w1 (k
wz(k
nor poles on the real axis. Each of these conditions implies that wiws > 0 for

all k. We shall henceforth call the Boussinesq systems for which (C1) or (C2)
or (C3) holds, “admissible.” We conclude that there are indeed systems of
the type (3.40) which are not even linearly well-posed (for example the Bona-
Smith systems for #2 < 2/3). Note that the systems (3.35)—(3.37) satisfy
(C1), while the KdV-KdV system (3.38) satisfies (C2).

The representation (3.45) is also useful in determining the well-posedness
of the initial-value problem (3.42)—(3.43) is specific pairs of Sobolev spaces.
Indeed, from (3.45) there follows that

—~ w1 ~ ~ w1 ~
7%+ <w2> al* = 7o|” + <w2> |02,

from which one may infer information about the well-posedness of the problem

i.e. for those a,b,c,d for which the rational function g has neither zeros

from the behavior of ¥ as [k| — oco. If the order of /i is the integer £

1/2
such that (Z;EZ;) / ~ clk|’, as |k| — oo, it is proved in [11] that if m; =
max (0, —¢), ms = max(0,£), then the initial-value problem (3.42)—(3.43) is
well-posed for (n,u) € HST™ x H5t™2 for any s > 0. For example, the BBM-
BBM or KdV-KdV systems, for which ¢ = 0, are well posed in H® x H?, the
Bona-Smith systems for 2/3 < 2 <1 (£ = —1) are well-posed in H**! x H*,
while the ‘classical’ Boussinesq system (£ = 1) is well-posed in H® x H**1,

We consider now the question of well-posedness of the nonlinear initial-value
problem (3.40)—(3.41). In contrast to the case of the linearized problem (3.42)—
(3.43), where the well-posedness results are of course global, i.e., existence and
uniqueness of solutions hold for all ¢ > 0, the nonlinear problem can be shown
to be well-posed in general only locally, i.e. on finite intervals [0, 7], where
T < oo depends on the coefficients a, b, ¢, d and the initial data ng, ug. Local
well-posedness has been well established thus far for a subclass of the linearly
well-posed Boussinesq systems.
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A systematic investigation of local well-posedness has been carried out in
[12]. Tt is shown that if the coeflicients a,b,c,d, defined by (3.2), satisfy in
addition one of the conditions (C1), (C2), then the corresponding nonlinear
system (3.40)—(3.41) is locally well-posed in appropriate Sobolev spaces. For
example, for the BBM-BBM system (3.36) (whose coefficients satisfy (C1)), it
is shown in [12] that given s > 0 and any pair (1, uo) € H*(IR)?, there exists
a T > 0 and a unique solution (n,u) that satisfies (n,u) € C(0,T; H*(IR))2.
(Here, for a Banach space X, the space C(0,T;X) denotes the functions
v :[0,T] — X for which the mapping ¢ — v(t) is continuous from [0, 7] into
X. For the KdV-KdV system (3.38) a similar result holds if s > 3/4. The
proof of these results rests in general on fixed point arguments in appropriate
function spaces, which are used in integral equation formulations of (3.40)
effected by the Duhamel principle acting on the nonlinear terms considered
as right-hand sides. In [14] it was proved that the subclass of the symmetric
systems counsisting of systems of the form (3.39) with a = ¢ and b,d > 0 (the
completely symmetric systems) are locally well-posed in H® x H®, s > 3/2.

A few systems have been shown to possess unique solutions for all ¢ > 0
under mild restrictions on the initial data. Such global well-posedness results
hold, for example, for the classical Boussinesq system (3.35), cf. [3], [50], [12].
In fact, if (no, uo) € HSxHT, s > 1, and hell%[l + no(x)] > 0, then the system

(3.35) possesses a unique solution (n,u) € C(0,T; H*) x C(0,T; H**1) for any
T>0.

It can be readily seen that all systems of the form (3.40) with b = d are
Hamiltonian. In fact, the ‘energy’ functional

E(t) = / (n* + (1 +n)u? — en? — au?)dz, (3.46)
is a time-independent quantity of the system and may serve as a Hamiltonian.
The invariance of F leads to a proof of global well-posedness of the associated
system (if b =d > 0 and a < 0 ,¢c < 0, cf. [12]), under mild assumptions
on the initial data. For example, in the case of the Bona-Smith systems,
wherein a = 0, ¢ < 0, it was shown in [17] (for the case #% = 1, but the proof
may be readily extended to the whole family, i.e. for 2/3 < 2 < 1), that if
the initial data in (3.41) are such that (ng,uo) € H*T! x H® s > 0 and if
inf [1+ ()] > 0 and B(0) = [Z (0§ + [el(6)* + (1 + mo)ug)d < 2[c|'/%,
then there is a unique solution (7, u) of the initial-value problem, which for
any T > 0 belongs to C(0,T; H**1) x C(0,T; H®). As explained in [17], the
basic step in this proof is to establish an a priori H* x L? estimate of (u,n).
This estimate follows from the fact that the functional F is invariant for
t > 0 and positive, since the restrictions 79 > —1 and F(0) < 2|¢|'/? ensure
that 1 + n(x,t), and, consequently, E(t) remain positive for € R, ¢t > 0.
(Recall that in the unscaled, nondimensional variables 1 + n(z,¢) > 0 means
that there is water in the channel at x at time ¢; so, the initial restriction
infyer (1 + no(x)) > 0 required for global existence for the Bona-Smith and
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the classical Boussinesq systems has physical meaning.)

For the purposes of solving numerically the Boussinesq systems or com-
paring their solutions with experimental data, it is important to establish
well-posedness, at least locally in time, for initial-boundary-value problems
(ibvp’s) for (3.40). In this direction, it has been proved in [10] that the ibvp
for the BBM-BBM system (3.36) with Dirichlet boundary data at the end-
points of a finite interval [A, B], i.e., when 1 and u are given functions of ¢ at
x = A and B, is locally well-posed.

In the case of the Bona-Smith family of systems (3.37) with 2/3 < 6% < 1,
it has been shown in [4] that the periodic initial-value problem on the spatial
interval [—L,L], L > 0, is well-posed. For example, if (no,uo) € C2 x C2
(where C¥ = C¥(—L, L), for integer k > 0, is the space of k-times continuous
differentiable periodic functions on [—L, L]), no(z) > —1 for —L < z < L,

L c|1/2
and [5, 08 + [el(m)? + (1 + moyd)de < 227
global classical solution (7, ) for the periodic initial-value problem for (3.37),
which, for each T > 0, belongs to the space C(0,T;C3) x C(0,T;C2). (In

this case it is easy to check that the energy functional, defined now as E(t) =

then there is a unique,

f_LL [7? + |c|n? + (1 4+ n)u?)dz is invariant, and the proof proceeds much as in
the case of the Cauchy problem.)

Other types of boundary conditions, cf. [4], may also be shown to lead
to well-posed initial-boundary-value problems in the case of the Bona-Smith
system. Notable among them is the problem with reflective boundary con-
ditions, i.e., n, = 0, u = 0 at both endpoints of a finite interval, which is
globally well-posed under similar, mild restrictions on the initial data. (The
analogous associated energy functional is conserved in this case too.) In the
case of homogeneous Dirichlet boundary conditions on 7 and u at the end-
points, however, the energy functional is no longer conserved and the problem
is only locally well-posed.

We close this section with a remark on the temporal interval of local ex-
istence of solutions. Consider the initial-value problem for the system (3.1)
written in nondimensional, scaled variables, i.e., in the form (3.32), that we
rewrite for convenience using simpler notation as

N+ Uy +€ [(nu):p + QUzgs — bnwwt] = 07

Ug + Ny + € (Wy + Nyge — dugy) = 0. (3.47)

If the system (3.47) is locally well-posed (recall that a sufficient condition for
this is that (C1) or (C2) is satisfied, [12]), its solution exists on a finite interval
[0, T.], where T is a function of e. For modelling purposes, T should be large
for small €. In [30] it was proved (in the case of Boussinesq systems in two
space dimensions but the proof is valid for one dimension too) that if b > 0,
d>0and a<0,c<0o0ra=c>0,then T, = O(1/e%) for any a < 1/2.
This result shows that 7. — oo as € — 0 but it is not very satisfactory as
it is expected that T. should be at least of O(1/¢). It is worthwhile to note
that for the completely symmetric systems (in one or two space dimensions)
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it was proved in [14] that T. = O(1/e). The recent results of [2] imply that,
in addition, 7. = O(1/¢) for the Boussinesq systems of the form (3.47) that
are locally well-posed.

3.4 Solitary Waves

Being approximations of the Euler equations, the Boussinesq equations may
be reasonably expected to possess solitary wave solutions. It is well-known
of course, cf., e.g., [59], that there is a wealth of information on the solitary
waves of one-way counterparts of the Boussinesq systems such as the KdV
equation, which is integrable, and the BBM equation. The analogous theory
for the Boussinesq systems is less well-developed; in this section we shall give
a brief review of some aspects of this theory.

The solitary waves that we will study are travelling wave solutions of the
system (3.1) of the form

Ns(x,t) = ns(x + xo — cst), us(x,t) = us(x + xo — cst), (3.48)

where ¢, is the (constant) speed of propagation of the travelling wave. The
functions 7, = 1s(&), us = us(€), £ € R, will be supposed to be smooth,
positive and even, with a single maximum located at £ = 0, and decaying
monotonically to zero, along with all their derivatives, as & — *oco. We will
call such solutions classical solitary waves. (Other kinds of solitary waves,
such as generalized and multi-pulsed solitary waves will be mentioned briefly
in the sequel.)

Substituting (3.48) in (3.1) one obtains, after integrating once and setting
the integration constants equal to zero, the system of nonlinear ordinary dif-
ferential equations (o.d.e.’s)

—csn+u+nu+au” —begn” =0

—csu + n + %UQ + Cn// o dcsu// _ 0’ (349)

where we denote (us(£),ns(€)) simply by (u(€),n(§)) and ' = d%. Note that
if (u,n) is a solution of (3.49) corresponding to some ¢; > 0, then (—u,n) is
also a solution propagating with speed —cs, i.e., to the left as ¢ increases. In
the sequel we shall usually assume that ¢, > 0.

A few solitary wave solutions may be found in closed form. Following
e.g., [25], if we assume a solution of the special type

0(€) = nosech®(AE),
ul$) = Br(©), (3:50)

where 19, B, A are real constants and xg € IR is arbitrary, and substitute into
the system (3.49), we obtain a set of algebraic equations for 79, B, A and c¢;
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that has solutions under certain conditions, cf. [25]. For example, in the case
of the Bona-Smith systems (3.37), it turns out that for each % € (7/9,1) there
is precisely one solitary wave solution of the form (3.50) of the corresponding
system; the parameters 1g, ¢s, B, A are given by the formulas

_ 9. 92—7/9 — M
Mo=3 =7 ST A0 ey _1/3) (3.51)

3(02—7/9 2(1—-62
A= %\/ (92—£/3)(o£—)2/3)’ B = 9(2—1/3)'

Figure 3.2 shows the solitary wave profile (3.50)—(3.51) for the Bona-Smith
system with 62 = 9/11.

10 5 [ 5 10 10 5 o 5 10

(&) u(§)

FIGURE 3.2: Exact 7- and u-solitary wave profiles of the form (3.50)-(3.51).
Bona-Smith system, 6% = 9/11.

It is worthwhile to note that there are no solitary waves of the form (3.50)
for the Bona-Smith systems if 62 ¢ (7/9,1); in particular no exact solutions
of this type may be found for the BBM-BBM system (3.36). Moreover, the
classical Boussinesq, (3.35), and the KdV-KdV, (3.38), systems do not possess
exact solitary wave solutions of this type. There exist however closed-form
formulae for exact travelling wave solutions (which are not solitary waves)
for many Boussinesq systems, cf. [25]. These solutions are useful for testing
numerical methods for the system (3.1).

We now turn to the problem of existence of solutions of the general o.d.e.
system (3.49). We first examine the case where the phase speed c; is greater
than but close to one, and then comment on known existence results for larger
values of ¢;. In the first case, following the exposition in [40], we write first
(3.49) as a first-order 4 x 4 o.d.e. system of the form

U =V(U;c,) = L(cs)U + R(U; ¢y), (3.52)
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where U = (9,7, u,u’)T, D := ¢2bd — ac (assumed to be nonzero), and

23 : ? ) ’ 0
cZd+a cs(d+a a , 2 csd
= 0 0 sS=ui — Stuqu
_ D D . — 2D 3 D “1Y3
L(cy) 0 0 0 1 and R(U;cs) = 0
2 Cs c
colbte) g cbte —2bu? + Lugug

The analysis in [40] is based on normal form theory for nonlinear systems
of o.d.e.’s. (See, e.g., [35] for a convenient reference). This is a local theory
which may be applied, under certain hypotheses, in the neighborhood of an
equilibrium point of the nonlinear system. It constructs, in a systematic way,
a series of transformations that simplify the system reducing it to a ‘normal
form,” in which emphasis is placed on those nonlinear terms that contribute
most to the structure of orbits near the equilibrium. The qualitative behavior
of the transformed system is determined by the analogous behavior of the
associated linearized system.

In our case, the linearization of (3.52) about the equilibrium point U = 0

is the linear system U’ = L(cs)U. The eigenvalues of the matrix L(cs) satisfy
2

the characteristic equation A\* — SA\%2 + o = 0, where 8 = %, a = 6551, and

Y= a+c+ (b+ d)c?. Hence, the set of eigenvalues is {A_, A, }, where

)\i:%\/ﬁi\/ﬁ2—4a.

FIGURE 3.3: Spectrum of the matrix L(c;) of the linearized solitary wave
equation of the Boussinesq systems. X = simple eigenvalue, ¢ = double
eigenvalue.



Boussinesq Systems, V. A. Dougalis and D. E. Mitsotakis 79

Characteristic equations of the type A* — A2 +a = 0, with real a, 3, appear
often in the study of solitary waves of nonlinear dispersive wave equations that
are derived e.g. from Euler equations of free surface flow or from other related
systems, cf., e.g., [36], [21], [22], [23]. As in these references, one may consider
Figure 3.3, in which we distinguish four regions of the (3, a) plane, labeled
1 to 4, depending on the type of eigenvalues of L that they yield. These
four regions are separated by four curves: (i) Curve Cy = {(8,®),a = 0,5 >
0}, on which L has a double eigenvalue equal to zero and two simple, real
eigenvalues. (ii) Curve C; = {(8,a),a = 0,8 < 0}, on which we have two
imaginary eigenvalues and one double eigenvalue equal to zero. (iii) Curve
Cy = {(B,a),a > 0,8 = —2y/a}, on which the spectrum consists of two
double imaginary eigenvalues. (iv) Curve C3 = {(8,a),a > 0,5 = 2\/a}, on
which we have two double real eigenvalues. At the origin L has a quadruple
eigenvalue equal to zero. The type of eigenvalues in the four regions between
the curves is shown in Figure 3.3 in a schematic way.

It is now possible to study, using the properties of the nonlinear term
V(Ujes) in the right-hand side of (3.52), following the general plan and the
references found, e.g., in the review article [21], the question of existence of
solitary waves at least for positive and small values of ¢, — 1. This is done in
detail in [40]. It turns out that we may distinguish two classes of Boussinesq
systems:

The first class is typified by the Bona-Smith systems (3.37) for 2/3 < 2 < 1,
which includes the BBM-BBM system as well. It is straightforward to check
that for these systems § > 0 for all ¢, > 1 and @ > 0 for ¢, > 1. When
cs =1, a=0,1e., (8,a) € Cy, while for ¢; > 1 (, @) belongs to the region 2,
i.e. the spectrum of L consists of four distinct, real eigenvalues. The normal
form theory yields then that, at least for small cs — 1, these systems possess
classical solitary wave solutions.

FIGURE 3.4: Generalized solitary wave for the KdV-KdV system (3.38).
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A typical member of the second class is the KAV-KdV system (3.38), for
which 8 < 0 for ¢s > 1 and « > 0 for ¢ > 1. Hence, when ¢; = 1, (5, )
belongs to C;, while for ¢ > 1, with ¢; — 1 small, the matrix L has four
distinct imaginary eigenvalues ((, ) in region 4). One may prove then that
the system does not have classical solitary wave solutions. Using the theory of
Lombardi, [37], it was verified in [15] that the system possesses “generalized”
solitary wave solutions (see Figure 3.4). A generalized solitary wave has a
main pulse which does not tend to zero as |¢] increases but to small-amplitude
periodic solutions extending to +oco. For more properties of the generalized
solitary waves of the KdV-KdV systems we refer the reader to [15].

In Table 3.1, taken from [40], we list the type of solitary waves that the
admissible Boussinesq systems possess. (Recall that the admissible systems
satisfy one of the conditions (C1), (C2), or (C3) in Section 3.3. They are
the systems for which the associated initial-value problem is linearly well-
posed.) The first column of the table denotes the order of the function o (k) =
lwy (k)ws(k)|'/? introduced in Section 3.3. The second column describes the
set of parameters of the admissible systems and the third specifies the type of
solitary wave that each system possesses for small ¢s —1 > 0 and the number
of the region in which (3, «) belongs for such c;.

Table 3.1: Classification of the admissible Boussinesq systems relatively to
the type of solitary waves that they possess for small and positive ¢, — 1.
(CSW=classical solitary wave, GSW=generalized solitary wave.)

Order of o(k) Admissible system Type of solitary wave
2 a=c>0,b=d=0 (KdV-KdV) GSW(3)
1 a,c<0,b=0,d>0 GSW(3)

b=0,a=¢c>0,d>0 GSW(3)
d=0,a=c>0,b>0 GSW(3)

0 a,c<0,b,d>0,bd—ac>0 CSW(2)
a,c<0,b,d>0,bd—ac<0 GSW(3)
a=¢>0,b,d>0,bd—ac>0 CSW(2)
a=c¢>0,b,d>0,bd—ac<0 GSW(3)
a=c>0,b=d<0 GSW(3)

-1 a=0,c<0,b,d>0 (BS) CSW(2)
¢c=0,a<0,b,d>0 CSW(2)

2 a=c=0,b,d > 0 (BBM-BBM) CSW(2)

Missing from this table are the admissible but degenerate Boussinesq sys-
tems for which D = 0 for all ¢,. (The classical Boussinesq system (3.35)
belongs to this category, for example.) The problem of existence of solitary
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waves for these systems is easier to study, and, typically, one may show exis-
tence of solitary waves for all values of ¢; > 1. For the solitary waves of the
classical Boussinesq system cf., e.g., [44], [24]; for other such systems cf. [24].

We now turn to the problem of existence of solutions to the o.d.e. system
(3.49) for larger values of ¢; > 1. Here the available theoretical results are
sparser. Toland, [53], established the existence of solitary wave solutions for
the Bona-Smith system (3.37), in the case % = 1, for all ¢, > 1. Existence for
some other Boussinesq systems follows from a more general result of Toland,
[54], which may be formulated as follows, using the notation of [24]. Consider
a system of o.d.e.’s of the form

Siu” + Sou + Vg(u,n) =0, (3.53)

where u = (u,n)”. (Note that the system (3.49) is of this form, with

-1 1
5= (7).

and g(u,n) = —u?n.)

Qe
(f"n >
~_

n

o

I

THEOREM 3.1 (Toland) Let Sy and Sy be symmetric and let g € C?(IR?
be such that g, Vg, Guu; Gun, 9oy ore zero at (0,0). Moreover, if Q(u) =
u?’S1u and f(u,n) = uT Sou+ 2g, assume that

(1) det Sy < 0, and there exist two linearly independent vectors u; =
(ur,m)T and u = (ug,m2)T such that Q(u;) = Q(uz) = 0.

(II) There exists a closed plane curve F that passes through (0,0) such that

(i) f=0o0onF, and F\ {(0,0)} belongs to the set {(u,n) : Q(u,n) <
0}.
(i) f(u,n) >0 in the (nonempty) interior of F.

(iii) F\ {(0,0)} is strictly convezr i.e. fuufp — 2funfufy + finfa <
0 on F\{(0,0)}.

(iv) Vf(u,m) =0 on F if and only if (u,n) = (0,0).

Then, there exists an orbit v of (3.58) which is homoclinic to the origin.
Moreover,

(a) (u(0),n(0)) € T, where I" is the segment of F not including the origin
between Py and Py, with Py satisfying Vf(P;) -u; =0,i=1,2.

(b) u, n are even functions on R.
(c) (u(&),n()) is in the interior of F for all £ # 0.

(d) ~ is monotone in the sense that u(€) < u(s), n(€) <n(s) if € > s> 0.
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Toland’s theorem was applied by Chen, [24], to establish existence of soli-
tary wave solutions for any cs > 1 to several specific examples of Boussinesq
systems, including the BBM-BBM system (3.36). It is also not hard to check,
cf. [29], that Toland’s theorem gives existence of solitary waves for any ¢ > 1
for all Bona-Smith systems (3.37) for any 62 € [2/3,1]. It also follows from
(a) of Theorem 3.1 that for a solitary wave, the peak (u(0),7(0)) lies on the
open segment I' = P; P, (that does not include the origin) of the branch of the
curve f(u,n) = 0 in the first quadrant of the u, n-plane (cf. Figure 3.5), where,
for the Boussinesq system, f(u,n) = & (—u?(1 +n) —n? + 2c,un). It follows

Cs

2
that the speed ¢, of a solitary wave satisfies the equation ¢; = %7
— w(0)
— n(0)°

n A
P
€2 — 1 [ ! r
3 (u(0),7(0))
f=0 L
2(cs = 1) | ol """"""" ? P

FIGURE 3.5: Locus of possible (u(0),7(0)) and orbits.

It also follows from Toland’s theory that 7(0) > u(0) and, from the above,
that % >0, a(z% > 0, i.e. that ¢4 increases with the height of the solitary
wave. In Figure 3.5 half of the solitary wave profile (i.e. the orbit (u(£),n(€)),
0 < ¢ < 00) is represented by the dashed line.

Toland also studied the uniqueness of these solitary waves in the specific
case of the Bona-Smith system with 6% = 1, [55]. He proved that (classical)
solitary waves for this system are unique for any speed if u(0) < 1 and in
general if 1 < ¢; < 3/2 or ¢ > 1. In the case of the general Bona-Smith

system it is possible to show uniqueness of solitary waves if §2 € (HT V0.2 1}

i 12(30%-2) 2(36%—2) .
and 1 < ¢5 < Cspmax(0) = mm{ 5197=13 ,\/3(1_02)(392_1)}, cf. [29]. This
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result means that for the class of Bona-Smith systems corresponding to 6% €
(@, 1] and given any value of the speed in the interval (1, ¢sy,.4(0)) there

exists precisely one pair (u(0),7(0)) on I' from which there issues a solitary
wave of the corresponding system. In our numerical experiments we did not
detect any lack of uniqueness for any 6% € [2/3, 1] for any speed cs > 1, that
we tried.

Solitary waves apparently play an important role in the long-time asymp-
totics of the solution of the initial-value problem for the Boussinesq system.
Numerical experiments (cf. Section 3.6) suggest that arbitrary initial data,
that decay sufficiently fast at infinity, are in general resolved as time increases
into two wavetrains each consisting of sequences of solitary waves followed
by a decaying, small-amplitude, dispersive oscillatory tail. This property of
resolution into solitary waves has been rigorously proved for the (one-way,
integrable) KdV equation via the inverse scattering transform, cf. [51], and
has been observed numerically in the case of many nonintegrable one-way or
two-way models, cf., e.g., [14], [46], [47], [10], [5], [4], [6].

Related to the resolution property is the stability of solitary waves under
small perturbations, famous since Scott Russell’s first observation of a solitary
wave in the 1830s. The orbital (or shape) stability property of the solitary wave
(which implies that an initial profile, that is a small perturbation of a solitary
wave w;(z), will evolve into a solution w(x,t), which, for all ¢, will remain
close to the family of translated profiles ws(x + &), £ € IR), was established
by Benjamin, [7] (see also [9]), in the case of the KdV and BBM equations,
by a variational theory in which the solitary wave is viewed as an extremal
of an invariant of the equation under the constraint that another conserved
functional is held fixed. This classical method (whose origins go back again
to Boussinesq, [20]) was subsequently extended and applied to establish the
orbital stability (or instability) of solitary waves of many examples of nonlinear
dispersive wave equations, cf. [56], [57], [34], [18]. It turns out, cf. [28], that
as in the case of other systems, cf., e.g., [16], [42], [52], the classical theory
fails for the Boussinesq systems due to the indefiniteness in an infinite number
of directions of the Hessian of a naturally defined functional of the solution
of the system, of which the solitary waves are critical points. More detailed
information about the long-time asymptotic behavior of the solution of the
initial-value problem that emanates from a slightly perturbed initial solitary
wave profile is provided by asymptotic stability theories of solitary waves.
Such theories have been established, in the case of one-way models such as
the KAV and BBM equations, cf., e.g., [43], [39], [58], [38], [33]. For such
models it has been proved that a slight perturbation of an initial solitary
wave profile w; of speed ¢ gives rise to a solution w which, for large t, satisfies
w(z,t) = ws__ (T — oot +E&x0) +2(x,t), where wy__ is a solitary wave with speed
Coo Close to ¢, € is a small phase shift, and z(x,t) consists of smaller, slower
solitary waves and small amplitude oscillatory dispersive tails, that appear
to be convected to the left relative to the main solitary wave w,_ . Again,
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no such results of (nonlinear) asymptotic stability have been established in
the case of Boussinesq systems. However, Pego and Weinstein, [44], have
developed, in the case of the classical Boussinesq system (3.35) and for other
equations, an approximate linearized theory of asymptotic stability of solitary
waves, in which the residual z does not satisfy the exact relevant nonlinear
evolution equation but its linearized version. A thorough numerical study of
asymptotic stability of solitary wave solutions of the Bona-Smith system has
been conducted in [28]; see Section 3.6 in the sequel. The conclusion is that
the solitary waves of this system are apparently asymptotically stable.

We finally note that, in addition to the classical solitary waves, various
Boussinesq systems also possess “multi-pulsed” (multi-hump) solitary waves.
These solitary waves have been studied numerically, e.g., in [24], [40]. They
appear to be unstable under small perturbations.

3.5 Numerical Methods

In this section we will consider fully discrete Galerkin/finite element nu-
merical methods for the numerical solution of the Boussinesq system (3.1) on
a finite interval. For simplicity, we shall mainly consider the periodic initial-
value problem, which will be discretized in space by the standard Galerkin
method with cubic splines and in time by Runge-Kutta methods of fourth-
order of accuracy. We would like to mention that other methods have also
been used in the literature for the numerical solution of Boussinesq systems.
For example, in the mathematical literature, optimal-order error estimates
were proved in [60] for a nonstandard semidiscrete Galerkin method for the
initial-boundary-value problem for the Bona-Smith with #2 = 1 with Dirich-
let boundary conditions for n and w. In [10] a finite difference scheme of
fourth order of accuracy in space and time was analyzed, in the case of the
BBM-BBM system with Dirichlet boundary conditions for  and u, and used
in numerical experiments with that system. In [45] a fully discrete spectral
method was analyzed for the periodic initial-value problem of the Bona-Smith
system (62 = 1); numerical results with this spectral method were presented
for several Boussinesq systems in [46].

The numerical methods that we will consider in the sequel are fully discrete
standard Galerkin methods for the discretization of the periodic initial-value
problem for (3.1) on the spatial interval [—L, L], given 2L-periodic initial
conditions 7y and ug. Let S} be the space of smooth, periodic cubic splines on
a uniform mesh on [—L, L] with meshlength h. We approximate the solution
of (n,u) of the system by a pair (9, up) € S, X Sy, satisfying, for ¢t > 0, the
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semidiscrete equations

Ab (Mt X) + (Unhas X) + (MaUR) 2, X) — a(Uhze, X') = 0, Vx € S, (3.54)
Ad(uht7 ¢) + (nhw7 ¢) + (Uhuh:va ¢) - C(th:u ¢/) = 0) V¢ S Sh' '

In this section we let (¢, x f_L é(z)x(z)dz, and || - || := (-,-)}/? be the L?
inner product, respectwely the L? norm on [—L, L]. A is the bilinear form
defined by Ap(é, x) := (&, x) + b(¢', x"). We take as initial values for (3.54)
the functions

1r(0) = pro,  un(0) = Mpuo, (3.55)

where ITv is any of the usual optimal-order approximations of v in Sy, (in-
terpolant, L2-projection etc.), for which we assume that ||v — IIyv| = O(h?)
for any smooth enough 2L-periodic function v. For several Boussinesq sys-
tems, including those of Bona-Smith and BBM-BBM type (b > 0, d > 0,
a = 0, ¢ < 0), and the classical Boussinesq system (3.35), it can be shown,
cf. [4], [6], that, the o.d.e. initial-value problem has a unique solution on any
temporal interval [0, 7] on which a smooth solution (n,u) of the underlying
continuous periodic initial-value problem exists. Moreover, the semidiscrete
approximations for these systems satisfy the optimal-order L? error estimate

max (on (8) = n(®)]+ u(t) = un(®)]) < N,

where C will denote positive constants independent of the discretization pa-
rameters.

The o.d.e. initial-value problem (3.54)—(3.55) has various properties de-
pending on the coefficients a, b, ¢, d. For example, for the Bona-Smith family
of systems, it turns out that the system is not stiff; consequently it may by
discretized in time by an explicit time-stepping method. One such method,
whose accuracy matches the spatial order of accuracy that the cubic splines
yield, is the classical, fourth-order, four-stage, explicit Runge-Kutta method,
whose tableau of coefficients is

00000
000l
000/l (3.56)
0010|1

For this method, if & = T/J is the (constant) time step, where J is a posi-
tive integer, t" = nk, n = 0,1,2,..., and (n},u}) denotes the fully discrete
approximation of (n(¢"),u(t"™)), one may show, cf. [4], for the Bona-Smith
systems for % < 62 <1 that

n n __ n < 4 4
max | =) + luf; = u(t")| < C(k* +hY),
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without assuming any mesh condition between k and h. The classical Boussi-
nesq system (for which a = b = ¢ = 0) is slightly more stiff; it may be
shown, [4], that a similar O(k* 4+ h*) L? error estimate holds if k/h is suffi-
ciently small. The latter condition is not really restrictive.

However, for the KdV-KdV system (for which b = d = 0, a = ¢ > 0)
the o.d.e. system is highly stiff and its stable integration in time requires an
implicit, nonlinearly stable o.d.e. solver. On the basis of experience gained
in [14], the implicit, two-stage, fourth-order accurate, Gauss-Legendre Runge-
Kutta method was used in [15] for this purpose. The tableau of this method
is

1 11 1 _ _1
4 4 243 |2 2v/3
l+ 1 lfl+
4 12\/5 411 2 28
2 2

The application of this implicit scheme to the nonlinear system (3.54)—(3.55)
requires solving at each time step a nonlinear system of algebraic equations.
This is effected via Newton’s method; the attendant linear systems are solved
by special iterative schemes, cf. [15]. The resulting fully discrete scheme is
numerically shown to be stable and fourth-order accurate in space and time.

It has long been known, cf. [32], that for (nonperiodic) initial-boundary-
value problems for p.d.e.’s that are of odd order in space, the standard
Galerkin semidiscretization suffers from spatial order of convergence reduc-
tion. (This is precisely the reason why nonstandard Galerkin methods were
used in [60]; however the nonstandard methods have other disadvantages).
In [4], the initial-boundary-value problem for the Bona-Smith system with
homogeneous Dirichlet or reflective boundary conditions at the endpoints +L
was discretized by the standard Galerkin method with cubic splines and the
fourth-order explicit, Runge-Kutta time-stepping scheme (3.56); its error in
L? was found to be of O(k* + h3). Although suboptimal in h, this level of
error is acceptable for accurate computations for small enough & and h.

In the rest of this section we shall present the results of various prelimi-
nary numerical experiments that we have performed, integrating the periodic
initial-value problem for the Bona-Smith systems using the standard Galerkin
method with cubic splines and the fourth-order, explicit Runge-Kutta scheme
(3.56). We are mainly interested in assessing the accuracy of this fully discrete
numerical scheme when we approximate solitary wave solutions of the system.
Note that if the spatial interval of integration is taken to be large enough
relative to the effective support of the (exponentially decaying as |§| — o0)
solitary waves, the solution of the periodic initial-value problem approximates
well the solution of the initial-value problem up to some T > 0.

In a first series of numerical experiments we considered an exact solitary
wave given by (3.50)—(3.51) for the Bona-Smith system with 6% = 9/11; this

has o = 1, B = ¥2 = 0.86602540, ¢, = 28 = 144337567, \ = i\/é ~
0.64226163. Taking into account the width of the solitary wave, we took

zo = 100 (i.e., initially the solitary wave was centered at x = —100) and
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integrated numerically the periodic initial-value problem for the system on
the spatial interval [—150, 150] with initial conditions given by (3.50) at t = 0.
By t = 100 the solitary wave had completed almost one half of a revolution.

To verify the order of accuracy of the scheme we took five values of h, and
k = h/10 in each case, and computed the normalized L? errors

ny _ I = ns (5] ny _ llug = us (27|

||775('70)|| ’

as functions of t". Table 3.2 shows the values of these errors and

the corresponding experimental rates of convergence (defined as usual as
In(E(h1)/E(h2))
Tn(hi/h2)

and hs the previous value) at ¢ = 100. (All computations were performed in
double precision using the GNU Fortran compiler.)

, where hy is the listed value of h in the corresponding line

Table 3.2: Normalized L? errors and convergence rates for solitary waves,
6% =9/11, k = h/10.

h E,(100) | rate for £, | E,(100) | rate for E,
0.50 | 0.4762(-3) - 0.4822(-3) -
0.25 | 0.9687(-5) 5.619 0.9709(-5) 5.634
0.10 | 0.1809(-6) 4.344 0.1809(-6) 4.347
0.08 | 0.7263(-7) 4.089 0.7264(-7) 4.090
0.05 | 0.1083(-7) 4.050 0.1083(-7) 4.050

The rates in Table 3.2 approach 4 as h decreases and are therefore consistent
with the theoretical error estimate. In the computations that led to this
table the initial values 7)), u) of the fully discrete scheme were the elliptic
projections of ng, ug, respectively, i.e. the projections of the functions 7g, ug
onto S;, with respect to the inner product A,(-, ). The rates that correspond
to taking the cubic spline interpolants of 79, ug also approach 4 as h decreases.

As our primary interest is the study of solitary waves, it is appropriate to
compute as functions of h and ¢ a few more error indicators that are pertinent
(cf. [14]) to the approximation of solitary waves, such as amplitude, speed,
phase and shape errors.

The (normalized) amplitude error of, say, n;' is defined as the quantity

no — 1 (%)

AB (") = |11

)

where 2*, the point where 1}’ achieves its maximum, is found as follows: A
first approximation x{ of * is furnished by that quadrature node at which 7;'
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is maximized relatively to its values at the quadrature nodes. (We use Gauss
numerical quadrature with five nodes per mesh interval for computing the L?
inner products in the finite element scheme.) Taking z{j as starting value, we
compute z* by Newton’s method with a few iterations, as the nearby root of
the equation d%nﬁ(:r) = 0. The first two lines in Table 3.3 show the amplitude
errors AE, (t"), AE,(t") evaluated at t" = 0,20,...,80 for h = 0.1. (Recall
from Table 3.2 that the normalized L2 errors were of order of magnitude 10~
for that value of h.) The amplitude errors fluctuate, but remain of the order
of 1077 in the temporal interval [0,100]. The analogous errors for 4 = 0.5 and
h = 0.05 (not shown in Table 3.3) are of O(10~%) and O(10~8), respectively,
like the corresponding L? errors.

Table 3.3: Normalized amplitude errors (AFE), speed errors (CE), shape errors
(SE), and phase errors (PE) for n and u, and normalized error of the invariant
E (IE) for solitary waves, 62 = 9/11, h = 0.1, k = 0.01.

=0 =20 | =40 | =60 | £ =80

AE, | 0.3840(-6) | 0.1741(-6) | 0.2170(-6) | 0.3732(-6) | 0.1273(-6)
AE, | 0.3840(-6) | 0.1755(-6) | 0.2184(-6) | 0.3719(-6) | 0.1286(-6)
CE, - 0.2883(-5) | 0.1082(-5) | 0.2007(-5) | 0.2845(-5)
CE, - 0.2883(-5) | 0.1082(-5) | 0.2007(-5) | 0.2845(-5)
SE, | 0.1711(-6) | 0.1712(-6) | 0.1712(-6) | 0.1712(-6) | 0.1712(-6)
SE, | 0.1711(-6) | 0.1712(-6) | 0.1712(-6) | 0.1712(-6) | 0.1712(-6)
PE, - -0.1418(-7) | -0.2670(-7) | -0.4026(-7) | -0.5489(-7)
PE, - -0.1418(-7) | -0.2670(-7) | -0.4026(-7) | -0.5489(-7)
TE | 0.5069(-10) | 0.4062(-9) | 0.7618(-9) | 0.1117(-8) | 0.1473(-8)

The normalized speed errorin the approximation of, say, the n solitary wave
is defined at t = t™ as

cs — cp(t™)

Cs

CE, (t") =

i

where ¢, is the speed of the exact solitary wave and ¢, (t") is computed as
the quotient W, where z*(t") is the position of the peak of 1},
found in the course of computing the amplitude error. The temporal interval
At = 10 (an integer multiple of & in our computation) in this quotient proved
sufficiently large for the purpose of smoothing away oscillations in the discrete
approximation of the speed. In Table 3.3 we show these speed errors of the
approximations of 1 and u as functions of ¢" in the case h = 0.1; they fluctuate
a bit but stay within O(107°) throughout the computation. The analogous
orders of magnitude of the maximum speed errors for h = 0.5 and h = 0.05
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were 107* and 1077 respectively; accordingly, the discrete speeds retained
about 4, 6 and 7 correct constant digits in the temporal interval [0,100] for
h = 0.5, 0.1, and 0.05, respectively.

We turn now to the measurement of an L? based, normalized shape error of
the discrete solitary waves. This is defined at each t" for, say, the n solitary
wave as

SEy(t") = mf [z —ns( )/ [1ns (- 0]

To this end we compute 7* as the point near t" where %52(7*) = 0, with
() = |In —ns(C, T/ lIns (-, 0) ]|, using Newton’s method with a few iterations
and 7° = t" — k as initial guess. We then set SE,(t") = £(7*); the associated
phase erroris defined as PE,(t") = 7" —t". Both of these errors are shown in
Table 3.3 for the computation with h = 0.1. The shape errors stay practically
constant throughout the computation and are of O(10~7). (For h = 0.5 and
h = 0.05 the analogous errors, also practically constant in ¢, were of O(10™%)
and O(1078), respectively.) The phase errors were negative and of O(107%),
with magnitudes increasing linearly with ¢. (Their corresponding orders of
magnitude were 10=% and 1072 for h = 0.5 and h = 0.05, respectively.)
The last line of Table 3.3 shows the normalized error I E in the Hamiltonian
E defined by E = LLL[UQ + |e|n? + (1 + n)u?]dx. This is defined as |E —
En(t™)|/|E|, where Ej(t™) is the numerical value of the invariant for n = 7},
u = uj. The table shows the values of IE for h = 0.1. The orders of
magnitude of IE were 1075 and 107! for h = 0.5 and h = 0.05, respectively.

3.6 Numerical Experiments

In this section, we describe some numerical experiments that we performed
for periodic initial-value problems for several Boussinesq systems with the
fully discrete Galerkin scheme previously described; we used cubic splines on
a uniform grid for the spatial discretization and the explicit Runge-Kutta
scheme (3.56) for time-stepping, except otherwise noted.

With such an evolution code in hand, one may construct solitary waves,
when no analytical formula is available, or isolate solitary waves produced
from the resolution of general initial profiles, in order to study their properties.
This may be accomplished, for example, by performing a long-time simulation
on a large spatial interval and by isolating a solitary wave, cutting it away after
it has distanced itself sufficiently from the rest of the solution. Alternatively,
one may ‘clean’ the approximate solitary wave by an iterative process, as
done, e.g., in [10]. In [28] one may find a detailed description and quantitative
comparisons of both procedures. Here, we will confine ourselves to describing
the cleaning procedure in one typical case.
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We consider the Bona-Smith system with 62 = 0.8 posed with periodic
boundary conditions on the interval [—150,150]. As initial conditions we used
the functions

no(x) = AsechQ(\/?(x +100)), wo(x) =no(x) — ing(x), (3.57)

with A =12,¢, =1+ %A. (These are special initial conditions designed to
produce an approximate solitary wave that propagates mainly in one direction
[1]. The function 7y is represented by the dotted line graph in Figure 3.6.)
We integrate the system with the evolution code with A = 0.1 and k& = 0.01.
One main pulse is produced (of amplitude about 1.00121) and travels to the
right with a speed equal to about 1.4424. It is followed by a small amplitude
dispersive tail. Another dispersive tail, of larger amplitude, forms a wavetrain
that travels to the left. At t = 100, cf. Figure 3.6 (which shows the 7
component of the solution), the main pulse has distanced itself from its trailing
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FIGURE 3.6: Evolution of n(z,t) from initial conditions (3.57), t = 100;
Bona-Smith system, 2 = 0.8.

tail and has not yet interacted with the left-travelling dispersive tail that has
wrapped itself around the boundary due to periodicity. At this time we cut
the main pulse off the rest of the solution by setting 7, and uy equal to zero
in the intervals [—150,28.6] and [64,150], center it again at x = —100 by
translation and, using it as new initial condition, integrate again numerically
up to ¢ = 100, cf. Figure 3.7(a). During this first iteration the amplitudes
of the n— and u— components of the wave maintained 6 constant digits and
were equal to A4, = 1.00121, A, = 0.86271, respectively while the speed of
the wave (computed as explained in Section 3.5) was equal to ¢y = 1.4424
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FIGURE 3.7: n-wave, first iteration, ¢ = 100. Bona-Smith system 62 = 0.8.

maintaining 5 digits. From Figure 3.7 (b) (a magnification of (a)) we can see
that the dispersive tail that this pulse sheds has an amplitude of O(107?).
If we repeat this procedure, cutting at ¢ = 100 the new pulse off the rest of
the solution and using it again as initial condition centered at x = 100, we
obtain, at ¢ = 100 (cf. Figure 3.8), a new pulse that maintains amplitudes
A, =1.00121, A, = 0.86271, and speed cs = 1.4424. The oscillations behind
this wave are of O(10~!!). Hence, this procedure produces a practically ‘clean’
solitary wave in two iterations.

12 T T T T T 1e-009

56010 [

-5e:010 [

02 L L L L L 16:009. L L L L L
et 100 50 o 50 100 150

FIGURE 3.8: n-wave, second iteration, t = 100. Bona-Smith system 62 = 0.8.

It should be pointed out that more iterations are needed to ‘clean’ smaller
solitary waves, cf. [28]. Cleaning works reasonably well for the BBM-BBM
system, cf. [10], and for the classical Boussinesq system, cf. [5]. However, for
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the KdV-KdV system (3.38), which, as we saw in Section 3.4, does not possess
classical, but only generalized solitary waves, i.e., orbits homoclinic to small
amplitude oscillatory solutions, ‘cleaning’ gives of course a picture like the one
shown in Figure 3.9. This figure was produced, cf. [15], after seven iterations,
starting from an initial profile with no(z) = 0.3¢~(#+100*/25 and yo(z) = 0
on [—150,150], with the cubic spline-Gauss-Legendre implicit Runge-Kutta
scheme.

0.0001

5e-005

-5e-005

-0.0001
-150

FIGURE 3.9: Evolution after 7 iterations, ¢t = 120, KdV-KdV system.

As it was mentioned in Section 3.2, the Boussinesq systems model two-way
surface wave propagation. This property, as well as the property of resolution
into solitary waves, is illustrated in the next two Figures 3.10 and 3.11, which
show the evolution that ensues from the initial condition

no(z) = e /15 ug(z) =0, x € [—200,200]. (3.58)

(The initial free surface elevation 7 is shown with a dotted line in the graphs.
All numerical computation were made with the spline-explicit Runge-Kutta
scheme with A = 0.1, ¥ = 0.01.) In Figure 3.10 we show the evolution
of this initial heap of fluid under the Bona-Smith (#? = 1) system; Figure
3.10 (a), respectively (b), shows the profiles of n(x,t), respectively wu(z,t),
that have developed at ¢ = 140. Two symmetric wave trains are produced,
travelling in opposite directions. By ¢ = 140 these wavetrains consist of
apparently of two solitary waves (the larger of which has an approximate
amplitude A, and speed ¢ equal, respectively, to about 0.60305 and 1.2864)
followed by a dispersive tail. The same initial conditions with the same code
and discretization parameters were used to integrate forward the BBM-BBM
system (n profile at ¢ = 140 in Figure 3.11(a)) and the classical Boussinesq
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FIGURE 3.10: Evolution of initial condition (3.58), Bona-Smith, (§? = 1),
(a) n(z,t) (b) u(z,t), t = 140.

system (n profile at ¢ = 140 in Figure 3.11(b)).

FIGURE 3.11: Elevation 7(z,t), produced by initial conditions (3.58) at t =
140. (a) BBM-BBM system, (b) classical Boussinesq system.

The picture of the evolution is similar. In the BBM-BBM case the leading
solitary wave has an amplitude A, of about 0.64639 and a speed ¢, approxi-
mately equal to 1.29159. The analogous magnitudes for the classical Boussi-
nesq system are A, = 0.76690, c; = 1.2953. Of course, the shapes of the
solitary waves and the magnitude and form of the dispersive tails differ.

In the next group of Figures 3.12-3.14 we show the interaction of two col-
liding, unequal - solitary waves of the Bona-Smith system with 2 = 0.8.
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The initial conditions that we used were the cleaned solitary wave from the
numerical experiment of Figures 3.6-3.8 centered at x = —100 (this moves
to the right with amplitude A,, = 1.00121 and speed cs, = 1.4424), and the
exact solitary wave computed by formulas (3.50)—(3.51) for 62 = 0.8.

s
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() (d)

FIGURE 3.12: Collision of two solitary waves (a) t = 0, (b) ¢ = 70, (c) t = 100,
(d) t = 140, n-component of the solution, Bona-Smith system, 6% = 0.8.
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FIGURE 3.13: Total amplitude of the n-component of the solution as a func-
tion of ¢t. (Interaction of Figure 3.12.) (b) is a magnification of (a).

This wave, initially centered at = 100, was given a negative initial velocity,
so it moves to the left with A,, = 0.5 and speed c,, = 1.2345. Figure
3.12(a)—(d) shows the 7-component of the ensuing evolution. (Integration
with h = 0.1, k = 0.01). The two waves start colliding at about ¢ = 69.54,
they interact and emerge basically unchanged.

65 R L L L L "
-10 -5 0 5 10 15 20 25

FIGURE 3.14: Paths of solitary waves in z, t-plane. (Interaction of Figure
3.12.)

The collision is inelastic and nonlinear and small-amplitude dispersive tails
are produced after the interaction. The total amplitude of the n-component
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of the solution is shown in Figure 3.13(a). The maximum amplitude during
the interaction is equal to 1.65931, thus exceeding the sum of the amplitudes
of the two waves by 10.53%. Note (Fig. 3.13(b)) that the total amplitude
just after the interaction dips below and returns, as t grows, back to its
previous value. In Figure 3.14 we plot in the x, t-plane the positions of the
centers of the two solitary waves as functions of ¢ before and after the collision.
The solid lines represent the true paths while the dotted lines represent the
paths were there no interaction. Both solitary waves are slightly delayed
after the interaction, suffering small phase shifts. Of course, interactions of
this type are well-understood (for solitary waves travelling to one direction,
with the larger (and faster) wave overtaking the smaller one) in the case of
the integrable KdV equation, where the phenomenon may be studied by the
inverse scattering transform. For nonintegrable equations and systems (such
as the Bona-Smith model) this study can be performed only numerically for
the time being.

Figures 3.15-3.16 depict evolutions that are produced by the Bona-Smith
system with 82 = 0.8 when initial solitary wave profiles are perturbed. They
are meant to illustrate asymptotic stability properties of solitary waves. An

FIGURE 3.15: Evolution of a perturbed solitary wave, » = 1.1, Bona-Smith
system, 02 = 0.8.

exact solitary wave (1, us) is computed by (3.50)—(3.51) for #2 = 0.8. This
has an amplitude A, = 0.5 and speed ¢, = 1.2345. The initial condition that
we take is

no(xz) = rns(x,0), wo(x) = us(x,0). (3.59)

In Figure 3.15 we show the evolution of the n-component of the system when
the perturbation factor r is equal to 1.1. After some initial phase of adjust-
ment, one solitary wave is produced that travels to the right with an amplitude
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of A, = 0.531200 and speed c, = 1.24809, followed by a dispersive tail. An-
other dispersive tail travels to the left. As the perturbation factor r increases
(cf. Fig. 3.16 for the same problem with » = 1.8) more solitary waves ap-
pear. A detailed numerical study of the stability of solitary waves for the

-150 -100 50 0 50 100 150 -150 -100 50 o 50 100 150

FIGURE 3.16: Evolution of a perturbed solitary wave, r = 1.8, Bona-Smith
system, 62 = 0.8.

Bona-Smith system is made in [28], where a variety of initial perturbations
and phenomena of evolution are studied. The conclusion of [28] is that the
solitary waves of the Bona-Smith systems appear to be asymptotically stable.

When, however, solitary waves are subjected to larger, special perturba-
tions, the solution may become singular in finite time. Consider, for example,
the evolution depicted in Figures 3.17 and 3.18. They show the n-profiles that
evolve, under the Bona-Smith system with #? = 9/11, from initial conditions
of the type

no(z) = nosech?(A(z + 100))(1 + ptanh(0.5(z + 100)),
uo(z) = Brgsech?(\(z + 100)),

on [—150, 150], where 79, B, A are given by the formulas (3.51). In Figure 3.17
the system was integrated with h = 0.1, £ = 0.01 and p = 6.2. Note that
7o dips below the bottom level of —1, i.e., the conditions for well-posedness
of the Bona-Smith system are violated for this ‘nonphysical’ profile. How-
ever, despite the large-amplitude dispersive tail that is produced in the early
stages of the evolution, the oscillations have an amplitude less than one and
the solution of the problem settles down and apparently continues to evolve
bounded and smooth. When the pertubation factor u is slightly increased to
6.28, the oscillations exceed and stay below —1 in their negative excursion
and the solution apparently blows up in finite time. (Of course one cannot
study the details of blow-up with a code that uses constant h and k: For

(3.60)
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FIGURE 3.17: Evolution of the 7 profile, Bona-Smith, 6 = 9/11. Initial
conditions (3.60), 4 =6.2. (a) t =0, (b) t =20, (c) t =60, (d) ¢t = 100.

this purpose adaptive refinement of the mesh parameters is needed, cf. [14].
However, when we repeated the experiment of Figure 3.18 with smaller h and
k we obtained the same picture.)

In [28] we study numerically some details of this transition to blow-up. The
initial value of 1y need not have a negative excursion below —1 for the blow-up
to occur; for example, one can design an experiment where a positive heap
70 of water is given a large positive initial velocity ug. This push empties the
channel a little distance behind the wave, and blow-up ensues. (Of course
if n(z,t) remains greater that —1 in a given temporal interval, then there
can be no blow-up since the boundedness of the invariant (Hamiltonian) E in
this case implies the boundedness of the H' norm of 1 and, consequently, the
boundedness of its L> norm by Sobolev’s theorem.) The key to understanding
the blow-up mechanism therefore in the case of the Bona-Smith systems, seems
to be the growth of the negative term ffooo(l +n)u?dr relative to the quantity

J25 (P + (0% — 2/3)n2)da.
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FIGURE 3.18: Evolution of the 7 profile, Bona-Smith, 6% = 9/11. Initial
conditions (3.60), u =6.28. (a) t =0, (b) t =5, (¢) t =10, (d) t = 17.

3.7 Boussinesq Systems in Two Space Dimensions

In this section we give a brief sketch of some aspects of the theory and
numerical analysis of the analogous to (3.1) Boussinesq systems in two space
dimensions.

The 3-D Euler equations for inviscid, incompressible, irrotational flow with
a free surface over a horizontal bottom at height z = —hg, are given, in
dimensional, unscaled variables in the following form: Let n = n(x,y,t) be
the deviation of the free surface of the fluid above its level of rest z = 0 and let
O ={(z,y,2) : (z,y) € R?, —hg < z < n(x,y,t)}. Then, for (x,y,2) €
and t > 0 we have

1
Up + Uy + VUy + WU, + P = 0,

1
Vg + UVz + VUy + W, + ;py =0,
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1
w + uw, + VWy + ww, + ;pz =9,

Uy + vy +w, =0,
Wy = Vzy, Wg = Uz, Vg = Uy,

where (u,v,w) is the velocity, p the (constant) density and p the pressure
of the fluid. The system is supplemented by the (free surface) boundary
conditions, valid for z = n(z,y, t):

N+ ung +vny =w, p=0,

the bottom boundary condition w = 0 at z = —hg, and the initial conditions
N =19, u = ug, v = vg for t = 0, where 19, ug, vg are functions defined on
R2.

With a process entirely analogous to the one-dimensional case, one may
derive Boussinesq systems in the two-dimensional case. In nondimensional,
unscaled variables, these systems are written as

Nt +V-v+V-nv+aAV - v —bAn =0, (3.61)
vi+ Vn+ SVIV[]> + cAVy — dAv, =0, ’
where x = (z,y) represents the position, ¢ is proportional to elapsed time, n =
n(x,t) is proportional to the deviation of the free surface from its rest position
z = 0, while v(x,t) = (v1(x,1),v2(x,t)) is proportional to the horizontal
velocity of the fluid at some height expressed in terms of a parameter 6 € [0, 1]
above the bottom z = —1. In (3.61) V = (0,,9,), |v|*> = v} + v3, and the
constants a, b, ¢, d multiplying the third-order dispersive terms are given again
by (3.2). (As in the one-dimensional case, in the scaled variables case, when
the Stokes number is equal to 1, the small parameter ¢ = A/hg multiplies
the nonlinear and dispersive terms in (3.61), while the right-hand side, of
O(g?), is approximated by zero.) The system (3.61) is supplemented by initial
conditions of the form

n(x,0) = 1n0(x), v(x,0) = vo(x), x € R? (3.62)

when the initial-value problem for (3.61) is being considered.

In [30] it was proved that some of the systems (3.61) give rise to initial-
value problems, which are locally well-posed in appropriate Sobolev spaces.
In particular, it was proved that for s > 0

i) Ifb>0,d>0,a<0,e<0o0rdb>0,d>0a=c>0, (3.61)-
(3.62) is locally well-posed in H*® x (H®)2. (This means that given
(o, vo) € H® x (H*)?, there exists T > 0 and a unique solution (n,v) €
C(0,T; H®) x C(0,T; (H*)?) of (3.61) with initial conditions (3.62).)

(i) fb>0,d>0,a=0,c <0, (3.61)—(3.62) is locally well-posed in
HsTE x (H*)2.
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(iii) f b > 0,d > 0, a < 0, ¢ = 0, (3.61)—(3.62) is locally well-posed in
H=1 x (H®)?.

(Here H® = H*(IR?) is the usual Sobolev space of (equivalence classes of)
functions on IR2.)

It is worthwhile to note that if b = d, the systems (3.61) are Hamiltonian.
As invariant (Hamiltonian) we may now take the functional

Hv) =5 [ = = alOvP + (L4 )P + i,
]R2

where |Vv[]* = vf, +vi, +v5, +v3, However, contrary to the one-

dimensional case, the conservation of H does not imply a uniform H* bound

on (n,v) for a <0, ¢ <0.

Some systems of the form (3.61) posses line solitary wave solutions: Seek
travelling wave solutions of (3.61) of the type n(x,t) = n(§), v(x,t) = v(§),
where £ = a-x — ¢t — rg, 1o € IR, i.e. solutions that travel with constant
speed ¢y without change of form along the direction o = (o, as), |a| = 1. If
we assume that 7(£), v(§) and their derivatives tend to zero as |§] — oo and
the component of the velocity asvy — ayvs perpendicular to a vanishes, then
substitution into (3.61) and integration with respect to £ yield for the velocity
component u = u(§) = a-v(§), and n = n(§) precisely the equations (3.49) of
the one-dimensional solitary waves; we may therefore study existence of line
solitary waves with the methods of Section 3.4.

In addition to the well-posedness of the initial-value problem (3.61)—(3.62),
one may prove well-posedness for some initial-boundary value problems on
finite domains for some systems. In this direction, a system of the form (3.61)
with a = ¢ =0and b > 0, d > 0, i.e., a BBM-BBM type system, was
considered in [31]. The system was posed on a bounded open set € IR?
with smooth boundary 0€2. At ¢ = 0 initial conditions of  and v were given
on Q. Then, it was proved in [31] that the initial-boundary-value problem for
the system with zero Dirichlet data for n and v on 90X is locally well-posed
in (H})3. (Local well-posedness in H' x (H})? also holds for the initial-
boundary-value problem with boundary conditions g—z =0 and v =0 on 99,
where % is the normal derivative at the boundary.)

All results on the dependence of T, on &, where T, is the maximum time of
local existence of solutions of (3.61)—(3.62) in its scaled form, that were quoted
at the end of Section 3.3 hold as well for the two-dimensional analog of the
system. In the case however of the initial-boundary-value problems considered
in [31], one can only prove so far that T, may be taken independent of .

The fully discrete Galerkin-finite element methods considered in Section 3.5
in the one-dimensional case may be readily extended in 2-D for the numeri-
cal solution of initial-boundary-value problems for BBM-BBM type systems
on bounded plane domains. For example, if € is a convex plane domain,
and one triangulates it by a regular, quasiuniform partition with triangles of
maximum size h, and considers, e.g., the space S}, of piecewise linear, contin-
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uous functions defined with respect to this triangulation and vanishing on the
boundary, one may descretize the initial-boundary value problem for (3.61)
when a = ¢ = 0, b,d > 0 by the standard Galerkin method to obtain the
semidiscrete system

Ap(ht, @) + (Uha, @) + (Vny, @) + (Mhun)z, @) + ((Mwon)y, @) =0, Vo € S,

Ad(uhth) + (nhma X) + (uhuhm7X) + (Uhvhma X) = 07 VX € Shv
Ad(vhtv 1#) + (nhyv 1/’) + (uhuhya UJ) + (Uhvhy» Z/J) =0, V¢ S Sha

where Ay (¢, x) = (¢, x) + A(V@, Vx). (The approximation to the velocity v
is denoted by (up,vr)). The above system of o.d.e.’s is integrated in time,
starting from initial conditions taken, e.g., as the elliptic projections (i.e.,
projections with respect to the bilinear form Ay) of 79, vo on Sy, by an
explicit, second-order Runge-Kutta method with uniform time step k. It is
not hard to prove, cf. [30], [40], that the resulting fully discrete scheme is
unconditionally stable and has L? error bounds of O(k? + h?) for ny,, us and
vp. The large sparse linear systems that the finite element method gives at
every time step are solved by the conjugate gradient method with various
preconditioners.

In the case of systems of the Bona-Smith type (i.e., with b > 0,d > 0, a = 0,
¢ < 0 in (3.61)) one either needs higher order elements of higher continuity
(e.g. bicubic splines or tensor products of C! quadratic splines on rectangles)
or to define an intermediate projection of An in order to handle the AVn
term. Some error estimates are also available in this case; we refer the reader
to [30] and [40].

We now give two examples of finite element solutions of the BBM-BBM
system (@ = ¢ =0,b=d = 1/6 in (3.61)) on bounded polygonal domains
using continuous P; elements. First, we consider this system with radial initial
conditions

mo(z,y) = 3~ @ HV/5 1 vi(z,y) =0 (3.63)

on the square [—40,40] x [—40,40], with boundary conditions dn/dn = 0 on
0 and u = v = 0 for x = —40 and = = 40, and du/In = dv/On = 0 on
y = —40 and y = 40. We integrate the system in time using the second-order
accurate explicit Runge-Kutta scheme known as ‘improved Euler method’.
Figure 3.19 shows the expanding n-wave that emerges and its reflection from
the boundaries that are parallel to the y-axis. In this example we used a
uniform triangulation with 84992 triangles, and k£ = 0.1.
In the next example we used as initial profile the line wave

mo(w,y) = Asech” (%\/ P+ 10)) ) (3.64)
uo(x,y) =0, vo(x,y) =no(z,y) — %773(%1/)7

on the rectangle [—15, 15] x [—30, 50]. We consider the complex domain shown
in Figure 3.20 and assume reflection boundary conditions along the perimeter
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(c) (d)

FIGURE 3.19: Expanding radial wave. BBM-BBM system, initial conditions
(3.63). (a) t =0, (b) t =25, (c) t =40, (d) ¢t = 50.

of the white ‘wave-breaker’ structures for 15 < y < 20 that form the entrance
to the ‘harbor’ [—15,15] x [20,50]. Outside the port Neumann boundary
conditions hold for 7 and v, while inside we assume reflective boundary con-
ditions. The wave travels towards the positive y direction resembling a line
solitary wave, impinges on the entrance of the harbor, is diffracted inside
and partly reflected back. Figure 3.21 shows one dimensional 7-graphs of
the solution at the time instances of Figure 3.20 along the axis of symmetry
xz =0, —30 < y < 50 of the domain. For this simulation we used a uniform
triangulation with 143360 triangles and k = 0.1.

Due to space limitations we have not mentioned in this article Boussinesq
systems for surface wave propagation above a variable bottom, a problem
of central importance in coastal hydrodynamics. The engineering and mathe-
matical literature on this topic is quite large and growing. We refer the reader
e.g. to the papers [41], [49], [26] for modelling, computations and further ref-
erences on this important topic.
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() (d)

FIGURE 3.20: Line wave impinging on a ‘harbor.” BBM-BBM system, initial
conditions (3.64). (a) t =0, (b) t = 20, (¢) t = 40, (d) t = 50.
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30  -20  -10 0 10 20 30 20 50 30  -20  -10 0 10 20 30 20 50

30  -20 -10 0 10 20 30 40 50 T30 20 w0 0 10 20 30 40 50

FIGURE 3.21: Cross-section along x = 0 of figure 3.20. BBM-BBM system,
initial conditions (3.64). (a) t =0, (b) t = 20, (c) t = 40, (d) ¢ = 50.
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4.1 Introduction

The numerical solution of time-harmonic problems governed by the Helm-
holtz equation remains a task of central importance and an active area of
research for over thirty years. In this chapter we are mainly interested in ap-
plications in underwater acoustics, where the Helmholtz equation models the
propagation of the sound field in the sea at any angle and taking into account
backscattering effects. We consider specifically an axially symmetric wave-
guide and we use a cylindrical coordinate system, whose vertical axis passes
through the source. The waveguide consists of two fluid layers of different
acoustic parameters and is bounded in depth by a rigid bottom while it is
unbounded in range. The precise boundary-value problem that we consider
is stated in the next section.

We are interested in solving the problem numerically with the finite element
method. This choice is reasonable when one has to deal with range-dependent
features such as complex interface and bottom topographies. Of course it is
impossible to discretize an unbounded domain, so the original problem has
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to be replaced by one posed in a bounded domain. A common approach in
underwater acoustics is to assume that the inhomogeneities of the medium and
the irregularities of the interface and the bottom are localized, in the sense
that near the source and far from the source the speed of sound is independent
of r, and the interface and the bottom are horizontal. Then, we may introduce
two artificial boundaries at some appropriate values of r, near the source and
far from the source, in order to truncate the semi-infinite waveguide. The
associated p.d.e. problems, in the near-field and the far-field regions, may
now be solved by separation of variables and series representations of the
near-field and the far-field solutions may be obtained. Next, the Dirichlet-
to-Neumann (DtN) map of the field in the exterior region may be posed
as a nonlocal, nonreflecting condition on the outer artificial boundary, and
similarly a nonhomogeneous DtN-type condition may be posed as a boundary
condition on the inner artificial boundary in order to take into account the
effects of the source and of the backscattering from the rest of the waveguide.

For the case of the far-field boundary, this approach was first adopted, in
the context of underwater acoustics, by Fix and Marin in [13], where they
considered a single-layered axisymmetric waveguide. They pointed out the
inappropriateness of the classical Sommerfeld radiation condition for wave-
guide problems, and they suggested that the infinite sum appearing in the
DtN operator may be truncated to include all the terms that correspond to
the so-called propagating modes of the problem. Goldstein in [19] analyzed a
finite element method coupled with a nonlocal boundary condition for a single-
layered problem with constant coefficients in Cartesian coordinates and proved
error estimates of optimal rate. Furthermore, he studied the influence that
brings on the error the truncation of the series in the nonlocal operator. The
term “Dirichlet-to-Neumann” map was introduced by Keller and Givoli in [25],
where they constructed nonlocal nonreflecting boundary conditions for the
Helmholtz equation for various exterior problems in two and three dimensions.
For information on related work we refer the reader to the book of Givoli,
[18]. Kampanis and Dougalis in [24] presented a code called FENL, which
implemented a standard Galerkin discretization of the Helmholtz equation
coupled to a DtN boundary condition on a far-field artificial boundary. For
an extension of this method in order to handle a near-field DtN-type boundary
condition we refer to [27].

We would like to mention that other traditional ways of representing the ef-
fect of exterior infinite domains include the use of absorbing layers and infinite
elements; these techniques and earlier finite element methods are reviewed in
the survey by Buckingham, [9]. We refer to [20] for a finite element PML
approach for time-harmonic acoustic exterior problems. We would also like
to note that a more realistic model of sound propagation in an underwater
environment should include other features such as attenuation (absorption) in
the medium and the replacement of the rigid bottom assumption by a more
appropriate one. Hence, a complete formulation of the problem would entail
some special treatment of the bottom, e.g., posing another suitable absorbing
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boundary condition at the bottom.

An important issue in the numerical solution of the Helmholtz equation
is that the error in the finite element solution grows with the wavenumber
k (which is proportional to the frequency). Therefore in order to achieve a
given accuracy level for the desired computation the discretization parameter
h and the wavenumber k should be adjusted. Many authors follow a “rule of
the thumb” of the form kh = const., taking a constant number of elements
(usually 10) per wavelength A (i.e., A/h = const.). However, it has been
found that this rule does not suffice as k increases. For example, Bayliss et
al., [5], [6], use piecewise linear finite elements and present numerical results
for two-dimensional model problems in Cartesian coordinates, indicating that
the error in the L? norm grows with k, when kh is kept constant, whereas it
remains bounded for kh? = const. Aziz et al., [3], proved a rigorous conver-
gence theorem for a one-dimensional Helmholtz problem, under the assump-
tion that k2h is sufficiently small. Analytical estimates, see e.g., Ihlenburg
and Babugka, [21], show that for a one-dimensional model problem it is suffi-
cient to keep k3h? constant (to control the so-called ‘pollution error’ term) in
order to avoid a growth of the relative L?-error. The reader may refer to the
book of Thlenburg, [22], for details. This kind of relationship between k and
h has been numerically verified for more general problems and non-uniform
meshes by Oberai and Pinsky in [28], where a numerical comparison between
three finite element methods is performed. The difficulty of achieving accu-
racy with a reasonable amount of computer time and memory is identified
by Zienkiewicz in [35] as a hard and challenging problem. Turkel in [146]
mentions some of the difficulties that arise while solving numerically time
harmonic equations. For a review and recent advances in finite element meth-
ods for general time-harmonic acoustic problems we refer the reader to the
survey by Thompson, [32], and the references therein.

Another class of methods that also assume analytic representations of the
field near and far from the source but adopt a different approach for the inter-
mediate region, and have been used for a long time in underwater acoustics
is normal mode methods. Over the last two decades the classical normal
mode expansion of the acoustic field in a horizontally stratified medium, see,
e.g., [8], [23], has been extended in order to provide approximations to the so-
lution of the propagation and scattering problem in range-dependent acoustic
waveguides. Evans in [10] constructed a coupled-mode model and an asso-
ciated code called COUPLE, see [11], which subdivides the waveguide into
a finite number of adjacent columns (using the staircase approximation to
discretize variable interfaces and bottom) and represents the acoustic field as
a normal-mode series in each column. Then, the coefficients are obtained by
matching the expansions at the inter-element vertical interfaces; this gives a
full coupling between the modes. However, in case of highly irregular inter-
face or bottom topographies one has to assume a large number of horizontal
staircase steps for accuracy purposes. For this purpose, other coupled-mode
approaches with improved treatment of irregular bottom or interface topogra-
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phies have been proposed, for example, by Rutherford and Hawker, [29], by
Fawcett, [12], by Taroudakis et al., [31], and by Athanassoulis and Belibas-
sakis, [1].

The contents of this chapter are as follows: In Section 4.2 we specify the
geometry of the domain, and we formulate the original problem in the semi-
infinite waveguide. Next we show that the introduction of two artificial bound-
aries and the construction of appropriate boundary conditions allow us to
define a boundary-value problem, equivalent to the original one, posed in a
bounded domain. In Section 4.3 we introduce the suitable function space
setting and the finite element method that is used to discretize the boundary-
value problem. Then, we briefly outline the code that implements the finite
element discretization and the various software packages to which it is cou-
pled. In Section 4.4 we present results of some numerical experiments that
we performed with the code. Specifically, we present comparisons with an
analytic solution in a simple one-layer model problem in order to check the
accuracy of the method, and a numerical investigation of the dependence of
the error on the wavenumber k under constraints of the type k*h® = const.,
comparisons with COUPLE in a more realistic environment simulating an un-
derwater trench, and a computation in a domain with complex interface and
bottom topographies. For full details on the formulation of the boundary-
value problem and the implementation of the finite element method we refer
the reader to [24], [2], [27].

4.2 Formulation of the Problem

In this section we present the boundary-value problem that we are going
to study in the sequel. We consider a cylindrical waveguide which is axially
symmetric and consists of a water layer and, for simplicity, of one fluid sed-
iment layer, see Figure 4.1. The density is assumed to be constant in each
layer and is equal to pyw in the water and ps (ps > pw) in the sediment. A
cylindrical coordinate system (r, 6, z) is introduced, with its origin located at
the free surface. Following the usual convention, the depth coordinate, z, is
considered positive downwards. The acoustic field is generated by a harmonic
point source placed in the water column at » = 0 at a depth equal to zs. Let
0 < r¥ < rF. We assume that the two layers are separated by a piecewise
smooth interface, denoted by I'i,s, which intersects the lines r = N and r = r*
at depths z = hY and z = A", respectively. The sediment layer is bounded
below by a piecewise smooth bottom curve, denoted by I'yt, intersecting the
lines r =~ and r = r* at depths z = HY and z = HF, respectively. The sea
surface at z = 0 is assumed to be horizontal. The parts of the interface and
bottom lying inside the cylinder » = r~ and outside the cylinder r = r¥ are
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FIGURE 4.1: Geometric configuration and basic notation. The asterisk de-
notes the point source.

also assumed to be horizontal.
The waveguide €2 consists of three parts:

(i) The near-field bounded subdomain Q~, consisting of the layers QW =
{(r,z) : 0<r<r¥, 0<z<hV} (water) and Q5N = {(r,2z): 0<r <
N, AN < z < HY} (sediment).

(ii) The intermediate bounded subdomain (r™ < r < rF) containing the
range-dependent part of the bottom and the interface.

(iii) The far-field semi-infinite subdomain QF, consisting of the layers QW:F =
{(r,z) : ¥>71", 0<z<h"} (water) and Q5" = {(r,2z) : r > rF, h¥ <
z < H"} (sediment).

We assume that the sound speed is range-independent in QN and QF, i.e.
¢ = ex(z) and ¢ = ¢p(2), respectively, and varies smoothly from its near-field
to its far-field value within each layer in the intermediate region.

The formulation of the acoustic propagation and scattering problem in this
environment is classical, see, e.g., [23], [8]. In each layer the acoustic field
(acoustic pressure) satisfies the Helmholtz equation

_ 1)

Ap(r,2) + K3 (r,2) plr,2) = =5 =

d(z — zs), (4.1)
where Ap = p,r + L p, + p.. and k(r,2) = w/c(r, z) is the wavenumber. In
order to solve for p we have to specify appropriate boundary and interface
conditions. We may consider the sea surface as a pressure-release boundary,
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since the density of the air is much smaller than that of the water. At the
bottom we pose a Neumann condition simulating a hard bottom. The interface
condition requires the pressure and the normal component of the particle
velocity to be continuous across the interface. Therefore, the p.d.e. (4.1) is
supplemented by the boundary conditions

p=0, forz=0 (4.2)
% =0, on o, (4.3)
the interface conditions
p continuous across Iy, (4.4)
1 1

- o - o i (4.5)

and the radiation condition
p(r, z) behaves like an outgoing cylindrical wave as r — oc. (4.6)

The normal derivative on T',, appearing in (4.5), is the outward normal of
the water layer, while the I symbols denote that the functions are evaluated
at T'jne by their limits from Q% and QF, respectively. We would like to note
that the outgoing radiation condition (4.6) is the appropriate for a waveguide
of this type, in contrast to the usual Sommerfeld radiation condition posed at
infinity, [13].

4.2.1 Reformulation of the Problem in a Bounded Domain

In order to use a direct numerical method to solve the problem we have to
truncate the original semi-infinite domain and reformulate the problem (4.1)—
(4.6) in a bounded region. To this end, we introduce at distances r = Ry < ¥
and r = Ry > rF two artificial boundaries, denoted by I'y and I's, respectively
(see Figure 4.1). We shall also denote by T'y, I's and T'; the parts of the
bottom, the surface and the interface, respectively, lying between the lines
r = Ry and r = Ry. Then, our computational domain, denoted by €2, consists
of the water layer Q" and the sediment layer Q2° separated by the interface I';,
and is confined by the irregular part of the bottom I';, the artificial outflow
boundary I's, the part of the surface I's, and the artificial inflow boundary T'y.
On I's a transparent DtN boundary condition may be posed in order to avoid
spurious reflections from the artificial boundary. At the inflow boundary I'y
we suppose that either the field is given, or that it satisfies an inflow boundary
condition relating the solution in the domains 2 and Q~. Then the original
problem may be written as follows:
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We seek a complex-valued function p(r, 2), (r, 2) € €, satisfying

p 10p 0%

Ap+k2(r,z)p5W—F;§+@+k2(r,z)p20 in QYUQd,  (4.7)
1 Op 1 9p
—plp,, & 22 48
plri- =plrit pw | padn . (4.8)
p=gonly, (4.9)
or % = R(p)+ S on I'y. (4.9
)
a—z —0onTy, p=0onTs, (4.10)
% =T(p) on I's. (4.11)

In the above (4.9) and (4.9’) are the two alternatives for the boundary con-
dition posed on the near field boundary I'y. In (4.9) g is a given complex
function of z approximating at r = R; the acoustic field generated by the
time-harmonic point source of frequency f placed at » = 0. In (4.9’), which
is a nonhomogeneous DtN-type condition relating the incident field at I'y to
the backscattered field from the rest of the waveguide, R is a nonlocal integral
operator and S is a function of z defined at r = R;. In (4.11) T is also a
nonlocal integral operator associated with the DtN map of the exterior wave
field at I's. In the next section we shall construct representations of these
DtN maps.

4.2.2 Construction of the Nonlocal Conditions at the Artifi-
cial Boundaries

In order to construct the nonlocal integral operator T' in the outflow bound-
ary condition (4.11), we consider the following associated exterior interface
problem. We seek p(r, z) in QF, satisfying

Ap+Ei(z)p=0 in QVFUQST, (4.12)
1 Op 1 dp

PlrF— =PIrF4,  — 72 = — ; 4.13
R it (1.13)

op

st =0 =0 4.14

92 - ) p‘l"g ) ( )

1
p is outgoing as r increases, (4.15)

where by I'f, I'f and I'f' we denote the (horizontal) parts of the bottom, the
surface and the interface, respectively, lying outside the cylinder » = r*. In
(4.12) kp(z) = w/cp(2), where cp(z) denotes the speed of sound in QF, in
which a possible jump discontinuity is allowed at z = hF.
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The boundary-value problem (4.12)—(4.15) is separable, so we may use the
separation of variables technique to represent its solution in the form

plr,z2) = > o HV (V) ZE(2),  (r,2) € QF,
n=1

where Hél) is the Hankel function of the first kind and zero order, and A%,

Z¥(z),n=1,2,..., are the (real) eigenvalues and eigenfunctions, respectively,
of the two-point vertical eigenvalue problem
d?ZF 9
72 T (ka(z) =XA)Z, =0 in [0,A7) U (A", H7], (4.16)
ZF(hF=) = Z7(hF4), (4.17)
1 dZF(hF— 1 dZE(h*
Pw dZ Ps dZ
dzF (H*
Z5(0) = % =0. (4.19)

We assume that the problem (4.16)—(4.19) is such that Af # 0, for all n.
In the specific case of the environment of Figure 4.1, where QY'F, Q%F are
homogeneous layers of thicknesses hy = h¥ and ho = H" — h¥, respectively,
and the sound speeds are constant and equal to ¢; in the water layer, and c
in the sediment, we may compute the eigenvalues A! as roots of the equation

(see e.g., [8])

ha ps Ai(A)
hi pw A2()‘)

cos Ay cos Ay = sin Ay sin Ao, (4.20)

where
AL (A5) = hiy/(w/er)® = AE,  and  Ag (AF) = hay/ (w/c2)® — AE. (4.21)

We also assume that the eigenfunctions ZF are orthonormal with respect to
the weighted L2-inner product

R¥ HF
(w,u) 20,7 ::/ wudz +p/ wudz,
o 0 hF
where p := Z—YSV.
Since ZF, n = 1,2,..., form a complete orthonormal system in L?(0, H")

equipped with the inner product (-, ~)L%(0’HF)7 we deduce that for r > r¥,

_ 1
H§Y (VAer)

Qp (p(Ta )7Z'rlz

)Lg(o,HF)'

The eigenvalues AT, n =1,2,..., form a decreasing sequence such that

2 F F F
max ki(z)> AN >N >...> )\ — —oo.
ze[O,HF] F( ) Z A1 N2 - ‘n
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Therefore, only a finite number of the Al'’s is expected to be positive. Let
us assume that N, is a positive integer such that A, > 0, for n = 1,. Np7
and A\], < 0, forn = N, +1,N, +2,.... Then the eigenfunctions ZF7 =
1,2,...,N,, correspond to the propagating modes, while the rest of them to
the evanescent modes. Here and in the sequel we follow the convention that
the square root ,/u, for p real, is taken to be equal to \/p, if > 0, and to
i/—p, if < 0.

The DtN map of the acoustic field in QF, evaluated on I's, is simply the
matching condition

P By, ) = T()(2) = 3 anlp) Z5(2), (1.22)
n=1
with
an(p) = \/EZ*: ( (R2,), 2 )L2(0 vy’
and

ol dHO (VALR:), o0 = H" (VAL Re).

Therefore the nonlocal operator T in (4.11) is defined by (4.22).

The hypothesis that the acoustic pressure is given on I'y, i.e., that condition
(4.9) holds on I'y, means that we have accounted not only for the incident
field on I'y due to the radiation of the source but also for the effect of the
backscattering on I'y from the rest of the waveguide. Hence, a more correct
formulation of the boundary-value problem entails posing on I'y another DtN-
type inflow boundary condition relating the field in €2 to that in the strip QY.
Since in QY the problem is also separable, a series representation of the field
involving both incoming and outgoing wave terms may be derived, and a
single set of coefficients may be evaluated by assuming that as r — 07 the
field agrees asymptotically with the outgoing field produced by the source in
the range-independent environment of the strip 0 < r < 7V, see, e.g., [10]
or [23]. Therefore we may obtain the following representation of the field for
(r,z) e QY

. oo
Zm%AWWUWLZ%WAwﬁwﬁw

Pw 1
(4.23)
where Jy is the Bessel function of zero order, and AN, ZN(z), n = 1,2,...,
are the (real) eigenvalues and orthonormal elgenfunctlons, respectively, of
the analogous to (4.12)—(4.15) two-point vertical eigenvalue problem, where
hF, HY > Z) are now replaced by AN, HN AN, ZN respectively. The first
series in (4.23) represents the scattering term, i.e., a solution of the homoge-
neous counterpart of (4.1), while the second series the source term, i.e., the



122 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

solution of (4.1) obtained under the assumption that the whole waveguide
has the properties of the near-field region, and which satisfies the radiation
condition (4.6).

If we multiply (4.23) by Z2, integrate along I'y, and use the orthonormality
of the eigenfunctions ZY, n = 1,2, ..., with respect to the weighted L?-inner
product

RN HN
(w7u)L§(O,HN) ::/ wﬂdz—i—p/ wudz,
0 AN

we conclude that the coefficients 3,, are given by

e | (0.2

i
o = Jo(\/Anr)

77H(1) ) 2N (2,
) oy ~ e 0 VNN Z32)

Differentiating then (4.23) with respect to r, using properties of the special
functions involved, and evaluating the resulting expression at r = R;, we
deduce that the nonlocal inflow condition on I'y may be written in the form

2 (R, 2) = RO)G) +5(2), (4.24)
where
R(p)(2) =Y _ ba(p) Z)(2),
2mpw R = Jo(\/ AN R1)
with

Y (o

bn(p) \/EJO(\/ERQ p(Rh )aZn
Thus the complete formulation of the problem in the bounded domain 2 is
given by (4.7)—(4.11), wherein the nonlocal inflow boundary condition (4.9)
replaces the nonhomogeneous Dirichlet condition (4.9). We shall assume that
this problem has a unique solution. For analysis and references on the theory
of waveguide problems of this kind, cf. [19].

L7(0,H™)

4.3 The Finite Element Method

Let 701 (€2, 5) be the energy space associated with our problem, i.e., the
space of complex-valued functions u of r and z, defined on €2, such that

/ |u|2rdrdz—|—p/ |u|? r drdz < oo
ow os
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and
/ (Jur* + |uz|?) rdrdz + p/ (Jur)® + |u-|?) rdrdz < oo,
QW Os

and vanishing on a subset S of 9€). The weak formulation of the boundary-
value problem (4.7)—(4.11), where (4.9) is considered as a b.c. on Ty, is then
the following:

Seek p E’)O-( (Q,T'3) satisfying p = g on I'y, and

—(Vp, Vo) 20) + (k°p,v) 2(0) + (T(p), v) L2(1,) = 0, (4.25)

for each v 67?( (Q,I'3 UTy), where the operator T is defined by (4.22), V :=
(2, 2) and

or’ 0z

(u,v) 12 () ::/ uﬂrdrdz—&—p/ uvrdrdz,
i Qw Qs

hF HF
(u,v) 2 (1,) ::/ uiRgdz—I—p/ uv Ry dz.
? 0 hF
The analogous weak formulation of the problem (4.7) when we impose (4.9")
as a boundary condition on I'y is the following:

Seek p 670{ (Q,T'3) such that

_(VIL VU)L?)(Q) + (]<;2p7 U)Lg(Q) + (T(p)7 'U)L/%(Fz)
= (R(p), v)r2(ry) = (S, 0)r2(ry). (4.26)

for all v 67(—)( (Q,I's).

4.3.1 The Finite Element Discretization

The boundary-value problems given by the variational equations (4.25) and
(4.26) are discretized by the standard Galerkin/finite element method with
continuous in §2, piecewise linear functions defined on a triangulation 7 of €2
with triangles of maximum sidelength h and nodes on the interface I';. For
simplicity, we confine ourselves here to the problem given by (4.9), (4.25). For
a detailed study of the problem (4.9), (4.26) we refer the reader to [27]. We
also assume that the interface and the bottom consist of straight line segments;
thus QW and Q° are polygonal domains. We define the finite element spaces

Sp={¢p: ¢€C(), p=00nT3, ¢|.€P; VT€T,}
Sy =1{¢p: ¢cC@Q), p=00nT3UTy, ¢|,€P; VT €T}

The spaces S, and SY are finite dimensional subspaces of 70{ (Q,T3) and
0

H (2, T3 UTy), respectively.
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With this notation in place we may write the discrete analog of (4.25) as
follows: Seek py, € Sp, such that py, |r,= Ilng |r,, and for every ¢ € S,

=(Vpn, Vo) r2(0) + (K*pn, ?)rz(0) + (Thpn, d)r2(ry) = 0. (4.27)

Here II; g is the piecewise linear interpolant of g on the grid induced by 7; on
I'4, and T}, is a discrete approximation of T evaluated as follows. We truncate
the series in (4.22) retaining only a finite number of terms, say M, containing
all the propagating and the most significant evanescent modes. Then the
discrete DtN map T}, is defined by the formula

M
Th(pn)(2) =Y ann(pn) Zj ,(2), 0<z<H", (4.28)
n=1
with
ah,n(ph) = Ah,n (ph(R27 ')7 Z;,n)Li(O,HF% (429)
where ,
_ F Oh,n
App =y [ A —U}m, (4.30)
and

e
O = = (M B2, onn = Hy (N, o).

Here {)\fw, Zgjn}nzl’gw’M are numerically obtained eigenpairs. In the case
where k2 depends on z they may be found by a finite element discretization
of the eigenvalue problem (4.16)-(4.19) with continuous piecewise linear el-
ements on the partition induced on the interval [0, H"] by the triangulation
Th, cf. [4].

The error estimate for the discretization (4.27), proved by Goldstein in [19]
in the case of a homogeneous single-layer problem in Cartesian coordinates
with a homogeneous Dirichlet boundary condition on I'y, was extended in [26]
to the case of cylindrical coordinates for axisymmetric problems. If T'(p) is
defined by (4.22), it may be shown that the L? norm of the error p — py,
is of O(h?). If the series in the right-hand side of (4.22) is truncated, so
that the sum extends over all the propagating and sufficiently many of the
evanescent modes, it may be shown that the H! norm of p — py, is of O(h)
plus a term of O(exp[—1+/A5(Ry — r7)]), where J is the order of the first
evanescent term that is ignored. It is expected that a similar theory holds
for the two-layer problem for solutions p that are smooth in each layer and
satisfy the transmission conditions (4.4) and (4.5).

4.3.2 Implementation Issues

The finite element method outlined above has been implemented in the
Fortran code FENL; see [24] for a detailed description. The main steps of
FENL are:
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1.

In order to triangulate the domain 2 we use mesh generation techniques
from the MODULEF library [7], especially the modules APNOPO and
TRIGEO, cf. also [17]. The generated mesh for range-varying interface
topography is non-uniform.

. A subroutine is called which reads the NOPO data structure produced

by MODULEF and provides the information required for the assembly
of the finite element matrices.

The next step is the numerical solution of the eigenvalue problem (4.16)—
(4.19) with the standard Galerkin/finite element method with contin-
uous, piecewise linear functions on the partition induced on [0, H¥] by
the triangulation 7j. To solve it, we use routines from EISPACK, [30].

We continue with the assembly of the stifness matrix S, the mass matrix
@, and the associated with the nonlocal condition on I's matrix B, with
elements, respectively,

Sij = (V6;,Voi)r2), Qij = (Kj, di)rz@), Bij = (Thdj, di)r2(ra),s

where ¢;, i = 1,..., N, are the basis functions of the finite element
space. S and @ are real, symmetric, sparse matrices, while B is complex
symmetric (not hermitian).

The resulting linear system is large, sparse, indefinite and complex
symmetric, and is solved with methods from the QMRPACK software
package, [16]. QMPRPACK contains implementations of various Quasi-
Minimal Residual (QMR) iterative algorithms, cf. [14]. These are itera-
tive schemes that belong to the general class of Krylov subspace meth-
ods, involve few—term recurrences, and are applicable to systems with
nonsingular, complex, not necessarily Hermitian matrices, [33]. In our
tests we have mainly used the double precision complex version of CPL
(i.e., the nonsymmetric QMR algorithm based on the coupled two-term
Lanczos with look-ahead, see [15]), and QMR (i.e., a QMR algorithm
based on the coupled three-term Lanczos with look-ahead), combined
with the built-in preconditioners two-sided SSOR or two-sided ILUT.
We would like to note here that most of the computational effort of the
finite element method is devoted to solving the linear system.

Finally, to produce one- or two-dimensional plots we used MATLAB’s
PDE Toolbox, [36], with the aid of a routine which exports the data
(triangulation information and solution at the nodes) from FENL in the
appropriate format needed by the graphics module.
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4.4 Numerical Experiments

Example 1 In a first experiment our aim is to check the accuracy of the
method. We consider a single-layer waveguide and we take (2 to be the rect-
angle Ry <r < Rg, 0 < z < H. We assume that k = kg = %, and let the
exact solution to be given by the function

M
p(r,2) = Y HSY (Vor) Za(2),

where A\, = k% — (%)2, Zn(z) = sin %, n=1273,.... We take
9(z) =p(Ry1,2),0 < z < H (i.e., on the near-field boundary a condition of the
form (4.9) holds), and use the code FENL to solve numerically the problem
in a uniform triangulation of right isosceles triangles with perpendicular side
of size h. We let £ := ¢o/(fh), i.e., £ denotes the number of meshlengths per
wavelength A (A = ¢o/f), and we denote by ¢ the value of the normalized

{o-error

(@) = p@P\ Y
< > [p(Q)P ) !

where the sums are taken over all the nodes @) of the triangulation.

As a first try we let Ry = 20 m, Ry = 120 m, H = 50 m, ¢y = 1500 m/sec
and py = 1.0 g/cm?’. In this and the subsequent tests of Example 1, we
used QMR as the linear system solver, combined with the two-sided ILUT
preconditioner with parameters fill-in=1, tol=1073. (The calculated errors
reported in the sequel include the errors of the iterative method.) Table 4.1
contains the results obtained for frequencies f = 30, 60 and 90 Hz. NFE
denotes the number of elements used in each case. From these results one
can verify that the fy-error is of order 2, as expected. It is also immediate
to note that the error in the finite element solution grows with & (i.e., as the
frequency increases).

In Table 4.2 we use the data of Table 4.1 to compute the dependence of
the error ¢ on the wavenumber k for the values of h=1.25, 1.00, 0.50 and
0.40. We assume that (k) ~ c(h) k¥ and compute the exponent v as v =
(log 2823 )/ (log %) We observe that it is approximately equal to three. Even
though the variation of k is limited in our experiment (k = 0.126,0.251,0.377)
we note that the results of the two tables are compatible with a dependence
of the form e(k,h) ~ ck®h?, that has been reported by many authors, see,
e.g., the book by Ihlenburg, [22].

We shall consider another related example in order to investigate the de-
pendence of the error on the wavenumber k given constraints of the form
k*h? = const. Now our domain  is taken to be the square (r,z) €
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TABLE 4.1: Normalized {s-error € as a function of A for
frequencies f=30,60 and 90 Hz.

f=30Hz | f=60Hz | f=90Hz
(k=0.126) | (k=0.251) | (k=0.377)
h NE 13 € 13 € 13 €
1.2500 | 6,400 | 40 | 0.0086 | 20 | 0.0914 | 13 | 0.3124
1.0000 | 10,000 | 50 | 0.0055 || 25 | 0.0591 | 17 | 0.2074
0.7143 | 19,600 | 70 | 0.0028 || 85 | 0.0305 | 23 | 0.1095
0.5000 | 40,000 | 100 | 0.0014 || 50 | 0.0150 | 33 | 0.0545
0.4545 | 48,400 | 110 | 0.0011 || 55 | 0.0124 | 37 | 0.0452
0.4000 | 62,500 | 125 | 0.0009 || 63 | 0.0096 | 42 | 0.0351

TABLE 4.2: Dependence of the error € on the wavenumber k, ¢ = ¢(h) k",
for h=1.25, 1.00, 0.50 and 0.40.

h=1.25 h=1.00 h=0.50 h=0.40

k € v 5 v 5 v 5 v

0.126 | 0.008583 0.005506 0.001382 0.000885
3.41 3.42 3.44 3.44
0.251 | 0.091367 0.059135 0.015004 0.009621
3.03 3.09 3.18 3.19
0.377 | 0.312370 0.207368 0.054528 0.035070

[10,60] x [0,50], and it is subdivided into 2N? equal orthogonal isosceles
triangles with perpendicular side of length h := 50/N. We shall examine
three cases: a) kh = const. = 1007 /co, b) k3h? = const. = 73/cg, and c)
k%h = const. = 162007 /c3. These constants have been chosen so that, when
N varies in the interval [3,180], the values of the frequency f in the three cases
lie between 14 Hz to 112 Hz. Hence we take the corresponding frequencies a)
f=N,b) f=0.5V900N2, and c) f = 9v/N, respectively, and we compute
the error ¢ as N, or equivalently f, increases. Figure 4.2 summarizes the
dependence of the error € on the wavenumber £ in the three cases considered.
We observe that when kh=const., the error grows with k, while it decays when
k2h is kept constant. When k3h? is constant we note that the error tends to
grow very weakly with k.

The outcome of the two experiments strengthens the case that the error
behaves like k%h? at least for the ranges of k and h that we experimented
with.

Example 2 In this example our aim is to compare FENL with the standard
coupled mode code COUPLE in a stratified environment with variable inter-
face. (See [2] for a detailed comparison of FENL with other coupled mode
methods.) Here, we shall present the outcome of an experiment where the
interface is shaped like an underwater trench in the (r, z)-plane and is defined
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kh=0.2094

Kn? = 0.0207

K¥h = 0.0711

0q®

FIGURE 4.2: The dependence of the error ¢ on the wavenumber k for a)
kh=const., b) k3h?=const., and ¢) k?h=const.
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FIGURE 4.3: Trench. Comparison between FENL and COUPLE.

h(r) = {

(All distances are in meters.) The densities and sound speeds are taken con-
stant in each layer, having values py = 1.0 g/cm?®, ¢y = 1500 m/sec in the
water, and ps = 1.5 g/em? and ¢s = 1700 m/sec in the sediment. The source
is located at z = 25 m and the hard horizontal bottom is placed at H = 100 m.
As a near field condition on I'y we specify Il g, defined as the piecewise linear
interpolant of the acoustic field produced by COUPLE at r = R; on the grid
induced by the triangulation 75 on I'y.

by
65 + 25 cos 2800 for 300 < 1 < 700,
40 , elsewhere.

In underwater acoustics the field is usually expressed in terms of transmission
loss (TL), defined as

TL = —20logy, [P022)

7

with decibels as units, where p(r, z) is the pressure at the point (r, z) and py is
a reference pressure produced at a distance of 1 m from the same source in an
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FIGURE 4.4: Trench. Comparison between FENL and COUPLE.

infinite homogeneous medium. The results are traditionally presented either
as two-dimensional plots of the transmission loss, or as one-dimensional plots
of the transmission loss vs. range for a fixed value of z called receiver depth
(RD). Figures 4.3 and 4.4 present one- and two-dimensional transmission loss
plots obtained by the two codes. In Figure 4.3 we show superimposed trans-
mission loss vs. range curves at receiver depths RD = 30 and 60 m. The
results are in excellent agreement. Indicatively we should like to report that
for the FENL run we used a triangular mesh consisting of 53142 elements and
27087 nodes. The linear system solver (CPL of QMRPACK combined with
the two sided SSOR preconditioner with parameter w = 1.2) required 1135
iterations to converge and 49 secs of CPU time on a Pentium IV PC with a
RAM of 1 GB running under Linux at 2 GHz. For COUPLE we used 400
regions in range between r = 300 m and r = 700 m, and 15 contributing
modes.

We would like to refer the reader in [2] for examples of cases in which the
frequency of the harmonic point source is such that an eigenvalue of the local
vertical problem remains small in magnitude and changes sign several times
in the vicinity of the trench. Then the discrepancies between the results of
the finite element and the coupled mode codes increase, but remain small in
absolute terms.

Finally, in Figure 4.5 we show superimposed transmission loss plots at re-
ceiver depths RD = 30 and 60 m obtained by COUPLE and FENL?, the
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Underwater Trench, f = 25.00 Hz, SD =25m, RD =30 m Underwater Trench, f = 25.00 Hz, SD =25 m, RD =60 m
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FIGURE 4.5: Trench. Comparison between FENL? and COUPLE.

FENL version that incorporates the inflow nonlocal condition (4.9), see [27].
The inflow nonlocal condition has been posed at range R; = 300 m and the
outflow condition at range R = 700 m, i.e., the computational domain is
confined in the vicinity of the trench, and is discretized by a triangulation of
50272 elements and 25537 nodes. The results are again in excellent agreement.

Example 3 With this last example we try to give the reader a flavor of the
capability of the finite element method to handle problems in domains with
complex interface and bottom topography, and with various boundary condi-
tions. We consider the two-layer waveguide of Figure 4.6, for 0 < r < 200 (all
distances in meters). On the rectangular (ringlike) obstacle of 30 m height lo-
cated at the bottom for 20 < r < 40 we pose a homogeneous Neumann bound-
ary condition, while a Dirichlet boundary condition is imposed on the rest of
the bottom. (Of course the finite element formulation has to be appropriately
altered in order to accommodate Dirichlet bottom b.c.’s, but this may be done
in a straightforward manner.) An impermeable (axisymmetric) disk of diam-
eter equal to 20 m is placed in the waveguide, with its centre located at the
point r = 100, z = 45. The medium parameters have values py = 1.0 g/cm3,
cw = 1500 m/sec in OV, and ps = 1.2 g/em?, cg = 1700 m/sec in Q5. As an
approximation of the point source at r = 0 we take the following combination
of Gaussian functions

g(Z) = ﬁ (e_§(2_23)2 _ e_§(z+28)2) ,

where z; = 20 m, and the frequency is taken to be f = 40 Hz. (Note that the
diameter of the disk is a little larger than half a wavelength for this frequency.)

In Figure 4.7 one may notice the distortions of the field brought upon by
the presence of the disk. To obtain this figure we have used a discretization
of 56256 elements for the case where the disk was absent and 49075 elements
when the disk was present. Here, it is not possible to compare our results
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FIGURE 4.6: Configuration of a complex domain.

with a coupled mode code, so in order to check that numerical convergence
was achieved, we ran our code with coarser discretizations of 36240 elements
and 31408 elements, respectively, and we could not notice any discrepancy
from Figure 4.7.
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Chapter 5
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5.1 Introduction

For over 30 years, one-way wave equations that are derived from apply-
ing paraxial approximations to the reduced wave equation have been used
to model underwater sound propagation in the ocean [73,77]. Two criteria
that underly the widespread use of parabolic approximations in this context
are: (1) long-range sound propagation in the ocean waveguide is dominated
by energy travelling at small angles to the horizontal, and (2) backscattered
energy can be neglected compared to forward-scattered energy. When these
criteria are met, the resulting one-way wave equations are first order in range
and therefore admit accurate and efficient numerical solution by marching
outward in range in a stepwise manner. Because of this range-stepping proce-
dure, numerical solvers of one-way wave equations are faster and more memory
efficient than numerical solvers that are applied directly to the reduced wave
equation, e.g., the second order equation. In addition, parabolic equation (PE)
models have the inherent capability for accommodating wave propagation in
ocean waveguides where the material properties vary along the direction of
propagation. Similar one-way propagation criteria are also relevant in other
disciplines, e.g., in exploration seismology [15] and radar [57].

The traditional motivation for developing propagation models in underwa-
ter acoustics has been the requirement for computing single-frequency esti-
mates of transmission loss (TL) for use in navy sonar performance prediction
applications [89]. Here, TL is defined in decibels (dB) as —10log; |p/pol?,
where p is the excess pressure and pg is a reference pressure at a range of
1 m from the source. More recently, however, efficient and accurate prop-
agation models for computing coherent values of p (both amplitude and
phase), especially in shallow-water waveguides, have found widespread use

135
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in source localization methods based on matched-field processing (MFP) con-
cepts [10,69,87]. Concurrently, there has been considerable activity in ap-
plying nonlinear, MFP-based, global optimization methods in geoacoustic in-
version procedures to infer the material properties of the sea-bottom that
significantly affect the propagation [12,25,88].

For stratified (range-independent) media, several standard representations
for the acoustic field are available and each admits efficient numerical com-
putation, e.g., wavenumber integral, normal mode, and multiple scatter-
ing [2,50,73]. The hierarchy of standard acoustic propagation models
for layered media in relation to the parabolic equation model is shown in
Fig. 5.1. The wavenumber integral representation makes use of the fast
Fourier transform (FFT) algorithm to numerically invert the Hankel trans-
form of the depth-dependent Green’s function with respect to horizontal
wavenumber [32,51,72]. Alternatively, the normal mode representation applies
Cauchy’s integral formula to replace the integral along the real wavenum-
ber axis with a sum of residues at the poles (modal wavenumbers) of the
depth-dependent Green’s function plus contributions from any branch line in-
tegrals [66,91]. The multiple expansion representation relies on geometric ray
concepts to partition the total field into various physical propagation compo-
nents (refracted, surface reflected, and bottom bounce paths, etc.) which are
then evaluated asymptotically [67,90]. Note, for each representation depicted
in Fig. 5.1, an example of a well-developed, underwater acoustic propagation
FORTRAN code is indicated in parentheses. These computer codes are freely
available from the Ocean Acoustic Model Library web site that is supported
by the US Office of Naval Research.

FIGURE 5.1: Hierarchy of standard acoustic propagation models. FOR-
TRAN codes for each named model (in parentheses) are available at
http://www.hlsresearch.com/oalib/.

While each of these range-independent models can be extended to treat
range-dependent media, the resulting numerical codes can be computation-
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ally intensive, e.g., the coupled-mode code COUPLE [33]. In contrast, PE-
based models are readily capable of accommodating range-varying media at
little computational cost by simply updating the environmental variables and
corresponding propagators during the marching algorithm. Although certain
energy-conservation issues are associated with this simple updating proce-
dure [68], several techniques have been proposed and implemented for amelio-
rating their effects in PE-type codes [24,28]. Moreover, a one-way PE that is
manifestly reciprocal in range- and depth-dependent acoustic waveguides has
also recently been formulated and implemented numerically [42,61].

At the time the parabolic equation approach was first applied to underwater
sound propagation, the main focus of navy research was directed toward deep-
water scenarios [35,73,76]. An early example of a standard PE transmission
loss calculation (circa 1975) is presented in Fig. 5.2 for a 230-Hz source located
at a depth of 25 m for a typical NE Pacific sound speed profile in summer
conditions. The refracted arrivals exhibit a distinct convergence zone pattern
that reveals an increasingly complicated interference structure with range.
Note also the presence of sound energy that is trapped near the surface in the
secondary subsurface sound channel. This calculation was carried out using
a version of the split-step Fourier algorithm [50,77,82] that was developed at
the Defence Research Establishment Pacific. !

Range (km)
0 250

Depth (m)

FIGURE 5.2: PE-based transmission loss calculation (circa 1975) for a sum-
mer NE Pacific Ocean sound speed profile. The 230-Hz source is at a depth
of 25 m. The TL’s vary between 60 dB (white) and 120 dB (black).

1This Canadian Laboratory was closed in March 1995. An informal history of DREP is
documented in [11].
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With the subsequent shift in emphasis to littoral (shallow-water) prop-
agation in the 1980s, the development of PE algorithms centered mainly
on finite-difference methods. Such methods are able to accommodate the
large discontinuities in sound speed and density at the sea-bottom interface
more effectively than methods based on the split-step Fourier solution proce-
dure [23,49,80]. Over the past 15 years or so, numerical parabolic equation
models based on high-order Pade-type finite-difference formulations have un-
dergone extensive development. A selected survey of the literature reveals
that many of these modern finite-difference PE codes are wide-angle accu-
rate [3,18], energy-conserving [24,28,42], and very efficient [22,23]. Moreover,
the latest models are capable of treating complicated waveguide effects such
as elasticity [17,19,45,92], backscatter [6,21,24], porosity [26,27, 58], surface
roughness [34,53,71,81] and 3D propagation effects [8,36,55, 74, 75].

The full-field transmission-loss coverage diagram shown in Fig. 5.2 is a
natural consequence of solving the one-way wave equation numerically on
a two-dimensional computational grid in range r and depth z. This coverage
byproduct merges naturally with modern source localization schemes such as
matched-field processing [87] since they rely directly on correlating coherent
acoustic predictions with measured array data (amplitude and phase) over a
search region in the rz-plane. For example, in a typical PE application involv-
ing a vertical line array (VLA), the reciprocity of acoustic fields is invoked so
that for a system of N sensors, N coherent coverage fields (replicas) that span
the search grid due to sources positioned at each of the N sensor locations
on the VLA are computed and stored. Then, for each node on the search
grid, the set of N candidate replica fields, suitably normalized, are correlated
against the measured VLA data to produce an ambiguity surface. The peak
of the ambiguity surface can then be used to estimate the range and depth of
the true source position.

As conventional matched field processing concepts were being developed,
an alternate scheme of source localization, termed “acoustic retrogation” was
introduced that uses a backpropagation algorithm based on the parabolic
equation [64,78,84]. In addition to reciprocity, this procedure invokes the
property of superposition by combining the measured data with vertically ex-
tended source fields at each sensor on the VLA to backpropagate a correlation
surface directly. For NV sensors, this PE-based method is N times faster than
the standard approach that uses the PE to compute the replica fields. It is
also more memory efficient since individual replica fields do not have to be
computed and stored prior to being matched against the measured data.

A procedure that is closely related to the backpropagation method men-
tioned above is the spectral decomposition of PE fields. Because numerical
solutions to one-way wave equations determine the total contribution to the
acoustic field at each point on a computational grid, ancillary information
on the propagation of individual spectral components (i.e., modes) is not im-
mediately available. However, for some applications involving propagation in
oceanic waveguides, it is instructive to be able to examine the propagation
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of each modal component, especially in range-varying situations where mode
coupling may be important. Thus, in [52], a hybrid scheme was developed
in which a PE field was numerically decomposed, at a given range, into its
spectral components versus horizontal wavenumber. The decomposition was
accomplished by regarding the PE field versus depth (at a given range) as
a source field in a wavenumber integration code [51,72]. In turn, this code
was used to construct a “local” (range-independent) Green’s function that
correpsonds to the PE source-field excitation. This “local” Green’s function
is precisely the spectral decomposition in horizontal wavenumbers of the PE
field versus depth at the given range in the waveguide.

In contrast to this hybrid approach, a modal decomposition scheme based on
the “propagating beam method” had been developed previously for studying
the propagation of light in optical fiber waveguides [37-41]. The propagating
beam method in optics is equivalent to the PE method in underwater acous-
tics. This PE-based modal decomposition method was based on three related
concepts: (1) an exact relationship exists between solutions to the standard
PE and solutions to the Helmholtz equation, (2) an efficient solution proce-
dure for numerically solving the standard PE, and (3) Fourier analysis of a
suitably-defined PE amplitude correlation function along the axis of propaga-
tion. In underwater acoustics, the connection between the parabolic and exact
fields in (1) formed the basis of a procedure to postprocess numerical solutions
of the standard PE into solutions of the Helmholtz equation [30,85,86]. These
concepts have also been applied in the context of source localization whereby
standard PE modes were converted into normal modes for subsequent use in
a matched mode processor [83].

In what follows, we begin with a section reviewing the development of the
parabolic equation method in underwater acoustics. Subsequently, we de-
scribe a numerical solution procedure based on finite-differences that is par-
ticularly relevant for applications involving shallow-water propagation. The
discussion includes several approximate techniques for treating profile inter-
polation, energy conservation, shear wave conversion, and the downgoing ra-
diation condition, and concludes with a numerical example to illustrate sound
propagation in a prototype shallow-water waveguide. In the next section, we
introduce an acoustic source localization processor that uses a one-way wave
equation to backpropagate a correlation function; the PE must be suitably ini-
tiated with the field versus depth at a given range. This PE-based correlation
technique is compared to the standard Bartlett processor that is commonly
used in matched field processing applications. The follow-on section con-
tains the development of a PE-based method for numerically decomposing a
given field as a function of depth into its spectral components. This modal
decomposition method is based on the PE-based backpropagation procedure
described previously. Numerical examples of both the backpropagation source
localization and modal decomposition algorithms are illustrated for the same
prototype shallow-water example introduced earlier. We conclude with a de-
scription of a PE-based matched mode localization scheme that incorporates
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both the backpropagation and the modal decomposition concepts.

5.2 Parabolic Approximations
5.2.1 Standard PE

We start by considering a stratified fluid half-space in cylindrical coordi-
nates (r, ¢, 2), z positive downward, bounded above by a free surface at z = 0,
with a sound-speed profile that supports long range propagation (as r — 00)
in the upper part of the waveguide. For the topics treated in this paper, we
also neglect azimuthal coupling by setting 9/0¢ = 0. Then, for a harmonic
point source located at (r,z) = (0, 29), the spatial part of the 2D pressure
field p(r, z)e~™* in r > 0 satisfies the variable-density acoustic wave equation

10 [ op 0 (10p P
o (1) ogs (B2 ) + N =0, (5.1)

Here, kg = w/cy is a suitable reference wavenumber, p(z) is the density,
N(z) = n(2)[1+ia(z)] where n(z) = cg/c(z) is the refractive index, ¢(z) is the
sound speed, and «(z) is the absorption loss. It is common in low-frequency
underwater acoustics to express the linear frequency-dependent attenuation
in dB/A(z), where A(z) is the acoustic wavelength. In Eq. (5.1), a (in Nepers)
is obtained from attenuation specified in dB/A by dividing by 407 log, e.

At low frequencies, the significant acoustic energy in the ocean waveguide
propagates radially outward from the source. As a result, the acoustic field
may be represented as an outgoing Hankel function (carrier wave) that is
modulated by a slowly varying envelope function [50, 76],

p(r, z) = ¥(r, z)H(gl)(kzor) ~ (1, 2)\/ (2/mikor) exp ikor. (5.2)
Substituting Eq. (5.2) into Eq. (5.1) yields

?y | 2 omf”
or?

oy a(1a¢

2 2 _
8T+paz paz)+k0(N Dy =0. (53)

1
H((] ) Or

For far-field propagation (kor >> 1), the factor modifying 0v/0r tends to
2iko [1 4 O(kor)2]. Neglecting the O(kor)~2 term in Eq. (5.3) leads to

2 1
zf+2kog—w+ i(pg¢>+k§(1v2—1)¢=o. (5.4)

At this point, the paraxial approximation involves neglecting the term
0% /0r? compared to the term 2iko9v/dr. The resulting one-way wave equa-
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tion is known as the standard variable-density parabolic equation of under-
water acoustics,

0 0 1 0

2iko— 2 +p id

ar Loz p 0z
The narrow angle interpretation for invoking the paraxial approximation can
be illustrated qualitatively by examining its effect in the case of a homogeneous
ocean [31, pp. 34-35]. The fundamental solution to Eq. (5.5) when N =1 is
given by

>+k0( 2-1)y =0. (5.5)

ikoz? /2
() = UL, (5.6)
Computing the ratio of the neglected term to the retained term yields
?2¢0/8r2 _ it i Ly alt 2.ik022/r 5.7
2iko0o/Or  4r?  Akor 1+ ikoz?/r

which is clearly small at long ranges provided the tangent of the grazing angle,
tand = z/r, is small.

5.2.2 Exact PE

In this section we present a heuristic method for developing a generalized
one-way evolution equation for layered media. It is convenient to rewrite
Eq. (5.5) in the compact operator form

oY

o = %ikonZ), (5.8)
where we have introduced the notation
5 0 0
X =ky?p s (p 1az>+(N2—1). (5.9)

The basic idea [14] is to estimate the neglected 9?1)/dr? term by first dif-
ferentiating Eq. (5.8) with respect to r and then adding (2iko)~! times this
estimated term back into the left hand side of Eq. (5.8). The result is readily
put into the form

0 _
a—w LikoX [1+1X]7 9. (5.10)
Formally iterating on this procedure yields the continued fraction expansion
-1
o 1xlxlx
— =1likeX |1+ 42424 .. = Liko XF(X)y. 11
o= bikoX |1+ A2IR I8 s L XF(p. (51)

It is straightforward [1, p. 19] to terminate the continued fraction after a finite
number of terms and expand the resulting rational approximation in a series
to verify that

1 3 4
X-iX24kx® - Soxt . (5.12)
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which leads to a generalized one-way PE in the closed form

0
a—f :iko{fl+\/1+X}¢. (5.13)
Next, we derive the generalized one-way parabolic equation using an oper-
ator formalism [29,50]. We begin by rewriting the elliptic wave equation for
¥ in Eq. (5.4) in terms of the notation given in Eq. (5.9), i.e
>y o
pel + 21 koa—+k0X¢—0 (5.14)

This equation can be factored (exactly for layered media) according to
0 0
(a—i‘ik‘o—ik’o\/l—f'X) (8+ik0+7;k0\/1+X>¢:0. (515)
r r

Selecting only the factor satisfied by the outgoing wave component leads di-
rectly to Eq. (5.13). It is worthwhile pointing out that for ocean waveguides
in which the medium properties vary with range, the operator 9/9r does
not commute with the operator v/1+ X. In this case, the factorization of
Eq. (5.14) needs to be modified by adding —ikq times the commutator term

0 0 0
g Vit X w:—(\/1+X-¢)—\/1+X~—¢. (5.16)
or or ar

In most of the widely used PE’s in underwater acoustics, the range-dependence
of the ocean waveguide is assumed to be sufficiently weak that this commu-
tator contribution may be neglected (but see [42,61]).

5.2.3 Propagator Approximations

Since the exact PE in Eq. (5.13) is first order in the range variable, it can
be integrated formally from 7 to r + Ar to yield a marching algorithm that
forms the basis for all PE methods, i.e.,

Y(r+ Ar,z) = expid (—1+\/1+X) P(r, 2), (5.17)

where we have set 6 = kgAr. Due to the presence of the pseudo-differential
square-root operator, the formal solution in Eq. (5.17) does not directly sub-
mit to numerical treatment. Different versions of PE’s are obtained from
different approximations to either the square-root operator and/or to the
propagator itself. In the following, we will develop a PE that will be used
to illustrate the topics that are described in the later sections of this paper.

Expanding the square-root operator as a finite sum of rational-linear frac-
tions yields the approximation [3,18]

~1+V1+X =~ Z (5.18)

1+b X’
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where the coefficients a,, and b,, are given in closed form as

2 mm mm
A = sin? by = cos?

2M +1 2M +1° 2M +1°

(5.19)

When M = 1, Eq. (5.19) gives a; = 1/2 and b; = 1/4, which leads at once
to Eq. (5.13). This single-term, rational-linear PE is originally due to Claer-
bout [14] and is sometimes referred to as a wide-angle PE in ocean acous-
tics [56]. On the other hand, a two-term Taylor expansion of v/1+ X in
Eq. (5.13) immediately recovers the standard PE of Eq. (5.8). In the context
of a finite-difference implementation, Claerbout’s wide-angle PE requires no
more computational effort to solve than the standard PE, while accommodat-
ing a wider-angled capability.

The real-valued coefficients given in Eq. (5.19) result in a square-root ap-
proximation that maps the real axis onto itself. In the context of waveguide
propagation, this leads to inappropriate treatment of evanescent (in range)
energy (corresponding to X < —1), which should map onto the positive imag-
inary axis. This behaviour can be overcome by imposing certain stability
conditions on the series in Eq. (5.18) that result in complex-valued coeffi-
cients that must be determined numerically [19,24]. Alternatively, we choose
to make use of an analytic procedure for obtaining complex rational coeffi-
cients to dampen the evanescent energy. Rotating the branch cut an angle o*
into the lower half-plane determines the new rational-linear expansion [63]

VI+X ~ch+ Z T b* (5.20)

where the complex-valued coefficients a,, by, and ¢ are given by

—ia* /2 —ia”
o Ame€ / . bme

T LA bp(e — D27 T T4 bp(e @ — 1)

(5.21)

and

77,01 1)
* _ iat/2
—e <1+Zl+b — _1)>. (5.22)

Substituting Eq. (5.21) and Eq. (5.22) into Eq. (5.17) yields

A1 e,
M
14+eh X
~ expid (ct—1) - H T ), (5.23)
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where c =by,*5 iéafn. Here we have approximated each exponential in the
product by its second-order accurate Cayley form [70, p. 844], which requires
that ¢ be sufficiently small. It is evident that Eq. (5.23) admits a recursive
solution in terms of M systems of equations of the form

(1+ ¢ X) Ym(r,2) = (1 + 5 X) hm—1(r, 2) (5.24)
where o(r, z) = (r,z) and expid (¢ — 1) Yar(r, 2) = P(r + Ar, 2) for m =
1,..., M. Alternatively, the product-to-sum expansion

M
1+ch X
5.25
Hl—i—cmX +Zl+em ( )

can be used to transform Eq. (5.23) into the equivalent parallel form

M
Y(r+ Ar, z) = expid (¢ — 1) {W, 2)+ U, z)} (5.26)

where each partial component 17, satisfies
I+ enX) s, (r,2) = dm X(r, 2). (5.27)

Inspection of Eq. (5.25) indicates that e, = ¢;,. The d,,, can be found numer-
ically by solving the linear system that results from evaluating the right-hand-
side at the M zeros, X = —(1/c;}). Because each ¢}, in Eq. (5.27) depends
on the same total field ¢ on the right-hand-side, the numerical solution for
m =1,..., M can proceed in parallel if M processors are available.

It should be pointed out that a parallel setup similar to that given in
Eq. (5.26) and Eq. (5.27) was first proposed by Collins [22]. Moreover, in-
stead of dealing with a rational-linear expansion of the square-root operator,
he chose to work directly with a rational-linear expansion of the one-way prop-
agator in Eq. (5.17). Consequently, his approximation was not restricted to
the small-§ approximation that underlies Eq. (5.23), and allows much larger
range steps to be used which lead to greater efficiency. In his case, however,
the coefficients of the partial fraction expansion must be determined by a nu-
merical iteration procedure. A similar approach has also been implemented
elsewhere [8,57,61].

5.2.4 Finite-Difference Scheme

The numerical solution of Eq. (5.26) by finite-differences is carried out on
a discrete computational grid in depth z and range r. At each node on the
grid, values of sound speed ¢, density p, and attenuation «, need to be spec-
ified. These values are often derived by interpolation from a specified set of
environmental profiles provided at irregularly spaced locations. Nominally,
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the grid is terminated above by a free (or rigid) surface at z = 0 and below
by an absorbing layer overlying a free (or rigid) surface at z = zpax. The
absorbing layer is necessary to prevent any unphysical reflections at the base
of the computational grid from returning to the water column.

For the discretization in depth, it is convenient to introduce the offset
grid vector z = [z1, 22,...,27]7, where [---]T denotes vector transpose and
zj=(j—1/2)Az, j = 1,...,J. The use of offset depths avoids the need
to compute the field along the top and bottom of the computational domain
where it is known to vanish if either boundary is a free surface. In addition, the
implementation of either pressure-release or rigid boundary conditions can be
effected in a symmetric way. In terms of the z-grid, we apply a heterogeneous
tridiagonal approximation for X (z)y(z) in the form

X(z)yY(z) = L(z)y(z — Az) + D(z)y(z) + U(z)(z + Az), (5.28)
where the lower diagonal, upper diagonal and diagonal elements are given by
L(z) =yp~(z), U(z)=7p"(2), D(z)=N?(z)~1-L(z)-U(a), (5.29)

respectively, and we have introduced the z-step and density-ratio quantities
v =1/(kA2)2  pH(z) = 20(2)/Ip(2) + plz = A2)].  (5.30)

The use of this heterogeneous form precludes the need for explicitly enforc-
ing continuity of pressure, p, and the normal component of particle velocity,
(iwp)~tdp/dz, at any jump discontinuities in medium properties. In effect,
once values of p, ¢, and « are specified on z there are no internal interfaces
between material properties. From Eq. (5.30), it is seen that p*(z) — 1 for
constant density media and the weighted three-term approximation to the
mixed derivative term for X in Eq. (5.28) reduces to the standard central-
difference form for the second derivative of .

Substituting Eq. (5.28) into Eq. (5.27) produces a tridiagonal matrix sys-
tem for the split-step Pade algorithm whose jth row is given by

[1/em + X (2))] Ym (r + Ar, zj) = (dm/em) X (2)0(r, 2). (5.31)

The diagonal matrix entries in the top (j = 1) and bottom (j = J) rows are
modified by the boundary conditions imposed along z = 0 and z = zp.x, re-
spectively. For a pressure-release surface, the antisymmetry of the field about
z = 0 is ensured by setting ¥, (r, —21) = —t, (7, 2z1). This condition is imple-
mented numerically by subtracting L(z;) from the diagonal entry D(z;). In
a similar way, the bottom boundary condition corresponding to odd symme-
try about z = zpax is handled by subtracting L(z;) from the diagonal entry
D(ZJ)

5.2.5 Profile Interpolation

For the propagator approximation given in Eq. (5.26), typical grid spacings
for shallow water low-frequency predictions are of the order of 1 m in depth
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and 5 m in range. Since environmental information rarely exists on this scale,
the acoustic modeller is faced with the issue of interpolating coarse environ-
mental information, usually in the form of depth profiles at specified ranges,
onto the PE computational grid. Consider a sequence of coarse environmental
profiles at the known ranges R km, k = 1,..., K. For simplicity, each profile
is restricted to have points at the same number of depths Zéf m,/=1,..., L.
The set of depth nodes will generally be different for each value of Ry. Here,
we anticipate that the set of coarse profiles has been preprocessed to preserve
significant oceanographic/geophysical features between profiles, such as the
depth of the sound channel axis or surface duct and the sediment thickness
beneath a sloping bathymetry. We assume that all environmental parameters
(sound speed, density, absorption) vary linearly with depth between points on
a given coarse profile. Moreover, between adjacent coarse profiles, we assume
that each parameter varies linearly between depth points that have the same
depth index. Any discontinuities in material properties, such as occur at the
sea-bottom interface, are accommodated simply by including a pair of coarse
profile points that are displaced in depth by a tiny amount, e.g., 1 cm. The
resulting monotonic sequence of coarse profile depths can be safely processed
by standard interpolation algorithms.

Let £ (ZéC ) represent any of the material parameters at the depth of the ¢t"
point on the coarse profile at range Ry. For an intermediate range Ry < R’ <
Ry 1, the environment on the computational grid is determined using a two-
step linear interpolation procedure. First a coarse profile at R’ is obtained
using

Z

1= (-2 + a2, (5.32)
E(Zy)

(1—q)E(Zf) + qE(Z; 1), (5.33)

where ¢ = (R’ — Ry)/(Ri+1 — Ryi). Values for each material property on the
computational grid associated with this intermediate coarse profile are then
determined using linear interpolation between adjacent depths Z;.

5.2.6 Energy Conservation

The derivation of the one-way propagation equation relies on factoring the
Helmholtz equation into outgoing and incoming components and neglecting
the coupling to the backscattered fields. Although this is formally exact only
for range-independent waveguides, the algorithm is routinely applied to range-
dependent cases in which the environment is modelled as a sequence of range-
independent sections having different properties. That is, since the resulting
propagators march the PE field step-by-step outward in range, the environ-
ment is simply updated after each range step and the coefficients implied by
the terms in Eq. (5.27) are modified accordingly. Even for relatively benign
range-dependent environments, however, this approach may not yield suffi-
ciently accurate results [49]. The inaccuracy is related to the fact that, at
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abrupt changes in the environment between range sections, two boundary
conditions need to be satisfied at the corresponding vertical interface in order
to properly account for energy transfer along the waveguide. Of course, the
one-way PE can only satisfy one boundary condition there [68]. Subsequent
analysis [28] has shown, however, that if ¢ is replaced by the scaled field
¢ = /B where 3 = \/p(2)c(z) in the PE algorithm, then a good approx-
imation to the true energy-conserving condition is realized. To achieve this
numerically, we replace Eq. (5.27) by the “energy-conserving” variant

(1 + emf() B (1, 2) = dy XO(r, 2). (5.34)
where the depth operator X is defined by

. L[ 0
X =N%—1+ky? gaz<p 1625>. (5.35)

5.2.7 Equivalent Fluid

The current focus on shallow water propagation, where the physics of the
bottom interaction must be taken into account, implies that PE models must
be capable of handling the effects due to shear rigidity in the sediments.
Although a fully elastic PE model could be employed for this purpose [50],
it is desirable from an efficiency standpoint to have a less computationally
intensive solution. Fortunately, for many problems, it is possible to represent
the effects of shear on the propagation in the water column through the use of
an “equivalent” fluid approximation [97]. The approach is based on choosing
fluid parameters to match the reflection coefficient of the actual solid bottom.
One way to achieve this in PE-based models is to convert the shear parameters
into a complex density of the form

4i'78’7b
kN |

ph=p |(1-2/N2)"+ (5.36)

where pj is the true value of density in the sediment, Ny = (co/cs)(1 + ias),
and ¢s; and ay are the sediment shear speed and attenuation, respectively.
In Eq. (5.36), the quantities v, = koy/N2 — 1 and 7, = iko\/1 — N{ are the
respective vertical wavenumbers of the shear and compressional waves in the
sediments. Choosing the density to be complex in this way allows the plane-
wave reflection coefficient of the fluid-elastic sub-bottom to be approximated
by the reflection coefficient of an equivalent fluid for a range of angles that
correspond to the propagating modes. Although the value of ¢y may require
adjustment to optimize the matching (it is a free parameter), this does not
significantly affect high-order PE algorithms which are inherently capable of
modelling wide-angle propagation and, hence, insensitive to the value of cgy
that is chosen.
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5.2.8 Initial Field

Before a PE algorithm can advance the solution of a one-way equation
outward in range, an initial condition (starting field) is required at the range
of the source. There are a number of simple starting fields that approximate
asymptotically the field due to a point source embedded within a homogeneous
half-space bounded by a pressure-release surface along z = 0 [50]. One source
field that does account for all of the environmental information in the vicinity
of a source located at r = 0, z = zp is the so-called self-starter [20]. It is
sufficient for the calculations to be carried out in this paper to use a simple
source field with good wide-angle properties that is given analytically in the
form of a weighted Gaussian distribution [44],

2 2 —k3 (2 = 20)*
S0, 2) = /ko [1.4467 — 0.4201k2 (2 — ) } exp | =L | (5.87)

5.2.9 Perfectly Matched Absorber

Each one-way wave equation must be supplemented with relevant boundary
conditions along the cross-range edges of the computational grid. For under-
water sound propagation, the ocean surface is usually modelled simply as a
pressure-release (p = 0) boundary. A more complicated procedure is required,
however, to treat the interaction of the field beneath a penetrable sea-bottom
where a downgoing radiation condition usually applies. Numerous absorbing
boundary conditions of varying degrees of accuracy have been developed to
remove this component of the acoustic field. The most direct procedure is
to introduce a physical absorbing layer designed to remove a large fraction of
the incident field by an attenuation mechanism without introducing spurious
reflections from the base of the computational grid [35,76,80,94]. This can
be accomplished provided the absorber strength is increased gradually with
depth. Generally, the absorber is terminated by imposing a pressure-release
condition at the base of the layer. For some problems, the use of a physical
absorber necessitates a large number of grid points, and can be computation-
ally inefficient. Consequently, for our work we make use of an alternative
absorbing mechanism (impedance matching) that is equivalent to introducing
a fictitious imaginary component into the transverse coordinate, i.e., the z-
direction. Such a procedure greatly reduces any unphysical (and unwanted)
reflections from the boundary layer, independent of frequency, except at nearly
grazing angle of incidence [5,13,16,59,96].

For an impedance-matched absorbing layer of thickness h, a z-dependent
imaginary stretching of the grid point spacing is obtained by setting the com-
plex distance between grid points z; and z;41 for I =1,..., L to

Az =[1+4ia(z)] Az, (5.38)

where the tapered profile a(z), necessary for reducing discretization induced
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FIGURE 5.3: Nominal environmental parameters for 93 MFP Workshop
shallow-water synthetic dataset [69].

reflections within the layer, is chosen to have the form
a(z) = p{1 —cos[(z — z;)m/n]}?. (5.39)

Equation (5.39) is used in our subsequent finite-difference calculations incor-
porating perfectly matched layer absorbers.

Within the absorbing layer, the numerical implementation of the loss mech-
anisms differ for the two procedures. This is seen by inspection of the stan-
dard PE of Eq. (5.5) where we assume that the density is constant within the
layer. For the physical absorber, the introduction of loss into the refractive
index N affects the coefficient of 1. In contrast, for the perfectly matched
layer, the introduction of a stretched depth coordinate z* affects the computa-
tion of the Laplacian. To implement the above z-dependent stretching of the
imaginary part of the z-coordinate, the finite-difference approximation to the
Laplacian operator is constructed from the standard three-point expression
for non-equidistant grid points z;_1, 2z, and z;41, namely,

0y . 2/AZ {¢z+1 — U =i } .

0272| _  2+ia; +iar | 1+idag 1+ iq

(5.40)

=z

5.2.10 Propagation Example

We conclude this section with a canonical numerical example of acoustic
propagation in a shallow-water waveguide. A finite-difference PE code that
incorporates the features given earlier in this section has been used to calculate
the field. The environmental parameters that were used in the calculation are
given in Fig. 5.3 and correspond to the nominal waveguide configuration that
formed the basis of the synthetic datasets provided by the organizers of the
1993 workshop on benchmarking matched field processing methods [69]. The
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propagation characteristics of this waveguide will allow us in later sections to
illustrate both source localization by the PE-based backpropagation scheme
as well as the PE-based spectral decomposition of the field.

The numerical computation was carried out for a 250-Hz point source lo-
cated at a depth of 82 m (cf., COLNOISE case (b) in [69]). Also, the PE
computations used four Pade coefficients, a branch cut rotation angle of 10°,
a range step size of Ar = 2 m, a depth step size of Az = 0.25 m, and a
value of ¢g = 1500 m/s for the reference sound speed. Finally, the compu-
tational grid was extended vertically to a depth of 250 m and included a
20-point impedance-matched layer that occupied the region 245 < z < 250 m.
This layer was characterized by the taper parameters p = 10 and ¢ = 2 in
Eq. (5.39).

A full-field plot of the transmission losses out to a range of 10 km is shown
in Fig. 5.4. The TL scale varies from 50 dB (white) to 100 dB (black). It is
evident that the field structure exhibits a complicated interference pattern in
the water column with a well-defined null in the vicinity of 6.5 km. Near the
source, the field is seen to penetrate the sediments where it is absorbed by
the perfectly matched layer. At longer ranges, the field is dominated by the
propagating modes that are confined by the surficial sediments just below the
sea-bottom interface.

5.3 PE-Based Matched Field Processing

Accurate predictions of the coherent sound field in a shallow-water wave-
guide have made possible the development of model-based signal processing
schemes for the passive localization of a sound source (range and depth) or
the determination of environmental properties that affect acoustic propaga-
tion [87]. Source localization by matched field processing, for example, is car-
ried out by cross-correlating the fields measured on an array of hydrophones
with hypothetical fields (replicas) predicted using a propagation model. These
replica fields depend on known (or assumed) input parameters, such as the
candidate ranges and depths for the source position, and the environmen-
tal parameters of the waveguide. The candidate source position showing the
highest correlation between measured and replica fields is taken to correspond
to the best estimate of the true location of the source.

5.3.1 Standard Processor

For tonal signals, the basic data that is input to the matched-field proces-
sor consists of the vector d = [dy,ds,...,dN]T of complex-valued pressures
obtained from an array of N hydrophones. In practice, a vertical line array
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FIGURE 5.4: Full-field transmission losses at 250 Hz for the environmental
parameters of Fig. 5.3. The source is at a depth of 82 m. The TL scale varies
from 50 dB (white) to 100 dB (black).

(VLA) of sensors that span a significant portion of the water column is often
used to acquire signals in littoral regions. The conventional (Bartlett) scheme
compares these data to replica fields p(r, z) = [p1,p2, .- .,pn]T computed for
each location (r, z) on the search grid by forming the scalar product

() — 2P bl pt(n2)Cp(r2)
U S P EI S P G [ T (s | KR T | I

(5.41)
where C = dd* is the cross spectral matrix and * denotes conjugate transpose.
Here the vector p(r, z) is a prediction of the acoustic field on the array due to
a point source located at range r and depth z. The evaluation of Eq. (5.41) for
all candidate ranges and depths on the search domain produces an ambiguity
surface that is typically multimodal, i.e., characterized by a peak value and
several sidelobes. When several observations d; of the field at successive times

on the array are available, an improved estimate of the cross spectral matrix
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C can be obtained by forming the average value (1/L) EZLZI d¢dj, where L is
the total number of time frames.

As indicated previously, there are a number of sophisticated propagation
models that are available for computing coherent replica vectors p in range-
independent waveguides. For non-adiabatic, range-dependent environments,
however, only one-way models that are derived from the parabolic approxima-
tion satisfy the dual requirements of accuracy and computational efficiency.
In practice, PE-based models make use of the reciprocity of acoustic fields to
generate the replica fields on a specified grid that spans the search domain
of potential target locations. That is, instead of propagating the field from
each node (r, z) on the search domain to the N-elements on the VLA (which
would typically involve thousands of step-by-step propagation runs), replica
coverage fields that span the search space are generated from each sensor po-
sition on the VLA (which typically requires just tens of propagation runs).
At each point on the search grid, N complex-valued replicas are available for
matching against the N complex-valued measured data.

5.3.2 Backpropagated Processor

In contrast to the above methodology, a novel source localization scheme
termed “acoustic retrogation” was introduced to the underwater acoustics
community in 1985. It makes use of a backpropagation algorithm based on
the parabolic equation method [64]. By combining the principle of reciprocity
with linear superposition of acoustic fields, data from all IV sensors of a VLA
can be backpropagated simultaneously to generate a correlation surface in a
single PE propagation run. The retrogation technique initiates the solution
procedure by forming the scalar product d*S(0, z) at the array site for each
point on the PE computational grid. Specifically, for each sensor centered
at depth z,, we weight the vertically extended PE source field S(z) given
in Eq. (5.37) by the complex conjugate of the signal received on the nth hy-
drophone and then add the weighted fields from all N sensors. This correlation
measure satisfies the one-way PE and its boundary conditions, and allows the
ambiguity surface to be propagated outward from the array toward the po-
tential target locations spanning the search grid. Instead of the normalized
correlation function given in Eq. (5.41), this backpropagation method yields
the unnormalized correlation measure

Zn |d'TLpn(T7 Z)|2 |d*p(7“,z)|2
ha(r, z) = S 1dn|? = |2

Calculations of he based on Eq. (5.42) proceed N times faster than those for
h1 where the N individual replica fields must be generated and saved be-
fore the vector norm ||p|| = +/pP*p can be computed for use in Eq. (5.41).
In practice, Eq. (5.42) can be partially normalized for cylindrical spreading
in the far field by replacing p with py/r. The high correlation levels in the
vicinity of the VLA can be avoided by excluding this near field region from

(5.42)
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the search domain. As pointed out elsewhere [87], a potential drawback of
the backpropagation processor in Eq. (5.42) compared to the forward mod-
elling matched field processor in Eq. (5.41) is the difficulty of re-introducing
attenuated energy in order to determine the correct signal level at the source
location. This effect can be ameliorated somewhat by setting sediment ab-
sorption to zero during the backpropagation procedure. From an engineering
perspective, there is an accuracy/runtime trade-off to be considered between
the normalized accuracy of Eq. (5.41) and the N-fold speedup factor of the
unnormalized measure of Eq. (5.42).

While Eq. (5.41) can deal with the averaged cross spectral matrix directly,
for Eq. (5.42) there is the issue of how to obtain a good estimate of d from the
averaged matrix C. Suppose the observed data d, consists of spatially-white,
Gaussian noise wy added to a signal of the form x, = Aexp(ify)u. Here u is
an N-dimensional complex vector of unit norm (||u|| = 1), A is the amplitude
and 6, is a random phase angle. Then, it can be shown that the maximum
likelihood estimate for the value d (||d|| = 1) that maximizes the sum of
correlations |d*u| over the L snapshots is given approximately by

d= aﬁgulil?x u*Cu. (5.43)

The solution to Eq. (5.43) can be found from some standard results in matrix
analysis. Moreover, the maximum eigenvalue v; of the N (real) eigenvalues
of C can be expressed as the maximum of the Rayleigh quotient [4]

v*Cv

s T

(5.44)
This maximum is assumed when the (orthonormal) vector v is the eigenvector
vy, L.e., 11 = viCvy. It follows that d= vy is the solution to Eq. (5.43).
Numerically, then, we perform the eigen-decomposition of the averaged cross-
spectral matrix C, and use the eigenvector corresponding to the largest eigen-
value as the best estimate of the signal at the array hydrophones. This result
is similar to one obtained elsewhere for a problem in bearing estimation [47].

5.3.3 Localization Example

To demonstrate the localization capability of the Bartlett and backprop-
agation processors in Eq. (5.41) and Eq. (5.42), we consider the canonical
shallow water waveguide propagation example introduced in the previous sec-
tion. The parameters of this waveguide are given in Fig. 5.3. Synthetic VLA
data for this set of parameters, and perturbations from it, at a frequency of
250 Hz due to point sources at ranges within 5 < r < 10 km from the vertical
array are presented in [69]. The data signal vectors for a vertical array of
20 sensors at depths 5,10, ...,100 m for several environmental scenarios were
generated using the normal mode code KRAKEN to which 300 realizations of
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FIGURE 5.5: Cross spectral matrix for COLNOISE b case in [69] (left) and
eigenvector vy corresponding to its largest eigenvalue vy (right).

Gaussian random noise were added to yield averaged cross spectral density
matrices corresponding to single sensor signal-to-noise ratios of 20, 10, and
-5 dB [69]. These noisy synthetic data sets are available from the Ocean
Acoustic Modelling Library web site cited in the caption of Fig. 5.1.

The left panel of Fig. 5.5 shows the averaged cross spectral density matrix
for the COLNOISE b case and corresponds to a signal-to-noise ratio of 10 dB.
For this test case, the random noise that is most represenative of electrical
noise on the array is replaced by a noise model that is most appropriate for
surface noise due to breaking waves [69]. The right panel shows the eigenvector
v1 that corresponds to the largest eigenvalue vy of this averaged matrix.

Ambiguity surfaces for both processors are presented in Fig. 5.6. The top
panel shows the output of the backpropagated processor and the bottom panel
shows the output of the standard Bartlett processor. For display purposes,
each ambiguity surface has been normalized to unity by its peak value. Both
processors are seen to focus at the true source location of » = 7.1 km and
z = 82 m for this dataset. The peak-to-sidelobe values are observed to differ
between the two processors, however, due to the fact that the backpropagated
processor is not normalized by the norm of the replica fields (no replicas are
computed in this case). For this example, the backpropagated processor is
20 times faster and 20 times more memory efficient than the Bartlett proces-
sor. It is worthwhile remarking that for an environment that is not changing
significantly over an observation interval, once the replicas have been pre-
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FIGURE 5.6: Ambiguity surfaces for the backpropagated (top) and the
Bartlett processors (bottom) for the environment of Fig. 5.3 and the data
of Fig. 5.5. The square box is centered on the true source location.

computed and saved, the Bartlett processor only involves matching successive
data vectors against the replicas. Consequently, this straightforward match-
ing could be carried out more efficiently than successively backpropagating a
new ambiguity surface for each updated data vector that is required by the
retrogation scheme. The replica storage requirements are still significantly
more demanding for the Bartlett scheme however.

5.4 Modal Decomposition

The above matched-field processors require, as data, the frequency-domain
complex pressure fields measured on an array of hydrophones. It is often con-
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venient and helpful in the interpretation of complex propagation scenarios to
be able to decompose these total field data into their spectral components.
This is particularly true for propagation in range-dependent waveguides where
mode coupling and/or mode cutoff effects may be important. Acoustic model
representations that are based on normal modes or ray path trajectories pro-
vide this capability inherently. Additionally, because models that are based
on wavenumber integration must first determine the depth-dependent Green’s
function with respect to horizontal wavenumber, they also are capable of ex-
hibiting the modal structure of the field. In contrast, direct numerical solu-
tions to one-way parabolic equations for point source excitation yield total
pressure fields only.

Although modal decomposition (mode filtering) of VLA data is useful in
its own right, it is also a necessary first step in the source localization method
known as matched mode processing [87]. The second step of this type of signal
processing, also known as modal beamforming, requires that the matched
mode processor correlates the complex modal amplitudes of the normal mode
replicas with those that are determined from the measured total fields. One
possible advantage of the matched mode processor over the matched field
processor is the opportunity of correlating a subset of the modes that make
up the observed VLA field. Prior to processing, the modal data (and modal
replicas) can be filtered to exclude those modes that are most affected by any
mismatch between the modelled and true ocean envionments.

Several matrix-based modal decomposition methods have been developed
for processing vertical line array data [9,79,93]. Each of these methods re-
quires that the modal wavenumbers and shape functions that are appropriate
for the environment in the vicinity of the VLA to be supplied by a normal
mode model. Alternatively, a wavenumber integration scheme for numeri-
cally decomposing the field versus depth in a range-dependent waveguide was
proposed and applied to PE-generated fields propagating in a wedge-shaped
ocean [52]. By interpreting the PE field at a given range as a distributed
source in the SAFARI code [72], the “local” range-independent Green’s func-
tion corresponding to the given source field can be extracted. By carrying
out this decomposition at different ranges in a range-dependent waveguide, it
is possible to identify and study the propagation of individual modes in both
adiabatic and coupled mode situations.

In contrast to the above spectral decomposition approaches, which require
either normal mode or wavenumber integration codes, we present a PE-based
decomposition scheme that is directly related to the backpropagation algo-
rithm presented in the previous section. The basic tenets of this scheme
were originally developed for analyzing the propagation of light in optical
fibers [37-41]. This PE-based decomposition scheme proceeds from two re-
lated concepts: (1) An exact relationship between PE modes and normal
modes; and (2) Spectral analysis of a suitably defined PE correlation func-
tion. Although both concepts hold true exactly for propagation in layered
environments, the scheme can also be applied to fields propagating in range-
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varying waveguides. Moreover, by invoking the accurate multi-term Pade
approximation to the one-way PE propagator given in Eq. (5.23), the need
for exploiting the connection relation in (1) may be bypassed.

5.4.1 Relation between PE Modes and Normal Modes

For layered media, it can be shown that the acoustic pressure p in Eq. (5.1)
can be recovered from the solution ¥ to the standard parabolic equation in
Eq. (5.5) by evaluating the ezact integral transform [30]

o0

p(r, z) = \/%m ; U(t, z) exp [ Z (r? —|—t2)] Cit (5.45)

That is, numerical solutions to Eq. (5.5), which can be obtained efficiently by
marching algorithms, can be postprocessed using Eq. (5.45) into solutions to
Eq. (5.1). For numerical work, it is convenient to carry out this postprocess-
ing in the appropriate wavenumber domains of p and 1, where the nonlocal
relationship between the fields in Eq. (5.45) becomes a local one [86]. The
connections between the PE modes of Eq. (5.5) and the normal modes of
Eq. (5.1) can be found by substituting the modal expansion of ¢, namely

aju;(z) exp(is; 5.46
iU ( 3T

into Eq. (5.45), where the a; are the PE modal amplitudes. It follows that
the eigenfunctions u; satisfy the eigenvalue equation [30]

d _,du
p% <p ! d ) + kO’Y] u] = 07 (547)

where 7]2 =N2-1 +2s;/ky is the square of the jth vertical wavenumber of the
standard PE. If the PE eigenvalues (modal wavenumbers) s; are expressed in
terms of the new eigenvalues k; by the mapping

k2= k2
2ko

(5.48)

S5 =

then Eq. (5.47) is recognized as the ordinary differential equation associated
with the normal mode eigenfunctions of the acoustic wave equation Eq. (5.1)
and the k; are identified as their corresponding horizontal wavenumbers. The
u; can be normalized to form a complete orthonormal set. The usual boundary
conditions imposed in underwater acoustics require each u; to vanish at z = 0
and remain bounded as z — oco. As a result, Eq. (5.47) admits only a finite
number of propagating modes.
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Substituting Eq. (5.46) into Eq. (5.45) and using Eq. (5.48) yields the se-
quence

(r2) = —— Za-u-<z>/me ikt | ikor” | di
P20 = o - A N T ot | ¢
[T exp exp(ik;r)
=1/ =) aju;(2)H a;ju; , (5.49)
9 Xj: V) Z J J \/ki]i’l“

where both the integral representation of the Hankel function Hél) (k;r) [43, p.
956, No. 8] and the first term of its asymptotic expansion given in Eq. (5.2)
were used. The right-hand side of Eq. (5.49) is recognized as the modal ex-
pansion of Eq. (5.1) into normal modes. In this case, the modal amplitudes
have the known form [2,50]

a; = Au;(20), (5.50)

where A is a complex constant. If the depth zy of a point source is located at
a null of the jth mode, mode j will not be excited. Similarly, if a hydrophone
is placed at a null of the jth mode, mode j will not contribute to the total
field there. From Eq. (5.46), Eq. (5.48), and Eq. (5.49), it is seen that the
amplitudes a9 and wavenumbers k; of the normal modes can be obtained a
posteriori from the amplitudes a; and wavenumbers s; of the PE modes by
the local mappings

/ a]‘ o AUj (Z())
a; = = 5 (551)
! vV k; V k;
and
2Sj
kj = k() 1+ ? ~ ko + Sj. (552)
0

For values of k; near ko, s; =~ 0, and the nonlinear relation between the k; of
the wave equation and the s; of the standard PE is given approximately by
the linear shift kg that corresponds to the carrier wave connection between p
and ¢ expressed in Eq. (5.2).

5.4.2 Modal Excitations

From the preceding analysis, it is clear that the spectral properties of v
lead directly to the spectral properties of p. An efficient algorithm for spec-
trally analyzing 1, and thus p, that was previously developed for analyzing
electromagnetic propagation in optical waveguides [37-41] was subsequently
adapted to treat acoustic propagation [83,85,86]. Alternatively, instead of
solving the standard PE for ¥ and then postprocessing the -field to yield
the normal mode properties of p, it is also possible to spectrally analyze ac-
curate solutions to the multi-term Pade one-way pressures p directly. In this
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case, the higher-angle approximations to the square-root operator and its as-
sociated propagator intrinsically yield accurate estimates of the normal mode
wavenumbers k; and shape functions u;.

For processing measured data, it was pointed out in [83] that because it
was not feasible to build a VLA with sensor spacings as small as the depth
grid spacings required for accurate solutions to the one-way PE, an interpo-
lation/extrapolation scheme was necessary for mapping the measured VLA
data onto the PE computational grid. With the backpropagation approach
described in the previous section, however, it is not necessary to carry out
this step. Indeed, the unnormalized processor of Eq. (5.42), in which the
measured VLA data are combined with vertically extended PE source fields,
automatically determines the field at the resolution of the PE grid.

To estimate the modal wavenumbers and amplitudes associated with
the pressure field observed on an N-element VLA, we first consider the
modal expansion of the partially normalized backpropagated field ¢(r,z) =
d*p(r, z)y/r. From Eq. (5.49) and Eq. (5.51), we find that

z) = Zd;pn(r,z)\/?
= Zd; Z (A/\/>) w;(zn)u;(2) exp(ik;r)

= Zg]u] z) exp(ik;r), (5.53)

where g; = (A/+/k;) Y, diu;(2,). Next, we introduce the acoustic PE back-
propagated correlatlon function defined by

T(rg,7) = /000 p N (2)q (1o, 2)q(ro + 1, 2)dz, (5.54)

where ¢(rg + r,2) is the (complex) one-way backpropagated field at range r
from the VLA at range r( that is used to initiate the marching solution. The
sequence of values I'(rg,ry) for rp = ¢Ar, £ =0,1,...,L — 1, is readily com-
puted during the step-by-step numerical solution of Eq. (5.5). On substituting
the modal representation for ¢ in Eq. (5.53) into Eq. (5.54), and noting that

the u; are orthonormal with respect to the weight function p~!, it follows
that the correlation function I assumes the analytical form
L(ro,r) = ) _ 19| exp(ik;r). (5.55)

J

The Fourier transform of Eq. (5.55) yields

Fr} = /0 " Dro,r) exp(—ikr)dr = 3 lg; Po(k — ky), (5.56)

J
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which is seen to contain delta functions at the modal wavenumbers k; of the
normal modes. The strength of §(k — k;) corresponding to the jth mode is
proportional to the power |g;|? contained in that mode. In practice, Eq. (5.56)
is implemented using a finite length discrete Fourier transform, and the k; and
|gj|2 are estimated from the finite peaks in the spectrum.

5.4.3 Modal Phases

It is seen from Eq. (5.55) that the correlation function I" given in Eq. (5.54)
does not contain the phase information that is accumulated by each mode as it
propagates the distance ry between the source and receiving array. However,
this range phase information for each mode, i.e., exp ik;rg, is contained in the
one-way backpropagated field ¢ that is generated from the initial field data
at rg. The signal phase that is associated with each mode can be extracted
by spectrally analyzing this propagated ¢-field. From the modal expansion in
Eq. (5.53) we find

Flq} = /Oo q(ro + r, z) exp(—ikr)dr

= Zgjuj 2) exp(ik;ro)d(k — k;). (5.57)

Substituting for g; in Eq. (5.53) into Eq. (5.56), the multiple-source, depth-
dependent Green’s function b; for the jth normal mode is determined to be

b(ro, z (A/\F) Zd wj(zn)u;(2) exp(ik;ro). (5.58)

It is seen that b; depends on the source range ry and the hydrophone depths
zn as well as the depth z. Furthermore, the modal shapes (eigenfunctions)
|u;| can be traced out by evaluating |b;| as a function of z at the appropriate
horizontal wavenumbers determined from Eq. (5.56). When evaluated as a
function of z, the b; contain all of the information necessary for source lo-
calization by matched mode processing. This modal information is extracted
from the backpropagated correlation processor without using any modal in-
formation obtained from a normal mode model. Instead, it is obtained by a
suitable spectral analysis of weighted VLA data that is backpropagated using
a high-order Pade PE algorithm of underwater acoustics.

5.4.4 Modal Decomposition Example

To illustrate the backpropagation-based method of modal decomposition,
we reconsider the canonical shallow-water waveguide that was used in the
earlier numerical examples of propagation and source localization. First, we
combine the VLA data together with the environmental specification and PE
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FIGURE 5.7: Partial mode spectrum of the backpropagated sequence I' for
the environment of Fig. 5.3 and the data of Fig. 5.5. The symbols (d) denote
peak estimates obtained using parabolic interpolation.

parameters for the COLNOISE case b. Second, we compute (and save) the back-
propagated field ¢ along with the correlation sequence I' in Eq. (5.54) out to
16.384 km (8192 range steps) from the VLA. Finally, we filter the I'-sequence
using a Hann window to reduce edge effects and then apply an FFT to obtain
its spectral estimates. Greater spectral resolution can be obtained simply by
marching outwards to greater ranges. Alternatively, spectroscopic curve fit-
ting techniques can be used to improve the estimates of the spectral peaks
as described in the original fiber optic applications of the method [37—41].
For our work, we made use of a simple parabolic interpolator to refine the
estimates of the modal wavenumbers from the FFT of I'. The resulting nor-
malized spectral estimates, expressed in dB via 10log;, {|F(I")|/ max |F(T')|}
in the vicinity of the first thirteen propagating modes are shown in Fig. 5.7.
The symbols (O) denote the peak estimates obtained using parabolic interpo-
lation. It is known from previous work [83] that the first thirteen modes are
mostly confined to the water column while modes 13 to 26 exhibit significant
penetration into the upward refracting sediment layer.

Spectral analysis of ¢ in Eq. (5.58) as a function of depth z yield the mode
shape functions versus wavenumber. The normalized spectral amplitudes
(10logy4 | F(q)|/ max |F(q)|) for the first 13 propagating modes are displayed
in Fig. 5.8. The influence of the downward refracting sound speed profile is
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evident in the water column shapes of the lowest order modes.
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FIGURE 5.8: PE-derived mode amplitudes for modes 1 to 13 as a function
of depth for the environment of Fig. 5.3 and the data of Fig. 5.5.

5.4.5 Modal Beamforming

The PE-based modal decomposition of the pressure field measured on a
VLA can be used to carry out “range and depth beamforming” via a matched
mode processor [83,87,93]. In contrast to matched field processing which is
carried out in “phone space,” the correlation in matched mode processing is
carried out in “mode space.” That is, the matched mode processor correlates
the complex modal amplitudes that are inferred from the VLA pressure fields.
One potential advantage of using a matched mode processor over the matched
field processor is the option of including only a subset of the decomposed
modes that make up the VLA field. This feature can be important since,
prior to processing, the data can be filtered to exclude those modes that are
most likely to be affected by any mismatch between the modelled and true
ocean environment.

From these modal data, we define a PE-based matched mode processor by

2

hs(r,z) = Z b (ro, ) exp(ik;r)| (5.59)

This range/depth estimator was originally introduced by Yang [93]. Unlike
separate range and depth estimators that can be used whose peaks provide an
estimate of the source range and source depth respectively, the processor in



Parabolic Equation Techniques, D. J. Thomson and G. H. Brooke 163

0
20 —

40 - -
60 -
80 - -

100 —
120

Depth [m]

5 6 7 8 9 10
Range [km]

FIGURE 5.9: Matched mode ambiguity surface determined from PE-derived
modal amplitudes 1 to 10 for the environment of Fig. 5.3 and the data of
Fig. 5.5. The square box is centered on the true source location.

Eq. (5.58) does not contain any uncertainty in the polarity of u;. Evaluation
of Eq. (5.58) over a suitable search domain (r,z) will produce a peak at the
true source coordinates (rg, zo)-

To illustrate the implementation of matched mode processing, the complex
amplitudes of the depth-dependent Green’s function of Eq. (5.58) were evalu-
ated at the discrete modal wavenumbers displayed in Fig. 5.7 for the first 10
modes of the COLNOISE b example. This was accomplished by computing the
DFT of Eq. (5.57) at the interpolated values k; = 1, ..., 10 at each node on the
depth search grid. Then Eq. (5.59) was evaluated at each node on the range
search grid to yield the matched mode ambiguity surface shown in Fig. 5.9. A
comparison of Fig. 5.9 and Fig. 5.6 indicates that the focus of the ambiguity
surface formed from modes 1 to 10 for the matched mode processor is not as
sharp as the focus of the ambiguity surface for either matched field processor.
It is evident, however, that the matched mode processor correctly peaks at
the true source location of r = 7.1 km and z = 82 m for this example.

5.5 Summary

Acoustic propagation due to a point source in a shallow-water waveguide
often exhibits two characteristics: (1) away from the source, the direction of
propagation is nearly horizontal, and (2) backscattered energy is negligible
compared to forward-scattered energy. In these situations, the propagation of
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underwater sound can be accurately described by a one-way wave equation as
given in Eq. (5.13). This equation, or variants of it, are traditionally referred
to as a parabolic equation (PE) in the underwater acoustic literature.

We began this chapter with a brief derivation of the standard PE, given
in Eq. (5.5) and Eq. (5.8). This was followed by a heuristic derivation of an
exact, one-way acoustic wave equation in Eq. (5.13) that was subsequently ar-
rived at by factoring the reduced wave equation in a weakly range-dependent
medium. The formal solution of this exact PE over from range r to range
r+ Ar, given in Eq. (5.17), forms the basis of all numerical marching meth-
ods that have been developed for its solution. Different PE’s result from
different approximations made to the square-root operator /1 + X or its cor-
responding propagator. The numerical treatment used in this chapter makes
use of a multi-term Pade-type rational-linear approximation to the square-
root, operator together with a rotation of its branch cut as given in Eq. (5.20)
to Eq. (5.22). The subsequent second-order accurate approximation of each
partial propagator gave rise to the product expansion in Eq. (5.23) and then
to the sum expansion in Eq. (5.25), in which it was noted that accurate so-
lutions required the marching procedure to take sufficiently small range steps
Ar. The sum expansion led to the term-by-term partial PE formulation given
in Eq. (5.27).

Next, we presented a heterogeneous finite-difference approach for solving
Eq. (5.27) that made use of an offset depth grid where values of the material
properties (sound speed, density and attenuation) were assumed given at each
node. The resulting finite-difference representation was subsequently modified
to incorporate profile interpolation in a range-dependent medium, to amelio-
rate energy conservation issues in the case of variable-depth bathymetry, to
account for energy losses due to shear wave conversion at an elastic subbottom
via an equivalent acoustic medium, and to efficiently suppress unphysical re-
flections from the base of the computational grid in the context of a perfectly
matched layer formalism. A simple starting field for introducing a vertically
extended source excitation was used to initiate the marching procedure. The
finite-difference formulation and numerical solution procedure described above
was demonstrated for modeling underwater sound propagation in a generic
shallow water environment.

Given the availability of a high-order PE together with an efficient algorithm
for numerically solving it, we then presented a method of source localization
based on backpropagating the pressure field received on a vertical line array
(VLA). This method, introduced over 20 years ago, was dubbed “acoustic
retrogation.” Basically, it involves weighting the measured pressure on each
sensor of the array with a vertically extended PE starting field and summing
over the sensors. This initializes a correlation field at each point on the PE
depth grid. Then, invoking the principle of superposition, this sum of weighted
source fields, which satisfies the PE, is backpropagated outwards from the
array onto a range/depth grid that spans a given search domain. The result
is an ambiguity surface calculated in a single PE run whose peak is taken as an
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estimate of the location of the point source that generated the data received
on the VLA. This surface, although unnormalized, (i.e., in the same way that
the standard Bartlett correlation surface is normalized), was demonstrated to
peak at the same location as its Bartlett counterpart for synthetic data that
was provided at a workshop on acoustic localization methods. For N sensors
in the VLA, the backpropagation method proceeds N times faster than the
Bartlett processor, which requires N propagation runs that must be stored in
order to compute normalized replica fields prior to the correlation against the
measured data.

Finally, we showed how the backpropgation method can be used to decom-
pose the measured pressure field on a VLA into its modal components. That
is, in addition to backpropagating the weighted sum of pressure fields, a cor-
relation function was computed as a function of range, which, when analyzed
spectrally via an FFT yields estimates of the modal wavenumbers. The back-
propagated ambiguity surface was then evaluated at a subset of these modal
wavenumbers by carrying out a DFT as a function of depth. The result is
a set of (complex) mode shape functions that contain the necessary phase
information required for matched mode processing. Using the same generic
waveguide as before, the complex depth amplitude functions of the first 10 of
the 26 propagating modes were matched against the range replicas to yield
a source localization estimate that agreed with the previous source location
estimates obtained with the matched field processors. One important advan-
tage of the matched mode processor over the matched field processors is that
those modes that suffer the most from any environmental mismatch issues can
be removed from the localization processor.

We conclude this chapter by noting a useful aspect of PE modelling that has
received considerable attention lately, namely, the use of a nonlocal boundary
condition (NLBC) to replace the absorbing layer for terminating the PE com-
putational depth grid. Such a condition can exactly transform the PE problem
having a transverse radiation condition as z — oo into an equivalent one in a
bounded domain [7,54,65,85,95]. Of special note is the recent discrete NLBC
that has been developed [62] for the manifestly reciprocal PE range-dependent
formulation derived in [42] and numerically implemented in [61]. Moreover,
the use of an NLBC for a single-term PE has recently been incorporated into
a practical numerical scheme for geoacoustic inversion of waveguide properties
via an adjoint PE-based approach [46,48,60] that involves backpropagation
concepts similar to the one discussed herein.
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6.1 Introduction

The Helmholtz equation is often used to model sound propagation and
scattering in a waveguide. Its solution represents the wave field (acoustic
pressure) produced by a harmonic point source placed within the waveguide.
Therefore, a central task in computational acoustics is the efficient numerical
solution of the Helmholtz equation; we refer the reader to [18], [22], [79], [20]
and Chapter 1 of Part IT of the present book for more information and relevant
references.

In a wide range of applications, for example in long-range underwater sound
propagation, backscattering is limited and the dominant part of the wave con-
sists of one—-way propagating modes. This being the case, an approximation of
the two—way wave field obtained by a direct numerical solution of a boundary
value problem for the Helmholtz equation, a computationally very demanding
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task, may be avoided. Tt is well-known, [33], that an effective simulation of es-
sentially one-way, long-range wave propagation may be provided by solving
numerically parabolic (paraxial) approximations of the Helmholtz equation.
The form of a parabolic approximation is directly related to the maximum
angle of propagation of the wave field (relative to the horizontal direction);
parabolic approximations of standard or wide—angle type describing propaga-
tion within narrow or wider angles, respectively, have been proposed and used;
see, e.g., [22], [25], [26] and Chapter 5 (Part IT) by Thomson and Brooke in this
volume. In what follows we shall be concerned with the standard parabolic
approximation, mainly in the context of underwater acoustic waveguides.

We begin by recalling the formal derivation of the standard parabolic ap-
proximation from the 3D Helmholtz equation. The reader is also referred to
Chapter 5 in the present volume.

In a waveguide (consisting of a single fluid layer for simplicity), the wave
field established by a harmonic point source of frequency f, may be repre-
sented by the solution of the Helmholtz equation expressed in cylindrical co-
ordinates (z,7,0). As is customary, the depth (z) axis is pointing downwards
and the source is located on it. We shall refer to r as the range (horizontal
distance from the source) and 6 as the azimuthal angle. The complex-valued
acoustic field p(z,r,8) (acoustic pressure) satisfies

V2p + kgn®(z,7,0)p = —4mpod(z,7), (6.1)
where
Vms[L2(22) 2 (12), 12 (10)]
ror \ por 0z \ p 0z 2060 \ p 06
and
B(.7) = 0z — 2) 0,

with zg being the source depth, and with §(z — z5) and 0(r) Dirac delta
functions. In (6.1) ko = 27 f/co is a reference wave number associated with a
reference sound speed cy. The function n? = n?(z,r,0) is a complex—valued
‘index of refraction’ and is defined by the formula

Co

n?(z,7,0) = ( ))2(1 +ia(z,1,0)),

c(z,r, 0
where ¢(z,r,0) is the speed of sound in the fluid and «a(z,r,#) an empirically
determined positive function of small magnitude, which models absorption
(attenuation) of sound in the fluid. Finally, pg is a reference acoustic pressure
characterizing the source, and p = p(z,r,0) is the density of the fluid. In the
sequel, we shall assume that p has negligible variation in r.

If we seek a separation of variables solution of (6.1) of the form p(z,r,60) =
h(r)u(z,r,0), the principal dependence on r being in h(r), [33], it emerges that
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h(r) satisfies the zeroth-order Bessel equation. An outgoing solution of (6.1),
therefore, representing the forward propagating acoustic field is expressed
as p(z,r,0) = Hél)(kor)u(z,r, 0), where Hél)(kor) is the first kind, zeroth—
order Hankel function. For large values of r, so that kor > 1, the far—field
asymptotic formula

ikor

H (kor) ~ NG kor > 1,

ol

may be used and the equation satisfied by u(z,r, #) becomes

u 0 (10u) 10 (10u
oz " Paz\paz) TP2aa \ o0

+2ik0% +k3(n? — )u=0. (6.2)

Since u(z,r,0) varies slowly in r, the parazial approzimation

0*u ou
or ) 2’Lk‘0

< or

applies in (6.2). Therefore the p.d.e. satisfied by u(z,r,0), is

ou _ ip [0 (10u 10 [(10u iko , o
87‘ 2]110 |:8Z (paz) “rﬁ% <p80> +7( (Z,T,e)—l)u (63)
This is the (standard) Parabolic Equation (PE) in 3D. By our assumptions,
it should describe the propagation of sound in weakly range-dependent fluid
media outwards and far from the source. For constant p, (6.3) simplifies to
the standard 3D PE of Tappert, [33].
For a physically and geometrically cylindrically symmetric waveguide the
term %(1 94 can be dropped from (6.3). The result is the (standard) 2D
PE, Wthh for constant p simplifies to

Uy = QZTOUZZ + %(ng(z,r) - 1Du. (6.4)
Stratified media with sharp transitions in p are usually considered as mul-
tilayered media with constant density, separated by interfaces across which
appropriate transmission conditions are valid.

To our knowledge, there is no complete, mathematically rigorous justifica-
tion of the PE as an approximation to the Helmholtz equation in the appro-
priate parameter regime. (See however, [15], [16].) Nevertheless, there is am-
ple experimental and computational evidence of its validation as a model for
sound propagation under the assumptions made in its derivation. In particu-
lar these assumptions restrict its validity to modelling acoustic waves prop-
agating within narrow angles both in depth and in azimuth, [33]. Various
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extensions of (6.3) capable of describing propagation of acoustic waves within
larger angles have been proposed; these are referred to as wide—angle PE’s,
cf., e.g., [10], [11], [24], [25], [30] and Chapter 5 in this volume. In the present
chapter we shall confine ourselves to the (standard) PE (6.3) and (6.4).

Although originally the PE was derived, in the context of underwater acous-
tics, to model propagation in single layer domains with horizontal bottom or
multilayered media with horizontal interfaces, cf. [33], it has been extensively
used for domains with bottom and interfaces that exhibit mild variations
in range and azimuth so that backscattering effects are small. It is a nat-
ural issue, therefore, to study the well-posedness of initial-boundary value
problems for the PE in the presence of range—dependent bottom and inter-
faces. We present briefly an introduction to some relevant mathematical and
computational issues in the axially symmetric case in Section 6.2. The range—
varying topography has often been approximated in practical computations
by ‘staircase’ (piecewise horizontal) approximations. This raises the issue of
boundary and interface conditions on the vertical part of the steps of the
staircase. Moreover, it is well documented that staircase approximations lead
to nonphysical energy losses or gains, cf., e.g., [21], [29]. We therefore use in
this chapter range— (or range— and azimuth—dependent) change of the depth
variable techniques that transform the problem into an equivalent one posed
on horizontal strips. Of course this approach has its limitations and draw-
backs, but it alleviates energy non—conservation problems. In Section 6.2 we
present the change of variables in simple, axially symmetric, i.e., 2D, envi-
ronments. In Section 6.3 a highly accurate finite element discretization of the
problem is presented in the 2D case, while, in Section 6.4, the change of vari-
able technique is extended in 3D and implemented within the finite element
framework. Of great importance is the issue of what kind of approximation
of the normal derivative of the field is used at range—-dependent interfaces and
bottoms.

In this chapter we have restricted ourselves to domains of finite depth.
Semi—infinite domains are usually modelled by absorbing layers. We refer the
reader to Chapter 4 (Part II) by Dawson, Brooke and Thomson, for a review
of the nonlocal ‘impedance’ condition that should be properly used to model
semi—infinite layers.

6.2 Initial-Boundary Value Problems in Axially Symme-
tric Range-Dependent Environments
In this section we shall first consider the PE (6.4) in a range-dependent

axially symmetric waveguide consisting of a single layer of water of constant
density over a bottom of varying topography, and discuss some issues con-
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0 u=0 r 0 v=0 r
*
ug(z vo(y) (6.13)
1
z Y

(b)
FIGURE 6.1: Variable bottom (a) and transformed problem (b).

cerning the well-posedness of two simple associated initial-boundary value
problems (ibvp’s). We shall then comment on some related mathematical
issues that arise in the study of well-posedness of multilayered, variable in-
terface problems.

Consider first the domain shown in Fig. 6.1(a). The water, of constant
density, occupies the region 0 < z < s(r), r > 0, of the (z,r)-plane. Here,
z = 0 is the surface and z = s(r) is a positive smooth function representing
the range—dependent bottom.

We consider the Helmholtz equation (6.1) in cylindrical coordinates in the
presence of cylindrical symmetry and constant fluid density p, rewriting it
here for notational convenience as

Ap + k3n?(z,7)p =0, 0<z<s(r), r>0, (6.5)
where
0? n 10 L 0?
or2  ror 022
We supplement (6.5) with the surface pressure-release boundary condition

p(0,7) =0, r > 0, and consider two kinds of boundary conditions (b.c.’s) at
the bottom: The ‘soft’ bottom (homogeneous Dirichlet) b.c.

A=

p=0 at z=s(r), r>0, (6.6)
or the ‘hard’ bottom (homogenous Neumann) b.c.
p,—s(Mp-=0 at z=s(r), r>0, (6.7)

where s’ = %; Equation (6.7) expresses the fact that the normal derivative
of p at the bottom vanishes.
As we saw in the previous section, the transformation

plz,7) = HSY (kor)u(z,r)

yields, under appropriate assumptions, the Parabolic Equation (6.4) that we
rewrite here again as
j ik
Up = iuzz + 270(712(2,7“) - 1)u, 0<2<s(r), r>0. (6.8)
0
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Under this transformation the surface b.c. is conserved, i.e.,
u(0,7) =0, r>0, (6.9)
holds. The bottom b.c.’s (6.6), (6.7) become, respectively,
u=0 at z=s(r), >0, (6.10)
uy — 8 (r)(up + g(r)u) =0 at z=s(r), r=>0, (6.11)

where g(r) = (Hél)(kor))r/(Hél)(kor), or simply g(r) = ik if the long-range
approximation of the Hankel function is used. The problem is also furnished
with an initial condition

u(z,0) =up(z), 0<z<s(0), (6.12)

where ug is a complex function simulating the effect of the source at » = 0.
In order to study the ibvp’s consisting of (6.8), (6.9), (6.12), and either

(6.10) or (6.11), we transform them into equivalent ones posed on a horizontal

strip of unit depth by the simple range—dependent change of depth variable

v= s(r)’

With respect to the new dependent variable y, 0 < y < 1, we denote
v(y,r) :=u(z,r), and (6.8) becomes

U = 1a(1)vyy + yp(r)vy + 6y, r)v, 0<y<1, r>0, (6.13)

where a(r) = 1/(2kos®(r)), u(r) = s'(r)/s(r), By,r) = ko(n*(ys(r),r) —
1)/2. The auxiliary conditions (6.9)—(6.11), become, respectively,

v(0,7) =0, >0, (6.14)
v(l,r)=0, r>0, (6.15)
vy(1,7) = Si(r)v.(1,7) + Sa(r)v(l,7), r >0, (6.16)
where
s = 2 500 = (i)
1(r) T+ ()2 2(r) == g(r)S1(r),
and

v(y,0) = vo(y) := uo(ys(0)), 0<y<1 (6.17)

We write the above equations as

or = iar)oyy + yp(roy +iB e, 0Sy<1, 120, (6.18)
v(0,r) =0, r>0, ( )
v(l,r)=0, r>0, (6.20)
vy(1,7) = S1(r)v.(1,7) + Sa(r)v(1,7), 7 >0, (6.21)
v(y,0) =wo(y), 0<y<1 (6.22)
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In the above, as mentioned in Section 6.1, we shall allow the coefficient (3
to be complex—valued in order to model absorption phenomena in the water
column. (Physically, this implies that Imf > 0.)

The ibvp (6.18)—(6.20), (6.22), i.e., with the homogenous Dirichlet b.c. at
the bottom, is straightforward to analyze. It is well-posed on any finite
interval 0 < r < R, [27], and can be easily solved numerically using e.g.,
second—order centered finite differences or continuous, piecewise polynomial
finite elements for the discretization in y and the midpoint rule in r. The
resulting Crank—Nicolson type fully discrete scheme is unconditionally stable
and of second—order accuracy in y and r. Entirely analogous is the case when
the Neumann b.c. is imposed on a horizontal bottom, i.e., when s'(r) = 0 and
(6.21) is simply v,(1,7) = 0.

The situation is much different, however, in the case of the Neumann prob-
lem when §'(r) is not the zero function. The well-posedness of the resulting
ibvp (6.18), (6.19), (6.21), (6.22), for 0 < r < R, for any R > 0, has been
studied by Abrahamsson and Kreiss, [1], [2]. They proved that the problem
is well-posed in the case of a strictly monotone bottom, i.e., when s'(r) is
of one sign on [0, R]. They also provided numerical and analytical evidence
suggesting that the solution of this problem may grow fast with R in some
domains with downsloping bottom profiles. In [3] an unconditionally stable
finite—difference Crank—Nicolson type scheme was constructed for this ibvp
and was proved to be of second—order of accuracy in r and y when either
s'(r) > 0 or §'(r) <0, for all r in the interval of interest [0, R]. In [4], [5]
a fully discrete finite element scheme was constructed and analyzed for the
same problem, and was proved to be unconditionally stable and convergent
at the optimal rates if s'(r) < 0, i.e., for upsloping bottoms. Indeed, numer-
ical evidence in [4] suggests that the solution of the problem may develop a
singularity in domains with downsloping bottom profiles with s’(r) > 0 for
r#r, and §'(r.) = " (r.) = 0.

In order to overcome the theoretical and computational problems that the
b.c. (6.21) leads to, Abrahamsson and Kreiss proposed in [1] an alternative
rigid bottom b.c., which, in the original variables u, r, z of the untransformed
domain, is

u, —ikos'(r)u=0 at z=s(r), r>0. (6.23)

The new condition may be viewed as a parabolic (paraxial) approximation
of (6.11) in the following sense: Using (6.8) we have for the term s'(r)u, in
(6.11) that

s'(r)u, = Ls’(r)uzz + @s’(r)(nz(z, r) —1)u.
2ko 2
Both terms in the right-hand side of this equation are small if s'(r) and
n(z,r) vary slowly with » and the angle of propagation is small relative to
the horizontal direction. Hence, if s'(r)u, is dropped from (6.8) and g(r) is
replaced by its long-range approximation ikg, (6.23) follows.
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When we apply the transformation y = z/s(r) the Abrahamsson—Kreiss
b.c. (6.23) becomes

vy(1,7) = ikos'(r)s(r)v(1,r). (6.24)

The new ibvp consisting of (6.18), (6.19), (6.22) and (6.24) can be shown
to be well-posed, cf. [1], [2], [3], with no restriction on the sign of s'(r). In
fact, if Imf = 0, multiplying both sides of (6.18) by @ (the overbar denotes
the complex conjugation), integrating by parts with respect to y, taking real
parts, and using the b.c.’s (6.19) and (6.24), we obtain that

s(r) / oy, ) *dy = 5(0) / [vo(w)|2dy,

i.e., that the L?-norm with respect to z, (fos(r) |u(z,7)|?dz)'/2, of the solution
u of the original ibvp in the variable domain 0 < z < s(r), r > 0, is conserved
under the Abrahamsson—Kreiss b.c., in the absence of attenuation.

The ibvp consisting of (6.18), (6.19), (6.22) and (6.24) may be solved nu-
merically in a straightforward manner. For example, on a uniform mesh
defined by y; = jh, 0 < j < J+1, h = 1/(J + 1) and r™ = nk,
n =0,...,N, with Nk = R, let V" approximate v(y;,r") and be defined
by the finite difference scheme that follows, in which r"*1/2 := r” 4 k/2, and

n+1/2 n n+1
VI = (v,

VP =uwoly;), 0<j<J+1

Forn=0,....N—1:

Vet =0,
+1 n n+1/2 n+1/2 n+1/2
an — VJ _ ia(rn+1/2)‘/j+1 — 2Vj + ijl
k h?
V7L+1/2 . Vn+1/2
+1 j—1 . n+1/2

Hyyu(rm )5 T +iBy;, YRV,
j=1,...,J,

n+1 n
VJ+1 B VJ+1

. n 2 n n
? :Z()é(’l" +1/2) ﬁ(v +1/2*V +1/2)

J J+1
2 N
+ EZkoS/(Tn+1/2)S(Tn+1/2)VJ_:_11/2

Vn+1/2 . Vn+1/2
Fp(rntl/2) L - J (1, PRy,

This scheme, whose solution requires solving a tridiagonal system of equations
for each n, is unconditionally stable, has an error bound of O(h? + k?) in the
discrete L?norm ||V, := (h ijl [V;12 + 2Vy41]?)Y/2 and, when Img = 0,
it is L?—conservative in that it satisfies ||V, = ||[V"||, for all n, cf. [3].
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_ r
0 p=0
* P, p1, c(z, 1), a1(z,7)
z =s1(r)
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5 =0 z = s9(1)

FIGURE 6.2: Two-layered medium with variable interface and bottom.

(See also [4], [5] for analysis and numerical experiments with an analogous
fully discrete finite element scheme.)

Shown in [5] are also results of various numerical experiments aimed at
comparing solutions of (6.18), (6.19), (6.22), and either of the two b.c.’s (6.21)
and (6.24) on benchmark problems. In upslope problems, like, e.g., the ASA
upsloping wedge, [21], with one fluid layer over a rigid bottom, numerical
solutions of the two problems yield practically identical results. In downslope
problems, there is good agreement for small range intervals [0, R] but for
larger R numerical discretizations of the exact Neumann b.c. in the form
(6.21) apparently lose accuracy. If, however, one replaces in (6.21) the v,(1,r)
term by the right-hand side of the PE (6.18) evaluated at y = 1, as done,
e.g., in the program IFD, [23], [25], the discrete problem is stabilized and the
numerical results are very close to those obtained by discretizing (6.23). We
refer the reader to [5] for details.

We now comment on the well-posedness of PE problems in multilayered,
axisymmetric fluid media separated by interfaces which, in general, may have
variable topography. For simplicity we assume that the medium consists of
two layers (cf. Fig. 6.2), the upper of which consists of water of constant
density p; and speed of sound ¢ (z,r), and is bounded above by the pressure
release free surface z = 0. The lower fluid medium has constant density
p2 > p1, speed of sound co(z,7), and is bounded above by the interface z =
s1(r) > 0 and below by the bottom surface z = so(r) on which it is assumed
that the acoustic pressure p is zero. We assume that s3(r) > s1(r) for all 7 in
the range of interest.

If we denote by py(z,7) the acoustic pressure in the upper (¢ = 1) and the
lower (¢ = 2) medium, we have (cf. Section 6.1)

Apy+kgni(z,r)pr =0, 0<z<si(r), r>0,
Apy + kgn3(z,1)p2 =0,  s1(r) <z <sy(r), r>0.

In these equations kg = 27 f/cy is the reference wavenumber, and ng(z, r) =
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(co/cq(z,7))%(1 +icy(2,7)), ¢ = 1,2, where a,(z,7) are (small, nonnegative)
absorption coefficients. The top and bottom b.c.’s are
pl(ovr) = 0; p2(32(r)a T) = Oa r > 0.

Across the interface z = s1(r) we assume that the usual interface condition
of acoustic, cf., e.g., [22], are valid, namely that the pressure is continuous

p1(s1(r),r) = pa(s1(r),r), = >0, (6.25)

and that
Lop_ 19p
p1 On  p2 On
where 7 is the normal direction to the interface. The latter condition is,
therefore, equivalent to the relation

at z=s1(r), r>0, (6.26)

op1 / op1 _
O r).1) = 5 (5) 22 51 ). 1) =

Opa ’ Op2
E(Sl(r)ﬂ,) - Sl(T’)W(Sl(T’),T) , >0, (627)

where we put p := p1/pa.

The usual parabolic approximation procedure in each layer yields now the
problem of determining a complex-valued function u = u(z,r), continuous in
0 <z < s9(r), r > 0, and satisfying

i
Ur = 5z +ifi(z,r)u, 0<z<s(r), r=>0, (6.28)
0

U= i“zz +ifa(z,7)u,  s1(r) Sz <sp(r), =0, (6.29)
0

with Sy (z,7) := ko(nZ(z,7) —1)/2, ¢ = 1,2. In addition we have

u(0,7) =0, wu(s2(r),r) =0, r>0, (6.30)
u(z,0) = up(z), 0<z<s5(0), (6.31)

and
us(sy (r),7)) = s1(r) (ur(sy (r),7) + ikou(sy (r),r)) =
, r>0,(6.32)
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where + denote the directions (— from above, 4+ from below) with respect to
which one-sided derivatives of u are defined at the interface z = s1(r).

As in the case of the Neumann b.c. on the variable bottom of the single
layer problem, we may replace the interface condition (6.32) by a paraxial
approximation thereof. The new condition is

s (57 (r),r) — ikosy (r)u(sy (r),r) =
p [uz(sf(r), ) —ikosy(r)u(sf (r),r)], r=>0. (6.33)
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The resulting two interface ibvp’s may be analyzed and solved numerically
after a change of variables that transforms them into a system of two p.d.e.’s,
on a horizontal strip of unit width, cf. [14]: Let 01(r) := s1(r), da(r) =
s2(r) — s1(r) be the widths of the two layers. For 0 < y < 1, r > 0, we
let w(y,r) := u(yoi(r),r) and v(y,r) := u(s1(r) + yd2(r),r). (Hence, w, v
represent u in the upper and lower layer, respectively.) Then, the problem
(6.28)—(6.32) is written, equivalently, as follow:

i yoi(r) .
re ;ryw,  0<y <1, >0,
v 2k0(51(r))2wyy - d1(r) wy Ty, v Y rz0
¢ s1(r) +yd5(r) .
- <y<l1 >
U SR T T sy TR 0syshor20

with w(0,7) = 0 and v(1,7) =0, r > 0. In the above we have put v (y,r) :=
Bi(ydi(r),r) and y2(y,r) := Ba(s1(r) + yd2(r),r). In addition, for r > 0, w
and v are coupled by the ‘interface’ conditions w(1,r) = v(0,r), and

1 sy(r)

)wy(l,r)

W D) (wr(l,r) +Q(T)w(17r)) =

1 ()
s1(r)

M IR

P @L(r)vy( (v-(0,7) + g(r)v(0,7)) |, (6.34)

and for » = 0 are given in the terms of uy by the formula

w(y,0) = ug(yd1(0)),  v(y,0) =uo(s1(0) +yd2(0)), 0<y<1

If, alternatively, the interface condition (6.33) holds, then (6.34) should be
replaced by its ‘paraxial’ analog

1

mwy(l,r) —ikosi (r)w(l,r) =p

1 o
mvy(O,T) — tkosy(r)v(0,7)| . (6.35)

In the analysis of [14], a key role is played by the condition

51(r) 0
261 (r) 204(r)

+ Imf (s1(r),7)

+ ImBa(s1(r), 7). (6.36)

(If ImpBy = Imps for z = s1(r) and r» > 0, (6.36) implies that J;(r) is a
constant multiple of d(r), i.e., that the two layers are homothetic.) If (6.36)
is assumed to be valid, then, cf. [14], one may obtain a priori bounds in
the Sobolev space H'(0,1) for the solution (v, w) of the interface-ibvp with
the ‘exact’ interface condition (6.34) provided sj(r) < 0. When (6.34) is
replaced by its ‘paraxialization’ (6.35), one may obtain an a priori L? bound
for the solution without any additional hypothesis, and a H' bound under the
condition (6.36) without assuming any sign condition on s (r). These bounds
are basic steps for proving the well-posedness of the two interface—ibvp’s.
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One may solve the interface—ibvp’s numerically by discretizing the (v, w)
system but we will not go into details, referring instead to [14]. In Sections
6.3 and 6.4 that follow, we present two alternative variations of the change of
variable technique for finite element, in 2D and 3D, discretizations using the
analogs of interface condition (6.34) and (6.35), respectively.

We finally note that the rigorous analysis of the analogous ibvp’s on variable
domain for wide—angle extensions of the PE, cf., e.g., [10], [25], and Chapter
5 of Part II by D. Thomson and G. Brooke in this volume, also presents
mathematical and numerical difficulties. For example, the well-posedness
of the third-order ‘Claerbout’ wide-angle PE on a single layer domain with
range—dependent bottom requires, in general, posing an additional boundary
condition at the bottom; in this direction, cf., e.g., [13].

6.3 Finite Element Solution of the 2D PE in a General
Stratified Waveguide

In this section, an initial-boundary value problem for the standard
parabolic equation (6.4) is considered, in a fluid waveguide consisting of two
layers, separated by an interface with mild variation in range, and an artifi-
cial absorbing layer, mimicking a semi-infinite outer fluid layer. The artificial
layer is separated from the second layer by a horizontal interface. The variable
interface is described for r > 0, by the curve z = s(r), where

0<s(r) <z < Zmax, 7 >0.

The upper layer is defined by I; x {r > 0}, with I; = (0,s(r)), and has
density p;. The lower layer is defined by I x {r > 0}, with Iy = (s(r), 2),
and has density ps. (In a marine waveguide the upper layer is the water
and the second layer the sediment.) The absorbing layer occupies the strip
I3 x {r > 0}, with I3 = (zp, zmax); it has also density ps and a complex index
of refraction incorporating large absorbtion coefficient to attenuate acoustics
field in the vicinity of its outer boundary. The speed of sound ¢(z,r) has
possibly a jump discontinuity across the interfaces z = s(r) and z = 2;,. Here
I:=0LUILUI3 and I, 1 < g < Q, I denote the closure of intervals I,
1<¢<Q, I
In this section we rewrite the PE (6.4) as

Up = 10U, + 1(0(2,7) +iv(z,7))u, (6.37)

where a = 1/(2ko) and B+iv = ko(n?(z,7)—1)/2. Hence 3 and v are the real
and imaginary parts of the coefficient ko(n? — 1)/2. (Recall that the index
of refraction n is a complex-valued function.) We assume that v > 0. The
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FIGURE 6.3: Variable interface problem.

transmission conditions for the PE at z = s(r) have been derived in Section
6.2. They assert that

u(s™(r),r) =u(st(r),r), >0, (6.38)
uz (s (r),r) — 8'(r)[ikou(s™ (r), ) +up (s~ (r),7)] =
p (uz(s¥(r),r) = &' (r)[ikou(s™ (r),7) +ur (s (r),7)]), r>0. (6.39)

Note that (6.39) is deduced from (6.32) by taking g(r) = ikg. In this sec-
tion we shall implement the ‘exact’ interface conditions (6.38) and (6.39).
Furthermore, we assume that u(-,r) is C! across z = z,.

6.3.1 Horizontal Interface

For a horizontal interface, where s(r) = z, = constant, for » > 0, the
transmission conditions simplify to

u(zy,r) =u(zl,r), u (2, 1) = pus (2, 7). (6.40)
The boundary conditions
w(0,7) = u(zZmax, ) =0, r >0, (6.41)

are imposed. The harmonic point source is modelled by a function wug(z)
which defines the initial field as

u(z,0) = uo(z), 0<z< zmax. (6.42)
We start by describing two high—order accurate finite element techniques and

an implicit Runge—Kutta method, that we apply to discretize the problem in
depth and in range, respectively.
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The two finite element methods are illustrated on the o.d.e. two—point
boundary value problem with interface given by

u'(z) = f(z), ze€lLUILUIs, (6.43)
u(zy) =u(zf), () = pu'(z), (6.44)
U(O) =u Zmax) =0, (645)
where u' = ‘;—Z, u’ = %. Here f is a given complex—valued function on

I, smooth on each 14, with possible jump discontinuities at z, and z,. The
solution u is assumed to be C! across z = z.

Let H'(I,) denote the Sobolev spaces consisting of those complex—valued
functions v € L?(I,) having a distributional derivative Dv of first order in
L?(I,). The subspace of H'(I) consisting of the functions that vanish at 0
and zmax in the sense of trace is denoted by Hg (). The H'(I,) Sobolev space
is equipped with the norm

1
2
HU”LL; = </ |U|2dz+/ |D1}|2d2>
I, I,

and the L?(I,) norm of a function on I, will be denoted || - [lo,7, -
The weighted inner product on L?(I), appropriate for the problem at hand
is defined for u,v € L*(I) by

(u,v) ::/ uf}dz—kp/ uvdz.
I, 12Ul

The induced norm is |jv|| = (v,v)"/? (entirely equivalent to the || - ||o.; norm
on L2(1)).

In the associated weak formulation of (6.43)—(6.45), u € HJ(I) is sought
satisfying

B(u,v) = —=(f,v), Yo e Hy(I), (6.46)

where for u,v € H(I),
B(u,v) :== (u/,0"). (6.47)

Existence and uniqueness of the solution of (6.46) is studied in [12].

Two fourth—-order accurate finite element methods are used to discretize
(6.46). Let P3(I) be the space of cubic complex—valued polynomials, defined
on an interval I. The restriction on e C I of a function f is denoted by f|..
For an integer M, 75, := {20,21,..., 2} is a nonuniform grid on I, such that
20 =0, 27 = Zmax, and zg, = 2z, and 2y, = 2p, for some 1 < ¢4 < 5 < J. Then,
Th1 = {20, -,Ze_l}, Tho = {z0,,---,20,} and T3 = {2¢,,...,25} are the
induced grids on Iy, ¢ = 1,2, 3, respectively. We let h := maxi<;<s(2; —2;j_1)
and e; := (zj_1,25), 1 <j < J.
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The first method is the C°—polynomial finite element method. Here the
finite element space used is

Qn = {x : x € C°(I) complex—valued, x|, € P3(e;),
1<j<J, and x(0) = x(2max) = 0}. (6.48)

For v € H}(I) and piecewise (i.e., on each I,, ¢ = 1,2,3) suitably smooth,
the approximation property

inf {|[v = xllo,r +hllv = xll,r} = O(hY), (6.49)
XEQHR

holds for Q.
The discrete analog of (6.46) on @y, is: Find up, € Qp,, satisfying

B(un,x) = —=(f,x),  Yx € Qn, (6.50)

which has a unique solution wuy, approximating the solution u of (6.43)—(6.45)
with fourth—order accuracy, [12],

||’U,—UhH0}]+hHU—Uh||1’[ :O(h4) (651)

The second method is the nonstandard spline method based on a nonstan-
dard variational formulation of (6.43)—(6.45) using a discontinuous finite ele-
ment space of cubic splines defined on each I, ¢ = 1,2, 3.

i Let H={v e ngl H'(I,),v(0) = v(2max) = 0}. For v € H, we denote by
Du, the function in L?(I) defined piecewise on I, as the derivative of v[;, on
1,, ie. by (D'U)|]q = D(v|g,), ¢ = 1,2,3. The function space H is equipped
with the h—dependent norm || - ||, defined by
~ 1, ~ _ _1
[olln := llvll + [|Dv[| + Az | Du(z0)] + ™2 {[v(z)]]
i _1
+p{h2[Du(z, )] + h™=[[v(z)]1}, (6.52)
where [1)(2)] := (2*) = ¥(27).

A nonstandard weak formulation of (6.43)—(6.45) is to define the solution

u so that

By (u,v) = —(f,v), Vv € H, (6.53)

where, for w,v € H and v > 0,

+p{Dw(z; )[0(z)]

2 {lw(=)][5(=)] 5(20)]}- (6.54)

The parameter v > 0 is chosen so that (6.53) is well posed.
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A discontinuous finite element space Sy, C H is defined by
Sn=1{x 1 xl1, € Snq,q=1,2,3,Xx(0) = x(2max) = 0}, (6.55)
with
Shg = {x : x € C*(I,) complex-—valued, x|, € P3(e;), for all e; C I,}.
For v € H and piecewise suitably smooth, S}, has the approximation property

inf {lv = xllo.r + Allv = x[la} = O(hY), (6.56)
Xesh

when the grid {7} is quasi-uniform in the sense that miny<;< h;/h > &, for
some constant & > 0.
The discrete analog of (6.53) is: Find uy, € Sy, satisfying

B’Y(“"MX) = 7(]‘-7 X)a VX € Sh. (657)

For u and wyp, the solutions of (6.53) and (6.57), respectively, the error
estimate holds:
lu = unllo.r + hllu — uplln = O(R?).

These finite element methods will be subsequently used to discretize (6.37)
in the depth variable. A detailed study of both methods is found in [12].

A semidiscrete, i.e., continuous in range, approximation to the initial-
boundary value problem (6.37), (6.40), (6.41), and (6.42), for which we recall
that the interface is horizontal, is: Given a maximum range of propagation
R >0, find uy, : [0, R] — A}, satistying

(thr, x) + taB(up, x) — i(B(r)un, x) + (v(r)un, x) =0,
Vx € Xy, 0<r<R, (6.58)

where the pair (B, X},) corresponds, as the case may be, either to the choice

B(-,-) = B(+,-) and X}, = Qp, defined by (6.47) and (6.48), respectively, or

to the choice B(-,-) = B4(+,-) and X}, = Sy, defined by (6.54) and (6.55),

respectively. Here u% is a suitable projection on X}, of the initial field ug.
For 0 < r < R, the linear operator L (r) : X — X}, is defined by

(Ln(r)e, x) := —a(r)B(e, x) + ((B(r) +iv(r))e,x), . x € Xn,
and (6.58) is written compactly as

Upy = 1L (1)U, 0<r<R,

un(0) = d. (6.59)

The system of ordinary differential equations, (6.59), is discretized using
the fourth—order accurate, two—stage implicit Runge—Kutta method of Gauss—
Legendre type, determined by the set of parameters a;; = ase = 1/4, a15 =
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1/4 —/3/6, azy = 1/4 ++/3/6, 1 = 1/2 —/3/6, 75 = 1/2 4+ +/3/6, and
by =by=1/2.

For r™1 :=r" 4+ 11k and r™? := r" + 13k, the fully discrete analog of (6.59)
is: For 0 < n < N, find U™ € &}, approximating uy,(r"), and U™ € A,
U™? € X, that satisfy

U° = up,
forn=0,...,N—1:
Ut = U ik (an £ UM+ @l U,

Um? = n 4 ik(aglL‘,Z’lU”’l + agzc;;’?U"»?), (6.60)
U = U ik (b LU b 20T,

where L' = £,,(r™1) and L]"® = L, (r™?). The fully discrete scheme (6.60)
produces a uniquely defined sequence of vectors U™!, U™? and U"t! in A},
which is also unconditionally stable in the sense that max{||[U™!||, [|[U™?|} <
c|U™|| and [[U™HL|| < [[U™]| (equality holds if v = 0 in (6.37)). Hence, the
choice of this method for the range discretization ensures high order of ac-
curacy in r, unconditional stability, and L?-conservation in the absence of
dissipation.

The following error estimate holds between the exact solution u™ = u(z, ™)
and the fully discrete solution U™: There exists a constant ¢ independent of
k and h such that

n_ ,n < 3 4 )
Jmax, U = o < (k4 b, (6.61)

which in the range-independent case 8 = 8(z) and v = v(z) in (6.37), becomes

n n 4 4
pnax, U™ —u™|o,r < c(k®+ h%). (6.62)
We shall refer to the overall numerical scheme as the CCUB or the SPLN
method when the C°—polynomial finite element method (cf. (6.50)) or the non-
standard spline method (cf. (6.57)) have been used, respectively, to discretize
in depth. For a detailed analysis of the fully discrete scheme (6.60) the reader
is addressed to [12]. A detailed description of an iterative scheme for solving
the linear system determining U™?! and U™? is also found in [12] along with
comments on its parallelization and the optimal selection of the discretization
parameters k and h regarding the minimization of the computational cost.
Both the CCUB and SPLN methods were applied to several problems of
acoustic propagation in horizontally stratified marine waveguides with success,
cf. [12] and the references therein. Two benchmark problems of acoustic
propagation in sea waveguides with horizontal stratification are shown here.

e The horizontal interface problem of Bucker.
For this problem, [25], let z, = 240 m, 2z, = 512 m, Zma, = 1200 m, p; =
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FIGURE 6.4: Comparison of SPLN and IFD(S) results for the horizontal
interface problem (upper subplot) and the leaky surface duct (lower subplot).

1 and py = 2.1 g/cm®. No attenuation is present in [0, 2,]. The speed
of sound is range-independent and linear in [0,120] and [120,z,], with
values ¢ = 1500 m/sec at z = 0 and at z = 240 m, and ¢ = 1498 m/sec
at z = 120 m; it is constant with value ¢ = 1505 m/sec in [zs, Zmax]-
The reference sound speed is ¢y = 1499 m/sec. A source of frequency
f = 100 Hz, described by a Gaussian function, is placed at a depth
zs = 30 m. In Fig. 6.4 (upper subplot), we present the transmission
loss (transmission loss is defined by TL = —201log;,(Ju(z,7)|/+/T), at a
given depth z, cf. also [22]) vs. range curve, for a receiver placed at
90 m, obtained with the SPLN method and the classical, second—order
finite difference scheme IFD(S) of [25]. Both results are very close (and
also very close to the results from CCUB method, not shown here). The
large density jump across the interface, which is an inherent difficulty
of this test case, was successfully handled by all methods.
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o The leaky surface duct problem.

For this problem, [28], let z, = 4000 m, z; = 4100 m, Zmax = 5125 m,
p1 = p2 = 1 g/cm3. No attenuation is present in [0, z,], while within
[2«, 2] an attenuation coefficient of 0.1 dB/wavelength is added to v of
(6.37) (cf. [12] for the proper formula). The sound speed in [0, z,] is
given in Fig. 1 of [28]. In [z., 2], ¢ = 1523.9 m/sec, and ¢y = 1500
m/sec. The source, of frequency f = 80 Hz, modelled by a Gaussian
function, is placed at a depth zg¢ = 25 m. In Fig. 6.4 (lower subplot)
we present the corresponding transmission loss vs. range plot, for a
receiver placed at 100 m, obtained by the SPLN and IFD(S) method.
Both results, as well as those obtained by the CCUB method but not
shown here, coincide.

In both cases, a strong dissipation is assumed within the absorbing layer
[2b, Zmax), €xpressed as in [12]. It is important to note that the SPLN method
uses coarser discretizations (in z and r) than those used by IFD(S) to achieve
the same accuracy, that despite its higher computational complexity it is more
economical, [12].

6.3.2 Sloping Interface

We now proceed to the case of a stratified waveguide of two fluid layers,
with a mildly range-dependent interface between them. A numerical solution
will be provided based on the fully discrete schemes of the previous section.
As in Section 6.2, a range—dependent change of the depth variable is used to
transform the original physical domain to one with horizontal interfaces. This
is done however at the expense of complicating the differential operator by
adding low—order terms and variable coefficients in the parabolic equation and
in the interface conditions. We now use the following change of the variables
in the depth direction

0<z<s(r),

Y=z + w, s(r) <z <z, (6.63)
zp — s(r)

Yy==z, ZbSZSZmaxv

with z, = $(0). In the y coordinate the interface z = s(r), is transformed to
the horizontal interface y = z,. The new dependent variable v(y,r) := u(z,7)
is defined for y and z related by the change of variable defined above. Equation
(6.37) then transforms to

Uy = id(y, T)Uyy + z[ﬁ(y, T) + i’;(y: T)]U + S(y, T)Uya (6 64)
yE (07 Z*) U (Z*a Zb) U (Zb’ ZmaX)7 LS [Oa R], ’
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where
(2)%a,  ye(0,2)
ay.r) = q (F58y)%a y € (24, 2)
«, Y € (2, Zmax)
B, ), y €(0,2,)
Blu.r) =3 Blay — GERAB=SOD 1) e (5, )
By,r), Y € (2b; Zmax)
,/(Z/:~?Z(*r)’r)7 € (0,2,) (6.65)
(o) = { vz — mmdemst) r) € (22,20)
v(y,r), € (2b, Zmax)
i yf(ﬁ)), y € (0,2)
6(y,r) = %7 Y € (24, 2p)
0, Y € (2, Zmax)-

In the new coordinates system, the transmission conditions (6.38) and (6.39)
yield for the solution v of (6.64), that both v and v, are continuous across z
and zp, and

- s(r)(z — 2

. SIS
o(am) = 02 Ty ()

s'(r)s(r) .
+(1— P)m[’”r(zjﬁ) +ikov(z, )], >0, (6.66)
vy(z, 1) = Ls(r)wy(z;,r), r > 0. (6.67)
Zp — Zx

(Recall that the third (absorbing) layer has the same density as the second
layer.) Furthermore, the initial and boundary conditions (6.42) and (6.41)
hold.

The problem (6.64)—(6.67) is discretized in depth using the standard C°—
polynomial finite element space defined by (6.48). Let ay = ay(r), ¢ = 1,2, 3,
be the restrictions of the function a(y,r) defined in (6.65), to I = (0, 2),
Iy = (24, 2), Is := (2b, Zmax), respectively. Similarly, let 6, = d,(y,7) =
S(y,r)\yefq, q=1,2,3. Let I :=(0,2,) U (2, 2) U (25, Zmax). Further, let

() e zp — s(7)
24 (25 — 8(1))’ d2 = dz(r) := 2 — 2

w=w(r):=(1 —p)m.

For w,v € L*(I), r € [0, R], the r—dependent weighted L?*~inner product (-, )
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is defined by
Zx Zb
<’LU, ’U> = QiaQi3 / wvdy + dja ey / wody +
0 Zx

dldgdldg / 'LU’l_)dy (668)

Zb

The weak formulation, that the solution v of (6.64)—(6.67) satisfies, is

(0 1) = =i(@(r)vy, ¥y) +i((B(r) + i(r))v, ) + (5(r)vy, )
i Gadaw(r)[vr (24, ) + ikov (2, )] (24), (6.69)
Vi € Hi(I), 0<r<R, '
v(0) =2, yel.

Therefore, we seek vy, : [0, R] — @}, where @}, is the finite element space
defined in (6.48), satisfying

(s X) = — 80y X + 1B + 350)0m X) + (80 X)
+id Qoazw(r)[Vpr (24, 1) + tkovp (24, 7)]X(24), (6.70)
Vx € Qn, 0<r <R,
un(0) = vp. (6.71)

The system of ordinary differential equations (6.70) in r, which involves
the coefficients of vy, (y,r) with respect to a basis of Qy, is discretized us-
ing the fourth—-order accurate, two—stage implicit Runge-Kutta method (cf.
(6.60)). The overall numerical method consists of combining this range-
stepping scheme with continuous, piecewise cubic functions for the discretiza-
tion in the depth variable.

In operator form (analog to that of (6.59)) equation (6.70) is written as

Vpr = iR (T)op, 0<r <R, w,(0)=0). (6.72)

Here Ry (r) := T}, ' (r)Ly(r), with the operators Ly(r), Th(r) : Qn — Qp, for
0 <r < Rand ¢,x € Qp, defined by

(Li(r)o, x) = —(a(r)py, xy) + ((B(r) +i0(r))d, x)
—i(8(r) ¢y, X) + G1G2a3wikoB(2:) X (24,
(Th(1)9, x) = (b, X) — iC1G2G3wWH(2x) X (2+)-

The fully discrete analog of (6.72) has the same form as (6.60), with EZ’j
replaced by RZ’j in the notation. The resulting method is an extension of
the CCUB method of the previous subsection; it will be referred to in the
sequel as the CCUB method again. The proposed method is fourth—order
accurate and is analyzed in more details in [12]. In [12], the second—order
accurate method CNP1, applicable for a general variable waveguide, is also
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FIGURE 6.5: Comparison of CCUB and IFD(S) results for the wedge—shaped
waveguide (upper subplot) and ridge-shaped waveguide (lower subplot).

presented and analyzed. The CNP1 method uses continuous, piecewise linear
functions (using P1(e;) as local interpolation space in the definition of @,
instead of P3(e;), cf. (6.48)) to discretize in the depth variable, coupled with
the Crank—Nicolson scheme for stepping in range.

Both methods were applied successfully to several test problems of acous-
tic propagation in layered waveguides with range—dependent interfaces. Two
examples are shown here.

o The wedge—shaped wavegquide problem.
For the wedge-shaped waveguide problem, [21], we take s(r) = 200 —
r/20 m, z, = 1000 M, Zypax = 4000 m, p; = 1 and ps = 1.5 g/cm3.
Within the second layer an attenuation coeflicient of 0.5 dB/wavelength
is added to v of (6.37) (cf. [12]). The speed of sound is ¢ = 1500
m/sec in [0, s(r)], whereas ¢ = 1700 m/sec in [s(7'), Zmax] and ¢y = 1500
m/sec. A source, of Greene type [19], with a frequency of f = 25 Hz
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is placed at a depth of zg = 100 m. In this problem backscattering is
very weak, therefore, the acoustic field is essentially outgoing, [21], [29].
In Fig. 6.5 (upper subplot) we present the transmission loss vs. range
plots, for a receiver placed at zg = 30 m, obtained by the CCUB and
IFD(S) codes. We observe that the CCUB transmission loss curve, in
the region beyond the 3.5 km, remains about 2 dB above the IFD(S)
curve. Therefore, the CCUB solution approximates more accurately the
full reduced wave equation solution for this case, shown in [21].

e The ridge—shaped wavequide problem.
Next, the upslope-downslope (ridge) problem of [9] (which is used to
test energy conservation capabilities of PE models in a range—dependent
waveguides) is shown. Here

(r) = 200 — /20 m, 0 <7 <3500 m,
U= 7/20 — 150 m, 3500 < 7 < 7000 m,

zp = 1000 m, zpmax = 4000 m, p; = 1 and py = 1.5 g/cm3. An at-
tenuation coefficient of 0.5 dB/wavelength is assumed for the second
layer. The speed of sound is 1500 m/sec in [0, s(r)] and 1700 m/sec
in [s(r), Zmax]- co is set to 1500 m/sec. A Greene type source, [19], of
frequency f = 25 Hz is placed at a depth zg = 100 m. In Fig. 6.5 (lower
subplot) we present the transmission loss plots of the CCUB and IFD(S)
results, for a receiver placed at zg = 20 m. Again the CCUB curve is
above the IFD(S) curve, therefore closer to the correct full reduced wave
equation results, [9].

The superiority of the CCUB results is due to the fact that the ‘exact’
interface condition (6.39) is discretized in the finite element/ change of vari-
able technique proposed. The IFD(S) method suffers the observed energy
loss because a ’staircase’ (piecewise horizontal) approximation of the variable
bottom is used, [29]. This ‘staircase’ approximation of the variable bottom
only consider partial derivatives with respect to z in the interface condition.
(or (6.39)) actual interface condition. When the parabolized (6.35) interface
condition was used by CCUB, the results obtained were almost identical to
these of the IFD(S). In both cases, the CCUB method proved to be again
less expensive computationally than the IFD(S) method. Further, the CNP1
results exhibit a complete agreement with the CCUB results, [12]; therefore
the convergence of the change of variables technique is demonstrated.
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6.4 Finite Element Solution of the 3D Standard PE in a
General Stratified Waveguide

In this section an initial-boundary value problem for (6.3) in a general,
stratified fluid waveguide will be established at first. This initial-boundary
value problem will be solved in the sequel by a finite element technique cou-
pled with an appropriate transformation of coordinates which simplify the
geometry of the computational domain.

6.4.1 The Initial-Boundary Value Problem for the 3D Stan-
dard PE

A waveguide consisting in one water layer of constant density pg, atten-
uation ag, sound speed ¢y, and @ fluid layers, each of constant density pq,
attenuation ay, and sound speed ¢4, for 1 < ¢ < @, is considered. The ge-
ometry of the waveguide varies arbitrarily in 3D, with the only restriction
of non mixing layers. No cylindrical symmetry is assumed on the waveguide
geometry. Let s(r,6) be the maximum depth of the waveguide and z,(r, 6)
denote the interface separating two adjacent layers. The physical assumption
of non mixing layers is interpreted as

0<z1(r,0) <...<zg(r,0) <s(r,0), r>0, 6e€l0,2n].

Equation (6.3) holds therefore, for z € U?:O(zq(r, 0), 2g+1(r,0)), r > 0 and
6 € [0,27], where zo(r,0) := 0 and zg+1(r,0) := s(r,0). The sound speed c,
the density p and the dissipation « are defined by their restrictions on each
fluid layer, respectively, i.e. for example p = py if z € (z4(7,0), zg+1(r,0)), for
0 < g < Q. It is assumed that ¢, p and ¢ are continuous functions of # and
r,forr > 0,0 <0 < 2m, 2 € U_o(2(r,0), 2441(r,0)), with possible jump
discontinuities across the interfaces z = z,(r,6), 1 < ¢ < Q. For simplicity
in the subsequent calculations, the notation 3(z,r,6) = n?(z,r,0) — 1 is used
in (6.3). The solution u of (6.3) satisfies the pressure-release boundary con-
ditions u = 0 at z = 0 and z = s(r,0), and the 2r—periodicity condition in
azimuth u(z,r,0) = u(z,r,2m), for r > 0, z € UqQ:O(zq(r, 0), zg41(r, 0)). As
for the initial condition, u(z,0,0) = u%(z,0), where u° is the distribution of
the acoustic pressure at r = 0 established by the harmonic point source. The
transmission conditions for u along the interfaces z = z4(r, 8), for 1 < ¢ < @,
emerge from those of the solution p of the Helmholtz equation (6.1). Indeed,

p(zy (r,0),7,0) = p(z] (r,0),7,0),
r>0, 6€0,2r], 1<q<Q. (6.73)
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and
1 Op 1 Op
r,0),r0) = r,0),1,0),
e (0)8) = L (0).1.0)
r>0, 6¢el0,2n], 1<¢<Q, (6.74)

where 9/0n, is the normal derivative along the g—th interface curve z = z,(r, 6)
and is expressed as

T I e

Let R > 0. The transmission condition for the solution u of (6.3), resulting
from (6.73) is

u(z;(r,@),n@,) = u(z;'(r, 0),r,0),
rel0,R], 6el0,21], 1<q<Q. (6.76)

The exact transmission condition for u resulting from (6.74), is, however,
approximated by the following parabolized transmission condition

1
Dgu(zy (r,0),7,0) = —Dgu(zy (r,0),7,0),
Pq-1 Pq

rel0,R], 6€[0,2n], 1<¢<@Q. (6.77)
The differential operators D,, 1 < ¢ < @, are defined, for r € [0, R] and

0 € [0,27], as
. g B 0z4 0zq\ O
Pq:= 3, ’ko( ar )I ( 90 )39 (6.78)

with Z the identity operator. The transmlbsmn condition (6.77) (with the
differential operator D, defined in (6.78)) represents a 3D analog of (6.35) of
Section 2. For the derivation of (6.77) the range component of the normal
derivative (6.75) has been replaced using the horizontal plane-wave impedance
approximation

% ~ ikop. (6.79)
Note that the impedance approximation (6.79) underlying the derivation of
(6.77) is compatible with the parazial approximation used for the derivation
of (6.3), [7]. It is expected, therefore, that the use of (6.77) will render stable
for range marching, the initial-boundary value problem for (6.3) thus defined.
In the following subsection, a stability condition ensuring the existence and
uniqueness of the solution u(z,r, #) of the initial-boundary value problem for
(6.3) defined above (with (6.76) and (6.77) playing the role of transmission
conditions) will be established. It will be a generalization of the stability con-
dition of [12] for the 2D range-independent problem in a layered waveguide.
On the contrary, using the complete normal derivative representation (6.75)
in (6.74) to derive the exact analog of (6.77), which is mathematically correct
for the Helmholtz equation, would lead to an ill-posed initial-boundary value
problem for (6.3).
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6.4.2 The Transformed Initial-Boundary Value Problem

In the sequel, the initial-boundary value problem of the previous subsection,
posed on a physical domain of general topography, is transformed to one on
a cylindrical domain, using an appropriate change of variables.

The azimuth and range dependent change of the depth variable z is defined,
[31], by

y=z/s(r,0), ze€]l0,s(r0)], (6.80)

which sends the azimuth and range dependent interval [0, s(r,#)] onto the
reference interval [0, 1].

The transformed domain, which is the actual computational domain, is
described by the variables y, r, and 6. The range r and the azimuthal angle
0 remain unchanged; they vary in the intervals [0, R] and [0, 27|, respectively.
The transformed depth variable y € [0,1], for all » € [0, R] and 6 € [0, 27]. The
simplifying assumption that the layers are homothetic in the physical domain,
in the sense that z4(r,0) = Sys(r,0), for 1 < ¢ < Q, with the constants Sy,
qg=1,...,Q, satisfying

0<S<---<S8Sg <1,

is also made. Then, the actual computational domain is bounded by the flat
surfaces at y = Sp := 0 and y = Sg41 := 1, with interfaces placed at y = Sy,
1 < ¢ < Q. The dependent variable in the transformed coordinates is defined
as v(y,r,0) = u(z,r,0), with y and z related by (6.80).

Equation (6.3) then transforms to

1 0 ,10v 1
o= 2k0 [s ,0) ay(pﬁy) r2 E( EU)}
y 88 ov kg ~
( = ) ay + 5 —B(y,r,0)v, (6.81)
€lo,r [0 27T] y € U (S, 1),

Here B(y, r,0) := B(ys(r,0),r,0), and the operator L is defined by

L= 9 _ ( i 68(7‘,9)) 9

00 s(r,0) 00 Oy
accounting for horizontal refraction. It is evident that the effects of bottom
geometry are now interpreted by the variable coefficients and the additional
derivative terms of (6.81). The acoustic field v (in the new coordinates system)
satisfies the initial condition v(y,0,0) = u°(ys(0,0),0), the pressure release

boundary conditions v = 0 at y = 0 and y = 1, the 2r—periodicity boundary
condition in azimuth v(y,r,0) = v(y, r, 27), and the transmission conditions

v(S, . r,0) =v(S],r0), re0,R], 0€]l0,2x], (6.82)



Numerical Solution of the range-dependent PE, V. A. Dougalis et al. 201

1 -
Du(S,
Pq—1

q b
for all 1 < g < Q. The differential operators ﬁq, 1 < g < Q, appearing in
(6.83) are now defined, for r € [0, R] and 0 € [0, 27], as
< 1 90 | 0Os Sq 0s

D, s(r, 6‘) ay ikoSq a5, —(r,0) 2 89( rn0)L, 1<q¢<Q (6.84)

1 -
r,0) = ;qu(sj,r, ), r€[0,R], 6€]0,2n], (6.83)
q

Let Q = U?zO(Sq, Sq+1) % (0,27). For r € [0, R], the weighted, r—dependent
inner product (-, ), is defined for ¢, ¢ € L?(2) by

:/W‘S(r’e)dg, (6.85)
Q p

where, for the sake of brevity, we have used the following compact notation

/W 5:9) 40 = Z/Qﬁ/w )dd9

The weighted norm on L?(Q), induced by the inner product (-,-), of (6.85),
is denoted by || - |-

Let ¢ be an arbitrary smooth function defined on [0, 1] x [0, 27], satisfying
zero Dirichlet boundary conditions at y = 0 and y = 1, and a 2w-periodicity
condition in azimuth. Multiplying both sides of Eq. (6.81) by vs/p, and
integrating by parts, results in

ov 1 Os —s
[ (50 3 5pr) Fhan
i 1 v oy
5 | (5505 + (e (c) Zag

1 y Js v— O\ s
+/<sm)< ;705 ) s

1 ko / Bv w % 49. (6.86)

Let V denotes in the sequel, the vector space of those functions belonging to
H(Q) and satisfying zero Dirichlet boundary conditions on y = 0 and y = 1,
and a 2m-periodicity condition in azimuth. In terms of the inner product
(6.85) the above weak formulation is expressed as seeking v(r) € V satisfying,
for r € (0, R),

ov 1 0s

<3r + ( ) ) +ia(ryv, ) + ko Im(B(r))v,wp =0, V9 €V, (6.87)

2 <

and v(0) = 0%, (y,0) € UqQ:O(SquH) x (0,27). In the arguments of the
functions appearlng above, both y and 6 dependences are suppressed; There-
fore v(r) = v(-,r,-) and B(r) = B(-,r,-). The r-dependent sesquilinear form
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a(r;++): V xV — Cin (6.87) is defined by

1 106 O 1
olrion) i= g (G 50 Sho+ 500,001, )
i,y ds0p yds Oy
3 (<58r8y’1/}>p - <g5¢7 8y>p>
k
—30<Re(ﬁ(r))¢,w>p. (6.88)

Letting ¢ = v(r) in the weak formulation (6.87), using the formula

ov 19s, 1 9(/sv)
FER G Ry e

which gives the equality

1 9(\/sv) 1d
725, = 5ol

(

, k .
2dTII o(P)|2 = =T (B(r))v(r), v(r)),

which, since Im(ﬁ(r)) > 0, yields that
d
@HU(T)HPSO, 0<r<R (6.89)

Therefore, if Im( ( )) 2 0, the following dissipation property holds
l(r2)llp < [lo(ro)llp, 0<r1 <r2 <R

It is evident that if ImB3 = 0, the above dissipation property is replaced by
the conservation of the || - ||, norm.

6.4.3 The Numerical Scheme

The transformed initial-boundary value problem (6.81), (6.82), and (6.83)
is discretized in y and 6 by the standard Galerkin/finite-element method using
piecewise linear continuous functions, while the conservative Crank-Nicolson
marching scheme is used to discretize in range. Set 6, := mhg, for 0 < m <
M, with hy = 27/M, and y; = jhy, for 0 < j < J+1, with hy =1/(J + 1)
such that y,, = S, 1 < ¢ < Q, for some 0 < /3 < ... < {; < J. Let
P, ; = (y;,0m) denote a typical node of the grid, and

Kmj=i-1,95) X Om-1,0m), 1<m<M, 1<j<J+1,
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where }Cm,j N K'ﬁz,j = @ if (m,]) 7& (Th,j) Then ﬁ = U1§m§M7 1<j<J+1 Km,j-
Let now Q; be the space of complex—valued polynomials of first degree in

y and @ and define the finite dimensional vector space

Vi={x:x¢€ C’O(ﬁ) complex-—valued, x|k, ; € Q1(Kn ),
1<m<M, 1<;j<J+1, and
x(0,0) = x(1,0) =0, 0<[0,27], x(y,0) = x(y,27), y€[0,1]}.

Then, V}, is a subspace of V', with dimension dimV;, = MJ. For k£ > 0 so
that R = Nk, define " := nk, for 0 < n < N, and Pt = pn 4 k/2, for
0 <n < N —1. The fully discrete scheme for (6.81) is written as: Find
VeV, 1 <n< N, satisfying, for 0 <n <N —1,

Yl _yn ] geyntl Yntl 4y oy YLy
<T (%a) fﬂﬂh%"‘m(r 7f7wh)
k 1 V7L+1 + V4L
+?O<Im(ﬁ +2)f7¢h>p —0, (6.90)

for all ¢y, € V3, and V? = 10, The stability and consistency of the fully dis-
crete numerical scheme (6.90) have been investigated in [31]. It is shown that
it preserves the energy properties of the continuous problem (6.81). The solu-
tion of a large, sparse linear system (of order M x J) with a block-tridiagonal
structure, is required at each range step of (6.90). These linear systems are
solved using a non-stationary iterative algorithm equivalent to the precondi-
tioned conjugate gradient iteration method for normal equations. The amount
of storage required now depends linearly on the number of grid points. In ad-
dition, few vectors need to be stored. Hence the storage is much less than
that required by any version of the Gaussian elimination. The efficiency of
the solver highly depends on the preconditioning procedure. Adapting the
preconditioning approach described in [6], a preconditioning is applied which
uses the tridiagonal matrix derived from the Mx2D associated model (M
sections in the azimuthal direction). This preconditioning appears to be very
efficient, except when propagating in the nearfield because of the singularity of
the 3D PE (6.3) near the origin. Nevertheless, numerical results demonstrate
that this preconditioning accelerates significantly the convergence of the it-
eration. Therefore, the additional operations inherent to the preconditioning
procedure are negligible in the overall solution process when compared to the
unpreconditioned iteration. For more details cf. [31], [32] and the references
therein.

6.4.4 Numerical Examples

We consider the 3D conical seamount benchmark problem where an isove-
locity water layer with sound speed 1500 m/s and density 1 g/cm? overlies a
lossy, homogeneous semi-infinite sedimental layer with sound speed 1700 m/s,
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FIGURE 6.6: Transmission loss plots (horizontal slices at a constant depth
of z = 30 m) corresponding to the full 3D solution (left figure) and to the
pseudo 3D (or Mx2D, i.e., azimuthally uncoupled) solution (right figure) for
the 3D conical seamount test problem.

density 1.5 g/cm?, and attenuation 0.5 dB per wavelength. There is no at-
tenuation in the water column. The parametrization of the water/sediment
interface is given by : z1(r,0) = Z1(z,y) with = rcosf, y = rsinf, and

(x —4000)2 + 42

21 (if, y) = 20
200 elsewhere,

if \/( — 4000)2 + y% < 4000,

and thus makes an angle of 2.86 deg with respect to the ocean surface at
6 = 0deg (upslope direction) and leads to a zero—slope at both § = 90deg
and 0 = 270deg (cross-slope directions). A source of frequency 25 Hz is
placed at a depth of zg = 100 m, at » = 0. The maximum computation range
iS Pmax = 10 km and the reference sound speed is 1500 m/s. An accurate
3D computation requires the use of, at least, M = 2880 points in the az-
imuthal direction, i.e., hy = 0.125 deg. In Fig. 6.6 (left subplot) is displayed
the color—scaled transmission loss plot, where transmission loss is defined by
TL = —20logyo(|u(z,7,0)|/+/T, on a horizontal slice in the (r,8)-plane at a
depth of z = 30 m. The wave field is obtained using a full 3D calculation
based on the fully discrete analog of (6.3) presented in (6.90). For compar-
ison, the corresponding transmission loss plot obtained using a Mx2D (i.e.,
azimuthally uncoupled) calculation is also shown in Fig. 6.6 (right subplot).
Since the geometry of the waveguide, for this benchmark problem, is symmet-



Numerical Solution of the range-dependent PE, V. A. Dougalis et al. 205

ric about the upslope direction, both Mx2D and 3D solutions are symmetric
about the same direction. For both computations, a shadow zone is observed
in the rear of the seamount. The shadow zone is more pronounced in the fully
3D solution. This is due to the effect of the horizontal refraction on the energy
in the downslope direction. Although the Mx2D transmission loss plot is az-
imuthally dependent (because the bottom slope varies from one vertical plane
to another), no 3D effects due to out—of-plane propagation are present. One
should recall that Mx 2D models implicitly assume local cylindrical symmetry
of the problem, and thus neglect the azimuthal diffraction term. On the con-
trary, in a 3D model, out-of-plane phenomena appear at various ranges, due
to the azimuthal coupling term in the 3D parabolic equation (6.3), leading
thus to a much more pronounced (and realistic) shadow zone.
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7.1 Introduction

Accurate and efficient propagation modeling is a topic of ongoing inter-
est for a variety of underwater acoustic applications. A significant example
is provided by Matched Field Processing, where a large number of acoustic
replica fields must be computed in order to match a particular measurement or
physical parameter of interest. Here the two numerical facets are particularly
important—accuracy is required faithfully to represent the physical reality of
the particular scenario being modelled, and speed is required to facilitate ef-
ficient generation of a sufficient number of replica fields to adequately sample
the model parameter space.

A variety of parabolic equation (PE) approximations have provided a sig-
nificant computational speed improvement over the more general, but also

1Deceased.
2This work was carried out while at Defence R&D Canada—Atlantic, PO Box 1012, Dart-
mouth, NS Canada B2Y 3Z7.
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more computationally demanding, full-wave methods based on the Helmholtz
equation. The improvement in computational speed arises, in part, from a
neglect of back-scattered energy, which permits an efficient marching solution
method along a preferred direction (range). Parabolic equation techniques
are now routinely and successfully used to obtain full-field predictions in both
underwater acoustic [5] and atmospheric radar [9] applications involving in-
homogeneous environments.

Nevertheless, a variety of considerations must be addressed, particularly the
issue of appropriate mesh truncation in the transverse (depth) direction. This
is particularly so in shallow-water problems, where the computational domain
may span many wavelengths in the transverse coordinate, even though the
domain of interest (i.e., the water column) may not. In many cases, much of
the propagation domain (i.e., the ocean bottom) has material properties with
a relatively simple dependence on the transverse coordinate. In such cases,
the relevant propagation equations may be tackled analytically. The resulting
solution in the “analytical domain” can then be coupled across a boundary
plane to a more general numerical solution in those portions of the waveguide
with more complicated material parameter profiles (“numerical domain”).

Subject to certain environmental constraints, the efficiency of one-way
marching computations can in some cases be improved through the use of
non-local boundary conditions (NLBCs). These are applied transversely to
the direction of propagation at the interface between the “numerical” and
“analytical” domains, and are based on analytic solutions of the field within
the latter domain. They can improve computational efficiency by reducing
the numerical solution domain to the regions of prime interest, such as the
upper water column in the case of underwater sound propagation, or the lower
atmosphere in the case of radar propagation. Previous successful applications
of NLBCs to PE modeling involve integral convolutions between a known ker-
nel and the field spatial-history up to the current range step. The convolution
is evaluated numerically in conjunction with the PE marching algorithm.

To date, three types of half-space environments have been shown to be
appropriate for application of this type of boundary condition. The first, of
perhaps more relevance to the underwater acoustics case, is a homogeneous
medium [10,14]. This scenario has been considered in the underwater acoustic
case by several authors, involving both the standard (Tappert) [10,11,15] and
simple wide-angle (Claerbout) [2, 8, 10] parabolic equation approximations.
A similar application to parabolic equation modelling of atmospheric radar
propagation over the surface of the Earth was also presented by Levy [7],
where a uniform half-space was used to terminate the computational domain
from above.

The next degree of complication, and also of physical realism, is provided by
the “NZ2-linear” medium involving a squared refractive index that is charac-
terized by a constant gradient [4,8]. with respect to the transverse coordinate.
Levy [7] considered an upward refracting half-space capping a numerical PE
domain in atmospheric radar propagation. The analogous application to un-
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derwater acoustics, and associated extension to both upward and downward
refracting profiles, was recently outlined by Dawson et al. [4] and Thomson
and Brooke [14]. All of these applications involved only the standard narrow-
angle parabolic equation approximation due to Tappert. The successful im-
plementation of the non-local boundary condition under the Standard PE and
Dirichlet—to—Neumann (DtN) formulation has been illustrated earlier [4,9] for
both upward and downward refracting profiles.

A medium in which the refractivity index varies exponentially [8] provides
a third example of a suitable scenario.

The implementation of a NLBC along the half-space interface requires that
a representation of the vertical wavenumber for the field within the half-space
be available. This vertical wavenumber depends on the choice of the par-
ticular Helmholtz equation factorization approximation. The NLBC readily
simplifies analytically for only the Tappert and the Claerbout square-root
approximations [5]. In the case of a N2-linear medium, only the non-local
boundary condition based on the so-called Tappert PE has been analyzed and
tested [4,8]. Alternative methods for generating NLBCs for a uniform half-
space for both Tappert and Claerbout PE’s have also been considered [17].

In this paper, we extend the theory of non-local boundary conditions to
include a higher-order PE representation based on the Claerbout approxima-
tion. Such a boundary condition enables steeper-angle interactions with the
half-space to be accommodated more accurately.

We present an overview of the analysis for NLBCs with N2-linear analytical
domain for the underwater acoustic case. In addition to the earlier formula-
tion in terms of the standard Dirichlet—-to-Neumann map [10], an alternative
formulation in terms of a Neumann—to—Dirichlet (NtD) map is also outlined.
It is shown how attenuation in the analytical domain can be included, by
allowing the sound speed to be complex. For the Claerbout case, the results
are illustrated for several numerical domains, and the improvement over the
simple Tappert approximation indicated.

Since the analysis is valid for any scalar PE problem, it is also applicable to
the scalar radar case. Since N2-linear profiles often provide a more accurate
representation of the true profiles in both acoustical and atmospheric radar
work, a Claerbout non-local boundary condition extension should find use in
both fields.

Several final points can be regarding this work. Firstly, it is restricted to
a low-order (Padé(1,1)) approximation. The results assume the Claerbout
coefficients, but the present results are formulated for arbitrary Padé coef-
ficients. Moreover, although superior PE algorithms, such as split—step and
higher-order Padé have superseded the simple wide-angle PE algorithm, the
hybrid numerical/analytical work presented here should prove useful in vali-
dation of purely numerical approaches, such as placing an absorbing material
at depth and increasing the vertical numerical domain extent. The recent ad-
vent of perfectly matched layers (PMLs) for boundary conditions may in fact
be more efficient than a NLBC. Nonetheless, the availability of alternative
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methods for validation is generally valuable.

It may be possible to extend the methods of this paper, but preliminary
work by the authors (unpublished) has indicated that a Padé(2,2) solution in
the analytical domain shows at least one pole to the right of the imaginary
axis in the Laplace transform domain, and the solution is unstable in range.
Numerical experiments seem to support this. It is hoped that these difficul-
ties may be surmounted, and the present NLBC find application coupled to
more modern PE algorithms. However, such attempts are deferred to future
research.

It is the authors’ hope that the present first-order Padé development for
N?2linear media is a useful step in paving the way for future incorporation
into a higher-order formulation, in the same way that was already done for a
constant-N half-space and demonstrated in [2].

7.2 Theory
7.2.1 PE Theory

Consider an underwater acoustic waveguide in cylindrical coordinates
(r,0,2), with r denoting range and z depth increasing downwards from the
surface z = 0. The ocean is modelled as a half-space z > 0, occupied by a
horizontally stratified fluid of density p(z) and sound speed ¢(z). The wave-
guide is insonified by a time-harmonic azimuthally-symmetric acoustic source
of angular frequency w and situated at z = 0, which therefore generates a
pressure field p(r, z) exp(—iwt). The waveguide has an associated attenuation
profile a(z) = Im{w/c(z)}. With ¢y denoting a (constant) reference sound
speed, the index of refraction of the medium is

N(z) = co/c(z) (7.1)

and
ko =w/co (7.2)

is a reference wavenumber. The full pressure field is governed by Helmholtz’s
equation [5]. However, matters are considerably simplified if it is assumed
that the far-field (kor > 1) pressure envelope,

W(r,z) = p(r, z) \/k(Tr exp (—ikor), (7.3)

is adequately described by the one-way outgoing parabolic equation [14]

% :iko{—1+m} o(r, 2), (7.4)
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where X in general denotes the vertical differential operator

X = p}ig)gz (p(lz)gz) N%(z) — 1. (7.5)

This approximation will be valid if the waveguide is range-independent. The
dependence of the material parameters on depth is allowed to be arbitrary
over the finite vertical range 0 < z < d. In this numerical domain, it is
envisioned that the propagation equation Eq. (7.4) can be solved using one
of a variety of standard numerical approaches [5]. Indeed, the formulation
in the numerical domain also admits mild variation of waveguide properties
with range, provided that the appropriate backscattered energy is negligible —
essentially range-independence is assumed over each range-step in the solution
procedure.

The focus of the present work, however, is the treatment of the problem in
the analytical domain, namely the lower half-space z > d. Here, the medium
is assumed to have a prescribed depth variation which allows the propagation
equations to be treated analytically. Specifically, the present work is based on
the assumptions (i) of uniform density, p(z) = po, and (ii) a squared refractive
index which varies linearly with depth,

N2(2) =14+ B+pu(z—d), (2>d). (7.6)

In particular, the half-space is assumed to be independent of range. The
refractive index has two adjustable parameters g and p, both of which are
assumed real for now. The former is a measure of the refractive index just
inside the bottom half-space, i.e.,

B =N?*d+) — 1. (7.7)

The expression
€o

V1t B+u-4d)

for the half-space sound speed profile follows from Eqs. (7.1) and (7.6), and
in turn leads to the expression

c(2)

) (z>4d), (7.8)

dfl(zz) S (%) N732(2), (2>d), (7.9)
for the sound speed gradient. Consequently, parameter y is a measure of the
refractive index gradient, with © = 0 corresponding to a homogeneous fluid
half-space. This case has been explicitly dealt with elsewhere [15]. Positive
values of p are associated with a sound speed which decreases to 0 with in-
creasing depth and hence a downward refracting medium. Similarly, negative
values of p indicate an upward refracting medium in which the sound speed
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FIGURE 7.1: Sketch of the computational domain and the linear half space,
with illustrative upward and downward refracting profiles.

increases with depth. In fact, in the latter case, the sound speed becomes
infinite at the finite cutoff depth

148

_ N?(d+) d,i.
I I pc2(d+)

Ze=d

(7.10)

Clearly, some restrictions on the two parameters are required in order that the
half-space fall within the parabolic equation formulation. Figure 7.1 shows a
schematic representation of the two inhomogeneous half-space sound speed
profiles.

7.2.2 Solution in the Lower Half-Space

The task at hand is the solution of equation Eq. (7.4), with the simplified
operator
167

+ B+ pu(z —d). (7.11)

The first step in the solution is application of the Laplace transform pair [1]

U(s,z) = /000 P(r, z)e " dr (7.12)

and
1 e+100

U(r, 2) —/ (s, 2)et" ds, (7.13)

270 Je_iso
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where € in Eq. (7.13) is chosen so that the contour of integration lies to the
right of all singularities of the integrand.

On account of the material range-independence in the lower half space,
equation Eq. (7.4) transforms to

[s = ko (14 T+ X1 )] w(s,2) = (0, 2), (7.14)

independent of the particular parabolic equation approximation used. It re-
mains to choose a particular parabolic equation approximation, i.e., to choose
an approximation for the square-root operator in Eq. (7.4). Attention will be
restricted to a general first-order Padé approximation [5] of the form

CLX+
VI X 1+ ——— 7.15
+ + + 1+bX+7 ( )

with the constants a and b remaining general for now. When this result is
combined with the transformed equation Eq. (7.14) and the simplified ver-
tical operator, Eq. (7.11), the resulting differential equation for the Laplace
transform of the far-field pressure envelope can be arranged in the form

{222 + pki (z —d) + AQ(S)} U(s,2) =

2
(Sb_kikoa) (1+6X1) (0, 2). (7.16)

The additional term on the left-hand side is

N(s) = k2 <ﬂ + (7.17)

sb— zkoa)

The main points are that this term is independent of z and, moreover, encap-
sulates all of the left-hand side dependence on the Padé parameters.

The right-hand side of Eq. (7.16) represents contributions from the starting
field in the lower half-space. For a source located in z < d and for emitted
propagation angles which are aperture-limited with respect to the horizontal,
it may be assumed (e.g., the reference depth d could be chosen at a new depth
d’ > d) that the starting field vanishes in the half-space,

¥(0,2) =0, (z > d). (7.18)
Equation (7.16) then attains the simpler homogeneous form
{8 2+,uk0 (z—d)+ A (5)}\11(5,2)0, (z>4d). (7.19)

One final simplification in notation is convenient. The additional definition,

F=d—X2(s)/ (uk3). (7.20)
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reduces Eq. (7.19) to

2
{222 + kg (2 — 5)} U(s,2) =0, (2>d). (7.21)

This equation is to be solved subject to appropriate boundary conditions as
z — 00.

7.2.3 Solution Details

The differential equation Eq. (7.21) may be reduced to a canonical form by
setting
U(s,z) = const. x U[((s,2)], (7.22)

where the argument on the right-hand side is
((s,2)=0(2—2). (7.23)
The additional parameter o is to be a solution of
o = —uk?; (7.24)

the particular branch choice to be specified later. Equation (7.21) then re-
duces to the form of a homogeneous Airy differential equation [1]

U"(¢) = CU(¢) =0, (7.25)

where the prime denotes differentiation with respect to the argument (.

As noted earlier, the solution must be chosen to be either decaying as
z — 400 in the upward refracting case (u < 0), or else to take the form of
downgoing waves in the downward refracting case (1 > 0). It may be shown
that the appropriate solution can be written simply in terms of the first Airy
function Ai(¢) [1] as

U(¢) = Ai(Q), (7.26)
provided that the particular branch choice
) e (w0 0), :
- ), /s (7.27)
(*ﬂko) ) (,LL < O) )

for o is made. Under the present assumption of real nonzero p, it is convenient
to define the additional positive real parameter

v = (k)" (7.28)

which, like p and kg, has the dimensions of reciprocal length. Then for suffi-
ciently large z,

ze~im/
C(5,2) ~ o2 = {12 ’ EZ g 8; . (). (7.29)
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Using the analysis presented in Appendix A, the asymptotic forms of the
solution can be expressed as

1 [z 2
o g H{), (3(72)3/2) , (n>0),

1 Yz 2 3/2
—JE Kyl = 0
1\ 3 1/3<3(72’) >7 (n<0),

Ai[¢(s,2)] ~ (7.30)

in terms of Bessel functions [1]. Thus for positive p, the presence of the first
Hankel function H1(})3(°) in the solution, in combination with the assumed
e~** time-dependence, ensures that the solution has the form of outgoing
waves as z — +o00. Similarly, the modified Hankel function K, 3(e) form for
1 < 0 ensures that the field decays exponentially into the bottom half-space
in the case of an upward refracting profile.

7.2.4 Complex Half-Space Profile-Attenuation

As an aside, it may be noted that for the extension of u to complex values,
equation Eq. (7.27) is consistent with the prescription

. (w>0),
H= { ule*im, (1 < 0). (7.31)

This in turn is consistent with a requirement that Im {u} > 0, and so from
Eq. (7.8) that

Im{c(2)} <0, (z>d). (7.32)
This is the appropriate requirement for a complex sound speed profile in

the lower half-space to be attenuating, in light of the assumed e~ ™! time-
dependence.

7.3 Non-Local Boundary Conditions
7.3.1 General Considerations

In light of Eq. (7.26), the solution for the Laplace transform of the far-field
pressure envelope in the lower half-space (z > d) must therefore have the

o Ai[((s.2)
Y R )

Equation (7.33) is the starting point for development of the non-local bound-
ary condition. The term ¥(s,d+) on the right-hand side represents the values

U (s, d+). (7.33)
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of the far-field pressure envelope on the underside of the boundary z = d be-
tween the numerical and analytical domains. The two solutions are to be
coupled across this interface by boundary conditions of continuity of pressure
and vertical particle velocity [5]. These translate to the conditions

U(s,d+) = U(s,d—) (7.34)
and 10 10
The further relationship,
Ai’ d
0.V (s, d+) = am U(s, d+), (7.36)

between these two fields is obtained upon differentiation of both sides of
Eq. (7.33) with respect to z, and subsequent evaluation of the result on the
underside z = d+ of the interface. The factor o arises from the derivative
d(/dz applied to the definition Eq. (7.23).

Equation (7.36) can be arranged as an impedance-type equation

0,V (s,d+) =W(s) {s¥(s,d+)}. (7.37)

This constitutes the basis for the non-local boundary condition in standard,
or Dirichlet-to-Neumann Map (DtN) [10], form. The kernel here is defined as

g .
W(s) = (E) Yi[s(s)], (7.38)
in terms of the logarithmic derivative,
. A’ (¢
Yi(o) =4 (<§)) ; (7.39)

of the Airy function. The factor s is introduced to keep the kernel integrable,
and the Airy argument is
aA2(s) A2(s)

() = lssdh) = T = =70,

(7.40)

with the last equality following from Egs. (7.23) and (7.20).
With the help of the partial fraction expansion Eq. (7.104), the non-local
boundary condition kernel may be expressed in the form

W(s) = (%) {Yi (0) + i (g(s)lan + ;) } . (7.41)

Further simplification, or reversion to the spatial domain, depends on the
particular Padé approximation selected, i.e., on the values of the parameters
a and b in Egs. (7.15) and (7.17).
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In passing, note that the expression Eq. (7.37) can alternatively be arranged
in the Neumann-to-Dirichlet Map (NtD) [10] form

U(s,d+) = L(s) {0, ¥ (s,d+)}. (7.42)

The kernel is now defined as

1) = () 2l where i

ags

(7.43)

7.3.2 Narrow Angle (Tappert) PE

This case corresponds to the standard parabolic equation and uses a = 1/2
and b = 0, corresponding to a simple linear Taylor approximation,

VIt Xy~ 1+ X, /2, (7.44)

for the square-root operator. Equation (7.17) reduces to

M2 (s) = k2 {5 + 2;;} : (7.45)

which represents a linear conformal mapping from the s-plane to the A2-plane,
reflective of the square root approximation Eq. (7.44).
The Airy function argument Eq. (7.40) can then be written in the form

¢(8) =15+ au, (7.46)

in terms of the additional two parameters

—2ik
T=—3 0 (7.47)
and k2 8
_ 0 o
= —— = —. 7.48
a i (7.48)

Identity Eq. (7.106) then leads to the expression

TS+ ay — ap Ay — Qp,

Yi(78+a*):Yi(a*)+g{ LI } (7.49)

This kernel therefore has poles in the s-plane at the points

Ay — Ay

(7.50)

S =8, =
-

The preceding results lead in turn to the expression

Wi(s) = o i(Ts £ as) :O{Yi(a*) +izsn(sl_sn)} (7.51)

S S
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for the kernel Eq. (7.41).
The location of these poles requires some investigation for Laplace-inversion
purposes. Assuming that the reference wavenumber kg is real, Eq. (7.50) may

be written as

2
28, . .

5= l;:zﬁ—i—z(]:()) . (7.52)
Equation (7.27) shows that

v _ <|ﬂ|>1/3 x {6”/3’ (p>0), (7.53)

ka B kO ]-7 (:u < 0) :
Since the Airy function zeros a, lie on the negative real axis, it follows that
)
n=—ay (k) , (0<n<o0), (7.54)
0

is a positive real parameter, and Eq. (7.52) can therefore be written as

P e~/ (1> 0),
§=if+mnx {em‘/2’ (1 <0).

The s-plane poles therefore lie on the negative real axis when p < 0, and in
the second quadrant of the s-plane when p > 0. The principal point is that
they always lie in the left half s-plane, and € in the Laplace inversion formula
Eq. (7.13) can therefore be assigned any positive value.

The expression on the right-hand side of Eq. (7.51) may then readily be
inverse Laplace-transformed [1], leading to the spatial-domain kernel repre-
sentation

(7.55)

w(r) = o {Yi @)+ 13 e’ } . (7.56)

S
n=1 n

This corresponds to previously published formulations [4,14].

7.3.3 Simple Wide-Angle (Claerbout) PE

The other case of interest involves a first-order Padé approximation which
is a true rational function, in the sense that the parameter b in Eq. (7.15)
is non-zero. In this general case, definition Eq. (7.17) can be written in the

form
s — (iko) (%) (ﬂ%l/b)
s — (iko) (%) ’

which is a bilinear mapping from the s-plane to the A2-plane. Of particular
interest to the present work is the simple first-order wide-angle parabolic
equation of Claerbout [5]. Here the choices

N(s) = ki (8+1/0)

(7.57)

a=1/2, b=1/4, (7.58)
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are made, corresponding to the square-root approximation

X, /2
T+ X, Al —t2 .
VIt X, M (7.59)

In this case, Eq. (7.57) reduces to

s = (2iko) (7

A2(s) = k2 (B +4) s — (2iko) ’

(7.60)

and the choice of a bilinear square-root approximation is reflected in a full bi-
linear mapping of the s-plane. It should be noted, however, that other choices
for a and b can be envisioned, for example, the parabolic approximation due
to Greene [5].

The Airy function argument Eq. (7.40) in the present case may be written

in the form
<(8)=f(5_7“>- (7.61)

S — Ty

The new parameters here are

f=-k(B+1/b) /0> = k3 (B+4) [o®, (7.62)
e = (iko) () (5 +ﬁ1/b> — (2iko) <6f—4> , (7.63)
e T = (iko) (%) = 2iko. (7.64)

The first equality in each of the definitions Eqs. (7.62), (7.63) and (7.64) is for
the general first-order Padé approximation b # 0, while the second equality
in each pair is for the particular case of the Claerbout coefficients Eq. (7.58).

The form Eq. (7.41) remains valid, but with the argument now being defined
by Eq. (7.61). The n'* term [¢(s) — a,]” " in the partial fraction expansion
Eq. (7.41) has a pole in the s-plane at

fru—anm

f_an ’

S = Sy

(7.65)

with residue

f (80— 7u) _ f(Tu — )
an (f —an)  (f—an)?

The locus of the s-plane poles again requires examination. The definition
Eq. (7.65) can be arranged in the form

sn . (1+xB/(B+4)
2]<30_2<1+X>’ (7.67)

23

(7.66)

§
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where
a0

(B+4)k3

Assuming that ( is real and 44 > 0, and following arguments analogous to
those surrounding Eqgs. (7.54) and (7.53), it follows that

=-— (7.68)

0<|x| <o (7.69)

and
e—27ri/
Arg (y) = {07 K EZ z 8; f (7.70)

Equation (7.67) represents a mapping from a half-line defined by parameter
x to the complex s—plane. The map begins at the point § = +i when x = 0,
and terminates at the point § = i3/(8 + 4) when |x| — oco. Equation (7.70)
shows that the image is a segment of the imaginary §-axis when p < 0. The
case p > 0 is more complicated. In this case, the general properties of a
bilinear mapping transform the half-line defined by x to a portion of a circle
in the §-plane. It is readily shown that

4x;
B+ +xr)2+x37]

Re {5} = (7.71)

The denominator is positive provided that g > 4, and for p > 0, x; < 0.
Hence the s-poles all have non-positive real parts, and the inverse Laplace
transform will be stable.

The identity Eq. (7.104) leads to the expression

Yi[o(s)] = )] + Z { o g(o)l_ - } , (7.72)

which may in turn be arranged in the form

Yi[s(s)] = Yi(so +Zt { p— Sln} (7.73)

where the expression

0 =¢(0) = fru/7e (7.74)

follows immediately from Eq. (7.61).
The non-local boundary condition kernel Eq. (7.38) in the Laplace-
transform domain may then be written

K(s)=o {Yiigo) n i - (Stn_ = } . (7.75)




Exact Boundary Conditions for PE, T. W. Dawson et al. 223

This expression may readily be inverse Laplace-transformed to give the spatial

domain kernel
[’} t,
w(r)=o {Yi (s0) + E Ses’”} . (7.76)

n=1""
Equations (7.75) and (7.76) are the Claerbout counterparts, respectively, of
the Tappert forms Eqgs. (7.51) and (7.56). The differences lie in the altered
form of the s-plane poles under the present square-root approximation, and
in the presence of the residue term in the numerator.

7.4 Numerical Implementation

The numerical implementation of various PE algorithms in the numerical
domain, and the coupling of those numerical techniques to non-local boundary
conditions is adequately discussed elsewhere [10], [17], [2], [15]. In this section,
one possible numerical implementation of the non-local boundary condition
will be considered.

In order to simplify the discussion, it convenient to introduce the shorthand
notations

F(r) = $(r,d +0),
H(r) = 0.¢(r,d+0) and
V(r) = 0,¢(r,d+0),

for the field and its horizontal and vertical gradients evaluated just inside
the lower half-space. As noted earlier, these values are related to the nu-
merical domain values on the opposite sides of the interface by the boundary
conditions Eqs. (7.34) and (7.35).

The non-local boundary condition in the spatial domain is obtained from
the inverse Laplace transform of the relationship Eq. (7.37). The result can
be evaluated using the convolution theorem [1], and may be written in the
form

’
T

V(') = H(r)w(r —r)dr, (7.77)
0
where the kernel is given by Eq. (7.76).
The remainder of this section is based on the assumption of a regular range
grid,
rn = nh, (n=0,1,...), (7.78)

with step d, = h. Abbreviations such as

F, = F (r) (7.79)
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will be used freely. Thus, with ' = mh, Eq. (7.77) can be written as

V=3 / Hr) wmh — r) dr. (7.80)

=1/ (-1

Further progress depends on the approximation for the horizontal derivative
H(r) under the integral.

The simplest possibility is a constant on each range step, based on a central
difference formulation,

F,—F,_
H(r)m ===, (ree1<r<ro). (7.81)
Then Eq. (7.80) leads to the result
" (F,—F,_
V=3 {hl} Q... (7.82)
=1
where the coefficients are
1
QYW =h / w((j — u)h] du. (7.83)
0

An alternative possibility is linear interpolation between values of the hor-
izontal gradient at the range grid-points

r—="Ty— Ty —7T
H(T) ~ (hel> H€+( eh] )Hel, (’f‘g,l STS?"@). (784)

This leads to a boundary condition of the form

Vi = Z {Cr_vi1 Hir +Cf_, He Y, (7.85)
=1
where " , N
C; =@ —@ and of =Qf, (7.86)

ng) is again defined by Eq. (7.83), and where

QM = h/o w[(j — w)h] udu. (7.87)

When applied to the kernel Eq. (7.76), the requisite integrals Eqgs. (7.83) and
(7.87) can be written analytically,

QY = (on) {Yi (s0) + [S2 (r5) _h52 (r“)] } (7.88)
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and

QW = (";‘) Yi(s) + o { {‘93 (r;) *hs"’ (rf‘l)] ~ S, (rj)} . (7.89)

in terms of the series

Sk(T)

3=

Nt

Z " exp (snT) (k=2,3). (7.90)
n=1 §

For the present Claerbout case, these series are poorly convergent. It follows
from Eq. (7.65) that s, terms have the asymptotic expansion

Sp ~ T, (7.91)

i.e., they approach a constant for large value of the summation parameter n.
Convergence is entirely provided by the numerator terms t,,, which have the
asymptotic form

[T —10)

o (7.92)

ty ~

From the properties of the Airy function zeroes [1], it follows that

N ( 2 )4/3, (7.93)

a? 3mn

which is sufficient to ensure convergence, albeit slow. Various mathematical
techniques could be employed to accelerate convergence. However, this was
not found necessary in practice, where the numerical results were insensitive
to the sum truncation limit above several hundred terms.

It is of interest to note that the linear mapping provided by the simple Tap-
pert PE ( [4]) gives both better convergence properties, and easier numerical
acceleration techniques than the present Claerbout bilinear mapping.

7.5 First-Order Claerbout Examples

The utility of the Claerbout NLBC is illustrated using several well-known
refracting profiles.

7.5.1 Modified AESD [13] Case

This surface-duct example pertains to a 300-Hz, 15° aperture source at
91.44-m depth, with a receiver at 27.43-m depth. The upper numerical domain
has a sound speed varying between 1536.5 m s~! at the surface to 1539.24
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FIGURE 7.2: Transmission loss for the downward-refracting lower half-space.

m s~! at the half-space boundary, which lies at 152.5-m depth. Two cases
are considered. In one case, the lower half-space has an upward refracting
gradient of y = —199.36 x 107% m~!. In the other case, the profile has a
downward-refracting gradient of p = +199.36 x 1076 m~1.

The transmission loss, computed using the new boundary condition, is com-
pared to both a benchmark result computed using the standard SAFARI [12]
propagation code, as well as to a Tappert PE implementation [4] of the non-
local boundary condition for the present geometry. Results are presented
below in Fig. 7.2 for the downward-refracting case and in Fig. 7.3 for the up-
ward refracting case. In the downward refracting case, both the Tappert
and the Claerbout NLBCs perform well when compared to SAFARI. Clearly
this problem does not involve much high-angle energy that interacts with
the boundary. In the upward refracting case there is a noticeable improve-
ment in agreement between SAFARI and the Claerbout result (as compared
to SAFARI and the Tappert result). Clearly, in this case, high-angle inter-
action with the lower waveguide boundary is very important and requires a
high-order boundary condition in order to model it properly.

Full-field images comparing the results obtained using the Claerbout NLBC
for the upward-refracting case are shown Fig. 7.4a. The upper 400 m of the
corresponding SAFARI results are shown in Fig. 7.4b. This pair of images is
quite remarkable in that it shows energy returning to the numerical domain
(the interference that occurs around the 5 km mark in range) from the lower
half-space. The upper figure shows the entire computational domain, and
the entire effect of the lower half-space is completely contained in the non-
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FIGURE 7.3: Transmission loss for the upward-refracting lower half-space.

local boundary condition. By contrast, the SAFARI run (or similarly a PE
using a traditional absorbing layer) would require that a large portion of the
lower-half space be included in the numerical domain.

Figure 7.4 is worthy of additional discussion. It is important to re-emphasize
that, using the NLBC, the PE calculations were confined to a vertical grid that
spanned the water column (numerical domain) above the half-space. This is
clearly exhibited in Figure 7.4a, which depicts the entire PE+NLBC compu-
tation. Since the computational domain for SAFARI must be terminated by
either a homogeneous half-space or a perfect reflector, a homogeneous half-
space was chosen to lie below a depth of 5152.5 m. Given the choice of N2
gradient, this depth is fractionally above the value at which the sound speed
in the ocean becomes infinite in the upward refracting case (see Fig. 7.1). For
convenience, the same depth was chosen for the downward refracting SAFARI
results. Thus the SAFARI numerical domain spanned a depth exceeding 5 km.
The image in Figure 7.4b only displays the upper 400 m of the complete SA-
FARI calculation. Finally, the limited source aperture of 15° was necessary in
order to ensure that the narrow-angle accuracy restrictions were met for the
PE calculations. The SAFARI results were spectrally limited to approximate
the same 15° aperture, in order to closely match the PE calculations.

7.5.2 Modified Norda Test Cases

The NORDA Parabolic Equation Workshop [3] provided many useful and
simple test cases designed to test the capabilities of acoustic propagation mod-
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FIGURE 7.4: Full field images computed using the Claerbout NLBC and
SAFARI methods. The 70-dB contour level is indicated.

els. The following examples are based on a modified version of what has be-
come known as the NORDA Test Case 2. It consists of low-frequency (25 Hz)
propagation in a range-independent bi-linear N2 ocean environment (density
equals 1 gm cm™3 and no attenuation) over a homogeneous half-space. The
present modification removes the half-space representing the ocean bottom
and treats the problem as if it were a bi-linear profile with the lowermost
layer of infinite extent. Both source and receiver are placed at a 500 m depth.
Three different cases, whose parameters are summarized in Table 7.1, are
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considered. The sound speeds at depths of 1500 m and 1000 m were used
to compute the gradients used in the lower part of the bilinear profile. Note

TABLE 7.1: Modified NORDA Case 2
Parameters.

Depth Sound speeds (m/s) Gradient

(m) 2a 2b 2c %1073 /m
0 1500 1500 1500 -0.108
1000 1520 1520 1520 -0.481
1500 1563 1744 1971 -0.811

that the gradient values represent the slope of N2 — 1 and not those of the
sound speed. Hence sound speeds between the tabulated depths have the form
c2/c(2)? = az + b, suitably fitted to the tabulated values.

Propagation loss computed for the three test cases are compared to both
a benchmark result computed using the standard SAFARI [12] propagation
code, as well as to a Tappert PE implementation [4] of the non-local boundary
condition for the present geometry. The results for the modified NORDA 2a,
2b and 2c test cases are shown in Fig. 7.5, Fig. 7.6 and Fig. 7.7, respectively.

Panel (a) of each of the three Figures depicts comparison between the Claer-
bout NLBC implementation and the SAFARI reference, while panel (b) does
the same for the Tappert NLBC.

Figure 7.5 shows that in the case a small N? gradient, there is little to choose
between the Tappert and Claerbout boundary conditions.This is because the
boundary interaction is relatively low-angle and the higher-order Claerbout
NLBC offers little benefit.

For the NORDA 2b and 2c¢ cases, however, the boundary interaction in-
volves higher-angle energy, and the benefits of the more accurate Claerbout
NLBC are readily apparent.

7.6 Closing Remarks

The preceding test cases show that the Claerbout non-local boundary con-
dition is accurate, and clearly superior to the equivalent narrow-angle Tappert
NLBC in cases involving higher propagation angles. In particular, the Claer-
bout NLBC improves the phase agreement in the computed results, and is
in excellent agreement with the SAFARI results. The obvious remaining dis-
crepancies are due to mismatches in the aperture-limitation process in the
full-wave SAFARI results. The results of this section show that domain trun-
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FIGURE 7.5: Comparisons between Claerbout (top) and Tappert (bottom)
NLBC computations with the SAFARI reference results for the modified
NORDA 2a profile.
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FIGURE 7.6: As Figure 7.5, but for the NORDA 2b case.
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FIGURE 7.7: As Figure 7.5, but for the NORDA 2c¢ case.
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cation via NLBCs is a viable and useful addition to the underwater acoustic
modelling tool kit.

The theory presented in this report provides several avenues for further
research. Successful implementation of the theory has been demonstrated
elsewhere [4] for the particular case of Standard PE with real value of the
gradient parameter y and in the DtN formulation. Remaining aspects to be
considered with this formulation include better algorithms for faster compu-
tation of the non-local boundary condition kernel, particularly in the poorly
convergent upward refracting case, which is probably the more interesting case
for underwater acoustics. It also remains to implement and test the possibility
of a complex gradient parameter p, which would allow for non-zero attenu-
ation in the lower half space in both the upward and downward refracting
cases.

Although the theory for the non-local boundary condition associated with
the wide-angle Claerbout PE with complex p has been considered briefly
here, the numerical implementation has not been attempted. The formulation
appears to be stable, in that singularities are confined to the left-half plane
in the Laplace transform domain. Furthermore, the kernel would appear to
offer some advantages with regard to convergence acceleration in a numerical
implementation, since the singularities have a finite limit-point. These aspects
require further research.

Finally, the formulation in terms of a NtD mapping has been briefly indi-
cated. However, neither an in-depth derivation nor the numerical implemen-
tation have been considered in this research, and any possible advantages are
not clear.

Appendix

Airy Function Notes
Properties of the Kernel
The first Airy function Ai () [1, §10.4] is defined to be the solution of
F"(c) —=cF(s) =0 (7.94)

which vanishes for Re {¢} — oo along the positive real ¢-axis. It is an entire
function over the whole complex ¢-plane [6]. The zeros

{an|n=1,2,...} (7.95)

lie along the negative real ¢-axis, with increasing magnitude as n increases.
The derivative Ai’ () likewise has a set of zeros along the negative real axis
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denoted
{a,,In=1,2,...}. (7.96)

Consequently the ratio,

(7.97)

=
=
—
NS

is a meromorphic function having a string of interlaced poles Eq. (7.95) and
zeros Eq. (7.96) along the negative real axis. It follows from Eq. (7.94) that
the ratio Eq. (7.97) satisfies the inhomogeneous nonlinear differential equa-
tion

Yi' () +[Yi()]* =«. (7.98)

The Airy function and derivative have the nonzero values
Ai(0) =372/3/T(2/3) and Ai (0) =3"'/3/1(1/3) (7.99)

at the origin. All derivatives of order 2 and higher can be expressed in terms
of the Airy function and its first derivative on account of the differential
equation (7.94). The Airy function and its derivative have the asymptotic
behaviors

Ai e 1 of ! 7.100
O~ {iro(1)} (med<n a0)
and
A e [y o 7.101
(O~ [1+o(H)] (asd<m. @
respectively, where the auxiliary variable
_ 23

Consequently, the ratio Eq. (7.97) has the asymptotic expansion

Yi(g) ~ f\ﬁ{l + O(gf?’/z)} , larg¢| < . (7.103)

This behavior is sufficient to allow for the partial fraction expansion [16]

Yi ( Z {g — aln } : (7.104)

or, equivalently,

Yi(¢) = Yi(0) + i S S— (7.105)

an (s — an)
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When an expansion of the form Eq. (7.104) is evaluated at each of the two
points ¢ = ¢; and ¢ = ¢, the difference of the resulting expressions leads to
the additional identity

Yi(a1) = Yi(s) + Z{ 2 ol } (7.106)

(51— an) (s2 — an)
Related results in Titchmarsh [16] also lead to the similar expansion

Yi(s) = Yi(0) 4+ <YV (0)+...+M+

of which the j =1 case,

— <an>2, (7.108)

is of particular interest. It may be noted that higher values of j in the ex-
pansion Eq. (7.107) lead to increasingly rapid convergence of the series for
fixed argument ¢, but have more difficult behavior for increasing ¢. These ex-
pansions are particularly useful for numerical implementation of the non-local
boundary condition kernel.

The partial fraction expansion Eq. (7.104) may be repeatedly differentiated
term-by-term to obtain the results

Yi' () = Yi(0) +<Yi (0) + Z

n=1

Yil® (¢ Z — e+1’ (t=1,2,...). (7.109)

By setting ¢ = 0, this latter expression has a particularly useful role in sum-
ming reciprocal powers of the Airy function zeros, e.g.,

1 Yi® (0)
) P (t=1,2,...). (7.110)

n=1

Equations (7.97), (7.98) and (7.99) may be used to develop analytical expres-
sions for these sums by evaluating the right-hand side numerators in closed
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form. The first few such expressions are
Yi(0) =-3%9[1(2/3)]" / (2n)
= —0.72901113294722700
YiV (0) = —[Yi(0)]?
= —0.53145723196099945
Yi® (0) =1 +2[Yi(0)]°

= +0.22512352243022916
(7.111)

<
=
=
«
—
(e}
S—
I

—2Yi(0) — 6]Yi(0)*
= —0.23665847052743151
Yi (0) = 10[Yi (0))* + 24[Yi (0)]°
= +0.37280782503895583

<

PN

(S

G

—~

o

S~—
|

= —6—60[Yi(0)]* —120]Yi (0))°
= —0.76671233763494197

These expressions have potential application in numerical convergence accel-
eration of the infinite series in the kernel Eq. (7.90). The terms in the infinite
series have the asymptotic expansion

tn Ay A3 k
sur L, grr { A2 A3 +;1 = Y (r), 7.112
Sne e { pr + @ an Y, (r) ( )

where the coefficients A; depend on range and on the Claerbout and half-
space parameters. The kernel can then be written in the modified form

w(r) = {Yl (c0) + Ur(r) + Z { n snr ¢k,n(T)] } (7.113)

n=1
The terms in square bracket have the accelerated convergence rate a *~! in
n for each fixed range value. The additional term is
oo
i(r) = Zibk,n(ﬂ
— 7'27 A
k
= Z —L =i (0) (7.114)

2‘7_1
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Together with Eq. (7.111), this is an analytic expression for the required func-
tion.

Similar acceleration techniques can be applied to the numerical sums
Eq. (7.76) which appear in the numerical implementation.

Finally, we note that analogous expressions can be derived for the NtD
kernel (7.43).

Relationships to Bessel Functions

The Airy function and its derivatives are closed related to Bessel functions
of order +1/3 and £2/3. Of particular importance are (i) the relationship

L /< 2 3/2
— S Ky (2 11
S) - \/g 1/3<3§ (7.115)

between the Airy function and the modified Bessel function of the second kind
and order 1/3, and (ii), the relationships

Ai (semm/?) = fH1/3< 3/2> (7.116)
| : 2
Ai (ge“”/s) =2 fH{%( 3/2> (7.117)

between the Airy function and the two Hankel functions. These results are
useful in choosing wavelike or decaying solutions of Airy’s differential equation
Eq. (7.94).

and
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Chapter 8

Introduction and Orientation

P. Joly, POEMS Project team, INRIA-Rocquencourt, France,
Patrick.JOLY @inria.fr

There is a great need for numerical methods which treat time-dependent
elastic wave propagation problems. Such problems appear in many appli-
cations, for example in geophysics or non-destructive testing. In particular,
seismic wave propagation is one of the areas where intensive scientific com-
putation has been developed and used since the beginning of the '70s, with
the apparition of finite differences time domain methods (FDTD) [71,127].
Although very old, these methods remain very popular and are widely used
for the simulation of wave propagation phenomena or more generally for the
numerical resolution of linear hyperbolic systems. They consist in obtaining
discrete equations whose unknowns are generally field values at the points of
a regular mesh with spatial step h and time step At. A prototype of these
methods is the famous Yee’s scheme [147] introduced in 1966 for Maxwell’s
equations. There are several reasons that explain the success of Yee-type
schemes, among which their easy implementation and their efficiency which
are related to the following properties:

e a uniform regular grid is used for the space discretization, so that there
is a minimum of information to store and the data to be computed are
structured: In other words, one avoids all the complications due to the
use of non uniform meshes.

e an explicit time discretization is applied: No linear system has to be
solved at each time step.

For instance, Yee’s scheme is centered, of order two both in space and time,
and completely explicit. The stability and accuracy properties of such a
scheme are well known (at least in a homogeneous medium in which the
classical Fourier analysis can be used). Due to its explicit nature, the scheme
is stable under a C.F.L. condition (see for instance [57]), which says that the
ratio At/h must not exceed a given value. Hence the time step At¢ cannot
be too large, which is not restrictive in practice since a sufficient accuracy
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requires a small time step.

Of course, in thirty years of research (in the applied mathematics commu-
nity as well as in the engineering community), considerable progress has been
made in the development of more accurate, flexible, and efficient numerical
methods for time-dependent wave propagation, beginning with higher order
finite differences (see for instance [45] and the references therein). Attempt-
ing to give a complete overview of this abundant research would probably
require thousands of pages and we had to make some omissions that we shall
try to justify in this introduction. In particular, we have chosen not to talk
about finite difference methods, even though they are still of practical and
theoretical interest. Among the reasons of this choice, let us mention that
the counterpart of the nice properties of FDTD schemes is a lack of “geomet-
rical flexibility” which makes the use of such schemes awkward in the case
of computational domains with complicated shape (consider for example the
diffraction of waves by an obstacle). It may also be difficult (at least with a
theoretical guaranty of stability) to treat boundary conditions and variable
coefficients, to be able do mesh refinement and to extend the stability theory
to higher order schemes. Let us describe in more detail the content of Part
IV.

Our first goal (among two) in this part of the book is to present methods
which aim at “going beyond finite differences.” More precisely, we have cho-
sen to deal with two categories of such methods, adopting a different point of
view for each of them:

(i) Methods that aim at emphasizing the accuracy and the broad-
ness of application areas with a reasonable computation com-
plexity. This is the case of the methods based on the use of non-regular,
unstructured computational grids whose prototypes are finite element
methods [36,40,43,68,126]. The most tutorial part of our presentation,
namely Chapter 10, will concern the presentation of numerical methods
based on finite elements in space and finite differences in time. This
chapter is conceived as an introductory course, even though some math-
ematical background is needed. We shall try to emphasize the main
ideas and shall present the more instructive proofs. Of course, it will
not be possible to give all details and proofs but bibliographical pointers
will be provided to complete our presentation. We shall primarily em-
phasize energy methods for stability and convergence analyses, choosing
to ignore other analytical tools such as dispersion analysis in the case of
regular meshes, despite of its great importance from the practical point
of view (in particular for the choice of values of discretization parame-
ters). Finally, we shall include in our exposition some of the most recent
developments of the research in this field, in particular those achieved
by the ONDES Project at INRIA, on higher order (also called spectral)
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elements and mass lumping techniques.

The methods described above are not, of course, the only methods able
to handle non- regular meshes. This is also feature of mixed finite-
element methods [38] which are also variational methods. In our sense,
they belong to the same class of methods as the usual finite element
methods, even though they have their own interest and their analysis is
more complicated. In Chapter 10, only a particular case of such methods
will be mentionned in Section 10.6. However, we shall present another
class of mixed methods in Chapter 11 (see point (ii)). Finite-volume
methods [95,108] and Discontinuous Galerkin methods [6,90,116] also
belong to this category. Initially designed for computational fluid dy-
namics and conservation laws (see the first part of this book), they are
becoming more popular in the world of linear wave propagation and
would have surely deserved some place in this book. We chose not to
cover them, first for a question of place, second because this class of
methods is already covered in another part of this book, and finally be-
cause we feel that the degree of (at least our) theoretical understanding
and practical experience on these methods is still less mature than for
finite-element methods.

The methods which aim at emphasizing the computational effi-
ciency without sacrifying too much the accuracy. These methods
still work with regular grids like finite differences but try to handle com-
plicated geometries or geometrical details with a higher accuracy. This
will be the object of Chapters 11, 12 and 13. Our presentation will be
closely related to the research work of the authors and, more than a
course, it will be a review (with some details) of research articles. In
particular, we do not claim any completeness: the methods that we shall
deal with probably have a more limited field of application than those
of Chapter 10. However, we think that they are based on interesting
ideas and concepts that can be extended to many other problems, which
gives them a pedagogical interest. The methods that we shall present
have the following common features:

— The data of the problem remain (mostly) structured,
— The time discretization remains (essentially) explicit,

— The stability condition is not affected by the geometry of the com-
putational domain or by the mesh refinement,

— They remain conservative (in the sense already mentionned of an
underlying discrete energy).

The main two topics we shall address are the following

(a) The treatment of boundary conditions along boundaries
of complicated meshes. We choose to present the so-called fic-
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titious domain method (be careful, this denomination does not al-
ways mean the same thing in the literature) that we shall treat
in Chapter 12. This method is of course not the only existing
method that treats complicated boundaries with uniform meshes
(let us cite for instance immersed or embedded boundary meth-
ods [148], [98], [106] or [111] for interfaces) but it is definitely the
one which is the closest to the spirit of this book.

(b) Non-conforming space-time mesh refinement methods. It
is clearly of practical importance to be able to deal with geomet-
rical details in wave propagation problems. The need for a local
time stepping is closely related to the use of explicit schemes and
CFL conditions. Once again, this question has been the object of
research in different directions (finite differences, finite volumes, do-
main decomposition,...) and we have chosen to restrict ourselves,
in Chapter 13, to variational conservative methods, keeping the
spirit of the rest of our presentation. Let us mention here that,
even though our exposition is mostly oriented to the use of regular
meshes, this is not a limitation and the ideas and principles are
valid for unstructures meshes.

These two chapters have other common fundamental features:

e In each case, the method will require the introduction of a new
(boundary or interface) unknown which can be interpreted as an
auxiliary unknown (in fact a Lagrange multiplier) in order to sat-
isfy, at least in some weak sense:

- the physical boundary condition in case (a),

- the artificial transmission conditions between two parts of the
computational grid in case (b).

e We present them, even though this is not necessarily a required
condition, using for the space discretization a particular mixed
finite element method with discontinuous displacement on
regular meshes.

This is the opportunity for us to present in Chapter 11 some of our recent
research in this direction. This is also the occasion to treat the convergence
analysis of mixed methods, as a complement to the more detailed analysis
made in Chapter 10.

Finally, let us mention that

e a particular difficulty of the question of space-time refinement is the
construction of a stable local time stepping procedure,

e one can combine the use of space-time refinement with the fictitious
domain method (see [128]).
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Our second and last objective is to present a state of the art in the fundamen-
tal transverse question in computational wave propagation: the transparent
boundary conditions for bounding artificially a computational domain. This
theme is related to the following question: how to reduce to a bounded do-
main the effective numerical calculation of the solution of a problem which is
physically posed in an infinite (or at least very large) domain?

This is once again a vast problem which has retained considerable attention
during the past thirty years, in particular from applied mathematicians. We
shall focus ourselves to two attractive and competing techniques that have in
common the feature of being local in space and time, contrary for instance to
some exact methods [3,84,85] (that we shall not speak about here) no integral
operator is involved:

e Local absorbing boundary conditions. This type of method has
been developed since the late '70s [65]. The idea is to write on the
boundary of the computational domain a boundary condition which is
supposed to represent the effect of the presence of the exterior medium.
Such a boundary is called local if this boundary condition can be ex-
pressed in terms of differential operators (which makes them compatible
with traditional discretization techniques). Then, this boundary condi-
tion is necessarily not exact and implies some degree of approximation
that needs to be quantified in some way. Moreover, the question of
the stability of the coupling between the physical propagation interior
model and the “unphysical” boundary conditions raises delicate and
challenging mathematical questions.

e Perfectly matched layers. The idea of an absorbing layer is quite
old: the principle is to surround the computational domain with a layer
in which the waves are artificially damped. The concept of the perfectly
matched layer is much more recent (it has appeared in the middle of
the '90s in electromagnetics [31]). Roughly speaking, the new idea is
to build a particular (non-physical) absorbing medium in such a way
that no reflection occurs at the interface between the physical medium
and the absorbing layer. This technique has generated a considerable
literature and is now considered as a very attractive alternative to local
absorbing boundary conditions.

We shall try, in Chapter 14, to give a kind of the state of the art about these
two techniques with a particular emphasis on the application to elastic wave
propagation, which is a cause of specific (sometimes still unsolved) difficulties.
Let us mention in particular that the content of Section 14.2 will report on
an original and unpublished research achieved in [145].

The five Chapters 10 to 14 will be preceded, in Chapter 9, by an introductory
presentation of the mathematical model for elastic wave propagation (linear
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elastodynamics equations) and of its main properties. This will be the occa-
sion to introduce basic material and notation.

This text is addressed to students (in particular in the field of applied mathe-
matics), engineers, and researchers. Although we shall dedicate some place to
some applied aspects of our subject, the overall style of our presentation will
be definitely mathematically oriented, in the spirit of the French school of ap-
plied mathematics. In particular, some mathematical background in applied
functional analysis is needed to be able to read the forthcoming chapters with-
out too many difficulties. This material will not be provided in the present
book and we refer the reader to classical textbooks [57,64,110,119] for more
information.

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.



Chapter 9

The Mathematical Model for Elastic
Wave Propagation

P. Joly, POEMS Project team, INRIA-Rocquencourt, France,
Patrick.JOLY @inria.fr

9.1 Preliminary Notation

In what follows d = 1,2, 3 will denote the space dimension. The euclidean
scalar product in R will be denoted

d
U'U:Zui'viv V(U,U)EIRdXIRd- (91)
i=1

We shall call a tensor a linear mapping from IR? into itself, i.e., a d x d matrix,
e = ((e)) € LR,
We equip £(IR?) with the natural inner product
d
g.e= Z 055 €ij, (92)
i,j=1
and the associated norm will simply be denoted
d
e = > leisl*.
ij=1
We shall denote by £,(IR?) the subspace of £(IR?) of symmetric tensors
€ GES(IRd) Se;=¢,pV1<i,j<dsecu-v=u-cv,V (u,v) c R x R%

The orthogonal supplement of £,(IR?) (for the inner product (9.2)) is the
space Lq(IR?) of antisymmetric tensors

e e L,(RY) & gij =—€j;,V1<i,j<d<eeuv=—u-evV(uv)€ RYxRY.
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The space of linear mappings from E(IRd) into itself (also called fourth order
tensors) will be denoted £2(IR%) = £(L(IR?), L(IR))

C = ((Ciju)) € LYRY) = (Ce)ij = Cijp e, V1 <1i,5 <d,
where we have adopted the summation convention for repeated indices
Cijrl et = Z Cijkt k-
k=1

We shall denote by £2(IR?) the subspace of £2(IR?) of symmetric fourth order
tensors

Cel’(RY) e Ce:n=c:Cn, VY(en) e LR?x LR
which is also equivalent to
Cijki = Cruij, V1<4,5,k1<d (9.3)

We shall be concerned by fourth order tensors C that map £(IR?) into £,(IR?)
which is equivalent to

Ciji = Cjirr, V1<14,5,k1<d. (9.4)

By £2,(IR?) we shall denote, the class of tensors in £L2(IR) satisfying (9.3)
and (9.4). Note that these two conditions automatically imply

Cijkl = Cijlk; V1 S iaj7 k7l S d7 (95)
which, in other words, means that we have,
VCe L2 (RY), Ce=0, VeeL,(R?) (& Li(RY) CKerC). (9.6)

That is why a tensor C € L?S(IRd) can be identified to its restriction to
L,(IR%) as a linear mapping from L,(IR?) into £,(IR?). We shall say that
C € £2,(IR%) is coercive if there exists a > 0 such that

Ce:e>alef’, Vee L, (RY). (9.7)

This is equivalent to saying that the smallest eigenvalue of C, as a symmetric
operator in L4(IR d), is strictly positive. As a consequence, as an element of
L(L(RY), L,(IR%)), C is invertible, namely there exists A € £2,(IR%), also
coercive, such that

Y(e,0) € L(RY) x L,(RY), 0=Ce <= ¢e=Ao. (9.8)

As it is done classically, in dimension 2, the symmetries (9.3), (9.4) of the
tensor C allow us to simplify its representation into a 3 x 3 matrix Cpg, still
denoted by C for simplicity, such that

Cijit = Cplijyp(k,1)s
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where the function p is defined by

p(1,1) =1, p(2,2)=2, p(1,2)=p(2,1)=3.
REMARK 9.1 We give two examples of tensors Cis(]Rd) that arise in linear
elasticity

e Given (A, u) two strictly positive numbers, we set
Ce=\(tre) I +pu(e+e'), Vee L(RY), (9.9)

where I is the identity matriz (of order d), tr e denotes the trace of €
and €t the transpose of €. It is easy to check that C € L2, (IRd) from the
formula

Ce=\(tre)I4+2ue, Vee L(RY), (9.10)
which yields the identity

Ce:n=A(tre)(trn)+2ne:n, V(en) e L(RY)?,

This shows that C is coercive with o = 2u. Such a tensor occurs in the
description of isotropic elastic media [2].

e In an orthotropic medium in 2D whose principal axes coincides with the
coordinate axes, we have ci13 = co3 = 0 so that the elasticity matriz can
be written as,

c11 c12 0
C = C12 C22 O . (911)
0 0 C33

In this case the coercivity of C implies,

c11 >0, co2>0, c33 >0, cr1c90 — C%Q > 0. (912)

9.2 The Equations of Linear Elastodynamics

We present the equations for a very standard model problem. Of course
our goal is simply to briefly describe the partial differential equations that are
currently used for modelling elastic wave propagation. It is not our purpose
to make a course in continuum mechanics and, for more details and physical
explanations, we refer the reader to standard monographs such as [2,11, 66,
67,114].

In the sequel, x € R? will denote the space variable and ¢ > 0 will denote the
time. The domain ) represents an open set in R¢ (not necessarily bounded)
filled by an elastic medium at time t = 0. The boundary of Q, I' = 01, is
supposed to be made of the union of two parts, I' = I'g UT'; such that
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e The elastic medium is clamped along T, i.e., the corresponding material
particles do not move.

e The part I'y is subject to a density of external surface forces. If these
forces vanish, we say that I'y is a free boundary.

9.2.1 The Unknowns of the Problem

Elastic waves correspond to the movement and deformations of the elastic
body due to external (volume or surface) forces or initial deformations of the
medium. We shall make the assumptions of small displacements and small
deformations, in such a way that

e At any time, the domain of the elastic body can be identified to the
initial configuration €.

e The equations can be linearized.

Under these assumptions, the mathematical quantities that describe the state
of the elastic body are

e The displacement field u(z,t) : @ x R* — IR u(z,t) represents the
displacement at time t of the material particle that occupies the position
2 in the medium € at rest.

e The stress tensor field o(z,t) : Q x RT — £,(R?) that describes the
internal efforts inside the material.

9.2.2 Useful Differential Operators and Green’s Formulas

For writing the equations, it is useful to introduce the (linearized) deforma-
tion (or strain) tensor, more precisely a tensor field that is directly connected
to the displacement u

e(u)(z,t) : @ x RY — L,(IRY),
. (9.13)
e(u)(x,t) = §(Vu + Vul)(x,t),

where Vu(z, t) is the Jacobian matrix of the vector field z — u(x,t). In other

words
1 Bui ou g

It will be also useful to introduce the divergence of a symmetric tensor field

o : Qi LR, where Q is a (sufficiently regular) domain of R as the
vector field

eij(u)(a:,t) = ), V1 < i,j < d. (914)

div o : Q — RY,
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defined by

d
(divo); =) %‘;’?, V1<i<d. (9.15)
j=1 "

We recall below the Green’s formula associated to this operator. In the for-
mula below, o denotes a (sufficiently smooth) tensor field in 2 and v a (suffi-
ciently smooth) vector field.

—/diva-vdwz/a:Vudw—/Un-vds, (9.16)
Q Q r

where T is the boundary of €2, n the unit outgoing normal vector to I'" and ds
the surface measure along I'.

If moreover o is symmetric (almost everywhere in 2), we have

/J:Vvdx:/Jt:Vvdx:/J:VUtdx:l/J:(VerVvt)dx,
Q Q Q 2 Ja

where ot denotes the transpose of o, and formula (9.16) yields in this case

—/divawdmz/U:E(U)dx—/dnmd& (9.17)
Q Q r

9.2.3 The Equations of the Problem

The equations for elastic wave propagation result from the fundamental law
of mechanics (equilibrium equations), whose validity is somewhat universal,
and the constitutive equations that characterize the mechanical behavior on
the material and, of course, depend on the nature of this material.

The equilibrium equations are

9% .
pw—dlvo:f, zeQ, t>0, (9.18)
or equivalently
82ui d adij
- = fi €N, t>0, i=1,...d. 9.19
PO T 2o, fo = ' (9-19)

The constitutive law expresses the relationship between the deformation ten-
sor € and the stress tensor o, providing an answer to the question: for a given
material, what is the distribution of stresses o produced by a deformation
field €7 We shall restrict our case to purely elastic materials. This means that
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e The tensor ¢ depends linearly on ¢ (contrary, for instance, to elasto-
plastic materials which obey to a nonlinear constitutive law). This is
consistent with the assumption of small deformations: the linear rela-
tion can be seen as a first order approximation, for small ¢, of a more
general relationship.

e The relationship is instantaneous: the stresses at time ¢ only depend on
the deformation at time ¢ (contrary, for instance, to viscoelastic materi-
als, for which the stresses at time t depend on the whole history of the
deformation of the materials for times s < t).

e The relationship is local in space: stresses at point z only depend on
the deformations at point x.

Under these assumptions, the deformation-stress relationship is given by the
Hooke’s law

o(z,t) = C(x)e(u)(z,t)], 2€Q, t>0, (9.20)

where C(x) € £2,(IR?) is by definition the elasticity tensor of the material at
point z (the dependence of C with respect to = reflects the possible hetero-
geneity of the material). In addition to the symmetry conditions (9.4) and
(9.5), this tensor has to satisfy a uniform coercivity assumption

Vee LJ(RY), VzeQ, Cx)e:e>ale (9.21)
where a > 0 is uniform with respect to z.

The equations of linear elastodynamics are made of (9.18) and (9.20). To
define a well-posed problem, one must provide initial conditions, which means
that the initial displacement field and the initial velocity field are known

u(z,0) = up(x), %(x,()) = uq(x). (9.22)

One must also prescribe boundary conditions along I'. For our problem, these
conditions are
u(x,t) =0, zely, t>0,
(9.23)
o(z,t)n=g(z,t),x €, t>0.

The initial boundary value problem to be solved is made of (9.18), (9.20),
(9.22) and (9.23). This constitutes what we shall call the stress-displacement
formulation of the problem.

Of course, we can eliminate the unknown o and obtain a pure displacement
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formulation in the unknown u. The problem to be solved is then

0%u :
pw—dvas(u):f, zeQ, t>0,
ou
u(z,0) = up(x), E(x,O) =ui(z), z€Q, (9.24)
u(z,t) =0, x€eTly, t>0,
Ce(u)(z,t) n = g(z,1t), zely, t>0.

This is the problem we shall consider in the following section. Note that this
problem belongs to the general class of second-order hyperbolic systems with
variable (in space) coefficients.

9.3 Variational Formulation and Weak Solutions

We derive in this section the variational formulation in space of problem
(9.24). This is one of the possible weak formulations of the problem. It
is adapted to both the mathematical analysis of the problem and its space
discretization by finite elements.

Let us assume that u is a sufficiently smooth solution of (9.24) (we avoid
in our presentation the details of functional analysis) and consider v a test
function which is a function (also smooth) of 2 only. We have

0%u .
P o5 -vdr— [ divCe(u)-vdr= [ f-vdz.
o Ot ) Q

Using Green’s formula (9.16), or more precisely (9.17) since Ce(u) is symmet-
ric, this can be rewritten

d2

- pu-vdx—|—/Ca(u):6(v)-vdm—/C5(u)n~vds:/f~vdx.
dt? Jo Q r Q

Next, we assume that v vanishes along 'y
veV =Hp () = {ve H(Q)* / vlr, = 0}. (9.25)

Thus, using the boundary condition on I'y, we have

/C{—:(u)nwda:/ g-vds, YvelV.
r

I
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We have proven, at least formally, that the function t € R + u(t) € V (we
take into account in this way the boundary condition on T'y) defined by

[u(®))(z) = u(z, 1),

is solution of the problem,

%(u(t),v)H +a(u(t),v) =< L(t),v> YveV,
(9.26)
u(0) = ug, %(0) =up
where (-,-)g denotes the scalar product in H = L?(Q)? defined by
(u,U)Hz/qu-vdx, V (u,v) € H X H, (9.27)
a(+,-) the bilinear form in V'
a(u,v) = /QCe(u) ce(w)dx YV (u,v) €V XV, (9.28)
and L(t) is the linear form in V
< L(t),v>= /Qf(-,t) v dgc—i—/F g(,t)-vds, VvelV (9.29)

The formulation (9.26) is called the variational formulation (or weak formu-
lation) in space of (9.24). It allows us to define more precisely what we mean
by solution of (9.24).

DEFINITION 9.1 A weak solution of (9.24) is a function
uwe C' IR H)NCORT; V) (9.30)

that satisfies (9.26) (the first equation being taken in the sense of distribu-
tions).

Problem (9.26) enters the framework of a general class of abstract evolution
problems whose theory is well known. More precisely, assume that V and H
are two Hilbert spaces with V' C H, H being identified to its dual so that,

VCHCcCV, (9.31)

where V' denotes the dual of V. We denote by || - || the norm of V' and we
assume moreover that

o (u,v) — (u,v)py is the scalar product in H for the Hilbert space struc-
ture.
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e (u,v) — a(u,v) is a continuous symmetric bilinear form on V.
e There exist a > 0 and v > 0 such that

a(u,u) +v |ulf > allul)?, YueV. (9.32)

THEOREM 9.1 Assuming that the above assumptions hold and that
(UO,Ul) eV x I‘I7 L (E f +g) c Llloc(IR/+;H) + W1,1(1R+; VI),

loc

then, the problem (9.26) admits a unique solution

uwe CYRT; H)NnCO'(RT; V).

PROOF This theorem is essentially an adaptation of well known results
that can be found for instance in [110].

COROLLARY 9.1 Under the assumptions
d
(o, ur) € Hep, () x LAQ)", f € L (R H), g € W/ (R* H-3(I'y)")

problem (9.24) admits a unique solution

d

ue CHRY; LA(Q)") N COURY; H r ()).

PROOF It is a simple exercise to check that the abstract theorem can be
applied to (9.24). Let us simply mention that the the coercivity inequality
(9.32) relies on Korn’s inequality [64,72,121], which requires some regularity
to the boundary I'y [76,104].

There exists a constant C(€2) > 0 such that

Vue H(Q)F /Q|vu\2 dr < C() UQ uf? dm+/ﬂ|s(u)|2 dx] 039

0

Weak solutions in the sense of definition 9.1 are often called finite energy
solutions, in the sense that the energy

=2 |G| + 3 alu),um), (934

is well defined as a continuous function of time. In the application to elasto-
dynamics, this energy is
1
2

E(1)

E(t) = /Q p|% de—i—% /Q Ce(u) : £(u) da. (9.35)
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The interest of this quantity lies in a fundamental energy identity

THEOREM 9.2 Under the assumptions of theorem 9.1, the solution u of
problem (9.26) satisfies, for any T >0 ( < -,- > denoting the duality product
between V' and V')

2 1

1 du 1 9 1
5 |G @]+ 5 au@),u() = 5 fufy + 5 aluo,uo)

T T
du dg

+ < g(T),u(T) > — < g(0),up > .
(9.36)

PROOF We restrict ourselves to give a simple proof when the solution is
assumed more regular, namely when

u e C3HRY;V).
In that case, we can write, for any time ¢

(%(t),v)H + a(u(t),v) =< L{t),v> YveV

d
Choosing v = d—ztl(t) eV, we get

(g O G O + a0, G 0) =< 20, G0 >

Next we observe that (this is where the symmetry of a(, ) is important)

d?u du d [1 du

2 du d[1
(ﬁ( )7@( )y = 713 dt(t)‘H:| ) a(u(t),a(t)) = {2a(u(t)7u(t))} )

Therefore, E(t) being defined by (9.34), we have

dE du du

W (1) = < L), T 1) > = (£, e )t < 0(0), eit) >

One concludes by integrating the above equality in time between 0 and 7. I

The identity (9.36) is sometimes called the energy conservation identity.
Indeed, if 0 < t; < ty are such that the source terms f and g vanish in the
interval [t1,%2], one deduces from (9.36) that

E(t) is constant in [ty, ta].
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More generally, thanks to standard techniques (Gronwall’s lemma), it is easy
to deduce from (9.36) a priori estimates that constitute stability results for
the problem. Such estimates are the basis of an existence proof (see for
instance [110]).

9.4 Plane Wave Propagation in Homogeneous Media

We recall in this section classical results about the propagation of plane
waves in homogeneous media. In this paragraph, we assume that the domain
of propagation (2 is the whole space R? and suppose that the density p and the
tensor C are constant. Plane waves are particular solutions of elastodynamics
equations of the form,

u(z,t) = dexpuk -z — wt) (9.37)
where by definition,
e d € R” is the displacement (or polarization) vector.
e k € R? is the wave vector.
e w € IR is the pulsation.

Physically, (9.37) represents a plane wave (at a given time ¢, the sets of R4
along which w is constant are hyperplanes orthogonal to k) that propagates
in the direction v = k/|k| at the velocity (called phase velocity)

w LW
V=— (V=—v),
K| ]

|k| being the wave number and A = 27/|k| the wavelength. It is straightfor-
ward to see that u defined by (9.37) is solution of

0%u )
Pom div Ce(u) =0, (9.38)
if and only if d, k and w are related by

Ck)d=puw?d, (9.39)

where C(k) is the Christoffel tensor, namely the d x d symmetric matrix
defined by

d
Cij(k) = Z Cipjq kp Fq- (9.40)

p,q=1
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The symmetry of C(k) follows from the symmetry property (9.4) of C. More-
over this matrix is positive definite. In fact, introducing k ® £ € £(IR%) such
that

(k®£)ij:ki &, V1<i,j<d, (9.41)

one easily computes
Ck)E - E=Ck®(: ko VEeR (9.42)
Therefore, using (9.7), one obtains
Ckg ¢z a ket =alkP ¢ VEeR” (9-43)

As a consequence, the matrix C(k) has only real positive eigenvalues (which
also proves the hyperbolicity of system (9.24)) and is diagonalizable in an
orthonormal basis of IR?. Since C(k) is a homogeneous polynomial of degree
2 with respect to k, its eigenvalues share the same homogeneity. In other
words, there exist d smooth functions defined on the unit sphere of RY,

Vilp) : 877 = RT, ST = {veRY/ |y =1},
such that, if k = |k| v, the spectrum of C(k) is given by,
s C) = { p K2 V()% 1< j<d}. (9.44)

Thus, for each direction v € S%!, there exists an orthonormal basis
{p;(v),1 < j <d} of R (the polarization vectors) such that

CK) p;(v) = p [K[2 V;(0)? ps (), v = |’;| (9.45)

The relationship (9.39) means that d is an eigenvector of C(k) associated to
the eigenvalue p w?. In other words, the function u given by (9.37) is a non
trivial solution of (9.38) if and only if, there exists 1 < j < d such that

k=|klv = w==xw;k) =kl V;(v), andd is colinear to p;(v). (9.46)
Let D(w,k) = det [C(k) — p w? I]. By definition, the dispersion relation of
the elastic medium is

d
D(w,k) = p* J] (wi(k)* —w?) =0. (9.47)
j=1

and the dispersion relation of the j** plane wave is given by w = w; (k).

REMARK 9.2 To be more rigorous, (9.46) is valid in the case where

p [k|? V;(v)? is a simple eigenvalue of C(k). In the case of a multiple eigen-
value, the sentence “d is colinear to p;(v)” must be replaced by “d belongs to
the eigenspace of C(k) associated to p |k|? V;(v)?”.



The Mathematical Model, P. Joly 259

The discussion above means that, up to the change of the sense of propaga-
tion (the choice of the £ sign), in each direction, there exist d plane waves
propagating in the direction v, with respective phase velocities V;(v) and po-
larizations p;(v). Since the phase velocities only depend on v but not on k|,
one says that elastic media may be anisotropic but are non dispersive.

Of course, a particular case of an anisotropic media is an isotropic medium !
This corresponds to the case where C is given by (9.9). The positive coeffi-
cients A and p are the Lamé coefficients of the medium. In this case, it is easy
to see that equation (9.38) can be rewritten

2
P o
and that the Christoffel tensor C(k) is given by

— (A4 p) V(div u) — p Au =0, (9.48)

Ck)d=\+p) (k-d) k+pulkl*d, ¥YdeR% (9.49)

In this case, C(k) has only two eigenvalues. One is simple and the second one
of multiplicity d — 1. In fact, one sees immediately that

20,1
Ck)k=(\+2u) kI?’k=p V3 |k|?k where sz(/\+ ,u)2

)

k-d=0= C(k)d=p[k]>d=p V2 k?u where Vg=(£)?.
p

(9.50)
This means that in a homogeneous isotropic medium, there are two types of
plane waves

e The P waves or pressure waves, which are the fastest ones. They propa-
gate at velocity Vp and their polarization is colinear to the propagation
direction v = k/|k|.

e The S waves or shear waves, which are the slowest ones. They propagate
at velocity Vg and their polarization is orthogonal to the propagation
direction v.

Note that, this time, the phase velocities, namely Vp and Vg, are independent
of the propagation direction v, which justifies the name of isotropic media.

Another important notion associated to plane wave propagation is the notion
of group velocity. More precisely, if the plane wave obeys the dispersion
relation

w= wj(k)v

the corresponding group velocity is given by

VI (k) = Vo, (k). (9.51)
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Since wj(k) is homogeneous of degree 1,

k=klv=VIk) =V (9.52)
The notions of phase velocity ‘7](1/) = Vj(v) v and group velocity X_/'jg (v)
coincide only in isotropic media. They do not for a general anisotropic media.

Let us illustrate this in 2D with the notion of slowness curves and wavefronts.

Slowness curves and wavefronts. By homogeneity, if we set

( wj(S)Q - 1)7

—

D(s) = D(1,s) = p*

J

for w # 0, (9.47) is equivalent to

~ k
D(s) =0 wheres= - is the so-called slowness vector. (9.53)

The slowness curves are defined in the s-plane by equation (9.53). Of course,
this corresponds to the union of two curves of respective equations

Cj = {S S IR? / o.)j(s) = 1}, j=12.

Obviously, since w;(|s| v) = |s| V;(v), C; admits a polar representation: More
precisely, the intersection of C; with the half line s = p v, p > 0 is the slowness
vector s = v/V;(v). Clearly, the curve C; is a closed curve, symmetric with
respect to the origin, and the set,

§={s e/ wls) <1},

is the connected component of IR? \ C; which contains the origin (see Figure
9.1 for a general representation of a slowness curve, the slowness vector and
the group velocity in an anisotropic medium).

Since the gradient of a function is normal to the level lines of this function,
the orientation of the group velocity of the j-th plane wave propagating in
direction v is given by the normal vector to (C;) at the point s = v/V;(v),
outgoing with respect to (S;).

We shall define the wave fronts (we do not necessarily use here a standard
definition, for instance in [11] these are called ray curves) as the curves CJQ
described by the extremities of the group velocity vectors ng (v) when v de-
scribes the unit circle. There exists a standard geometrical construction of
the so-defined wavefronts from the slowness curves: the wavefront is the po-
lar reciprocal curve of the slowness curve (see remark 9.3 and [16] for more
details).
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FIGURE 9.1: Slowness curve, slowness vector and group velocity in an
anisotropic medium.

REMARK 9.3 The construction of the polar reciprocal of a closed curve C
in the plane s € R? is as follows. For any v € S, we consider the set:

E(v,C) = {s € R? / the tangent to C at point s is orthogonal to v.}

Let P(v,C) = {p;j(v) v} be the finite set of the orthogonal projections of
E(v,C) on the straight line directed by v. The polar reciprocal C* is the curves
described by the points in P*(v,C) = {p;(v)~' v} when v describes the unit
circle.

The reader may check that when C is a closed curve delimiting a bounded
strictly convex set, each P(v,C) is made of a unique point and C* is also a
closed curve delimiting a bounded strictly convex set.

In general, P(v,C) may contain several points. As a consequence, even if C
admits a polar representation. it is not necessarily the case of C*.

The concept of wave fronts is of interest since it allows us predict the lo-
calization of the singularities of solutions (which often corresponds to the
localization of most of the energy), in particular of solutions emitted from a
point source (of the fundamental solution in particular). It would be difficult
to give a very precise mathematical statement of what we mean here. This
would require mathematical developments on microlocal analysis and pseu-
dodifferential operators that are far beyond the scope of this book (see for
instance [136] or [96]). Let us however give a very simple theorem in this
direction, that can be found using this kind of technique:

THEOREM 9.1 Let (ug,u1) be the (compactly supported) Cauchy data for
the Cauchy problem (i.e., the domain Q) is the whole space IRd) associated
with (9.38). We assume that (ug,u1) are C™ except at the origin. Then the
function x — u(x,t) is also of class C™ except (maybe) at the points of the
curves t CY.
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More generally, if Sy is the set of points where (ug,u1) are not C*°, the set
where © — u(x,t) is (a priori) not C* is the union of the Sy +t CY.

In isotropic media, the two slowness curves are two circles of respective ra-
dius V' and V' and the corresponding waves fronts are the two circles of
respective radius Vp and Vg (see Figure 9.2).

FIGURE 9.2: Slowness diagrams and the waves fronts in an isotropic medium.

In general, in anisotropic media, phase and group velocities associated to
a same direction v are not colinear and the wavefronts do not necessarily
have a polar representation. Let us illustrate this with orthotropic media
in 2D, i.e., the particular class of anisotropic media associated to elasticity
tensors of the form (9.11) (cf. remark (9.1)). We illustrate in Figure 9.3
an example of slowness diagrams and waves fronts for an othotropic medium
(611 = 4, Coo — 20, C33 — 2, C1g2 — 75)

Kot

FIGURE 9.3: Slowness diagrams and waves fronts in othotropic medium.

0.8
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9.5 Finite Propagation Velocity

One of the main characteristic properties of hyperbolic systems is that their
solutions propagate with finite velocity in a sense which is close to the physical
intuition of propagation. Let us state a more precise result in the case of elastic
waves. We assume in this section that the domain of propagation is the whole
space ) = R? but allow the medium to be heterogeneous: p and C depend
on .

To each point z € IR? and v € S%~!, we can associate the (local) Christoffel
tensor C(z,v), defined as in an homogeneous media whose elastic parameters
would correspond to the ones of the material at point z,

d
Cij(z,v) = Z Cipjq(2) vp vg. (9.54)
P,q=1

Then, we define the quantities (the notation Vp(-,-) is chosen here by analogy
with the P-wave velocity in isotropic media),

Vo (v) = sup {V,(z,v)}. (9.55)

C(z,v)v.v \1/2
o)
ace]Rd

Vy(z,v) = (sup
A = SR T

We consider the mobile half-space with velocity V' € R,
H,(V,t) ={z e R / z.v < V). (9.56)

Finite propagation velocity means in particular that if the data of the problem
have compact support in space, then the support of the solution remains
compact for any time. The more precise result is the following,

THEOREM 9.3 Let K be a compact subset or R? such that,
supp ug U supp uy U supp oo U supp f(., t) Cc K,
then, for any time t > 0,
supp u(.,t) C K+ B(t), VO<t<T,

where B(t) = (| H,(V,"(v),1).

vesSd—1

PROOF For simplicity, we restrict ourselves to give the proof in the case of
sufficiently smooth data (in which case the solution w is itself smooth enough
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to justify the forthcoming manipulations) and where K = B(0, R) the ball of
center 0 and radius R. Let v € S?!, we introduce the mobile half-space

QL = (B(0,R)+ E,(V.t))"={z € R/ z.v > R+ Vt},
with I, = 9Q!, the boundary of !, (see Figure 9.4). Note that by construction
ug(z) = uy(x) =0, op(z) =0, Vo e QY
(9.57)

flx,t) =0, Vi >0, Vo e Q.

The idea of the proof is to determine V' (large enough) so that the solution

FIGURE 9.4: The mobile half-space.

u(.,t) remains 0 in Qf, for any ¢ > 0.

We define the energy of the solution contained in the domain Qf at time
t as the quantity

E,(t) :/ e(x,t) dx,
Q
where e(z,t) is the energy density defined by
1 2
e(x,t) = §[p|8tu| + Ce(u) : e(u) } (9.58)

We multiply (in the sense of the inner product of IR?) the equation

pOfu—div (Ce(u)) = f, (9.59)
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by d;u and integrate over Q. Using Green’s formula, one obtains, since f(-,t)
vanishes in Qf,
Oredx + / (Ce(w))v - dudo =0,
Qf Ty
Using the identity
d 0
pn . e(z,t)de = o a—:(m, t)yde =V . e(z,t)dz, (9.60)

we deduce that

dE, 1
dt (t) + §/¢V($,t) do = 0,

where
¢ (z,t) = V[ p(z(|0u* + C(z) (u) : e(u) | +2(C(z)e(u))v - dyu. (9.61)

Next, we prove the inequality, for any v € IR? and ¢ € ES(]Rd):

SIS
W=

(C(z)e) vv < (C(x) e:6)?* (Clz,v) v.v)2, (9.62)
For this, we write
(Clx)e) v-v=Cyjp(z)erv;vi = Cijr(z) e (v ®@v); = Clz) e : v @ .

As (0,7) — C(z) o : 7 defines a scalar product in £ (IR?), we can use
Cauchy-Schwarz inequality and obtain

N

Cx)e:v®v< (Cz) EZE)% (Cx)rvov:iveuv)?.
To get (9.62), it suffices to remark that

Clx)vev:reu= Cijri(x) (v @ v)p (v @ )ij
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Using (9.62) in (9.61), we get

1
2

by (2,8) > p(x) V [8pul® + V (Clz) e : €) — 2(C(x) e : €)* (Cla,v)du - dpu)?,

which implies, thanks to (9.55)

by (x,t) > p(z) V |Owul> + V (C(z)e:e)—2 p(x)% Vi (v) (C(z) e 6)% |Ou].

The right hand side of the above inequality is a quadratic form in

1

|;u] and  (C(z)e:¢)?
whose discriminant is given by
D(x) = pla) (Vi (v)* = V?).

Therefore, if we choose V' = V; (v). the quantity ¢, > 0 is positive. In
particular
E,(t) < E,(0) =0, (by construction).

Thus, u(x,t) = 0 in Q, = supp u(.,t) C {QL}° = B(0, R) + H,(V," (), 1).
Since this is valid for any v € S%~!, we have finally

suppu(.,t) C () {QL}° = B(0,R) + B(1).

vesSd—1

I

REMARK 9.4 In dimension 2 and in a homogeneous medium, there is a
clear geometrical link between the set B(t) = t B(0) and the two wavefronts
C*1 and C*2. More precisely, B(0) is the convex envelope of C*1 NC*2.

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.



Chapter 10

Finite Element Methods with
Continuous Displacement

P. Joly, POEMS Project team, INRIA-Rocquencourt, France,
Patrick.JOLY @inria.fr

We develop in this chapter the very well-known basic principles of the stan-
dard Lagrange finite element approximation of elastodynamics equations in
their form (9.24), i.e., as a second order hyperbolic system in the displacement
field. In fact, this method applies to any abstract second order variational evo-
lution problem of the form (9.26) whose a particular case is the variational (or
weak) formulation of the second order elastodynamics system (9.24). That
is why we choose a general abstract presentation in the next paragraphs, as-
suming that the general assumptions (9.31) to (9.32) hold. Of course, the
space V is supposed to be of infinite dimension, as it is the case of the space
V defined by (9.25). For the simplicity of the exposition, we shall use some
stronger hypotheses that are needed (see theorem 9.1), namely,

L(t) € CHR*; V")
(10.1)
(9.32) holds with » =0, 1i.e., a is coercive.

10.1 Galerkin Approximation of Abstract Second Order
Variational Evolution Problems

Principle of the method. This method is linked to the existence of

{Vh,h > 0} finite dimensional subspaces of V' where h is an approximation

parameter devoted to tend to zero. From the theoretical point of view, it
suffices that h describes a subset of IRY having 0 as accumulation point. In

267
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practice, for finite element methods, h will be the stepsize of a spatial mesh
of the computational domain 2. The important property from the theoretical
point of view is a consistency condition meaning that V}, approaches V as h
goes to 0.

VueV, lim inf [Ju—ov| =0. (10.2)

h—0 v eVy

This implies of course that the dimension of V} goes to infinity when h
goes to 0,

Np =dim Vj, — +0c0  when h — 0. (10.3)

In practice, such a property will appear as a consequence of a stronger as-
sumption,

3 W, (Hilbert spaces), 0 < ¢ < L, and §p(h) : IRT = IRT0<¢ <L/
Wo=V, VIL<L—-1, Wy CW,y Wy is dense in V,

So(h) =1, d¢41(h) = 0(d¢(h)) when h — 0 and for any £ > 1,

VueWy, inf |lu—wvg| < de(h) ||ullw,
vp €V
(10.4)
REMARK 10.1 In practice, when V is a functional space of H' type, the

W are functional spaces of more and more reqular functions (typically higher
order Sobolev spaces). A typical example of functions §; are do(h) = Cy h*.

The semi-discrete problem (semi-discretization refers to the fact that the time
remains continuous) is,

d2
ﬁ(uh(t),vh) + a(uh(t),vh) =< L(t),vp, >, Vo, €V,
; (10.5)
U
uh(O) = UQ,h, E(O) = U1,h-

From the practical point of view, this results into an ordinary differential
system. Introducing a basis {w;,1 < j < Np} of V}, and decomposing the
solution uy,(t) as,

Np,
un(t) = Z u;(t) wy, (10.6)

one obtains a differential system where the unknown is the so-called vector of
degrees of freedom,

t— Un(t) = (u;(t), ;o , € R (10.7)
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d*Uy,
th(t) +ALUL(L) = Fh<t),
(10.8)
dU}L
Un(0) = Uo,n, 7t (0) = Ui,
where My, Aj, are respectively the mass matriz and the stifness matrizx,
Mi,j = (wj,wi), Ai,j = a(wj,w,-). (109)
The right hand side is given by,
Fj(t) =< L(t),w; >€ C*(0,T), (10.10)

while Uy 5, and Uy j, are the vectors of the degrees of freedom of ug 5 and uy p.

From the assumptions about the bilinear form a(-,-) (in particular from (9.32)
with v = 0) we infer that,

The matrices My, and Ay, are positive definite symmetric. (10.11)

Using classical theorems for ordinary differential equations it is then easy to
prove the following existence and uniqueness theorem,

THEOREM 10.1 The problem (10.5) admits a unique solution,
up € CHIRT; V). (10.12)

REMARK 10.2 Although the solution Up(t) and the meaning of the degrees
of freedom depend on the choice of the basis {wj,1 < j < Np}, up(t) does
not. In the same way the more precise structure of My, and Ay depends on
{w;,1 < j < Np}. We shall come back later on this point.

Stability and convergence analysis. A first fundamental remark is that
the stability of Galerkin approximations for the space discretization of wave-
like equations is an automatic consequence of the variational nature of the
approximation process. Proving stability means being able to establish a pri-
ori estimates, in appropriate norms, of the approximate solution which are
independent of the approximation parameter h. This is of course a necessary
condition for proving convergence: convergence implies in particular bound-
edness.

Galerkin approximations automatically provide stability in the energy sense.
Indeed, exploiting the symmetry of a(-,-), one can prove the following result
(the discrete energy identity),

THEOREM 10.2 The solution uy, of (10.5) satisfies the energy identity,

%Eh(t) —< L), dc%(t) >, (10.13)
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with
du h

En(t) = *{ = OF + a(un(®), un(®)) }. (10.14)

PROOF We simply use the fact that, for any vy in V}, and any ¢t > 0,

(dd%(t)’vh)H + a(un(t),vn) =< L(t),vn > .

Then, we choose v;, = up(t). The conclusion follows immediately. I

A priori estimates easily follow from standard Gronwall-like techniques. For
example we demonstrate the following,
COROLLARY 10.1 Assume that,
L(t) € CYIR; H), (10.15)
then, one has the a priori estimates, for any positive T,

duyp, 1
|—- o | oo o,mm) < (Junl? + aluon, won) ) + Ll o,rsm),s

1 1
lunll Loo (0,75v) < 7a { (ur,nl?® + a(uon,won) )2 + 1Ll 21 o, }
(10.16)

PROOF Thanks to the assumption (10.15) and the positivity of a(-,-), we
can write,

du du
| < L), (1) > | S ILEO] =5 (0] < V2B (0) |L()

Therefore, we deduce from the differential inequation,

d
*Eh < V2Ey(t) |L(t)

which leads after time integration to,

t
VE® < VEO) + [ L) ds
0
The a priori estimates easily follow from the coercivity property, which yields,

> 21wt VE® > 2 ol

En(t) >
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The a priori estimates can be exploited, using standard compacity methods,
to show the weak convergence (for instance in the H*(0,T; H) N L?(0,T;V)
topology) of uy, to u, provided that the approximation property (10.2) holds.

We explain below how to obtain strong convergence and error estimates. A
classical approach consists in combining the use of an appropriate “elliptic
projection” (which allows one to apply standard approximation results for
elliptic problems) with energy estimates (see for instance [62]). We introduce
the elliptic projection operator,

Iy :u eV — Iju € Vy,

which is nothing but the orthogonal projection on V}, for the scalar product
a(-,-), namely,
a(u —pu,vp) =0, Vo, € V. (10.17)

Of course, IIpu tends to u when h goes to 0, and we have the more precise
estimate (simply notice that a(u — Mpu, u — Mpu) < a(u — vy, u — vy) for any
Vh in Vh)

M 2
VueV, |u—Iu| < (a) inf |lu — vp]l. (10.18)

v EVY

In particular, for £ > 1, using (10.4),

M
Vue W, |ju—Iul < <a> Se(R) [l (10.19)

Moreover, one is able to get better convergence in the H norm using so-called
duality techniques. This relies upon a property of the following map,

d:H—V, (10.20)

where, for g given in H, ®(g) is the unique solution of the problem (®(g) is
well defined thanks to Lax-Milgram’s lemma),

a(®(g),v) = (g,v), Vve. (10.21)

If we make the following assumption (see also (10.54) in the particular context
of elastodynamics),

Vge H, ®(g)eWr, and [®(g)llw, < gl (10.22)

Then, using Aubin-Nitsche’s trick [43], one proves that,

M\ 2
VueWy, |u—Tyul< <a> de(h) 61(h) ||ullw, . (10.23)
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Next, the idea is to split the error e (t) = up(¢) — u(t) into two parts,

en(t) =mn(t) —en(t), mn(t) = un(t) —Mpu(t), en(t) = u(t) — pu(t).
(10.24)
The convergence of €;, to 0 results from (10.18). It remains to look at 7,
which satisfies, for any ¢ (note that II, commutes with d/dt),

d27]h d2€h
(=2 () o) + alin(t),vn) = (57 (1), 00), Vo € Vi
d
Choosing v, = %(t) and setting,

n(0) = SIS 02 + alm (1), (1) ,
we get the identity,
Lot = (S0, M) < vz L) gt

After integration in time, we obtain the estimate,

dé‘h
0+ [ 1)

which yields, as in corollary 10.1, to

Nl

En(t)

N

2 || oo 0,752y < (U — ua,nl® + aluo — o p, uo — to,n) )

+|| % L0, 1:m)5

Nl

1
Inn Lo (0, 75v) < 7a { (w1 — u1,nl?® + a(uo — uo,p, uo — uo,n) )

2
+||%||L1(07T;H) }

Using (10.24) and the triangular inequality, we prove the following lemma.

LEMMA 10.1 The approximate solution uy, of (10.5) satisfies the following
error estimates:

duh 1
= = g le~omm < (fur = nl? + aluo — vo,n, uo — uo,n) )*
Ly ey
g2 ILHo1:m) dt Lo (0,T;H)>
1 9 1
|lun — ul Lo (0,7;v) < 7a (Jur — w1l + a(uo — vo,n, uo — uo,n) )
1 d Eh d&‘h
+TH a2 |z OTH)+|| ||L°°OTV)

(10.25)
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These a priori estimates can be converted into a convergence result with
error estimates provided that the exact solution satisfies some regularity as-
sumptions.

THEOREM 10.3 We assume that the property (10.22) holds and that the
solution u of the continuous problem satisfies the reqularity assumption,

ue WEIRY; W) nWEX(RY; W,,), 1<(<m<L, (10.26)
for any T > 0, uy, strongly converges to u in W>°(0,T; H) N L>(0,T;V)

and one has the error estimates (C denotes a positive constant that does not
depend on h),

du du
||d7th B EHLW(O,T;H) < O (lur —urn] + [luo — uo,nll )
d2u du
+ Can) (6e(h) 1= s 0wy + 6 (B) ”dt”Lw(O’T;WMO ’

un — ullLervy < C (|ur —uinl+ luo —uonl )

d?u du
+ C (51(h) de(h) ”W”U(&T;Wg) + 6m(h)”dt”L°°(07T;Wm)> )

lun — ullLoe o,y < C |ug — uo,p|

du
+ 0010 (8 15 0w + 6 (8) Tl o,y )
(10.27)

PROOF The first two inequalities of (10.27) result from Lemma 10.1 and
the use of the inequalities (10.19) and (10.23). For the last inequality, we
simply observe that if,

U(t) :/0 u(s)ds and  Up(t) :/0 up(s) ds,
then one has
2 t
%(U(t),v) +a(U(t)7v) = </o L(s)ds,v>, YoveV,

%;(Uh(t)ﬂjh) +a(Uh(t),'Uh) = </Ot L(S)d87vh>7 Y v € Vi,
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with the initial conditions

au

U(O) =0, E(O) = ug,
dU,
Un(0) =0, T;(O) = U p-

Then applying the equivalent of the first inequality of Theorem 10.3 to the
difference U — U}, leads to the desired result.

REMARK 10.3 The error estimates clearly distinguish the two sources of

errors,

e The approzimation of the initial data (the first line in the right hand
side of each inequality),

e The error due to the approximation of the equation (the second line in
the right hand side of each inequality).

10.2 Space Approximation of Elastodynamics Equations
with Lagrange Finite Elements

In this section, we come back to the concrete evolution problem (9.24)
through its variational formulation (9.26) with (9.27), (9.28) and (9.29). In
particular, we remind that

V=V V=H (Q)={veH(Q) /v, =0} (10.28)

Note that the conditions (10.1) are satisfied under time regularity assumptions
on f and g for the first one, and as soon as

) is connected and meas(Iy) > 0,

for the second one (as a consequence of Korn and Poincare’s inequalities).

We consider successively the Galerkin approximation of this problem with Py
and @y Lagrange finite elements. According to (10.28), the finite element
space V}, will be of the form

Vi = Vi, (10.29)

where V), is a finite element approximation subspace of V.

REMARK 10.4 Using the two letters V' and V, we have chosen to distin-
guish a space of vector fiels from a space of scalar functions. Consistently,
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we should use a different notation for a element of V' (a vector field) and
an element of V, a scalar function. For the sake of simplicity in the nota-
tion, we have chosen mot to do the disticntion and will use the same letter
v. In principle, the context will be sufficient to help the reader in making the
difference.

P, Lagrange finite elements. For simplicity, we assume that d = 2 or 3
and that ) is a polygon in 2D, a polyhedron in 3D. The construction of the
approximation spaces V, is based on a family 7}, of conforming triangulations
(triangular meshes in 2D, tetrahedral meshes in 3D) of Q, of stepsize h > 0
(h is supposed to describe a set H of real positive numbers admitting 0 as
point of accumulation). To define this more precisely, we introduce 7 the set
of triangles of IR? in d = 2, the set of tetrahedra of IR® in d = 3,

T, is a finite subset of 7, Q= U K, h= sup {diam(K)},
KeTy, KeT,

0,

a common vertex,

(10.30)

V(K,L)eT? KnNL=
a common edge,

a common face (in 3D),
where diam(K) denotes the diameter of K. We assume moreover that
YV h, Ty is a finite union of edges (in 2D) or faces (in 3D) of 75. (10.31)

REMARK 10.5 A triangle in 2D, a tetrahedron in 3D and more generally
a d—simplez is usually defined as the convex envelope of a non degenerate set
{My--- ,Mg1} of d+ 1 points (non degeneracy means that there does not
exist any subset of m points embedded in an affine space or dimension m—1),

d+1
reK < (M), Aapa(2) eRD /= N(x) M. (10.32)
=1

The points My are the vertices of the d—simplex and the functions A¢(x) (poly-
nomials of degree 1 in x) are called the barycentric coordinates of x.

A more analytical point of view consists in defining a d—simplex K_as the
image by an invertible affine map of the so-called reference element K,

~

K=Fx(K), K={T€R /T4 >0, F14 - +Fap1 <1},
(10.33)
Fg(K)=Bxg K+bkg, Bgé€ E(IRd), invertible, brx € R%
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This trivial remark is not purely anecdotic: this point of view plays a major
role from both theoretical (for the interpolation theory) and practical (pro-
gramming of the computation of the mass and stifness matrices) points of

view [43, 150].

Let k£ > 1 be a positive integer (the order of the finite element), the approxi-
mation space V}, is defined as,

Vh = {Uh € Co(ﬁ) /VK S 7;“’()}( = Uth € P, and ’Uh|p0 = 0}, (1034)
where Py is the space of polynomials in IR of total degree less or equal than k
Py = spanfz§* -+ 25, aeMy={a €N |a|=a;+ - +ag=k}

Thanks to classical properties of H'(£), one easily sees that V}, is a subspace
of V' [43]. The standard description of V}, consists in constructing a particular
basis of vector fields with small supports. Let us introduce some notation.
For each K and a € Mj,, we denote by M X the point of K whose barycentric
coordinates are {a;/k, | = 1,---,d} (we shall call this set the canonical P
frame of K) . The important property of the points MX o € My is that
(this is the so-called unisolvence property [43]),

- The number of points MX coincides with the dimension of Py,
- A polynomial of Py, is entirely determined by its values at the MX’s,
- The restriction of any polynomial in Py to an edge or a face (in 3D)

is completely determined by its values at the points MK
that belong to this edge or this face.

(10.35)

REMARK 10.6 The last property of is essential for ensuring the continuity
of vy, from one element to the other.

REMARK 10.7 The reader will easily check that all what follows in this
paragraph remains true if one replaces, for each K, {MX o € My} by any set
of points satisfying the above properties. By definition, such a set {MX o €
Sk} is a Py unisolvent set of points in K.

REMARK 10.8 A standard choice for a Py unisolvent set of points is a
set of points {MX o € Sy} that have fized barycentric coordinates (as the
canonical frame of K ). In other words we have,

ME = Fr(M,), Vacs;, (10.36)

where the Z/\l\a ’s form a Py unisolvent set in the reference element K.
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We set,
Ni= | {ME 0 e My},

KeTy,

that we call the set of the nodes of the finite element space V},. For the sequel,
we assume that the nodes are numbered in such a way that,

N}]f,o ={MeN} /M¢To}={M;, j <Non}

REMARK 10.9 For k =1, N}! is nothing but the set of the vertices of the
triangulation. For larger k one can distinguish,

e the vertices of the nodes,

e the edge nodes which are on an edge, but are not a vertex (exist for
k>2),

e the face nodes in 3D (exist for k > 3),

e the interior nodes, interior to an element, (exist for k > 3 in 2D, for

k>4 1in 3D).
To each j < Ny, we associate the unique scalar function w; defined by,
w; € C°Q), wj|lx € P, VK €Ty, w;(M) =06, YI<Nyy. (10.37)

One easily sees that the support of w; is the union of elements (triangles
or tetrahedra) of 7;, admitting M; as a common node. This support thus
depends on the nature of this node,

e In dimension 2:
— for a vertex M, the support is the union of triangles (in variable
number) admitting M; as a common vertex,

— for an edge node, the support is the union of the two triangles (with
an exception for edges along the boundary I'y) that share this edge,

— for an interior node, this support is made of one single triangle.
e In dimension 3:
— for a vertex Mj, the support is the union of tetrahedra (in variable
number) admitting M, as a common vertex,

— for an edge node, the support is the union of tetrahedra (in variable
number) that share this edge,

— for a face node, the support is the union of the two tetrahedra (with
an exception for faces of the boundary I'y) that share this face,

— for an interior node, this support is made of one single tetrahedron.
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We can now describe a basis of the subspace V};, of V defined as when V), is
given by (10.34). Let {e1,---,eq} be the canonical basis of R4, for j < No.n
and ¢ € {1,--- ,d}, we set,

wi=wje €V (10.38)
It is straightforward to prove that,

{wh, j < Now, 1<0<d} (10.39)
is a basis of V},, which shows in particular that,

Np=d Nop. (10.40)

More precisely, if vy, = (ve,n)1<e<q belongs to V3, we have,

2

d No,n 0,h

o=y > ven(My) wi, (= D on(M;) wy). (10.41)

(=1 j=1 1

<.
I

In other words, for this basis, the degrees of freedom of the finite element
space V, defined as the coefficients of the expansion of any element vy, of Vj,
in this basis, are nothing but the values of the components of v;, at the nodes:
this caracterizes Lagrange finite elements.

REMARK 10.10 More generally a Lagrange finite element space is a space
of the form (10.84), (except that the elements K may also have different
shapes, as we shall see later, as quadrangles or hezaedra) but locally, the
space Py is replaced by a finite dimensional space Vi of smooth vector valued
functions (at least continuous) defined in K,

Vi = {Uh S Co(ﬁ) /V K e IT}L,’UK = 'Uh,|K € Vg and ’Uh|1"0 =0 } (1042)

Up to these changes, one can still define the notion of Vi unisolvent set of
points {MK,1 < <dim Vg} (i.e., (10.55) where one replaces Py by Vi, a
by £, ...). Of course, one can define the related notion of associated Lagrange
basis functions and interpolation operator [43].

The matrix reformulation of the semi-discrete problem follows the presen-
tation we made in the abstract case. Simply remark that, because of the
notation we have adopted, the indices i € {1,--- , N, } of the previous section
have to be replaced by a double index (4,£), i € {1,--- , Ny}, £ € {1,--- ,d}.
The vector Up(t) is the vector with components,

{uf(t) = up o(M;,t), 1 <i < Nop, 1 <€<d} (10.43)
and the matrices M), and Ay, are of the form (with obvious notation),

My, = (M3}"),  An = ((AF]"). (10.44)
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REMARK 10.11 With an appropriate (and obvious) ordering of the indices
(i,0), the matrices My, and Ay, can be written in a d X d block form

My = (M) 1< tm <d, A= ((A"™))1<lm<d,

where the blocks M and A are No,n X No,», matrices. Note that the off
diagonal blocks of My,, M™ for m # £ are 0, due to the orthogonality of e,
and e,,. Moreover, the diagonal blocks are identical to the same Ny x Ny,
matriz M3 with:

M;; = /Qp w; w; dx (10.45)

A pleasant consequence of having chosen basis functions with small support
is that the matrices M}, and A} are both very sparse. This can be expressed
as follows.

e For each node M; of Ny o, we can defined the neighbors of M; as the
nodes M; such that the support of w; intersects the one of w;. Of
course, the number of neighbors depends on the nature of the node: it
is minimal for interior nodes and maximal for vertices.

e Each line of the differential system can be associated to a degree of
freedom uﬁ. In this equation the unknown uf (t) is linked to the u}"(t)’s
corresponding to the nodes M; that are neighbours of Mj.

If one roughly defines the connectivity of the method as “the” number of
non zero elements per line of the matrices My, and Ay, we observe that the
connectivity increases with the order k of the finite element method (roughly
as k%),

We conclude by checking that the theoretical requirements are well satisfied.
For this, we need to introduce the notion of regular family of triangulations.
First, for any element K of 7, we define px as the radius of the largest disk
(in 2D) or sphere (in 3D) which is included in K and we set

g = K (10.46)
PK

By definition, one says that {7}, h € H} is a regular family of triangulations
if and only if there exists o > 0, independent of h, such that,

VheH, VKeT, okg<o. (10.47)

Clearly, this property means that, when the mesh is refined (i.e., when h goes
to 0), the geometry of the elements does not degenerate. For instance, in 2D,
this is equivalent to saying that all the angles of the triangles remain larger
than a fixed angle 6 [43].
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REMARK 10.12 A systematic way to construct a regular family of triangu-
lations is as follows. Starting from an initial triangulation Ty, , one constructs
recursively the triangulations,

{,];Lna hn == h0/2n}a

where Ty,,, ., is constructed from Ty, by dividing, in 2D (resp. 8D) each trian-
gle (resp. tetrahedron) of Ty, into 4 (resp. 8) equal triangles (resp. tetrahedra)
by introducing the middles of the edges of the original element as new vertices.

Approximation theory. The approximation theory relies on the interpo-
lation theory in Sobolev spaces. We shall restrict ourselves here to recall the
main useful results of this theory.

First, for each h € H, we can define the interpolation operator,

T (C°@)" — W, (10.48)

d No, ,
Inv = Z ve(M;) wh, (= v(M;) wy). (10.49)

Note that since Q ¢ IR? with d < 3, one has,

(#2(@)" < (C°@)",
so that I, is well defined in H2(©2)%. The main result of interpolation theory
is the following [43],

THEOREM 10.4 Assume that assumption (10.47) holds. Then, for each
1 < ¢ <k, there exists a constant Cy > 0 such that,

VoeWw! = (HHQ) NV, |v—Tw| < Coht oy, (10.50)
i. e. (10.4) holds with L =k, W, = H**(Q) NV and 6,(h) = C; h*.

REMARK 10.13 Assume the existence of open sets Qp,, 1 <m < M such
that,

M
Q= QunQ=0forl#m. (10.51)
m=1

We assume moreover that the triangulation Ty, verifies the compatibility con-
dition,

For each m, for any h € H, Q,, is a finite union of elements of Tp,. (10.52)
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Then, (10.50) and thus (10.4) still hold if we replace Wy = (HH‘[(Q))d nv
by
We={veV /¥1<m<M, v, € (H ()"}

equipped with the norm

M
lolly, = > Iollfnse) -
m=1
REMARK 10.14 The interpolation inequalities (10.50) or (10.4) are in fact
a consequence of a general local interpolation result valid for 0 <€ <m <k,
VK €T, VYveH™K), |v—Twlx < Comh™ " |v|mx. (10.53)

Moreover, it is easy to see that the interpolation results (10.53) are valid as
soon as the interpolation operator I is constructed with interpolation points
having the property (10.36).

We explain now the meaning of the property (10.22). We first remark that,

in the context of elastodynamics equations, for any g € H = (LQ(Q))d the
vector field u = ®(g) is the solution of the boundary value problem (a static
elasticity problem),

—divCe(u)=g, z€Q, t>0,
u(z) =0, xely t>0, (10.54)
Ce(u)(x)n=0, =xzely, t>0.

Then, the property (10.22) is simply,

d
Vge (12()", e HQ) and fuloe < C g

0.0 (10.55)

REMARK 10.15 If one is under the assumptions of remark 10.14, in
(10.55), H*(Q) can be replaced by W2.

REMARK 10.16 A property of this type relies on the delicate reqularity
theory for the solution of elliptic boundary value problems. Clearly, since one
has a second order problem the H? (or W?) regularity is the best possible
reqularity. Such a result requires smoothness properties on I' and C but also
depends on the geometry of T'g and T'y. An example is [82],

Q is cower, C e CYQ, L2(RY)) and T;=0. (10.56)

If such assumptions are not satisfied, one can nevertheless obtain intermediate
reqularity results of the type H'77 with 0 < o < 1. Of course, the error
estimates that we shall give in theorem 10.5 can be modified accordingly.
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Applying theorem 10.3 we can thus derive error estimates for the semi-discrete
P, finite element semi-discretization of the problem (9.24).

THEOREM 10.5 Assume that (10.56) and (10.52) hold. Assume also that
the regularity property (10.55) holds. Then, provided that the solution u of
(9.24) has the regularity,

ue WEHRY; W) nWES(RY; W), 1<6,m<E, (10.57)

for any T > 0, one has the error estimates (C denotes a positive constant
independent of h),

duh

- E”L‘”(O,T;L?(Q)d) <C ( lur — u1,n| + [luo — uo,unl| )
l+1 2 1
+ C (h+ =z a2 HLl(OTWg)'i_h"H_ H ||L°°(0TW )>

Jun — wllpoe o, ey < C (Jur — wrp| + [luo — uonll)

. (10.58)
+ C (h“l | = 72 HLl(OTW;) +h™ HEHLW(O,T;Wm)

lun — ullpe0,m;02()4) < C lur — v nlp2(q)e

e (W 1) ey + ||u|Loo<0TWm))

It is worthwhile noticing that the optimal order of convergence is obtained
in the following sufficient conditions,

o uy € HY(Q), uy € HF1(Q), uo,p = Zp o and ug p = Ip, uq,

e (10.57) holds with £ = m = k.
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In such a situation one has,

duh
I = g le=orrz@ < C " <|U1|m+ [uolk+1,0

du d?u
]| o + b 15 I omam) ),
lun — wll Loo (0,711 () ) < Ch* (Juilksr,a + [uolks1o
d2
+H HL°°(O rowe) + 1 =5 2 Lo, Wk)>
lun — ull oo (0,7:02 () ) < C K (Jua kg0 + llull pe oW

+ || ||L1 (0,T;Wi)

(10.59)

Qr Lagrange finite elements. This approximation process is linked to
meshes of the computational domain 2 using quadrilaterals in 2D or hexahe-
dra in 3D. We shall denote by Q the set of quadrilaterals in 2D or hexahedra
in 3D. To define more precisely Q, it is first useful to introduce the space @1
as the space of real valued functions in IR? that are polynomials of degree 1
with respect to each variable, namely,

Q1 = span[z* - 25Y], a €S8 ={aeN? mara,<1}.  (10.60)
We shall define the admissible ()1 transforms from IR into itself as,

Q4 ad =1F € Qf / F|% is injective }, (10.61)

where K is the reference unit square (in 2D) or cube (in 3D) : K = [0, 1]%.

REMARK 10.17 In general, a map F in Q¢ will not be injective on RY.
It suffices to realize that its Jacobian J(&) (= det DF(Z), where DF(Z) is the
differential (or Jacobian matriz) of F at point Z) is a polynomial (of degree
1ifd =2, of degree 4 if d =3). The important point is to check that the set
{z e R/ J(Z) = 0} (in principle a curve in 2D, a surface in 3D) does not
intersects K .

A natural question is: given 2% points in IR
{Ta, @ € S} where S, = {a € N, maz oy < k},

does there exist an admissible transform F' such that the vertices of K = F(IA()
are the x,,’s?
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It is straightforward to see that such a transform is necessarily given by (up
to a preliminary permutation of the x4 ’s),

F(EE) = Z Lo @a(ﬁ’:)v

a€ESy

where @, is the Q' function such that
Pa(Tp) = dap,

the points T, denoting the vertices of I?, with coordinates (a1, -+ ,0dy1)-

The difficult question is the admissibility. In 2D, one can show that this
means that the four points x, form a convex mon degenerate quadrilateral in
the usual sense. In 3D, this is a much more delicate question for which we
are not aware of any satisfactory answer.

We define an element K of Q as the image by an admissible ()1 transformation
of K.
KeQ+=3FreQl,, | K=Fx(K) (10.62)

By definition, a vertex of K is the image by Fi of a vertex of K , an edge of
K is the image by Fy of an edge of K and, in 3D, a face of K is the image
by Fk of a face of K. In 2D, any K € Q is a quadrilateral in the usual sense,
i.e., with straight edges. In 3D, if each edge of K is a segment, a face of K
is in general not plane but curved. In that sense, K is not an hexahedron in
the usual sense (i.e., with plane faces).

A family {7,h € H} of conforming quadrangulations of €2 is such that, for
each h € H

T, is a finite subset of @, Q = U K, h= sup diam(K),
KeT, KeTy,

0 (10.63)

a common vertex,
a common edge,
a common face (in 3D),

V(K,L)eT?, KnNL-=

Let & > 1 be a positive integer (the order of the finite element), the approxi-
mation space V}, is defined as,

Vi = {’Uh S CO(Q)/VK S 77“1)[( = ’Uh|[( — vk o Fig € kavhh‘o = 0},
(10.64)
where @ is the space of polynomials in IR of degree less or equal than k in
each variable

Qi = span[z§t -+ 254, a€Sp={ac N maz ap < k}.



Finite Elements with Continuous Displacement, P. Joly 285

REMARK 10.18 [t is worthwhile to notice that, contrary to Py elements,
the restriction to an element of vy, € Vi, may not be a polynomial. Indeed the
condition vk o Fix € Qr means that there exixts a function Vi € Q. such that,

v = Uk o Figt. (10.65)

In other words, the space V}, enters the general definition of Lagrange finite
element spaces of remark (10.10) with,

Vi ={GoFg',q7 € Qi}.

If K is a parallelogram (in 2D) or a parallelepiped (in 3D), the transformation
Fi is linear. So is Flzl and as a consequence vk o Fx € Q. For a general
quadrilateral or tetrahedron, this is no longer the case. Indeed, the expression
of Flgl will result from the inversion of a non linear (bilinear in 2D, trilinear
in 3D) system, which is hard to do analytically. It is possible in 2D, where
after ellimination of one variable, the problem is reduced to the resolution of a
quadratic equation (as a consequence the explicit expression of the components
of Fgl can be written as rational fractions and square roots of polynomials in
xz and y). In 8D, it is not clear that there exists any closed form for Fgl

As for Py elements, one can describe V}, through the construction of a particu-
lar basis. For each a € S we denote by M the point of K whose coordinates
are {ay/k, -+ ,aq/k}. These points satisfy the following unisolvence proper-
ties,

e The number of points J/W\a coincides with the dimension of Qy,
e A polynomial of Q. is entirely determined by its values at the J\//.Ta’s,

e The restriction of any polynomial in @ to an edge or a face (in 3D) of
K is completely determined by its values at the points M, that belong
to this edge or this face.

REMARK 10.19 As for Py elements, the set {MX o € S} could be re-
placed by any Q. unisolvent set of points, i.e., any set of points in K satisfying
the above properties.

Then we define for each element K the {MX o € M} where,
ME = Fr(M,). (10.66)

and as in the previous section, we introduce the sets of nodes,

Nh - U { « 7a € Mk}
KET, (10.67)

NEg={M e N} | M ¢ To} = {M;j, j < Non}
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REMARK 10.20 As for Py elements (see remark 10.9), the nodes can be
splitted into the vertices, edge nodes, face nodes (in 3D) and interior nodes.

To each j < Ny, and £ € {1,--- ,d}, we associate the unique scalar function
w; defined by,

w; € C°Q), wjlxk €Qr, VK €Thy, wj(M;) =6;;,V1< Nop. (10.68)

Obviously the support of w; is the union of elements (quadrilaterals or hex-
ahedra) of 7;, admitting M; as a common node. One can then construct a
basis { wf, J < Nop, 1 <¢<d} via the formula (10.38) as for P elements
and the representation formula (10.41) still holds: the degrees of freedom are
the values of the components of the vector fields at the nodes.

The convergence theory of Qj elements is very similar to the theory of Py
elements. One needs to introduce the notion of regular family of quadrangu-
lations, which is once again a condition of non degeneracy of the geometry
of the elements when the mesh is refined. This condition is however slightly
more difficult to express than for triangulations [5]. It is still written as:

VheH, VKeT, okg<o. (10.69)

where o is still defined by K but the definition of px has to be changed:

e In dimension 2, let T}, be the triangle whose vertices are the vertices of
K except vertex n°¢ then:
4
pr = inf pl, (10.70)
1=

where pi is the radius of the largest disk included in T%.

e In dimension 3, let we define a non degenerate sub-tetrahedron of K as a
tetrahedron whose vertices are the image by Fix of four non coplanar ver-
tices of the reference unit cube K. Let 7k be the set of non-degenerate
sub-tetrahedra of K, then:

pi = mf pr, (10.71)

where pr is the radius of the largest ball included in T

Then, if we define the Q) interpolation operator Z; with formula (10.49)
(only the definition of the functions w; has changed), one has the following
approximation theorem,

THEOREM 10.6 Assume that assumption (10.69) holds. Then, for each
1 < ¢ <k, there exists a constant Cy > 0 such that,

Voe (HHQ) NV, lo—Twol| < Co b o]l geea)- (10.72)
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Using this result it is easy to write a convergence theorem for @ elements,
similar to the theorem 10.5 for P elements, by application of the abstract
result of theorem 10.3. The details are left to the reader.

10.3 On the Use of Quadrature Formulas

The general problematic. One of the practical problems posed by the im-
plementation of the Lagrange finite element method is the effective numerical
computations of the matrices Mj, and A}, which amounts, at the elementary
level to compute the following integrals,

/ p wf . wf dx, for the mass matrix,
K (10.73)

/ Ce(wf) : e(wj") dz,  for the stiffness matrix.
K

In the expressions above, £ and m vary in {1,--- ,d}, K describes 7, while
(i,7) vary in the subset of {1,---, N o}? for which the nodes M; and M; are
neighbours, in the sense of the previous section.

REMARK 10.21 Note that, since p is scalar, the mass matriz does not
couple wé and w™ for m # £ which means that the mass matriz is naturally
block diagonal wih Np o X Ny blocks.

In principle, these integrals should be computed exactly. Clearly, this is not
possible in general (in particular for arbitrary variations in space of p or C).
A particular case is the case of piecewice constant p and C and compatible
triangulations (in the sense that p and C are constant inside each element).
Then, with Py elements, we observe that the functions,

v p(e) wl(@) - wi@) and  z— Ofa) elwl)(z) : c(w)(x)
are polynomials (of respective degrees 2k and 2k — 2). This remains true, of
course, for piecewise polynomials p and C. In such a situation the integrals
(10.73) can be analytically computed in closed (but quite complicated) form.
However, this property is lost immediately with @)} elements except if K is a
parallelogram or a parallepiped (see remark 10.18).

In any case, the standard practical solution to the computation of the matrices
consists in computing (exactly in some particular cases, approximately most

of the time) the integrals (10.73) using so called quadrature formulas.

A quadrature formula can be seen as a way of approximating the integral
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of a (sufficiently smooth - at least continuous) function f in a domain K of
sufficiently simple shape as an appropriate combination of the values of the
function at some particular points called quadrature points (or quadrature
nodes). Typically [45,134],

Ok
/ fdx~ f dz =meas K Z Wi fFIMF), (10.74)
K K M eQK
e the M&’s (€ K) are the quadrature nodes,
e the le ’s (€ IR) are the corresponding quadrature weights.

In practice, for the implementation, admitting that different quadrature rules
can be used for the mass and rigidity matrices, one makes the substitutions

QR
/pwf~w§dz — / pwf'wfdx,
K K (10.75)
Qk
Ce(w?) : e(wi")dz — Ce(w?) : e(w]") dz,
K K

so that, in the semi discrete problem,

ok
e (up,vn) is replaced by (Up,vp)p = Z / p up vy, da,
KeT, 'K

Q%
e a(up,vy) isreplaced by  ap(upn,vp) = Z / C e(up) : e(vp) da.
KeTy, K

Because of this (in most cases, the quadrature formulas will not be exact, i.e.,
(wn,vp)n # (un,vp) and ap(up,vy) # alup,vy)), the corresponding method
enters the class of non conforming Galerkin methods. Therefore, the conver-
gence theory presented in section 10.2 can not be directly applied any longer
and the new approximation needs to be analyzed. In particuler, the quadra-
ture formulas should be chosen in such a way that one does not lose any order
of accuracy. We shall come back later (see the paragraph on the analysis of
the approximation of the mass matrix) on this point.

Let us now consider separately the case of P, and @ elements.

Quadrature formulas in triangles or tetrahedra. Usual quadrature
formulas on triangles or tetrahedra are constructed in order to be exact for
some polynomials, typically exact in P, for some integer ¢ which is then called
the order of the quadrature formula.

Since any d-simplex K can be seen as the image of the reference element K
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by an affine transformation Fi(z) = Bgx + bk, it is natural to construct a
quadrature formula in K from a quadrature formula in K. This simply follows
from the remark that fx being defined in K, if we set,

fk =fxkoFx : K >R, (10.76)
one has the well known formula
/ fr de = Jk /A fx dz, (10.77)
K i2¢
where K
meas

Jix = |det B = —). 10.78
o= ldet By (=) (10.79)

Let us consider a quadrature formula in K , of order ¢ (note that meas K=
(d+11),

o)
—~ 1 o
dz = t in P, 10.79
/I? fdz CES] ,\ZAwl f(M;)  (exact in P,), ( )
M eQ
according to formula (10.77) we construct a quadrature formula of the form
(10.74) where simply the quadrature nodes are “transported” by affine trans-

formation,

M = Fr(My), (10.80)

and where the weights do not depend on K : le = w.

Note that, as the set P, is invariant by affine transformation (in other words
fr describes P, when fx describes P,) this quadrature formula on K is also

of order ¢q. The construction of quadrature formulas in K is not a such an easy
task and we refer the reader to reference monographies on this subject. We
restrict ourselves to give the most well known low order quadrature formulas.
These formulas are symmetric as they respect the natural “symmetries” of
triangles or tetrahedra, in the sense defined for instance in [47]

¢ Quadrature formulas in a triangle. We indicate below the quadra-
ture points on the left (with their 3 barycentric coordinates) and the
associated weights on the right.

— Formula of order 1 with 1 point:

111
333
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— Formula of order 1 with 3 points:

1
(1L0,0) (0.L,0) 0.0 ¢
— Formula of order 2 with 3 points:
11 1.1 11 1
el Z1.= -z
(2’2’0) (27 ’2) (0’2’2) 3
— Formula of order 3 with 7 points:
111 9
(7a7a7) BYeY
333 20
11 1.1 11 2
-z 1. -z il
(2’2’0) (2’ ’2) (0’2’2) 15
1
1,0,0 0,1,0 0,0,1 —
( = ) ( » ) ( » ) 20
6—+v15 6 15
— Formula of order 5 with 7 points (o = 2{,6 = +2\1/>):
111 9
(7777 ) 90
3'3°3 20
155 — /1
(,a,1 —20) (a1 —2a,0) (1 —20,0,a) 155 — vI15
1200
155 + V15
(ﬁ7ﬁ71_26) (ﬁ’I_Qﬁaﬁ) (1_26a6aa) W

e Quadrature formulas in a tetrahedron. We indicate below the
quadrature points on the left (with their 4 barycentric coordinates) and
the associated weights on the right.

— Formula of order 1 with 1 point:

1111
(1517171)
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— Formula of order 1 with 4 points:

1
(1,0,0,0) (0,1,0,0) (0,0,1,0) (0,0,0,1) 1
5—1+/5
— Formula of order 2 with 4 points (a = 20\/):
(,,,1 —2a) (,,1 =20, 0) (o, 1 — 20, 0y )
1-2 -
( a, o, a, ) 1
— Formula of order 3 with 5 points:
A1l 1
4’474’ 4 )
RO I O U SIS I I N O S
6662 6’626 6°2°6"6 276766 20

Quadrature formulas in quadrilaterals or hexahedra. Let us recall
that any quadrilateral or hexahedral K can be seen as the image of the refer-
ence element K (unit square or unit cube) by a @1 transformation F. Once
again, it is natural to construct a quadrature formula in K from a quadrature
formula in K thanks to the following formula,

[ tx@ydo= [ 1@ Fu@) da (10.81)
K K
where we have set,

fri=fxoFx K >R, Jg=detDFg. (10.82)

The novelty with respect to formula (10.77) is that the Jacobian Jx remains
inside the integral, because it is not constant.

It remains to construct quadrature formulas in K. Such formulas will be
constructed in order to be exact in some @, for some integer q. The basic

remark is that, since K = [0, 1]¢

d R d I
(z) dz = (z;) dz;. 10.83
/f( ]ljlfJ(xJ) €L 31;[1 /0 fi(z;) dz; ( )
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As a consequence, let us consider a 1D quadrature formula,

v,

Z e f(ve), (10.84)

[0, 1]

where the vy’s are quadrature points in [0,1] and the p,’s corresponding
weights. A natural idea for constructing a quadrature formula in K is to
consider,

Q= {M\a = Wy, " sVay ), @ € Sy ={1,--- ,q}¢} as quadrature points,

{wa = tay ** Hay » € €Sy} as the corresponding quadrature weights.
(10.85)
The “natural” quadrature formula is thus,

/ F@ di =" wa f(Ma), (10.86)

aES,

in such a way that, if f ) then,

H:&

/ Hf] j) dz = H fg z;) dz;. (10.87)

Thus , if the 1D formula is exact for each f;, the formula (10.86) is exact for

~

f=

J

_’:l&
)

1

J

As a consequence, as ()q is generated by polynomials of the form

~

f@) = f()

3:1&

where each fj is a 1D-polynomial of degree less than ¢, a necessary and
sufficient condition for (10.86) to be exact in @, is that the 1D formula (10.84)
integrates exactly in [0, 1] polynomials of degree less or equal than g.

Following (10.81), the quadrature formula on K corresponding to (10.86) will
be,

- f(z) dz = meas K Z wE f(M,). (10.88)

a€S,

ME = FK(/T/I\Q), wE meas K = w, JK(M\Q). (10.89)
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REMARK 10.22 For the construction of the mass and stiffness matrices, at
least in the case of piecewise coefficients p and C, the functions to be integrated
in K will be known analytically in K (products of Qi basis functions or of
their derivatives) so that only the Jacobian of Fk at the quadrature points
needs to be computed, which can be done analytically.

REMARK 10.23 In general, even if the quadrature formula (10.86) is exact
in Qq, the formula (10.88) is not, due to the fact that Jx is not constant.
However, we shall still say that this formula is of order q.

To be complete, is suffices to recall that there exists a very complete and
very general theory for 1D quadrature based on the theory of orthogonal
polynomials. This allows us to construct quadrature formulas in quadrilaterals
or hexahedrals of arbitrary high order. The most well known (and most
accurate) formulas are the Gauss-Legendre, that we describe below, based on
Legendre polynomials. We shall see in the next section that another class
of quadrature formulas is very useful for the purpose of mass lumping : the
Gauss-Lobatto formulas.

In what follows we denote by Py (IR) the set of polynomials in 1 variable whose
degree is less or equal than k. Legendre polynomials in [0,1] are characterized
by the following lemma (see for instance [74]),

LEMMA 10.2 There exists a unique family of polynomials {p,,n € IN}
such that (by convention pg = 1),

® Pn S Pn(IR) and Pn(f) - é-n S Pnfl(IR);

1
e p, is orthogonal to P,_1(IR) : /0 pn(§) q(§) dé =0, VgeP_1(R).

These polynoms are known explicitly,

n! d"
n =— —&"(1- "
Pal6) = oy g €110
and satisfy, as any family of orthogonal polynomials, a two level recurrence
relation. The first three of them are,

1 1

g p©=(c-3) —5 mO=(c-3) €33

p1(§) =&~ B

The important property for us is the following

LEMMA 10.3 For eachn > 1 the n zeros of p,, are real, distinct, included
in ]0,1[ and symmetrically distributed in this interval,

0< gn,f << gn,n < 1; fO?" 1 < L < n, gn,ﬁ +§n,n—€ =1
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For n =1, 2,3, we have,

1
51,1 = 5
1 V3 1 V3
§21 = 37 50 §22 = st 5o (10.90)
1 3 1 1 3
53,1—2—\/; 53,2—5, 53,3—54- 5

We are now in position to answer the following question:

Given an integer n > 1, what is the maximal value of m for which there exists
a quadrature formula that integrates exactly polynomials in P, (IR) ?

The answer to this question is m = 2n — 1. The more precise answer is given
by the following theorem,

THEOREM 10.7 Given n > 1, there exists a unique quadrature formula
of the form (10.84) with n points that integrates exactly on [0,1] polynomials
in Py,_1(IR). This formula is such that,

o The quadrature points are the zeros of pp, : Ve =&ne, €=1,---,n,

e The weights wy are strictly positive and given by:

1 2
Pu(§) ]
Wy = —=| d¢.
/O [f - fn,é
Moreover, this formula is not exact in Pa,(IR).

Analysis of the approximation of the mass matrix. We consider here
the case where the stiffness matric is computed exactly and only the mass
matrix is computed with quadrature formulas (see however the last paragraph
of this section). We present here the analysis in the case of Py elements and
refer to remark 10.32 for the comments concerning the more complicated case
of the Q) elements. We consider here that the problem consists in finding
up(t) : IR — V}, such that,

d2
@(uh(t)wh)h Jra(uh(t),vh) =< L(t),v, >, VYveETW,
(10.91)
du
up(0) = uo,n, E(O) =U1h

where V}, is defined by (10.34) and where

Qx
(wh, vp)n = Z / p up vy, dx, (10.92)
K

KeTn
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the quadrature form fl?}? f dx being of the form (10.74) with (10.79) and
(10.89). We assume, for simplicity, that the same quadrature formula is ap-
plied in each element. Keeping the notation of section 10.1, (10.91) is equiv-
alent to the ordinary differential linear system,

—~ d%Uy
My~ () + AnUn(t) = Fu(?),
J (10.93)
U
Un(0) = U, =2(0) = Urn,
where ﬁh is the modified mass matrix defined by,
M, ; = (wj, wi)n. (10.94)

The first step of the analysis amounts to establishing an existence and stability
result for (10.91). Such a result is guaranteed if the symmetric matrix My,
is positive definite, uniformly with respect to h. This is where the following
assumptions play a fundamental role,

(H1) The weights wy in (10.74) are strictly positive.

The quadrature points M; € O in (10.74) are such that:
(H2)
veP, and (M) =0, foralM;eQ = 0v=0.

REMARK 10.24 The assumption (H2) implies that the number of quadra-
ture points is larger or equal than the dimension of Py. However, this does
not mean that the set {M; € Q} is P, unisolvent: the number of quadrature
points can be strictly larger.

Under such assumptions, we can show the following

LEMMA 10.4 Suppose that assumptions (H1) and (H2) hold. There exist
a strictly positive constant v such that,

VYoo, € Vi,  (vn,vn)n > 7 |unl. (10.95)

PROOF We first prove that there exists 4 > 0 such that,

a
Vi e P, / 32 d& > a/ 13]? d.
R i

Indeed

Q —
/1? B2 = Y w [V

MeQ
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Using successively (H1) and (H2), we thus have, if ¥ € Py

Q — —~ A
/|ﬁ|2d§:0 = o(M;)=0, YMe@Q = v=0.

Q 2
As a consequence U — (/ [9]*> dz | is a norm in P.

K

The existence of ¥ > 0 follows from the fact that, in a finite dimensional
space, here Py, all norms are equivalent.

By scaling, using the change of variable z = F (Z), we get

QK
Vog € Py, / |UK|2 d$2:7\/ |UK|2 dx.
K K

Now, for any vy, € V},

Qx
(Vh,vp)n > p- Z/ lvk|? da
K

KeTy,

Fo- > /K|UK|2dCU

KeTy,

Y /p|’l)h|2 dz,
Q

with v =75 (p—/p+)- 0

v

Y

The direct consequence of this result is the stability of the method (10.91).
Indeed, the same energy techniques as in section (see theorem 10.2 and corol-
lary 10.1) permit us to control the modified discrete energy,

SOD 07+ aun(e), un (1), (10.96)

which itself controls the discrete energy Ej,(t) defined by (10.14) using (10.95).

B (t) =

The next step is a consistency error estimate, i.e., the evaluation of the quadra-
ture error committed when replacing (up, vn) by (up, vp)n, namely,

Eh(uh,vh) = (uh,vh) — (Uh,’l}h)h, A (uh,vh) S Vh X Vh. (1097)

Getting the optimal order of approximation, requires appropriate regularity
assumptions on the function p(z). More precisely, if {Q,,,m < M} is a
partition of  in the sense of (10.51)

Vi<m<M, pla, € W°(Q,). (10.98)
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The following result applies to k > 2. For the case k = 1, see remark 10.25.

LEMMA 10.5 Assume that (H1) and (H2) hold, that the regularity as-
sumption (10.98) is satisfied and that the triangulations Ty, satisfy the compat-
ibility condition (10.52). Assume that k > 2 and suppose that the quadrature
formula is of order 2k — 2

" Q. -
/A fdz = /A fdz, ¥ [e€ Py_s. (10.99)
K K

There exists a constant C' > 0 independent of h such that,

V (un,vn) € Vip X Vi, [En(un,vn)| < C h* < Z lunlf_ K) [[vall
KG,Z-}}
(10.100)

PROOF For simplicity, we shall give the proof when p = 1. The case of
smoothly varying p only adds technical difficulties and in such a case the
constant C' in (10.100) depends on the norms ||pl/yk. g, ,)-

The proof is decomposed in three steps.

Step 1. We introduce the quadrature error in K ,
S N Q. . _
E(f) :/ fd%—/ Fdz, v FecCR).
K K
Let us prove that there exists C > 0 such that,

V(@,0) € Py x Py, |E@9)| < C fal,_, g 0], z- (10.101)

Indeed, let ¢ be an integer and IT,_; be the L%-orthogonal projection from
L*(K) in P,_1. A well known consequence of Bramble-Hilbert’s lemma is,

Ve HY(K), [o—T,_

tlo.z < Cq 0], 7- (10.102)
Next, we remark that if (u,v) € Py X Py,

Iy 2 u- V€ Poypo and (u—Ix_ow) Iy 0 € Py C Pop_o.
Consequently, the quadrature formula being of order 2k — 2,

E(@t)=E((@——20)0) = E((@— 2 0) (- 0) ).
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Using that, in a finite dimensional space, a bilinear form is necessarily con-
tinuous and all the norms are equivalent, we can write

|E(@D)| < Cy [[i — Ty, & 17— Tt 7- (10.103)
Using (10.102) with ¢ = 1 and ¢ = k — 1 leads to (10.101) with C =
Cr Cr_1 Cy.

Step 2. Let Fx(-) be the quadrature error in K,

/dea:/Kmedxa V. e CUK).

Let (ug,vi) € Py X Py and (Uuk, k) = (uk OFlzl,’UK OFlzl) € P, x Py, by
definition, R
EK(UK 'UK) = JK E(ﬁK 6]{)
Therefore, by step 1,
|Ex (uk vic)| < Jic C ikl g [0k, -

Using the change of variable = Fi (Z), one easily sees that

N
T3 il Lk Sh ukleuks TR Ol g < hie lukl ke

Step 3. This is a simple computation. If (up vy) € Vi, ug = up|x and
VK = UplK

|En(up vg)| = | Z Ex(ug vig)| < C hF Z lur k-1, |VK]1,K-
KeTy KeT,

One concludes with Cauchy-Schwartz inequality. I

REMARK 10.25 It is easy to see how to modify the proof and the result for
k =1 and if the quadrature formula is assumed to be of order 1. Indeed in
that case, if (u,v) € Py x P,

Myu-veP, and (u—TIpu) -IyveE P.
Consequently, the quadrature formula being of order 1, (10.103) becomes,
|E(@D)] < Cy [|i— Ty dilly z |17 — Mo 3|y (10.104)
and (10.101) becomes,
V(@,9) € P x Py, |E@9) <C il ¢ [0, z- (10.105)
Finally, the estimate (10.100) of lemma 10.5 is replaced by,

Y (un,vn) € Vax Vi, [En(un,vn)| < C h? < > lunl? K> [[vn[- (10.106)
KeT,
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REMARK 10.26 We have treated up and vy, differently. This is because
our objective was to make appear the norm ||v,|| in the right hand side of
(10.100), and not higher order norms. The reason will appear clearly in the
proof of theorem 10.8 (see also the remark 10.29).

Of course, applying a symmetric treatment would have led to

|En(up,vn)] < C h?* ( Z |Uh|k 1 K> < Z |Uh|i—1,K> . (10.107)

KeT, KeTy,

REMARK 10.27 If we replace the standard Py finite element space V}, by
a more general Lagrange finite element space Vi, of the form (10.42) such that
each local space V i satisfies the double inclusion:

P, C Vg C Py, with k' > k, (10108)

it is rather easy to prove (with a slight modification of the proof of lemma

10.5) that the conclusion (10.100) still holds provided that:
The quadrature formula is exact in Pyypr—o - (10.109)

Next, we show why the consistency estimate leads to optimal error estimates,
i.e., in O(h*) for H'-norms in space and O(h¥*1) for L?-norms in space, pro-
vided adequate regularity for the exact solution w. This is a very technical
(although not very hard) piece of work. In order to present a rather short
proof we shall restrict ourselves to the obtention of the O(h*) H'-estimates.
Moreover, we do not pay attention to obtaining the optimal order of conver-
gence for the minimal regularity. Our proof follows in its principle the proof
of [13], except that we avoid the use of an elliptic projection. The duality
technique presented also in [13] leads to optimal L2-estimates. We state be-
low the result for £k = 2. For k = 1, this result has to be modified according
to remark 10.25. The details are left to the reader.

For simplicity, we assume that
Uo,h = Ih’LLO and U1,h = Ihuh (10110)

where Z;, denotes an interpolation operator. This is not restrictive since it
coincides with the usual choice in practice.

THEOREM 10.8 Let k > 2. Assume that (10.52), (10.56) and (10.110)
hold. Assume also that p satisfies (10.98). Then, provided that the solution u
of (9.24) satisfies the regularity assumption,

w € Wi (RY; Wi—1) N Wigl (RT3 W) 0 W (RY; W), (10.111)
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for any T > 0, one has the error estimates (C denotes a positive constant
independent of h),

lun = ul| oo (0,751 )0y < C B* ZH a0 ||L (0,7, Wit1—;)
(10.112)

k
+ Ch Z”dt] 210, 7:Wisa_) -

PROOF The idea is to split the error into two parts, the difference with
what we did in section 10.2 being that we use here the interpolation operator
T, instead of the elliptic projection II;, (cf remark 10.31),

eh(t) = nh(t)f{:‘h(t), nh(t) = uh(t) 7Ihu(t), Ep = u(t)—Ihu(t). (10113)

We already know, via interpolation results, how to estimate ;. It remains to
bound 7, and to conclude by the triangular inequality.

In order to do so, we first establish an evolution equation for 7, where the
right hand side contains terms in €.

Substituting up, by 75, + Zpu in (10.91) leads to (for any vy, € V4,),

(T80 1) a0, 0) +(

Replacing (-, -)n by (+,-) —En (-, ) in the third term of the left hand side of the
previous equality leads to,

2 27, u
(dd;h (t),vh)h + a(nh(t),vh) + (%(t),vh) + a(Ihu(t),Uh) =

d*Tyu(t)
dt?

vh)h+a(Ihu(t),vh) =< L(t),vn, > .

:<L(t),vh>+5h( ,Uh).
Substracting to the above equality the identity,

d*u
(@(t),vh) + a(u(t),vy) = < L(t),vn >

we finally obtain,

(dd%(tL Uh)h+a(nh(t)a vh) = (%(t)7 Uh)+(l(€h(t), Uh)+gh (ddigu (t)7 'Uh)-

d
We now proceed via energy estimates. We take vy, = %(t) and get,

d dnp 9 1 d*u dny, d’ey, dny, dnp,
il T g olmom) | =@ G G + (gt ) oo )
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Here we notice that a brute estimate of the right hand side using the continuity
of a(-,-) and the estimate (10.100) for & (-, ) would make appear the norm,

dnp,
[l

that cannot be controlled by the left hand side. The only authorized norms
are
gy

T or il

That is why we are led to some manipulations. First, we remark that the
previous equality can be rewritten as

d dn 1 d 2
S ) | = 5 (@G m) + alenm) )
d3u den, d?ep, dnp,
= EnlIn g m) =l m) + g )

d
Thanks to (10.110), 1;,(0) = %(0) = 0. Thus, after time integration,

d 1 d?
| 77h|h +5 2 a(nn,nn) = 5h(1h%g777h) + a(en,mn)

¢ d*u b dep b dPey dny,
/ Eh(Ih dt37nh) ds /o G(Eﬂ?h) ds—i—/o (dt2 ’E) ds.

which yields, using the uniform coercivity estimate (10.4)

2

|h +5 a(nhﬂ?h) < \n(Tn—5 oTE th)

‘ d’?h
2

+ |a<5h777h)|

¢ dPu
+ /Ogh(zhﬁmh) ds
t
dep,
+ / (dt 7nh)d
bod%ey, dny,

Now we estimate the five terms of the right hand side of (10.114). In the
inequalities below, C' denotes a positive constant which may vary from one
line to another but is always independent of h.

(10.114)

For the first term, we use the estimate (10.100) of lemma 10.5, together with
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the interpolation estimate (10.53) (see also remark 10.31), to get

o) [ < ont (5 IGER k)

KeT,

d*u
<Ch |z W ]l -
For any § > 0, we have (this is Young’s inequality)
_1 du 1
hk |dt2 |Wk—1 th” = Ch’k 672 ‘d 2 |Wk: 1’ 0z ||77h||
02 h2k d2
5 Ve

A

g 2
< 2l +
Using the coercivity of a(.,.), we thus get:

(5 02 h2k d2
k
Ch |dt2 |Wk ||77h|| > (ﬂhﬂ?h) + o5 |dt2 |Wk 1

If we choose §/2a = 1/8 , we finally obtain

d?u ok
‘gh(zhdtz,nh) ‘ < 3 almmsmn) +C h |dt2 .. (10.115)
With the same kind of trick, we get for the second term,
1
| a(en,mn) | < A a(p,np) + C alen, en). (10.116)

REMARK 10.28 The choice of 1/8 in (10.115) and (10.116) is somewhat
arbitrary. In each of the estimates (10.115) and (10.116), we could replace
1/8 by O~ with @ > 0. Howewver, for which follows, it is important that 0 < 1/4.

For the third term, using Cauchy-Schwartz inequality and estimate (10.100)

we get,

t 3
d Up
<Chn /0 |W|Wk_1 [7nl ds, (10.117)

t d3
/0 En(Ih— e 777h) ds

while for the last two terms, we have,
/ta(dgh )ds < /ta(dsh dg—h)% a( )% ds
0 dt » 1k = o dt ) dt Nhy I

b d?e, d d? d
(Len Dy g §/| AL
o L dt2’ dt o | dt?

(10.118)

Let us set
= || ||2 + a1, mn)- (10.119)
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Substituting (10.115) to (10.118) into (10.114), it is easy to get an inequality
of the form (this is where the importance of the 1/8 factors appears)

t
q)h(t) < I/Jh(t) +/ mh(s) <I>h(8)§ ds, (10120)
0
where, C' designing appropriate constants,

=0 (WS a?).

d Ehn dEh

dt?

Lk
i, = € (1S5 1y e e, ).
Applying an appropriate Gronwall’s lemma (see for instance the proof of corol-

lary 10.1) to (10.120), we finally get,

sup ‘I)h(t)% < sup Yn(t / mp (s (10.121)
te[0,7) te[0,T]

Recalling the interpolation estimates,

dEh

du
len@®)]| < C B* [u(®)lwi,,» I @Ol =C ht |5 Dlwicss

and
d2 Eh
dt?

(O < Ch"|

e ).

one sees that,
1 d2u
sm>wMQZSChE{HﬁQMmM@Wkn+wmum@ﬂwﬂn},
(10.122)

/ mh dS < C hk Z H dti ||L 10, T;Wiq2—j)*

Since, by definition of ®; (10.119), using the coercivity of af(,-)
[nn (Bl < C ®u(t)?
Sustituting the inequalities 10.122 in (10.121) yields in particular
du
7]l 0,750y < CHF | Y H oL ||L OTWisay) T D ||ﬁ||L1(O,T;Wk+2,j) ;
§=0,2 j=1

while we already know that

lenll Lo 0, 7:01) < C B [l poe (0,7, W s v) -
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It is then straightforward to conclude since

flu — uh||L°°(O,T;H1) < thHLoo(o,T;Hl) + H€h||L°°(0,T;H1)

0

REMARK 10.29 [t is clear why one can only use (10.100) and not
(10.107). Indeed, when estimating the left hand side of (10.115), one wants to
make appear ||ny||, i.e., not higher Sobolev norms than the 1-norm (otherwise,
Gronwall’s lemma cannot be applied).

REMARK 10.30 According to remark 10.27, it is clear that the optimal
O(hF) H'-estimates are still valid for spaces of approximation of the form
(10.42) with (10.108) as soon as the accuracy property (10.109) is satisfied by
the quadrature formula.

REMARK 10.31 The reader may wonder why we use the interpolation op-
erator Iy, instead of the elliptic projection operator 11}, which would have per-
mitted us to get rid of a(ep,vy). The explanation is the inequality (10.115)
for which we have used the property:

hvllk—1.6 < vllk-1x+[lv=Tnoll-1.x < [J]lk-1,64+C b ||v]lkx < C o]k x
where we have used the interpolation inequality (10.53) with m = k and £ =
k — 1. The problem is that a priori we can not use such an estimate with 11y
instead of Iy,. A notable exception is the case where k =1 or k = 2 for which
we can use directly the inequality

polla9) < C lvlla @),
which is a straightforward consequence of the definition of I1y,.

REMARK 10.32 The equivalent approximation theory for Qi elements is
very similar to the P, one in the special case when the transformations Fi
are linear. In this case, one can show that the optimal order of accuracy is

preserved when the quadrature formula in the reference element is exact in
Qox—2 for k <2 and in Q1 for k=1.

The general case is more delicate due to the fact that the Jacobian of the
transform Fyx is no longer constant over K. Additional technical difficul-
ties appear, similar to the ones that appear in the case of a non constant p.
One can find results in this direction in [83] where it is shown that having a
quadrature formula in the reference element exact in Qaop_o still preserves the
optimal accuracy at least for large k’s.
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About the approximation of the stiffness matrix. Of course, the use
of quadrature formulas for the approximation of the stiffness matrix also re-
quires to be justified. In any case, the positivity of the weights is required
for stability reasons. In the case of Py elements, it can be shown that, in
order to preserve an optimal order of accuracy under reasonable assumptions
on C(x), it is sufficient (and probably necessary) that the quadrature formula
be exact in Pyj_o (this is shown in [43], for instance). The reader will note
that, in the case of a piecewise constant C(z), this means that the stiffness
matrix is computed exactly since the scalar product of the gradients of two
P polynomials is in Poj_o.

For the case of @ elements, the theory is, to our knowledge much less com-
plete. One of the additional difficulties if the fact that the Jacobian Jx is
not constant. One can find preliminary results in these directions in [123]
or [83]. However, even in the case of affine transformations F, in particular
for regular meshes, it appears that this time it is not needed to have a formula
which would be exact in the case of a piecewise constant C(z). Numerical
simulations [63] show that it is sufficient to have a formula exact in Qax—_1.
In the case of general meshes, with the same type of accuracy, it appears that
the order of approximation is preserved in 2D but deteriorated (by one order)
in 3D. In 3D, the optimal accuracy is restored with formulas exact in Q.
All these numerical observations still need to be clarified from the theoretical
point of view.

10.4 The Mass Lumping Technique

The general problematic. One drawback of the finite element approach
for evolution hyperbolic problems is the presence of the mass matrix My:
even with an explicit time discretization (we anticipate here section 10.6),
this matrix has to be inverted at each time step. With finite difference or
finite volume methods for instance, this matrix is by construction diagonal
(or at least block diagonal, the dimension of the blocks — typically 2 or 3
for anisotropic vectorial problems — being independent of h) which leads to
“really” explicit schemes. This is coherent to the completely local nature of
the continuous operator which is approximated by the mass matrix (typically
the identity operator). With the finite element method, due to the fact that it
is in general impossible to construct a basis of functions with disjoint supports,
this matrix is no longer diagonal (although very sparse). To invert it, as direct
methods are in practice prohibited for reasons of size, one uses in general
an iterative algorithm, typically the conjugate gradient method, that will
converge with very few iterations (typically between 10 and 50, depending
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on the complexity of the problem and the desired accuracy, which should a
priori increase with the order of the finite element method, see the remark
below). Nevertheless, this has an important cost: simply realize that one step
of the iterative algorithm corresponds to one step of an explicit scheme with
a diagonal mass matrix.

REMARK 10.33 The iterative methods converge faster due to the good con-
ditionning of the mass matriz. Note however that the condition number in-
creases with the space dimension, with the size and the quality of the mesh
and in the case of very heterogeneous media.

An alternative approach is to apply the so-called mass lumping procedure.
This consists in replacing the exact mass matrix by an approximation, the
lumped mass matrix, which is diagonal. This should be done without losing
any (order of) accuracy.

In the case of first order P; or ), elements, the method is well known by
engineers but is often presented differently. It corresponds to consider the
diagonal matrix in which each diagonal element is the sum of all the elements
of the same line in the original mass matrix!

The heuristic justification of this method is easy. For simplicity, let us consider
the case where p = 1 and I'g = 0. Let us consider as the equation for the
unknown u¢ the equation of the differential system obtained by taking in the
variational formulation (10.5) the test function v, = w! . This equation is of

the form,
> oyt i
JEV(i)

where by definition the set V(i) is such that {M;, j € V(i)} is the set of nodes
which are neighbors of M; and where:

M;; = / w; wy d.
Q
For a sufficiently fine mesh, one can reasonably consider that
¢ ¢ . :
u; ~u;, Vi e V(i)

As a consequence

d2U€ d2u[
s J S 7
Z Mij dt2 ~ Z Mij dt? :

JEV(3) JEV(i)

If one makes this substitution in the differential equations for all (4,¢) one
obtains a differential system with a diagonal modified mass matrix. In fact
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this can simply be reinterpreted as the result of the application of a sim-
ple quadrature formula using the vertices of the elements as the quadrature
nodes. Let us consider for example the case of the P; elements in triangular
or tetrahedric meshes (our argumentation also works for @; elements, as the
reader will easily realize !). If V(K) is the set of the d + 1 vertices of K, the
appropriate quadrature formula is,

/fdx meaSK S ), (10.123)

MeV(K)
which can easily be checked to be exact in P;. Using this formula we have,
s meas K
KeT, MeV(K)
As the points M are the vertices of the elements,
i#j = VYKeT, VMecVK), w(M)w;M)=0.

Therefore Mj; = 0 for j # i and the approximate mass matrix is diagonal.
For j = ¢ we have,

s meas K 9
KeTy, MeV(K)
Since w;(M) = 0 or 1, at each vertex w;(M)? = w;(M) and,
M~ Y S S won= Y [ wde= [wide
(23 d+ 1 K3 - 1
KeT, MeV(K) KeTy,

since w;|x € Py and the quadrature formula is exact in P;.

Noticing that ij =1 we can write,
J

M? N/wi (ij) dm—Z/wzwj dm—ZM”,
Q@ j j j

which is precisely what we announced.

If we use the same idea for higher order P, or Qi elements, we will still
preserve the consistency of the scheme. However, the order of accuracy will
be deteriorated to the O(h?) (in L?) or O(h) (in H') given by the lowest order
elements.

In order to generalize this approach to higher orders the challenge is to find
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a quadrature formula of higher accuracy leading to a diagonal mass matrix.
This relies upon the following remark whose easy proof relies on the same
arguments than for the P; case and is left to the reader.

LEMMA 10.6 Assume that V}, is a Lagrange finite element approximation
space for V in the sense of remark (10.10) and assume that for each K € T,
the (Vi - unisolvent) set of nodes M of the finite element space coincides
with the set of quadrature points Mf of the quadrature formula used for
approzimating the mass matriz. Then the corresponding approrimate (mass
lumped) mass matriz is diagonal.

As a consequence, the challenge is to find in each element K a quadrature
formula such that,

(i) The quadrature nodes (which coincide with the locations of the degrees
of freedom) form a Vg unisolvent set of points.

(ii) The quadrature weights are strictly positive in order to ensure the sta-
bility result via lemma 10.24.

(iii) The quadrature formula is sufficiently precise in order to preserve the
order of accuracy obtained with the exact mass matrix.

The precise consequence of the last criterion (iii) relies upon the error analysis
and depends more on the nature of the element.

The case of J; elements. We shall see that, in order to get mass lumping
with preserved accuracy, it is sufficient to change the location of the degrees of
freedom (with respect to their canonical location, i.e., when they are uniformly
distributed in the reference element).

To exploit the “tensorial” nature of (J; elements, we look for a quadrature
formula of the form (10.85) with ¢ = k + 1 since dim Qr = (k + 1)%. In order
to satisfy the criterion (i), we need to keep k+ 1 points along each edge of K.
Coming back to (10.85), this imposes,

=0 vgp=1 (10.124)

The theory (see remark 10.32) says that, in order to satisfy (iii), the quadra-
ture formula in the reference element must be exact in (Qo;_o which amounts
to saying that the corresponding 1D formula in [0, 1] (10.84) must be exact
in Por_o(IR). In fact there exists a unique possible quadrature: the Gauss-
Lobatto formula. To describe this formula, we introduce for each n, the zeros
{&h1s & n1} of p}, where py, is the n'" Legendre polynomial which sat-
isfy obviously,

0<&n1<&1<&u1<- <& a1 <&nn<l,
Lt & y=1 V1<l<n-L

n,f
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LEMMA 10.7 There ezists a unique quadrature formula of the form
(10.84) satisfying (10.124) and exact in Par_o(IR).

e The interior quadrature points are the zeros of pj,

vepr =6 Y1<0<k-1. (10.125)
e The quadrature weights are strictly positive and given by,
2
1 1
o= [ |2 - ae (10.126)
o &€&

Moreover, this formula is exact in Paop—1(IR).

REMARK 10.34 The wuniqueness of a quadrature formula satisfying
(10.124) exact for Por_1(IR) is expected: integrating exactly Par—1(IR) gives
2k equations while we have a priori 2k degrees of freedom, namely the k — 1
interior nodes and the k + 1 quadrature weights.

REMARK 10.35 The theory of Gauss-Lobatto formulas is based, as for
Gauss-Legendre formulas, on the theory of orthogonal polynomials [74] except
that here one considers a L* weighted inner product,

1
/O F(6) 9(€) £(1—€) de.

We give below the quadrature points and quadrature weights of the Gauss-
Lobatto formula for &k = 1,2,3,4 (for £ = 1 the formula is known as the
trapezoidal rule and for k& = 2 as the Simpson’s formula).

1/1:07 VQZ].,

k=1 - _1
W1—LU2—2.
1
V1:07 V2:§7 V3*17
k=2
1 2
w1:W3:6, w2:§.
(10.127)
5—5 545
VIZO; vy = 10 y V3 = 10 ;V4_1a
k=3
1 )
wl:w4:ﬁ’ w2—w3_ﬁ-
7T—v21 1 7+V21
V1:O7V2* 14 71/3:5’V4:Tay5:17
k=4
3 1 49 16
wl —LU5— 20; (UQ LU4 1807 3 45
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The case of P, elements. In the case of triangles or tetrahedra, the so-
lution is more complicated in particular because 1D theory can not be used.
Let us examine the difficulties that occur with triangles for £ = 2 and k = 3.

In what follows the equality M = (A1, A2, A\3) means that M is the point in
the triangle with barycentric coordinates (A1, A2, A3). In what follows, we
shall restrict ourselves to symmetric quadrature formulas in the triangle in
the sense defined in [47] for instance,

e Applying any permutation of the barycentric coordinates leaves the set
of quadrature points invariant.

e The quadrature weights associated to points having the same barycentric
coordinates up to a permutation are the same.

Such formulas are optimal in the sense that they preserve the symmetry prop-
erties of the exact integral (see [47] for more details).

For P,, the natural quadrature points are the three summits and the three
middles of the edges (this is even the only symmetric P, unisolvent set of
points since one needs 3 points along each edge),

Sl = (1’070)7 SQ = (Oa 1a0)7 S3 = (0,0, 1)5

) e - (10.128)

1
Ml_(07§7§)7 MQ_(§707§)7 MS_(ﬁaiao)

The quadrature formula must be completed by quadrature weights wg (asso-
ciated to the summits) and wy; (associated to the middle of the edges). Ac-
cording to the error analysis, one needs a quadrature exact in Py (2k—2 = 2).
There does exists a unique quadrature formula of this type corresponding to,

1
wg =0, wM:§.

The trouble is that, the weight associated to the summits being 0, the resulting
mass lumped mass matrix has 0 entries and is thus non invertible.

If we now look at & = 3 we need a quadrature formula exact in Py (2k—2 = 4).
One easily sees [47] that it is not possible to find such a formula if one takes
as quadrature points the usual canonical frame for P3. However, there exists
a one parameter family of symmetric P3 unisolvent sets of points in which we
simply authorize the 6 boundary points that are strictly interior to the edges
to move (symetrically) along the boundary. This corresponds to (8 denoting
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a real parameter in ]0, 3),

Sl = (1a070>7 52 = (07 1a0)7 SS = (0707 1))
MlﬂQ:(Ovl_ﬁaﬁ)? M261:(07ﬁ71_6)a
Mf:a =(1-0,0,8), Mi’)ﬂl =(6,0,1-5), (10.129)
Mg, = (1-3,8,0), M= (8,1 8,0),
111
=G 33)

One can easily show that there exists a unique value of § and quadrature
weights wg, wys and wg so that the corresponding quadrature formula is exact
in Py. More precisely,

1 9 1

ﬂ: et wsz—ﬁo, WG:%-

This time the trouble is that, the weight associated to the vertices is strictly
negative. As a consequence, the resulting mass lumped mass matrix, although
invertible, is not positive definite and the resulting scheme is unstable !

As a consequence, for Py elements, the solution to the mass lumping problem
for £ > 2 can not be found only by changing the location of the degrees of
freedom, as we did for Qg-elements. One solution can be found by also chang-
ing (in fact enriching) the space of functions locally in each triangle.

For k = 2, in the definition (10.42) of V}, we take (in a vector space,
the notation [vq,--- ,vps]| represents the subspace spanned by the vectors
(Ula"' avM))7

Vg =P+ [b], b= A3, (10.130)

Due to the fact that b vanishes along the boundary of the triangle, it is called
a bubble function. Of course we need to introduce one additional node per
triangle, namely the center of gravity. Then we look for a quadrature formula
with quadrature points,

S = (1a0a0)7 Sy = (07 130)7 S3 = (0707 1);

11 1 1 11
5 72)a 3 (2a 2) )7 (10131)

Since P, C Vg C Ps, the theory (see remark 10.27) says that, in order to
preserve the P, accuracy, the quadrature formula must be exact in P3. One
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can show that there exists a unique choice of quadrature weights associated
to (10.131) satisfying this property,

1 1 9
Wy ==, W= .
M G 40

10.132
= (10132)

As all these weights are positive and therefore the resulting scheme is stable.

For P; elements, we need to add more bubble functions. More precisely, we
take,
Vi =P;+bP,. (10.133)

As PsNb P = [b], dim Vg = 12 and we need two additional nodes in
the triangles with respect to Ps. The idea is to “explode” symmetrically the
center of gravity into 3 interior points. In other words, we replace G by the
following three points (o denoting a real parameter in |0, %[),

a « «
20, Gi=(=1-qa,-
Oé,272), 2 ( aa2)a

a
= 1—
1 ( 2)

Gs = (2,2 1-a) (10.134)
272
Since
P3 CVg CPy

the theory says that, to preserve the P3 accuracy, one needs a quadrature
formula exact in P5 (we apply the criterion of remark 10.27 with £ = 3 and
k' = 4). One finds (see [47]) that there exists a unique choice of values of «
and [ and of quadrature weights wg (associated to the S;’s), was (associated
to the Mi[;’s) and wg (associated to the G¢'s) leading to such a formula,
namely

5721—\/84ﬁ7147 a77+2ﬁ
B 42 21
_ 8-V CTHAVT 7(14 - V7)

WST Tagg 0 M 720 YT T

(10.135)

This process can be continued for higher orders but there is no known general
theory. To our knowledge the solution is known up to k = 7 (see [42] and [118])
and still consists in enriching the local approximation space with more and
more bubble-like basis functions. Note in particular that the degrees of the
traces of the functions in V}, along an edge of the mesh does not change (it
remains equal to k) and, as a consequence, the additional degrees of freedom
are purely interior (which automatically limits the increase of connectivity of
the stiffness matrix). The corresponding method has been tested successfully
and appears to be efficient in comparison with the non mass lumped case.
This is due to the fact that the price to pay for obtaining mass lumping is
only a few additional degrees of freedom: 1 (for 6) with k& = 2, 2 (for 10) with
k =3, 3 (for 15) with k = 4, 9 (for 21) with k£ = 5, 18 (for 28) with k¥ = 6 and
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16 (for 35) with k = 7!

In dimension 3, one meets the same kind of trouble and one can use the
same approach for overcoming the difficulty. Of course, the machinery and
the computations are much more complicated to implement and the solution
is known up to k = 3 (see [42]). Moreover, the interest is much less clear
than in the 2D case because mass lumping requires a large increase in the
number of degrees of freedom. Moreover the (still polynomial) enrichment of
the local approximation space, although it still does not increase the degree of
the functions along the edges of the mesh, leads to an increase of the degree of
the traces on the faces of the mesh. As a consequence the additional degrees
of freedom are not purely interior: there are also additional face nodes

For instance, for k = 2 (dim P, = 10 in 3D) the new space V g satisfies,
P, C Vg CPy, dim Vg =23, (10.136)

and there are 13 additional degrees of freedom: 12 face nodes and one interior
node.

10.5 Time Discretization by Finite Differences

In this section, we are interested in the time discretization of the semi-
discrete problems obtained after finite element approximation in space. We
shall restrict ourseles to the finite difference method. The conservative nature
(cf. the conservation of the energy) of the abstract wave equation (9.26) can
be seen as a consequence of the time reversibility of this equation. That is
why we shall privilege centered finite difference schemes which preserve such a
property at the discrete level. In this section, we essentially come back to the
notation of the section relative to abstract second order evolution problems.

The second order leap-frog scheme. Let us consider a time step At > 0
and denote by uj € Vj, an approximation of up(t") where t" = nAt,n € N.
The simplest finite difference scheme for the approximation of (10.5) is the
so-called leap-frog scheme,

uZH —2up + uZ_l
( At?

or if one uses an approximation for the calculation of (up,vn) (— (up,vr)n)
and a(up,vn) (— ap(un,vy)) (using for instance quadrature formulas for

sop) +alup,vp) = (L"), v), Vo, € Vs, (10.137)



314 COMPUTATIONAL METHODS FOR WAVE PROPAGATION
calculating the integrals)

uzﬂ —2up + uzfl
( At?

,vh)h—i—ah(uz,vh) = (L(t"),vh)h, Y, € Vg, (10.138)

If one introduces the operator Ay, € L(V},) defined by,
(Apup,vp) = a(up,vp) for (10.137), (Apun,vn)n = an(up,vs) for (10.138),
the scheme can be rewritten as,

n+1 n n—1
u, = 2up +uy
At?

+ Apup = fj, (10.139)
where f}' € V}, is defined by,
(fit,on) = (L(t"™),vy) for (10.137), (f7},vn)n = (L(t"),vp)n for (10.138),

After introducing a basis {w;} of V},, we can define U] as the vector of the
degrees of freedom of uj to rewrite (10.137)

Uttt —2up + U

M
h A2

+ A, U =0. (10.140)

where Mj and Aj are respectively the mass and stiffness matrices. Note
that the operator A; is nothing but the operator whose matrix in the basis
{w;} is M 'A}. By construction, (10.139) is explicit. If the mass matrix
M,, is diagonal, which is the case with finite elements if one applies a mass
lumping procedure (see section 10.4), it is “really” explicit since it allows us
to compute U [LLH from the solution at the two previous time steps through a
simple matrix-vector product,

Uttt =2upr — U+ A2 M TA, U (10.141)

Of course, (10.140) (or (10.137)) must be completed by a start-up procedure
using the initial conditions to compute u2 and u}L We omit this here for
simplicity.

By construction, this scheme is second order accurate in time. We next show
how to improve the accuracy of this scheme.

Higher order schemes. It is possible to construct higher order schemes
(which is a priori natural when using higher order finite elements in space)
which remain explicit and centered. In particular, all the machinery of Runge-
Kutta methods for ordinary differential equations is available. Let us concen-
trate here on a classical approach, the so-called modified equation approach.
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For instance, to construct a fourth order scheme, we start by looking at the
truncation error of (10.139),

uh(t”+1) — 2uh(t") + Uh(tnfl) . dzuh( n) At? d4uh
At? Cd? 12 dtt
Using the equation satisfied by uy, we get the identity,

(t") + O(AtY).

tn+1 ) tn tnfl d2 A
up ) u£§2 ) + un( ) _ dtuzh (t") + 7./4 uh(tn) —|—O(At4)

which leads to the following fourth order scheme in time,

n+1 n n—1 2
~oup 1 At
Zh Aﬁ’; Yo 4 gt — S8 20 =0, (10.142)

12
that can be implemented in such a way that each time step involes only 2
applications of the operator Ay, using Horner’s rule,

At
uptt = 2up —ul Tt — APA, (I - —Ah)

More generally, an explicit centered scheme of order 2m in time is given by,

n+1 n n—1
u, = 2uy + uy
At?

+ Ap(At) up =0, Ap(At) = Ay P (ARAt), (10.143)

where the polynomial P,,(z) is defined by,

m— 2!
P (z) = 10.144
Z @ (10149

Using again Horner’s rule for the representation of the polynomial P,, permits
to reduce the calculation of u”Jrl to m successive applications of the operator
Ap. In other words, the computational cost for one time step of the scheme
of order 2m is only m times larger than the computational cost for one time
step of the scheme of order 2.

Stability analysis. We present below the energy technique for analyzing
the L? (or H!) stability of (10.137) or (10.139). Here, stability means being
able to obtain uniform estimates of the type,

sup |ep| < C  or sup |ep|l <C, (10.145)
0<tn<T 0<tn<T

where the constant C' depends on 7" and on the data of the continuous problem
but not on At and h. With explicit schemes such as (10.139), it is not possible
to obtain such estimates for any values of At and h. In fact the time step
must be constrained by a stability condition that depends on h. This is what
we are going to show.
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REMARK 10.36 When we use finite elements with mass lumping for elas-
todynamics equations, such a condition can be intuitively understood. Indeed,
one can show a discrete finite velocity propagation property for the solution
up (an equivalent of the property for the continuous problem). More precisely,
My, being diagonal, M;lAh has the same connectivity properties (i.e., same
non zero entries) as Ap. As a consequence at times t" and t"~1 the support
of uf and uj'~ " are included in some set,

K} ¢ a finite union of elements of Ty,
the support of uZH satisfies
KM =KpPn{KeT, | KnK}#0}.

In other words, at each time step, the support of the solution progresses at
each time step by one layer of elements of the mesh. Roughly speaking the
diameter of the support of the solution increases by 2h.

A priori, to guarantee the convergence of the method, one needs to prove that
the support of the approximate solution contains the support of the exact one:
the propagation velocity of the discrete solution (of the order of h/dt) must
be larger than the one of the exact solution. This already provides an upper
bound for At/h.

For the sake of simplicity, we shall consider the case where the initial data
are the only data of the problem (L(t) = 0), in which case the solution of the
semi-discrete problem (10.5) satisfies an energy conservation property: the
energy defined by (10.14) is constant in time.

The idea is first to determine a discrete (in time) equivalent of this energy
conservation property. The principle consists in taking a test function vy in
(10.137) which is a discrete equivalent of the time derivative of uy(t) at time
t™, namely,

=y
Vy, =
" 20t
We observe that (we use in particular the symmetry of a(-,-)),
(“ZH — 2up + 7_1,271 UZ+1 — U’Zil) — ! |UZ+1 — uj |2 _ |U‘Z — uzil ‘2
2At ’ 2At 2At At At ’
unJrl o unfl 1
a(up, — )y = — Lo ) — a(ul, u 1))
(up, By = (™ ug) — o )

After summation, these two equalities lead to the discrete conservation prop-
erty,
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where

"+% 1 un+1 u’;LL 2 1 n+1 n
B =5 |T| 3 a(up ™ up). (10.146)

1

To get a stability result, it is necessary to prove that EZJr 2 is a positive energy
which is not obvious since the second term in (10.146) has a priori no sign.
However one can expect that, if At is small enough, u”+1 will be close to uj

and a(u ZH upy) will be “almost positive.” More premsely, if we define

1
“Z+1/2 =3 (uptt +up),
we can write
el 1 Mt —gn 1 n+1/2  n+1/2
By = g P g et
2l ntl . (10.147)
_Aita( h UL U — Uy,
8 At AL
Introducing the norm of the operator A;, defined by,
a(up,u
[Apl = sup @ltun, Un) (10.148)

un€Viun£0  |unl?

we get a lower bound for Em_2

n+l 1 At2 'n+1 upy 1 n+1/2 n+1/2
B2z o (1= S IAnl) [P 2 5 a2 ). (10.149)

This is the basic estimate for proving the following stability result.

THEOREM 10.9 A sufficient condition for the stability of (10.187) is,

At2
— Ml = 1. (10.150)

REMARK 10.37 The inequality (10.149) proves the stability of the scheme
under the stronger condition,

At2
— | Anl <@, fora<l.

Proving the stability result for o = 1 requires some additional effort (see

[100)).

REMARK 10.38 This stability result appeals some comments: The con-
dition (10.150) is a priori a sufficient stability condition. However, in this
simple case, due to the fact that Ay can be diagonalized, the Von Neumann



318 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

analysis can be applied to prove that this condition is also necessary. It suffices
to look at solutions of the form

up =a" wyp, a"elR,

where wy, is the eigenvector of Ay associated to its greatest eigenvalue A\ =

ARl

REMARK 10.39 The condition (10.150) appears as an abstract CFL con-
dition. In the applications to concrete equations, in particuler for the finite
element approzimation of elastodynamics equations, it is possible to get a
bound for ||An|| of the form,

4c?
Jr
il < SE,
where cy is a positive constant which is homogeneous to a velocity and only
depends on the continuous problem: it is typically related to the maximum
wave velocity for the continuous problem. Therefore, a (weaker) sufficient
stability condition takes the form,

cr ALy

oS
Under an assumption of uniform regularity (see [43] for a definition) of the
computational mesh, it is also possible to show that (where c— < cy4 is also
homogeneous to a velocity),

4%
Anll = 2

so that a necessary stability condition is,

c_ At
h

REMARK 10.40 To illustrate the “quasi-optimal” nature of the necessary
and sufficient conditions of remark (10.39), it suffices to remark that, for
instance when the domain Q has a rectangular or parallelepipedic shape, the
medium is homogeneous and one uses a uniform mesh of stepsize h, one can
show, using Fourier techniques (or more precisely by computing analytically
the eigenvalues of Ay ), that

<1

4c?

Al ~ S5s (= 0).

where the constant ¢ > 0 is once again homogeneous to a velocity. We refer
the reader to the work by Bamberger-Chavent-Lailly [14] in he case of Py and

Q1 finite elements.
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REMARK 10.41 The above stability analysis also applies to the higher or-
der scheme (10.143) but it is complicated by the fact that one must verify that
the operator Ap(At) is positive, which already imposes an upper bound on
At. Using Von Neumann analysis, one can show that a sufficient (probably
necessary) stability condition is given by,

At?
— Al < am, (10.151)
where we have defined,
am=sup{a/Vre [0,a, 0<z P,(x) <4} (10.152)

It is of course difficult to compute explicitly o, except for the first values of
m. One has in particular (for the exact — but very complicated — expression

of ay, we refer to [140]),

_ 5+53 — 58

. ~1.893, oy =5.3703,- (10.153)

Qg = 3, Q3
It is particularly interesting to mote than for the fourth order scheme, one is
allowed to take a time step which is 1.732 (= /3) times larger than for the
second order scheme, which almost balances the fact that the cost of one time
step is twice larger. In the same way, with the sheme of order 8, one can take
a time step 2.31739 (= +/5.3703) times larger (while each time step costs four
times more). Surprisingly, the scheme of order 6 seems less interesting: the
stability condition is more constraining than that for the fourth order scheme.

Convergence analysis. The classical convergence theory relies on energy
estimates. We give only a flavor of the proof (a rigorous proof would need
tedious details) in the case where we assume that the exact solution w is
smooth enough in time. Let us introduce the error,

ep =up — up(th), (where up(t) is the exact solution of (10.5)).
(10.154)

We have immediately,

n+1 n n—1
e, —2ep +e,
At?

+ Apep = ¢p, (10.155)
where the truncation error €} defined by,

n  Un DY — 20y, (1) 4y, (871 n
ep = W) A;) ) o Apun(t), (10.156)




320 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

tends to 0 with At (the precise estimate uses Taylor expansions and uniform
estimates of the semi-discrete solution). A typical estimate is,

n 2 d*up () 2
sup |ep| < C At* sup ||[————(1)|| (< C(u,T) At?).  (10.157)
0<tn<T 0<t<T dt
Let us introduce the energy of the error,
5n+% _ 1 |€Z+1 — e’ﬁ ‘2

h 2 At

From (10.155), we easily deduce the identity,

1
+5 a(ep ™ en). (10.158)

1 1
g”+§ o 5”_5 n+l _ n—1
Assume that,
At2
— [l <o® < 1.

From (10.149), we deduce in partlcular that,

n+1 n

eh — eh 2y _1 n+i

S < (1 o) dy 2
and therefore that,

6n+1_en 1 . 1 1
|%|§(17042)75 (\/25,? 2 +\/2£;j 2).

Using this inequality in (10.159) leads to

Ve & <\/§(1_a2)—% n.

len

After summation over n, we finally get an error estimate in terms of the energy
of the error,

VETT < gi +vV2(1-a?) Y Il A (10.160)
k=1

where the reader will notice that,

T
e \/ &7 represents the error due to the approximation of the initial condi-
tions,
n
e The term Z lek| At is a discrete L(0,t"; L?) norm of the truncation

k=1
error, in O(At?).
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From (10.160), the derivation of error estimates in appropriate norms is only
a question of technical details that we do not want to treat in the framework
of this exposition.

REMARK 10.42 The estimate (10.160) blows up when « tends to 1. This
is mot an optimal result which can be in fact improved with some work (cf

[100)).

10.6 Computational Issues
10.6.1 General Considerations

The formula (10.141) shows that, at each time step the expensive part of
the algorithm is the evaluation of

M, ‘A, U (10.161)

Of course, this involves the computation of the matrix-vector product Ay, U}’
and the inversion of a system with the mass matrix Mj. Let us concentrate
ourselves on the case where mass lumping is applied, in which case the inver-
sion has no cost and the main cost at each time step is the evaluation of a
matrix-vector product,

Vi = Ah Up,.

The most natural (or naive) way to implement this is to form and store the
matrix Ay. It appears that this is efficient for low orders (Q; or P; typically)
but not for higher orders. We describe in the next section a general algorithm
for computing the matrix-vector product that appears to be efficient for high
order finite elements [63,69].

REMARK 10.43 The efficiency of the algorithm presented in the next sec-
tion has been evaluated in particular for the case of Qy spectral elements which
correspond to the case where the same Gauss-Lobatto formulas are used for
the evaluation of the mass and the stiffness matrices [63, 69]. With respect
to the notation of the following section, the dimension M of the local finite
element space for scalar functions and the number L of quadrature points in
each element are given by

M=1=(k+1)>

One additional advantage of this choice is that the matrices éfm that appear
in the computations (see lemma 10.8) have more zero entries than a priori
expected, due to the tensorial mature of the local basis functions w,, which

permits to reduce the computational cost in consequence.
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10.6.2 An Efficient Algorithm for General Lagrange Ele-
ments

We consider a general Lagrange finite element approximation space (in the
sense of the remark 10.10) constructed with a mesh 7j, of Npj, elements. We
assume that in the definition (10.42) the space Vg is of the form,

Vi ={vgk =00 Fg', 5e V=P %},

where P is a space of scalar smooth functions in K with dim P = M. We
consider a P unisolvent set of points {Mm, 1 <m < M} and denote by {@,, }
the related Lagrange basis,

—~

B € P, (M) = Sy
The set of nodes of the mesh 7;, is

{Mj1<j <Ny} = |J {Fx(Mpn),1 <m < M}
KeTy,
We assume that, for the calculation of the stiffness matrix, we first use the

symmetry property of C(z) (which yields Ce(u) = CVu) to rewrite the bilin-
ear form a(u,v) as,

a(u,v) = / C Vu:Vudz, (10.162)
Q

and we use a quadrature formula in K with quadrature points @ = {M\l, 1<
I < L} and weights {w;,1 <1< L}. In other words

an(un,vn) = Y ar(uk,vK),

KeTy,

where, by definition

Q ~
ax (uk, vi) = / (c (DFy) ™' Viig - (DF;;)’lvaK) Tk d&
K

L
=> w Trc (My) x

1=1
[ ) (DFL) ™ (Mh) Viik (M) : (DF) ™ (M) Vo (M) }
(10.163)
For the implementation, it is useful to move to more algebraic and matrix
notation. This is not so straightforward and requires some formalism. We
start the expansion of the local fields ux and Uk as

d d M
= Z UY B €, O =Y > Vi i, e, (10.164)

m=1 qg=1n=1
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and we introduce the vector Ux (and the same for Vi) of the local degrees of
freedom as an element of (IR?)M with the block decomposition,

UK,l Uil(,m
Uk = : where  Ug. = j € R%. (10.165)
Ur,m Ut

,m

We shall equip (IRd)M with its natural inner product
(U V) Rty Z Up - Vi (10.166)

On the other hand it will be useful to work with £(IR%)%,
S =(S)i<i<n, Si€L(RY, V1<I<IL,

that we equip with the inner product
L
T)=> S :T. (10.167)

We shall introduce also linear mappings from (RY)M in £(IRY)Z,
Ge L((]Rd)M,E(IRd)L).

Any operator of this type can be represented by a family of M x L x d square
d X d matrices,

GP

m>

1<p<d, 1<I<L, 1<m<M. (10.168)
Indeed by linearity

U= (Um)lgmgj\/[ S (IRd)M — GU = ((GU)l)1§l<L € £(1Rd)L,

is such that,

M
(GU) = Gum Un, Gim € E(IRd,ﬁ(le)), (10.169)

m=1

and, as for any element of E(]Rd,E(IRd)) we can write, for each (I,m) (if
Um = (Uf)1<p<a),

d
G Un =Y G UL, Gh €L(RY), Vi<p<d (10.170)
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Note that the ajoint of such an operator,
G* e c(c(le)L, (md)M),

is defined by,

L
G*S = ((G* S)m) e RHM, (G* S)uR? and (G S, = Gl - 5.
=1
(10.171)
Indeed, using (10.169) and (10.170),
L
(GU,S) Rty = Y _(GU)1 : Z Z U?, ( ZG
=1 m=1p=1
Next we introduce, for each I € {1,---, L} the d X d matrix
Cle =w Jk(My) (DFk)™ (M) C(My) (DFyg) ™ (M. (10.172)

REMARK 10.44 We can write Ck as the product of two d x d matrices,
namely
o~ 1,
Clc = Jx(M;) (DFj)™ (M) - B,
where Bt = C(]\//.Tl) (DF;})A(]\/II) is the result of the application of the linear
mapping C(M,) € L2(R?) to the matriz (DFy) (M) € L(RY).

Then we introduce the block diagonal dM x dM matrix (with d x d diagonal
blocks)
cL 0

CK = R . ’
0 Ck
that we shall consider as a block diagonal application from £(IR%)” into itself,
Ck € a(c(md)L,c(le)L),
in the sense that,
M = (Ml)lglgL S ,C(IRd)L — Cx M = (CZK Ml)lglgL S ﬁ(IRd)L
The main result is thus the following,
LEMMA 10.8 Let G be the (independent of

K) operator in L(RHYM, LRYL) characterized (in the sense of (10.168),
(10.169), (10.170)) by the d x d matrices,

Gh, =V [Bme, | (M) (10.173)
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One has the identity,

CLK(UK7’()K) = ([ é* CK é] UK,VK) (10174)

(IRd)M'

PROOF By definition of the matrices Cl;, we deduce from (10.163) that

L
ak (uk,vx) = Y _ Cl Viig(M) : Vg (M),
=1

where we have used the fact that, if (A, B,C) € E(IRd)3,
A:BC=C"A:B.

Subsituting (10.164) in the above formula, we get

On the other hand,

(G* Ck G Uk, Vie) Reyn = (Cre G Uk, G Vi) LR

)m,

L
(by (10.167)) =Y (Ck G Uk)i: (G Vi)
=1
L L L
(by (10.169)) =303 Ck G Ukn) - (O
=1 m=1 n=1
L L d L d N
(by (10.170)) =" > ¢ G Uuk,, (ZZGf 5)
=1 m=1p=1 n=1qg=1
L L d L d
=222 2.2 (Ci Gl s Gl Uk Vit
I=1 m=1p=1n=1g=1

One easily concludes by identification with the expression of ax (uk,vk). I

REMARK 10.45 The reader will note that each d x d matriz has only one
column of non zero elements, namely the pt" one. More precisely,

O,

(GP Vpy = (M), (GP )pg=0, forr#p. (10.175)

O0xq
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We now explain how to implement the matrix-vector product Wj, = A, Uy,
where (Up, W) € R x R . We remind that, for each K, there exists a

renumbering function,

]K{]-v ,M}_){]-v ,Nh}v

such that one can relate the global scalar Lagrange basis functions w; to
the local ones @,, (note that the union over all the elements K of the sets

{jx(m),1 <m < M} fills the set {1,---, Np}), using the formula

_ s -1
ij(m)|K —meFK .

The relationship between the vector Uy = U, € R and the vectors Uk €

(RT)M is,
Up= > LxUx <= Ug=LyU,
KeTy,

where (NJh =Lk Uk € RM is such that,

UP

Jr(m)

=Ul,.. UP=0 ifjé¢{jx(m),1 <m< M},
K,m J

while ﬁK = L% Uy, is such that,
(ﬁK)]:n = UfK(my
The algorithm for the product W;, = Ay Uy, is as follows
e For K € Tp,

1. Determine Ux = L3 Up,

2. Compute T'x € LIRHL by Ty = G Uk —

d M
> Gl

p=1m=1

(10.176)

(10.177)

3. Compute YK € ﬁ(IRd>L by Yx = Ckl'xy <— (ZK)I = ClK (FK)Z,

L
4. Compute Wg = G* Yk € (IRd)M = (W), = Zé

=1

5. Increment W), = W), 4+ L Wk.

One sees that the needed memory storage is,

- L x Np 1 square d x d symmetric matrices Ct.,

: (B )

- M x L x d (number independent of h) square d X d matrices éfm.
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while the needed computational cost is, for each K € 7}, (we take into account

-~

the particular sparse structure of the matrices GJ, ),
- 2d? L M operations for step 2.
- 2 d? L operations for step 3.
- 2d% L M operations for step 4.

- d M operations for step 5.

10.6.3 A Link with Mixed Finite Element Methods

In fact one can reinterpret the result of lemma 10.8 as a local decomposition
of the operator A, which represents a discrete version of A = —div(CVu),
into the product of three operators

e G as an approximation of the operator V,
e G* as an approximation of the operator —div (the formal adjoint of V),
e C. as an approximation of the operator C.

In the same way that C(x) contains the information of the elastic (continuous)
medium, the matrices Cl. contains the information about the discrete medium
which include both the geometry of the mesh (through Jx and DF) and
the physical characteristics of the medium (via C'). The independence of G
with respect to K can then be interpreted as the consequence of the intrinsic
character of the operators V and div. Moreover

e the vector 'k is a local discrete version of Vu,
e the vector X i is a local discrete version of the stress tensor o,
e Y= CZKFK is a local discrete version of the constitutive law.

As it was observed for the first time in the works by Cohen-Fauqueux (cf. [46]),
the interpretation we give here appears more naturally if one sees the pure
displacement finite element approximation of the elastodynamics equations
as the displacement version of a mixed finite element approximation of the
elastodynamics system in a first order (in space form), namely (we consider
here the source free problem for simplicity),

o
e
o=0Cr, (10.178)

—dive =0,

v = Vau.
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where the new unknowns v and o are tensors. Note that we do not prescribe
a priori the symmetry of o: this is a consequence of ¢ = C' ~. Without
entering in the details, obtaining a mixed variational formulation consists in
multiplying the three equations of (10.178) by test fields of the space variables
only, respectively v, 7 and §, and integrating over 2. Then one chooses to
integrate by parts one of the two equations involving space derivatives. Here,
to be consistent with the pure displacement formulation, we choose to keep
the regularity on the unknown u but relax the one of . Then, we integrate
by parts the last equation of (10.178). This influences of course the choice
of the functional spaces in which leave v, 7 and 4. One ends up with the
following formulation (that is considered in [46], the primal-dual formulation
by opposition with the dual-primal formulation that we shall present in the
next chapter - see also [60] for more details),

Find (u,7,0) : R" — V x § x S,such that

d2
@(u,v)—i—/QU:V’udx:O, Yv eV,

/O’ZTdSL‘Z/C’YSTd:E, V1 e S,
Q Q

/fy:édm—/Vu:(de:O, Vd e S.
Q Q

(10.179)

where V' is the same space as in the displacement formulation (see (9.25))
while S is simply,
S = L(Q; L(R)). (10.180)

For the discrete problem, we approach V' by the same Lagrange finite element
space V;, and S by another finite dimensional subspace S, C S, typically
a set of discontinuous tensor fields which are piecewise smooth (polynomial
Lagrange elements) in each element K of the mesh 7. After decomposition
on appropriate bases (we keep in particular the basis {w;} of V},) we get the
matrix formulation (with obvious notation - we assume that the integrals can
be computed approximately via quadrature formulas),

02Uy,

MhW +Gj, X, =0,
5, = G, T, (10.181)
Iy, = Gy Uy

After elimination of ¥;, and I'y,, we get,

0?Uy,

Mi
h o

+ARU, =0, with A,=G,C,Gj (10.182)
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which is of course formally identical to the ordinary differential system that
we obtain with the pure displacement formulation. Moreover the factorization
A, = Gy, C,Gj, is very similar to the local factorization (10.174). It is
easy to realize that such a local factorization exists since, as S} are made
of discontinuous functions, the matrices G, and Cj have naturally a “block
diagonal” structure, each block being associated to the degrees of freedom (for
~ and o) of one element K. Finally, one easily realizes the “intrinsic” nature of
the blocks composing Gy, if the space Sy, is constructed from a single reference
space S through the use of the so called Piola transform (this transform usually
appears for the finite element approximation of H(div) spaces, see [126], [38]),

Sh:{Th ES/VKE'T}L, Th|K GSK},
R (10.183)
Sk = {1k = Jx DF}; To Fi',7 € S}.

The key point is to remark that, if ux = u o Fgl then, one has the identity,
/ Tk : Vug do = / 7T:Vudz. (10.184)
K K

Finally, one can show (we shall omit the general proof here and we refer the
reader to [46], [123] or [83] for various special cases) that, provided that,

e The set @ is S unisolvent: dim S = L and any 7 in S is completely
determined by its values at the points M; (here, no requirement on the
boundary),

e The corresponding local Lagrange interpolation functions are used to
construct the global basis of the space S,

e The quadrature formula associated to @ is used for approximating the

integrals,
/a:Vvda:,/o:de, and /Cv:de,
Q Q Q

then the mixed method we have just described and the “classical” pure dis-
placement finite element method are equivalent in the sense that the matrix
A} and the computed solution Uj are the same as in the classical method.
Conversely the vectors ' and Y appearing in the algorithm we gave for the
classical method, are nothing but the vectors of the local degrees of freedom
for v and o, respectively.

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.
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11.1 Introduction

We consider in this chapter the first order in time velocity-stress formulation
of elastodynamics. In comparison with the second order formulation that
we studied in the previous chapter, the first order system has the following
two advantages: (i) it can be naturally coupled with the fictitious domain
method for taking into account the free surface boundary condition on the
stress tensor, (ii) as for any first order hyperbolic problem it is possible for
this formulation to derive a perfectly matched absorbing layer model which
permits modelling elastic wave propagation in infinite domains.

The fictitious domain method and its application to elastodynamics will
be discribed in Chapter 12. Let us recall here briefly the principle of this
approach for computing the scattered field by an object with a free surface
boundary condition (i.e., the normal stress is zero). The fictitious domain
method consists in extending artificially the solution of the problem inside
the object so that the new domain of computation has a very simple shape
(typically a rectangle in 2D). To account for the boundary condition, a new
auxiliary unknown, defined only at the boundary of the object, is introduced.
The main advantage of the method is that the mesh for the solution on the
enlarged domain can be chosen independently of the geometry of the object.
In particular, one can use regular grids or structured meshes which allow for
simple and efficient computations.

Motivated by the use of the fictitious domain method we will consider in
this chapter finite element methods for structured (regular) grids. In particu-
lar we are concerned with the space discretization of the mixed velocity-stress

331
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formulation of elastodynamics. For efficiency reasons (to reduce the compu-
tation time and memory requests) we want to use mass lumping techniques
(as the ones described in Chapter 10) in order to get a really explicit method
after time discretization.

Several families of mixed finite elements have been proposed in the literature
for static plane elasticity. The main difficulty appearing in this problem is
finding a way to take into account the symmetry of the stress tensor. Namely,
taking into account the symmetry in the approximation space is not easy and
can lead to numerical locking (this is what happens with Raviart-Thomas
elements). The approach which is usually followed is the relaxed symmetry
approach: the symmetry is imposed in a weak sense via the introduction of
a Lagrange multiplier [4,7,117,131,132]. Another approach using spaces of
symmetric stress tensors, based on composite elements, was introduced in [99].
None of these, however, are adapted to mass lumping.

We present here the mixed finite elements proposed in [24,26] which are
inspired by Nédelec’s second family [120]. These elements have two basic
characteristics: they allow mass lumping and they use spaces of symmetric
stress tensors.

11.2 Mixed Variational Formulation

Let A(x) € £2,(IR?) be the inverse of the elasticity tensor defined by (9.8)
in §9.2 and satisfying the uniform inequalities (o and M are strictly positive
real numbers)

0<alo)® <A@)o:0 < Mlo|*, Vo € L,(R?), Vz € Q. (11.1)

The elastodynamic problem in §2 can be written as a first order hyperbolic sys-
tem, the velocity-stress system, with the unknowns: v = du/0t, the velocity
vector and o = o(u) the stress tensor,

Q@ —diveo = f,
%tg (11.2)
AE — E(U) = 0,

subject to the initial conditions v(0) = 0, o(0) = 0 and the boundary condition
v =0 on O (11.3)
Let us now introduce the Hilbert spaces

M = (L*(;R?)?, H = L*( L(R?)) and X = {oc € H /divo € M}.
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We denote X*¥™ C X the subspace of symmetric tensors in X
XM ={oe X [/as(o) =0}.

The dual-primal mixed variational formulation of system (11.2, 11.3) can be
written in the form

Find (o,v) : [0,T] — XY™ x M such that

& a7 00,7 =0, wrexwm (L)

d
7 c(v(t),w) — b(w,o(t)) = (f,w) , Vw € M,

where

OL(U,T):/AU:TCZQU7 V (o,7) € H x H,
Q

c(v,w) = / ov-wdz, Y (v,w)e M x M, (11.5)
Q

b(w, T) :/div7'~wd:c,v (w,7) € X x M.
Q

The bilinear form a(-, ) (resp. b(:,-)) is continuous on H x H (resp. on X x M),
thus we can define linear continuous operators A: H — H' and B : X — M’
by

<AU7 7->H’><H = CL(O', T) ; <BT7 w>M’><M = b(’LU,T),
where H' (resp. M’) holds for the dual space of H (resp. M). We set

B¥Y™ = Bjxsym € L(X®¥™, M'). The following properties are satisfied, e.g.,
[38]

(1) The continuous inf-sup condition
I3B>0/VweM, 37X 740/ b(w, ) > Bwlyy Iy -
(#4) The coercivity of the form a(-,-) on Ker B = Ker BN X*¥™
Ja>0/VoeKer BY" a(o,0) >« ||O'||§(,

with Ker B*Y™ = {r € X*¥" / b(w,7) =0, Vw e M}.
(11.6)
The mixed formulation (11.4) is the one we shall work with for the numerical
approximation. Note that, it is crucial to work in the space XY™ of symmetric
tensors because the operator —e is not the adjoint of div if one works in X.
Let us note that the dual-primal formulation (11.4) is not the only mixed
formulation of the elastodynamic problem. One could also consider the fol-
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lowing primal-dual formulation,
Find (v,0) : [0,T] — V x S,such that

d

o7 Qa:de—/QC’Vv:Td:E:O, VT €S, (11.7)

i gv~umlac—|—/J:degczo7 Yw eV,

with
V = (H§(Q))% 5 = L*(Q; L(R?)).

Remark that to obtain (11.7) we integrated by parts the first equation of sys-
tem (11.2), whereas (11.4) was obtained by integrating by parts the second
equation of (11.2). As a consequence, the velocity in (11.7) is sought in a
more regular space then the stress tensor. As we have already mentioned in
section 10.6.3, formulation (11.7) can be descretized with the finite elements
proposed by Cohen-Fauqueux [46] when written in the equivalent form of sys-
tem (10.179). In [60] both the primal-dual and the dual-primal formulations
for elastodynamics were considered and coupled with the acoustic equation for
modelling fluid-structure interaction problems. In this chapter we will focus
our attention in the dual-primal formulation (11.4).

11.3 Space Discretization

We suppose now that € is a union of rectangles in such a way that we can
consider a regular mesh (75) with square elements (K) of edge length h > 0.
To obtain the finite element spaces, we shall adopt a constructive approach
which aims, in particular, at exploiting the geometry of the mesh. We look
for approximation spaces

My, ={vy e M /YK €Ty, vy |k € P},
Xp={onp e X /VK €Ty, on|x € 9}, (11.8)
XV = {oy € Xy, [ as(op,) =0},
where P and Q are finite dimensional spaces of C'*° functions, for instance
polynomials, that are to be determined. We can remark that X;¥™ is sought

as a subspace of X*¥"": we want to take into account the symmetry condition
in the strong sense. Then the approximate problem associated to the mixed
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velocity-stress system for elastodynamics can be written in the following form

Find (op,vs) : [0,T] — XY™ x M), such that

aa(ghﬁh) + b(vp, ) =0, v, € X0, (11.9)

%C(U}“wh) — b(w}“(fh) = (f, wh), Ywy, € Mh,
with initial conditions ¢4(0) = 0, v;,(0) = 0.

We will explain in the next section the construction of the lowest order
element of two families of mixed finite elements introduced in [24, 26] (see
also [21,26] where the dispersion analyses for these elements are presented).
In what follows, we shall use the following standard notation for spaces of
polynomials of two variables. We denote by Pj the space of polynomials of
degree at most k, and define

Pk?vl = p(l‘l,ﬂfz) | p 371,],‘2 E az_]xle ’
i<k,j<l

and Qk = P/c,k~

11.3.1 Choice of the Approximation Space for the Stress
Tensor

A possible choice for X}, is the lowest order Raviart-Thomas element RT]g

XfT = {on € X /| VK € Ty, (01,02) | € (RTig))*},

where RT; B"] Py o x Py1. However, this choice is not satisfactory, since the
space X' M XY™ is too small and thus cannot be considered as a good
approxnnatlon space for X*¥™: indeed, if o} is a symmetric tensor in X }?T,
then it is easy to see that o1 is necessarily constant in 2. This is usually
called numerical locking.

The construction of XY™ as a subspace of XY, is based on the follow-
ing observation, which is true only for meshes with squares whose edges are
parallel to the coordinate axis (the proof, which is trivial, is omitted).

THEOREM 11.1 For all oy, € X}, where X}, is given by (11.8), we have

op € Xeym < (Z;;) EH(diV,Q) and o012 = 091 € Hl(Q)

Theorem 11.1 shows that 012 must belong to an approximation space of
H(Q). Thus, in order to define the lowest order element, it is natural to
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choose
o192 € Hl(Q)/VK S 771; 012 |K € Ql.

It remains now to define the approximation space of H(div, ) in which the
vector (o11,022)" belongs. Once again, a natural choice is the lowest order
Raviart-Thomas element RTjp. We denote

)?,‘jym = {O'h € X‘gym/VK e Ty, 0'12|K € 7 and (0’11,0'22) |K S RT[O]}.

However, it can be easily shown that this choice does not allow for an explicit
time discretization scheme. This was explained in [22] for the anisotropic
wave equation. The reason is that the degrees of freedom for the stress tensor
are associated either to a vertex of an element K (for o12) or to an edge (for
(011,092)). To obtain an explicit time discretization scheme, we want to use a
mass lumping technique for the approximation of the mass matrix associated
to the bilinear form a(op, 71,) (the reader can verify that the matrix associated
to c(vp,wp) is already diagonal in the usual basis of Mj). Thus, we are led
to approximate the mass matrix a(op, 75,) by

QK
ap(op, ) = E / Aoy, 2 T dx,
K

KeTy,

where [ l? ¥ .dz is some quadrature formula defined in general by (10.74), that
is to be determined. The key point for choosing the approximation space
of H(div,Q) is to regroup all the degrees of freedom at the nodes of the
quadrature formula, namely the nodes of the mesh. Under this condition the
adequate choice for (011, 092) is the lowest order element of the second family
of mixed finite elements proposed by Nédélec in [120], that is

{qh € H(div,Q) such that g, |x € (Q1(K))?, VK € 771},
and thus the choice for the space X" can be written as

X}Slym = {0'12 S Hl(Q)/Ulg |K S Ql» VK €7, and
(11.10)
(011,022) € H(div,Q)/(011,022) |k € (Q1)°, VK € Ty} .

With this choice, the degrees of freedom for the stress tensor are all associated
with the vertices of an element K as we can see in Figure 11.1 (we choose point
values instead of moments as in [120], see also section 11.3.3 for a complete
description of the degrees of freedom). In this case the approximation of
a(op, 1,) using the following quadrature formula in K

Ok h2
/kfd;v ~ fdo = > f(M), YfeCK),

K Me{vertices of K}



Discontinuous Displacement Finite Elements, P. Joly and C. Tsogka 337

leads to a block diagonal mass matrix (this is nothing but the Gauss-Lobatto
quadrature formula of order 1, cf. section 10.4). Each block is associated to
a node of the mesh and its dimension is equal to the number of degrees of
freedom at this point (that is 5, see Figure 11.1).

11.3.2 Choice of the Approximation Space for the Velocity

To construct the lowest order space My, it is natural to approximate the
velocity with piecewise constants

M, = {vh eM /YK €T, vl € (QO)Q}. (11.11)

The finite element defined by (11.10)-(11.11) is called the Q%" — Qg element
and its degrees of freedom are illustrated in Figure 11.1.

o

FIGURE 11.1: Degrees of freedom for the Q% — Qy element.

The convergence analysis for this finite element will be presented in the
next section and, as we will see, it is quite technical because the finite ele-
ment spaces defined by (11.10)-(11.11) do not fit the Brezzi-Fortan approxi-
mation theory [38,78]. More precisely, introducing the discrete operator (the
continuous operator B is defined by (11.5)),

(Byh, wr) = b(wp, ) = / div 75, - wpda, V(wp, ) € X7 x My, (11.12)
Q

it is easy to verify that the inclusion

Ker(By,) C Ker(B), (11.13)
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is not satisfied and that furthermore the bilinear form a(-,-) is not coercive
on Ker(Bp,) (even if it is on Ker(B)).

Although it is possible to overcome these difficulties and show that the
method converges, the same technique cannot be applied when the method is
coupled with fictitious domains (denoted FDM, cf. Chapter 12). Moreover,
numerical results illustrate that the method does not always converge when
coupled with the FDM (numerically, convergence is obtained only for very
particular geometries).

In order to avoid this problem, another choice can be made for the space
My, (cf. [25,26]), namely,

My, ={w, € M /Y K €Ty, wyx € (P1(K))*}. (11.14)
With this enrichment of the approximation space, we will have six degrees

of freedom per element on the unknown v; as shown in Figure 11.2. The

(0:vz,0zvz) :

|

I

1 | 1

1 |

| (8xv1i78wvz)
| |

1 1

1

in ('Uz7vz)
o -IT- o 1
- zz T () 1 zz '_
e
—_—

8o

]
8

FIGURE 11.2: Degrees of freedom for the Q" — P, element.

space M}, defined by (11.14) was chosen so that for the mixed finite element
(11.10)-(11.14), called the Q¥"* — P; element, we have

div (X:¥™) C My, (11.15)

which easily implies (11.13) and therefore one can prove that the bilinear form
a(+,-) is now coercive on Ker(By,).
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11.3.3 Extension to Higher Orders and Mass Lumping

The natural generalization of the lowest order elements presented in §11.3.1
consists in taking

Xp={meX/VK €T, |k € (Qr1)*},
XU = X, 0 X, (11.16)

M;, = {wh EM/ VK € Ty, wh|K S (Qk)2}

This will be referred to as the Qg’fl — @ element. For the second family of
mixed finite elements denoted Qz’fl — Py the space M, is defined by

M, = = {wn €M /Y KET,, wyg € (Pr1(K))*}. (11.17)

The locations of the degrees of freedom for these elements correspond to
tensor products of 1D quadrature points associated with Gauss-Lobatto (for
op,) or Gauss-Legendre (for vp,) quadrature formulas [58]. As an illustration,
we represent the degrees of freedom of the element corresponding to k =1 in
Figure 11.3 and we also indicate the number of degrees of freedom per node.
We can notice -and this is a general remark for all the higher order elements-
that, for o, there are three kind of nodes:

1. The nodes located at a vertex of an element, that are associated to 5
degrees of freedom: the value of o2, the two values (up and down) of
o011, the two values (left and right) of ogs.

2. The nodes located on an edge, associated to 4 degrees of freedom:

e for a vertical edge: the two values (left and right) of o9, the value
of 011, the value of oy,

e for a horizontal edge: the two values (up and down) of 011, the
value of o9o, the value of o1s.

3. The interior nodes located inside one element, associated to 3 degrees
of freedom: the value of 015, the value of o1, the value of oas.

Mass lumping can then be achieved by approximating the integrals in
the mass matrices a(oy, ) and c(vp, wp,) by adequate quadrature formulas.
More precisely by using the Gauss-Lobatto quadrature formulas to compute
a(op, Th), one obtains a block diagonal matrix. Each block is associated to
one quadrature point and its dimension is equal to the number of degrees of
freedom at this point: from 3 x 3 for the interior nodes to 5 x 5 for the vertices
of the mesh. Note that c(vp,wy,) leads naturally to a block diagonal matrix.
However, using the Gauss-Legendre quadrature formula and appropriate de-
grees of freedom leads to a diagonal matrix (see also section 10.4 for more
details on the quadrature formulas).
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XY S R V)
yo e e M
f"zz v % 2%
JaE
— 0‘ll Y2 ‘74‘ 3 7 v
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FIGURE 11.3: Degrees of freedom in the Q$V — Q; element.

11.4 Theoretical Issues

11.4.1 The Qzﬁ’l — Pry1 Element

The analysis of the zfl — P41 element can be carried out using the
abstract theory presented in section 10.2. Indeed, using (11.15) and assuming
that the density is constant on each element we have

1
™ € X, = wy, = ;diV(Th) e My,

Introducing this particular test function in the second equation of (11.9) we
obtain

d 1 1
— [ v - div(rm)dx — / —div(oy) - div(m,)dx = /f f - div(m)de.
dt p p

Deriving now the first equation of (11.9) with respect to time and using the
last expression we deduce that the variational formulation (11.9) implies the
following second order formulation

Find oy, : [0,7] — XY™ such that

d 1 1

%a(ah,m) + / ~div(op) - div(r)dz = — / —f - div(ry)dz, V1, € X;¥7
p p

This second order in time formulation can be analyzed following the the-
ory presented in section 10.2. This analysis does not present any particular
difficulty and is left to the reader. The only technical point concerns the non-
classical approximation properties of the space X;¥"™ that will be presented

in section 11.4.2.2.

11.4.2 The ngr_’l — Qr Element

We first present in this section some important theoretical properties of the
spaces X, and M} that will be useful for the convergence analysis. Let us
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introduce a scalar version of those spaces, the spaces Xj, and M}, (remark that
we use the same abusive notation for X;,-Mj, and their scalar version) defined
by

Xp ={gn € X = H(div; Q) / VK € Ty, qn|x € Xy},

Xk = Qr+1 X Qrt1, (11.18)

My, ={w, € L*(Q)/ VK € Tj,, wp|x € Qx}.

It was shown in [22] that the scalar version of X} admits the following or-
thogonal (in L?) decomposition

Xh = Xlsz S2) XZ7
X = {pn € H(div;Q) / VK € Tp,, pu|lx € R}, (11.19)
Xy ={pn € H(div;Q) / VK € Ty, pulx € Vi},

where W}, is defined as the orthogonal complement in X} of RTj (for the
inner product of L?(K))

U (K) = {¢ € Xk// Védr =0, Vo€ RTM}. (11.20)
K

We recall here the well known property of Raviart-Thomas elements:
Vp;, € Xp, divp; € Mp,.

Thus, it is straightforward that the tensor space X} admits the orthogonal
decomposition
X, =X; ¢ X;, (11.21)

and we have
V1, € Xi, divry € My, (11.22)

Moreover, one can prove easily the following fundamental properties of the
tensor space X} (see [22])

(Z) Vnh € Mh; VT]?; € X}C; ((7}7;)7,]77,”7,) = 07 VZ,j = 1a27

(i1) VK € Ty, VTj, j=1,...,4, /T min-qdy=0, Vq¢€ (P(T}))?,
where T are the edges of K, i.ej., OK =Ty UTy, UT3 U Ty,

(443) Ywy, € My, V1) € X7, (divr),wp) =0,
(11.23)
where property (iii) directly follows from properties (i) and (ii).
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Finally, we give another characterization of the space X;”"™ defined in
(11.16) that follows from Theorem 11.1:

X}iym = {0 S Xsym/ 012 = 012 € QiJrl, (0'11,022) € Xh}7 (1124)
where QZH is the space of continuous functions, locally Qx11:
W ={0eC’@Q), ¢lk € Quir, VK € Tn }. (11.25)

11.4.2.1 Error Estimates for the Evolution Problem

To study the error between the solution (o,v) of (11.4) and the solution
(oh,vp) of (11.9), we follow the same technique as in [75,112]. This classical
approach consists of two main steps. The first step relates, thanks to energy
estimates, error estimates for the evolution problem to the estimation of the
difference between the exact solution and its elliptic projection (that has to
be cleverly defined). The second step, which amounts to analyzing the elliptic
projection error, directly follows from the analysis of the approximation of
the stationary problem associated to the evolution problem (11.9).

REMARK 11.1 Although the family of mized finite elements is compatible
with mass lumping, we present here the error analysis for the discrete problem
without mass lumping. Of course, when doing mass lumping, one should add

to this error the quadrature error due to the numerical integration (see section
10.3 and references [13, 139, 140]).

In this section, we shall use the notation 0; for the time derivative and
introduce the spaces (r and m are integers, and T is positive and fixed)

Crm = (0. T3 H™(S), Cmmt) — Cr(0, T3 H™ 4 (9),

(11.26)
Cr,(m+1,m) _ CT(O7T, I{7n+1,'rn(Q))7
and we introduce
|ull grom = sup sup|dful,, and |[ull gr.onmin = sup sup|Oful,, .. -
te[0,T] ¢<r te[0,T] g<r

In the following we shall make regularity assumptions on the solution (o, v)
of (11.4) that are sufficient in order to obtain the optimal rate of convergence
when using elements of order k:

o1 € OLUHZID) g e OLHLER) 50 e OLFH2 4 ¢ (CLR+2)2 (11.27)
Following [75,112] we introduce o, (t) , V(1) s.t.,

(On(t), on(t) € X;V™ x My, 7,(0) =0,
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and for each ¢ > 0, (0;01,(t), Uy, (t)) is the solution of

a(00n, Tn)+ b(Vn, Ta) =0, V7 € X5
(11.28)
b(wh, &ﬁh) = b(wh, atU), Ywy, € Mh,
or equivalently
d -~ ~ sym
*Q(O’h,Th)—i— b(Uh,Th) = 07 VTh € Xh Y )
dt (11.29)

b(wn,on) = b(wn, o), Ywy € My,

We can estimate the elliptic projection error and prove the following result

LEMMA 11.1 We have the following error estimates

00 — 0:1) ()] g + [1(v = Tn)(B)llar < C BFF (10011 (8) 4,140

+ |3t022(t)|k+1,k+2 + |at012(t)|k+2 + [v(®) k1 + [V(t)|ky1)-

LEMMA 11.2 Setting
C(U,O’) = ‘0’11|Cl.(k’+2,k+1)+|022|Cl,(k+1,k+2)+|U]2|Cl,k+2+|v|cl,k+l+|VU‘C1,I€+1,

we have R -
v = Dnllcoo, iy < Clv,0) A

|0' - &h|C(07T;H) S C(U,O') T thrl.

REMARK 11.2 Obuiously, the same estimates hold for 07 (v — vp,) and
¥ (o — ) if one replaces C(v, ) with C(d¥v, o).

Before proving these lemmas let us remark that they permit us to obtain the
following global error estimates.

LEMMA 11.3 3C1, independent of h such that ¥t € [0,T]

(G — o)) g + [|(On — o) ()][ar < 01/0 10; (v — Tp) ()| aeds.  (11.30)

PROOF By difference between (11.9) and (11.29) and using the second
equation of (11.4) we observe that

(Z) a(&t(ﬁh — O'h),Th> + b(i}\h — ’Uh,Th) =0, Vr, € thym,
(11.31)
(ZZ) b(wh,ah — O'h) = C(at(’u — vh),wh), Ywy, € My,.
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Taking 7, = o, — oy, and wy, = Uy, — vy, we get

a(0¢(Tn — on),0n — on) = c(O¢(vn — ), Vp — vp),

or equivalently, setting 2F), = a(oy, — oy, 0 — op) + ¢(Vy, — v, Op — vp,),

dE ~ ~
d7th = c(0¢(V, — v),Vp — vn),
and Gronwall’s lemma leads to (11.30). I

Joining Lemmas 11.2, 11.3 and Remark 11.2, we can easily prove our final
result which is summarized in the following theorem.

THEOREM 11.2 Let (0,v) be the solution of (11.4) and (op,vy) the solu-
tion of the approzimate problem (11.9), we have the following error estimates

v = vnllco,rimy < (Cv,0) + T C(0pw,ds0)) hFF,
lo — onlcorayy <T (C(v,0) + C(0pw, d0)) plt+l

REMARK 11.3 We will prove in the sequel Lemma 11.1 by studying the
elliptic projection error. We would like to notify the reader that the follow-
ing section is quite technical because the finite element spaces (11.16) do not
satisfy the hypotheses of the classical theory [12, 37] and we need to combine
several non-trivial techniques (such as macroelements) to obtain Lemma 11.1.

The elliptic projection error. We define the elliptict projection
(Oh,0n) =i (o,v) € X;¥™ x M, as the solution of the following problem,

a(cp — o, 7))+ b0y, —v, 1) =0, V7 € XU,
(11.32)
b(wh,&h — O') =0, Ywy, € My,

REMARK 11.4 Remark that the elliptic projection in Lemma 11.1 is de-
fined so that (Ogop,vp) = I (0k0, v) with (o,v) the solution of the continuous
problem (11.4).

The main difficulty in the convergence analysis of problem (11.32) is that
the finite element spaces (11.16) do not satisfy the hypotheses of the classical
theory [12,37]. In particular, one can easily prove that the uniform discrete
coercivity condition is not satisfied, because div(X,*¥™) ¢ M. Thus, we
will present here a different convergence analysis in the L? framework for
both unknowns ¢ and v. For this, we only use the coercivity of the form
a(-,-) on the space H

da>0/VYTeH, a(r,7) 20¢|T|§{. (11.33)
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It is less obvious to obtain estimates of div(c — o). Let us introduce

Vh(O') = {Th S X}slym / b(’wh,(f—Th) =0, Ywy, € Mh},

Vi = V4(0) = KerBy,

with By, defined by (11.12). For proving error estimates, we shall use the
following lemma.

LEMMA 11.4 The following discrete uniform inf-sup condition holds

38 >0/ Yh,Ywy, € My, 37, € XV, 7, 0/
(11.34)
b(wn, 7h) = Bllwallay 1o llx -

The proof of this lemma is based on a macroelement technique and is quite
technical, we will present its proof in section 11.4.2.1.1.

Notation. For any integer m > 0, we introduce the space

H™m (@) = (g e HMQ),/ dnp € H™(Q)},  (1135)
and similarly for H™+1™ (), and we set
[lmi1 = [V 1020 [¥lg1m = W], + 1019, (11.36)

where |-, denotes the semi-norm on H™ ().

As a consequence of (11.33) and of the continuity of the bilinear form af(,-)
on H x H, we deduce the following result (see [38], Prop. 2.13 and Rem.
2.14):

THEOREM 11.3 Problem (11.32) admits a unique solution (op,0p) €
XV x My, which satisfies

_F — Gy £CJ inf Jo—mhly+ iof |- +
o= Gula o=l <C{_inf o=l int o willy

b _
v ot sup @wm}
whEMh-,—hth Oé|Th|H

(11.37)

This allows us to establish the following convergence theorem:

THEOREM 11.4 Let (0n,vp) be the unique solution of (11.32). If
(0'11,(722) € HI’O(Q) X Ho’l(Q) and o1 € HI(Q) then

lo —only +lv—"unll,, — 0 when h — 0. (11.38)
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Furthermore, if (011,092) € HF2EH1(Q) x HELE2(Q) 019 € HF2(Q),
and v € (H¥*+2(Q))?, then, one has the error estimates

lo — 5h|H + [lv - EhHJVI < Cpitt (|011|k+2,k+1 + |U22|k+1,k+2 + |Jl2‘k+2

+vlpy + |VU|k+1) .
(11.39)

The proof of this theorem uses the following technical lemma which will be
proved in section 11.4.2.1.2:

LEMMA 11.5 For any w € (H(Q))?,

b(w —
lim inf sup 7(1” Wh; Th)

= 0. (11.40)
h—0wn €My, 7, €V, a|Th| g

Furthermore for all w € (HE(Q))2N (H ¥ 2(Q))2, there exists a wy, € My, such
that

b(w — wp, Th)

sup < ChFH! [Wljio.q- (11.41)

Th€Vh a‘Th|H

Proof of Theorem 11.4: The proof consists in estimating each term of the
right hand side of (11.37).
o Using the inf-sup condition (11.34), we can bound the first term by (see [38]):

inf |o—7 < inf o—T <C inf o—T .
ThE€Vp (o) | h|H T ThEVR(0) ” hHX T mEXxYm ” hHX

h

Then from specific properties of the Raviart-Thomas approximation space
X7 on regular meshes, combined with classical approximations properties of
Q1 one gets, if (111, 722) € HYO x H%! and 715 € H!

lim inf It — 7] = 0. 11.42
o =Tl =0 (11.42)

Furthermore, if (111, 790) € HFT2:k+1 5 Fhtlk+2 414 715 € HF2 we have
b b b

- eigl(fsym T =7nllx < CRM Y (1Tl s + 1m0l kiy pn + [T1205p0)- (11.43)
h h

e The standard approximation property in M), gives:

lim inf |jv— = M.
m inf v —waly =0, Vo€

Furthermore, for all w € (H*+1(2))2, we have

inf flw—whlp < C A wfig. (11.44)
wp €Mp,

e Finally the last term is estimated thanks to Lemma 11.5. |
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11.4.2.1.1 Proof of Lemma 11.4 (the inf-sup condition). To prove
(11.34) we first construct a particular 7 € X*¥™ gatisfying the continuous
inf-sup condition

LEMMA 11.6 For allv e M there exists a 7 € XY™ such that
(1) T is diagonal (thus as(t) = 0),
(#) div 7 =,
(i) |7l x < Cllvllar-

PROOF In the case of a rectangular domain {2 it is easy to prove that for all
v = (v1,v2) € (L?(2))%*(= M), there exists a 7 = (11,72) € H(div,Q)(= X)

with
o= T11 J— 0
PPl o ) T e )

. 0T11 . 0722
divry = —— = v; and divry = —— = vs.
8:171 6:62

where 71, 19 verify

Indeed, we define vy (resp. v2) the extension by zero of vy(resp. v2) at the
exterior of Q. We can then define 711 (resp. 722) as a primitive of U7 (resp.
U2)
T 1
T11(21, 22) = / U1(8, 22)ds, Toa(x1,22) = / va(x1, s)ds.
0 0
It is clear then, that 7 = (71, 73) satisfy (i), (ii) and (iii) of Lemma 11.6. [
Then, by using the well known properties of the Raviart-Thomas mixed

finite element space, we are able to show the following lemma, that implies
immediately Lemma 11.4.

LEMMA 11.7 For all v, € My, there exists i, € X;""" such that
(1) (divry,wp) = (vp,wp), Ywy € My,
(@) [Imnllx < Chllonl|ar,

with Cy a positive constant independent of h.

PROOF Take vp, any element of Mj. By Lemma 11.6, we can construct
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Th € XY™ such that
(al) 7" is diagonal = as(t") =0,
(a2) divr" = vy, (11.45)
(a3) [7"llx < Cullvnlar-

Let II; be the usual interpolation operator on the Raviart-Thomas space Xj .
It is well known (see [38]) that

(b1) (div(r — I}7),wp) = 0, V(T,wp) € X X Mp,

(11.46)
(02) [ 7llx < Cof7x, VT € X.
Moreover, because of the particular mesh we work with, we have
7 is diagonal = IIj 7 is diagonal too and thus II} 7 € XY™, (11.47)

Let us now take 7, = IT;7" and check that it satisfies properties (i) and (ii)
of Lemma 11.7. Indeed,

(i) is a consequence of (11.45)-(a2) and (11.46)-(b1).

(ii) is a consequence of (11.45)-(a3) and (11.46)-(b2). I

11.4.2.1.2 Proof of Lemma 11.5.

A Macro-Element Partitioning

To prove Lemma 11.5, we will use a macro-element technique (cf. [133]).
This technique will permit us to obtain a global estimate by simply adding
together analogous local estimates. We need to introduce some notations. We
define {77, j =1,N;} the basis function of X" (N, = dimX;*™) associ-
ated to the degrees of freedom defined in section 11.3.3. It is easy to show
that these basis functions satisfy

(a) 7], =1,
(b) 3C >0, Cindependent of h, Vj, HdiVTj||L2 < C,
4 C7 > 0and Cy >0, Cy and C5 independent of h,

(¢) 1/2 1/2
VTh:ZOéjTj, Clh Za? §|Th|H§CQh Za?
j J J

J

(11.48)
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2
mn (N+1)

1 2 N

FIGURE 11.4: Definition of the macro-element - I: for an interior node, II:
for a node on the boundary (distinct of a vertex), III: for a vertex.

We shall define a macro-element M, associated with each vertex of the mesh
Th, Se (1 <e < Ne= (N +1)?), as the union of the elements having S, as a
common node, see Figure 11.4. We have, obviously:

o= (J M., (11.49)
e=1,...,N,

as well as the finite overlapping property (that is essential for property (c)):
Each element K € 7}, is included in at most 4 macro-elements.  (11.50)

For each macro-element M, (e = 1,..., N,), we define the basis functions 77,
j € J(e) of the macro-element as the 77 which have a support included in
M.

The number of basis functions in the macro-elements is bounded, the bound
depending only on the order of the element:

3Ji > 0 independent of h such that card(J (e)) < Ji. (11.51)

One can notice that each basis function belongs to at least one macro-element
and at most four macro-elements. That is why we define weighting coefficients
Aje for each basis function 79,45 =1,...,N,, associated to a degree of freedom
located at a node R; (the nodes are the locations of the degrees of freedom,
see section 11.3.3):

e If R; is a vertex of the mesh, there exists a unique e(j) € 1, .., N, such
that R; = Se(j),
)‘jfzéfe(j)a f=1..N..
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o If R; is located on an edge of the mesh, there exists a unique
(e1(j), e2(j)) such that R; € [Se, (), Se,(5)]s

)\] 5f€1 + 6f€2(] f =1,...,Ne.

e If R; is an interior node, there exists a unique (eq(j), e2(j),e3(s), ea(J))
such that R; belongs to the element of the mesh whose vertices are
Sen(yym=1,...,4

Ajf = 5f€1(3)+ 5f€2 + (;fes(J)Jr 5f€4(])7 f=1.Ne.

By construction, the Aj.’s have the property:

> Ne=1, Vj=1,.,N,. (11.52)

DEFINITION 11.1 For each macro-element M, (e = 1,...,N.), and for
any function w € M, we define the polynomial function we as follows: we =0
outside M, and inside M., it is defined as:

o If S. is an interior node, w. is the L*(M.) projection of w on
(Pyy1(M.))?, the space of functions which are polynomial of degree k+1

Pep1(Me) = S plar, ) [ plar, ) = Y agaia)
i+j<k+1

o If S, is a boundary node, distinct of a verter, we is the L*(M,) pro-
jection of w on to the subspace (P{ ,(M.))* of (Puy1(Me.))?, defined
by functions which are polynomial of degree k in the variable tangent
to the boundary. For instance, in the case of a vertical boundary (the
tangential direction being t = x2), the polynomial space (P}, (M.))? is
defined by :

Pl (M) = P22y (M) = S plar, @2) / plas,we) = Y agaiad

it i <k+1,
i<k

o If S, is a vertex of the domain, w, is zero.

We can then prove the following lemmas,
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LEMMA 11.8 For all w € H(Q) N (H**2(Q))2, we have

lw = wellg pr, < CHFF2 |w]y g 0y - (11.53)

PROOF If S, is an interior node, the result is standard and can be obtained
using Bramble-Hilbert’s lemma.

For a node S, located on the boundary, we use the fact that w vanishes on
a part of the boundary of M. We can first prove (for the proof see [24]) that

for a reference macro-element Me7 if w e (Hl(M ))? (H’”Q(Ml)) , and W

vanishes on a vertical edge of Me for instance, then there exists a constant
C > 0 such that
|w — el i < C|1B|k+2)]\7€, (11.54)

@, being the L2(M,) projection of @ onto (PlﬁH(ZTl\ ))2. Coming back on the
current macro-element M, gives the adequate power of h in estimate (11.53).

I

The key point of the analysis is the following nice result.

LEMMA 11.9 For all w € M, for all macro-element M, and for every
basis function of the macro-element 77, j € J(e),

/ (Pyp, we —w,) div 7/dz = 0, (11.55)
ME!

where Py, : M — My, denotes the orthogonal projection onto My, and we s
defined from w by Definition 11.1.

PROOF For each e =1, ..., N, and for all j € J(e), we set
I :/ (Par, we — we) div 77 dz.
M.

For proving this result, we use the orthogonal decomposition of space Xj
given in (11.21), which shows that

div 77 = div (79)* + div (77)", with (77)* € X; and (79)" € X}.

From property (11.22), we deduce that div(77)* € M, therefore, from the
definition of Py, , we get

/ (Pag, we — we) div (19)%dz = 0.
M

Thus
I= / (Pap,we — we) div (77)"dz.
M.
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Furthermore property (11.23)-(iii) implies
/ Py, we div (779)"dz = 0.
M.

Finally, by Green’s formula, we have

I= —/ we div (779)"da :/ Vw, : (Tj)rdx—/ (7)) n.aw, dy.
M, M, oM.

e

The vector function w, belongs to (Py11(M,.))?, so that Vw, belongs to M},
and using (11.23)-(i) the first term of the right hand side vanishes.

The term on the boundary also vanishes, if S, is an interior node, since (77)" €
H(div, ) is supported in M,. If S, is a vertex it also vanishes since w, = 0.
For a node S, on the boundary, distinct of a vertex of €2, for instance on a
vertical boundary, the normal component of (77)" does not vanish any more on
INNOM,. However, as w. € P77, its restriction to 9QNIM. is a polynomial

of degree k in x5, and property (11.23)-(ii) permits us to conclude. I

We can now prove the following lemma which will imply in particular the
estimate (11.41) of Lemma 11.5.

LEMMA 11.10 For allw € (H}(2))*N(H*2(2))? and for all 7, € X;*™,
we have

b(w — Pag,w,7h) < CH* |y [wly n g 5 (11.56)

where Py, is defined as in Lemma 11.9, and C' > 0 is a constant independent
of h.

N,
PROOF We can decompose 75, with respect to the basis, 7, = Z()ijj,

j=1
which can be written using property (11.52) as

N; N
Th—ZZ/\JeOt]T *Zz/\ﬁaﬂ— *Z Z )\Jeaj
j=1e=1 e=1j=1 e=1je7(e)

We then obtain

b(w — Ppp,w, ) = Z Z Ajet; / w — Py, w) divridz.
M.

e=1jeJ(e)
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From (11.55) in Lemma 11.9, this can be written as

b(w — Pag,w, ) Z Z Ajed; / w — we + Py, (we — w)) divridz
e=1jeJ(e) Me

N
<33 Nelayl (e — wellg ar, + 1Pas, (w0 = we)llg pr,) [[dive -
e=1j€eJ(e)

Using that Py, is a projection operator, property (11.48)-(b) of the basis
functions and estimate (11.53) of Lemma 11.8, we deduce that

Ne
b(w — Py, w, ) < ChF+2 Z Z Nje e [wl o,

e=1jeJ (e)
1/2 1/2
< Ch*+ Z Z Al Z > Nelwlian,
e=1jeJ (e e=1jeJ(e)
2 1/2
T e 2 e 2
<o (3 (3 A) SR 3l SR T
j=1 \e=1 e=1 \jeJ(e)
Using properties (11.51) and (11.52) we obtain:
N 2 o 1/2
b(w — Pap,w, ) < Ji hht2 Z |04j|2 (Z |w|i+2,Me> .
j=1 e=1

We conclude thanks to the finite overlapping property (11.50) and to inequal-
ity (11.48)-(c)

b(w — Py w, ) < Ji/Cr W 7] gy [ wly g g -

I

End of the proof of Lemma 11.5. It remains to prove (11.40) by the
density of (H}(Q))2 N (H**2(Q))? in (H}(Q))? : for any w € (HE(2))2, and
for any € > 0, there exists w. € (H}(2))? N (H**2(Q))? such that:

lw —w.|; <e/2.
We then decompose,

b(w, )  blw—we,7h)  blwe,Th)

ITnle |Th|H |Th |1

Since w. € (H}(Q))? N (H**2(Q))? we can apply Lemma 11.10, thus for all
Th € Vi, (b(Pypg, we, ) = 0), we have
b(wEaTh)

|Th| < OB |w6|k+2 '



354 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

For the first term, since w — w. € (H}(Q2))?, by an integration by parts, we
have:

b(w—we, ) = —(Th, V(w — w)) < ||y |w —wely, Vo€ X397
Thus, for all 7, € V3,

b(w, 1p)

|7h| a2 < Jw — wely + CAM we |y, < /24 O ]y,
1

Then choosing hq such that ChiT |Wej g < €/2 We get

b(w, )
[Tn 1

Yh < hg, <e

which implies (11.40). |

11.4.2.2 Approximation properties in the space XY

To get the approximation property (11.42) we use a specific property of the
Raviart-Thomas elements on a rectangular mesh, whose proof is easy and left
to the reader:

LEMMA 11.11 Let 7, be a regular mesh composed by rectangular elements
K. For any K, if ¢ = (q1,q2) € HY°(Q) x H>L(Q), one can define the local
Raviart-Thomas interpolant TIETs = (TIT% TI8T%) as in [38]. Moreover, one

has:
0 _rr, 9 g 0. 901 0, 092
— I kg, —1II5 % IT k ST —= 11.57

(33:1 L Do, 2 1 K 9z, K 92y ) (11.57)

where H?(" is the orthogonal projection on Qy(K).
As a consequence, if II§ = (II, II3) denotes the standard Raviart-Thomas

global interpolant [38], one has the following property, specific to our regular
mesh (the proof is left to the reader):

LEMMA 11.12 Ifq€ HY(Q) x H*Y(Q) then

9 9 @ 9 q, 0%
(81:1111%8 H2> (H i B (11.58)

where Hg’“ is the orthogonal projection on Qﬁ defined in (11.25).

Using classical estimates for the orthogonal projection on wa it is then
straightforward to obtain:
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LEMMA 11.13 On a rectangular mesh, if g € (H*°(Q) x H®1(2)), then

(1 —5q) — 0, as h — 0.

L2

0 0
I < 9 (g — 113
lg = Mhall > + Haxl Lt H 9y (2~ 1134)
Furthermore if ¢ € HF2F1(Q) x HFLE+2(Q) then

lg — Hiq”Lz < OhFH! |q|k+1 )

[01(qr — i) 2 + [|02(g2 — T3g) | 12 <

Iq
Chk+1 AL
<‘ 81‘1

(11.59)

L)
6352

k+1)

In order to establish approximation properties for the space XY, we will
use the characterization (11.24) and the fact that X, O X, where X is the
Raviart-Thomas space (see (11.19)). The idea is then to obtain an approx-
imation of (711, 722) in X; and an approximation of 72 = 791 in Q’;'H. To
do so, it is necessary to require regularity not only on the divergence of the
tensor 7 but also on each derivative of the tensor: we assume that 7 € X*¥™
satisfies (711, 722) € HY? x H®! and 715 = 791 € H'. Observing that

k+1

I =ullx < {72 =7l o + (1710 = 7 [ 2+ [|722 = 7251

+ |01 (11 — ) || 1o + [|02(T22 — T05) | 2

it is clear from Lemma 11.13 and from classical approximation results of H*
with Q! that if (711, 7a2) € HF 2R 5 gE+1842 and 715 € H*2 then

h hinf 1T = 7l x < CRFF (10| sz 22| e Hmi2] gasa),
(11, T22) € X% )
Ty =T € QT

and by standard density arguments that if (711, 722) € HY? x H%! and 715 €
Hl

lim inf . |7 — 7l x =0.
h—=0 (i aTzhz)eX}SuTlhz:TQh1th+

These results imply (11.42) and (11.43) since X C Xj,.

11.5 Time Discretization

To construct the equivalent of the leap-frog scheme that was presented in
section 10.5 in the case of the first order system, we must use centered finite



356 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

difference approximations in time. This naturally leads to use a staggered
grid approximation. More precisely

e vy, will be computed at times t" = nAt ; v}
1
e o, will be computed at times t"1/2 = <n + 2) At UZH/Q.

The fully discrete scheme is simply

Gt/2 _ gn=1/2

a(%,ﬂl) +b(vy, ) =0, V7, e X",
(11.60)
v;Ll-‘rl )

v n N
c(Th,wh) - b(wh,ghﬂ/z) = (V2 ), Ywn € M),

By introducing By, = {Ti}f\gl and By, = {wi}f\fl the bases of X, and M,
respectively (N7 = dim X; and Ny = dim My ), [Zp] = (Z1,...,2n,) and
[Vx] = (V1,...,Vn,) are the coordinates of o}, and vy in the bases By, and
By,. In these bases, (11.60) can be written in the following matrix form,

Find (3,72 V41 € RM x R™M such that:

2;z+1/2 _yn—1/2

M7 ~ b 4BV =0, (11.61)
|/ A n+1/2 n+1/2
M;}L h A h _thh / :Fh / ;

This is the scheme that one implements in practice.

To prove that scheme (11.60) is stable, we can use the same energy tech-
niques as in section 11.63. More precisely, let us define the discrete energy in
the following way,

1 +1/2 n-1/2
& = ic(vg,vﬁ)+a(02 / oy / ).
We will first show that this energy is conserved. Indeed, by taking the first
equation of system (11.60) at times n and n + 1 and by adding the two, we

. n+1/2
obtain, for 1, = o), ,

a(UZJrB/2 - 0271/2, 0'Z+1/2) = —At b(v + UZ+1, U,TLl/Z).

Then by multiplying the last equation by 1/2 and adding it to the second

1
o +opt

equation of system (11.60), for w, = and zero source terms, we

get the energy conservation,

n+1 n
& &k

A 0
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To get the stability condition of the scheme, let us observe that, setting o}, =
1

§(JZ+1/2 + 02_1/2), the energy can be written in the following form,
1 A#2 o_n+1/2_o_n—1/2 O_n+1/2 _an—l/Q
& = 5c(vﬁ,v}f) +a(oy, o) — - ( h A7 h , =& Y h

Or, by going to the matricial form and using the first equation of system
(11.61), we get

At?

n 1 v n n oN " n g,— n n
& = 5 (MRV Vi) + (MESH 50 = == (M7 BRV BRV;).

It is now clear that the positivity of &' is guaranteed under the stability
condition,

A 2 o,—1 1% <y
ATl <1, 1] = sup Mo ?th’Bh )
! VhEIRNz (MhV;la Vh)

(11.62)

REMARK 11.5 Remark that by using mass lumping we obtain diagonal (or
block diagonal) mass matrices M7 and M3, and, therefore, the computational
scheme (11.61) is explicit. Moreover, in this case we can eliminate ¥p and
implement the following scheme,

Find Vh"+1 € R™? such that:

n+1/2 n—1/2
R Sl

| AR ) VAT VAL _
n g B My BV =

v _'h
M, At?

(11.63)
This is a second order scheme in time that can be analyzed with the same tech-
niques as the ones presented in section 10.5. In particular, the generalization
of the stability analysis to this case is straightforward and the stability condi-
tion for this scheme can be obtained directly by applying theorem 10.9. The
resulting CFL condition coincides with (11.62). We can also use a higher or-
der scheme for the time discretization of the problem by applying the modified
equation technique presented in section 10.5.

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.
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12.1 Introduction

Let us consider as a model problem the propagation of waves in an exte-
rior domain, defined as the complement of a bounded object. Solving this
problem with a finite difference method requires a staircase approximation of
the boundary of the object (see Figure 12.1). The great disadvantage of this
approach is that spurious numerical diffractions are introduced in the solution
from the inadequate geometric approximation. To avoid this drawback one
can use a finite element method with a mesh that follows exactly the bound-
ary of the object (see Figure 12.1). To have a method which is comparable
in cost with the finite defferences method one should use finite elements with
mass-lumping (see section 10.4 and cf. [48]).

However, other drawbacks are introduced. First of all, the numerical im-
plementation is much more difficult and the efficiency of the computations is
decreased by the unstructured nature of the data. Furthermore, for compli-
cated three dimensional geometries it is quite challenging to create meshes of
the whole computational domain. Last but not least, the time step has to be
chosen in accordance with the grid mesh size (CFL condition), which leads
sometimes to small time steps (in the presence of small elements in the mesh).

In this chapter, we present an alternative method for handling the scatter-
ing problem, namely, the fictitious domain method (denoted FDM). Special
interest has been given to this approach as it has been shown to lead to ef-
ficient numerical methods for solving complicated problems [8-10, 70,80, 113]
particularly in the stationary case.

Recently, in [81] the use of the FDM was also proposed for time depen-

359



360 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

dent problems. As for the stationary case the FDM is very well adapted for
problems dealing with complex geometries. In the case of the exterior wave
propagation problem, the FDM, also called the domain embedding method,
consists in extending artificially the solution inside the object so that the new
domain of computation has a very simple shape (typically a rectangle in 2D).
To account for the boundary condition a new auxilary unknown, defined only
at the boundary of the object, is introduced. The solution of this extended
problem has now a singularity across the boundary of the object which can
be related to the new unknown.

This idea will be developed in more detail in section 12.2, in the case of
elastic waves. The main point is that the mesh for the solution on the en-
larged domain can be chosen independently of the geometry of the object. In
particular, the use of regular grids or structured meshes allows for simple and
efficient computations.

L)
~
@

FIGURE 12.1: Schematic of the finite difference (left) and finite element
(right) meshes.

In comparison with the finite difference or the finite element method there
is an additional cost for the FDM which is due to the determination of the
new boundary unknown. However, the final numerical scheme appears to be
a slight perturbation of the scheme for the problem without an object and
thus this cost may be considered as marginal.

Theoretically, the convergence of the method is linked to a uniform inf-
sup condition which leads to a compatibility condition between the boundary
mesh and the uniform mesh: this implies that the two mesh grids cannot be
chosen completely independently, but this is not an important constraint for
the applications. Another important point is that the stability condition of
the resulting scheme is the same as the one of the finite difference scheme.
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12.2 The Continuous Formulation

In the case of elastic waves motivated by applications such as seismic wave
propagation and non-destructive testing we use the fictitious domain method
to model boundary conditions on the stress tensor. The simplest condition is
the free surface boundary condition (normal stress is zero) which is the natural
condition on the topography, i.e., the interface between the (solid) earth and
the air. The same condition can be used in the context of non-destructive
testing on the boundary of an open crack [23]. Also, the FDM can be used
for the unilateral contact condition which is non-linear [20].

Our model problem is seismic wave propagation with complex topography
(see Figure 12.2-left). The solution is governed by the elastic wave equation
in  together with a free surface boundary condition on the topography T,

2
ga—g —div o(u) = g in Q,
ot (12.1)
u=20 on I'p,
oc-n=20 on I,

with some initial conditions at time ¢t = 0 that we will systematically omit in
the following.

To obtain a finite computational domain, {2 can be bounded using the
method of absorbing boundary conditions or absorbing layers (PML) on the
boundary I' . For the sake of simplicity, a Dirichlet condition is assumed here
on I'p. The question of modeling wave propagation in unbounded domains
will be addressed in chapter 14.

The main idea of the FDM consists in extending the solution of problem
(12.1) to a larger domain of simple geometry, denoted C, (see Figure 12.2)
and in taking into account the boundary condition in a weak way, thanks to
the introduction of a Lagrange multiplier. The key point of the approach is
that it can be applied to essential type boundary conditions, i.e., conditions
that can be considered as an equality constraint in the functional space in
which the solution is searched.

To do so with the free surface condition, o has to be one of the unknowns.
This can be done by considering for example the mixed formulation (11.4)
with o sought in the subspace of symmetric tensors of (H(div,C))?. In this
case the Neumann boundary condition ¢ - n = 0 can be considered as an
equality constraint in the functional space, i.e., we seek for o in

X" ={o € (H(div,C))*,0 -n =0} .

Let us consider, as in chapter 11, the first order velocity stress system for
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elastodynamics,
A% wy=oma ()
5 cw) =0in i
Ov . . .
0% ~ dive=finQ (i) 7 (12.2)
v =0 on I'p (4i7)
o-n =0onI (iv)
ou oo g :
where we recall that v = n is the velocity in Q and f = % Following the

/N
7\
/7 \
7/ \
r / \
________________

L

FIGURE 12.2: Left: the original domain. Right: the enlarged domain.

FDM we extend the solution, still denoted (o, v) for simplicity, to the domain

C,
do

Aa—e(v) = Adr in C

ov . .
ga—dlvazf—l—([a-n]pEO)mC ) (12.3)
v =0 on 9C

o-n =0 on I

where A is the tensor of components A;; = A\;n; = [v;]n;, A being the new
unknown.
The variational formulation of (12.3) can be written,

Find (o,v,\) € X*¥™ x M x G such that:

ia(a, 7) + b(7,v) = bp(r,A) =0, V7 e XV ()

(fjt (12.4)
%C(Ua w) - b(O’, w) = (f7 w)v Vwe M (“)

br(o,pn) =0, Y € G (i)
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where
X ={re(H(div,C))?} ; X" ={r € X,7 symmetric},
(12.5)
M= (L*(C))* ; G=(H*I))?
and the bilinear forms a(-,-),b(-,-),c(-,-) and br(-,-) are defined by
a(o,7) = / Ao i1 dx, V(o,T)€ XV x X5V,
c
c(v,w) = / ov-wdz, VY(v,w)e M x M,
c (12.6)

b(r,w) = / div(m)w dz, V(r,v) € X%¥™ x M,
c
br(r, \) = (77, A)p Y(r,\) € XV x G.

Obviously, the restriction of (o,v) to 2 still satisfies (12.2). Moreover, we
can remark that the restriction of the solution to (where Q° denotes the
complementary of Q in C) also satisfies (12.2) where  is replaced by Q° (and
T'p denotes 9CNAN°). Now if we multiply (12.2)-(i) with a function 7 € X5¥™
(XY™ being defined by (12.5)), and integrate in Q U Q°, an integration by
parts of the second term gives

—/ e(v)rdx = / v - divrdz — (rit,vt —v™ ) = b(r,v) — bp(7, [v]}),
QuQe QuQe

which yields (12.4-(i)), if we set A\ = [v].. Since the free surface boundary
condition on I is not taken into account any more in the new definition of space
XY™ it has to be imposed in the formulation which is done with (12.4-(iii)).
This establishes an analogy between the FDM and the integral equations for
scattering problems [30]. Indeed, in this kind of method A is typically the
quantity that is chosen as the unknown. Nevertheless let us point out a
very important difference between our approach and these methods. Integral
equations are known to lead, after discretization, to the solution of full linear
systems in A, as will be shown later, this will not be the case for the FDM.

12.3 Finite Element Approximation and Time Dis-
cretization

Space discretization. Consider now finite dimension spaces X,*¥"™ C
Xsvm oM, C M and Gy C G. Here h > 0 and H > 0 represent two approxi-
mation parameters (a priori independent) devoted to tend to 0. In practice,
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they will be the stepsizes of a (regular) volume mesh of C' (h) and a surface
mesh of I' (H). We approximate the variational problem (12.4) by,

Find (O'h,’l}h,)\H) S thym x M;, x Gy such that :

d

fa(ah,Th)—‘y-b(Th,’()h)—bF(Th,)\H) =0, V7, € X%,

Cg (12.7)
%(Uhvwh) —b(on, wn) = (f,wn), Vwy, € Mp,

br(on, prr) = 0, Vumg € Ga.

sym

The spaces X, — My, and Gy will be assumed to satisfy the usual approx-
imation properties. Typically, X;,*¥"™ — M), can be the finite element spaces
introduced in 11.3. For Gg, which is a subspace of (H'/2(T))?, one can use
continuous functions, for instance piecewise linear functions.

Let us introduce now By, = {Ti}f.v:ll, By, = {wl}f\fl and By, = {,ui}fvjl
the bases of X, M} and Gg respectively (N7 = dim X, Ny = dim M,
and N3 = dim Gg), [Zn] = 1, 2n,), [Va] = (V1,...,V,) and [Ag] =
(A1, ..., AnN,) the coordinates of o, vy, and Ay in the bases By,, By, and
Bp,. In these bases, (12.7) can be written in the following matrix form: Find
(Zh, Vi, Arr) € L2(0,T; RN x L2(0, T; IRYN?) x L2(0, T;IRN#) such that,

o dn
har + BV, — BEAH =0,
dVy (12.8)
T— — BpX = F )
S [N hs
By*Sh =0,

where M* denotes the transpose of the matrix M. In practice, and this
is the interesting point in the fictitious domain method, we introduce two
meshes: the volume unknowns (X,,V}),) are defined on a regular grid, 7,
made of squares of size h while the surface unknown Ay is computed on a
non-uniform mesh on I' 7z, made of segments of size H;, H = sup; H; (see
Figure 12.3). From the theoretical point of view, the well-posedness of (12.8)
and the convergence of the method is linked to the verification of a uniform inf-
sup condition which leads to a compatibility condition between the boundary
mesh and the uniform mesh of the form H > Ch [77].

At this point we can see the importance of mass-lumping. Indeed, when
the matrices M} and M7 are diagonal or block diagonal, we can eliminate
the unknown ¥; (which implies important savings in memory requirements
especially in the 3D case) and write system (12.8) as the following second
order system in time: Find (Vi,Ag) € L2(0,T;IR™?) x L2(0,T;IR™?) such
that,

UdQVh dﬂ
hae? dt’ (12.9)
By MO B A =By "M BV,

+ By M BV, — B My T By =
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/
/7 |\
’ \
/, Al Py -r Py

FIGURE 12.3: Left: the regular mesh of C. Right: the irregular mesh on I

REMARK 12.1 The matriz By, which represents a discrete trace operator
on I', depends on the two approrimation parameters h and H.

Problem (12.9) appears as a system of ordinary differential equations with an
algebraic constraint,i.e., the second equation directly relates Ay and Vj,

Qudp = B My 'BiVi,  Qn = By M7 ' BY,. (12.10)

If Qp, which is by construction symmetric and positive, is invertible (this
issue will be discussed in section 12.4), we see that V}, is the solution of the
ordinary differential system,

2
Z% + (I - BhMZ’ilBll}Qﬁl) BhMZ’ilB;Vh = (12.11)
which proves the existence of the discrete solution (V;, and Ay being now
known, ¥;, can be obtained by solving the ordinary differential system corre-
sponding to the first equation (12.8)).

Moreover, for the semi-discrete system (12.7) it is easy to prove the following
energy conservation result (for f = 0, simply take 7, = op, wp = v and
wr = Ag and add the three equations of (12.7)),

% {; (a(on, on) + (vh,vh))} = 0.

dFy,

Time discretization. According to section 11.5, we shall apply the stan-
dard leap frog procedure. With obvious notation, this leads to the following
problem,

Find (772 v+ any e RN < RN x R™ such that:

EZ—s-1/2 _yn1/2

MC h 1BV —BF’*An =0,
h Al hVh H NH (12.12)
v Vn+1 -V n+1/2 n+1/2
Mhhih *thh / — Fh / )

At

BL Y2 =0,
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or,
Find (S7772 v+ ) € RM x RM x R such that:
Zn+1/2 B En—1/2 N
M= BV Byt =0,
A +1/2 +1/2
hTAE thEZ = F;LL )
Qu Ny = By My BV

(12.13)

REMARK 12.2 We can show that (12.12) and (12.13) are equivalent if
BuX9 = 0, which expresses in a discrete way a compatibility condition between
the initial data and the boundary condition.

For system (12.12), assuming that the solution is known up to time ¢", the
algorithm to compute the solution at "' has three steps:

e Compute EZH/Q via the first equation of (12.13) (explicit step).
e Compute V"™ via the second equation of (12.13) (explicit step).

e Solve QA = B MY 'B:V"* ! in order to compute A3t (the
invertibility of Qg is thus the only condition for the existence of the
discrete solution).

As for the semi-discrete problem, we can eliminate 3;, to obtain,
Find (V"1 A%) € R™ x R™ such that:

vt oy 4 yn-t o1 s o
My £ BMET BV — BuMET B =
Fnt2 _ pne1/2 (12.14)
h h

At
QuA\Yy = By My ' BLvr

In (12.14), the terms coming from the coupling with the fictitious domain
method are the ones containing the unknown A%. This means that without
topography, we would have to solve

’UV’H,-‘rl _ 2th 4 V’rL—l o1 s FTL+1/2 _ F’nfl/Q
Mh h AtQ h +Bth7 Bth == h At h 5

(12.15)

which can be reinterpreted as a finite difference scheme and is comparable
from the computational point of view to the standard FDTD scheme. There-
fore, the additional cost for taking into account the topography thanks to the
fictitious domain method, compared to the standard FDTD scheme, is due to
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the second equation of system (12.14). This cost is marginal: the matrix Qg
is of small size (number of degrees of freedom on T') and independent of the
step n, so that it can be factorized once and at each time step only a forward
backward solve is performed. Note that the term A%, in the first equation of
system (12.14)-(i) can be interpreted as an additional source term located on
the boundary.

In fact, from the computational point of view, the difficult step in the
implementation lies in the construction of the matrix By (and then of Qp):
in 3D for instance, it involves the determination of the intersections between

a cubic mesh and a surfacic mesh (typically with triangular plane facets,
cf. [73)),

REMARK 12.3 System (12.9) has the advantage of being a second-order
system in time : it is easier to get higher-order discretization in time, using
the modified equation technique (see section 10.5), than for the first-order
system.

REMARK 12.4 The invertibility of the matriz Qn of system (12.14)-(ii)
(and thus the well posedness of (12.14) is assured by the inf-sup condition
already mentioned before.

12.4 Existence of the Discrete Solution and Stability

Properties of the matrix Qy. The following properties of the matrix
O = BE{’*MZ’_lBE are general but we shall illustrate them in the case
d = 2 when we make the following choice:

e (op,vp) are appoximated in X, *¥™ x My,

My, ={v, € M /YK €Ty, v, |g € (P(K))*},
Xp={on€X VK €T, onlk € (Q:1(K))"}, (12.16)
Xp" ={op, € Xp; / as(op) =0},
e Gy is the space of P; piecewise linear continuous finite elements,
Gir = {un € (C°(T))? / ¥T € T, putlr € (PMT))2}.
The entries of the matrix By are:
br(Ti, uj) = /FTZ' n ;i ds. (12.17)

To emphasize that Qp should be easy to invert, let us observe that
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e Qy is symmetric and positive (by construction!)

e Oy is a “small” matrix: its dimension is exactly (N3, N3), to be com-
pared with the one of B;, which is (N7, N3) with N3 >> Nj.

e Qp is a sparse matrix with narrow bandwidth. This is due to the
sparsity of the matrix Bg: indeed the coefficient br(7;, 1t;) vanishes as
soon as the supports of the two basis functions (7, 1;) do not intersect.

To illustrate the sparsity of the matrix Qy, let us consider A; the degree of
freedom associated to point M; on the mesh 7y of T' (see Figure 12.4-left).
The basis function py is the hat function whose value is one on M and zero

1+1 i
* -
/ S
/|‘/ 172 Av) "
P~ 1+2
Oi-112 radl
=1 pe ™
| R4

FIGURE 12.4: The coupling between the two meshes.

on the points M1 and M;_;. The support of this function is thus limitted to
the two segments S;_1 /2, Syi1/2. It is then easy to see that the only non-zero
elements (B )r,s are the ones that correspond to the indices J of the volume
mesh that belong to an element that intersects the segments Sy_1 /2, Sii1/2
(see Figure 12.4-left). Concerning the matrix Qp, we can easily deduce that
the summit M; being coupled with its four neighbors the size of the band of
the matrix at this point is 10 (A being a two-dimensional vector here), see
Figure 12.4-right.

The (crucial) remaining question is the definiteness of Qg which corre-
sponds to the fact that the kernel of the matrix is equal to zero, or equiv-
alently that By is surjective from XY™ onto Ggy. This suggests that the
space Gy must not be too large, or in other words that one must not impose
too many “boundary”constraints to the discrete solution. As for any mixed
method, there is a compatibility condition with the two spaces X;,*¥™ and Gy
that can be reduced to a compatibility relation between the two meshes of C'
and I': the volume mesh cannot be too large with respect to the boundary
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mesh or, roughly speaking, the ratio H/h must be large enough and thus in
this sense the two meshes cannot be completely independent.

Let us illustrate this in the X}, *Y" — Gy choice. The invertibility of Qg can
be reformulated as,

br(Th, ) =0, V1, € Xp*™ = py = 0. (12.18)

Let us consider the following opposite cases:

3
. T2 Ty ,
, T 1\ 1\ T,
3
Tu s =Ty
j
Tu
1 2 T{Z ]
T ul_ Ty T2
e A
T |1 Iz T iz
T2 T2
Qg is not invertible. Qp is invertible.

FIGURE 12.5: The two opposite cases oncerning the invertbility of Q.

e A case where the volume mesh is (locally) too fine. Assume
that one square K of the 2D mesh contains 8 segments of the 1D mesh
(cf. Figure 12.4). Let {7;,1 < i < 12} be the twelve basis functions
associated to the vertices of K (cf. Figure 12.4) and {p;,1 < j < 14}
the fourteen basis functions associated to the seven grid points on T'.
Obviously we can find py € Gy of the form:

7

LH = Z,ull/l, such thatugy # 0 and br(r;, pg) =0, V1 <i<12.
=1

For any 7, € X3,*¥"™, br(7h, trr) is a linear combination of the b(7;, pta)

and therefore vanishes, which contradicts (12.18).

e A case where the volume mesh is large enough. Assume that to

each segment I; = [z;,x,41] we can associate a basis function 77, such

that )
(1) I; N Suppri,y # 0,
(ii) Suppri{, NT C I;.

Then there also exist 77, and 73, satisfying (i) and (ii). In such a case,
we can easily prove that (12.18) is satisfied.
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Stability analysis. One very interesting property of the fictitious domain
method is that the numerical scheme is stable under the same CFL condition
as for the problem without the object. In other words, the stability condition
is independent of the geometry of the problem. To prove that, we first show
that the the discrete energy,

11
E}VLL+2 _ 5 (C(’UZ+1,’U;;) + a(02+1/2,02+1/2)) 7
is conserved and then conclude as in section 10.5. The key point being here
that the discrete energy is the same as for the case without the object and
therefore the stability condition remains the same.

12.5 About the Convergence Analysis

Let us point out that the analysis of the fictitious domain method that we
presented in the previous section is not complete at least from the theoretical
point of view. Moreover, results obtained with numerical simulations indicate
that the FDM does not converge with the Q¢ — Qg element while it converges
when the Q" — P; element is used. Although, theoretical convergence results
were recently reported in [25] for the scalar acoustic case, their generalization
to elastodynamics is not straightforward.

We present in what follows some numerical results that illustrate the diffi-
culties related with the convergence of the FDM.

12.5.1 FDM with the Qg’fl — Qi Element

We will present in this section some numerical results that illustrate that
the fictitious domain method with the ﬁi_“l — @ element does not always
converge.

We consider a computational domain that is the square [0, 10] x [0, 10] mm?
composed by a homogeneous isotropic material with density and Lame coef-
ficients given by

p = 1000 Kgr/m®, A = 3.45 x 10° Pa, y = 2.04 x 10° Pa. (12.19)
We introduce an initial condition on the velocity field centered at (x.,z.) =

(5,5)mm,

o((z,2),t =0) = 0.1 F <’"> r

To) T
where F(r) is supported in [0, 1] and given by (for r € [0, 1])
F(r) = Ag — Ay cos(27r) + As cos(3mr) — Ag cos(67r), (12.20)
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with r = (z — z¢, 2 — z.)!, r = [|r[|, 7o = 1.5mm and
Ao =0.35875, A; =0.48829, A, =0.14128, Az =0.01168.

We consider a uniform mesh of squares using a discretization step h =
0.025mm. The time discretization step At is chosen in such a way that the
ratio At/h is equal to the maximal value that ensures the stability. Per-
fectly matched layers (see Chapter 14 and cf. [31,56]) are used to simulate a
non-bounded domain at all the boundaries.

For the discretization of ¢ and v we use the lowest order element, i.e., the
Q%" — Qo element and ) is discretized by piecewise continuous functions, i.e.,

Gy = {vheG/VS;,j=1,..N; vhg, € (P1)*}. (12.21)

Horizontal obstacle. In the first experiment we consider a plane horizontal
crack

(z,2) = (542V2(2t —1),5 —2v2)mm,  te[0,1], (12.22)

that we discretize using a uniform mesh of step H = Rh. The method con-
verges and we obtain good results for reasonable values of the parameter R (in
the interval [0.75, 3]). In Figure 12.6-(a) we show a snapshot of the modulus
of the velocity field for R = 1.2. We can see the incident pressure wave that
has reached the boundary of the computational domain, the reflected waves
and the scattered waves created by the two tips of the crack.

(a) t =1.7310 pus (b) t =1.7310 pus

FIGURE 12.6: Q%" — Qy. Modulus of the velocity field. H/h = 1.2.
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Diagonal obstacle. In the second experiment we treat a plane diagonal
defect given by

(x,2z) = (5+4t,1+ 4t)mm, t €10,1], (12.23)

that is, the same obstacle considered in the previous paragraph rotated by
/4 radians with respect to (z., z.), the center of the initial condition. We
point out that the initial condition satisfies

o((2,2),t = 0) = Q v((&,2),t = 0),
with
cos(%) sin(%)
(#,2) = Q" (2,2)" + (2c,2)", Q= ( V)
As the domain is isotropic, the velocity field obtained with the diagonal crack,
denoted by vgiqg, and the one obtained with the horizontal one, denoted by
Vhor, Satisfy

INERRNE]

)
—sin(%) cos(

'Uhm“(xyz) = deiag(jag)a and |’Uhm«|($,2’) = |'Udiag|(57a2)~

In the same way as in the horizontal case, we discretize the Lagrange multiplier
using a uniform grid of step H = Rh with several values for the parameter
R. However, this time, the approximated solution does not seem to converge
towards the physical solution (see, for instance, Figure 12.6-(b) for R = 1.2).
The incident wave is not completely reflected but also transmitted through
the interface. The scattered waves created by the tips of the crack are also
poorly approximated.

12.5.2 FDM with the Qg’j’_’l — Pry1 Element

We consider here the same numerical experiments as in section 12.5.1 and
use the lowest order element for the discretization (i.e., the Q%" — P; element).
The lagrange multiplier A is discretized in the space Gy defined by (12.21).

Horizontal obstacle. Once again we discretize the horizontal crack defined
by (12.22) using a uniform mesh of step H = Rh. The results obtained with
the mixed finite element Q¥** — P, are similar to those given by the Q¢ — Qo
element. The method converges for reasonable values of the parameter R (in
the interval [0.75,3]). In Figure 12.7-(a) we can see the results for R = 1.2.

Diagonal obstacle. We now consider the diagonal crack defined by the
expression (12.23). We recall that the continuous problem is a rotation of 7/4
radians with respect to the point (z.,z.) = (5,5). The Lagrange multiplier
is again discretized using an uniform mesh of step H = Rh. Contrary to the
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results obtained with the element Q‘f“’ — @, the ones given by the element
Q%" — P, converge towards the physical solution when choosing reasonable
values for the ratio H/h. In Figure 12.7-(b), this time the incident wave is
almost completely reflected by the obstacle. The scattered waves created by
the tips of the crack are well approached.

(a) t =1.7310 us (b) t =1.7310 us

FIGURE 12.7: Q{® — P;. Modulus of the velocity field. H/h = 1.2.

Numerical error estimates. In this section we are interested in estimat-
ing numerically the order of convergence of the method. To do so, we consider
solving the elastic wave equations on a disk Q C IR? with homogeneous Neu-
mann boundary conditions on its boundary I' = 9Q2. The geometry of the
problem is presented in Figure 12.8 with R = 4 mm. To compute the solution
we extend the unknowns in the domain of simple geometry C (see Figure 12.8)
and use the fictitious domain formulation (12.4) with a zero force term f =0
and the initial conditions

r r+rJ-

o((z,2),t = 0) = 0.1 F<> ,

To r

where F(r) is supported in [0,1] and is given by (12.20). The center of the
initial condition, (2, 2.) = (5,5)mm, coincides with the center of the domain
). The material in 2 is a homogeneous isotropic solid with density and Lame
coefficients given by (12.19). We consider the final time equal to T = 5us
when both the pressure and shear waves, have reached the boundary.

The fact that we have a problem that is rotationally invariant allows us
to compute a reference solution solving an one-dimensional problem. More
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FIGURE 12.8: The geometry of the problem. On the left the initial domain

of propagation 2 and on the right the extended domain C introduced by the

fictitious domain formulation of the problem.

precisely, rewriting equations (12.2) in polar coordinates
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with the initial conditions

(12.25)

vs((r,0),t

0) = o.m%), s € {r,0},

we remark that the solution depends only on r and the former equations are
equivalent to the two following decoupled one-dimensional problems,

1
r

0oy

ov,

(OTT - 000)7

in [0, R],

or

ot

p

0oy

(12.26)
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Ovg _ 00,9 2

pﬁ = 67"8 + ;O'Tg, m [O7R] X [0,271'],

9ovg _ (Ove _ Up)\ . (12.27)
9t _'u<5'r 7n),m [0, R] x [0, 27],

org = 0, in R x [0,27].

We solve numerically these systems using piecewise constant functions for
the discretization of the velocity field and continuous linear functions for the
stress tensor. For the time discretization we use a leap frog scheme. The
reference solution is obtained using a very fine mesh (h1y &~ 1/800mm).
The two dimensional problem is solved using four different meshes with
hy, = h, = 1/10,1/20,1/40 and 1/80mm. We use the largest time step At
authorized by the CFL condition. The mesh for the object is uniform and
with a discretization step H such that H/h =~ 4 for each mesh. For each
numerical experiment we compute the difference between the approximated
solution and the reference solution. In Figure 12.9 we display the logarithm
of the error on the stress tensor, the velocity field and the Lagrange multiplier
versus the logarithm of the discretization step. The rate of convergence is
thus given by the slope of the lines. We observe that the order of convergence
for ¢ in the L°°(0, T, (H(div,C))?) norm and for v in the L°>°(0, T, (L?(C))?)
norm are near the values we could expect (the theory would give 1/2 — ¢).
Finally, notice that the convergence rate on A (approximately 1) is computed
in the L?(T") norm and therefore we recover the expected convergence rate
(1/2) in HY?(T).

In Figure 12.10 we display the same results but with the norm of the error
now computed in C' = C/By(T), i.e., the domain C' restricted from By(T),
defined by

By(I') = {X € Cst. minjx —y| < b} , (12.28)
yer

with b = 0.15mm. We remarked numerically that b = h is the critical value,
i.e., when a layer of this width is removed the convergence rate of the method
is higher, while it does not change for bigger values of b and it decreases for
b < h. This agrees with our intuition in the sense that the elements that we
need to remove are the ones in which the solution has less regularity, i.e., the
elements that have non-zero intersection with the boundary I'.

REMARK 12.5 As for the case without the FDM, using (11.15) and as-
suming that the density is constant on each element we have that

1
Th € Xp = wy, := —div(m,) € My,.
p

Introducing this particular test function in the second equation of (12.7) we
obtain

%/Uh -diV(Th)dl‘—/%diV(Uh) -div(rp)dx = /% f - div(m,)dz.
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Deriving with respect to time the first and third equations of (11.9) and using
the last expression we deduce that our variational formulation implies the
following second order formulation

Find (o1,(t), A (1)) : [0,T) — XV x Gy such that
%a(ahﬁh)—i—/ldiv(ah) ~div(mp)dz — bp(mh, Agr) =
p
- / 1f -div(r,)dx, V1, € XV
p

br(on, pr) =0,V € Gy

< oA
where \pp = 21 The nature of this problem is close to the ones analyzed

in [77,101]. We will present in a more general framework the theory that
permits to analyze this problem in the next section.

12.5.3 An Abstract Result

Consider (u, \) the exact solution of problem,

j—;(u,v) + a(u,v) = b(v,\), Vv € U, (12.29)
b(u,n) =0, Yu € L,
and (up, \p) the solution of the semi-discrete problem,
2
2 Uy vn) + aun, vn) = b(vn, Anr), Yon € Up, (12.30)
b(up, pm) =0, Vug € Ly,

assuming the following properties:

The continuous inf-sup condition

b
inf sup 20 S (12.31)
wel vev [lulle ollo

The coercivity of the form a(-,-) on Ker B

Ja>0/VueKer B, a(u,u)zaHuH?],

(12.32)
with Ker B={ue U/ b(u,u) =0, Vu € L}.
The uniform discrete inf-sup condition
b
inf sup (7h, 1111) >a>0. (12.33)

HwHELH 7, X, svm m



378 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

The coercivity of the form a(-,-) on Ker By,

Ja>0/VYu, €Ker By, alup,up) > « ||uh||2U,

(12.34)
with Ker By, = {up € Uy / b(pp,up) =0, Yug € Ly }.
Approximation properties
li inf - =0, Yuel. 12.35
fim inf lu—wsllo =0, VYue (12.35)
lim inf ||g—pglle =0, VueL. (12.36)

H—0 pg€ln

Existence and uniqueness for both continuous and semi-discrete solutions fol-
lows from the classical mixed theory [38].

We want here to estimate the error between the approximate solution
(up, Ap) and the exact solution (u,A) provided that this solution is regular
enough. We simply indicate here the main steps of the proof and refer the
reader to [53] for more details. Thanks to (12.31) and the coercivity of a(-, )
in KerB, we can introduce the elliptic projection,

UXL—)UhXLH

(12.37)
(u, A) — (Ipu, g A)
where (IT,u, g A) is defined by,
a(u — Mpu,vp) = b(vp, A — UgA), Vo, € Uy,
(12.38)
b(u — Mpu, pgr) =0, Yug € Ly.
Moreover, we have the classical result (cf. [38]),
v —Hpullo + A = LgAllL < Cx
(12.39)
inf — inf ||\ — .
(nf, o= onllo -+ inf 1A= e
Let us write,
up —u="np —¢€n, Np="un—Hpu, ep=u—Iu,
(12.40)

)\H—/\ZTH—HH7 THZ)\H—HH)\, GHZA—HH/\.

As gp, and 0y tend to 0, thanks to (12.39), it suffices to estimate 1, and 7.
We easily see that,

d2 h d2€h
(77 'Uh> + a(nn, vn) — b(vn, TH) = ( v ), You € Up,

a2’ 2’ (12.41)

b(n, i) = 0, Vug € Ly.
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From the second equation, we deduce (we first differentiate in time this equa-
tion for fixed pg and then take uy = 7g),

dnp,
b =0.
(™)
d
Then taking vy, = % in the first equation of (12.41) leads to,
d dQEh d’l]h d?’]h 2
8= (S T where £,(6) = 3 { | T O +alm(0),m(6) ). (12.42)
After integration in time, we obtain the estimate,
d Eh
Ent)? < dt,
W0 <at+ [ 1526

where &, (0) refers to the approximation of the initial data. The integral term
can be shown to tend to 0 as h tends to 0, thanks to (12.35), provided some
regularity assumptions (in time) on the exact solution u. We thus get an
estimate on np,.

Finally, to get an estimate for 75, we use the uniform inf-sup condition,

b

el <a™! sup blon, 7ir) (12.43)

vn€Un th”U

From the first equation of (12.41) we deduce that,

ol < IS+ lonl + el lonle
so that finally,
d>ny,

Il < & NS+ el + el (12.44)

which means essentially that one controls 7g in terms of quantities which have
been already estimated (7, and €y).

Accuracy of the fictitious domain method. The counterpart to the
good properties of the fictitious domain method, in terms of simplicity and
robustness, is its limited accuracy. As a matter of fact, the convergence proof
shows that the accuracy is essentially driven by the “interpolation error”
associated with the exact solution (u, A) of the continuous problem,
inf ||lu—w + inf ||A—
Jinf lu—wnlly+ nf A= pall
(and the same quantity where (u, A) are replaced by successive time deriva-
tives). The limitation of the accuracy is then due to the fact that the regularity



380 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

of the exact solution in C' — or inside an element K of the volume mesh — is
limited, independently of the smoothness of the data of the problem. Indeed,
consider the acoustic case, for which U = H(div,C), L = H'/?(T") and the
bilinear forms are defined by,

a(u,v) = (div(u),div(v)), V(u,v) €U xU
b(p,v) =<v-n,pu>_1/212, V(v,n) €U X L.

In the elements of the volume mesh that intersect I', the tangential deriva-
tive of u presents a jump (across I'). As a consequence, the maximal space
regularity for u(-,t), A(-,t) is (it is the same for time derivatives),

u(-,t) € H2==(div,C), Ve >0,
A t) € HY (), Ve>0,

This implies in particular that the fictitious domain method is essentially of
order 1/2. That estimate holds for a Neumann type condition, while in the
case of a Dirichlet type (in which case we consider the primal formulation)
the FDM is of order 1.

About the uniform inf-sup condition. It is natural to look for what kind
of compatibility relation between the two meshes would imply the uniform
inf-sup condition. We already know that the inversibility of Qpy requires a
sufficiently fine mesh. It appears that the same kind of condition, is needed
here, namely,

H>Ch (12.45)

is sufficient for the uniform inf-sup condition. We will present in what follows
a very general scheme of proof of this result (inspired in particular by the
work of Babuska [12]). The objective is to show that for some « > 0, and for
a small enough ratio h/H, we have

Vur € L, 3vn € Up / br(psvn) = o |lpallL |lvellu- (12.46)
To do so, it is sufficient to make the following two assumptions,
1. There exists an operator R € L(L,U) such that,
VpeL, br(uwRp)z|Rulv, IRullx =vple (12.47)
which obviously provides the continuous inf-sup condition.

2. There exists an “interpolation” operator I, € £(U, Uy) with the prop-
erty,

h
Vun € Ly, ||Rpn = Rpmllu < o(47) 2 (12.48)
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Indeed, let us assume that these two hypotheses are fullfilled. To obtain
(12.46), for any pug € Ly, we choose vy, = I, Rug, to get,

br(pm,vn) = br(pa, Uy Rum),

= br(pm, Rprr) + br(pm, pr — Up Ry ),

h
> | Ruwllt — o(47) w7
We then use the inequalities,

IRuulfy = vlpalle IRuwllv,

1
el < " luelL Reslo,

to conclude that,

1 h
br (s vn) = v = —olg) 3l flonllor

h
which proves the inf-sup condition for Vi small enough.

Application of the abstract theory to the case of the scalar wave
equation with a Dirichlet condition. The main drawback of the “very
general” type of proof that we presented in the previous section is that it does
not provide an explicit numerical value for the constant C' in the inequality
(12.45). In [77], Girault and Glowinski have obtained an explicit value for the
constant in the case of the following 2D elliptic problem

a(u,v) = b(v,\), Yv € U,
b(u,pn) =0, Yu € L,

with U = H'(C), L = H-'/?(T") and

a(u,v) = (Vu,Vv), V(u,v) €U x U,
blu, ) =< w-n,pu >r, V(u,pu) € U x L.

Their proof is technically difficult and relies on the construction of a so called
Fortin’s operator. This construction uses the Clement’s interpolation operator
[44], that is known to exist for Lagrange finite elements. That is why this proof
is not directly generalizable to other equations (such as Maxwell’s equations
or elasticity).
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Application of the abstract theory to the case of the scalar wave
equation with a Neumann condition. In [26] the authors consider the
mixed velocity-pressure formulation for the scalar acoustic waves coupled with
the fictitious domain method for taking into account a Neumann boundary
condition on a complex geometry. They prove the convergence of the method
when using, for the discretization, the scalar version of the Q1 — P; element
and piecewise continuous functions for the Lagrange multiplier. Their proof is
a straightforward application of the general theory presented in the previous
section. Namely, it is based in eliminating the velocity and obtaining a second
order in time system, using the technique proposed in Remark 12.5.

Application of the abstract theory to the case of the elastic wave
equation with a Neumann condition. The application of the abstract
theory previously presented to the elastic case is non-trivial. The main dif-
ficulty comes from the non-standard regularity required to obtain the ap-
proximation properties for X;*¥™ (see section 11.4.2.2). We recall here the
approximation properties for the space X;*¥™. Let 7 € XY™ with (711, 722) €
H'9 x H%! (these spaces are defined by (11.35)) and 712 = 791 € H'. Then

li inf - —0.
hgrgmlgisym\lf Thllx =0

Moreover, if (711, 722) € H*! x HY2 and 75 € H? then

inf
ThEXR Y™

17— 7nllx < Ch(|T11l o + |22l o2 + [ T12] g2)- (12.49)

The maximal regularity (in space) of the stress tensor in the FDM case is
o€ (H%’E(div, C))?, and o is symmetric. This regularity is not sufficient to
obtain (12.49) and thus we cannot conclude.

From the numerical point of view we do observe that the method converges
under a compatibility condition of the form (12.45) between the two dis-
cretization meshes. The results shown in section 12.5.2 illustrate numerically
the convergence of the method.

12.6 Illustration of the Efficiency of FDM

In this section, we show a numerical experiment devoted to demonstrate
that the fictitious domain method provides a better accuracy than a staircase
approximation of the boundary. To do so we borrow an example from [52]
where the scattering of an electromagnetic wave by a perfect conductor is
modelled with the FDM. The geometry of the problem is given in Figure 12.11.
The incident wave is a plane wave, with gaussian pulse, coming from the left
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FIGURE 12.11: Geometry of the obstacle.

of the picture and propagating to the right. We represent two snapshots of
the solution of the problem in Figure 12.12. We clearly distinguish in these
pictures the incident wave and the scattered field. Next we want to compare

35 35
25 25
15 15
05 05

-05 -05

FIGURE 12.12: The solution at two successive instants.

the convergence of the fictitious domain method with the one of the pure
FDTD approach combined with a staircase approximation of the boundary
~. To do that, we look at the solution at point M; as a function of time for
1 <t < 3, which corresponds to the passage of the scattered field. In each
case we have computed the discrete solutions for three values of the stepsize
h which correspond approximately to 10, 20 and 40 points per wavelength (of
the incident wave). The ratio h/H is kept constant.

The three curves corresponding to the fictitious domain calculations are
depicted in Figure 12.13-left. It is difficult to distinguish one curve from
the other, which expresses the fact that the fictitious domain method has
converged. In Figure 12.13-right, we superpose the three curves obtained
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FIGURE 12.13: Left: Solution at point M; for h/A = 1/10,1/20 and 1/40
using the fictitious domain method. Right: we superpose the solution at point
My for h/A =1/10,1/20 and 1/40 computed with the FDTD, with the curve
computed with the FDM using 40 points per wavelength (dotted line).

with the FDTD approach with the curve computed with the fictitious domain
approach with 40 points per wavelength that we consider as the reference
solution. We observe that the three numerical solutions oscillate around the
exact solution. These oscillations are due to the spurious diffractions related
to the staircase approximation of the boundary. Clearly, the amplitude of
these oscillation decreases when h diminishes but they are still visible with the
FDTD calculation with 40 points per wavelength. In other words, the solution
is less accurate with 40 points per wavelength with the pure FDTD approach
than with 10 points per wavelength with the fictitious domain method.

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.
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13.1 Introduction

In practical applications, one may have to treat complex geometries or
geometrical details in diffraction problems. In such situations, it is desirable
to use local mesh refinements. Moreover, it is highly desirable to be able to
treat non matching grids (this is even needed if one wants to use FDTD like
scheme in each grid). A first idea consists in using only spatial refinement
(see [15] for acoustic waves, [28] and [115] for Maxwell’s equations). However,
when a uniform time step is used, it is the finest mesh that will impose the
time step because of the stability condition. There are two problems with this:
(1) the computational costs will be increased and (2) the ratio ¢At/h on the
coarse grid will be much smaller than its optimal value, which will generate
dispersion errors. A way to avoid these problems is to use a local time step
At, related to h in order to keep the ratio cAt/h constant. This solution
however raised other practical and theoretical problems that are much more
intricate than in the case of a simple spatial refinement, in particular in terms
of stability.

The question of mesh refinement was intially studied for electromagnetic
problems. The solutions suggested in the associated literature are primarily
based on interpolation techniques (in time and/or in space) especially designed
to guarantee the consistency of the scheme at the coarse grid-fine grid interface
[107], [103], [125] and [41]. Unfortunately, the resulting schemes appear to be
very difficult to analyze and may suffer from some instability phenomena.

Recently, we developped alternative solutions to these interpolation proce-

385



386 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

dure. Our purpose in this chapter is to describe these new methods in the
case of elastodynamics’s equations. However, these methods are applicable to
a large class of problems including acoustics, electromagnetics, fluid-structure
interaction, etc. They are based on the principle of domain decomposition
techniques and consist essentially in ensuring a priori the numerical stability
of the scheme via the conservation of a discrete energy.

We first present the method for the case of two spatial grids with one that
is twice finer than the other. We will show that the criterion of energy con-
servation leads to necessary conditions for the discrete transmission equations
between the two grids. We can then derive the appropriate transmission equa-
tions from consistency and accuracy considerations. We shall also give some
elements about the convergence analysis of such methods. This convergence
analysis is completed by a Fourier type analysis of the reflexion transmission
problem at the interface of the two different grids. This analysis exhibits
highly oscillating modes which pollute the solution. An averaging method
is proposed to reduce the effect of those spurious oscillations. The method
is finally generalized to any refinement rate. Numerical results illustrate the
performance of the methods presented in this chapter.

13.2 The Domain Decomposition Approach
13.2.1 Velocity Stress Formulation

Let © be a bounded domain whose boundary is denoted I'’. Since we want
to use the mixed finite elements method which is presented in Chapter 11, we
consider the velocity-stress formulation of the elastodynamics problem in €:

p%fdivozf, in €,

0
Aa—i —e(v) =0, in Q, (13.1)
v=0, on I'0,

with some initial conditions that will be omitted in the sequel. p is the material
density and A = C~! is the compliance tensor (see Chapter 9 for notations).
For the presentation, we have considered a fixed boundary condition on I'°,
but we could have also considered Neumann type conditions or propagation
in free space. In the latter case, the computational domain can be bounded
with artificial boundaries or artificial layers (see Chapter 14).
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INNRE)
Q N
Q4 Oy
(a) Regular mesh (b) Unstructured mesh

FIGURE 13.1: Two possible configuration for the decomposition of the do-
main {2 into two subdomains €2, and €.

13.2.2 Transmission Problem

Our aim is to solve numerically (13.1) using a locally refined mesh. There-
fore, we decompose the domain 2 into two non-overlapping subdomains 2.
and Qy (see Figure 13.1):

Q=0.U0;,  2.nQ =0 (13.2)

The geometrical details or singularities of the solutions are located inside the
fine subdomain Qf. €. is the coarse sub-domain. The common boundary
of Q. and Qy is denoted T' (ie., I' = Q. N Qs ). TY and I‘?c denote the
outer boundary on €. and €y respectively, so that the boundary of € is
[ = TP UT}.The unit outgoing normal vector to €. (resp. Q) is denoted n,
(resp. ny). For any function g of the space variable x, defined on the domain
Q, we denote by g. and gy its restriction to 0. and € respectively.

The basic idea of the method is to reformulate problem (13.1) as a trans-
mission problem between €2, and €2;:

pc% —div o, = f., in Q. (a)
A aa"t C _e(v)=0, inQ () (13.3)
ve = 0, on FS (C)
pf%—div of = ff, in Qy (a)
Af% —e(vy) =0, inQy (b) (134)
vy =0, on 1"(} (c)
Oc-Ne=—0f-ng, onI’ (a)
(13.5)

Ve = vy, onT (b)
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The two equations (13.5-a) and (13.5-b) are the transmission conditions
which ensure the continuity of the velocity and of the normal component of
the stress accross the boundary I'. It is well known that thanks to those
conditions the problems (13.1) and (13.3, 13.4, 13.5) are equivalent.

13.2.3 Variational Formulation

We use the primal-dual mixed variational formulation of problem (13.3,
13.4, 13.5). This formulation is similar to the fictitious domain method pre-
sented in Chapter 12. That means in particular that the regularity is put on
the stress tensors o, and oy. More precisely v, (resp. vy) is sought in L?*(Q.)
(resp. L*(2f)) and o, (resp. o) is sought in H(div , ) (resp. H(div ,€y)).
This choice allows to use the mixed finite elements introduced in chapter 11
which lead to mass lumping.

After multiplication by test fields and integration in space, only equations
(13.3-b) and (13.4-b) are integrated by parts. This makes appear the traces
of v, and vy on the boundary I'. In order to give a sense to those traces,
which appear also in the second transmission condition (13.5-b), we introduce
the new unknowns j. = vep and jy = v fr The variational formulation of

problem (13.3, 13.4, 13.5) is thus written
Find (o¢,vc,jc) : Ry —€ X59™ x M, x G,
and  (of,v5,57) : Ry —€ X3P x My x G, such that

d . - - -
%Cc(vavc) - bc(o'wvc) = (fwvc)) Vo, € M.,
g (13.6)
%ac(aca 6'5) + bc(&cvvc) - b£(5ujc) =0, Vo, € X(fym’
d . N . -
%Cf(vavf)_bf(o—fvvf):(ffavf), v/UJCG-Z\Ifa
. (13.7)
214 (05:07) +b7(Gp,0p) = by (Gp,5) =0, Vop e X,
b (0c,]) +b5(07,7) =0, Vj€G,
(13.8)
jc = jf7
where we have introduced the following functional spaces
Xsym — {JC € (H(div ,Qc))Q, o 1s symmetric} ,
X3P = {O’f € (H(div ,Q))*, oy is symmetric},
(13.9)

M. = (LQ(QC))2 and Mf = (L2(Qf))2’
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The bilinear forms appearing in (13.6), (13.7) and (13.8) are defined by
ac(0¢,0c) 2/ Acoc:6.dx,  ag(op,05) = / Agoy 0y dz,
Q. Qf
Ce(Vey we) :/ Peve - Wed, cr(vy,wy) :/ psuf - wedx,
Qe Qf

bc(&c,wc):/ div(6.)w, dz, bf(&f7wf):/ div(Gs)wy dz,
Q.

Qy
be (Ge: je) = (e ey o) » by(G1,5) = (T 51, 5)p -
(13.10)
The operators 7. and 7¢ denote the normal trace map defined by
MeOe = O¢ Ne and TpGf=0fFng, (13.11)

which map continuously X¥™ and X ;"™ respectively onto the dual space of
G, G =H":? (T'). < . > denotes the duality product between G and G’.

REMARK 13.1 One can show that the trace maps m. and 7y are surjective
onto G’ [22, 24] which ensures that the bilinear forms bl and bl; Sullfill the
inf-sup condition associated to the mized problem (13.6) to (13.8).

REMARK 13.2 It would also be possible to use the primal mized varia-
tional formulation with v, € H'(2.) and 0. € L*(S2..), but this method is not
adressed here.

Also another formulation which avoids the introduction of a Lagrange mul-
tiplier is possible. The idea is to use the primal-dual formulation on one grid
and the primal mized formulation on the other one (see for example [100]).

Notice that the Dirichlet boundary conditions on I'? and F?c are verified
as a natural condition in the formulation. The two transmission conditions
are treated in a different way. The continuity of the normal component of
the stress (condition (13.5-a)) has been taken into account in a weak way
in (13.8). This process is similar to the one used in the Mortar elements
method where a Lagrance multiplier is used in order to ensure the continuity
of the traces of the solution [27]. The continuity of the velocity field accross
I' (condition (13.5-b)) is imposed in a strong way. In principle, thanks to this
continuity condition, we could eliminate equation (13.8-b) and define only
one Lagrange multiplier j = j. = js. The interest of the introduction of
a Lagrange multiplier associated to each subdomain will be justified at the
time-discretization level.

REMARK 13.3 (Energy identity) The total energy of the system is de-
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fined by

1
E@t) = 3 (/Q Aco. 0, der/Q Pele - vcdx)

c

1
+ - Agfof:of do —I—/ prup-vpdz | . (13.12)
2 \Jo, Q5

Taking (Gc, ) = (0¢,ve) and (65,05) = (05, v¢), one gets after adding (13.6)
and (13.7) the following result,

dE ) .
E(t) :bg(ac,jc)+bl;(af,]f)+/ fervedx + fr-vpde, (13.13)
Qe Qs

and thanks to equations (13.5) we see that the total energy fulfills the following
identity

dE

E(t) = / fe-vedx + ff “Uf dx. (1314)

Q. Qs

In particular, the energy is conserved when external forces are zero. The
energy conservation is a consequence of the conservation of the energetic flux
between the two domains, namely bl (0., j) + blj:(af,j) = 0. This important
property will be exploited at the discrete level to ensure the stability of the
numerical scheme.

13.3 Space Discretization
13.3.1 Semi—Discretized Variational Formulation

For the space discretization of the variational formulation (13.6, 13.7, 13.8),
we will use finite element spaces. We introduce a mesh of the coarse subdo-
main . with stepsize h., denoted 7p,(£2.), a mesh of the fine subdomain Q
with stepsize hy, denoted 7, (€2y), and a mesh of the surface I' with stepsize
H, denoted 7y(I"). Two possible configurations are reprensented on Figure
13.1, one with regular meshes, the other with unstructured triangular meshes.
By construction, the meshes 7j,, (€2.) and 75, (€2y) do not have to be confirm-
ingly connected, as the coupling between them will be ensured through the
Lagrange multiplier j. The mesh of the surface I' can be the trace on I' of
either volumic mesh, but it is not necessary. Based on those meshes, we
construct finite dimensional spaces

Xp2™ € X2 My, C© Me, X0 € X3P, My, € My and Gy C G.
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The semi-discretized in space problem is written
Find (ol ,vhe jhe): R, — XY™ x My, x Gy

and (a?f,v?f,j?f) Ry — Xff;m x My, x Gp such that

d _ . _ N
%%(vfavi“) —be(ole,ve) = (fie,00°), Vole € My,
! (13.15)
%ac(aéh °) + be(Gre,vie) = be (6, 5 =0, Valke € XU,
d hy ~h ~h
2° (vf ,vf )—bf(af ,vf Ty =" 07), Vi, € My,,
d . _h sy
- ag(of &4 ) +bp(Gy W) —bh(GY ) =0, oy € X0,
(13.16)
b (ol 31) + bh (o} 7Ty =0, Vi € Gy,
(13.17)

it =i

13.3.2 Matrix Formulation

Let NS (resp. NJ) be the dimension of X" (resp. Xff;m), N¢ (resp. NJ),
be the dimension of My, (resp. Mp,) and N; be the dimension of I'y;. A basis
of each of the finite dimensional spaces defined above is introduced. X, VC, Je
and X r V¢, Js denote the coordinate vectors of the unknowns o, v!, jH and
O’;lf U ff ,J ;I respectively. For the sake of simplicity, the parameters h., hy and
H are omitted in the notation of the coordinate vectors. In those bases, the
semi-discretized problem (13.15, 13.16, 13.17) leads to the following matricial
differential system

Find (%, Ve, Jo) : Ry — R x RM x RM,
and (24, Vp,Jp) : Ry — RY? x RN x RM | such that
d

Mvc* C_Bczc:Fm
V. (a)
d * *
MmcﬁEc—&—BCVC -CrJ.=0, (b)
M, dV Br X F
vt Ve — By Xy = Fy, (¢) (13.18)

d
ngf%gf-l-B; Vf—C; JfZO, (d)
C. EC—FOf EfZO, (6)

Jo = Ji(=J). (f)
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where A* denotes the transpose of a matrix A. M, ., M, s, M, . and M, y
denote positive definite mass matrices. The matrices B. and By represent a
discrete divergence and their transpose a discrete version of the operator ¢.
The matrices C. and C represent discrete trace operators on the surface I
from the coarse subdomain and the fine subdomain respectively. All those
matrices obviously depend on the discretization parameters h., hy and H.

Well posedness of the semi-discrete problem. It is possible to elimi-
nate the Lagrange multiplier J from system (13.18). In this way the latter can
be reduced to a standard ordinary differential system composed of two sets
of independant systems of ODE’s on each subdomain. Indeed let us multiply
(13.18-b) by C.M ! and (13.18-d) by CfMo__,} and add the result. We ob-

,C

tain the following stationnary relation, thanks to the transmission conditions
(13.18-¢) and (13.18-f)

(CCM;ng n ch;;c;) J=C.M; B:V.+ CyM; }BiVy.  (13.19)

This shows that the well-posedness of (13.18) is conditionned by the invert-
ibility of the symmetric and positive matrix

M = C.M; Cr+ CrM, 1 C; (13.20)
which is also equivalent to the injectivity of either matrix C7 or C7} that is
ker Ct Nker C = 0. (13.21)

REMARK 13.4 This condition can be expressed as a discrete inf-sup con-
dition associated to the space discretized mized problem ((13.15), (13.16),
(13.17)). It can be rewritten as

bl (ole, i) =0, Vole € X
v i e Gy (D), =7 =0. (13.22)
h . h sym
b?(o’ff,jH) =0, Vo’ eXhif

Thus it represents a compatibility condition between the spaces X;'™, X;¥™
and Gg. This condition implies that the space Gy must not be too large. In
practice, we shall often use as the boundary mesh for I' the trace of the coarse

grid mesh for Q. (see also remark 13.14).
A well known particular case which ensures (13.21) is to choose an approzi-
mation space for the Lagrange multiplier which satisfies the inclusion [27,38],
G? . (X;'™) (13.23)

c

REMARK 13.5 (Semi-discrete energy identity) Since we have consid-
ered a conforming approximation of the variational formulation, it is straight-
forward to prove a semi-discrete energy identity result which is similar to the
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continuous one (see remark 13.3). It can be written in the following matricial
form, when external forces are zero

d |1

1
dt ((267 b )MU,C + (‘/67 ‘/C)Mu,c) + 5 ((Ef’ Ef)]Mcv,f + (Vf’ Vf)M'u,f) = O’

where (.,.)p denotes the scalar product (X,Y )y = X* MY for any positive
definite matriz M.

13.3.3 Choice for the Approximation Spaces

In the sequel, for the approximation of the velocity and the stress tensor, we
will use the mixed finite elements introduced and analysed in chapter 11, the
so-called Q%" x @y elements. This element is based on regular meshes of the
subdomains €2, and €2y composed of rectangular elements. So we consider here
the configuration represented on Figure 13.1-a. It has been designed in order
to obtain mass lumping which consists in computing the mass matrices with
an appropriate quadrature formula without loss of accuracy. This technique
reduces the mass matrices My ., My, My . and M, y to diagonal and block
diagonal matrices. It allows therefore for inverting them easily (see section
10.4). The second main property of the Q%" x Qg elements is to take into
acount the symmetry of the stress tensor in a strong way, as can be seen on the
definition of X3¥™ in (13.3.3) below. The approximation spaces are defined
for I € {c, f} by (see section 11.3 or [24] for more details)!

xpm = { €X, /YK €Th(), (ol oli) k€ Q2 x Q2} N xsvm,

My, = {ol" € My /¥ K € T, (), 0] e € Q3.

The choice of the approximation space of the Lagrange multiplier, space G,
must be done carrefully in order to verify the inf-sup condition (13.22). A
natural choice is to take a conforming approximation which satisfies the in-
clusion G¥ C m.(X;”™) as mentioned in remark 13.4. We consider thus the
mesh of T which is defined by the trace of the coarse subdomain volumic mesh
Th, (Qc), and we will denote it 7p,_(T"). Then we introduce the piecewise linear
continuous functions based on this mesh for the approximation of (Hz(I'))2
that is

G, = {" e COm) /¥ S € T (D), s € PP} (13.24)

REMARK 13.6 We have also investigated the approximation of the space
G with discontinuous Py finite elements, that is

G = {jhc € I*(T) /¥ S € T (T),j" 5 € P} } . (13.25)

1(alhll) and (Uzhzl) denote the two row vectors of the tensor thl, le{e [}
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Since this space is not included in G = (H% (T)) this approzimation is not con-
forming and the convergence analysis is more complicated. However, b(oy, jp,)
still makes sense for jy, € G(f)u and one can show that in this case also the inf-
sup condition (13.22) is verified. Namely ker C} = {0}, which ensures the well
posedness of the semi-discretized scheme (see [128]). In practice, a numerical
study has shown that this choice gives more accurate results. Therefore, this
is the approximation space which is used for numerical experiments presented
in section 13.8.

REMARK 13.7 A general approach in the Mortar elements literature is to
choose
H sym H sym
G" Cm(X,0") or GT C Wf(th ).

This choice presents the advantage to be the largest space which verifies (13.23)
and thus ensures the well posedness of the semi-discrete problem. It can lead to
conforming approxzimations [27] or non conforming approximations of G [35].

REMARK 13.8 (About error estimates) The wariational  problem
(13.6, 13.7, 13.8) and its discrete form (13.15, 13.16, 15.17) is a double
mized problem: one for the primal dual mized stress-velocity formulation of
the elastodynamic problem and one for the transmission problem. This kind of
problem is by itself complicated to analysize. Further, as explained in section
11.3.2, the convergence analysis for the finite element introduced above is quite
technical because it does not fit the classical Babuska-Brezzi theory. However,
it is possible to derive error estimates of the semi-discretized problem (15.15,
15.16, 13.17) for another choice of the approximation spaces My, and My,
namely

M, = {vgc eM. /Y KeT,, v e (P1)2}, (13.26)
and a similar definition for My, . This choice has been made so that
div (X,iym) C My, and div (X;?f’m) C My, ,

and therefore one can eliminate the wvelocity from problem (13.15, 13.16,
13.17). The latter reduces to a standard evolution mized problem in the vari-
ables ¥¢,X¢ and J. If in addition the approximation space for the Lagrange
multiplier verifies the inclusion

GH c (X0,

then it is easy to derive error estimates for the elliptic projector naturally and
therefore for the associated evolution problem. Those estimates rely on the
classical mized theory in the case of a conforming approximation of G and on
the second Strang lemma when the approzimation is not conforming (see [128]

for details).
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13.4 Time Discretization: the 1-2 Refinement
13.4.1 A Conservative Time Scheme

For the time discretization of (13.15, 13.16, 13.17) a constant time step At
is chosen and a second order centered finite difference scheme in time is used.
We suppose here that the mesh of the fine subdomain is twice finer than the
mesh of the coarse one, so that one has h. = 2hy. Since we want to keep the
same ratio between the time and space steps in both subdomains, we use a
time step At = 2At in the coarse subdomain €2, and a time step Aty = At
in the fine subdomain 2.

The scheme is constructed in such a way that almost all computations are
explicit. Therefore, the discrete velocity and the discrete stress tensor are
computed on a staggered time grid. Namely, with obvious notations, Xy is
computed at time ", Vy and Jy are computed at time t"*i, Y. is computed
at time t2", V, and .J,. are computed at time ¢*"*1. With such a choice, the two
computational grids only meet at “even instants” t2, at which the two stress
tensors X, and Xy will be computed simultaneously. The time distribution of
the unknowns is represented on Figure 13.2.

Q. r Qf
S ————————— - 2n+42
/A e>>.and X
- c f
A ~——
A\A antl x—»Vcande
N
-———————————— - 2n

FIGURE 13.2: Time distribution of the unknowns for the (1, 2) refinement.

In addition this scheme is chosen in order to be able to derive a totally
discrete energy identity which ensures its stability. In this aim a conservative
time approximation of the transmission conditions (13.18-e) and (13.18-f) is
proposed. This choice is explained below in the proof of 13.1, but it is not the
only possible one (see remark 13.10). The following totally discretized scheme
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is finally obtained

Find (327, V2741, 724 Ry — RV x RV x RN,

n 1,2
and (E?,Vf

1 1
TP LR - RV x RV xRV,
3 3
and (Z?”H,szn+2 , J;n+2) Ry — RY> x R™ x R™ such that

2n+1 2n—1
Vet = Ve

Mv,c AL - Bczgn == Fc2n7 (a)
$2n12 _ yon (13.27)
M, S =+ BVEH G2 =0, ()
on+41 on—1
1% 2 _V 2
Myt — - By = = F}, (a)
it —xin . .
f f k1,20t 3 x 72tz
M ¢ AL +Bfo P -CF Jf > =0, (b)
(13.28)
V2n+% - V2n+%
Mv,f ! At ! _Bf E?”nJrl :Flgn+17 (C)
E2n+2 _ 22n+1 3 3
f f xy,2nt3 x 72ty
MJ’fT+Bfo P =05 Jf > =0, (d)
n n 2n+2 2n+1 2n
Czi +2 4 52 +Cf2f +2550 + X5 _ 0 (@)
2 4 (13.29)
1 n+3
S = g = R = e, (b)

In the sequel, thanks to (13.29-b) we will denote by J?"*1 the value of the dis-

crete Lagrange multiplier wich is the same on both grids at times {2n+s 2l
and 273

REMARK 13.9 The time discretization of the second transmission condi-
tion (13.29-b) is consistant with (13.18-f), but it is not centered, and therefore
it is only first order accurate in time. All other equations of the scheme are
centered and thus second order accurate.

13.4.2 Stability Analysis

The stability of the numerical scheme ((13.27), (13.28), (13.29)) is ensured
through a totally discrete energy identity. One has:

THEOREM 13.1 Energy conservation of the numerical scheme
The discrete energies of the scheme ((13.27), (13.28), (13.29)) in the coarse
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and fine subdmain are respectively defined by

Ein = % ((Zgnv Zgn)MU,c + (chn-H’ Vch_l)Mv,c) ’

13.30)
n n n 2n+l on—1i (
By = 4 (035, + V7V ).
The total energy can only be defined at even instants
E* = EJ" + E}". (13.31)
When external forces are zero, the total energy is conserved, that is
E>" 2 = B2, (13.32)

This is why we will call this scheme the conservative scheme.

PROOF We assume that external forces are zero. Multiplying equation
(13.27-b) by (X2"+2 4+ %27) /2 yields

(), (),
5 2At

2
22n+2 EQn 22n+2 EQn
- _ (B:Vf"“, C+C> + (C:JC%H, C+C) . (13.33)

2 2

The mean value of (13.27-a) written at time steps 2" and t?"*2 is multiplied
by V271 which gives

1 ( (‘/0211—0—3’ V'L‘Qn—&-l)MU,C _ (V'CQn—Q—l’ ‘/L'Qn_l)Mv,C )

2

2At
E2n+2 ZQTL
= (BZVE”“,C ; ‘ ) (13.34)

The sum of equations (13.33) and (13.34) gives the variations of the discrete
energy on the coarse subdomain between two even time steps:

E%n+2 _ E2n 22.”+2 EQn
cth = (nggnﬂ, c2+c> ) (13.35)
Similar operations on the fine subdomain give
2n+1 2n 2n+1 2n
L s S e T D
At " 7 2 (13.36)
2n+2 2n+1 2n+2 2n+1 .
E"T - ES _ C*J2n+§ T
At A 2
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Combining equalities (13.35) and (13.36) we derive the following energy iden-
tity

n n 2n+2 2n+1
E2n+2 _ g2 _(Cfo + 35 J;,LJrg)
2At 4 ’

E2n+1+22n ol 22n+2 2271
+ <Cff4f,J§ AN S (CCC;C,JC?”“). (13.37)

The time discretization of the transmission conditions (13.29) has been
chosen in order to be consistant with (13.18-¢) and (13.18-f) and in order to
ensure the discrete flux conservation between the two space-time grids:

22n+2+22n+1 B 22n+1+22n ot 1
<Cf f 4 f ,J‘? +2 + Cf f 4 f 7(]? +2

22n+2 EQn
+ (CCC;_C,JCQ”“> =0. (13.38)

0

REMARK 13.10 The choice of a time aproximation of the transmission
conditions is not unique. For instance, another choice, which somehow is
dual to the choice made in (13.29) is given by

o EgnJrQ + Zgn _ Z?TH*Q + E?H*l
c 2 f 2 )
2n42 2n y2ntl | oy2n
CCEC + X = —Cy f f ; (13.39)
2 2
2n+42 2n+1
J2ntl ‘]f t ‘]f ’
c 2 °

At first guess, both schemes seem to be first order accurate in time. However
a deeper analysis shows that this is not the case. The scheme (13.29) is more
accurate than scheme (13.39) (see section 13.5 below and [51,102]). That is
why we shall restrict this presentation to (13.29).

Using the energy identity 13.1 and with a similar proof as in section 11.5,
the L? stability of the scheme will be ensured under the double strict CFL
stability condition:

b At brn.l|At
lbendidte b Il

13.40
2 . , (13.40)
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where we have set

bl(O'hl ’Uhl)
10, || = sup — L, le{e [} (13.41)
af‘EXZi/m,v?‘Mhl ||Ul ||Al||vl ”pz
REMARK 13.11 The definition of the operator norm (13.41) can be rewrit-
ten equivalently in the matricial form [17]

B2l (ar, )

[[b1,m, || =
Coner 1Bl

(13.42)

REMARK 13.12 If we use the mived finite element Q%" x Qo presented
above for the approximation of the velocity and stress tensor, it can be shown
for a homogeneous infinite medium and a reqular mesh composed of squares
of size he and hy that conditions (13.40) become (see section 10.5 and 11.5)

At 2
—v,= < V2 Oopt (13.43)
hy 2

At
a=1V, -

where Vl, = /A +2u/p is the pressure wave velocity (see section 9.4). By
construction, the Courant number « is the same in both grids.

REMARK 13.13 FEach of the two strict inequalities (13.40) corresponds to
the stability condition of the same scheme in each grid separately. One interest
of the method is thus to get optimal stability conditions in each subdomain,
without being affected by the coupling between the two grids. Similarly, as
already mentionned, the ability to chose optimaly the time step on each grid
reduces dispersion errors.

In practice, since the space step will be twice larger in the coarse grid, we
shall have:

165,ns I = 2 [[be, I,

so that (18.40) reduces to one single inequality.

13.4.3 Practical Computations

The practical resolution of the scheme (13.27, 13.28, 13.29) has to be ex-
plained. Assume that all unknowns up to time #2" have been computed. We
need to compute the unknowns up to the time t27+2 . In other words, we seek
for V2n+1 y2nt2 Vf2n+%, Efc""'l, Vc2n+%, fo‘“, J?+1all other terms being
known at this step of the computations.

For clarity, we suppose that external forces are zero. First, since the mass
matrices M, . and M, ; are diagonal, equations (13.27-a) and (13.28-a) give

1
explicitely V21 and sz "*2_ Now we note that if the Lagrange multiplier
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J?"*1 is known, then all other remaining unknowns can be computed ex-
plicitely, because the mass matrices M, . and M, ¢ are block diagonal. Equa-
tion (13.29-a) will be used to derive a linear system verified by J?"*1. In this
aim, we first compute the difference between (13.28-d) and (13.29-b):

2n+2 2n+1 2n 2n+3 2n+1 2n+3 2n+ 1
\ TR 28T 4+ B :—B*Vf -V 2+C’*Jf P—Jp
of At2 f At ! At
Using (13.28-c) and the transmission condition (13.29-b), we obtain
2277,-‘,-2 _ 222n+1 _|_ ZQTL
f f f _ * —1 2n+1
M, NE = |-B; M} By | 3
so we have
22n+2 + 222n+1 + EZn
f f f -1 2n+1
; - - [OfMJ,fo} p2rt, (13.44)
where we have introduced
Atz * -1
Nj =M, — =B} M, | By. (13.45)

Using (13.28-b), equation (13.44) becomes

2n+2 on+1 2
f TR 428 4 B
’ 4

= [atey MoENG My O3] P 4,
(13.46)

where J ¢ is known at this step of the computations. On the other hand, using
(13.27-b) we compute

Z;Z:n+2 + 2(2:71

C. 5

= [AtC. ML Cr] At 4y, (13.47)

where once again .J ¢ is known at this step of computations. Finally adding
(13.46) and (13.47) and using (13.29-a) leads to

M J* = J, + Ty, (13.48)
where the matrix Mg, is defined by

Msy = AtC. ML Cr+ AtCyp M ; Ny M 1C. (13.49)

Well-posedness of the discrete solution. The existence and uniqueness
of the discrete solution is guaranteed by the invertibility of the linear system
(13.48). The matrix Ms; is obviously symmetric. It is easy to see that this
matrix is positive definite as soon as the two following conditions are fullfilled:
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e The matrix Ny is positive definite. This property is equivalent to the
matrix inequality
At? _
— Bi (M. g) 'By < M, s, (13.50)
which is nothing but the (strict) CFL condition in the fine grid (13.40)
(see remark 13.11).

e The compatibility condition (13.22) is verified.

Note that the matrix Mgy, is small compared to the dimensions of the
volumic unknowns (its dimension is N;, the number of degrees of freedom of
the Lagrange multiplier J2"*1, which lives on the the surface I'). Moreover,
M is independent of the time step so that it can be factorized preliminary
to the computations. The linear system (13.48) requires thus only a forward-
backward resolution at each time step.

REMARK 13.14 Note that it is preferable that C} be injective rather than
C}. Indeed, if C} only is injective, then the matriz At C. M;é C? is not in-
vertible and the invertibility of Ms; relies on the invertibility of the matriz Ny
defined by (13.45). But if the courant number « is close to cop (see remark
15.12) then Ny becomes singular and consquently Ms; becomes also singular.

Resolution algorithm. Finally, the structure of the global algorithm is:

e Preliminary computation of the matrix Ms; (defined by (13.49)) and
its Cholesky factorization,

e At each time step, compute successively:
n 1 . .
1. V2 and V;""% with (13.27-a) and (13.28-a) respectively,
2. J?+1 by solving the system (13.48),

3. ¥t mi, vf”*g and $7""2 with (13.27-b), (13.28-b), (13.28-
c) and (13.28-d) respectively.

13.5 About the Error Analysis

Up to now, there are very few complete results about the error analysis
of the mesh refinement methods that we presented in the previous section.
That is why we shall restrict ourselves to give some insights about what such
an analysis could be and indicate some directions of research. In fact, it is
natural to distinguish two sources of errors:
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e Space discretization: change of space step between 2. and €2y,
e Time stepping: change of time step between . and Q.

To analyze the error due to the space discretization, it suffices to look at the
semi-discrete problems of section 13.2. We have a “non conforming” method
at the interface in the sense that one of the two continuity conditions across
I' is an essential one and appears in the continuous spaces for the variational
formulation. The introduction of the Lagrange multiplier allows us to take
into account in a weak way this continuity condition but also introduces a
non conformity at the interface of the numerical method. However, in this
case all the methodology developed for the analysis of the mortar element
method, which relies either on the second Strang’s lemma (in this case the
Lagrange multiplier does no longer appear in the analysis, [34], [28]) or the
mixed finite element technology [27], is applicable (see remark 13.8). This
remains however an open question. In particular, the role of the choice of
the space Gy for the Lagrange multiplier (which is of obvious importance at
least for the uniqueness of the discrete solution through the discrete inf-sup
conditions) on the quality of the treatment of the numerical interface should
be clarified.

The error due to the time discretization appears to be a more original issue.
It has already been investigated in the case of the 1D wave equation for which
the question of the space approximation does not introduce any difficulty.
Two different kinds of analysis can be made: L? error analysis and Fourier
analysis of the reflection-transmission problem at the interface between the
two grids. After presenting the notations for the 1D case, we summarize the
results of both analysis in the this section.

13.5.1 The Case of the 1D Wave Equation

We consider in this section a simple 1D model problem on the real line:

ou  Ov dv  Ou

—+—=0 —+—=0 R, t>0 13.51

ot Tor ot Tex o TER 2D (13.51)
The two domains ), and €y are respectively the two half spaces {x < 0} and
{z > 0}. The 1D equivalent of the transmission problem of section 13.2 is

. in Q. v inQ,  (13.52)
avc+au0_0 %_’_%_O
ot ox ot oxr

with the (artificial) interface conditions

uc(0,t) = us(0,1), ve(0,8) = vy (0,1). (13.53)
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We apply the following procedure: in each grid, we use the primal-dual for-
mulation with v in H! and v in L2. The Lagrange multiplier j is simply a real
number. For the space discretization, we use two regular meshes of respective
sizes h in 2y and 2h in ., continuous P; finite elements for v and piecewise
constant elements for v. For the time discretization we use the staggered
grid procedure of section 13.4 with time step At in Qy and 2At in .. With
obvious notations, the unknowns of the scheme are simply:

2n 2n+1 . .
ughjs  Veoi—1s J <0, m>0, in

(13.54)

uj g U?,Ll-/liz’ j=>0, n>0, in Q.

—o °
X
—o ®
X
e ®

FIGURE 13.3: The new unknowns: large (resp. small) crosses correspond to
ve (resp. vy), large (resp. small) circles correspond to u. (resp. uy).

In order to understand the scheme, look at Figure 13.3: in each interval
of time [t2",t?"+2]  the interior leap-frog scheme allows for computing the
discrete solution everywhere except the three “interface values” at z = 0
(inside the small boxes in Figure 13.3), namely:

42 2041 2n+2
ugyCufy L uy (13.55)

We will denote by scheme (A) the time discretization of the transmission
conditions given by (13.29) and by scheme (B) the alternative scheme given
by (13.39). The use of the transmission scheme (A) provides the three missing
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equations, after elimination of the Lagrange multiplier j2*+!

h h
2n+1 2n42 2 2n+1/2 2n+1 2
Uc,njl - 2At( o C,%) = fn1/2/ + 2At(uf%+ o f%)’
h 2 +2 h
2n+1 2n+2 2 n 2 +2 2n+1
2n+2 + 2u2n+1 + U (u2n+2 + uc 0)
4 B 2
If one uses scheme (B) one obtains
2n+1/2 2n+3
p2ntl h (u2n+2 u2n) _ Yre +vf,1/2 + h (u 2n+2 u2n)
o=l 2A¢ 0 2 2L 10 Hon
( 2n+2+u ) B u?’rz}-&-?_i_ 2n+1
2 B 2 ’
(257 ) _
2 B 2 '
(13.57)

13.5.2 L2 Error Estimates

One can perform the L? error analysis of both schemes (cf. [102]). We shall
assume that the Courant number o« = At/h is constant, strictly smaller than 1
(which corresponds to the L? stability condition (13.40)). To state our result,
let us introduce the discrete L? norm of the error committed on the variable
u at time 2"

[ t2) = up™ 7 = [lue(, ) = w2 |7 + llup (o £27) — w5017,
e, ™) = uZhlli = Y 1(we)os > 20+ [(ue)ol* b,
j<—1

” h
g o 82) =5l = Y 1Cup)l* oot Lol 5

7j>1

(13.58)

We shall measure the error in some discrete L (0, T, L?) norm, namely:

lu—unllng = sup u( ") = a2n - (13.59)
t2n,ST

Analogously, we can define a discrete L>°(0, T, L?) norm for the error v — vy,.

THEOREM 13.1 Assume that the exact solution (u,v) has the regularity:

(u,v) € C3(0,T; L?), (13.60)
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then with scheme (B), one has the error estimate:
lu = unllnz + llo = vallnr < C (1= a?)™V2 B2 || (u,0) || es(0,7:2) (13.61)
Assume that the exact solution (u,v) has the regularity:
(u,v) € C*F*(0,T;L?), k>0, (13.62)

then with scheme (A), one has the error estimate:

3_ 1
wr o = wnllar < Gk (1= )72 RT3 (1w, 0) a0 7,12)-

(13.63)

[l —

The result of this theorem expresses essentially that the method is of order
1/2 with scheme (13.57) and of order 3 (take k arbitrarily large in (13.63))
with scheme (13.56). In both cases, one loses some accuracy with respect to
the interior scheme which is second order accurate. A challenging - still open
- question is to find more precise conservative transmission schemes.

REMARK 13.15 The constants appearing in the error estimates (13.61)
and (13.63) blow up when o tends to 1, similarly to what we obtain with
the estimate (10.160) (see section 10.5 and remark 10.42). Moreover, the
numerical experiments indicate that the method is not strongly convergent
when a = 1 (however, we conjecture that, in this case, the discrete solution
converges weakly in L? to the continuous one).

13.5.3 Fourier Analysis Results

This different analysis of schemes (13.56) and (13.57) completes and con-
firms the results of theorem 13.1 We give here a brief recap of the results given
in [51]. This study is based on the behavior of plane wave solutions in the
presence of a space-time mesh refinement. For example, a discrete plane wave
on the fine grid is a solution of the form

1
(uf)? — qui(kij —wt")7 (Uf)ji‘g — eri(kijJr% _“-’thrj)’ (13.64)

where the wave number k is related to the frequency w by the discrete disper-

sion relation A A A h
. wAt .
A—tzsm2 <2> =72 sin? <2> ) (13.65)

which is the discrete analogous of the classical continuous dispersion relation
of plane wave solutions of (13.51) w? = k2. For a given w, (13.65) is considerd
as an equation in the wave number k, which is thus written k(w). Note that the
frequency w is defined modulo QA—’;. This is the so-called aliasing phenomenon.
One can show that if w € [—w*,w*] mod [27/At|, where

* .
= — arcsina
At
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then k(w) is real and the plane wave is propagative. On the other hand, if
w ¢ [—w*,w*] mod [27/At] then k(w) has a non zero imaginary part and the
wave is evanescent with a penetration length I(h, ) which is proportional to h
and a highly oscillatory behavior (precisely Re(k) = 7/h; see [51] for details).

For the analysis of schemes A and B, we study how an incident harmonic
wave in the coarse grid 2. of amplitude 1 and frequency w is reflected and
transmited through the artificial interface between the coarse and the fine
grids. This incident wave gives rise to

e a reflected wave of frequency w and amplitude R, in the coarse grid.
e a transmitted wave of frequency w and amplitude 7 in the fine grid.

e a parasitic transmitted wave of frequency w + £ in the fine grid. The
existence of this high frequency parasitic wave is due to the aliasing
phenomenon: the two frequencies w are w + x; are “equal” for the
coarse grid but distinct for the fine grid.

REMARK 13.16 It is easy to verify that the set of frequencies for which
the parasitic transmitted wave is evanescent [~225L0s0  —2arCCOSAT decregges
when a incereases and tends to 0 when « tends to 1. In other words for a =1,

the parasitic transmitted wave is always propagative.

The particular solution one looks for is thus given by

. 2n . 2n .
(uc)gy —_ ez(kcswjfwt )+R(' 62(7kcxgj7wt )’ j< 0,

T

(Uf);-L =Ty eilkrzj—wt™) —I—Tf (=1)" ei(kfzj—wt™) e—ﬁ’ j>o0.

and similar expressions for v. The unknown coefficients R., T, and T f are
determined from the coupling equations (13.56) or (13.57). As the interface
x = 0 is purely artificial, if we consider the continuous case, we should find
the physical values of the parameters

R.=0, Ty=1, T¢?=0,

In the discrete case the coefficients R., T, and T}’ depend only on wh and
a. For fixed 0 < a < 1, their Taylor expansions for small wh are given by
(see [51])

R. = Ow?h?), Ty =1 - O(w?h?), T{ = O(wh), with scheme A,
(13.66)
R.=O(wh), Ty =1 - O(wh), T} = O(1), with scheme B.

This illustrates once again the superiority of scheme (13.56) (or scheme (A))
with respect to scheme (13.57) (or scheme (B)). It also confirms in some sense
the optimality of the estimates (13.61) and (13.63). Roughly speaking, the
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amplitude of the parasitic wave is a function of the form (v is a given positive
constant):

T}’ exp(— 7%), x>0,

and the L? norm of such a function is equal to |T7| \/h/~ which gives O(h'/2)
with scheme (13.57) and O(h?) with scheme (13.56).

REMARK 13.17 When one considers the limit case o = 1, the parasitic
wave becomes propagative and we have for both schemes (see [51])

R.=0, T;=1+0(wh?), Tf = -1+ O(w?h?).

13.5.4 Numerical Illustration in the 1D Case

We illustrate the results of the present section by a numerical example. We
consider the 1D wave equation (13.51) with the initial condition

u(x,t = 0) = uo(*5=2), = € IR,
v(z,t =0) =0, z € R.

(13.67)

where zg = —0.25, L = 0.25, and

@ {256(33— 1/2)%(z +1/2)* ifx € [-1/2,1/2],

0 otherwise.

The exact solution of the problem is given by d’Alembert’s formula. The
computational domain for the numerical resolution of the equations is the
interval Q = [—0.5,0.5]. We use transparent boundary conditions to simulate
the unbounded domain. A space step of size h is used in Q. = [—0.5,0] and
of size h/2 in Qf = [0,0.5]. We recall that both schemes also depend on the
parameter o = At/h that we must choose in the interval (0,1) to ensure the
stability of the method. In practice, it is interesting to choose « to be as large
as possible to reduce the computational costs. The problem is that all the
error and stability estimates given in section 13.5.2 blow up when « tends to
1. In Figure 13.4 we can notice this phenomenon as well. For a = 1 both
schemes give similar results. A high frequency wave appears when the waves
cross the artificial boundary (see Figures 13.4(a) and 13.4(d)). Even so, the
method seems to be L? stable. Taking a < 1 most of oscillatory parasitic
waves become evanescent and we obtain a good solution if we remove the
behavior near x = 0. The penetration depth of the transmitted parasitic
wave increases as o goes to the limit value 1. As we can see in Figures 13.4(c)
and 13.4(f), o = 0.95 is sufficient to obtain a good result. We can also see that
the amplitude of the parasitic wave is higher for scheme B than for scheme A.
In particular, scheme B does not converge in the L* norm.
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03
o /
o

(a) Scheme A, =1~ (b) Scheme A, a=0.99  (c) Scheme A, a = 0.95
"~ (d) Scheme B;a=1 ~  (e) Scheme B, @« =0.99 ~ (f) Scheme B, a = 0.95

FIGURE 13.4: Dependence on o of u”. T ~ 0.3.

13.6 A Post-Processed Scheme

Motivation. The Fourier analysis presented in the previous section shows
parasitic transmitted waves of high frequency (both in time and space) which
generate the most important part of the error. This phenomenon is illustrated
by the numerical results of section 13.5.4 in the 1D case and in section 13.8 for
the 2D case. On this later example, one can observe that this spurious par-
asitic phenomenon gets worse with higher refinement rates. A first solution
consists in taking a smaller time step, which ensures that all parasitic waves
will be evanescent and hence have their influence localized around the inter-
face. However this choice limitates the interests of the space-time refinement
method. Our aim in this section is to present an amelioration of the method.
It is based on the fact that the parasitic waves are highly oscillating in time.
It is thus possible to reduce their effect by averaging the solution over several
time steps.

We denote by (u’})? the parasitic wave introduced in the previous section.
One has:

(Wh)r = TF (—1)" &' Frmmt™) (13.68)

This parasitic wave is highly oscillating in time so we consider the follow-
ing averaging over three different time steps, which is the averaging formula
used in the fine domain for the conservative discretization of the transmission
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condition: ) "
oyn _ W) 20+ ()]
(@) = i . (13.69)
It is very simple to verify that for a given a and for small wh one has
At ; P .. n
(@})} =T sin? (“’2) (=1)" eilkrmi—wt™), (13.70)

So, using (13.66), the amplitude of the averaged parasitic wave verifies, with
scheme A, TZ; = O(w?h?). On the other hand since this averaging is centered,
one easily derives that the same averaging performed on the physical trans-
mitted waves remains a second order approximation. Similarly for the wave
in the coarse grid, we consider the averaging

2n+2 2n
Ue + (ue
(ﬂc)g?+1 — ( )23 5 ( )2j : (1371)

and again, since this averaging is centered, the discrete reflection waves re-
mains a second order approximation.

Finally the treatment given by (13.71) on the coarse grid and (13.69) on
the fine grid leads to the following estimates of the averaged reflection and
transmission coefficients, for scheme A:

R. = 0(w?h?), Ty =1 - O(w?h?), T} = O(wh?), (13.72)

which shows that the amplitude of the parasitic wave becomes small compared
to the physical reflected and transmitted waves.

New equations for the post-processed scheme. Based on the previ-
ous observation, we introduce the following post-processed velocity and stress
tensor vectors

2n+1 22n+2 4 EQn i” B Z}H—l + 22?4—1 + E}l

Ec 2 ’ f 4 )
—2n+1 —2n—1 —n —_n+1 —n—1 (1373)
Z2n V. +V —nt1 Vf +2V P4V
V =_¢ ¢ Vf 2 = 4 .
c 2 )

It is then possible to write directly the system of equations verified by this
new set of unknowns by averaging the scheme (13.27, 13.28,13.29) over 2 time
steps in the coarse grid and 3 time steps in the fine grid. We obtain

2n—+1
c

Find (577277 Ry — RY x RY x RV,

and (Z7, V75700 R, - R < RN < R,

2n+1

and (X V2n+2 J2n+2) Ry — RY: x RN x IRY7 such that
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—=2n—2
MUCV ;A‘; _B, iZn 1 F2n 1’ (a)
(13.74)
i2n+1 _ §2n71 . on
Mo~ + BV, —Co Jo =0, (b)
—2n—1 —2n—32
Ve 2=V, ? — _
f f 2n—1 2n—1
Mvva—Bf Ef —Ff , (a)
=2n—1
E ) n— —op_1
0.1 I A +BV; P =0, ()
(13.75)
277,+2 2n—%
V Vf =2n
M, ¢ AL — By Xy _Ff ) (c)
—=2n-+1 =2n
b ) n n
My =t =L BV T =0, ()
cE v oisiT =, (a)
—on J2n+1 J2n—1
R (b1)
_ (13.76)
oy 3J2L 4 g2
_ b2
n J2n—1 3J2n+1
T + (b3)

This new scheme is obviously equivalent to the conservative scheme (13.27,
13.28,13.29) (up to some condition on the initial time steps). Consequently
it is stable. Note that it would not be easy to prove directly its stability
by an energy technique since it is not a conservative scheme as is (13.27,
13.28,13.29).

The fundamental difference between the two schemes is that the 3 transmis-
sion conditions (13.76-b1) (13.76-b2) and (13.76-b3) are centered and second
order accurate in time with 13.17b while (13.29-b) is decentered and only first
order accurate (see remark 13.9). Here, the Lagrange multiplier J,. is evalu-
ated at time > and .J ¢ is evaluated at time 27—z and 272 by computing
a weighted average of Jy at times t2n=1 and " which is second order con-
sistant in time (this is illustrated on figure Figure 13.5). Since the averaging
is centered, all other equations remain centered and second order acurate in
time.

REMARK 13.18 Note that the Lagrange multiplier J>"*+1 is the same in
both schemes. The pratical resolution of the linear system (18.74, 13.75,13.76)
is very similar to the one of (13.27, 13.28,15.29). Assuming that all unknowns

. —2 —2n—1
have been computed up to time t2" "1, we first compute Vcn and an ®. Then

the Lagrange multiplier J?"*1 is obtained by solving the linear syétem (13.48)
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Qe r QO
2n+1-—0-————-A——\—r—— - n+1
/ - -3, and ¥y
2n . 2n x»VCande
2n1-—o———X ——/—:i— coono1 7
A J

FIGURE 13.5: Time distribution of the unknowns for the (1, 2) refinement
with the post-processed scheme.

(but in the current case, the right hand side will be computed in a slighlty

diffent way). Then one can compute the 8 versions of the Lagrange multiplier
on —op_1 ol

on time interval [t?" 1 27+ Jin, chn > and J?HZ and finally compute all

remaining unknowns by explicit forward resolution in time.

13.7 Generalization to Any Refinement Rate

The refinement method presented in section 13.4 allows to make higher
rates of refinement by constructing successive included refinements. But this
technique is limited to refinement rates that are powers of 2. It is complicated
to implement and requires an implicit scheme at each artificial boundary. To
circumvent this limitation, we present in this section a generalization of the
method to any (rational) space-time refinement rate between the coarse and
the fine grid.

13.7.1 Construction of the (qc, gf) Refinement

Suppose that the space discretization of the coarse subdomain is based on
a mesh with space step h. = h/q. and that the space discretization on the
fine subdomain is based on a mesh with space step hy = h/qs. h is a given
reference space step and ¢. and gy are two positive integers. The starting
point is thus the matrix formulation of the spatial semi-discretization given
by (13.18).

For the time discretization, we will use the second order centered scheme
presented in section 13.4. In a homogeneous medium, we remind that this
scheme is stable under the CFL condition a; < 1. oy is the Courant number
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Q. r Qf
n-{--lL ——————————— - n+1
A
.
A
) \ / e
n + 4 A
1 A\ , ®>Ycand Xy
/ A nts x>V, and Vy
A ., asJ
A
Nm = = = = ————— ——— -n

FIGURE 13.6: Time distribution of the unknowns - (2,5) refinement.

defined by oy = V,At;/hy, 1 € {c, f}, where V], is the velocity of the pressure
wave in the medium (see remark 13.12). In order to keep the same Courant
number « in each subdomain, we use the time discretization step At. = At/q.
in the coarse subdomain and Aty = At/qgs in the fine sub-domain, where the
reference time step is At = ah/V,. With this choice, the two time grids will
meet only at ’integer’ instants " = nAt. Between two such instants, there
will be ¢, time subcycles in the coarse grid and ¢y subcycles in the fine grid.
As in the (1, 2) refinement case, the stress tensor and velocity are computed
on a staggered time grid, in order to obtain a scheme in which almost a}ll
+

24qc

computations are explicit. More precisely V, is computed at time 1t
ko1
and Y. at time t”+£,0 <k < g.—1. Vy is computed at time T3 77 and

>t at time tn+%,0 <k < gy — 1. An example of the time distribution of the
unknowns is presented on Figure 13.6 for the (2,5) refinement case.

The transmission conditions are discretized in a conservative way so that the
total energy of the system is conserved when external forces are zero, which
ensures the stability of the scheme. We obtain the following conservative
scheme

Find for I € {¢, f},

n4t Ic;;l n+2k+1 +2k+1

(Zl a‘/l = 7Jl = ) : IR+ - ]RNll] X IRN}T X ]RNj7
such that for all k € {0,...,q —1}:
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n+ 2§+1 n+ 2)2c—1
V. aQ V. a1 nt k£ + k
M, AT L -B'y, " =F (a)
e e (13.77)
E q] _ 2 qr n+ 2k+1 +2k+1
Mg,l l Atl l + Bl ‘/} 2q; Cl 2q; ; (b)
ge—1 ’I’LJr qtl —|—2 +k qr 1 E;’ f +27fl f
Z .= +Y Cy =0, (a)
24, pors 2qy (13.78)
+
g :J"+%,z e{e, f1,VE{0...q — 1}, (b)

Equation (13.78-b) is centered and second order accurate with the transmis-
sion condition (13.18-¢). On the other hand, all the Lagrange multipliers have
the same value denoted J" 2 on the time interval [t",t"*1]. So the approx-
imation of the second transmission condition is not centered and it is only
one order accurate in time. As for the (1,2) refinement case, we can fix this
problem by introducing adaquate average variables, and obtain a second order
scheme (see section 13.7.2 below).

Energy conservation and stability. The discrete energies in the two sub-
domains are defined by

nt L 1 ntk pyk nt2htl 2kl
El = 5 {(Mo',lzl “ 7El ql) + (Mwl‘/l 2 7Vvl s )} ) (1379)

for 0 < k < q, I € {c,f}. The total energy can only be defined at integer
instants:

E"'=E" +E" (13.80)

When external forces are zero, the scheme (13.77,13.78) is conservative, i.e.,
it verifies the equality E"*! = E". Indeed following the same technique as for
the (1,2) refinement case, one can show the following energy identity when
external forces are zero:

k41
_;'_i k.

+
1 q—1 q o i 2k+1
IVICARRLOED VD Dl TR o R
le{e,f} k=0

The transmission conditions (13.78) have been discretized so that the right
hand side of (13.81) is zero and hence the total energy (13.80) is conserved.
This time discretization of the transmission condition generalizes the choice
made for the (1,2) refinement case.

This energy identity ensures the L? stability of the scheme under the double
strict CFL conditions (13.40).
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Practical computations. Assuming that all unknowns have been com-
puted up to time t", we need to compute the unknowns up to time #"*1.
Following the same line as in section 13.4, the computational algorithm is
given by

1

n*‘r% n+ 2q¢ . .
1. compute V. *** and V; with the equation (13.77-a),

2. compute the Lagrange multiplier J ntz by solving a small linear system
of the form

Mg J¥H3 = Jjrts, (13.82)

where the right hand side Jn+3 is known at this step of computation.
The expression of the symmetric matrix My; is given below and its
invertibility is discussed.

3. Once the Lagrange multiplier is known, all the remaining unknowns can
be computed explicitely by solving successively equations (13.77-a) and
(13.77-b) as time goes forward.

Expression of Ms; and well posedness of the discrete solution. As
for the (1,2) refinement case, the transmission condition (13.78-a) is used
to derive the linear system (13.82) verified by J™t2. The principle of the
computation is the following. We suppose that J"t2 is known. Therefore

k

the stress tensors (27+ e {ec, f},0 <k < q) can be computed explicitely
in each subdomain by forward resolution as a linear function of the lagrange
multiplier J nts, Injecting the result into the transmission condition (13.78-a)
gives the linear system (13.82).

Let us consider the subcycles in only one of the subdomains. In order to
clarify the presentation, the indices [ and n are omitted and we introduce the
following notation changes:

AtM;'*D—D  AtM;'D* —D*  AtM;'C*. (13.83)

We suppose also that external forces are zero. We are finally led to study the
following scheme in each subdomain (note that J is a constant)

(13.84)

Vi = V-3 4 D3,
Shtl = yik — D*Vh+s + C*

subjected to the initial conditions? X% and V2. We have

2Note that, in principle, the initial condition should be Vfé, but taking k = 0 in the first
equation of (13.84) gives explicitely vnts,
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LEMMA 13.1 With initial conditions X0 and V%, the solution of scheme
(13.84) verifies

qg—1
Vg e N, 3 (85! 4 3F) = Qu(N) C*J + Py(N) X° — Qu(N) D*V',
k=0
(13.85)
where N = I — 2P~ qnd the polynoms P, and Q, are defined by induction by
Pl(l‘>=2, Ql(l‘)zl
Pii(x) = Py(z) + 4(z — 1)Qq(z) + 2, (13.86)
Qq+1(2) = Py(z) + (42 — 3)Qq(z) + 1,
PROOF Using (13.84) with k = 0, we first compute,
v =50 D*V3 4+ C*J, (13.87)
so that one has )
Went=CcrJ+2%° - D*Ve, (13.88)

which corresponds to (13.85) with ¢ = 1. By induction, we now suppose that
(13.85) is true for some ¢ > 0 (Induction Hypothesis). We show that it is
also true for G+ 1. The induction hypothesis for initial conditions ! and %41
writes

q
ST (B4 F) = Qq(N) O + Py(N) St - Qq(N) D'VE. (13.89)
k=1

Now, using (13.87), (13.88) and the first equation of (13.84) for £ = 1 (and
also that DD* = 4N — 41, one easily verifies that (13.85) holds for ¢ = ¢+ 1
with the induction formula given by (13.86).

—_

We apply lemma 13.1 in the coarse subdomain and in the fine subdomain.
Then, using (13.78-a) and comming back to the initial notations (13.83), it is
straightforward to show that the matrix My, is given by

Mgy = Mgt + M%t’

N o (13.90)
Mét = qulCquz (Nl)M;,cCl*’ le {Cv f}’
where the matrices N;, I € {c, f} are defined by
Y -1 At} -1
Ny = (My;) "Ny, Ny =M, — —Bl (My,)” " By. (13.91)

We remind that the CFL conditions (13.40) are equivalent to the positive
definiteness of the matrices N, and Ny.
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In order to show the existence and uniqueness of a solution to the scheme
(13.77,13.78), we proove that the matrix Mgy, defined by (13.90) is symmetric
positive definite under a CFL type condition. This result is based on the
computations of the roots of the polynoms Qq(x). First, eliminating Py (z) in
(13.86), we see that the polynoms Qy(x) defined by (13.86) are caracterized
by

{Qo(:c) =0, Qi(z)=1,
(13.92)

Qi+1(2) = (4z — 2)Qx(z) — Qr-1(z) +2.

Based on the observation for that any z € IR, the sequence (Qg(zx)) is
a two step linear recursive sequence, it is possible to derive an analyti-
cal expression for Qg(z). Indeed, the set of solutions is an affine space
of dimension 2. It is natural to look for solutions of (13.92) of the form
[(e%)F + (particular solution)]. One can show (see [128] for the detailed proof)

LEMMA 13.2 The polynomes Qi (x) defined by (13.92) are given by

Qu) = ==

Vz e (0,1), Vk>0. (13.93)

Their degree is k — 1 for all k € IN*. Their root decomposition is given by

Qrlw) =4 jlf[ll <x — cos? (?)) . (13.94)

Using this result and the fact that cos® (%l) = cos? (ﬂkalU NMe{l... k—1}.
one easily verifies that
Q(z) >0, Yo >0 (13.95)

Hence one has

THEOREM 13.2 Positive definiteness of Mg,  We suppose that:

(h1) The matrices N, and Ny defined by (13.91) are positive definite. We
remind that this condition is equivalent to the CFL condition (15.40).

(h2) For at least one ly € {c, f}, the matriz

A 2
) m Uy e np—1
T VM, - ZlprMip,, 13.96
- <max{27qlo}> o 4 o™ uta ™l ( )

is positive definite. This condition is more restrictive than the usual
CFL condition on 3, as soon as q;, > 2.

h3) ker C; = {0}, i.e. C} 1is injective,
lo lo
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then the matriz Mg; is positive definite.

PROOF We remind that M, = /\/lgtJr./\/lgt. We show (1) that the matrices
MS, qnd ./\/lfst are symmetric positive, and (2) that Mg"t is positive definite,
which implies that Mg, is itself positive definite.

(1) For any positive definite symmetric matrix M, we denote (.,.)ps the
scalar product defined by (X,Y )y = X*MY and by (.,.) the canonical scalar
product (X,Y) = X*Y. It is straightfroward to verify that a matrix N is
positive (definite) symmetric for the cannonical scalar product (.,.) if and only
if the matrix M ~1N is positive (definite) symmetric for the scalar product
(-, .)ar- Similarly, @ is a positive (definite) symmetric matrix for the scalar
product (,.,)as if and only if QM ~! is positive (definite) symmetric for the
canonical scalar product.

The matrix N;,I € {c, f} defined by (13.91) is positive symmetric for
(.,.), so is N; thus, thanks to (13.95) and the remark above, the matrix
Q4(N;)(M,;)~" is positive symmetric for the canonical scalar product. Con-
sequently the matrices M§, and Mf;t are symmetric positive matrices.

(2) Further, thanks to condition (h2) the matrices

k k At?
Ny, —cos® [ Z5) My, =sin? (2 ) Moy, — —2Df M~ Dy, (13.97)
0 Q »to a st 4 lo*"™v,lg™to
0 0

are positive definite for the canonical scalar product for all k € {0...¢q, — 1}.
Hence, using (13.94) one infers that the matrix

QQ(Nlo)(MO'Jo)ilﬁ

is positive definite. Using this result and condition (h3) the matrix Mfﬁ is
positive definite, and hence the result follows.
I

REMARK 13.19 The CFL condition (13.96) also appears in the Fourier
analysis presented in section 13.5.3. Indeed, one can see that if (13.96) is
satisfied, then for a sufficiently small time step At all parasitic waves will be
evanescent (see remark 13.16).

REMARK 13.20 The assumptions of theorem (13.2) are sufficient condi-
tions to ensure the well posedness of the totally deiscretized scheme. However
we have observed in practice that for some cases Mgy can be invertible even
if (h2) is not verified.

Computation of Ms;. In practice we do not use expression (13.90) to
compute the matrix M, which requires too many matrices multiplications.
We use instead the following numerical algorithm, based on the inductive
construction of the matrix Mg;. This technique proposed by Francis Collino
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allows for computing in an elegant way the polynomial evaluations @, (NC)

and Qg (Nf). We denote by (J?),1 < i < N; the canonical basis of the

vector space IR™i. J¢is thus the vector whose it" coordinate is 1 and is zero

elsewhere. We note Mf;t the *" _column of the matrix Ms;. By definition of
a matrix, we have My, = Mg, J*.
Taking J = J*, we solve separately the explicit scheme (13.84) in the coarse

subdomain and in the fine subdomain during g. time steps and ¢y time steps
. . L .- +2e
respectively, with zero initial conditions. We have thus computed DAKE , ke €
ky

n+
{0...qc. =1} and ¥, ", ks € {0...gs — 1}. Then, one has by construction
(see the definition of Ms; (13.90) and lemma 13.1)

gc—1 fol
Mi,=C. 3 (St ysky 4o 3 (zﬁf“ n 2’;f) . (13.98)
k=0 k=0

The procedure is repeated for each i € {1... N, } in order to obtain all columns
of the matrix Mg;.

13.7.2 A Post-Processed Scheme

Following the same idea as for the (1,2) refinement case one can reduce
the error due to the parasitic waves by computing adequate averages of the
solution in each subdomain (see section 13.6). We introduce the following
post-processed velocity and stress tensors vectors in each subdomain €, [ €

{e. /1

R qr—1 En+;vlt+1 N E%lm
D TR VEe{0...q—1},
m=0
a—1 2n+22m+3 2n+22m+1 (1399)
_ 2'”+1+l V q; V qp
v =y 2;1 ke {0...q— 1}
m=0

And one verifies that they are solution of the following scheme by averaging
the equations of the scheme (13.77,13.78)

Find for I € {¢, f},

n+ k:ll n+2k+1 +2k+1

(2, Ly Ty [0, 7] = RN x RYe x R
such that for all k € {0,...,q — 1} :
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v s me s
M, o QA_tVl t srtaE _ prtas
l
E+1_ 1 k1
S ;; I ]
(13.100)
O Lot =0,
(13.101)

jln-s-zg;;l_% _ <1 B 2k + 1) gt 4 2k + 1]”*%.
2q; 2q;

By construction, this scheme is stable under the CFL condition (13.40). Con-
trary to the scheme (13.77,13.78) the discretization of the second transmission
condition is centered and second order accurate in time. Since the averaging
is centered, all other equations remain centered and second order acurate.
Consequently the scheme (13.100, 13.101) is centered, second order accurate
in time. The Lagrange multiplier J; is evaluated at time tn+%_% by com-
puting a weighted average of J; at times t"=2 and t"*2 which is second order
consistant in time.

13.8 Numerical Results

In order to show the performance of this space-time refinement method, we
present a numerical experiment with different values of the refinement rate.
We consider the square computational domain Q =]0,10x]0, 10[ made with
a homogeneous isotropic material with density p = 1 and Lame’s coefficients
A = 3.45 and p = 2.04. Perfectly matched layers are used on the boundaries
of the domain to simulate the propagation in the free space. The medium is
excited by an initial condition on the velocity field centered at the middle of
the square r, = (5,5) which is given by

v(r,t =0) = 0.1 H(|r — rol/70)(e, + €7), (13.102)
where H(r) is given by

") {AO — Aj cos(2mr) + Ag cos(3mr) — A cos(6nr)  if r € [0, 1],
H )=
0 else,

where e, = (r —1y)/|r — 1|, (€,,¢,) is a direct orthonormal basis of IR?, and
Ag = 0.35875, A; = 0.48829, A = 0.14128, A3 = 0.01168.

We consider four space-time mesh refinements (g, q5) = (1,¢) with differ-
ent values of ¢ in order to compare the results obtained with respect to the
refinement rate. The refined boxes By to By are defined by (see Figure 13.7)
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FIGURE 13.7: Geometry of the numerical experiment with four refinement
boxes (qc,qr) = (1, 9).

e By = [4,6] x [1.5, 3] with a refinement rate ¢ = 2,
e By = [7,8.5] x [4,6] with a refinement rate ¢ = 3,
e Bs =[4,6] x [7,8.5] with a refinement rate ¢ = 5,

e B, =[1.5,3] x [4,6] with a refinement rate ¢ = 10.

The space step on the coarse grid Q. = Q\ {E UByUBs U E} ish=1/15.
The time step on the coarse grid At is chosen so that the Courant number
a = V,At verifies a = 0.95c,,; which ensures the stability of the scheme (see
remark 13.12). The space and time steps inside a box with refinement (1, q)
are thus given by h/q and At/q respectively.

Solution provided by the conservative scheme (13.77,13.78) and par-
asitic phenomena. We have represented on Figure 13.8 snapshots of the
modulus of the velocity at two different time steps, computed with the scheme
(13.77,13.78). In addition, the velocity at the center of each box versus time
is represented on Figure 13.9.

Since the medium is homogeneous, the refinement boxes are artificial. The
elastic wave generated by the initial condition should propagate freely through
them, as if they were not there. Consequently once the wave front is away,
the solution inside all boxes should be almost 0. It is the case for the (1,2)
refinement, which shows that the method is performant for this refinement rate
and this value of the Courant number. However, it is not the case for higer
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refinement rates. One can see that spurious waves remain trapped inside the
boxes Bsy, B3 and B4. This is due to the parasitic waves, that are transmitted
inside the finer grids as the incident wave impiges on the box. Those parasitic
waves are highly oscillating as can be seen on Figure 13.9.

Solution provided by the post-processed scheme (13.100,13.101).
Now we compute the solution with the second order “post-processed” scheme
(13.100,13.101) whose purpose is to reduce the effect of the parasitic waves by
averaging. We have represented on Figure 13.10 snapshots of the modulus of
the velocity at two different time steps, and the velocity at the center of each
box versus time is represented on Figure 13.11.

The results are clearly better than with the former scheme. The parasitic
phenomena have almost disappeared. After the wave has passed, the solution
is almost zero in all the boxes, even for a high refinement rate. The velocity
at the center of each box is not polluted by highly oscillating parasitic waves.
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(a) t=2.3 (b) t=4.0

FIGURE 13.8: Snapshots of the modulus of the velocity at two different times.
The solution is computed with the conservative scheme (13.77,13.78).

Note: The references for this chapter and for all chapters in Part III are
given at the end of Chapter 14.
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o 05 1 15 2 25 35 0 s o 05 1 15 2 25 35 @ a5

(a) Center of By (b) Center of By

o 05 1 B 25 3 35 0 s o 05 1 2 25 3 35 @ a5

(c) Center of Bs (d) Center of By

FIGURE 13.9: Modulus of the velocity at the center of each refined box
versus time. The solution is computed with the conservative scheme
(13.77,13.78).

(a) t=2.3 (b) t=4.0

FIGURE 13.10: Snapshots of the modulus of the velocity at two differ-
ent times. The solution is computed with the post-processed scheme
(13.100,13.101).
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(a) Center of By (b) Center of By

(c) Center of B (d) Center of By

FIGURE 13.11: Modulus of the velocity at the center of each refined box
versus time. The solution is computed with the post-processed scheme
(13.100,13.101).
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14.1 Introduction

In many important scientific areas such as geophysics, non-destructive test-
ing, mine detection, etc., we deal with waves propagating in unbounded me-
dia. When using finite differences or finite element methods for simulating
wave propagation phenomena as they appear in such applications we need
to employ a special treatment on the boundaries of the necessarily truncated
computational domain. Note that such treatement is not necessary for bound-
ary integral methods because the behaviour of the solution at infinity is taken
into account through the Green’s function of the problem.

The importance and difficulty of this problem attracted the attention of
numerous researchers first in the engineering community and then in the ap-
plied mathematics one. We can classify the proposed solutions in two families:
the absorbing boundary conditions (ABC’s) and the absorbing layers. ABC’s
were inititally introduced in the late 70’s [65,109]. They consist in introducing
some suitable local boundary conditions that simulate the outgoing nature of
the waves impinging on the boundaries. This method works particularly well
for absorbing waves nearly normally incident to the artificial boundaries. For
waves traveling obliquely to the boundary, higher order ABC must be used to
achieve acceptable accuracy. Since then there has been a significant progress
in this domain with the introduction of higher order local [?,7,7,49] and
non-local [84,85] absorbing conditions. These are only a few references on the
subject and a more complete list can be found in the review papers [?,86,87].

For elastic waves, the situation is slightly more complex. First, the trans-
parent condition, i.e., the exact condition relating normal stress and dis-

425
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placement on a line for outgoing waves, is no longer a scalar but a matrix
integro-differential relation. Its approximation by partial differential equa-
tions, which is the usual way to construct ABC’s, leads to a very complex
system of equations, especially for higher order methods. The stability of
the coupled problem composed of the elastodynamic system completed by
these artificial conditions is then very difficult to analyze and the situation is
even more intricate when discretization is considered [39]. To overcome these
difficulties Higdon [93,94], proposed to combine several first order boundary
conditions designed for the wave equation, each of them associated with either
the pressure wave velocity or the shear wave velocity. These conditions are
theoretically stable, [92], relatively easy to implement, and efficient for waves
traveling in a direction close to the normal of the artificial boundaries. They
can be adapted to the case of surface waves too, [130]. However, for other
directions of propagation, important spurious reflections may occur. Some
authors, [122] for instance, have proposed to optimize the coefficients of Hig-
don’s method in order to make these reflections decrease. However, numerical
experiments still show relatively strong spurious reflections in some situations
and stability problems when higher order numerical schemes are used, [129].

Following the approach of local ABC’s for the elastic wave equations we pro-
pose the design and analysis of higher order absorbing boundary conditions
that can be naturally coupled with a variational formulation. The construc-
tion and analysis of these ABC’s will be presented in section 14.2. The main
disavantage of ABC’s is that they are not so easy to implement, especially at
higher orders which are necessary for obtaining an accurate solution. Their
generalization to corners can be quite tricky [49]. Last but not least ABC’s
are usually restricted to homogeneous isotropic media and very few works ex-
ist in the case of variable coefficients (cf. the review paper [87] and references
there in) and anisotropic media.

Layer models are an alternative to ABC’s. The idea is to surround the do-
main of interest by some artificial absorbing layers in which waves are trapped
and attenuated. This idea seems quite natural and was first introduced by
engineers in the 70’s. For elastic waves, several models have been proposed.
For instance, Sochacki et al., [130] suggest adding inside the layers some at-
tenuation term, proportional to the first time derivative of the displacement
to the elastodynamic equations. This technique, inspired by physics, is quite
delicate in practice. The main difficulty is that, when entering the layers,
the wave “sees” the change in impedance of the medium and then is reflected
artificially into the domain of interest. The use of smooth and not too high
attenuation profiles allows us to weaken the difficulty but requires the use of
thick layers, [97].

The “revolutionary” idea in this domain came by J.P Bérenger in '94 [31].
He invented the perfectly matched layer (PML) that possesses the property
of generating no reflection at the interface between the free medium and the
artificial absorbing medium. The initial PML was designed for Maxwell’s
equations (electromagnetic waves) [31-33] and is now one of the most widely
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used methods for modeling wave propagation in unbounded domains [86,87,
137,146,149]. Besides the fact that the PML is particularly easy to implement,
it works very efficiently for complex problems (even when theorical proofs
are lacking) and that is why it became very popular. Although theoretical
questions concernig the well-posedness and stability of the problem where
adressed in [1,18,19,124,149] there are still some open questions, such as the
design of stable PMLs for anisotropic elastic media.

In section 14.3 we will present the construction and analyis of the PML
for the velocity stress formulation of elastodynamics [56]. Another way to
construct the PML for elastic waves was presented in [89] where the authors
propose a PML for the compressional and shear potentials formulation. Note
that the latter can be only used in homogeneous isotropic media.

14.2 Local Absorbing Boundary Condition

Following the approach of local ABC'’s for the elastic wave equations we pro-
pose in this section the design and analysis of higher order absorbing boundary
conditions. Our main objective is to derive ABC’s that can be naturally cou-
pled with a variational formulation so that they can be easily incorporated in
any finite element discretization scheme. Note that this is not so obvious, and,
in particular, it is not satisfied, for example, by the higher order boundary
conditions proposed by Higdon [93,94].

14.2.1 The Model Problem and the Dirichlet to Neumann
Map

We consider the elastodynamic problem in a homogeneous, isotropic ma-
terial and assume that the initial conditions have a compact support in the
half-space IR? (= R x IR_). Our initial problem is,

2

7“ T _ . 2
05 div(Ce(u)) = 0, in IR*x]0, T7,

U(Ivyao) :Uo(l’7y), in ]1:{27 (].4].)
ou

E(ﬁvyao):ul(xay)v in R27

where we recall that u = (uz,u,) is the displacement, e(u) the strain tensor,
o the density and C the elasticity tensor.
Our aim is to compute an approximation of the solution u by solving,
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instead, a problem in the half space IR? ,

6211 oy
vy — div(Ce(v)) = 0, in IR? x]0, T,
Tv= O, onxr = O,
(14.2)
U(.Z',y,()) :’U/O(x;y>7 in ]R%,
ov )
a(xay70) :ul(m7y)a m ]RIZ_
The condition
Tv=0, onz=0. (14.3)

is said to be a transparent (exact) condition if, for all initial data uy and wy,
we get

v =ulRe-

To design ABC’s that can be easily incorporated in a variational formulation,
it seems natural to seek the transparent condition as a relation between the
normal stress and the displacement, relation which is also called the Dirichlet
to Neumann map. This is a well-known approach initially proposed in [88]
that we briefly recall in what follows. Let us first define u(k,y,w),

“+o0 +oo
u(k,y,w / / u(z,y, t)e! = ) dadt, (14.4)

the Fourier transform of u(x, y, t) with respect to the variables (x,t). We know
that in the half-space IR™, @(k,y,w) admits a plane wave decomposition, or,
in other words, it can be written in the following form,

~ ik A S\
Ak, y,w) = Aph,w) & | €T+ Auhw) [ T | €Y, (145)
Vp —ik

with,

(14.6)

Here Vp, Vg are the pressure and shear wave velocities defined by (9.50),

whereas ¢, §s are
& = yJw? — k2V3,
gs Y w? — szsQa
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with the square root z — /2 being defined as the one that has non-negative
imaginary part (this expresses the fact that the physical solution of (14.1)
cannot increase exponentlally in y). In the following, to simplify the notation,
we omit the dependence of A and A, on (k,w). On the artificial boundary
y = 0 we get,

i (k, 0,0) = ik A, + 22 4,

Uy (k,0,w) = 51’ A V;As, o
ddﬂz (k,0,w) = (ik) (Zx?;) A, + ( 555)2145, s
0.0 = (i) A, - ) iz ) A
and
Gye(k,0,w) = {(m) ( S )Zp + (k2 - V:) A, + ik, (k, w)}
Gyy(k,0,w) = (A +2p) {( ) — (ik) <szs) 215} (149)

(k) Uy (F, w).

Usually the transparent condition on y = 0 is obtained in the followmg way:
first using (14.7) we compute A and A, as a function of U, and @ Uy. Then
the obtained expressions are replaced in (14.9) and we deduce two equations
that relate the normal stress (Gy;,0y,) to the displacement. In this final
expression the function k2 + 5 f/ appears, which is difficult to approximate.
P

We chose instead to keep the functions Ap and As as unknowns to the problem
and write the transparent condition as a system of four equations with four
pés
VsVp
n (14.7)—-(14.9) and the derivation of ABC’s from the approximation of the
transparent condition becomes less complicated.

Thus by introducing T, (x,t) and Ts(x,t) the pseudo-differential operators
defined by

unknowns. The main advantage is that now k% + does not appear

I{P:’Ip = prfz[pa ﬁ = igsle\sa
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we can re-write the system (14.7)-(14.9), as

B 1 9%A4, 62As+ia[TpAp] Juy,
e = \VE 0 T 0 T Ve o Ox

1 9°4, 94, 18[TA]} R

s = O+ 2) § =58 — :
uy = (A u){vp2 ot 92 Vs Oz ox

oA, (14.10)
1
e = ox VS [T A }
0A
T,A 2
Uy VP [ ] 530 ’
or after some manipulation
1 0%A, ou
_ 22 Y
M{V ot? + Ox }’
1 0%A Ouy
Tyy = ()\+2ﬂ)Wasz 2
oA P (14.11)
1
T — ~ TsAs ’
“ Jdx Vg [ ]
0A,
T,A 2.
Yy = Vp [ ] ox

System (14.11) seems simpler as the non-local operators T, and T appear
only in the last two equations.

It is easy to show that the solution of problem (14.2) with (14.11) as bound-
ary conditions on y = 0 (with v instead of u), coincides with the restriction
of u in R?, u being the solution of the initial problem (14.1). This means
that the artificial boundary at y = 0 does not introduce any reflection, i.e.,
condition (14.11) is a transparent condition.

The operators T, and T that appear in (14.11) are not local in space and
time and therefore they are very difficult to approximate numerically. The
principle of absorbing boundary conditions is based on an approximation of
the symbols of these operators. The resulting approximate conditions usually
involve operators that are local in space and time but they are no longer
transparent (i.e., there is a reflection introduced by the artificial boundary).
We introduce a family of such absorbing boundary conditions in the next
section.
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14.2.2 Construction of the Approximate Conditions

The absorbing boundary conditions can be written in the following general

form,
L o,
Oyz = [ VSQ o1 oz [

024, _ Ou,

= (A 20) g gt — 2R
» Vp© Ot ox (14.12)
1
T — z 37 TNAS
Y 85E + VS [ s ] ’
. DA,
Uy:V—P[Tp Ap]* 8(E 5

where TZfV and TN are approximations of the pseudo-differential operators
T, and T,. In order to obtain local operators, TZfV and TSN are constructed
by approximating the symbols of 7}, and T, with a polynomial or a rational
function. In particular, we consider (k,w) such that,

KV
w

<1;

?

kﬁ<17
w

which corresponds to the propagating waves and we are seeking an approxi-
mation of the square roots

w? — k2V3 and \/w? — k2V2.
% v

We remark that for Zm(w) > 0, we have

Im(W) >0& wy/l1—a?, i=p,s,

with

Tp = |zp) < 1 and z, = |zs| < 1.

k k
wVp ’ wVS ’
A polynomial approximation of the square root v/1 — z2 can be obtained
for example using a Taylor series expansion. This is not very satisfactory
however, as it leads to ill-posed problems (for any order larger than two) [65].
An alternative consists in considering a rational approximation of the form,

V1— 22~ kZﬁl

The well-posedness of problem (14.2) with (14.12) as boundary conditions on
y = 0 depends on the choice of the coefficients «; and (; [29,141]. More
precisely, for the scalar acoustic problem, L. Halpern and L. Trefethen [141]
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showed, using the Kreiss criterion, that the problem is well-posed if and only
if a; and (; are such that,

S sz
170[[

=1

Also, T. Ha Duong and P. Joly studied the well-posedness of the same problem
with energy techniques in [61], where they established a link between the
Kreiss criterion and the energy.

For the elastodynamic problem we propose to approximate T}, (resp. T%)
by Tlfv (resp. TN) with 511)\/ and ¢V, defined by

N
K2V 3
N _ 1— B P
S =w ( lez —aVER2 )

(14.13)

2 9 Im
i I=1,.,L
T <2L+1>’ o

By replacing the expressions for 51],\’ and £V in the last two equations of (14.12)
we get,

~ NS 1 I Bik*VE
Uy = (1k)Ap + 7 s (lw - zwz e alekQ ,

S

i (14.14)
~ N 1 A ﬁlk VP
uy = —(ik)As + V—P » (zw —iw E D Vi )

We introduce now the auxiliary functions ¢V (x,t) and ¢;(x,t) (with Fourier
transforms ¢f (k,w) and ¢f(k,w)) defined by

(W? — VRSP = KVEA,, V=1, .., N,
(14.15)
(w? — o VE2k?)¢f = k?VEA,, VI =1,..,N.
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Remark that ¢7(x,t) and $lp (z,t) are solutions of 1D wave equations,

32 p 32 P 2A
i A (14.16)
s zVSa d’l v2‘9 As ,Vi=1,.,N.
ot? ox? ox?
By combining (14.14) and (14.15) we obtain,
N
~ N I Br -
Uy = (1k)A, + —iwA, —iw — 7,
(ik)Ap Vs ; Vs ?;
N
R I S Ay
Uy = —(ik)As + V—PzwAp - zw; V—Pqﬁl,
or, in the time domain,
04, 104, N B 005
e T IR D
=1 (14.17)

oA, 104, B odp
A e T +;Vpat'

The final system of absorbing boundary conditions is obtained from (14.12)
using (14.17) and (14.16),

[ eA o,
021 = W V5'2 8t2 or ’
82A 8uz
=(A+2
o2 = (A+20) Vp? Ot Ko
04, 104, B 97
Y= "0 T Vs ot Z Vs Ot
(14.18)
04, 104, B 041
A PR AT +; Vp ot
82(;5;) 62(;51) 82A
— V3 ~ VRSP =,
ot? avp Oz P ox?
82¢? _ V2a2¢l V28 A =0.
ot* 92* ox?

It is interesting to remark that we can write these conditions as a perturbation
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of the well known first order boundary conditions,

T R e O
visaais - a;lvp +“m:§x€;8§f’
852:5 - O"ngﬁ - Vﬁa;;” =0, I=1,..N,
882;? — éga;;;ls - 58;;5 =0, l=1,.,N.
(14.19)

14.2.3 Stability Analysis

Using the Kreiss criterion, we will prove in this section that problem (14.2)
combined with (14.12) as boundary conditions on y = 0 is strongly well-posed.
More precisely we have the following result.

THEOREM 14.1 Under the conditions

L4 0§Oél<1, ﬁlZO, 1SZSN7
N (14.20)
1-—- 0
° Zl—al> ’

the system (14.2)—(14.12) is strongly well-posed in the sense of Kreiss.

PROOF Let us consider solutions of system (14.2)—(14.12) in the following



Numerical Methods for Unbounded Media, P. Joly and C. Tsogka 435

form,
ik
-~ 7(1‘5—”12)
Oép ,fp e P
;2P ‘
u(k,w,rz) = Vp : gilker—wt),
5 el
+a Vs 6—(1‘%372)
—ik
Ap(l‘l,t) :Ap ei(kzlfwt), AS(I1,t) — As ei(kzlfwt).

(14.21)
We would like to prove that there are no solutions of this form that satisfy,

o kelR, k#0,
(14.22)
e Im(w) <0, w#0.

This is a consequence of the following result which is implied by the analysis
carried out in the case of the scalar wave equation (cf. [141]). Vk € IR the
equations,
&+ fzév =0
(14.23)
& +&Y =0,

do not admit any solution w in the half space I'm(w) < 0.

To prove the theorem let us remark that by construction (14.21) satisfy
(14.2). Thus we just need to verify that the boundary conditions (14.12) are
also satisfied. By introducing (14.21) in (14.12) we obtain a linear system in
(ap,as,A and A s)s

{(m) <zf;;> &, + <k2 _ ;;) a, + (ik) <—25;a,, _ zka)]

- _%wﬁs + 2u(ik) (—z‘épap - ikas) :
P

5
2
(A + 2p) [(kQ - ‘22> a, + (ik) <Z‘£/S> as] + A(ik) <ikap - zf/sa)
)\ + 2/14 . é-s —~

= 7 2A —2u(ik) (zkap — ZVS 045> )
ika fz'f—SA fzkA +Z—NA

P VS

N

—ié—p&p — ikdiy = —ikA, + zg A,

P

(14.24)
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for which we would like to show that it admits only the trivial (zero) condition.
From the first equation of (14.24) we get,

2 2
<k2 - ‘;"2) a, + k2a, = —%As +2k%a,,
S S

or equivalently,

: (as Es) —0,

Vs
which implies that, R

for w#0, as= As. (14.25)
Similarly, the second equation of (14.24) can be re-written,

wr\ N A+ 2u 4~
(A +2p) <k2 - VP2) ap — \k*Q, = 2uk*a, — e w?A,,

which gives,

w? ~
and thus, N

forw#0, a,=A4,. (14.26)

Using (14.25) and (14.26) in the last two equations of (14.24) we obtain,
1 N
L —(&s s =0,
L&+ ga

o1 ~
Zvip(gp +§]]3V)O‘p =0,

which implies
g = ap =0,
and thus R N
As=A4,=0,

because we know that & + £N # 0 and &, + {év # 0. I

14.2.4 Accuracy Analysis

A simple way to quantify the precision of absorbing boundary conditions
is to compute the reflection coefficients for plane waves as a function of the
angle of incidence 6. More precisely, we consider an incident plane wave and
we compute the reflected field. We call reflection coefficient the ratio of the
amplitude of the reflected wave over the amplitude of the incident wave. It is
then easy to show the following results:

THEOREM 14.2 The reflection coefficients for the absorbing boundary
conditions (14.12) are
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e For an incident pressure plane wave,

cos(8) — cosgpp(0)
cos(6) 4 cosqpp(0)’
R,s =0.

Rpp =

e For an incident shear plane wave,

cos(6) — cosgpp(6)
c0s(6) + cosapp(0)’

Rss:_

N . 2
with cosgpp(0) =1 — Z M

We omit the proof of this theorem as it is quite straightforward. Using the
expression for the Padé coefficients (14.13) in R, and Rss, it is easy to prove
the following Lemma.

LEMMA 14.1 For the absorbing boundary conditions (14.12) with o and
01 corresponding to the Padé approximation (14.13) we obtain

e For an incident pressure plane wave,

(cos(f) — 1)2N+1
P (cos(f) 4 1)2N+17
0.

RP
Ry

e For an incident shear plane wave,

(cos(f) —

1)2N+1
(cos(6) + 1)2N+17

Ry =0.

This Lemma implies, in particular, that for an absorbing boundary condi-
tion that uses N rational fractions we get

Rpp = 0(94N+2) Rps =0,
Rss = O(0*N*%), Ry, = 0.

This is a very nice and surprising result because it indicates that there is
no wave conversion (from P to S or inversely) on the absorbing boundary.
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Moreover for the reflected wave we obtain the same coefficient as for the
scalar acoustic case. To our knowledge this property is not true for most of
the existing local boundary conditions for elastodynamics [?, 86, 87,92, 93].
We can also remark that in homogeneous, isotropic media we obtain exactly
the same results if we first decompose the elastodynamic problem into two
wave equations (using the compressional and shear potentials formulation)
and then apply the higher order ABC’s [?,7,7,49] for the scalar wave equation
to each one of the obtained equations. Although the results are the same, the
approach presented in this section is more general and could be generalized to
the anisotropic case, for which the above mentioned approach does not work
as there is no compressional and shear potentials formulation.

14.3 Perfectly Matched Layers

14.3.1 Construction of the Perfectly Matched Layer for a
General Evolution Problem

Following [50] we present in this section the basic principles of the PML
model in the general case of a first order linear hyperbolic system. To simplify
the presentation we restrict ourselfs to the two dimensional case. Consider a
general evolution problem of the following form

(a) Ov — ApOpv — AyOyv =0,

(b) o(t = 0) = vy . (14.27)

where v is an m-vector, A;, A, are m x m matrices with real coefficients,
(z,y) € R? and assume that the initial condition vy is zero on the right
half-space (z > 0).

We would like to replace problem (14.27) by an equivalent one posed in the
left half-space. The basic principle of the PML model, is to couple the equation
in the left half-space with an equation in the right half-space such that there is
no reflection at the interface, and that the wave decreases exponentially
inside the right half-space. A formal construction of the split PML model
consists in the following two steps: First we decompose the unknown v(z, y,t)

in,

v=2"+1Y, (14.28)
where v* and v¥ are solutions of,
00" — Ag0, (v +0Y) =0, (4
' ( ) (,). (14.29)
0¥ — Ay0y(v® + 1Y) =0, (it)

In this first step we have not changed anything yet, i.e., if (v*, v¥) is a solution
of (14.29) then v* + v¥ is solution of (14.27). Remark that in (14.29)-(i)
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we keep only the derivative which is normal to the interface, here the z-
derivative, while in (14.29)-(ii) we keep only the derivative tangent to the
interface, i.e., the y-derivative. Note that for a PML in three dimensions the
tangent derivatives would be the y, z-derivatives.

Secondly, we introduce a damping term ¢(z)v® only in equation (14.29)-(i).
¢(z) is a damping function, which is zero on the left half-space and positive on
the right half-space. Let us define, u = u® + u¥, the solution of the following
system

Ou” + ((z)u” — A0, (v* +u¥) =0,

! — Aydy(u® +u¥) =0, (14.30)
' =u¥ = %
2 9

It is easy to see that u satisfies the same system of equations as v in the left
half-space. Moreover we can prove that the plane wave solution of system
(14.30) can be written in the form

u =1y exp[—i(kyz + kyy — wt)] eXp[_% /Of” ¢(s)ds] ,

and satisfies:

e u = v in the left half-space, x < 0, which means that we have no
reflection at the interface: the layer model is perfectly matched.

e 1y is damped in the right half-space,

e the damping coefficient in the absorbing half-space is

[u(z)]l
[o(2)]l

REMARK 14.1 Relation (14.31) implies that the waves decrease exponen-
tially in the absorbing half-space. Moreover, we can see that the damping co-
efficient ac depends on the direction of propagation of the wave (via the term
ky/w), i.e., the damping is anisotropic. More precisely, oc, decreases very
fast for a wave propagating normally to the interface and decreases more and
more slowly as the direction of propagation becomes parallel to the interface.

OéC:

= exp[—% /096 ¢(s)ds] . (14.31)

REMARK 14.2 In practice we do not solve system (14.30) everywhere, we
instead keep the original system (14.27) in the physical domain (for x < 0)
and solve system (14.30) only in the layer (for x > 0). The two domains are
coupled at the interface x = 0 through the condition v = u® + u¥.

REMARK 14.3 We can remark that the PML model consists in the simple

substitution )
iw
83; — 855 =

@
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which implies the complex change of variables

Z(x) xi/j{(s)ds.

REMARK 14.4 Although the plane wave decomposition indicates that the
PML model is absorbing, this analysis is not complete because the solution is
i general a superposition of plane waves, in which case one should consider
the group wvelocity instead of the phase velocity. (cf. section 14.5.4).

14.3.2 PML Model for Elastodynamics

In this section we present the PML model for the continuous elastodynamic
problem. As we have seen in the previous section, we know how to construct
a PML model for an evolution problem of the form (14.27). Thus, in order to
apply the technique described previously to elastodynamics, we need to write
the elastodynamic problem in the form of system (14.27). This can be easily

done once we consider the mixed velocity-stress formulation,
00w —dive =0,
(14.32)
Adyo —e(v) =0,

together with initial conditions. We assume, as in the previous section, that
the initial condition is supported in the left half-space. By identifying the
stress tensor o with the following vector (still denoted by o)

o = [o1, 03, 03",
01 =O0gx 5 02 =0yy ; 03 = 0gy ,
we can write (14.32) in the following matrix form
00w = DY0yo + D*0,0,
Afyo = EYOyv + E¥0yv,

with _ _

001 100

DY = , D* = ,
_010 _001
- T - T
0 01 10 0

EBEY = , BE* = .
_01/20 _001/2

We apply now the same technique as in the previous section and get the
following system in the Perfectly Matched Layer (x > 0)

v =Y+ 0" io=0Y%+0%,

00vY = DY0,0 ; A0yo¥ = EYOyv

0(0r + ((x))v" = D*0y0 ; A(Oy + ((2))0" = E"Opv .
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In an homogeneous, isotropic elastic medium, the matrix A depends on the
Lamé coefficients (A, p) of the medium. In this case the PML model can be
written in the following form

v=vY+ 07 so0=0Y40%,
0 (0 +((2))vy = 0x0zs ; 001y = Oyoyy,
0 (9 + ((2))vy = 0z0gy i 00wy = 0yoyy,
(14.33)
(0 + C(2)) 05, = (A +20) 00z 5 oy, = ADyvy,
(0 + ¢(x))oy, = A0rv, ; 0oy, = (A +21)0yvy,
O+ ()T, = vy DYy = v

The corner case Up to now we considered the PML for the half-space
problem. In practice we usually need to replace an unbounded domain by
a finite one. To do so we introduce a rectangular domain that we surround
by PML layers as illustrated in Figure 14.1. The system of equations for the

LIS _
R MTIIII:

FIGURE 14.1: The different PML layers: in the corners both ¢(* and (Y are
positive while (¥ = 0 (resp. ¢* = 0) inside the PML layers in the = (resp. y)
direction.

PML in the upper right corner is,

v=1vY+0° io=0Y 40",
0(0¢ + ¢ (y))v¥ = DY0y0 ; A(0: + ¢¥(y))o¥ = EYOyv ,
00y + (% (x))v™ = D¥0,0 ; A0y + ¢*(x))o* = E*Ov .
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where two damping coefficients are introduced (¢*(z), ¢Y(y)) to distinguish
damping in the x and y directions. When computing the solution inside the
PML layers in the x direction we use the same system of equations with
¢Y = 0, while for PML layers in the y direction we take (* = 0.

REMARK 14.5 The PML model is very well adapted for computing the so-
lution in rectangular domains and it is for this reason that it became so popular
(namely it can be easily applied to any finite difference scheme). Although they
become more complicated, PML models have been derived for different geome-
tries as well (cf. [55] for a circular boundary and [138] for the more general
case).

14.3.3 Accuracy Analysis Using Plane Waves—Isotropic
Medium

Infinite absorbing layer

In the case of a homogeneous, isotropic elastic medium, we recall that the
displacement plane waves, Uj, j = p, s, corresponding to solutions of system
(14.32) can be written in the following form

I ; cos(#)x + sin(0
Up = apd, expliwVp(t — (9) " ( )y)] : ( |
i 14.34
Uy = aydy expliwVs(t — Sm(a)?/-l- Cos(&)y)] 7
S

where Vp and Vg are the pressure and shear waves velocities defined by (9.50),
0 gives the direction of wave propagation, d;, j = p, s, defines the direction
of particle motion and a;, 7 = p, s is the amplitude of the wave. We can

remark then that the displacement plane waves, U; (for j = p, s), solutions
of system (14.33) can be written as

0, = a,d, explisVp(t — cos(@)x,;/—i— sm(@)y)] 7
P

U, = a.d, expliwVs(t — — sm(@)a:‘s/—i- Cos(Q)y)] 7
s

(14.35)

where we simply substituted Z;, j = p, s, for x in (14.34), with ;, j =p, s,
defined in the same way as in section 14.3.1 (w replaced by wVj):

b =e -z [ s j=ps.

Moreover it can be shown that Tj'jhj = p, s, satisfies:

. ﬁj =Uj;, for j =p, s, in the left half-space z < 0 (no reflection),

e U;, j=p, s, isdamped in the right half-space,
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e the damping coefficient in the absorbing layer is

HU (@)l 0059

10, ~ P /C Jas},
HU @)l — exp cosH o]
0@ / S(s)ds]

Finite absorbing layer

In practice, we take a finite absorbing layer by introducing a boundary at
x = 0, with a Dirichlet condition. This new boundary produces a reflection,
but since the wave decreases exponentially in the layer, the reflection coef-
ficient becomes quickly very small. This coefficient depends on the choice
of {(z) and on the size ¢ of the layer. In order to study the properties of
the model in this case, we recall some classical results for the elastodynamic
problem.

Consider the elastodynamic problem with a homogeneous Dirichlet condi-
tion (¥ = 0) on the boundary 2 = 0 as shown in Figure 14.2. Take for example
the case of an incident plane wave P

dp-T., =

Ui = imedy expliwVp(t — )l; dp = (cos 0, sin6).
Vp

We know then (cf. [2], vol 1, §5.6, p. 173) that the incident wave is reflected

y y

r r

U, U,

U, N
N .
777777777 2\’\'&_ el X 7””””92\{&_ 91 X

FIGURE 14.2: Schematic view of the reflection of an incident P wave (left)
and of an incident S wave (right) in the case of a homogeneous Dirichlet
boundary condition.
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into a pressure wave Uy and a shear wave U given by

R d -z .
Uy = apd, expliwVp(t — ?/P )]s d, = (—cosfy,sinb) ,
ﬁs T

)]s cfg = (—sin 3, cos b2),

Ps = (cosfa,sinby) |

UT = aZd! expliwVp(t —
Vp

and we have the reflection coefficients

_ U]l _ cos(6 — 62)
pp |Uine]|  cos(f + )’
Ro— |UZ]| sinf,

v = U] cos(@+ 02)°

R

with sinfs = Vg sinf/Vp. Similarly in the case of an incident plane wave S

we have )
_ U sin(@ + 62)

o] = sin@ =) °
o gl s,
] T sin@—02)

RSS

with cosfs = Vp cos6/Vg. We can consider now the case of the finite layer.
Given that the plane waves, U;, j = p, s, corresponding to solutions of
system (14.32) are given by equations (14.34), we can compute the reflection
coefficients induced by the layer of width 6.

The case of a plane wave P

As we have shown previously there is no reflection at the interface x = 0 when
the plane wave U, penetrates the lossy medium. After traveling a length ¢ we
can compute U, using the formula (14.35), obtaining

~ cosf [0
Up = U, exp|— o /0 ¢(s)ds] .

Then the plane wave (71,, gives at the boundary x = §, two reflected waves [7;

and U, +, which are damped till penetrating again the elastic medium at the
interface x = 0. It is easy to see that the reflection coefficient is given in this
case by

0; 0 [
R, = WOl p 2% / ((s)ds], 2 <0,

||(~]p(:r)|| Ve Jo (14.36)
pi W@ _ 0080 [ e <0
G Ve ’
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The case of a plane wave S
In the case of an incident plane wave S, we obtain, similarly,

T 0 é
Rgs = M = Rss exp[_QCOS C(S)dSL r <0,
||g5(x)|| VS 0 (14.37)
R, = 12O g expl 2% / " C(s)ish, < 0
TN Vs Jo ’ '

REMARK 14.6 We considered here the case of a Dirichlet boundary con-
dition (v =0) at the end of the layer. A similar analysis can be carried out
for the Neumann boundary condition (o -n = 0). To increase the effecieny
of the method we could also use an absorbing boundary condition (ABC) at
x = 0. In this case the results can be also described by (14.36) and (14.37)
where the reflection coefficients Ry, Rps, Rss and Rgp should be replaced by
those corresponding to the ABC’s used (cf. [59]).

Relations (14.36) and (14.37) imply that the reflection can be made as
weak as desired by choosing the damping factor {(z) large enough. However
this is no longer true when we consider the discrete PML model. That is a
consequence of the numerical dispersion, which introduces a reflection at the
interface. For a second order scheme and for a damping factor of the following
form

¢, x>0,
C(l’) - {O7 JJSO,
we can show that the reflection coefficient at the interface x = 0 is of the form
(cf. [54,56] for more details)

R1 = Cy (PAz? + O(Ax?), (14.38)

Ax being the discretization step. Moreover, because of the finite length of
the PML we get a reflection at = §, which is of the same form as for the
continuous problem. Without loss of generality let us look at the reflected P
wave due to an incident P wave. In this case we have,

cos(6)

Ry = Coexp 2 v (1 4+ O(Az?)). (14.39)

Remark that R; is increasing with ¢ while Ry is decreasing. This means that
we cannot chose an arbitrarily high value for the damping coefficient because
the discrete waves do see a change in the medium. The appropriate way to
deal with this problem is to take a variable ( profile that is chosen so as to
minimize the total reflection in the physical domain (cf. [54]). In practice,
because the optimization problem can be quite expensive, it is sufficient to
use a continuous, increasing convex function (most authors use a quadratic
function).



446 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

14.3.4 Stability Analysis

Following [18] we consider first the general hyperbolic system (14.27). In
order to study the stability of the PML model we consider the case of constant
coefficients, i.e., the matrices A, and A, do not depend on (z,y) and the
damping coefficient is constant {(z) = ¢. Although this might not be realistic
for the applications, it allows us to carry out the stability analysis (based
on Fourier techniques) and it is the first step towards the more complicated
variable coefficient case.

14.3.4.1 Stability and Well-Posedness for a General Hyperbolic
System

Let us first briefly recall the definitions of hyperbolicity.

DEFINITION 14.1 Set A(k) = ky Ay +kyAy. System (14.27) is hyperbolic
if, Vk € R?, the eigenvalues of A(k) are real. It is strongly hyperbolic if in
addition A(k) can be diagonalized and weakly hyperbolic if not. Finally, it is
strictly hyperbolic if, Vk € IR?, the eigenvalues of A(k) are real and distinct.

We make the following assumption:
ASSUMPTION 14.1 System (14.27) is strongly hyperbolic.

We want to study the well-posedness and stability of the following Cauchy
problem in IR?,

ou” + (u” — A0, u” — A0 uY =0,
(14.40)
O — Ay 0yu” — Ay0yu? =0,

with ¢ > 0. Set U = (u®,uY), and let us recall the definition of well-posedness.

DEFINITION 14.2 The Cauchy problem (14.40) associated to the initial
data Uy is weakly (resp. strongly) well-posed if for any U(-,0) = Uy given in
the Sobolev space H®, s > 0 (resp. s =0), (14.40) admits a unique solution
U(t) that satisfies an estimate on the type

1UC )l 2 < Ke® |Uoll g - (14.41)

We remark that the definition of well-posedness allows for the solution to be
exponentialy increasing in time. This is of course not very useful when one
is interested in absorbing boundaries, because using a PML that generates
exponentialy increasing solutions does not seem a good idea. That is why we
also introduce (cf. [18]) the following notion of stability.

DEFINITION 14.3 The Cauchy problem (14.40) is weakly (resp. strongly)
stable if it is weakly (resp. strongly) well-posed and if the solution U (t) satisfies
an estimate on the type

U )2 < K (L4 6)° |Uoll 5 (14.42)



Numerical Methods for Unbounded Media, P. Joly and C. Tsogka 447

with s >0 (resp. s =10).

In what follows we will say that a system is stable if it is at least weakly stable.
We want to study the notions of well-posedness and stability using Fourier
techniques. To do so, we seek plane wave solutions of system (14.40) of the
form,

Uz,t) =@ *)pD  EeR? DeR*™, weC. (14.43)
Refering to the initial hyperbolic system (14.27)
Opu — Ay Oru — AyOyu = 0,
we know that it admits plane wave solutions of the form
u(z,t) = @0 d  EeR? deR™, weC,
if and only if £ and w are related by the dispersion relation
Fy(w, k) =0, (14.44)

where

Fi(w, k) = det(wl — ky Ay — kyAy), (14.45)

is a homogeneous polynomial in w and & of degree m. Considering (14.44) as
an equation in w, we get from Assumption 14.1 (i.e., the hyperbolicity of the
system (14.27)) that the solutions of (14.44) are real,

w=uw;(k), j=1,...,m, the eigenvalues of A(k).
Moreover, w;(k) are homogeneous functions of degree one. To simplify the
presentation we also make the following assumption:

ASSUMPTION 14.2 The initial system (14.27) admits:

o N, non-zero eigenvalues of order one, w;(k) # 0,Vk #0, j =1,...,Ne,
(wj(k) # wi(k) fori#j),

o the zero eigenvalue of order g =m — N, w; =0, j =N, +1,...,m.

The mode zero is a non-propagating mode, and we will call the other modes
the physical modes. This leads to the following expression

Fi(w, k) = w' ﬂ(w —w;(k)). (14.46)

J=1

As a consequence of Assumption 14.2, the physical modes w(k) = w;(k),j =
1, N., are differentiable with respect to k, and we can define the following

(K = k/[K])
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e The phase velocity

V(K) = ‘jg“) = w(K). (14.47)
[ ] The slowness vector
S(K) = % = wé“k) (14.48)

e The group velocity

Vi) = V) = Vi (0) = - (GE9.0))  Via(eh) ). (14.49)

The group velocity is orthogonal to the slowness curves, defined as the set of
points, in the plane of slowness vectors S(K), that satisfy

Fi(1,S(K)) = 0. (14.50)

We shall denote by (V;7(k),V/(k)) the two components of Vj(k) and by
(S (k), Sy(k)) the ones of S(K) (see also section 9.4 for more details on group
velocities and slowness vectors).

Going back to the Fourier analysis of the PML system (14.40), we see that
(14.40) has solutions of the form (14.43) if and only if w and k are related by
the modified dispersion relation,

Fpmi(w, k,¢) = Fi(w(w —is), k1w, ka(w — i) = 0. (14.51)
(14.51) is a polynomial of degree 2m in w and therefore the dispersion relation
for the PML defines 2m modes, w;(k,(), j = 1,...,2m. Note that since we
have doubled the number of unknowns with the splitting, it is natural that

the number of modes is also doubled.

We can now relate the definitions of well-posedness and stability to these
modes (see [105] for more details).

Well-posedness. The system (14.40) is strongly ill-posed if there exists
some exponentially growing modes, that is,

Imm w(k,{) — —oo0, when |k| — +o0, (14.52)

otherwise it is at least weakly well-posed.
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Stability. The system (14.40) is stable in the sense of Definition 14.3 if and
only if

V ke R™, the solutions w(k, () satisfy Imm w(k, ) > 0. (14.53)

Let us remark that by introducing w = wr + iw; we can write the plane wave
solution as,
u(z,t) = e~witellwrt=k.z) )

We see now that the existence of solutions w with negative imaginary parts
would correspond to plane wave solutions with exponential growth in time.
A stable system does not admit such solutions.

From (14.52) we see that the well-posedness and stability of the PML system
(14.40) relies on a high frequency analysis of the modes (i.e., the solutions of
14.51). This analysis was carried out in [18] and the following results were
obtained.

THEOREM 14.1 Under Assumptions 14.1 and 14.2 for system (14.27), the
system (14.40) is well-posed.

THEOREM 14.2 Let us suppose that system (14.27) satisfies assumptions
14.1 and 14.2. A necessary condition for the stability of the PML model in
the x direction (14.40) is that, for all physical modes of the unsplit system
(14.27), we have

VK = (K., K,) [ |[K| =1, S,(K)-VZ>0. (14.54)

Note that (14.54) is only a necessary but not sufficient condition. It is in-
teresting to look at its geometric interpretation: (14.54) expresses the fact
that, along the slowness curves, the slowness vector and the group velocity
are oriented the same way with respect to the y axis. This result shows the

X Vy(K)

Stable Not stable

FIGURE 14.3: Two different configurations. Left: the slowness vector S and
the group velocity V; are oriented in the same way with respect to the y axis.
Right: S and V; are not oriented in the same way with respect to the y axis.

importance of the group velocity in the stability analysis of PML models.
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This was first pointed out by Trefethen in [142] (see also [143,144]) for the
stability analysis of finite difference schemes for linear hyperbolic systems and
then by Higdon [91] for the well-posedness analysis of initial boundary value
problems for linear hyperbolic systems. Concerning the stability analysis for
PML models, we would like to mention [135] where the authors have related
the instabilities observed with the PMLs for the linearized Euler equations,
to the existence of waves for which the group velocity and the phase velocity
travel in opposite directions.

14.3.4.2 Stability for Elastodynamics—Orthotropic Medium

To our knowledge there is no stability results for the PML in the case of
general elastodynamics. In [18] the authors studied the stability in orthotropic
media, i.e., a particular class of anisotropic media. Without presenting the
details of the calculations we will summarize in what follows the main results.

Let us first recall the definition of orthotropic media (cf. [11]): In an
orthotropic medium whose principal axes coincide with (z,y), we have
c13 = co3 = 0 so that the elasticity matrix becomes,

c11 ¢12 0
C=|cr2en 0
0 0 C33
with (from the positivity of C),
c11 >0, co2 >0, c33 >0, cr1c29 — 0%2 > 0. (1455)

For an isotropic medium, which is a particular orthotropic material, the co-
efficients can be expressed in terms of Lamé’s coefficients A > 0 and p > 0:

c11 =cC2 = A+ 20, c12 = A, 33 = [i. (14.56)

The first result concerns the necessary stability condition of Theorem 14.2
which becomes:

THEOREM 14.3 In an orthotropic elastic medium the necessary condition
of stability (14.54) is equivalent to,

(€1)  A{(c12+ 033)2 —c11(ca2 —e33)} x {(c12 + 033)2 + c33(c2 —e33)} < 0.

Moreover, the following sufficient condition was derived (cf. [18]):

THEOREM 14.4 The PML system in the z-direction for an orthotropic
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elastic medium is stable if one of the two following conditions is satisfied:

(Cay )y (c12 + 033)2 < (c11 — ¢c33) (c22 — c33)

(i) (c11 —c33) (c22 — c33) < (c12 + 033)2
< max {—c33(ca2 — €33), c11(C22 — €33)}

Ca, .
(Car)e (ii) (c11 — c33) (811622 - 833) < (e11 +e33) (cr2 + 033)2

(m) (012 + 2633)2 < €11C22

For the proof of these results we refer the reader to [18]. In the what follows
we will illustrate their validity with some numerical simulations.

Numerical simulations in orthotropic elastic media We consider here
a 25m x 25m square (see Figure 14.4-left). The numerical method used to
obtain the results in this section is based on a first-order original mixed for-
mulation of the equations, described in [46]. We would like to point out that
the results presented here are based on properties of the continuous problem
and do not depend on the discretization used (similar results not shown here,
were also obtained with the discretization method developed in [23,24]). In
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FIGURE 14.4: Computational domain (left) - Function h(t) (center) - Func-
tion g(r) (right).

all the simulations, the initial data are taken equal to zero and the source is
introduced as a right hand side in equation (14.32),

f(.T, t) = h’(t) g(|1‘ - xSD gﬂ?v (1457)

where €, denotes the first vector of the canonical basis of IR? and h is the
so-called second order Ricker signal with central frequency equal to fy = 0.9
Hz, namely (see also Figure 14.4 center),

h(t) = [20%(fot —1)? —1] ™™ ot=D7, (14.58)
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The function g(r) is the Gaussian function defined by (see Figure 14.4 right):

e—T(r/r0)?

9(r) = (14,50)

To
which is concentrated in a small disk of radius o = 0.5m. In our experiments,
the source point g is located close to the absorbing layer (2 meters away from
each layer) (see Figure 14.4 left). In the following experiments the density is

p = 1Kg.m~3 and give the elasticity coefficients in Pa.
The damping factor is chosen as follows:
3c

¢(x) 553 log(1/R)2?, (14.60)

where R = 1072 is the theoretical reflection coefficient from the terminating
reflection boundaries and ¢ = 4.5m.s~! is an upper bound of the wave veloci-
ties in all considered materials.

We represent, for each experiment:
(a) the slowness curves and the wavefronts of the material,

(b) the distribution in space of the norm of the displacement field (snap-
shots) at several times.

Simulation in medium (I). In this example, the elasticity coefficients are
given by:
C11 — 4,022 = 20, C33 — 2 and C12 — 3.8. (1461)

The slowness curves and wavefronts represented in Figure 14.5 illustrate the
anisotropy of the medium. Note that in orthotropic media we refer to Quasi-
Pressure and Quasi-Shear waves instead of pressure and shear waves. We
remark that in medium (I) the sets enclosed by the slowness curves remain
convex as in the isotropic case (in which we recall that they are circles). The
snapshots of the corresponding numerical experiment are given in Figure 14.8.
They show that the PMLs work pretty well. In particular, they are stable:
the solution does not blow up, even after a long time.

Simulation in medium (IT). This time, the material is characterized by
its elasticity coefficients:

C11 = C22 = 207 C33 — 2, Cig = 3.8. (1462)

In Figure 14.6, the medium appears to be much more anisotropic than the
previous one. In particular, the set enclosed by the slowness curve of the @S
wave is no longer convex, which gives rise to triplications of the wavefront.
However, one can see in Figure 14.9 that the PML model still works very well
and does not lead to any instability.
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FIGURE 14.6: Slowness curves and wavefront for medium (II).

Simulation in medium (IIT). This medium is characterized by the fol-
lowing elasticity coefficients:

C11 = 4, Coo = 20, C33 — 2, Ci2 = 7.5. (1463)

Once again, this is a medium which gives rise to triplications of the QS wave-
front (see Figure 14.7). On the snapshots (see Figure 14.10), we can see two

-0.84

FIGURE 14.7: Slowness curves and wavefront for medium (III).

instabilities appearing very soon in the two PML layers. These instabilities
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clearly occur when the QS wave penetrates the absorbing layer. These nu-

FIGURE 14.8: Some snapshots at different times for medium (I).

FIGURE 14.9: Some snapshots at different times for medium (II).

merical results illustrate that the PML model is stable for media (I) and (II)
while it is clearly unstable for medium (III). These instabilities can be ex-
plained with Theorem 14.2 or equivalently Theorem 14.3. Indeed, we remark
the following

e Inmedia (I) and (II) for all K we have S, (K)-V,;” > 0 and S, (K)-Vy >0
(for both the QP and the QS waves) so that the necessary stability
condition is satisfied for PML layers both in the x and y directions.

e In medium (III), for the QS waves there exist some vectors K (whose
extremities describe the thickest line on figure 14.11) for which
VFA(K)S:(K) < 0. Also, there are some other vectors K (whose ex-
tremities describe the line of medium thickness on the figure) for which
VJ(K)Sy(K) < 0 which means that the geometrical condition is not
satisfied neither in x nor in y.

As we already mentioned the condition in Theorem 14.2 (or equivalently
Theorem 14.3) is a necessary and not sufficient condition. It is easy to verify
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FIGURE 14.11: Slowness diagrams. Left:material (II), Right:material (III).

that media (I) and (II) also satisfy the sufficient condition given in Theorem
14.4. Let us now show an example of a material that satisfies the necessary
condition but not the sufficient one.

Simulation in medium (IV). Our last medium is characterized by the
following elasticity coefficients:

C11 — ].07 Coo — 20, C33 — 6, Cl12 — 2.5.

In Figure 14.12, we represent the slowness diagrams (left) and the wavefronts
(right). It is clear that the high frequency necessary conditions are satisfied
for both x and y layers since the slowness curves are convex. We consider the
same computational domain as before, in which we now solve the PML model
in the x direction with a constant damping coefficient equal to 2.6. The pulse
is defined by (14.57)—(14.59) and the source point is located at the center of
the computational domain.

The snapshots of the experiment (IV) are given in figure 14.13. At the be-
ginning the z-PML absorbs very well the waves. But after a short while,
an instability appears! In conclusion, given an orthotropic medium we know
if the PML is going to be stable or not. We do not know however, how to
derive stable PMLs for the media that do not satisfy the sufficient condition
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FIGURE 14.12: Slowness curves and wavefronts in medium (IV).

t=4s t=50s t=150s t=200s

FIGURE 14.13: Experiment (IV): some snapshots at different times for
medium (IV) with only  PML.

of Theorem 14.4. The good news is that for any isotropic medium the suffi-
cient condition is satisfied and thus the PML model is stable. We show some
numerical results in isotropic media in the following section.

14.3.5 Numerical Results

We present in this section some numerical results in order to illustrate the
efficiency of the PML. For the discretization of the problem we use the mixed
finite element method presented in section 11.3.1.

For our numerical experiments an explosive source located at point S =
(z°,y°) is used, that is

[z, t) = F(t)g(r).
The function F'(t) is defined by

o2 f2(t — to)e ™ fot)® iy < ot
F(t)—{ molt = to)e sh=so (14.64)

o ift> 2ty

where to = 1/fo, fo = Vs/(hNL) is the central frequency, and Ny, is the
number of points per S wave-length. The function §(r) is a radial function
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. r2 3 r—a® y—vy°
glr) = (1_a2> 15, < 1 ) ’ (14.65)
r=w—o P+ (y—y )% a=5h.

where 1p, is one in B,, the disk of center S and radius a, and zero elsewhere.
In the absorbing layers we use the following model for the damping parameter

<($)7

given by

((x) = Go (%)N 7 (14.66)

where ¢ is the width of the layer and ( is a function of the theoretical reflection
coefficient (R = RJ) (sce relation (14.36) for § = 0):
1\ (N+1)Vp
=1 - | 14.
o =tox () 5 (1467

The degree of the polynomial (N) will be precised in each example.

Heterogeneous, isotropic elastic medium. We consider here a hetero-
geneous isotropic elastic medium that is characterized by the velocity model
max Vp 91 and

= 2.1 an

presented in Figure 14.14. For this medium we have "
Vp = 1.6Vs. For the discretization Vp and Vg are piecewise cgnstants (one
value per element). The size of the grid is 200 x 200 with a discretization step
h = 0.15m and Ny, = 10. The source is located at point (15m, 3m).

We present, in Figure 14.15, the norm of the velocity scaled by a factor
of 20 for three experiments corresponding to different absorbing layers. More
precisely relations (14.66) and (14.67) are used with N = 2, § = 5h— R = 0.01,
0 = 10h — R = 0.001 and 6 = 20h — R = 0.0001. Let us recall that these
values for R correspond to the theoretical (R,,) reflection coefficients. The
reflection coefficients obtained numerically are close to the theoretical ones.
This is no longer true if the number of meshes inside the layer is too small:
the smaller is R the larger layer width is required. This phenomenon is due
to the numerical dispersion [54].

14.3.6 Reflection Coefficients

In this section we compute numerically the reflection coefficients obtained
with the PML and we compare them to the ones obtained for the ABC’s
proposed by Higdon [93,94]. To do so we consider a homogeneous isotropic
elastic solid with Vp = 5.710m/s and Vs = 2.93m/s. To compute the reflection
coeflicients we first consider the solution of the elastodynamic problem at
points M; located near the upper boundary of domain D; (D, is a rectangular
domain of size 200m x 100m and a PML layer model is used on all boundaries
of the domain). We denote by (V1); the velocity vector at point M;. Then
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The Vp velocity model

Vp (m/s)

[ above 1365
1300 - 1365
1235- 1300
1170- 1235
1105- 1170
1040 - 1105

975-1040
910- 975
845- 910
780- 845
715- 780

below 715

[ [RES

FIGURE 14.14: The velocity model for the heterogeneous medium, max Vp

2.1 and Vp = 1.6V5g.

min Vp

to obtain a reference solution at points M; we move the upper boundary of
the domain 50m above. That is, we solve the elastodynamic problem in the
domain Dy (a rectangle of size 200m x 150m). We also use the PML layer
model on all boundaries of the domain Dy and we denote by (V3); the velocity
vector at point M;. The geometry of the problem with the two computational
domains is shown in Figure 14.16. In the case of a pure P-wave source we
define the reflection coefficients by

- le(Ug), — le(U1>z

(Rpp>(6i) - di >
iv(U2)s 14.68)
_curl(Uy); — curl(Uy ); (14.
(RPS)(QZ) B c:)url(Ug)i :

In the same way we define

curl(Uz); — curl(Uy);

(Ros)(6:) = curl(Us); ’
R

in the case of a pure S wave source. For our examples we use the P-wave source
function given by (14.64, 14.65) with Ny = 16. For this source function the
curl of the velocity is smaller than the divergence by a factor of 10710: the
reflection coefficient R, is neglected.
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5h 10h

20h

FIGURE 14.15: Snapshots of 2D elastic finite-elements simulations, in a het-
erogeneous medium, using the PML absorbing layer model with § = 5h,
6 = 10h and § = 20h. The snapshots depict the norm of the velocity at
t = 14.2ms scaled by a factor of 20.

REMARK 14.7 Relation (14.68) is used to compute two reflection coeffi-
cients at each time step. The results presented in Figure 14.17 correspond to
their mean value over [0,T], for T = 25sec.

The grid size is 400 x 200 for Dy, 400 x 300 for Dy and h = 0.5m for both
domains. The source is located at point (200, 80) of the grid. In the PML
layers, we take N = 3, § = 5h — R = 1074, § = 10h — R = 107% and
d = 20h — R = 1078, To examine the performance of the PML model,
comparisons with the 1st, 2nd and 3rd order Higdon’s absorbing boundary
conditions are performed.

REMARK 14.8 The refiection coefficients for the absorbing boundary con-
ditions proposed by Higdon are the theoretical ones. We obtain them by ap-
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FIGURE 14.16: Geometry for computing reflection coefficients. Two compu-
tational domains are defined : D; 200m x 100m and Dy 200m x 150m.
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FIGURE 14.17: Comparison of R,, for the Higdon ABC’s and the PML.
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plying an operator of the form

- 0 0

=1

withm =1; 1 =1, 0rm =2; B1 =1, B =Vp/Vs(=1.95), orm =3; 1 =
1, B2 =1.5, B3 =Vp/Vs(=1.95).

As we can see in Figure 14.17, for almost all angles of incidence, the PML
absorbing layer model gives better results than the absorbing boundary con-
ditions of first and second order and this happens even for the 5h length
absorbing layer. Compared to the third order absorbing condition the PML
layers of 10h and 20h are substantially better except near the 60° angle. We
want to point out that in this example we compare the reflection coefficients
provided by the continuous Higdon model to the one given by the discrete
PML model. It is known that the Higdon reflection coefficients increase when
discretization is used.
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Chapter 15

High-Order Accurate Space
Discretization Methods for

Computational Fluid Dynamaics

John A. Ekaterinaris, School of Mechanical and Aerospace Engi-
neering, University of Patras, Greece and Foundation for Research
and Technology-Hellas, Institute of Applied and Computational
Mathematics, 71110 Heraklion, Greece, ekaterin@iacm.forth.gr

15.1 Introduction

In recent years numerical methods have been widely used to effectively
resolve complex flow features of aerodynamics flows with meshes that are
reasonable for today’s computers. High-order numerical methods were used
mainly in direct numerical simulations and aeroacoustics. For many aeronau-
tical applications, accurate computation of vortex-dominated flows is impor-
tant because the vorticity in the flow field and the wake of swept wings at
an incidence and rotor blades largely determines the distribution of loading.
The main deficiency of widely available, second-order accurate methods for
the accurate computation of these flows is the numerical diffusion of vorticity
and acoustic disturbances to unacceptable levels. Application of high-order
accurate, low diffusion numerical methods can significantly alleviate this defi-
ciency of traditional second order methods. Furthermore, higher-order space
discretizations have the potential to improve detached eddy simulation pre-
dictions of separated flows with significant unsteadiness. Recently developed
high-order accurate finite-difference, finite-volume, and finite-element meth-
ods are reviewed. These methods can be used as an attractive alternative
of traditional low-order central and upwind computational fluid dynamics
methods for improved predictions of vortical and other complex, separated,
unsteady flows. The main features of these methods are summarized, from
a practical user’s point of view, their applicability and relative strength is
indicated, and examples from recent applications are presented to illustrate
their performance on selected problems.

In the following chapters, applications of high-order methods are explored
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mainly in the field of aerodynamics, however use of high order methods devel-
oped for aerodynamics can benefit other disciplines, such as electromagnetics
and aeroacoustics. High-order methods typically have at least third-order
spatial accuracy. Traditionally, second-order accurate numerical methods are
often preferred in practical aerodynamic calculations because of their sim-
plicity and robustness. High-order accurate methods are often perceived as
less robust, costly to run, and complicated to understand and code. As a
result, there are very few working computational fluid dynamics (CFD) codes
that use higher order accurate schemes for production numerical simulations
of compressible flow. This is especially true for codes designed to compute
steady flows. We will attempt to dispel this negative impression about high-
order methods.

Before presenting the essential details of high-order methods, we point out
that in many practical aerodynamic problems, the solution structures are so
complicated and their time evolution is so long, that it is impossible to obtain
an acceptable solution with today’s computing speeds using high-grid density
and low-order methods. These problems often involve regions of complicated
but smooth flow structures, such as vortices interacting with each other or
with shear layers, and regions that contain both shocks and complex smooth
structures. Some examples of these flows are briefly discussed in the following
paragraphs.

Vortical flow fields are especially challenging for the low-order numerical
methods that are typically found in current Euler and Navier-Stokes flow
solvers. The main cause for this deficiency is that these vortical flow features
deform and dissipate prematurely due to excessive numerical diffusion in the
solution algorithms. It is well recognized that low-order CFD algorithms
require extremely fine grid resolution to accurately convect and preserve the
strength of vortical flow fields. This fine grid resolution requirement leads to
extremely large computational problems that cannot be solved on even the
largest parallel computer architectures.

It is straightforward to demonstrate the power of high-order numerical
methods by examining the numerical approximation of a smooth function
on a regular grid. For a second-order accurate numerical scheme, the error
in the functional approximation is proportional to k2, where h the mesh size
Az. For an n'"-order accurate numerical scheme, the error in the functional
approximation is proportional to A™. If we cut the grid spacing in half, the
error in the second order scheme reduces by a factor of 4 and the error in
the fourth order scheme reduces by a factor of 16. Provided that the com-
putational requirements for the second and fourth order schemes are similar,
the fourth order scheme is clearly more efficient. Efficiency improvements are
even greater for higher order approximations. A demonstration of the supe-
rior performance of high order, low-dissipative, centered schemes compared
to lower order more dissipative TVD schemes in preserving vorticity [204] is
shown in Fig. 15.1. The conversion of a two-dimensional isentropic vortex is
carried out for long time with the numerical solution of the inviscid compress-
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FIGURE 15.1: Isentropic vortex: Comparison of the various orders of TVD
and ACM methods with the exact solution, illustrated by density profiles at
the centerline y=0, at t=50 and t=100 for a 401 x 81 grid; (from Ref. [204]).

ible flow equations on a Cartesian mesh. At the absence of physical viscosity,
the loss in vortex strength due to the numerical diffusion of the scheme is
evident. For three-dimensional computations, grid refinement in all three di-
rections which is necessary for better resolution of vortical structures that are
isotropic becomes very expensive computationally. Therefore, application of
high-order schemes is expected to significantly decrease computational cost.
To better demonstrate the potential of higher-order methods make the fol-
lowing assumptions: (1) The error in the solution is O(hP) where h is the
mesh length and p is the order of accuracy. (2) The number of intervals N;
in the grid, or elements for a finite element method, is related to the cell size
by N; = O(h~%), where d is the spatial dimension of the problem.
(3) Higher order of accuracy is achieved by increasing the stencil, or the
number of unknowns per element, N, = O(p?). Thus the total number of
operations or unknowns, N, scales as N = N; N, = O((p/h)?).
(4) The operation count, W, required to solve the discrete problem scales as
W = O(N"™), where w is the complexity of the discretization method.
(5) The total time required for the numerical solution is T = W/F, where 1/F
is the time for a single operation, which depends on the processor speed. These
assumptions lead to the conclusion that the computational time required to
achieve a specific error tolerance E scales as

T =0((w/EV?)"/F)
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or taking the logarithm
1
logT ~ wd( — —log E + log p) — logF
p

For stringent accuracy requirements (E << 1), it is expected that the term
log E dominates the log p terms. Therefore, the computational time will de-
pend exponentially on the order of accuracy, p, the complexity of the method,
w, and the grid resolution d. The above reasoning demonstrates that, from a
practical point of view, it pays off to improve the order of accuracy provided
that the operation count does increase dramatically. Furthermore, from the
first equation it is evident that small changes of the ratio w/p can reduce
computational time, which scales only inversely by the processor speed F'.

The most widely used flow solvers for aerospace applications are based
on the solution of the Reynolds Averaged Navier-Stokes (RANS) equations.
These RANS methods have recently benefited from improved performance of
workstations, supercomputers, and parallel processors. Hardware improve-
ments combined with advances in areas such as grid generation and more
computationally efficient solution algorithms made RANS a tool that often
complements wind tunnel. RANS flow solvers have proven useful for airloads
prediction, examination of detailed and gross flow features, as well as engi-
neering design. The primary limitation of RANS is the inability to predict
turbulent, separated flow. Turbulence models used in RANS model the entire
spectrum of turbulence and they are unable to accurately predict phenomena
dominated by turbulent eddies of massively separated flows. The deficiency
of RANS to predict turbulent separated flow combined with the un-physical
diffusion of vorticity by the numerical scheme in flow regions away from the
wall, where the grid density is small, is responsible for inaccuracies of the
computed flow field.

Attempts to overcome these deficiencies of RANS methods to accurately
compute turbulent separated flow have led to the development of Large Eddy
Simulation (LES) [66], [64], [123], [14], [65], [160], and more recently the De-
tached Eddy Simulation (DES) approach that was proposed by Spalart [170]
and applied to complex separated flow computations [136], [172]. Both of
these techniques, fully resolve the three-dimensional vortical structures and
turbulent motions in detached flow regions. In addition, LES methods also re-
solve certain range of the small-scale turbulent flow structures in the attached
or separated flow boundary layers. DES methods, on the other hand, model
the attached flow regions with RANS techniques. As a result, the resolution
requirements of DES are significantly lower than LES for the attached bound-
ary layers, where the RANS turbulence model is used. In the separated flow
field, however, the resolution requirements for DES are comparable to those
for LES calculations. Like the RANS, LES and DES can also benefit from
the application of high-order numerical algorithms to better resolve separated
flow regions. Most of the high order numerical methods that we will discuss
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in these notes are therefore expected to have applications to RANS, LES and
DES flow solvers.

In particular, the severe accuracy requirements that are encountered in
typical LES of complex flows can be benefited from the application of high-
order numerical methods. For LES of flows in simple domains, the resolution
problem is solved with the use of the highly accurate spectral methods [26]
and [111]. Spectral methods are not, however, easy to apply for complex do-
mains and compressible flows with discontinuities. For flows with complex
geometries that preclude the use of spectral methods, the use of high-order
numerical methods is a necessity in order to minimize the overall computa-
tional cost. The continued increase of computing power and developments of
parallel computers are expected to make possible DES or even LES of flows
with increased complexity. For these applications, use of high-order accurate
CFD methods is necessary.

While the use of high-order accurate numerical methods is relatively com-
mon for direct numerical simulations (DNS) and LES methods, high-order
numerical methods have not been commonly used for DES. As a result, DES
of complex flows often exhibit significant grid dependence. It is expected
that use of high-order spatially accurate numerical schemes combined with
improvements of DES models [133] will eliminate the grid dependencies in
DES calculations. We hope that the resulting high-order RANS/DES hybrid
models will yield reliable predictions of realistic, separated, unsteady flows in
a computationally efficient manner.

15.2 Prior Work on High-Order Numerical Methods

The favorable effect of high order methods was early recognized even in
several RANS numerical investigations of delta wing vortical flows [51], wind
tip vortices [44], and helicopter rotors [173]. The sensitivity of the numerical
solution on grid resolution [51], [173], and the order of accuracy of the numer-
ical scheme [51], [44] on the resolution of vortices was demonstrated. Delta
wing flows are dominated by the leading edge vortices and accurate capturing
of the correct strength of the leading edge vortex strength is essential for the
prediction of loads and the vortex breakdown location. Figure 15.2 shows the
effects of increased grid resolution and high-order of accuracy for the compu-
tation of the leading edge vortices over a double delta wing [51]. It appears
that the increase in order of accuracy can yield better resolution of the vor-
tices even with lower grid resolution. Similar conclusions are reported for the
numerical prediction of the wing-tip vortex [44]. In this study, increased grid
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FIGURE 15.2: Computed pressure distributions with different grid densities
and order of accuracy; (from Ref. [51]).

density and higher-order numerical schemes significantly improved the accu-
racy of the final results. The comparisons of the predicted peak velocity in
the vortex core of Fig. 15.3 show that in addition to turbulence model the
order of the scheme plays a very significant role.

Furthermore, computations of rotorcraft flows [173] and [174] demonstrated
that the vortex is severely diffused by the first passage even in computations
performed with 10 million grid points. These computations used curvilinear
structured meshes and suffered from an inappropriate placement of the grid
points and insufficient grid resolution for the tip vortex. This problem was
addressed by the tetrahedral unstructured flow solver approach [174]. It was
concluded, however, that adaptive tetrahedral mesh approaches could have
only limited success for even the simplest hovering rotor cases because the
adapted grid is anisotropic with computational cells of very large aspect ra-
tio. The overset grid approach [6] appears to resolve some of the problems
associated with grid topology but it still requires very high grid resolution
(greater than 60 million grid points) for accurate capturing of the tip vortex.
On the other hand, calculations performed with high-order accurate schemes
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FIGURE 15.3: Effects of third- and fifth-order accurate differencing on the
solution for a wake-case grid having 371,000 points (35 x 103 x 103); (from
Ref. [44]).
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in [145], [190] and [76] and more recently in [181] demonstrated that signif-
icant improvements in the accuracy of rotor performance predictions can be
obtained with just a small increase in computational cost.

For the computation of flows with shocks, methods designed to regularize
the numerical solution have been studied since the early attempts of von Neu-
mann and Richtmyer who used finite-difference techniques combined with the
so-called artificial viscosity or numerical dissipation. Use of numerical dissi-
pation in the finite difference and finite volume context has found widespread
application in solution methods for compressible aerodynamic flows. The
main difficulty in the application of these methods in DNS, DES, and LES
of compressible flows is the control of numerical dissipation necessary to cap-
ture discontinuities that occur in such flows. Too much numerical dissipation
smears out important flow field features. Too little numerical dissipation
yields unstable solutions.

In previous numerical investigations [118], [61], it was shown that even
the reduced numerical dissipation of high-order, shock-capturing schemes can
lead to significant damping of turbulence fluctuations and mask the effects of
the subgrid-scale (SGS) models. For these cases, a local application of the
shock-capturing scheme was found absolutely necessary in order to minimize
numerical dissipation. In the study of [118], for example, this requirement
was achieved by means of the application of an essentially non-oscillatory
(ENO) scheme only in the shock-normal direction and over a few mesh points
around the mean shock position. Unfortunately, in most cases, the shock
position is unknown and one needs to introduce a sensor to detect possible
discontinuities.

In recent years, efforts were made to alleviate the effects of numerical dif-
fusion introduced by shock capturing schemes and upwind methods. It was
shown [60], [155], [55], and [203] that for compressible flows without disconti-
nuities, high-order centered finite-difference schemes are sufficiently stable and
accurate for the computation of convecting vortical structures and aeroacous-
tic disturbances when they are combined with explicit, spectral-type filtering
for numerical stability. In addition, centered schemes were found particularly
useful for prediction of noise sources. These high-order centered schemes,
which can be extended into finite volume context, and the spectral-type or
characteristic based filters, which are necessary to stabilize centered schemes
and suppress spurious modes, are summarized in the following sections.

For high speed flows with shocks, numerical solutions that are uniformly
high order accurate up to the discontinuity can be obtained with ENO [164]
and weighted ENO (WENO) [106], [15] schemes. These methods are presented
in detail in Chapter 18. On the other hand, it was shown that explicit filters
[65] could also be used with high-order centered schemes to obtain shock-
capturing. Application of explicit filters [55] yielded improved computational
efficiency of flows with discontinuities compared to ENO [164] or WENO
methods [106] and [15]. Explicit filters can be easily implemented into existing
codes because the filter step is essentially independent of the basic differencing
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scheme and is applied as post processing. In the same spirit, Yee et al. [204]
showed that the dissipative part of a shock-capturing scheme could be applied
after each time step to regularize the numerical solution and acts like a filter.
Moreover, to meet the requirement of a local application of the numerical
dissipation, the amplitude of the dissipation is evaluated with a sensor derived
from the artificial compression method (ACM) of Harten [77]. The filters of
Yee et al. [204] are referred to as characteristic-based filters and they are
summarized in Chapter 18. The numerical test in Yee et al. [204] used total
variation diminishing (TVD) schemes to construct the characteristic-based,
non-linear filter. The possibility of using high-order non-linear filters based
on essentially non-oscillatory (ENO) reconstruction has been demonstrated
in [62].

In parallel with the finite-difference and finite-volume methods, which found
widespread application in CFD, finite element methods [110], [13] and [91]
were also used for convection-dominated problems. Application of the finite
element method is far from trivial for non-linear convective problems, such
as compressible flow with discontinuities. For such cases, the finite element
numerical solution must capture the physically relevant discontinuities with-
out introducing spurious oscillations. This issue is addressed successfully by
the discontinuous Galerkin method [39]. The discontinuous Galerkin method
(DG) assumes discontinuous approximate solutions. Subsequently, it treats
discontinuities in a manner analogous to high-resolution finite-difference and
finite-volume methods for nonlinear hyperbolic systems by incorporating suit-
ably defined numerical fluxes and slope limiters into the finite element frame-
work. Due to its local character, the DG finite element method is very suitable
for local grid refinement and becomes highly parallelizable. This method is
also presented and analyzed in Chapter 19.

Recently, another type of high-order accurate, conservative and computa-
tionally efficient scheme was introduced for the solution of conservation laws
in unstructured grids. This scheme is known as the spectral volume (SV)
method [193]. The concept of a “spectral volume” was introduced to achieve
high-order accuracy in an efficient manner similar to spectral methods and at
the same time retain the benefits of the finite volume formulations for prob-
lems with discontinuities. In the SV method, each spectral volume, which
is the same as the traditional triangular or tetrahedral finite volume, is fur-
ther subdivided into volumes called control volumes. Cell-averaged data from
these control volumes are used to reconstruct a high-order approximation in
the spectral volume, while Riemann solvers are used to compute the fluxes at
the spectral volume boundaries. The main difference of the SV method and
DG method is that for the SV method, the cell-averaged variables in the con-
trol volumes are updated independently. Similar to the DG method, the SV
method uses total variation diminishing or total variation bounded limiters to
eliminate/reduce spurious oscillations near discontinuities. A very desirable
feature of the SV method is that the reconstruction is carried out analytically,
and does not involve large stencils in contrast to the computationally intensive
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reconstruction in high-order finite volume methods.

The DG and SC methods are both suitable for high-order discretization
of complex domains using unstructured meshes. In addition, they are fully
conservative due to the use of Riemann fluxes across element boundaries.
Another high-order conservative scheme for unstructured quadrilateral grids
is the multidomain spectral method on a staggered grid recently developed
by Kopriva and Kolias [112], [113], [111] [114]. The multidomain spectral
method is similar to the spectral element method by Patera [139]. The spec-
tral element method is high order accurate and more flexible compared to
spectral methods for discretizations of complex domains. It is however not
conservative. Although very high order of accuracy can be achieved with
both the multidomain spectral and the spectral element method, these meth-
ods are difficult to extend to other cell types such as triangles or tetrahedral
cells [86]. These spectral methods and other recent, less widely used, high
order methods [2], [28] will not be presented here. Further information about
these methods can be found in the original references. A detailed presentation
of the theory and implementation of the spectral element method can also be
found in the recent book by Karniadakis and Sherwin [110].

These notes are organized as follows: The governing equations in differen-
tial and integral form are presented in Chapter 16. In Chapter 17, high-order
accurate discretization with finite-difference and finite-volume centered meth-
ods is presented. In Chapter 18, ENO and WENO reconstruction is explained
and WENO and ENO high-order schemes are presented. The discontinuous
Galerkin method is presented and analyzed in Chapter 19. At the end of each
chapter selected examples from the application of the high-order methods are
shown.



Chapter 16

Governing Equations

John A. Ekaterinaris, School of Mechanical and Aerospace Engi-
neering, University of Patras, Greece and Foundation for Research
and Technology-Hellas, Institute of Applied and Computational
Mathematics, 71110 Heraklion, Greece, ekaterin@iacm.forth.gr

16.1 Governing Equations

In the following chapters we present high-order methods for high-order ac-
curate in space discretizations of the compressible flow governing equations.
These are the full Navier-Stokes (N-S) equations which govern non-linear fluid
dynamics and aeroacoustics. For the majority of compressible flow simula-
tions, these equations are cast in the strong conservation form [8]. Numerical
solutions based on the Galerkin/least-square method, use different sets of
variables [84]. This is not, however, true for finite difference and finite vol-
ume numerical methods traditionally used in aerodynamics. These methods
use the conservative flow variables to ensure conservation and discontinuity
capturing. The primitive variable formulation was used rarely in aerodynam-
ics either with shock fitting schemes [31], or for the computation of subsonic
compressible flows without discontinuities [147]. The transformation from
conservative to primitive variables or other sets of variables is obtained by
multiplying the conservative variables vector with the appropriate flux Ja-
cobian. For example, primitive variables are obtained by multiplying with
M =0U/0V, U = |p, pu, pv, Er], V = [p,u,v, p] see [87] for more details.

16.2 Conservative Form of the N-S Equations

The conservative variable formulation of the N-S equations in divergence
form is:

485
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where U is the conservative variable vector, F is the inviscid flux vector, and
F, is the viscous flux vector. In Cartesian coordinates Eq. (16.1) is:
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where Er is the total energy Er = pE = ple + (u? + v? 4+ w?)/2] related to
pressure through the equation of state for a perfect gas p = (y — 1) [pFE —
p (u? + v +w?) /2], and the components of the viscous flux vector are given
by:
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Numerical solutions with the finite volume (FV) method are obtained with
the integral form of the NS equations for a control volume 2 with boundary

(/9]

B,
a/QU dx+fm[F(U,n) — F,(U, VU, n)] dS =0 (16.3)

where

U= [p,pV,pE]",F(U, n)=V -nU , F,(U, VU, n)=[0,t,t-V —q-n]’
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with t and q representing the stress and heat flux vectors, V = (u,v,w)? is
the velocity vector, and n is the outward unit normal vector to the boundary
0f). For flows with discontinuities the integral form holds and any discrete
scheme must obey both local and global conservation in order to capture cor-
rectly weak solutions [117]. Finite volume (FV) methods gained popularity
in aerodynamics because they make possible numerical solutions in complex
domains with unstructured or mixed type grids [187]. During the 1980s up-
wind mechanisms were introduced into FV algorithms leading to increased
robustness of the FV method for applications in flow that include strong
shocks and provided better resolution of viscous layers due to the decrease
of numerical dissipation compared to FV methods that employed artificial
dissipation [102], [103].

Finite-element (FE) methods uses the weak form of Eq. (16.1), gained pop-
ularity in aerodynamics with the development of the discontinuous Galerkin
method [39] and the stabilized finite element methods [94], [92], [93]. The
weak form is obtained by multiplying the strong form of Eq. (16.1) by a test
function W' and integrating over the domain. The weak form of Eq. (16.1)
is

Q/ W'U dw + ¢ W'F(U,n) - F,(U, VU, n)]-n dS
ot Jq le}

- / VW'[F(U,n) — F,(U, VU, n)] dQ = 0.
Q

The integral form, Eq. (2.3), is the weak form for unity weight function.
The stabilized finite element methods augment the weak form of the governing
equations with stabilization terms [92], [93], [162].

The real power of unstructured grid methods with FV or FE discretization
is their ability to adapt not only to complex geometries but also to solution
features without being constrained by considerations such as grid structure,
orthogonality or topology. However, anisotropic grid adaptation for three-
dimensional, high Reynolds number flows, which contain both discontinu-
ities and smooth but complex flow features, such confluent boundary layer
and wake roll-ups in high-lift systems, remains a challenge. Grid adaption
for these flows, which are common in aerodynamic applications, combined
with high-order methods offers the additional possibility of hp-type refine-
ment [110] [167]. hp Refinement uses high grid density (h-refinement) at the
neighborhood of discontinuities, while for the resolution of smooth but com-
plex flow features and wave propagation increases the order of accuracy of the
numerical solution (p-refinement) and uses a relatively coarse canonical mesh.

Finite difference methods on structured type of grids are used for the nu-
merical solution of the governing equations because of their efficiency. The
major difficulty with finite-difference methods is structured-type grid gen-
eration. The task of generating structured grids over complex configura-
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tions is still a serious challenge even with the multiblock structured grid
approach or with the powerful approach of of overlapping or Chimera-type
grids [23], where structured grids generated about different simple compo-
nents are allowed to overlap. Numerical solutions in complex domains with
finite-difference methods on body-fitted deformed meshes [171] are obtained
by expressing, Eq. (16.1) (see Anderson et al., 1984 [8]) in terms of a gen-
eralized non-orthogonal curvilinear coordinate system (&, 7, ) using general
transformations £ =€ (x,y,2), n =1 (z,y,2), ( = (z,y, 2) as follows:

oF, . oG, N oH,
o "o T ocC

o (U\ K 0F oG 0H 1
ot

Tttt =

ettt TR ] (16.4)

Here U = |p,pu,pv,pw,pE] denotes the solution vector, and J =
0 (&,1,0)/0 (x,y,z) is the Jacobian of the geometric transformation. The

inviscid fluxes F', G and H are:
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and (7, ‘7, and W are the contravariant velocity components given by
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In Eq. (16.4), & = J~! 9¢/0x are the metrics of the transformation with
similar definitions for the other metric quantities. The viscous stress terms in
transformed coordinates are:
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For turbulent flow calculations, the molecular viscosity u is replaced by the
turbulent eddy viscosity pu + p-. The turbulent eddy viscosity p, is obtained
from turbulence models developed during the last decades. These turbulence
models range from simple algebraic models to one- and two-equation turbu-
lence models, or more sophisticated Reynolds stress models [197].






Chapter 17

High-Order Finite-Difference Schemes
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Mathematics, 71110 Heraklion, Greece, ekaterin@iacm.forth.gr

17.1 High-Order Finite-Difference Schemes

In the past, efforts were made towards developing high-order finite-
difference (FD) methods in the areas direct and large eddy simulations. For
nonlinear problems, straightforward application of high-order accurate central
difference schemes is not possible, because the spurious modes that develop
from the unresolvable by the numerical discretization high frequency modes
lead to instabilities. Rai and Moin [146] found that high-order upwind schemes
are more promising to simulate turbulent flows. However, early attempts to
apply high-order finite differences were often frustrated because of lack of
robustness of the proposed high-order (FD) schemes compared to spectral
methods. For example, it was found [146] and references therein) that:

1. For DNS with energy conserving FD schemes the actual energy transfer
toward large wave numbers in the simulation is too large;

2. Spectral methods have the advantage to signal their accuracy or inaccu-
racy through an inadequately resolved enstrophy dissipation spectrum
whereas FD schemes do not and;

3. Spectral methods require roughly half as much resolution as FD schemes
in each spatial direction to yield solutions of comparable accuracy.

In spite of these differences, some success was achieved for the com-
putation of incompressible [146] and compressible [147] flows with high
order, upwind FD schemes. The fifth-order accurate derivatives in [146)
were computed with upwind-biased formulas based on the sign of the
velocity as:

491
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iy
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Upwinding alleviated some of the problems encountered with centered schemes
and yielded some promising results for both incompressible [146] and com-
pressible flow [147] direct numerical simulations.

Upwind biased, high-order accurate stencils (up to fifth-order) for the eval-
uation of the derivatives were also used successfully for the computation of
complex incompressible flows [157], [53] and wave propagation [52]. Upwind
biased schemes, however, based only on formal accuracy (truncation error)
inherently introduce some form of artificial smoothing that makes them inap-
propriate for long time integration and direct simulation or large eddy simu-
lation or turbulence.

The first systematic attempt to develop high-order accurate finite difference
schemes appropriate for problems with a wide range of scales was presented
by Lele [119]. Compared to the traditional finite-difference approximations
the compact schemes presented by Lele [119] provided a better representa-
tion of the short length scales. As a result, compact high-order schemes are
closer to spectral methods and at the same time maintain the freedom to re-
tain accuracy in complex stretched meshes. Emphasis in the development of
compact schemes was given on the resolution characteristics of the difference
approximations rather than formal accuracy (i.e., truncation error). The no-
tion of resolution was quantified by Lele [119] using a Fourier analysis of the
differencing scheme [188], [189]. This analysis compares the resolving power
of different schemes based on a more general notion of intervals per wave-
length of Kreiss and Oliger [116]. Using these ideas, Lele [119] analyzes the
resolution characteristics of the schemes based on the accuracy with which
the difference approximation represents the exact result over the full range of
length scales that can be realized for a given mesh.
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17.2 Explicit Centered High-Order FD Schemes

Application of Taylor series expansion yields centered, explicit and compact
finite difference formulas for space differentiation on equally spaced meshes.
Central-difference schemes gained popularity in the simulation of wave propa-
gation phenomena because in contrast to upwind methods, which in addition
to dispersion naturally introduce artificial dissipation, the dominant error in
centered discretizations is only depressive. The stencils for the fourth-, sixth-,
and eight-order accurate symmetric, explicit, centered schemes are given by:

4t order (E4)

au' 1

% i = m (’LLi+2 + 8Ui+1 — 81112',1 — ’LLifg) + O (ALC4) (173)

6" order (E6)
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+ O (Ax®) (17.5)

Explicit high order finite difference formulas of Eqs. (17.3)—(17.4) are often
used to discretize the second derivatives of the viscous terms by taking the
first derivative twice. In order to reduce the stencil width the inner derivative
is evaluated at half points.

17.3 Centered Compact Schemes

Of particular interest in recent applications has been the class of centered
schemes that require small stencil support. These “compact” schemes can
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also be derived from Taylor series expansions and compute simultaneously the
derivatives along an entire line in a coupled fashion. The main advantage of
compact schemes is simplicity in boundary condition treatment and smaller
truncation error compared to the their noncompact counterparts (see, for
example, Egs. (17.3)—(17.5)) of equivalent order. Compact schemes, however,
are more intensive computationally compared to explicit schemes because they
require matrix inversion.

A seven-point wide stencil, finite-difference discretization of a spatial deriva-
tive f’ of a scalar pointwise discrete quantity, f, in the governing equations,
such as metric terms or flow variables, is obtained in the computational do-
main on an equally spaced mesh by:

Bf]/‘+2 +Af]/‘—1 +f]/ +Af3/'+1 +Bf]{+2 =

fiv1— fim1 fiv2 — fi—2 fivs — fi—3
a Sy R o (17.6)

where A, B,a,b and ¢ determine the spatial accuracy of the discretization.
Different values of the coefficients in the formula of Eq. (17.6) yield schemes
of different accuracy ranging from the fourth-order explicit method (E4) to
the compact tenth-order accurate scheme (C10). The values of the coefficients
in Eq. (17.6) for schemes of different order of accuracy are shown in Table I.

TABLE 17.1

Schemes with five-point stencil of Eq. (17.6)

Scheme | A B a b
E4 0 0 4/3 -1/3
C4 1/4 0 3/2 0
C6 1/3 0 14/9 1/9

C8/5 4/9 | 1/36 | 40/27 | 25/54

C8/3 3/8 0 75/48 1/5 -1/80
C10 1/211/2017/12]101/150 | 1/100

[en] Jeo] Nen] ] Nel

In Table 17.I, C8/3 refers to the eight-order compact scheme that re-
quires tridiagonal matrix inversion and C8/5 refers to the eight-order compact
scheme that requires pentadiagonal matrix inversion.

Compact approximations for the second derivative are obtained from the
following general form
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Bfil o+ Aff s + f] + Afl\1 + Bfis =

= % (fj+1—2f; + fi—1)
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+ 2 (fi+2 —2f; + fi—2)
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The main advantage of compact schemes over their equivalent order explicit
schemes is better resolution in wave-space as it will be discussed later. Ex-
plicit schemes may be used for the evaluation of the viscous terms because
application of the compact schemes is more expensive computationally. Fur-
thermore, there are no very significant improvements in wave-space resolution
with the use of compact schemes [119].

The wave space resolution of various explicit and compact schemes is ob-
tained using Fourier analysis for Egs. (17.6) or (17.7). Considering that the
exact result is a sinusoidal function f; = e’ " where h = Az; is a uniform
grid spacing and k is the wave number, the exact value of the derivative f’ is
f]’- =ik f;. On the other hand, the derivative computed with finite difference

formulas is given by f]' = i@fﬁ where % the modified wave number, which
depends on the form of the finite-difference formulas used for the evaluation
of the first-order derivative. The difference between the true wave number k
and the modified wave number k is a measure of the scheme’s resolving ability.
The modified wave number of various finite difference schemes can be obtained
using standard shift operators f]’-in = fj’ et For example, the modified wave
number of the fourth-order accurate explicit scheme of Eq. (17.6) is given by
k= i(8sin k — sin 2k) /6, with analogous expression for the other methods. A
comparison of the modified wave numbers of the first derivative for several
central compact and non-compact schemes is shown in Fig. 17.1. Using the
scaled wave number w = 2wkh/)\, where X is the wavelength, it is found that
the number of intervals or grid points per wavelength is 27wk/w. Therefore,
the lower the scheme’s resolving ability the higher is the number of points
per wavelength required to resolve accurately certain predetermined portion
of the range [0, 27].

Stable and accurate formulas must be used for the boundary points for
the evaluation of the derivatives with explicit and compact FD schemes [27].
These boundary closures are given in the next chapter. In addition, the numer-
ical solutions of nonlinear hyperbolic equations with central-difference meth-
ods develop spurious modes arising from unresolvable scales and inaccuracies
in the application of boundary conditions. Spectral-type [60] or characteristic-
based [204] filters that can be used to stabilize numerical solutions performed
with central-difference methods are also presented in the following sections.
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FIGURE 17.1: Wave space resolution of explicit and compact centered
schemes for the first order derivative.
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17.4 Boundary Closures of High-Order Schemes

The primary difficulty in using higher order schemes is identification of sta-
ble boundary schemes that preserve their formal accuracy. Boundary closures
for various explicit and compact high-order centered schemes were presented
by Carpenter et al. [27]. The stability characteristics of compact fourth- and
sixth-order spatial operators with boundary closures were assessed [27] with
the theory of Kreiss [115] and Gustafsson, Kreiss and Sundstrom (GKS) [72]
for the semidiscrete initial value problem.

Numerical solutions of hyperbolic systems preserve their formal spatial ac-
curacy when an Nth-order inner scheme is closed with at least an (VN — 1)th-
order boundary scheme. Furthermore, determination of the numerical stabil-
ity of a fully discrete approximation (including boundary schemes) for a linear
hyperbolic partial differential equation is a difficult task. Fourier techniques
are not straight forward to apply and do not provide sufficient conditions for
numerical stability. Gustafsson et al. [72] developed stability analysis tech-
niques based on normal modal analysis. The theory of [72], generally referred
to as GKS stability theory, established conditions that the inner and bound-
ary schemes must satisfy to ensure stability. The GKS theory was used by
Carpenter et al. [27] to assess the stability of boundary schemes proposed for
the fourth- and sixth-order compact schemes. The boundary closure schemes
of Carpenter et al. [27] are summarized next.

Consider the finite-difference representation of the continuous derivative
U,=U J’ on an equally spaced mesh. The discrete form of the first derivative
Uj’. involves functional values U;, j = 1,...,N at discrete points. According
to [27] for an explicit uniformly fourth-order accurate in space scheme the
spatial discretization is obtained as

1

Ui = Az (~25U1 + 48U — 36Us + 16U, — 3Us)

Ul = ﬁ (=301 — 10U, + 18U — 6Uy + Uy)

Ul = ﬁ (Uj_a — 8U;_1 +8Uj41 — Ujsn) j=3,...,N—2 (17.8)
Ul ﬁ (—Un—4 + 6Un_3 — 18Un_3 + 10Ux_1 + 3Uy)

Ul = ﬁ (8Un—4 — 16Un_3 + 36Uy _5 — 48Un_1 + 25U ).

The derivative computed with the fourth-order, explicit, centered scheme
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of Eq. (17.8) is written in matrix form as

U =[M]U (17.9)
where
U [—25 48 —36 16 —3 ]
U, —3 -10 18 -6 1
: 1 -8 0 8 -1
U=| U |, M=gx| . 1 -8 0 8 1 ,
E .1 -8 0 8 -1
UN/—I -1 6 —18 10 3
L Un | i 3 —16 36 —48 25 |
U
Us
U=\ U
Un—_1
L U~ |

The fourth order, compact FD scheme for the approximation of the first
derivative, U j’ , that has narrower stencil than the explicit fourth order scheme
requires closures only at j = 1 and j = N. The fourth order compact scheme
with boundary closures is:

1
Ul + 38U = —— (17U + 9Us + 9Us3 — Uy)

6Ax
1
Uj_1+4Uj + Ujsy = = (=3Uj-1 +3Uj41) (17.10)
1
3U, Uy = —— (Unv_—3 —9Un_2 —9Un_ 17U
N-1 T Uy 6Ax(N3 N—2 N—1+ N)
or in matrix form
MU =[M]U (17.11)
where
6 18 0 -179 9 —-10
1 4 10 -3 0 3 0
(M) = M=
01 41 0 -3 0 3
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Ui
Us
U/ — .
U

UN

U,
U,
, U= :
Un-1
Un
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The sixth-order compact scheme has a five point-wide stencil and utilizes
information from all five points explicitly and three points implicitly (tridiag-
onal system). Boundary closures must be provided at two points at each end
of the domain, e.g., at j=1,2 and at j=N-1, N. To ensure for a GKS stable
schemes with sixth-order formulas we require fifth order at the boundaries
j=1,2 and j=N-1, N and sixth order in the interior. This is written in short-
hand notation as (5, 5-6-5, 5). Formally sixth-order accurate GKS stable
schemes are difficult to construct. Therefore, the (3, 5-6-5, 3) and the (4,
5-6-5, 4) schemes may be also used for full discretization with the sixth-order
compact scheme. The third order closure at j=1 is:

Ui +2U5 =

The fourth-order closure at j=1 is

Ul +3U4 =

6Ax (

2A

T

and the fifth-order closure at j=2 is accomplished by

Ui + 6U; + 3U; =

(—10U1 —9Us; + 1

(=5U;1 44Uz + Us).

—17U1 + 9Us + 9U3 — Uy)

8Us + Uy).

3Az
The matrices M’ and M for the sixth order scheme are:
(2 4 i (6 18 i
318 9 318 9
12 36 12 12 36 12
M?/,56: Lo, M4156: Lot
12 36 12 12 36 12
9 183 9 183
i 4 2] i 18 6 |
[—5 4 1 i [—17 9 9 1 i
-10 -9 18 1 -10 -9 18 1
-1 —-28 28 1 -1 —-28 28 1
M3se = coTes e s Myse = LT
—1 —28 28 1 —1-28 28 1
-1 —-18 9 10 —-1-18 9 10
i -1 -4 5 | i -1 -9 -917|
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The two key issues encountered with higher-order finite-difference schemes
used in CFD are boundary treatments and grid uniformity. The boundary
treatment was carefully addressed by Carpenter et al. [27]. It was found that
the effect of boundary closures to the overall resolution is indeed small [4]
even for highly accurate DNS. The grid non-uniformity issue is, however,
more important and its effect on the overall accuracy of higher-order finite-
difference schemes on nonuniform grids was recently assessed in [33].

The use of nonuniform grids in turbulent flow simulations is inevitable.
The typical ratio of the maximum to the minimum grid spacing is about 100.
The behavior of the second- and fourth-order explicit centered schemes and
the fourth- and sixth-order compact schemes was assessed in [33] for smooth
stretched grids. It was found that grid quality has stronger effects on the
higher-order compact schemes than on the explicit schemes. Furthermore, an
accuracy deterioration of higher-order compact schemes with low grid density
was observed for nonuniform meshes.

17.5 Compact Schemes for the Simultaneous Evaluation
of the First and Second Derivative

A more general version of the standard compact schemes presented by
Lele [119] was developed by Mahesh [132]. These schemes are symmetric
and Hermitian and differ from standard compact schemes in that the first
and second derivatives are evaluated simultaneously. In addition, for the
same stencil width the schemes proposed by Mahesh are two orders higher
in accuracy, they have significantly better spectral representation, and the
computational cost for the evaluation of both derivatives is shown to be es-
sentially the same as standard compact schemes. As a result, the proposed
schemes appear to be attractive alternative to standard compact schemes for
the Navier-Stokes equations that require second-order derivative evaluation
in the viscous terms. The schemes that compute simultaneously the first f’
and the second derivative f” of a function f given at uniform mesh, Az = h,
are defined by

arfi_y +aof; +aafipr +h (bifiig +bof] +bafii1) =
1
=7 (c1fj—e +cafjmr +cofj +csfjr1 + cafjye)- (17.12)

For symmetric (centered) schemes, a1 = ag, by = —ba, ¢ = —c4 and ¢y = —c3
and considering ap = 1 obtain from Eq. (18.11)
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arfj, + fi+arfipn +h (b fi g+ bof + baffy) =

= % [cofj +es (fi+1 — fi—1) +ca (fi42 — fi-2)].
(17.13)

Similarly, for by = 1 and requiring for symmetry by = l;;, 1 = C4, C3 = C3,
and a; = —as, where the tilde denotes that aj,...etc (obtained for by = 1) and
different from a; etc (obtained for ap = 1) have

Qo f) + @ (flor — fi_1) +h (biffy + [ +bifl) =

= % G (fj—2 + fiv2) + 2(fi—1 + [i+1) + Cofj.

(17.14)

Expanding both sides of Egs. (18.12) and (18.13) in a Taylor series and
collecting terms of the same order obtain a sixth and an eight order that are
given next

6" — OrderScheme

Tfi o+ 16f;+7f 0 +h (fi = f]1)
= 1715 (fi+1 = fi-1)
=9fj—1 = 9fjp1 = h (fi1 = 8f] + fit1)
= % (fi—1 = 2f; + fi+a)-
(17.15)

Comparing the new scheme of Eq. (18.14) with the standard compact sixth-
order compact scheme

7 1
fia+3fi+ fla = 3 (fix1— fi—1) + o (fi+2 — fi—2)
12
2fJ/'L1 + 11f]{/+2fg/'/+1 =2 (fi=1—2f; + fir1)

+ % (fi—2 = 2fJ + fi+2)- (17.16)
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It is evident that the scheme, which has been developed by Mahesh [132] and
computes the first and second derivative in a coupled fashion uses a more
narrow stencil compared to the standard compact scheme of the previous

chapter.

6t" — OrderScheme : Periodic
The matrix form of the sixth-order accurate coupled, compact scheme on a

periodic domain is given by

[16 0 7 —h 0 7 h]
0 8 9 —h 0O -9 —h
0 7 h 16 0 7 —h

—-9—-h 08 9 —h 0

7T —h
|9 —h 0

6" — OrderScheme : (3,3) Boundary Closure

0 7 h 16 O

—9—h 0 8h |

1
"
1

/

"
%

N
1

15(fa — fn)
24(fn —2f1 + fa)

15(fis1 — fi—1)
24(fi1 — 2fi + fix1)

15(f1 — fv-1)

N |

| 24(fn—1 —2fN + f1) |
(17.17)

For non-periodic domains, the sixth-order interior scheme is used at the
nodes j = 2 to N — 1, and third-order boundary closures are used at j = 1

and N. The resulting scheme is given by

[10 2 —h/2
0h—6 5h 0
Th16 0 7 —h
07 h 16 0 7 —h
-9 —h 0 8 9 —h 0
—9-h 0 8h 9 —h
0 2 h/21 0
I —6 —5h 0 —h |

fi

1

1
K

A
1
"

In
1/

N |

The eight-order coupled compact scheme is:

3(fa = f1)
9f1 —12f2 + 3f3

1 15(fiy1 — fiz1)
24(fic1 —2fi + fit1)

3(fnv — fv-1)
| —9fn +12fn_1 —3fN_2 |
(17.18)




High-Order Finite-Difference Schemes, J. A. Ekaterinaris 503

51f1 + 108 +51f 1 +9h (f,y  +fi1)

107 1
o (fisr — fi-1) — 7 (fi+2 — fi=2) (17.19)
138,y — 138f;-1 — h (18] — 108} +18f",) =
352 1 702
W (fiv1 — fij—1) + 7 (fitz — fi—2) — T‘fj

8th — OrderScheme : Periodic
The matrix form of the eight-order coupled compact scheme on a periodic
domain is given by

(108 0 51 —9h 0 51 9% ][]
0 108h 138 —18h 0 —138 —18h | | fV
0 51 9k 108 0 51 —9h /
—138 —18h 0 108h 138 —18h 0 4

51 —9h 0 51 9n 108 O "
| 138 —18h 0 ~138 —18h 0 108k | | % |

107(fe — fn) — (fs — fv-1)
—(f3+ fn—1) +352(f2 + fn) — 702f;

W07(fis — fir) — (ien — fio)
—(fira + f:2) + 352(fi+1 -T— fic1) —702f; | (17.20)

S| =

107(f1 = fn-1) = (fo — fn—2)
L —(fo+ fn—2) +352(f1 + fn—1) — T02fNn |

8" — OrderScheme : (3,3) Boundary Closure

For non-periodic domains the eighth-order interior scheme is used at the
nodes 7 = 3 to N — 2. The sixth-order interior scheme is used at 7 = 2 and
N — 1, and third-order boundary closures are used at j = 1 and N. The
resulting scheme is given by
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(10 2 —h/2 17 f
0h —6 5h 0 7
7h 16 0 7 —h 7
9-h 0 8 9 —h 0 7

0 51 9h 108 0 51 —9h i

—138 —18h 0 108h 138 —18h 0 o

0 7 h 16 0 7—h||fi,
—9 —h 0 8h 9—h| |f4_,

0 2 h/210 .
- —6 —5h0—h| | fI |
[ 3(f2 — f1) .
9f1 - ]-2f2 + 3f3
15(fs — f1)
24(fl —2f>+ fg)
-1 107(fisr = fi-1) — (fir2 — fi-2)
T | —(fra+ fioo) +352(firs + fiix) — TO2f; | (17.21)
15(fN - fN—2)
2U(fn_2 — 2fn_1 + fn)
3(fn — fn-1)

—9fn +12fn_1 —3fN-2

17.6 Modified High-Order Finite-Difference Schemes

The idea of modifying or optimizing a finite difference schemes by calcu-
lating values of the coefficients that introduce upwinding [207] or minimize a
particular type of error instead of the truncation error [175] has been used
successfully in the design of new schemes with desired properties. Some form
of upwinding is often needed for the computation of flows with discontinuities
and nonlinearities. Modifications of standard centered, explicit and compact
schemes were carried out by Zhong [207]. For the modified schemes, the for-
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mal order of the scheme for certain stencil size was sacrificed and high-order
upwinding with low dissipation was introduced.

Other optimized schemes have also been developed [128] in the field of
computational aeroacoustics [175], [208], [209]. The rationale for optimizing
numerical schemes for short waves is that for long waves, even lower-order
schemes can do well. The short waves, however, require high resolution in or-
der to obtain accurate representation of the broadband acoustic waves. The
optimized finite-difference scheme of Tam and Webb [175], for example, re-
ferred to as the dispersion relation preserving (DPR) scheme, uses central
differences to approximate the first derivative. The approximation is there-
fore, nondissipative in nature. The maximum formal order of accuracy of the
centered scheme [175] for certain stencil size is again sacrificed in order to op-
timize resolution of the high wave numbers. Although nondissipative schemes
are ideal for aeroacoustics, numerical dissipation is often required to damp
nonphysical waves generated by boundary and/or initial conditions. In many
practical applications, therefore, high order dissipative terms were added to
the centered scheme of Ref. [175]. To remedy this problem optimized DPR
schemes were developed by Zhuang and Chen [208] and Lockard et al. [128].
In the following sections, the upwind high order schemes of Zhong [207] and
the DPR scheme of Tam and Webb [175] are presented.

17.6.1 Upwind High-Order Schemes

A family of finite-difference high-order upwind compact and explicit
schemes for the discretization of convective terms was derived in [207]. The
general compact and explicit finite-difference approximation of du/dx = u' is

M, 1 No
E : I 2 :
biJrk uiJrk = E itk Uitk (1722)
k=—M+Mo+1 k=—N+No+1

where h is the uniform grid spacing, 1) is the numerical approximation of the
first derivative at the (i + k)th grid point, and Ny, My are biases with respect
to the base point i. The family of upwind compact and explicit schemes with
central stencils N = 2Ny + 1, M = 2M, + 1, was also considered in [207].
The coefficients a;+, and b;4j of these upwind schemes were determined such
that the order of the schemes is one order lower than the maximum achievable
order for the standard central stencil. As a result, the orders of the upwind
schemes are always odd integers p = 2 (Ng + Mp) — 1, and there is a free
parameter 6 in the coeflicients a;4 and b; 1. The value of 8 is set to be the
coefficient of the leading truncation term, which is an even order derivative.

Mo No
1 0 oUP+i
E : bigk Uiy = 7 E Qik Uipk— 77 P <+1> +... (17.23)
k=— M, h k= —No (p+1)! OxP )
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Schemes based on Eq. (18.22) are (p + 1)th order accurate for 4 = 0 and
p-th order accurate for @ # 0. The choice of ¥ affects the magnitude of
numerical dissipation and the stability of the scheme. The third-, fifth- and
seventh-order schemes derived in [207] are

Third-Order Explicit Scheme

2
1 0 ou*t
I ) o p3 Z=2
w=g h k;2 Gitk Uitk = h h (64x)i + ... (17.24)
with
)
air2 = F5+ 59
Ai41 = +40 — 1060
b; = 60
the recommended value of 6 in [207] is § = 1/4.
Fifth-Order Upwind Compact Scheme
bim1 ui_y 4 by uy 4+ bigy uj, =
2
1 0 ous
- Z Gitk Uitk — gy h® (6617) (17.25)
k=—2
with
5 5
40 = +— + =0
Ait2 3 + 6
14 2
A4l = i%#*?o 0 biy1=20+£0.

a; = —150 b; =60

Fourier analysis shows that dissipation errors increase as 6 increases. For 6
satisfying —1 < 0 < 0 the dissipation errors of the upwind compact schemes
are smaller or comparable to the corresponding phase errors.

The boundary closures for the fifth-order upwind compact scheme are
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1
60u; + 180ul = 7 (—=170u1 + 90us + 90uz — 10uy)
45

45
15ufy + 60u’y_q + 15uy_o = n (uny — un—2)

1
—— (71707.LN +90un_1+9uy_o — 10uN_3).

60uly + 180uYy_; = —

Fifth-Order Upwind Explicit Scheme

3
1 0 ou’
r_ ) RS ==
u = W k;gaprk Uitk o h (86x> + .. (17.26)
with
0 0
@i+3—i1+ﬁ ai:l:2—:|:9_§
0 0
aii1:i45+5z ai:—%, bl:60
The recommended 6 value § = —6 yields

1 3 105 75 1
! <—Ui3 +12u; o — ——u;—1 + 10u; + U1 — O6uqo + s U3

T 6on 2 2 2 2
(17.27)
Seventh-Order Explicit Scheme
4
1 0 oud
L= itk Uipk — =—— BT | o 17.28
YT W k;f*’““*k 8! b; (a%) (17.28)
with
3L 016 8
Aitq = :F14 672 ai+3 = 7 34
0 0
ajx2 = F12+ o7 0 Git1 = +48 — 2
50
P o bl =
a 18 60

and the recommended value for 6 is 8 = 36.
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17.7 Dispersion-Relation-Preserving (DPR) Scheme

Numerical solutions of the linearized Euler equations with high-order finite-
difference schemes are used to assure that the computed results have the same
number of wave modes (acoustic, vorticity and entropy), the same propagation
characteristics (isotropic, nondissipative and nondispersive), and the same
wave speeds as nearly as possible with those of the exact solution of equa-
tions, which govern acoustic disturbance propagation. These requirements
are fulfilled by the numerical solution if the discrete equations have the same
dispersion relation with the continuous equation. Finite difference schemes
which yield the same dispersion relations as the original partial differential
equations are referred to as dispersion-relation-preserving (DPR) schemes. A
way to construct time marching DPR schemes was proposed in [175] by opti-
mizing the finite difference approximations of the space and time derivatives
in the wave number and frequency space. The new optimized, high order,
finite difference scheme [175] designed with these criteria meets the usual
conditions of consistency, stability, and hence convergence. In addition, it
supports, in the case of small amplitude waves, wave solutions which have the
same characteristics as those of the linearized Euler equations as nearly as
possible.

17.7.1 Optimized Spatial Discretization

Consider the approximation of the first derivative df/0z at the j-th node
on a uniform grid using N values of f to the left. The finite difference ap-
proximation is

of -
<6m> ~Aa aj fiv; (17.29)
v J

The usual way to determine the coefficients a; in Eq. (18.28) is to expand
in Taylor series and equate coefficients of the same powers in Azx.

Instead of the straight forward approach that minimizes the truncation error
Tam and Web [175] proposed to determine the coefficients by requiring the
Fourier transform of the finite difference scheme on the right of Eq. (18.28)
to be a close approximation of the partial derivative.

The finite difference representation of Eq. (18.28) can be written as:

9 M
z?i ~ é > a; f (x+jAx) (17.30)

j=-N
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considering the Fourier transform of the left and right of Eq. (18.29) obtain:

M
ikf ~ Alxj_z:N a; ekine f (17.31)
Clearly the quantity
~ i M .
b=—re > a; ke (17.32)

is effectively the wavenumber of the Fourier transform for the finite-difference
schemes of Egs. (18.28) and (18.29).

The Fourier transform of the finite difference scheme is a good approx-
imation of that of the partial derivative over the range of wavenumbers
|kAz| < m/2 when the coefficients a; are chosen so that they minimize the
integral of the error. This integral is defined by

/2 . 9 /2 M B
E= ’km - kAx’ d (kAz) = / iK— Y a; K| dK(17.33)
w/2 —m/2 j=—N
The condition of the minimum is
OF
— =0 j=-N,... M 17.34
7a; J ey ( )

The solution of the algebraic system given by Eqs. (18.33) determines the
values of the coefficients a; that give a good approximation of the derivative
for |kAz| < /2.

In Ref. [175], the condition of Eq. (18.29) was imposed for n = M = 3
(fourth-order accuracy) and a; was left as free parameter. Minimization of
Eq. (18.32) with a; yields the following values for the coefficients

ag =0

a1 = —a_1 = 0.79926643

as = —a_o = —0.18941314 (17.35)
az = —a_3z = 0.02651995

The formal accuracy of the scheme with the coefficients from Eq. (18.32)
was sacrificed, since a fourth order accurate scheme was obtained for a seven-
point-wide stencil, but the resolution in wavespace was improved.
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17.8 Spectral-Type Filters

High-order accurate centered schemes are non-dissipative and they are par-
ticularly suitable for the convection of small-scale disturbances governed by
the linearized Euler equations. Non-dissipative, central-difference discretiza-
tions for nonlinear problems, however, produce high-frequency spurious modes
that originate from mesh nonuniformities, inaccuracies of the boundary condi-
tions, and mainly from nonlinear interactions. In order to prevent numerical
instabilities due to growth of high-frequency modes while retaining the high-
order accuracy of the compact or non-compact central discretizations, filtering
of the computed solution is required. Filtering of the solution with explicit-
type filters was proposed by Lele [119]. More recently, high-order compact
filters were introduced by Gaitonde and Visbal [60]. These compact filters are
applied on the components of the computed solution vector. Denoting by ¢,
the computed value, the filtered value ¢ is obtained by solving the system

N
af(gj—l + égj + af$j+1 = Z %L (Djtn + Dj—n)- (17.36)

n=0

The compact filter [60] of Eq. (18.35) provides a 2Nth-order accurate formula
on a 2N + 1 point stencil. Application of the compact filter makes possible
high-resolution, low-diffusion numerical solutions of flows without discontinu-
ities. The coefficients a,, of the filter are functions of the filtering parameter
ay. These coefficients for different order filters are given in Table 17.11I.

TABLE 17.11
Coefficients for the spectral-type filter of Eq. (18.35)

F2 F4 F6 F8 F10

ay ptap [+ [ fp+ o | e+ T | et |

o Thva Tra [Bemr] oo [mbs

. ETTIE T aE e A

as 0 0 [ H-% [ w-F | “p*

a 0 0 0 Tt | et

as 0 0 0 0 S
Order of Accuracy | 2" 4th 6t gth 107

The filtering ability of the filters given by Eq. (18.35) is determined by the
transfer function in wave space. Therefore, the compact filters of Eq. (18.35)
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FIGURE 17.2: Transfer function for filters of different order for constant value
of the filtering parameter Ay = 0.45

are referred to from now on as spectral-type filters. The transfer function for
the spectral-type filter of Eq. (18.35) is given by

N
)= Bhgnn s

The parameter, a¢, which is in the range 0.5 < ay < 0.5 determines the
filtering properties. High values of the parameter as yield less dissipative
filters.

At the boundaries, the order of the filter must be dropped in order to reduce
the stencil size. It was demonstrated [60] that the filtering ability of the low
order filters could approximate the filtering performance of high-order filters
by varying the value of the filtering parameter ay. The variation of the spectral
function of Eq. (18.36) for constant value of the filtering parameter ay = 0.45
for the second up to eighth order filters is shown in Fig. 17.2. The spectral
function of Eq. (18.36) for the second-, and eight-order filter is plotted in
Fig. 17.3 for different values of the filtering parameter a = 0.45 — 0.49. It is
evident that as the value of the filtering parameter a; becomes larger low-pass
filtering is obtained even with the second-order filter.

Centered schemes with spectral-type filters are not appropriate for compu-
tations of flows with shock waves and other discontinuities. High-order accu-
rate computation of transonic or supersonic flows with strong discontinuities
can be performed using high order explicit or compact centered schemes and



512 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

FIGURE 17.3: Transfer function of the second and eighth order filter for
different values of the filtering parameter Ay.

the application of characteristic-based filters [204]. These filters are described
in the following chapter.

17.9 Characteristic-Based Filters

Characteristic filters of Yee et al. [204] can be applied instead of spectral-
type filters with implicit and explicit methods for time discretization.
Characteristic-based filters remove spurious oscillations and in addition can
be used for shock capturing. They can be applied at every stage of an RK
method or after each Newton-type subiteration of an implicit-type time inte-
gration scheme for flows with strong shock interactions. For computational
efficiency, however, the filter is often applied at the end of the full RK step or
at the final update of an implicit time scheme.

Let Ly be the filter operator defined as

* vk L= T 1~ i
Lf (F G )z] = Az [Fi+1/2,j *Fi—l/Q,j]+A7y [Gi,j+1/2 *Gi,j+1/2} (17~38)

*

G 12 are the dissipative numerical fluxes of the filter

where EH/QJ and G
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operator to be discussed below. Then the new time level n + 1 is defined as

Ut = U 4 At Ly (F*, G, (17.39)
where the filter numerical fluxes EH /2, and Gj’j 41/2 ATE evaluated at U™ +1,

The simplest form for Ly is the linear filter proposed by Gustafsson and

Olsson [73] where a switch similar to that of Harten [77] was used.
According to Yee et al. [204] the filter numerical flux may be written in a

form which is similar to TVD schemes of [78], [80], [200] and [201], as follows

Fit125= % [Fit1,; + Fij + D ;] (17.40)
where % [Fit1,; + Fi ;] is the central difference portion of the numerical flux.
This flux is evaluated by a high-order centered approximation in the schemes
proposed by Yee et al. [204], and the term D; ; is the nonlinear dissipation.
For characteristic-based methods, e.g., methods where the dissipative term
is evaluated in characteristic variable space D; ; = R;i1/2; Piy1/2,; where
Rit1/2,5 is the right eigenvector of the flux Jacobian matrix 9F/JU. In order
to introduce some upwinding the elements of R; /5 are computed at Roe’s
approximate average state.

The artificial compression method (ACM) of Harten’s [77] was generalized
in [204] to achieve a low-dissipative high-order shock-capturing scheme by
nearly maintaining the accuracy to high-order. The ACM filter numerical
flux Fj;1/2,; has the form:

=, 1 .
i1/25 = 5 Rit1/2 ®744 )0, (17.41)

where R; 1/, is the right eigenvector matrix of the flux Jacobian A = 9F/0U

at Roe’s approximate average state and the elements of the matrix ®7 /2

denoted by (;S’Zil/z are:

4L
¢i+1/2 =k 195-0—1/2 ¢é+1/2- (17.42)

The function x ¥! +1/2 0 Eq. (17.42) is the key mechanism for achieving
high accuracy of the fine scale flow structures as well as capturing of shock
waves in a stable manner. The elements of ®} /2 can be identified as the
nonlinear dissipation portion of a TVD, ENO, or WENO scheme with the
exception that they are premultiplied by x J; /2 Yee et al. [204] defined
@7/, using a TVD scheme. Garnier et al. [62], on the other hand, defined
o7 /2 using the dissipative part of ENO or WENO schemes.

The main disadvantage with characteristic-based filters is that the parame-
ter k is problem depended. Numerous simulations and tests were carried out
by Yee et al. [204] for different flows. It was found, however, that different
examples require a different value of k. The suggested range of  in [204] was
0.03 < k < 2 where larger values of k are used for flows with discontinuities
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and smaller values are required for smooth flows including complex features,
such as vortex convection or vortex pairing. It will be shown later that in
order to remedy this problem, Sjogreen and Yee [169] used a regularity esti-
mate obtained from the wavelet coefficients of the solution to obtain a better
estimation for the value for the filter sensor.

The function 92 41208 the Harten switch. This switch for a general 2m + 1
points scheme is given by

~ ~

07ll+1/2 = max (9i7m+13 cey 0i+m)v (1743)
~ \eé+1/2| - |€é—1/2 g
i \el - |el . (17.44)
i+1/2 i—1/2

In Eq. (17.44), p is a second parameter that determines the performance of
the filter and can be varied to better capture the particular physics instead
of varying k. The higher the parameter p the less is the amount of numerical
dissipation added to the numerical solution. For p > 1 the order of accuracy of
the dissipation term is essentially increased for all numerical examples in [204]
and [169] a constant value p = 1 was used. Furthermore, in order to keep the
stencil of the scheme compact Harten’s switch was computed as

9§+1/2 = max (0ila 911+1)- (17.45)

In Eq. (17.44), pliﬂ/2 are elements of R;rluz (Uiy1 — U;) where R;rll/Q is
the left eigenvector of the flux Jacobian OF/OU that transforms back to the
conservative variable space the filter operator.

The elements ¢é 4172 I Eq. (17.40) are evaluated based on TVD schemes

[200], [202] and [201]. Choosing Harten-Yee upwind TVD for example obtain

1
¢ﬁ+1/2 =3 (U (Ci+1/2) (9§+1) -9 (Cé+1/2 + %l‘+1/2) e§+1/2 (17.46)
where
"Yl _ } w (Cl ) _ (gé+1 - g'ﬁ)/ei-‘rl/Q efi+1/2 ;é 0 (17 47)
i+1/2 2 i+1/2 0 624_1/2 —

! !
! |Ci1 /2] [Cig1/al =61
(4 (Ci+1/2) =N ciitot

! (17.48)
25, |Ci+1/2 < d7.
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In Eq. (17.46), cé+1/2 are the characteristic speeds of the flux Jacobian
matrix OF/OU evaluated at the Roe’s average state [156], ¢ is an entropy
correction [79] where 0 < § < 1, and g! is a limiter function.

Examples of commonly used limiter functions are:

(a) gé = minmod

(
(b) gé' = (€§'+1/2 eé- 12t |e§.+1/2 6271/2‘)/(6%1/2 + 6271/2)7
(c) 9; = {63‘—1/2 [(62-5-1/2)2 + 2] + €§'+1/2 [(65_1/2)2 + 0]}/

[(e§+1/2)2 + (6371/2)2 + 205],

1 1
ej—1/2’ej+1/2)a

. 1
(d) gé' = minmod (6}71/27 2e}+1/2» 5 (e;+1/2 "‘6}71/2))»
(e) gé‘ = S - max [0, min (2|e}+1/2|, S- e}—1/2)7 min (\e}+1/2|, 25 - e}_1/2)]§
S = sgn (e;+1/2)-

Here d5 is a small dimensionless parameter to prevent division by zero and
sgn (e}+1/2) = sign (e}+1/2). In practical calculations 1077 < §, < 107° is a
commonly used range. For e§+1/2 + 62_1/2 =0, gé- is set to zero in (b). The
minmod function of a list of arguments is equal to the smallest number in
absolute value if the list of arguments is of the same sign, or is equal to zero
if any arguments are of opposite sign.

To facilitate computer implementation the entropy correction ¢ (¢) in Eq.
(17.48) is evaluated as

b (e) = /(2 +062), §=1/16 (17.49)
and 75+1/2 in Eq. (17.47) is computed by

G (Cé+1/2) (ﬁé+1/2 ) e§+1/2
2 (cll.Jrl/Q)2 +e

Yiirje = . e=10"7 (17.50)

In addition, the switch in Eq. (17.44) is modified in order to avoid division
by zero and is evaluated by the following formula

! l
I | l€is1/ol = l€i1/0l |
' ‘62+1/2|+|6271/2|+5

(17.51)

17.9.1 Other Filter Formulations

The dissipative filter numerical flux can be expressed through an upwind
MUSCL-type scheme and an approximate Riemann solver as follows
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~, 1 3
i+1/2 7 5 Rit1/2 ®744 0 (17.52)

In this case, the elements of <I>;’+1/2 are given by
(¢O)é+1/2 =k (00)i+1/2 (4 (Cé+1/2) 62-4—1/2 (17.53)

where again €é+1/2 are the element of R;rluz (Uﬁ_l/2 - Uifjrl/Q), cé+1/2 are

the eigenvalues of A = 0F/0U or the characteristic speeds, and R,/ is the
right eigenvector matrix of A.

The same switch of Eq. (17.44) or (17.51) is used but evaluated a symmet-
ric average between Uﬁl/Q, Uinrl/Q' Where U® and U” are the upwind-biased
interpolation of the neighboring U; ; values with slope limiters imposed. The
slope limiters can be imposed on conservative characteristic, or primitive vari-
ables.

The function ® of the filter numerical flux with the Lax-Friedrichs numerical
flux becomes

Pit1/2 = —Ciy1/2 (Uz‘lil/z - Uzﬁ1/2) (17.54)

where

(|wig1 /2] + aig1)2)

DN | =

Cit1/2 =

and a = \/vp/p

17.9.2 ENO and WENO ACM PFilters

A recent improvement of ACM filters is application of ENO and WENO
procedure in the evaluation of the dissipative fluxes. The dissipative numerical
fluxes for TVD-MUSCL schemes (see Eq. (17.41)) are

"'*ZLI ].
i+1/2 = 5 Riy12 ®Y )0 (17.55)
*M

i+1/2 are given by

where the elements gf)li +1/2 of @

¢i’+1/2 =k ﬁé+1/2 |Cé+1/2| 62-5—1/2 (17.56)

where

ei+1/2 = R;rll/g (Ui}i1/2 - Uijjd/z)

and Ci+1/2 are the eigenvalues of the flux Jacobian Uﬁ_l/Q and Uzﬁ—l/? are the
upwind-biased interpolation of the neighboring U; values with the slope lim-
iters imposed. The MUSCL approach can be extended to r-th order accurate

ENO schemes [204] as follows. The dissipative numerical flux is written as
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~_ ENO ENO

1'11/2 =Rir1)0 ‘PZH/Q (17.57)

where the element ¢! of ‘bjfiv /2 is obtained from the dissipative part of the

i+1/2
ENO scheme, which results (see next chapter) by subtracting an m*'-order
accurate, centered scheme from an r*"-order accurate ENO approximation as

¢Z+1/2 Z+1/2 Z ck,p z+1/2 Firithtp — (17.58)
m—1
> R, R Fimiirny)
p=0

where Cl.p are the reconstruction coefficients of the ENO reconstruction, and
k is the stencil index selected among the r candidate stencils S that are
defined as

S(k) = {Licrabs1s s iy ooy Ligr } (17.59)
= ($¢,T+k+1,...,LL‘Z‘,...,.’L'Z‘+;€), kZO,...,T— 1.

The m*"-order accurate centered scheme is a subclass of ENO stencils with
k = m/2 and m even. All choices m > 2I, [ = 1,2,... are valid for the
construction of error dissipative terms. However, in order to keep the accuracy
of the base scheme the same with the order of the dissipative terms m = ¢
since larger values of m do not improve the formal accuracy and increase the
computational cost.

An increased order of accuracy can be achieved by exploiting the WENO

idea in the construction of the qbl 412 dissipative terms as follows:

r—1

!
i+1/2 — Zwk i+1/2 Z cpp B z+1/2 Eyriitktp — (17.60)

Zcm/Qp 2+1/2 Fi_ m+1+m/2+p)]

The WENO approach (see next chapter) achieves (2r — 1)th-order of ac-
curacy by performing linear, convex combination with weights wy of the r
possible r*"" order ENO stencils.
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17.10 Wavelet Estimation of the Sensor

Sjogreen and Yee [168] proposed further improvements for better estimation
of the filter numerical flux introducing regularity estimates from the wavelet
coefficients of the solution as follows.

Consider the [-th element of the filter numerical flux function j?ll (see

+1/2
Eq. (17.42)) as the product of the sensor w§+1/2 and a nonlinear dissipation

function ngli +1/2

J?Z+1/2 = w§+1/2 ¢2+1/2~ (17.61)
The sensor w! +1/2 n Eq. (17.44) is modified by changing the value of xk while

the numerical dissipation portion ¢;,1/, of Eq. (17.46) of Harten and Yee
TVD scheme remains the same.

17.10.1 Wavelet Analysis

Wavelet analysis for a given function f yields an estimate of the local Lip-
schitz exponent «, defined as the largest « satisfying

sup |f (CL‘ + h) — f (Lll‘)l <c (17.62)
h#0 ho
The exponent « is a measure of regularity for the function f where small «
indicates poor regularity.
A wavelet function v with compact support can be used to estimate the
exponent « from the wavelet coefficients,

W,j = (f,mj) = /f(x) Y j(z) da. (17.63)
Using

Yy = 2™ 1 <x2:nj ) (17.64)

as wavelet function, located at the point j in a space of scale m, it can be
shown that the coefficients max|w,, ;| decay as 2™* in a neighborhood j, as
the scale is refined, where o is the Lipschitz exponent at j,. Evaluating w., ;
on the smallest scale m, determined by the grid size and few coarser scales
me + 1, m, + 2 the exponent « at j, is estimated by least square fit to the
line by

max
i ne:r i logy |wpm, ;| = m o, + c. (17.65)

The sensor w§+1/2 is then modified as
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wiy1/2 = max (7(a;), T(aj=1)).

() = 1la<0.5
Y=Y0a>05

For more details see [168].
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Chapter 18

ENO and WENOQO Schemes

John A. Ekaterinaris, School of Mechanical and Aerospace Engi-
neering, University of Patras, Greece and Foundation for Research
and Technology-Hellas, Institute of Applied and Computational
Mathematics, 71110 Heraklion, Greece, ekaterin@iacm.forth.gr

18.1 ENO and WENO Schemes

ENO and WENO schemes are high-order accurate finite-difference or finite-
volume numerical methods designed for the solution of hyperbolic problems
with piecewise smooth solutions containing discontinuities. The key idea of
these methods is the design of the locally smoothest stencil that avoids cross-
ing discontinuities as much as possible.

The ENO idea, proposed by Harten and Osher [81] and Harten et al. [82],
is the first successful attempt to obtain no-mesh-size dependent (self-similar),
uniformly high order accurate, yet essentially non-oscillatory interpolation
for piecewise smooth functions using an adaptive local stencil that satisfies
certain measures of local smoothness. ENO offered significant improvements
over earlier approaches, which attempt to eliminate or reduce spurious oscilla-
tions generated at discontinuities by the fixed stencil, second, or higher order
accurate methods, which used artificial viscosity or limiters.

ENO and WENO schemes were proven suitable for CFD of compressible
turbulence, aeroacoustics, and other applications where the solution contains
both smooth but complex features and discontinuities. Several of ENO and
WENO applications shown at the end of this chapter demonstrate the en-
hanced resolution of these schemes and their potential to replace traditional
methods in large scale computations. The presentation of ENO and WENO
schemes starts with a review of interpolation and approximation theory used
with these schemes.

521
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18.2 High-Order Reconstruction

A basic approximation problem encountered in the numerical solution of
hyperbolic conservation laws is to obtain high-order (second-order accurate
or higher) reconstruction (finite-volume FV approximation) or conservative
approximation of the derivatives (FD approximation) from cell averaged or
point values of the state variables, respectively. Numerical algorithms for con-
servation laws that have been extensively investigated in the past decades laid
the foundation for the development of modern schemes, [138], [184], [185] in-
cluding TVD schemes [78] and the piecewise parabolic method [41] that reduce
or eliminate spurious numerical oscillations at discontinuities. In the following
sections, the basic ideas of ENO approximation and reconstruction, and the
conservative approximation of the derivatives with an adaptive, smooth sten-
cil that uses the smoothest possible data for the reconstruction are explained.
Based on this idea, ENO and WENO schemes have a distinct advantage over
TVD schemes that near every extrema, even smooth ones, degrade to first or-
der accuracy to suppress any spurious numerical oscillations. ENO schemes,
on the other hand, are based on high order accurate conservative approxi-
mations of derivatives (FD) or polynomial reconstructions from the average
state (FV), are high-order accurate, and essentially nonoscillatory up to the
discontinuity; i.e., the numerical oscillations, if any, decay with the order of
the truncation error.

The one-dimensional high-order approximation problem of a function from
given cell average values is described first. Approximation is obtained with
polynomials. This polynomial approximation procedure is the basis of fi-
nite volume ENO schemes for arbitrary spacing in one-dimension. The con-
servative approximation of the derivative, which is also based on the one-
dimensional polynomial approximation is the basis of the finite-difference
ENO schemes is presented next. In the subsequent sections, the ENO and
WENO reconstruction procedures are presented. The implementation of ENO
and WENO schemes is given and recent improvements of these schemes are
discussed.

18.3 Approximation in One Dimension

In this chapter the basic information about polynomial interpolation and ap-
proximation is reviewed. This background is fundamental for the understand-
ing ENO interpolation and other numerical methods. The presentation is
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FIGURE 18.1: ENO r + s = k — 1 wide stencil for the k" order accurate
approximation of u; 1/, from average cell values u;.

given in one space dimension. The formulation of the basic approximation
problem is as follows:
Given a mesh in the interval between a and b

a = 1'1/2 < .’E3/2 < ...l’i+1/2... < xN—l/Q < $N+1/2 =b

with subintervals or cells I; = [2;_1/2,%;41/2], cell centers x; = % (12 +
Tiy12) and cell size Ax; = w4172 — Ti_1/2 ,i = 1,2,..., N, (see Fig. 18.1),
consider the following reconstruction problem. Given the cell averages of a
function u(z), which represents the solution at the cell centers x;

1 Tit1/2

U, / w(€de, i=1,2,.. N (18.1)

i =
Ami i—1/2

find a polynomial p;(x), of degree k — 1 at most, such that p;(x) is the k-th
order accurate approximation to the function u(z) inside each cell I;, e.g., a
polynomial satisfying

pi(x) =u(x) +O(Az%), z€l;, i=1,2,...N (18.2)

The approximations of the solution u(xz) with the polynomial p;(z) at the I;
cell boundaries, ¢ — 1/2 and ¢ + 1/2, are also k-th order accurate, e.g.,
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Ui—1/2 = Pi(Ti—1/2) = w(Ti—1/2) + O(Axk)
’LLZ'+1/2 = pi<.'1,'i+1/2) = U($i+1/2) + O(Axk) 1= 1, 27 7]\/v (183)

The procedure to solve this problem is: Given the location I; and the order of
accuracy k, choose a stencil S(i) = {I;_, ..., [;1s } including I; itself, r cells to
the left of I;, and s cells to the right, with r + s+ 1 = k, (see Fig. 18.1), and
use the average values w; in S(i) to obtain the polynomial p;(x) that yields
the k-th order accurate approximation of the solution u(x) as given in Eq.
(18.2).

For a smooth function u(z) in the region covered by the stencil S(7), there
is a unique polynomial of degree k — 1 = r 4+ s at most whose cell average in
each cell of S(i) agrees with the average of u(z), e.g.,

1 Tjt1/2

/ p&)dé=nu;, j=i—r . i+s. (18.4)
Al’i Ti_1/9
The polynomial p(z) is the k-th order approximation of the solution we are
looking for. Furthermore, since the mappings from the given cell average val-
ues ; in the stencil S(i) to the values u;_; /o and u;41/2 at the cell boundary
are linear, there exist constants c,;, which depend on the left shift , on the
order of accuracy k and on the cell size Ax; that yield k-th order approxima-
tions u;_1 /9 and wu;4q/2. For example,

k—1

Uip12 = Y Crj Uity = U (Tig1/2) + O(AF). (18.5)
=0

The constants c¢,; are obtained using the primitive function U(z) of u(x)
defined as:

Ulz) = / o) de. (18.6)

The primitive function can be expressed by cell average values @; of u(z) using
the definition of Eq. (18.1) to obtain

zz+1/2 *

(Tit1/2) Z/ = Y Az (18.7)

j=—00 i—1/2 j=—o00

This equation shows that the cell averages w; yield the exact values of the
primitive function U(z) at the cell boundaries.

Considering the unique polynomial P(x) of degree k which interpolates
the primitive function at the k + 1 cell boundaries x;_,_1 /2, ..., Tj4+s41/2 and
denoting its derivative P’(z) by p(z) it is easy to verify that p(z) is the
polynomial we are looking for and satisfies Eq. (18.4) as follows:
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! / T e de = L / T ey de (18.8)
p = .
Ax; Ti_1/2 Az; Tj_1/2
= [ e ae
= U =Uuj, J=t—",..,1+s
Al‘j Ti_1)2 J

in addition, have

p(z) = P'(z) =U'(z)+ O(Az®) , Vzel,.

Since the exact value of the primitive function U(z) of u(z) at the cell
boundaries are obtained from the cell averages (see Eq. 18.7) one can use
Lagrange interpolation polynomials to obtain the constants ¢,; in Eq. (18.5)
as follows:

k

P(-T) = Z U(xi7r+m71/2)

m=0

T = Tiqr4i—1/2

(18.9)
Ti—rtm—1/2 = Li—r4+1—1/2

-

Subtracting U(2;_,—1/2) form both sides of Eq. (18.9) and after some algebra
(see article by Shu in [17] pages 439-582) obtain the values

M»

k
H Tit1/2 — Timriq—1/2)
k =0 =

oy = A gy Y T (18.10)
=j+1
" H( Timrim—1/2 = Timrti—1/2)

1=0
I#m

that simplifies for uniform grid to

(18.11)

The values of the constants c,; for uniform grid and order of accuracy between
k=1 and k = 6 are given in Table 18.1.
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TABLE 18.1

KJr] j=0] j=11] j=2] j=3 | j=4]j=56

T[-1] 1
0 1
2[-1]| 3/2 | -1/2

0] 12 12
T -1/2 | 3/2
3[-1] 11/6 | -7/6 1/3

0] 1/3 5/6 -1/6
T -1/6 5/6 /3
2 1/3 | -7/6 | 11/6

I[-1] 25/12 | 23/12 | 13/12 | -1/4
0 1/4 | 13/i2 | -5/12 | 1/12
T -1/12 | 7/12 | 7/12 | -1/12
2 1/12 | -5/12 | 13/12 | 1/4
3 -1/4 | 13/12 | -23/12 | 25/12

5 -1 137/60 | -163/60 | 137/60 | 21,20 | 1/5
0 1/5 | 77/60 | -43/60 | 17/60 | -1/20
T | -1/20 | 9/20 | 47/60 | -13/60 | 1/30
2 [ 1/30 | -13/60 | 47/60 | 9/20 | -1/20
3| -1/20 | -17/60 | -43/60 | 77/60 | 1/5
| 1/5 | -21/20 | 137/60 | -163/60 | 137/60

6 -1] 49/20 | -71/20 | 79/20 | -163/60 | 31/30 | -1/6
0 1/6 | 29/20 | -21/20 | 37/60 | -13/60 | 1/30
T [ -1/30 | 11/30 | 19/20 | -23/60 | 7/60 | -1/60
2| 1/60 | -2/15 | 37/60 | 37/60 | -2/15 | 1/60
3| -1/60 | 7/60 | -23/60 | 19/20 | 11/30 | -1/30
I | 1/30 | -13/60 | 37/60 | -21/20 | 29/20 | 1/6
5| -1/6 | 31/30 |-163/60 | 79/20 | -71/20 | 49/20

From Table 18.I and Eq. (18.5) obtain, for example,

1 _ 7T _ 7 _ 1 _
Uittz = — 75 Bi-1 T 75 Wi+ 5 Uit — 75 Uitz + O(Az*)
49 _ 71 _ 79 _ 163 _ 31 _ 1_ 6
Uiy1/2 = 20 Uiyl — 20 Ujyo + 2 Uit — 60 Ujtq + 30 Uits — 5 Uire + O(Az®).
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FIGURE 18.2: ENO r + s = k — 1 wide stencil for the k" order accurate
approximation of the numerical flux /o from nodal values u;.

18.4 One-Dimensional Conservative Approximation of
the Derivative

For finite-difference schemes, the basic problem of high-order accurate dis-
cretization is the conservative approximation of the derivative of a function

u(z)

w=u(r), 1=1,2,..N (18.12)

from given point values at the nodes x; of the mesh.
In the ENO and WENO framework, this is accomplished through the use
of a numerical flux function @; 4 /2 at the cell centers or half nodes z;1/2

ai+1/2 = H (ui_r, ...,’U,H_s) 3 1= O, 1, N. (1813)

This numerical flux depends on r point values on the left and s point values
on the right (see Fig. 18.2) such that the flux difference approximates the
derivative u'(x) = du(z)/dx to k-th order accuracy
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1
Aa:i

(ai_‘_l/Q —61_1/2) zu'(xl)—i—O (Amk), Z:071,,N (1814)

Assuming that the grid is uniform Axz; = Ax, this problem can be solved with
the same technique used to obtain k-th order accurate reconstruction, which
was presented in a previous chapter. The assumption of uniform grid spacing
for the conservative evaluation of the derivative in the finite-difference formu-
lation is essential. Note, however, that the reconstruction for the finite-volume
formulation of the previous chapter is valid for nonuniform grid spacing.
Assuming that a function h(z) exists, which depends on the uniform grid
spacing Ax, such that

J;+%
wi =T = / h (€) de (18.15)

W (z) = é [h (m + A;) —h (w - A;ﬂ (18.16)

therefore, the numerical flux function we are looking for must satisfy

then

aiJrl/Q = h ((Ei+1/2) + O (A./L'k) (1817)

It is not straightforward to find h(z) because Eq. (18.15) defines the un-
known function h(z) implicitly. However, observing that the known function
u(z) is the cell average of h(z), (see Eq. (18.15)), one can use the same
reconstruction procedure of Section 18.2, to approximate h(x).

Considering the primitive H(z) of h(z), where H(z) satisfies

_ /_ e de (18.18)

$J+1/2

(Ziy1/2) Z / €) d¢ = Ax Z u; (18.19)

j=—00 j=1/2 j=—00

then Eq. (18.15) implies

Summarizing: The conservative approximation of the derivative in the
finite-difference context becomes equivalent to the reconstruction problem in
the finite-volume formulation when the given point values w; are identified
as cell averages of an unknown function h(z) that satisfies Eq. (18.15). The
primitive function, H(x), of h(x) is then exactly known at the cell interfaces
(see Eq. (18.19)), or half points ;o from the point values u; at the nodes.
Using the same approximation procedure described in Section 18.2, obtain
the k-th order approximation to h($i+1/2), which according to Eq. (18.17) is
the numerical flux u;;,/, we are looking for.
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For a stencil S(i) around the point ¢ (see Fig. 18.2), r points to the left and
s points to the right, (x;—p, ..., i, ..., Tixs), where r + s = k + 1 the numerical
flux is expressed as:

k—1
Uiy 1/2 = Z Crj Ui—r4j (18.20)
j=0

where the values of the constants c,; are given in Table 18.1.

For a globally smooth function u(z), the best approximation is obtained for
even k by centered approximation r = s — 1. For example, the fourth-order
accurate centered flux approximation from Eq. (18.20) and k = 4 is obtained
by:

N 1
Uit1/2 = 75 [wic1 + Tu; + Tuis1 — uisa] + O (Azt)

For k odd, the best approximation is obtained by one point upwind-biased
stencils r = s or r = s — 2. For example, 3rd order upwind fluxes for k = 3
are

ﬂi+1/2 = [—Uifl + 5U/Z‘ + 2Ui+1] + O (A$3)

ai,1/2 = [—ui,g + 5u;_1 + 2ui] + O (ACI’JB)

D= O =

which yield a third order accurate conservative approximation of the derivative

1

_ N 1
Az [Uis1/2 — Wi12] = = [wim2 — 6ui1 + 3u; + 2uiq] = v'(z;) + O (Az®)

6

The selection of the most suitable stencils among different possible stencils of
Sections 18.2 and 18.3 for fixed k is accomplished through the ENO or WENO
reconstruction procedures that are described next.

18.5 ENO Reconstruction

Approximation of discontinuous solutions that occur in hyperbolic conser-
vation laws is accomplished with piecewise smooth functions. These functions
u(x) posses derivatives at all points except at discontinuities where the func-
tion and its derivatives are assumed to have finite left and right limits. For
such piecewise smooth functions, the order of accuracy is determined by the
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local truncation error in smooth regions of the definition of the function. A
fixed stencil high-order approximation of a piecewise smooth function is not
adequate near discontinuities, because stencils that contain discontinuous cells
cause oscillations (Gibbs phenomenon) in the numerical solution.

The basic idea of the ENO approximation is to avoid including discontin-
uous cells in the stencil as much as possible. This is accomplished by the
“adaptive stencil” where the left shift changes with the location z;. In the
ENO approximation, this is achieved by using the Newton divided differences
of the interpolation polynomial as a smoothness indicator of the stencil.

The j—th degree divided differences I’ [x;_1 /2, ..., Z;4;_1/2] of the primitive
function F(z), of f(x) (see Eq. 18.18), that is defined at the cell faces or half
points x;_1/, ..., iy j_1/2 are given by the recursive formula

F [%‘—1/2} =Fr (%‘—1/2)
Flzi_1/0, . Tigj_1/2) =
Fzip1/2, 0 Tigj—172] = F (%12, -, Tigj—3/2]
Titj—1/2 — Ti—1/2

(18.21)

A similar formula defines the divided differences of the cell averages f; = f [z]
of the function f(z) defined at the cell centers (FV), or nodes x;, ..., 7;4; (FD)
approach. The divided differences for f, are:

? [Tit1, ~-7$i+ﬂ —? [z, '-'7$i+j—1]

FRETR VTigj) =

JEH_J‘ — Xy
The function f(x) and its primitive F'(z f_ &) d¢ are related by
J-H/2 o
F (i412) Z / = Y fAx (18.22)
j=—o0 Y¥i-1/2 j=—o0

therefore

F ($i+1/2) —F (%‘4/2) _F

Flzi_1/2,2ip12] = fi (18.23)

Tit1/2 — Ti—1/2
As a result Eq. (18.21) can be expressed in terms of f, since the first degree
divided differences of F(z) are the zeroth degree divided differences of f, and
the computation of the primitive function F' can be completely avoided.
Using the above definitions the k-th degree interpolation polynomial P (z)
that interpolates the primitive function F(z) at k+ 1 points is expressed with
divided differences by

j—1

k
P (37) = Z F [xif'l‘fl/Qv ~-~7l'i—r+j—1/2] H (Z‘ — xi*’r+mfl/2) (1824)

§=0 m=0
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and the polynomial p () = P’(z) is expressed as

k j—1 5—1

:Z F [$i—r—1/27~-~7$i—r+j—1/2 Z H $—$i+r+l—1/2) (18.25)
7=0 m=0 1=0
I#£m

where again p(z) can be expressed by divided differences of f.

The ENO selection process of the smoothest stencil of k 4+ 1 consecutive
points that include x;_, /2 and x;11 /3 is based on Eq. (18.24) and is performed
with the following steps:

1. Start with the two point stencil §2(z) ={x;i_1/2,2i41/2} (see Figs. 18.1
and 18.2) of the primitive function U of u, which has a corresponding
single cell stencil S(i) = {I;} in terms of @ (see Eq. (18.23) and Figs.
18.1 and 18.2).

2. Obtain the linear (first degree) interpolation polynomial P! on the sten-
cil S2(7) using Newton forms as

PI(QL’) =U [l'i_l/Q} +U [xl’_l/Q 7xi+1/2] (QIJ — xi—l/Z)' (1826)

3. Obtain higher order interpolation polynomials P2 and P2 by expanding
the stencil to the left including x; 3,5 or to the right including z; 3/,
respectively.

Pi = PY@) + U [2_39, Ti_1/2, Ti1 /2] (& — Ti1y2) (& — @i41/2)
P =P (2) + U [zi—1/2, Tit1/2, Tivsya] (@ — 2im1/2) (2 — Tig1)2)
(18.27)

The deviations from the linear approximation of the quadratic
approximations P3 and P2 depend on the divided differences
U [2i—3/2,Ti—1/2,Tit1/2] and U [z;_1/2, Ti11/2, Tits/2], respectively.

However, a divided difference is a measure of smoothness of the

function in the stencil because for a smooth function U(z) have
V(])(f

U [Ti—1/2, s Tigj1/2] = 1> for some z;_1/5 < & < @iyj-1/2,
while if U (x) is discontinuous inside the stencil U [x;_1 /2, ..., Ti1j_1/2] =
1
o (Amj)'
Therefore, if
\ U [$i73/27$i71/2a$1+1/2]| < | U [$i71/27$i+1/2axi+3/2]‘ (18~28)

select the stencil
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Ss(i) = {®i_s/2,xi1/2,Tig172}  or So(i) = {Li—1, Ii} (18.29)

otherwise, select the stencil

§3(Z) = {xi_1/2,$i+1/2,l’i+3/2} or SQ(Z) = {IZ, Ii+1}. (1830)

4. Continue this process until the stencil Sy (7) with the desired number of
points is reached.

Note again that all divided differences of the primitive are computed in terms
of averages and for uniform mesh the divided differences are replaced by un-
divided differences. The finite-volume and finite-difference ENO algorithms
based on the approximation and ENO reconstruction procedures of the pre-
vious sections are summarized next.

18.6 1D Finite-Volume ENO Scheme

From the cell average values {w;} of the function u(z), (see Fig. 18.1) obtain a
piecewise polynomial reconstruction of u(x) of degree k—1 at most as follows:

1. Using {@;} compute the divided (or undivided differences for uniform
mesh) of the primitive function U(x) for degrees 1 to k with Eq. (18.21)
and (18.23).

2. Start with the two point stencil for the primitive Sy(i) =
{®i_1/2,2i41/2} which is equivalent to the one point stencil Sy (i) = {I;}
for the cell average.

3. Add one of the two neighboring points to the stencil S;(i), I = 2,....k
following the ENO procedure of Egs. (18.28) - (18.30).

4. Use the Lagrange form, Eq. (18.9), or the Newton divided differences
form Eq. (18.25) to obtain the polynomial p;(z) of degree k — 1 the
most that satisfies the accuracy requirement.

In practice, however, once the stencil is known, it is more convenient to
find the approximation at the cell boundaries using Eq. (18.5)

k—1

Wit1/2 = E Crj Ui—r4j
j=0
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where the values of the constant c,; are given by Egs. (18.10) and
(18.11), for nonuniform and uniform mesh, respectively.

18.7 1D Finite-Difference ENO Scheme

The finite-difference ENO reconstruction is valid only for fixed mesh size and
includes the following steps:

1. Compute the numerical flux ;o using the given point values {u;}
(see Fig. 18.2) and all k points fixed stencils, where r + s = k — 1, by

k—1

Uit1/2 = E Crj Uj—r+j-
J=0

Note that in the finite-difference ENO approximation the given point
values {u;} are identified as cell averages of another function h(z), which
has a primitive H(z) exactly known at the cell interfaces x;41/2, and
the k-th order approximation h(z;41/2) is the numerical flux ;2.

2. Perform steps 1 through 4 of the finite-volume ENO reconstruction
treating {u;} as cell averages to select the smoothest stencil.

3. Obtain a conservative k-th order accurate approximation of the deriva-
tive as

Ar (Wig1/2 — Uig1y2) = u' (i) + O(Az").

18.8 WENO Approximation

In the previous sections, it was shown that the ENO reconstruction is uni-
formly high order accurate right up to the discontinuity, and achieves this by
adaptively choosing the smoothest stencil using the absolute values of divided
differences. However, ENO reconstruction in practice may face the following
problems:
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FIGURE 18.3: Candidate stencils for (2k-1)-th order accurate WENO;
WENOS for £ = 3. The nodal values of u; for j —r < j<j—r+k—1are
identified as cell averages for the computation of the WENO reconstruction
of the numerical fluxes ;1,2 at half point nodes.

1. For finite-volume (FV) reconstructions, round-off error perturbations
may change the stencil because they can result in sign change of divided
differences even in smooth regions [158], [166]. The stencil free adaption
results into a non-smooth numerical flux in finite-difference (FD) ENO.

2. The reconstruction in (FV) or the numerical flux evaluation in (FD)
ENO of k-th order accuracy uses only one of the k candidate stencils
that cover 2k —1 cells. However, if all candidate stencils were used, then
(2k — 1)th order accuracy could be achieved.

It was proposed in [166] and [56] to remedy the free adaption problem
using a biasing strategy for the stencil selection process. However, the most
recent improvement of ENO is the WENO (weighted ENO) approximation
[126], [106]. The basic idea of WENO is to use a convex combination of all
candidate stencils to form the reconstruction. The WENO approximation is
explained more precisely in this chapter.

Suppose that the k candidate stencils S, (i) = {@;—p, ..., Ti—rpx—1} (see Fig.
18.3 for k = 3) that produce k different reconstructions for the value wu; /s
at the cell interface or the numerical flux @;,/, are available. In both cases
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the reconstruction is obtained by

k-1
ul =D e Ty T=0,.,k—1 (18.31)
=0

where the superscript r denotes the shift to the left.

Reconstruction with WENO considers a convex combination of all u(r)

i+1/2
as a new approximation at the cell boundary as follows:
k-1
Uiprys = Y wr uﬁfw (18.32)
r=0
k-1
dw=1, w>0 (18.33)
r=0

When the function u(z) includes a discontinuity in one or more of the stencils
Sy-(7) then the corresponding weight w, must be essentially zero in order to
follow as closely as possible the successful ENO idea. Furthermore, the weights
should be smooth functions of the cell averages (FV) or the point values (FD)
approximation. All these considerations [106] lead to the following forms of
the weights:

Ay

= r=0,.,k—1 (18.34)
S=0 XS
d,

o = 15 (18.35)

where ¢ > 0 taken as ¢ = 107° to avoid division by zero and 3, are the
smoothness indicators of the stencil S, (7). The smoothness indicators are ob-
tained by minimizing the total variation of the (k—1)-th degree reconstruction
polynomial p(z) constructed on each stencil S,.(7), which if evaluated at ;1 /2
yields the k-th order approximation of u(x;4q/2).

Then the smoothness indicators 3, are defined by

k—1
ﬂTmZ:l/z

The smoothness indicators for £ = 2 and 3 obtained from Eq. (18.36) are:

Ag?m—1 <W>2 dx (18.36)

Tit1/2
. omx

i—1/2

Smoothness indicators for k = 2, 3-order WENO reconstruction

Bo = (Wis1 —;)?
B = (W —U—1)* (18.37)



536 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

Smoothness indicators for k£ = 3, 5-th order WENO reconstruction
13 s 1

o = 12 (Wi — 2Uj1 + Uig2)” + 4 (30 — 4041 + Uys2)”
13 1 — N2

B = 12 (uz 1— 2u; + uz+1) + - 4 (uifl - 4ui+1) (1838)
13 1

B3 = 1 (Ti—z — 2; +u;)” + 1 (Wis — 401 + 3;)°.

Note that for k = 2 obtain (2k — 1) = 3"¢ order accuracy and for k = 3 obtain
(2k — 1) = 5*" order accuracy. The WENO idea presented for FV reconstruc-
tion carries over to the finite-difference context once the cell averages w; are
replaced by nodal values u; and the approximation at the cell boundaries of
Eq. (18.32) are replaced by the numerical flux function ;1,5 at half point
nodes.

Implementation of WENO schemes is more convenient in practice with the
formulation of Jiang and Wu [107]. For example, for k = 3, 5th-order scheme,
the numerical flux ;1,5 is taken as the weighted average of the numerical
fluxes in the three substencils Sy, S1, and Sy of Fig. 18.3. The third-order

accurate approximations u? it1/20 8= 0,1,2 are:
1 7 11
a(i)+1/2 =3 Ui—2 — 6 Ui—1 + 5 ;i
IR 1 _ 5_ 1 _
U;‘l+1/2 =76 Ui—1 + 6 u; + 3 Uit1 (18.39)
9 1_ 5 _ 1 _
Uiyr/2 = 3 Wit o Witl = @ Uitd

where @; = wu; denotes the point value at the nodes ¢ for the FD WENO
formulation.
The 5th-order accurate WENO approximation of the numerical flux is

a1'+1/2 = Wo a?+1/2 + w1 ﬁ}+1/2 + wo il/\?+1/2 (1840)

where the (2k — 1) = 5" order approximation to Uj41/2 is based on the five
point stencil 1 —2 < k <7+ 2.

For wg = 1/10, wy = 6/10, we = 3/10, which are referred to as optimal weights
in Balsara and Shu [15], the approximation of Eq. (18.40) becomes

1 13 47 9 1
u; = g5 Ui—2 — = Ui—1 + — Ui + 5= Uit1 — 5= U 18.41
W12 = g Time = gy Wimt g Wik g T = 55 Tz (1841)
or
~ 1 _ 7T _ 7T _ 1 _
ui+1/2:_ﬁUi71+ﬁui+ﬁui+1_ﬁui+l
1

— g5 (“Tim2 + 401 — 6U; + 4Wig1 = Wiy2). (18.42)
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The last form of Eq. (18.42) shows that the WENO approximation of the
numerical flux %,/ is a sum of a centered flux
P 1 _ _
Uiiy/0 = 1 (—Wi—1 + TU; + TUi1 — Uig2)
plus a dissipative portion of the WENO scheme.

Replacing w; by w; = 1 — wy — wy and using Eqgs. (18.39) in Eq. (18.40)
obtain

- 1 _ _ _ _
Uit1/2 = 1 (=Wi—1 + T0; + TUj+1 — Uit2)
1
+ g (Ui_g — 3u;_1 + 3u; — mH)wO
1 _ _ _ 1
+ 6 (Uifl — 37.14 + 37.Li+1 — ui+2) (wg — 5)
1
D) (i1 + T + T — Uig2) (18.43)
— Gw (ATi_z/2, ATi_1/2, D172, Aliyz/2)
1
BT (—=Ti—1 + T + TUi11 — Uiyo)
1 1 1
3 wo (D072D1+D2)+6 (wz — 5) (D1 72D2+D3)

where AU;_3/5 = Do = Uj—o — Ui—1, AUj_1/2 = D1 = Uj—1 — U, AlUjyy/o =
Dy =u; — U1, AUiysjaDs = Uip1 — Uiga.
The weights are defined as

o a2

wo=——0 =2 (18.44)
C¥0+041+042 a0+a1+0[2

d,
T ToTE L :05172'
YT SIE ey

Summarizing:

For k = 3 the centered stencil of the (2k — 1), 5th order scheme is:

. 1, _ o _
Uiy = 1 (—Wim1 + TU; + TUi1 — Uig2) + O (Az?) (18.45)

and the optimal weights are dy = 1/10, d; = 6/10, do = 3/10. For the
smooth regions the numerical flux is evaluated using optimal weights by

~ 1 _ 13 _ 47 _ 9 _ 1 _
Uiy1/2 = % Ui — % U;—1 + @ u; + % Uit1 — 2*() Ujt2 + @) (ASL’5) (1846)
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The dissipative WENO part is:

1 1 1
d)i = —g wWo (DQ — 2D1 + Dg) + 6 <WQ — 2) (Dl — 2D2 + D3) (1847)

The smoothness indicators 32 = SI?, r =0,1,2 are given by:

SI3 = Dy (4D — 11Dy) 4 10D?
SI? = Dy (4Dy — 5Dy) + 4D? (18.48)
SI3 = Dy (10Dy — 11D3) +4D3

Using this notation the high-order WENO reconstructions ;12 =

Z:i’;:i_ﬂ c* 7, of Balsara and Shu [15] for k = 4 and k = 5 with weights

Q- dk
wT‘ = 3 ar = —m—mmm—
ag+ay + ..o+ ap1 (e + SIF)?

are given next.

For k = 4, the centered stencil of the (2k — 1), Tth-order scheme is

e 1 _ _ _ _ _
uf+1/2 = 50 (Wi—o — 8U;—1 + 37TU; + 37041 — 8Uito + Uits) + O (Aaﬁﬁ)

the optimal weights are:

dy =1/35, dj =12/35 , dy = 18/35 , dj = 4/35.

For smooth regions the numerical flux ;o is evaluated using optimal
weights by

. 1 5 101 , 319
W, = — == U;— — Uj—2 — —= Uij— — U;
+1/2 60 284 2T 420 ' 420

107 19 1 ;
TIO Ujt1 — fo Ui+-2 + ﬁ Ui4-3 + @ (AIE ) (1849)

The dissipative WENO part is:

+

1
9L = —5 [wo(3Do — 10Dy + 12Dy —6D; + Da)
1
4 (wl - 5) (=Dy + 3Dy — 3D5 + Dy) (18.50)

1
+ (w:g — 5) (—DQ +3D3 — 3Dy + D5) ]
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with analogous as before definitions for D,., r = 0,...5 as before, and the
smoothness measures given by:

SI§ = Dy (547Dg — 2788D; + 1854 D)
+ Dy (3708D; — 5188D5)
+ D52107D,
SI} = Dy (267D1 — 1108Dy + 494D3)
+ Dy (1468D, — 1428 D3)
+ D3547Ds (18.51)
SIy = Do (547Dy — 1428 D3 + 494D)
+ D3 (1468D3 — 1108 D)
+ D4267D,
SI} = D3 (2107D3 — 5188Dy + 1854D5)
+ Dy (3708D,4 — 2788Ds)
+ D5547Ds.

For k = 5, the centered stencil for the (2k — 1), 9th-order scheme is
~ 1 _ _ _ _
u§+1/2 = % (*3“1;_3 + 29Ui_2 — 139”7;_1 + 533@61
+ 533041 — 139T 41 + 29Ti 40 — 3Uigs) + O (Az®). (18.52)
The optimal weights are:

1 10 10 20 5
dy=—,di=— ,d}=—,dy=",dj=—.
T3 2T 21 3T 637 4T 126

For smooth regions ;15 is evaluated using optimal weights by

Uiy1y2 = (1/630) W;—g — (41/2520) ;3 + (199/2520) ;o
— (641/2520) ;1 + (1879/2520) T; + (275/540) i, (18.53)
— (61/504) ;1o + (11/504) Tsy3 — (1/504) Tiya + O (Az?).
The dissipative WENO part is

60

PN = — %(—wo + 17Dy — 28Dy 4 22D3 — 8D, + Ds) wo
+ 2710 (D1 — 4Dy +6D3 — 4Dy + Ds) (wy — 1*14) (18.54)
- 3—10 (Dy — 4Ds + 6Dy — 4D5 4 Dg) (w3 — %)
+ L (2D3 — 11D3 + 24D, — 26 D5 + 14Dg — 3D7) (w4 — %4)
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and the smoothness indicators are given by:

SIZ = Dy (22658 D¢ — 163185D; + 201678D; — 86329D3)
+ Dy (297120D; — 745293 D5 + 325158 Ds)
+ Dy (478980D; — 433665D3)
+ D3107918 D5
SI? = Dy (6908D; — 47055D, + 52158 D3 — 18079D,)
+ Dy (84600D5 — 196563 D3 + 70218 D)
+ Dj (125130D3 — 94935D)
+ D422658D,
SIZ = Dy (6908Dy — 37185D5 + 30738D, — 8209D5)

+ D3 (60870D5 — 109413D, + 30738Ds) (18.55)
+ Dy (60870D, — 37185D;)
+ D56908D5

SI = Dy (22658 D5 — 949350, + 70218 D5 — 18079 D)
+ Dy (125130D, — 196563D5 + 52158 D)
+ D5 (84600D5 — 47055D5)
+ Dg6908Dyg
SI? = Dy (107918D, — 433665D;5 + 325158 Dg — 86329D-)
+ Ds (478980D5 — 745293Dg + 201678 D7)
+ Dg (297120D¢ — 163185D5)
+ D722658D;.

18.9 Application of ENO and WENO in One Dimension
Consider the one-dimensional hyperbolic conservation law
ug(x,t) + fo (u (x,t)) =0 (18.56)

with suitable initial and boundary conditions. The finite-volume and finite-
difference schemes for the numerical solution of Eq. (18.56) are applied next.
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18.9.1 Finite-Volume Formulation

Cell averaged based finite volume schemes solve the integrated version of Eq.
(18.56) over the interval {I} by

du 1

@ AL [f(u(zi1y2,1) = f(u(zipr/2,t))] (18.57)
where @ is the cell average @ = Alxi f;"’:l//; u (&) dE.
Using a numerical flux E_H/Q =h (ui_+1/2,uj+1/2) with U:E+1/2 obtained by

ENO or WENO reconstruction Eq. (18.57) is approximated by the following
conservative scheme

du 1 - -~
- Ax (fix1/2 — fic1/2)- (18.58)

Examples of motone fluxes for the two argument function h are:

1. The Gudunov flux

h(a,b) = ming<y<pf(u) if a<b
maxbgugaf(u) Zf a>b. (1859)

2. The Engquist-Osher flux
a b
h(a,b) :/ maz (f'(u),0) du+/ min (f'(u),0) du+ £(0). (18.60)
0 0
3. The Lax-Friedrichs (LF) flux

h(a,b) = = [f (a)+ f (b) —m (b—a)] (18.61)

DN =

where the constant m is m = max,|f’(u)|.

Among these fluxes the Godunov flux is the less diffusive and the LF flux the
most diffusive. For low order method (order of reconstruction 2) the selection
of the flux is critical. This difference becomes very small for higher order
reconstruction. Therefore, for high order calculations it is preferable to use
the computationally efficient LF flux.

18.9.2 Finite-Difference Formulation

The ENO and WENO finite-difference formulations are valid for uniform grid
spacing and solve Eq. (18.56) with direct conservative approximation of the
space derivative
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du 1 -~ ~
T Az (fix1/2 = fic1/2) (18.62)

where the numerical flux ﬁ+1/2 in Eq. (18.59) is obtained by ENO or WENO
reconstruction.

18.10 ENO and WENO for Characteristic Variables

The component-wise application of the finite-volume ENO and WENO
schemes is straightforward. Furthermore, the characteristic variables can be
used for ENO and WENO approximation in the following steps:

1. Compute the divided differences (or undivided differences for equal grid
spacing) for all cell averages ;

2. At the cell interfaces x;; /2

2.1 Compute an average state U;41/2 Using simple mean ;419 = (u; +
u;+1)/2 or a Roe average

2.2 Compute the right, R, and left, R™!, eigenvectors and eigenvalues
of the flux Jacobian f'(u) = 8f/0u
R = R(ujt1/2), R' = R (ui1/2), A = Aujtq2)

2.3 Transform the differences computed in step 2.1 to the local charac-
teristic field

w; = R_lﬂi

2.4 Perform scalar ENO or WENO reconstruction for each component
of the characteristic variables vector w to obtain the reconstruction
+
Wit1/2

=Rwi

2.5 Transform back into physical space uzi i1/

12 = o at the cell

faces

3. Apply on exact or approximate Riemann solver to compute the flux
Jit1/2

The finite-difference ENO or WENO for uniform meshes follows the same
steps considering the point values u; as cell averages. Using then u; compute
the undivided differences for the fluxes f(u;).

Repeat steps 2.1-2.3 and replace 2.4 and 2.5 by

2.4 Perform scalar ENO or WENO to each component of the characteristic
field w; to obtain the numerical fluxes @; 1/, at half points



ENO and WENO Schemes, J. A. Ekaterinaris 543
2.5 Transform back into physical space fto obtain
fiv172 = R Wiy1)2

and using fi_ﬂ /2 compute the conservative approximation of the flux deriva-
tive.

18.11 Multidimensional ENO and WENO Reconstruc-
tion

The multidimensional ENO and WENO schemes are based on the prelim-

inaries of the previous sections. For fully unstructured meshes, however, the

identification of suitable stencils is not straightforward. Presentation of mul-
tidimensional algorithms starts from the ENO in Cartesian meshes.

18.11.1 Finite-Volume Reconstruction for Cartesian Mesh

Multidimensional reconstruction and approximation without loss of gener-
ality is considered in two dimensions. The ideas described carry over to three
dimensions as well. Initially, consider Cartesian grid covered by cells I;; with
faces zi41/2, Yj4+1/2 denoted as ;41,2 yj41/2 and cell centers x; 5, y; ; denoted
by z;, y; as shown in Fig. 18.4. This Cartesian grid is defined as:

Lij = [vi—1/2, Tig1/2] X [Wj—1/2:Yjt1/2]

T = (%‘—1/2 + $i+1/2)/2 Y; = (yj—1/2 + yj+1/2)/2
The problem of two dimensional reconstruction for the rectangular cells of the

Cartesian mesh defined above is as follows:
Given the cell averages

i+1/2 Yj+1/2
Ujj = ) dx d 18.63
W mmay L, ), end s

Yj—1/2

find a polynomial p;;(z,y) of degree k — 1 for each cell I;; which is the k-th
order accurate approximation of u(x,y) in the cells I;;, e.g.,

pij(z,y) = u(z,y) + O (AF)
(,y) € Iy, i=1,.,Nayy j=1,.,N, (18.64)
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FIGURE 18.4: Cell definition for ENO reconstruction in two dimensional
Cartesian mesh.

where A = mazx (Az, Ay)
The polynomial p;;(z,y) gives the following approximations of the function
at the cell boundaries

i=1,..,N,
Yi—1/2 S Y < Yjr1/2

j=1,..N,
Ti12 ST < Tiyq).

“ii+1/2,y = Pij (33i¢1/27y) (18.65)

u;t,j+1/2 = pij (2, Y531/2) (18.66)

The approximations at the cell boundaries are k-th order accurate satisfying

+ . k Z: 0717"'7N”1:
ui+1/27y =u (xi+1/27 y) +0 (A ) Yi1/2 <y< Yji1/2
j=0,1,...,N,

+ _ . k
U jp1e = U (@,Yj41/2) + O (A7) Ti1jp <@ < ity (18.67)
The two dimensional ENO reconstruction problem is as follows:
Given the cell I;; and the order of accuracy k, choose a stencil S(4, j) based

on k(k 4+ 1)/2 neighboring cells, and find a polynomial p(z,y) of degree k — 1
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at most whose cell average in each of the cells in the stencil S(7, j) agrees with
u(z,y)

. 1 Yj+1/2 i+1/2 d d I S o 18,68
Uz‘j—m /1 /L » p(&,n) d&dn ij € S(i,7) (18.68)

The multidimensional ENO reconstruction is more complex than the one di-
mensional case because there are many more candidate stencils S(i,j) and
has the following difficulties:

- Some candidate stencils cannot be used to obtain the polynomial p(x,y)
that satisfies Eq. (18.68).

- Some of the polynomials do not satisfy the accuracy condition of Eq.
(18.64).

These difficulties are more profound for unstructured meshes [1]. For rect-
angular meshes [29] the tensor products of one dimensional polynomials are
used and the polynomial p(x,y) is written as

k—1 k-1

Z U " Y™, (18.69)

n=0

Furthermore, by restricting the search in the following tensor product stencils
(see Fig. 18.5)

Sps (L)) ={Imn:i—r<m<it+k—1—-r j—s<n<j+k—1-—s}

the reconstruction proceeds as in one dimension as follows:
Introduce the two dimensional primitive function

U(zx,y) / / u(&,n)d€dn (18.70)

that satisfies

Yj+1/2 Cit1/2
Uiz = [ / u(g,m)deds

Z Z Uy ALy AY, (18.71)

m=—0o0 Nn=—0o0

e.g., as in the one-dimensional case once the cell averages Uy, are known the
primitive function is exactly known at the cell face point x; 1,2, yj4+1/2-
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FIGURE 18.5: Possible reconstruction stencils in a Cartesian mesh.

Considering the tensor product stencil Sy (i, ;)

grs(iaj):(xn+1/27ym+1/2)7 j—s—1<m<j+k—-1-s
i—r—1<n<i+k—-1-r

that interpolates U at every point in S, (4,4) with the tensor product poly-
nomial P(z,y) where the derivative of P(z,y) satisfies

9*P(z,y)

play) = —- 9y (18.72)

This is the (k — 1)-th degree polynomial p(z,y) which approximates u(z,y)
to k-th order

u(z,y) = plz,y) + O (AF)

as required in Eq. (18.64) and satisfies

1 Ym+1/2 Tn41/2

Ax”Aym Ym—1/2 n—1/2

i—r<n<it+k-—1-r, j—s<m<j+k—-1-s.
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The computational cost for two-dimensional reconstruction is high because

for each point the reconstruction cost is double. Casper and Atkins [29] give
details about possible reconstruction stencils (see Fig. 18.5).

18.11.2 Finite-Volume ENO for the Euler Equations

The finite volume formulation of the two dimensional Euler equations is

du; ; 1 ~ ~ ~ —~
ety [(fz'+1/2,j = fic1/25) + @igar/2 = Gij-1/2) (18.74)
ij

where A;; is cell area and @;; is defined in Eq. (18.63) and ﬁ+1/27j etc. given
by

~ Yj+1/2
fivay2,5 2/ [ (u (zig1/2,v)) dy. (18.75)
Y

j—1/2

The integral in Eq. (18.75) is approximated by Gaussian quadrature as

Yj+1/2 y K
) ~ )7 18.
A ) o= S S f (@ ) (0879

where wy, are the weights of the quadrature formula, 2K > k with k denoting
the ENO approximation order of accuracy (see Eq. (18.64)) and K is related
to order of the quadrature, e.g., the quadrature that integrates exactly a
polynomial of degree less than or equal to 2K — 1.

The characteristic-wise implementation for the fourth order accurate ENO
or WENO scheme for a Cartesian-type quadrilateral mesh shown in Fig. 18.6
is

Fiv1/2, Z% Z h (u™ (Gp), u™ (Gp))

p=1,2

where h is a high order pointwise approximation of the flux f and G, denotes

Gaussian points at (2;41/2,y + pAY), 01 = g = 7? (see Fig. 18.6).

Evaluating the numerical flux function h with the Roe’s approximate Riemann
solver, for example, obtain

h (Gp) £ @ (Ga)) +f (@™ (Gp))]

_% RIA R [u™ (Gp) —ut (G,)]

Il
N =
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FIGURE 18.6: Computational cell and quadrature points for FV ENO recon-
struction.

where R and R™! are the right and left eigenvector matrices and A is the
diagonal eigenvalue matrix. At the Gaussian points G, these matrices are
evaluated at the Roe’s average state.

Using the cell average values of Eq. (18.63), the averages UE? are eval-
uated by performing one dimensional ENO or WENO reconstruction in the
y-direction. The left and right states @ are determined after a second one-
dimensional characteristic-wise reconstruction of W®) in the x direction as
follows:

1. The reconstructed average W® is first projected on the characteristic
variables W(®).

2. The left and right states w* are determined by reconstruction at the
Gaussian quadrature points.

3. The conservative values u*(G,) are obtained by projecting back to the
conservative variables space along the right eigen directions.

18.11.3 Two-Dimensional Reconstruction for Triangles

The reconstruction problem for triangular meshes is:
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FIGURE 18.7: Stencil definition for reconstruction in a triangular mesh.

Given the cell averages u; of u(z,y) on a triangulation T;

1
T = ) ded .
. m/n“(f n) dédn (18.77)

where |T;]| is the area of the triangle T; find a polynomial p;(x, y) of degree k—1
at most for each triangle T; such that the k-th order accurate approximation
of u(x,y) inside the triangles T; is

where A denotes a typical length of the triangle for example the longest
edge. For finite volume schemes, the approximation of u(z,y) at the triangle
boundaries (see points Py, P» in Fig. 18.7) is needed to apply quadratures as
in Eq. (18.76) and Eq. (18.78) yields the approximation of u(z,y) at these
points.

Similar to the finite volume for Cartesian mesh, given the triangle T; and the
order of accuracy k, again choose a stencil based on m = k(k+ 1)/2 neighbor-
ing triangles, which form the stencil S(¢). For S(i), find a polynomial p(z,y)
of degree k—1 the most whose cell average in each of the triangles in the stencil
S(i) agrees with the average of u(z,y) given by Eq. (18.77). This condition
yields an m x m linear system, and if this system has a unique solution then
the stencil S(i) is admissible. For second order linear reconstruction, k = 1
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the stencil formed by T; plus two immediate neighbors is admissible for most
triangulations. For third order reconstruction (k = 3) a quadratic polynomial
k —1 = 2 is needed and m = 6. Some of the stencils consisting of 7T; and
five of its neighbors may not be admissible. For fourth order reconstruction
k = 4, (cubic polynomial), m = 10, the stencil consists of T; plus nine of the
immediate neighbors shown in Fig. 18.7. The most robust way for third and
fourth order reconstruction is the least square reconstruction procedure sug-
gested by Barth and Frederickson [16] where the polynomial p is determined
by requiring that p has the same cell average as w on Ty and also has the
same cell average as u on the collection of the neighboring triangles but only
in a least-square sense. The reconstruction problem becomes extremely time
consuming for high order reconstructions in three dimensions.

Friedrich [58] proposed to use a weighted sum of all reconstruction polyno-
mials p1, ..., py as follows:

p= Zwi Di (18.79)
i=1

where the weights of p; are chosen such that w; is low if the oscillation of p; is
high. As computational cells in Friedrich formulation [58] were considered the
dual cells resulting from the lines joining the barycenters with the midpoints
of the edges (see Fig. 18.8). The cell averages are defined as

1
Uy, = u(x) dx (18.80)
[l Ja,

where ), are polygonally bounded by a finite number of line segments.
The expression for the polynomial of the cell ; is

px) =Y ca (@-b)" (18.81)
laj<n

where o = (aq, a2), x = (2,9), |a| = a1 + a2, and x* = x(a1, az) = x*1y*
In Eq. (18.81), ¢4 |a] < n are the unknown coefficients and the stencils are
defined as

S = {1, ;0 U } (18.82)

The interpolation conditions

1 _
(e = / 0 de =1
v <>>92—u2
< ( )>QN(n) = UN(n)

yield a linear system of N(n) equations for N(n) unknowns. The stencil S is
admissible if this system has a unique solution.
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FIGURE 18.8: Dual mesh definition for finite volume WENO.

Further details on the full reconstruction algorithm the selection of admis-
sible stencils and the choice of smoothness indicators and the WENO recon-
struction weights w; in Eq. (18.78) can be found in [58].

18.11.4 Multidimensional Finite-Difference ENO

For finite-difference methods for hyperbolic conservation laws, the problem
is to obtain high order, conservative approximation of the derivative from
point values [164], [165]. Similar to the one-dimensional case, in multidimen-
sions the uniform mesh assumption is essential. For finite-difference methods
in two dimensions the statement of the problem is:

Given the point u;; values of u(z,y) on a uniform mesh

find the numerical flux functions

ai+1/2,j = (ui_m-,_”, ui+k—1—r,j) 1= 0, 1, ,Nx
ui,j+1/2 =u (ui,j—s,“., Ui,j—i—k—l—s) j = O7 1, ceey Ny (1884)
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and obtain a k-th order conservative approximation of the derivative by Eq.
(18.17). Therefore, the conservative approximation of the derivative from
point values is accomplished in multidimensions as in the one-dimensional
case, e.g., considering w(z) = u(z,y;) obtain uy(z;,y;) = w'(x;) and v(y) =
u(z;,y) obtain vy (z;, y;) = v'(y;)

An example of multidimensional ENO or WENO scheme is the
characteristic-wise ENO or WENO implementation for the Euler equations
in the finite-difference context on uniform meshes. The Lax-Friedrich’s or
Roe’s approximate Riemann solver can be used to split the fluxes. For exam-
ple, using the Lax-Friedrich’s flux as building block obtain

fur (@) = 5 [f@) + 1) = My — 2]
A = maz | ()

Perform the following steps in each of the (i, 4, k) or (x,y, z) directions

1. Project the positive and negative part of the flux in the 7 direction, to
the characteristic field in the ¢ direction by multiplying with the left
eigenvectors I (m = 1 —4 for 2D or m = 1 — 5 for 3D) to obtain f}
as follows:

m

(f%‘)ﬁ-l/Q = Z(fLF)?+1/2 l?+1/2

n=1

2. Perform k-th order ENO or WENO reconstruction to obtain the numer-
ical fluxes ]ﬂL"} in the characteristic field.

3. Project the numerical (f{‘%) fluxes to the physical space by multiplying

with the right eigenvectors r]* to obtain the numerical fluxes f in the
conservative variable space

o~

()i i+1/2 = Zrz+1/2 fLF)z+1/2

n=1

4. Compute the k-th order accurate conservative approximation of the
derivative f, as

J/[;+1/2 - ﬁ—l/Q &
= Ji2 Z itz g A
fa AL O (Az")

Repeat steps 1 to 4 for the other directions to obtain the flux derivatives
gy and h..
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18.12 Optimization of WENQO Schemes

WENO schemes have been successfully applied to problems with shocks and
complex smooth flow features [163]. Direct application of WENO schemes
to wave propagation problems, such as computational aeroacoustics (CAA)
and computational electromagnetics (CEM), where resolution of short waves
is important is not optimal because WENO schemes are designed for high
resolution of discontinuities and to achieve the formal order of accuracy of the
reconstruction. Efficient and accurate resolution of short waves is achieved
in CAA with the optimized schemes where the coefficients of the scheme are
altered to minimize a particular type of error instead of the truncation error.
These optimized schemes [59], [119], [127], [195], [208], [209] have been used
successfully for better resolution of short waves in broadband acoustic wave
propagation.

Wang and Chen [192], using ideas of CAA optimized schemes proposed
modification of the WENO smoothness measures and developed an optimized
WENO (OWENO) scheme following the practice of the DPR schemes [175]
to achieve high resolution for short waves. The OWENO schemes of Wang
and Chen [192] optimizes all candidate stencils and finds the best weights
to combine them. The approach of Wang and Chen [192] was a significant
improvement over previous attempts to optimize WENO schemes [125], where
only the weights of the WENO schemes were optimized.

The development of the OWENO scheme is based on the DRP idea [175].
The OWENO scheme instead of achieving the maximum order of accuracy k,
compromises the accuracy requirement by setting popt < k in the conservative
approximation of the derivative

Ou; (af+1/2 _@11/2)
: = AgPert +1= 18.
5 . + O(AxPert),  r+s k (18.85)

and minimizes the difference between the numerical wavenumber and the ac-
tual wavenumber. The numerical wavenumber for the scalar wave equation
u+oauy, = 0 where the spatial derivative is evaluated as in Eq. (18.85) becomes

. S
a" = A—; Z Crjtr €xp (Im aAx) [1 —exp (—iaAx)] = a + O (aAx)Port
m=—-—r

(18.86)
The optimized coefficients c¢,; in the approximation of the numerical flux
Uip1/2 = Zf;é Crj Ui—ry; are obtained by minimizing the Ly norm of the
difference between the numerical wavenumber of Eq. (18.86) and the actual
wavenumber for a particular range [—~aAz , apAx]. These coefficients ¢,; are
obtained by minimizing the integral



554 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

5= [ " MR (@ Aa)—abal + (1= [Im (a7 An)d (aha) (1557

—aoAx

The OWENO scheme is then obtained in two steps:

1. For popi-th order of accuracy with Eq. (18.85) the following pept linear
equations must be satisfied

k—1
> bmjcrj=2zm  m=1,..,Pop (18.88)
=0
where b,,; and zp, are constants the rest & — pop are obtained from the
minimization of F, in Eq. (18.87)

o,

=0 | = Popt, -k — 1 18.89
8er J Y% pt ( )

2. Perform a convex combination of the k candidate pop¢-th order accurate
stencils to obtain OWENO as

GOWENO _
Uit1/2 E h. “z+1/2

sothat SF 0 h =1, h. >0, py<k+1

1 /. . ou
2 (YR -5) = (57) +o @arem) - ason

The k — 1 — py free weight parameters of Eq. (18.90) are p; < k — 1 then

determined by minimizing again the integral of Eq. (18.87) but with a”
_ k=1, —

replaced by @ = > "~ h, @

The coefficients of several high-order accurate OWENO schemes are shown in

Tables 18.11-18.1V.

TABLE 18.11
Popt = 2, p2 =1 (3rd Order OWENO)
r=20 r=1 r=2 r=3

0.28418590 -0.10076912 0.10019444 -0.27941025
1.0318226  0.60076912 -0.41620299 0.98165507
-0.41620299 0.60076912  1.0318226  -1.6250794
0.10019444 -0.10076912 0.28418590  1.9228346
hy 0.14150117  0.48616615 0.33383476 0.038497919

W N = O,
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TABLE 18.1I11
Popt =3, P2 =2 (5th Order OWENO)

J r=0 r=1 r=2 r=3
crj 0 0.25866239 -0.083333333 0.074670939 -0.18445575
1 1.0573462 0.58333333  -0.39067948  0.88670057
2 -0.39067948  0.58333333 1.0573462 -1.7200339
3 0.074670939 -0.083333333 0.25866239 2.0177891
hy 0.14196688  0.51976365  0.31535440 0.022915068

TABLE 18.IV
Popt = 4, p2 =3 (7th Order OWENO)

7 r=0 r=1 r=2 r=3
¢y 0 174 -1/12 1712 -1/4
1 13/12 7/12 -5/12 13/12
2 -5/12 7/12 13/12 -23/12
3 1/12 -1/12  1/4  25/12
hy 4/35 18/35 12/35 1/35

The new smoothness indicators of the k=4, OWENO scheme that satisfy

k-1 Tit1/2 am (x) 2
. = Amilpir = - .
B, > M T G g | 0 T=0enk—1 (1891)
m=2 k>2 i—1/2

instead of Eq. (18.36) are given by

Bo = (2u; + Buir1 + 4o — i) — (wi + 3uip1 — 3uisa + i)’

(i1 — 2u; +wig1)? + (—wi_1 + 3u; — 31 + wiyo)? (18.92)
(i1 — 2u; + wig1)? + (—wi_o + 3ui—1 — 3u; + uigr)?

(=3 +4u;—o — Bu;—1 + 2u;)® + (—ui—3 + 3uj_o — Ju;_y +u;)?

b
2
B3

Taylor expansion of 3y, (41, B2, O3 yields

By = (u Ax?) + (v Az®)? + 0(Ax%), r=0,..,3 (18.93)

therefore in the case u = /" = 0 the OWENO scheme for k = 4 does not
have the formal accuracy of standard WENO scheme (2k—1) = 7 but achieves
better resolution of high wave numbers.
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18.13 Compact WENO Approximation

It was pointed out in the previous chapter that two advantages of compact
schemes compared to non-compact (explicit) counterpoints are: (i) they yield
better accuracy and wavespace resolution for a smaller number of points in the
stencil, and (ii) they offer an advantage in the implementation of boundary
conditions because fewer boundary points must be handled. These advantages
are achieved at a moderate increase in computational cost resulting from the
matrix inversion. Pirozzoli [142], exploited the advantages of compact schemes
and developed a narrow stencil fifth order accurate WENO compact scheme
referred to from now on as CWENOQOS scheme.

Starting with the same formulation as in the beginning of this chapter (see
Eq. (18.12) through (18.17)) considered the following compact representation
for the reconstruction of the numerical flux ;o

L2 M2
Z Al ai+1/2+l = Z Ao, Uier (1894)
l=—1L1 m=DM;

The Taylor series expansion of u up to order K around z;1/2 is

K—1 O"u (1- _ xi+1/2)n K
u(z) = Z %|i+1/2 — +0 (™) (18.95)
n=0 :

Recalling that the points values at the nodes, u; which are considered as cell
averages for the finite difference ENO reconstruction, u; = u; and satisfy

Ui m _Ui m—
Uipm = + +1/2Am + 1/2 (1896)

Considering the primitive function, U(x), of u(z) that satisfies

K-1 n+1
"u (l'fxi 1 2) +
Ux) = Z W‘i+1/2 W + O (AzFT (18.97)
n=0 '
we obtain
U; = Kz_:l %| 1 [anrl _ (m o 1)n+1]Axn +0 (AngJrl)
i+m P O i+1/2 (’I’L+ 1)'

(18.98)
Inserting the Taylor series expansions for u;1;/o and Uy, from Eq. (18.95)
and Eq. (18.98), respectively, in Eq. (18.94) and matching the coefficients of
like powers of h requiring k-th order accurate approximation (with k < K)
obtain
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L2 M2
(n+1) Z At — Z am M = (m 1" =0 n=0,..,k—1
l=—1L1 m=—M;

(18.99)
Solving the system of Eq. (18.99) for L1+Lo+1, A; unknowns and M;+Ma+1,
a.n, unknowns obtain the coefficients of the compact upwind scheme. The only
fifth order accurate compact scheme (k = 5) is obtained for Ly = Ly = M; =
Ms = 1. This is a compact scheme for the evaluation of the numerical flux
that involves tridiagonal matrix inversion as follows

~ ~ N 1 19 10
3ui,1/2 + 6ui+1/2 + Uig3/2 = g Uj—1 + ? u; + ? Uit 1 (18100)
The numerical fluxes u; 1/ are related to the point values u; = w; through the
solution of the system of Eq. (18.100) yield a fifth order accurate, conservative
evaluation of the derivative as

1
Az
Furthermore, the following explicit WENO approximations were obtained
5-th order upwind-biased approximation

(ai—‘rl/Q — ai_l/g) = ’U/l(l'l) + @ (Al’k) (18101)

1
ﬁi+1/2 = 50 (2u¢,2 — 13u;—1 + 47u; + 27wy — 3’11,1;2) (18.102)

7-th order upwind-biased approximation

N 1
Uit1/2 = m ( — 3u;_3 + 25u;_o — 101u,;_1

+ 319u; + 214u; 41 — 38uiyo + 4’U,i+3) (18.103)

The approximations of Eqs. (18.102) and (18.103) can be used as fifth- or
seventh-order WENO schemes in smooth flow regions.
The resolution properties of the WENO approximations of Egs. (18.100),
(18.102), and (18.103) were demonstrated in [142]. The linear advection equa-
tion uy; + au, = 0, a > 0 was considered for the evaluation of the resolving
ability. The dispersion properties of the new schemes are compared with the
classical, symmetric compact schemes in Fig. 18.9.
The upwind-biased approximations of Egs. (18.97), (18.102), and (18.103)
introduce in addition dissipation errors. The dissipation error is shown in
Fig. 18.10. It can be seen that the compact WENO scheme of Eq. (18.100)
has very small dissipation error, smaller than the fifth-order and seventh-order
explicit schemes of Egs. (18.102) and (18.103), for the range 0 < k < m/2.
For non-periodic domains, the following fourth-order accurate boundary
closures were proposed for the implementation of Eq. (18.100).
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FIGURE 18.9: Dispersion of compact WENO schemes.

FIGURE 18.10: Dissipation of compact WENO schemes.
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- 1
Uyp = E (3U0 + 13u1 — Sug + U3)
- 1
uN+1/2 = E (25’LLN — 23UN71 + 13UN72 — 3’LLN,3) (18104)

A Roe-type, characteristic-wise, finite-difference, implementation of Piroz-
zoli’s compact CWENOS5 scheme was recently presented by Ren et al. [153].
The formulation of Ren et al. [153] closely follow the hybrid compact-ENO
ideas introduced by Adams and Shariff (1996) [3]. The implementation pro-
posed in [153] for the scalar hyperbolic conservation law

ou n Of (u)

ot ox

=0 (18.105)
is as follows

The numerical flux function ﬁ-H /2 for the evaluation of the conservative ap-
proximation of the derivative f, is obtained by

3J?i71/2 + 6]§+1/2 + ﬁ+3/2 =

1 ~
= g (fi,]_ + 19_]2 + 10fz+1) if ai+1/2 Z 0 (18106)
J?z;l/z + 6ﬁ+1/2 + 3ﬁ+3/2 =
1 ~
=3 (10f; + 19fit1 + fire) if Qiy1/2 <O (18.107)

where a;1/7 is the numerical wave speed defined by

ﬁJrl*]?i e

S g fu g —u £ 0
Gip1y2 =9 7oy 18.108
/2 %) _ otherwise ( )
k2

Denoting S;11/2 = sign (a;41/2) Eqgs. (18.106 ) can be combined as

Aiy1)2 ﬁ—1/2 + ﬁ'+1/2 + Bit1/2 ﬁ+3/2 =biy1/2 (18.109)
where

1 Si_,_l/g 1 Si+1/2

A, == B. p——

i+1/2 = 3 6 it1/2 = 3 + 6

1 + Si+1/2 1 19 5

bit1/2 = — TSf’_l + Tgfz + §f1+1
1—=Sit1)2

5 19 1
5 (gfi + T8fi+1 + 18fz‘+2)
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The compact WENO scheme of Eq. (18.109) gives very satisfactory results
for smooth flow regions. However, at the discontinuities of the solution the
Gibbs phenomenon will occur that contaminates the solution and eventually
leads to nonlinear instability.

For these regions, a hybrid method is proposed in [153] where the compact
scheme of Eq. (18.109) is coupled with the WENO procedure. The hybrid
scheme is the weighted average of the compact scheme in Eq. (18.109) and
WENO of Section 18.7.

This hybrid scheme [153] has the following form

Oiv1/2 Aiv1y2 ficij2 + fixry2 +0ic1/2 Bigiy2 fiysjz = Ciyry2 (18.110)
where o is the weight and

Civ1/2 = Oit12 b1+ (1 — 0i1)2) foE/gO

For 0,412 = 1 Eq. (18.110) reduces to the compact scheme of Eq. (18.109)
and for o;; 1,2 = 0 becomes a WENO scheme. It is necessary, therefore, that
the weight be directly related to the smoothness of the numerical solution.
This is achieved through the definition of a smoothness indicator r;; /5 are
given by

Tig1/2 = min (15, 7511) (18.111)
2 |Afiv1y2 Aficael te
(Afig12)* + (Afic1y2)* +¢
Afiyi2 = fix1 — fi
0.9r.
T 1209

Ty =

{2,f>0 re>~1

Note that Pirozzoli simply defined the smoothness indicator as 7;11/0 =
|fj+1 — f;| and determined ;41,5 by

_JVif rip <7Te and rjpi2 ST and rjiz0 ST
Tit1/2 = {0 otherwise (18.112)
where 7. is a problem dependent threshold. Using the definition of Ren et
al. [153] for 744 /2 the weight o;,,/5 is computed by

T
Gis1j2 = min (1, f/z) (18.113)
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18.14 Application of the Hybrid Compact-WENO
Scheme for the Euler Equations

A characteristic-wise approach is used in [153] with the hybrid, compact
WENO scheme for the numerical solution of the FEuler equations. The nu-
merical flux evaluation is performed in the following steps:

1. Compute an average state u;;1/o by the simple mean wu; 1/ = (u; +
u;+1)/2 or the Roe average

2. Compute the eigenvalues A\j1/2 i +1/2 = 1,2,3,4 and the left eigen-

vectors 1™

172 At the average state.

3. Perform local characteristic decomposition

m=1,2,34

(m) _
Wil =Ll Bno G

4. Define

st = sign (N1)2)
rgrnl)/z = min (r]('i)7 7"1(21)
Sm) ‘QA“)ETE/Q Awgr—nf/g‘ te
' Qw2+ (Aw™ )2 +e
(m) min | 1, rg—nl)/z

Tit1/2 e

5. Apply the hybrid, compact-WENQO scheme for the local characteristic
variables as
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(m) (m) (m) (m) (m) (m) _ (m)

Aifl/Q wiinl/g + wijrnl/Q + JZ.JFLl/Q BiT1/2 wiT3/2 = Ci:Lnl/2
(m) (m)
_ 24514 (m) 2= 812

T 6 TH2T T g

(m) (m) (m)WENO
ai+1/2 bi+1/2 + (1 - Ui+1/2) wi+1/2 (18114)

(m)

1 1+s; - . .

= (=572 @ 19 + 100() +
(m)
1 1- Sit1/2 . - .

STl (10w™ + 19w™ +w(T))

where w(MWENO is computed with the WENO scheme of Section 18.5.

Project Eq. (18.114) back to conservative variables and solve the follow-

ing block-tridiagonal system of equations to obtain the numerical flux
in the conservative variable space

[Ali, 2 Fij2 + Liv1y2 Fig1yo + [Bliv1/2 Fiysjo = €12

[A]i+1/2 =

(€]

(1) 1)
Tiv1/2 A 1

i+1/2 Ti1/2
) [B]i+1/2 =
(4)

(4) 4)
Tit1/2 A, 1

i+1/2 Ti1/2

Li+1/2 = Cit1/2 =

(18.115)
(1) 1 @
9iv12 Bivio liviye
(4) 4 @
Tiv172 Biviyo liviye
(1)
Cit1/2
2
i+1/2
B
i+1/2
D
i+1/2

18.15 Applications of ENO and WENO

It is well known in CFD that the solution error for a given problem strongly
depends on the smoothness of the computational grid. Uniform or smoothly
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varying grids always yield smaller solution errors than non-uniform or non-
smooth grids. For example, many second-order structured or unstructured
grid CFD algorithms often degrade into first-order for non-smooth grids.
Analogous behavior should be expected for higher order methods. The de-
pendence on grid smoothness of the numerical solutions obtained with ENO
was investigated by Casper and Atkins [30].

The two basic formulations, finite volume (FV) and finite difference (FD),
of ENO were considered by Casper and Atkins (1994) [30]. The FD and
FV fourth-order accurate algorithms were compared for accuracy, sensitivity
to grid irregularities, wave resolution, and computational efficiency. It was
found [30] (see Fig. 18.11) that for fourth order design accuracy the two-
dimensional FD ENO numerical solution is approximately two-times more
efficient than the FV ENO numerical solution. The CPU time for three di-
mensional implementation (see Fig. 18.12) shows more dramatic increase for
the FV formulation. For example, the CPU time required for FV ENO with
fourth-order formal accuracy is approximately three times higher than the FD
ENO with equivalent formal accuracy. It was shown, however, in [30] that the
formal accuracy of the FD ENO can only be achieved with smooth grids. The
finite volume implementation was found [30] less sensitive to derivative dis-
continuities, whether in the computational mesh or the solution. Therefore,
for applications where the computational domain is known to be sufficiently
smooth and can be suitably structured the FD ENO algorithm must be the
method of choice. Taking, however, into account that the formal accuracy of
the FD ENO can significantly degrade for non-smooth meshes [30] (see Fig.
18.13), for problems with complex geometries it may pay to use the more
expensive FV algorithm.

The resolving ability and the performance for long time integration of the
WENO and other numerical schemes presented in the previous sections was
evaluated first for simple linear problems by Ekaterinaris [54]. The perfor-
mance of centered and WENO schemes for aeroacoustics using the full Euler
equations was also considered. In addition, numerical solutions for prob-
lems with strong shocks are obtained on curvilinear coordinates with centered
schemes and characteristic based filters and compared with solutions obtained
with WENO schemes. The computed solutions are compared with available
exact solutions.

Long time integration is important in many practical applications, such
as aeroacoustics, LES and helicopter rotor aerodynamics where the tip vor-
tex and the rotor wake need to propagate for long distances. Therefore the
ability of symmetric, centered compact and non-compact schemes as well as
several WENO high-order accurate stencils was also evaluated in [54], for
wave convection. Sufficiently accurate convection of simple Gaussian pulses,
u(z,t =0) = e=9"  with twelve points per waveform (not shown here) was
achieved even with explicit fourth-order accurate in space methods.

Further accuracy test are shown for linear wave convection by the one-
dimensional wave equation u; + cu, = 0. Numerical solutions with unit wave
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FIGURE 18.11: Comparison of the required CPU time for FV and FD ENO
in two dimensions.

speed, ¢ = 1, are obtained for long propagation times. Time marching is
performed with the third-order accurate Runge-Kutta method. A time step
of At = 0.1, which is below the stability limit of the method, is used for all
tests in order to keep time integration errors at low level.

The first test is propagation of a high frequency sinusoidal wave ug(z) =
sin(mz/6). Convection of the sinusoidal wave is obtained with Az = 0.1
(twelve points per wavelength) and periodic boundary conditions. The mean
square error obtained from explicit space discretizations with the symmetric
fourth-, and sixth-order accurate schemes and with WENO schemes of fifth-
and seventh-order accuracy Eqgs. (18.46) and (18.49) is shown in Table 18.V.
It appears that only the schemes with formal accuracy more than five are
capable to obtain sufficiently accurate solution for long time integration.

TABLE 18.V
Ls error at T = 200 for the convection of sin(7z/6) with explicit
schemes
Explicit | 4" order | 6" order | 5'* order | 7" order
schemes | centered | centered | WENO | WENO
Lo error | 0.2E00 0.11E-2 0.12E-1 0.14E-3
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FIGURE 18.12: Comparison of the required CPU time for FV and FD ENO
in three dimensions.

Further evaluation of high-order accurate symmetric explicit and compact
schemes and WENO stencils to perform linear wave convection is carried out
using the following modulated wave ug(x) = cos(alz|) e~*1*l with a = 3/4
and b = 1/10 as initial condition. For explicit schemes, time integration
is performed until 77 = 200. For compact schemes, which have increased
resolving ability, time integration is performed until the final time 7" = 500.
A comparison of the solutions computed using explicit high-order symmetric
schemes and WENO stencils with the exact result is shown in Fig. 18.14.
It can be seen that at least sixth order of accuracy is needed for long time
propagation. The mean square error of the solutions computed with different
schemes is shown in Tables 18.VI and 18.VIIL. It appears that the 9" order
accurate WENO stencil provides uniformly high order of accuracy for smooth
initial data.

TABLE 18.VI
Ly error at T = 200 for the convection of cos(a|z|) e/l with explicit
schemes
Scheme | 6t order | 57" order | 7t" order | 9*" order
centered | WENO | WENO | WENO
Loy error 0.4E-3 0.1E-2 0.7E-4 0.7E-5
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FIGURE 18.13: L1 entropy errors, steady two-dimensional channel flow; (rom
Ref. [30]).
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FIGURE 18.14: Comparison of the exact solution wu(z,0) =
cos(alz|exp(—blx]) at T = 200 with results computed with explicit
schemes.
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TABLE 18.VII

Ly error at T = 500 for the convection of cos(a|z|) e~"1*l with
compact schemes

Compact | 5" order | 6" order | 8" order | 10" order
schemes | WENO | centered | centered | centered
Loy error | 0.19E-3 0.57E-4 0.92E-5 0.53E-5

The mean square error for long time integration, 7" = 500, of high order
compact schemes (see Table 18.VII) also remains at low levels. It can be
seen that compact schemes with formal order of accuracy more that four
perform adequately. The high-order accurate compact schemes appear to
be particularly suitable for linear aeroacoustic problems. The computational
time of the explicit schemes is proportional to the width of the stencil. The
computational cost of the 8" and 10" order compact schemes that require
pentadiagonal matrix inversion is the highest and almost double compared to
the time required by the explicit schemes. However, use of very high order
centered methods may be required for wave convection over long time periods.

Symmetric schemes with spectral-type filtering and characteristic-based fil-
ters of the previous chapter, as well as WENO schemes of different order
of accuracy are used to compute spread and reflection of a pressure dis-
turbance. The full nonlinear Euler equations are used for this test. At
the far field boundaries of the domain a radiation boundary condition was
used. On the solid surface the normal to the wall velocity component was
set to zero while the density and pressure were extrapolated from the in-
terior assuming that dp/On = 9p/On = 0 or dp/dy = Ip/dy = 0. It
was found that it is required to use high-order accurate approximations of
the derivatives at the wall in order to retain the accuracy of the numer-
ical solution. For example, the pressure is extrapolated using the follow-
ing one-seeded, fourth-order accurate approximation of the first derivative
(dp/dy)1 = (—25p1 + 48p2 — 36p3 + 16ps — 3p5)/12. The computed results are
compared with the exact solution which gives the time variation of an initial
pressure disturbance p (z,y) = exp {—In2 [#? — (y — yo)?]}. The initial dis-
turbance is located at y = yo, and as it spreads, reflects from a solid wall at
y=0.

A comparison of the solution computed on an artificially distorted mesh
by WENO schemes with » = 3, and 5 is shown in Fig. 18.15. It can be
seen that the solution computed with the (r = 5) 9t" order accurate WENO
scheme on a the baseline, 100x50 point grid, which provides twelve points
per wave, is almost indistinguishable from the solution computed with the
(r = 3) 5" order accurate WENO scheme on a 200x100 point grid, refined
in both directions. It is important to note that the full WENO scheme with
the appropriate smoothness measures must be used for the propagation of the
pressure disturbance with the nonlinear Euler equations. Numerical solutions
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FIGURE 18.15: Comparison of WENO scheme computations with the exact
solution.



570 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

of the linearized Euler equations that describe the propagation of the acoustic-
type pressure disturbance may be possible only with the optimal WENO
stencils of Eqgs. (18.46) and (18.49).

Several detailed comparisons demonstrated that both high-order centered
schemes and the finite-difference WENO of 7¢" order or higher are appropri-
ate for aeroacoustic computations of subsonic flows. For flows with shocks,
however, WENO schemes appear to be more appropriate for aeroacoustics,
because computation of these flows require high values of the ACM filter
parameter (k > 0.5) in order to prevent numerical oscillations. Numerical
solutions obtained for the same problem on artificially distorted meshes have
demonstrated that the accuracy of the solution does not deteriorate when the
definition of the metrics is consistent and the metrics are computed with a
high order method.

A demonstration of the performance of WENO for flows with shocks is
given next. The oblique shock reflection problem at M., = 2.9 is chosen as
test case. The pressure at y = 0.5 computed with WENO schemes of 5", 7,
and 9" order accuracy is compared with the exact solution in Fig. 18.16. The
computations were performed on a uniformly spaced 200x50 point grid in a
domain —2.0 < x < 2.0, 0 <y < 1.0. At the left inflow boundary, free stream
was specified. At the right outflow boundary all quantities were extrapolated.
On the solid wall at y = 0, slip boundary condition was specified, and at the
top the flow quantities were specified as: p = 1.69997, u = 2.61934, v =
—0.506, p = 1.528. Sufficient number of ghost points, depending on the order
of the scheme, were used at the edges of the domain in order to retain the
formal order of the scheme. For example, computations with the seven-point
wide WENOS scheme required three ghost points while solutions with the 6th
order accurate ACM method require two ghost points.

At steady state, an oblique incident shock and a reflected shock were gener-
ated. The comparison of the computed pressure with the exact solution of Fig.
18.16 shows that as the order of the WENO scheme increases the computed
solution approaches the exact solution. For all computations, the shocks are
captured within two cells. The pressure field obtained from the numerical
solutions with the 4" order accurate compact centered scheme with x = 0.7
and the 5" order accurate WENO scheme on an artificially distorted mesh
is shown in Fig. 18.17. Both solutions were computed with the explicit time
marching scheme. It can be seen that both methods can capture the oblique
strong shock without oscillations. Furthermore, the artificially distorted mesh
does not cause oscillations.

A comparison of the computed pressure at y = 0.5 from the solution ob-
tained with the 5" order accurate WENO scheme and the solutions obtained
with different values of the ACM parameter is shown in Fig. 18.18. It appears
that the computed solution is sensitive to the selection of the ACM parameter.
Furthermore, the choice of the upwind TVD limiter affects the solution.

The numerical solution for the same problem was computed with the im-
plicit time marching schemes. The convergence rates of the numerical solu-
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FIGURE 18.16: Comparison of the computed pressure at y = 0.5 with the
exact solution.
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FIGURE 18.17: Pressure field computed with WENO b5th order and
with the 4th order centered scheme with characteristic-based filter (ACM
parameterx = 0.7) on an artificially distorted mesh.
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FIGURE 18.18: Effect of ACM parameter on the computed pressure at y =
0.4.
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FIGURE 18.19: Convergence rate of WENO solutions computed with implicit
and explicit time marching.

tions obtained for different number of subiterations is shown in Fig. 18.19.
For reference, the convergence rate of the solution obtained with the explicit
third order Runge-Kutta method of Ref. [68] is shown in the same figure. At
convergence all solutions were the same and computed pressure and density
obtained from implicit or explicit time marching were almost identical.

Computations of supersonic flows over a cylinder at various Mach numbers
are shown next. These solutions are obtained using 5th and 7th order ac-
curate WENO schemes. An algebraically generated 181 x 51 point grid was
used for this computation of supersonic flows over the cylinder. Similarly to
the shock reflection case sufficient number of ghost points depending on the
order of the scheme was used at the edges of the domain. At the inflow free
stream supersonic flow was specified. At the outflow all quantities were ex-
trapolated from the interior. On the cylinder solid surface the normal to the
surface velocity component was set to zero and all the other quantities were
extrapolated from the interior using high order extrapolation and assuming
that the normal derivative is zero.

The computed pressure and entropy fields at My, = 5.0 are shown in Fig.
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FIGURE 18.20: Computed entropy and pressure fields with the 9th order
accurate WENO scheme at M = 5.
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FIGURE 18.21: Convergence history at M = 3, M = 5, and M = 10 with
the baseline and refined grids.

18.20. The resolution of the strong shock generated by the high-speed flow is
captured without oscillations. Similar to the oblique shock computations of
the previous chapter the shock for the supersonic cylinder flow (see Fig. 18.20)
is captured within two cells. The convergence rate obtained at different Mach
numbers, order of accuracy, and for baseline (91 x 51) and refined (181 x 101)
grids is shown in Fig. 18.21. All computations were obtained at the same
time step and the third order TVD Runge-Kutta method of Ref. [68]. For all
cases, the convergence was satisfactory and the solution practically remained
unchanged when the residuals drop four orders of magnitude. A comparison
of the computed pressure distributions for the grid line on the symmetry axis
that passes through the stagnation point is shown in Fig. 18.22. It can be seen
that the shock is captured within two computational cells and the solution is
free from oscillations.

Inviscid flows solutions over a NACA-0015 airfoil are computed using the
5t order accurate WENO scheme. The computed pressure fields at transonic
and supersonic speed are shown in Figs. 18.26 and 18.27. The solutions were
computed with the explicit time marching scheme on a 261 x 51 point, C-type
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FIGURE 18.22: Computed pressure on the symmetry line at M =3, M =5,
and M = 10.
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FIGURE 18.23: Computed pressure field over a NACA-0015 airfoil at M = 2,
and o = 2 deg.

grid. The airfoil grid included three ghost points at the edges of the domain
in order to use the WENOb5 scheme for the entire domain without dropping
the stencil accuracy at the airfoil surface and the wake. The supersonic and
transonic flow computations were obtained on the same grid. For both flow
speeds, a smooth solution is obtained on the highly stretched, high aspect
ratio C-type grid.

The computed pressure field at M., = 2.0 is shown in Fig. 18.23. The
computed pressure field shows adequate resolution of the leading edge bow
shock and the two shocks at the trailing edge despite of the coarseness of the
grid. The same type of inflow/outflow and solid wall boundary conditions
as the supersonic cylinder flow was used. At the wake of the C-type grid
averaging was used. For the transonic flow computation at M., = 0.8, the
shocks of the upper and lower surface shown by the pressure contours of
Fig. 18.24 are well resolved. For this computation the inflow and outflow
boundary conditions were specified using one-dimensional Riemann invariants.
A comparison of the computed surface pressure coefficient for transonic flow
over the NACA-0012 airfoil with the experimental data is shown in Fig. 18.25.
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FIGURE 18.24: Computed pressure field over a NACA-0015 airfoil at M =
0.8, and o = 0.1 deg.
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FIGURE 18.25: Computed of the computed surface pressure coefficient over
a NACA-0015 airfoil at M = 0.8, and a = 0.1 deg. with the experiment.

The overall agreement of the computed inviscid solution with the experiment
is satisfactory and the shock is resolved within two cells.

Numerical solutions of two-dimensional viscous transonic flow over airfoils
were obtained using a second-order accurate FV ENO or WENO scheme by
Yang et al. [199]. The LU-SGS scheme of Section 18.3 was used for time
integration to avoid stability limitations from the highly clustered viscous
meshes. The computations of Yang et al. [199] showed sharp capturing of
discontinuities without oscillations. It was found that after the residuals of
the ENO2 scheme have decayed for three orders of magnitude the convergence
levelled off. In contrast, as expected (see remarks in Section 18.4) a monotone
convergence was achieved with the WENO2 scheme. The computed surface
pressure distributions from the ENO and WENO algorithms were almost in-
distinguishable. Very good agreement with the measured pressure coefficient
distribution was found in [199] for three-dimensional flow over the ONERA
M6 computed with the WENO2 scheme. Comparisons of the surface pressure
distribution are shown in Fig. 18.26.

The resolution and efficiency of high-order accurate WENO schemes for
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FIGURE 18.26: Steady pressure distributions for ONERA M6 wing at, M =
0.8395, v = 3.06 deg., and Re = 2.6 x 105; (from Ref. [199]).



582 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

the computation of flows containing both discontinuities and complex flow
features was recently demonstrated by Shi et al. (2003) [163]. The first repre-
sentative numerical example was the double Mach reflection, a problem that
includes strong shock waves and very complex flow features. This problem was
initially proposed by Woodward and Colella (1984) [198] and has been used
extensively in the literature as a test for high resolution schemes. A Mach
10, right moving shock at an angle of 60° degrees is reflected from a wall (for
more details see [198]). The flow is computed as inviscid and the results are
displayed in Fig. 18.27 at ¢ = 0.2 in the domain [0, 3] x [0, 1]. Three different
uniform meshes h = 1/240, h = 1/480, and h = 1/960 were used in [163].
The computed solutions are compared in Fig. 18.27. It is clear that WENOY9
with h = 1/240 produces qualitatively the same resolution as WENOS with
h =1/480. The same is true for WENOS5 with h = 1/960 and WENOY with
h = 1/480. It is evident that the resolution increases consistently with the
order of accuracy and mesh refinement. Furthermore, the ability to obtain
the same resolution with half the mesh by increasing the order of the method
(compare WENOS with h = 1/960 and WENOY with h = 1/480) is clearly
demonstrated.

The second problem considered in [163] is the Reyleigh-Taylor (RT) insta-
bility. This instability happens on an interface between fluids with different
densities due to the motion of the heavy fluid. The numerical solution of the
RT problem demonstrates the ability of WENO schemes to consistently cap-
ture smooth, complex flow features with increased resolution either by grid
refinement or the increase of the order of the method. Inviscid flow in a com-
putational domain [0,1/4] x [0, 1] was computed in [163] with the heavy fluid
with density p = 2 below, the interface at y = 1/2, and the light fluid with
p = 1 above the interface. The solutions of Fig. 18.28 were computed on uni-
form meshes with h = 1/240, 1/480, 1/960, and 1/1920. Again the WENO9
scheme yields the same resolution with the WENOS5 scheme at double grid
resolution. In both cases of Figs. 18.27 and 18.28, the comparable resolution
obtained with the WENOY scheme using half the number of grid points in
each direction than WENOS implies significant saving in computational time
since the WENOY scheme needs only approximately 30% more CPU time
than the WENQOS5 scheme.

The dynamics of shock vortex interactions and the coupling of counter-
rotating compressible vortices interacting with a planar shock wave were in-
vestigated by Grasso and Pirozzoli in [70], [71], and [141], respectively. The
numerical solutions of the inviscid, compressible flow equations was obtained
using a finite volume WENO scheme for Cartesian type meshes. The simu-
lations for the single vortex-shock wave interaction [70] initiated with a ho-
moentropic Taylor vortex. Results from the simulations of [70] are shown in
Fig. 18.37 and 18.38. Fig. 18.29 shows the evolution of shock-vortex inter-
action with the computed Schlieren plot for a shock at My = 1.2 and vortex
Mach number M, = 0.8. Fig. 18.30 shows the computed pressure contour
plots at the same times with Fig. 18.29.
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FIGURE 18.27: Double Mach reflection problem. Blown-up region around the
double Mach stems. Density; 30 equally spaced contour lines from p = 1.5
to p = 22.9704. Left from top to bottom: fifth order WENO results with
h =1/240,1/480, 1/960; right from top to bottom: ninth order WENO results
with h = 1/240,1/480,1/960; (from Ref. [163]).
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FIGURE 18.28: Rayleigh-Taylor Instability. Density; 15 equally spaced con-
tour lines from p = 0.952269 to p = 2.14589. Top from left to right: fifth
order WENO results with h = 1/240,1/480,1/960,1/1920; bottom left to
right: ninth order WENO results with h = 1/240, 1/480, 1/960,1/1920; (from
Ref. [163]).
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FIGURE 18.29: Computed Schlieren for shock-vortex interaction (from Ref.
[70]).
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FIGURE 18.30: Computed pressure field for shock vortex interaction (from
Ref. [70]).
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The dynamics of the interaction of shock-wave at My = 5.0 colliding with a
counter-rotating vortex pair at M, = 0.26 from [71] are shown in Fig. 18.31.
The numerical Schlieren for shock wave-colliding vortex pair interaction at
M, =0.9, My = 1.2 [141] is shown in Fig. 18.32. The acoustic pressure field
from [141] at M,, = 0.1, M, = 1.2 is shown in Fig. 18.41. It can be seen that in
all cases the dynamics of the interaction and the flow filed structure are very
complex. The computed solutions in [70] and [71] were found in very good
agreement with measurement and analytic solutions from acoustic analogies.
These results show that high order WENO schemes are appropriate for the
computation of noise. Further investigation of three dimensional shock ring-
vortex interaction was carried out by Pirozzoli (2004) [143] using the compact
WENO scheme he developed in [142]. The computed complex interaction of
the impact of a vortex ring M, = 0.25 on a planar shock M = 1.5 is shown
in Fig. 18.42.

Adams [5] used the hybrid compact-ENO finite difference scheme of [3] to
perform direct simulation of the flow over a compression ramp. The scheme
used for this DNS is 5th order accurate in smooth flow regions and around
the discontinuities becomes the 4th order ENO scheme. The viscous terms
in [3] are discretized with the 6th order accurate compact finite-difference
scheme of Lele [119]. Time marching of the DNS in [5] is performed with a
RK3 method. Computed Schlieren from the DNS in Fig. 18.34 are in good
agreement with similar measurement shown for comparison in Fig. 18.35. The
computed density field is shown in Fig. 18.36. The good agreement of the
DNS of [5] with the experiments demonstrates that high order accurate ENO
discretization yields the necessary resolution and keeps the numerical diffusion
at a low level. These are key ingredients required for accurate capturing of
turbulent fluctuations in compressible turbulence DNS and LES. Additional
computations with ENO and WENO schemes can be found in [144], [46], [74],
[121], [122], [32].
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FIGURE 18.32: Shock wave-colliding vortex pair interaction: numerical
Schlieren at M, = 0.9, M, = 1.2, d = 4r,, Type-V interaction; (SW), shock
wave; (SN), diffracted shock (from Ref. [71]).
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FIGURE 18.33: Shock wave-colliding vortex pair interaction: acoustic pres-
sure field at M, = 0.1, My = 1.2, d = 4r,, Type-I interaction, —0.1 < p’ < 0.5,
72 contour levels. Dashed lines stand for p’ < 0 while solid lines stand for
p’ > 0 (from Ref. [71]).
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FIGURE 18.34: Flow-field Schlieren imitation with density gradient contours,
(a) instantaneous x-average, (b) x-average and time average using 100 samples
(from Ref. [5]).
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FIGURE 18.35: Flow-field experimental Schlieren visualization of a 25 deg.
compression ramp at M = 2.9, Rey = 9600 provided by A. Zheltovodov,
ITAM, Novosibirsk.

FIGURE 18.36: Density at the wall, in the plane x = 2.9 and four cross-flow
planes; shock-surface with 9,,u; = —0.4 (from Ref. [5]).
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19.1 The Discontinuous Galerkin (DG) Method

Generation of structured three-dimensional meshes even in domains with
moderate complexity, such as a wing body junction, is not trivial. On the
other hand, the performance of most high-resolution accurate methods de-
pends on the smoothness of the grid. The difficulty in generating smooth
structured grids for complex geometries has promoted the development of
finite-volume algorithms for unstructured grids [83], [108], [131], [186], [191].
These unstructured grid methods are second order accurate. Higher-order
finite-volume schemes were pioneered by Barth and Frederickson [16] with
the k-exact finite volume scheme that can be used for arbitrary high order re-
construction in triangular or tetrahedral meshes. The implementation of ENO
for unstructured grids was developed by Abgrall [1], while WENO schemes
for triangular meshes were developed by Friedrich [58] and Hu and Shu [90].
Theoretically, the finite volume approaches of [16] and [90], [1] can be used to
obtain arbitrarily high-order accurate finite volume schemes with high-order
polynomial data reconstructions. However, in practice higher than linear re-
constructions are not used in three dimensions because of the difficulty to
construct nonsingular stencils and the large memory required to store the re-
construction coefficients. This was clearly shown by Delanaye and Liu [45]
who found that for the third-order (quadratic reconstruction) FV scheme in
three dimensions, the average size of the reconstruction stencils is about 50-
70. The size of reconstruction stencils increases nonlinearly with the order of
accuracy and it was estimated that for the fourth-order FV scheme the stencil
size would be approximately 120.

The high-order accurate conservative scheme called the discontinuous
Galerkin (DG) method developed by Cockburn et al. in a series of papers

593
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( [34], [35], [36], [40]) shows promise for high resolution simulations in fully
unstructured meshes and shows promise to overcome the problems encoun-
tered with the unstructured finite volume methods. The DG method assumes
a high-order expansion for the distribution of the state variables for each ele-
ment and solves for the coefficients of the expansion polynomials. The result-
ing state variables are usually not continuous across the element boundaries.
Therefore, the fluxes through the element boundaries are computed using an
approximate Riemann solver and the residual is minimized with a Galerkin
approach. It is the use of Riemann fluxes across element boundaries makes
the DG method fully conservative.

19.2 Space Discretization

The basic idea of the DG method is described in this chapter. Further infor-
mation and more details can be found in the original references [36], [151], [38]
and the reviews [39], [40]. For each time ¢ € [0,7] the approximate solution,
up, of the governing equations in conservation law form, d;u + divF(u) = 0,
is sought in the finite element space of discontinuous functions V3

Vi, = {¢on € L=®(Q) : éu|k € P*(K), VK € T},} (19.1)

where T}, is a discretization of the domain 2 using triangular or quadrilat-
eral elements and P*(K) is the local space that contains the collection of
polynomials up to degree k.

The development of the DG method starts from weak formulation of the
governing equations

d
p /Ku (z,t) ¢(x) dQ = /KF (u (x,t) - V(¢ (2)) dQ—
Z fF (u (xat))'ne,K (b (IL') dS

e€OK

(19.2)

where ¢ () is any sufficiently smooth test function and n. x denotes the
outward, unit normal to the face or edge e of an element.

The stiffness matrix integral at the left hand side of Eq. (19.2) is evaluated
numerically using Gauss-Radau integration rules. The integrals on the right
hand side of Eq. (19.2) are evaluated using appropriate quadrature rules as
follows:
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L
JF @) neie 0 (@) 48 =360 F (u (00.0) e 6 ) el (19.3)
¢ =1

J
/K F (u(z,t))-V (¢ (2)) dQ =~ ij F(u(zk j,1)-V (¢ (zk ;) | K| (19.4)

For example, for a third-order polynomial basis, a Gaussian quadrature rule
that integrates exactly at least sixth-order polynomial is used for the line
integrals of Eq. (19.3). In general, a k' order DG method (k — 1 order
polynomial reconstruction) requires a 2k-th order quadrature formula for the
surface (line) integrals of Eq. (19.3), and a (2k—1)th order quadrature formula
for the volume integrals of Eq. (19.4).

The data are assumed discontinuous across the interfaces of the continuous
domain and at each interface two values are available. Therefore, the flux
F (u (z,t)) - n. g ¢(z) is replaced by a suitable numerical flux F, x(z,t)
for the approximate solution w, and the test function ¢, € V(K). Using

F. k(z,t) in Egs. (19.3) and (19.4) the approximate solution uy, is given by

d

g [ 1) one) do =

J
> wi F (un (zx 5,1) - Vign (zx 5)) |K]

L
S U Fo(u (e t) - nex ¢ (za) e,

ecoK =1
Vo €V (K), VK € T, (19.5)

where time advancement of Eq. (19.5) is performed with the third order
accurate Runge-Kutta method.

The major difference of the DG formulation with a standard node-based
Galerkin finite element method is that the expansion in each element is local
without any continuity across the element boundaries. The value of the nu-
merical flux Fe g (x,t) at the edge of the boundary of the element K depends
on two values of the approximate solution, one from the interior (right) of the
element K, uft = uj, (25 ) = u; , and the other from the exterior (left)
of the element K, ul = uy,(x¢**¥) ¢) = ut Any consistent, conservative
exact_or approximate Riemann solver can be used to obtain the numerical
flux F. i (u (2™ 1), u (227 1)) or F.  (u™,ut) as follows

[F(u") neg +F (uh) nex — F(u™, ut)]  (19.6)
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where F*(u~, u™) is the dissipative part of the numerical flux. The com-
putationally efficient local Lax-Friedrichs flux is used in many applications.
The flux F is split as F = Ft + F~ where F* = F 4+ aq where a = X\ and
A is the maximum eigenvalue of the flux Jacobian. For the linearized Euler
equations the eigenvalues are constant and the derivatives are continuous for
the nonlinear case, however, in order to obtain continuous higher derivatives
= V&2 + A2 with e = 0.05. The DG method can be applied for discretiza-
tions on triangular, quadrilateral or mixed-type of elements. Expansion bases
of different order for triangular and quadrilateral elements are shown next.

19.3 Triangular Element Bases

For the general nonlinear case, the order of accuracy of the DG method (see
Ref. [39] and references therein) is at least k + 1/2 if polynomials of degree at
most k are used as basis functions. Furthermore, it was shown (see Ref. [39])
that for linear problems that for canonical semi-uniform triangular grids the
order of accuracy is (k + 1). For simplicity in the rest of this chapter, the
method is called (k+1)*" order accurate if the basis functions are polynomials
of degree at most k.

The approximate solution within each element is expanded in a series of
local bases functions (polynomials) as follows

d
(z,y,t Zc] Pk (z,9) (19.7)

Jj=1

where ¢;(t),j = 1,2, ...,d are expansion coefficients or degrees of freedom for
each element, to be evolved in time, and Pf(ac,y) are polynomial bases of
degree k the most. The range of d number of polynomials (also number of
nodes on a triangle) in Eq. (19.7) in two dimensions is related to the degree
of the polynomial by d = (k+1) (k+2)/2. For example, cubic reconstruction
k = 3 requires d = 10 e.g., 10 nodes (see Fig. 19.1).

The value of d for bases in two and three dimensions, e.g., triangles or
tetrahedra is given by

d:<"zk)zw (19.8)

where k is the order of the polynomial P]k =1,..,d and (n = 2 in the rest
of this chapter) is the spatial dimension of the problem. It can be seen that
in three dimensions the third order basis includes 20 polynomials and the
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FIGURE 19.1: Nodal points for polynomial bases for P!, P2, and P? bases

on triangular elements.
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FIGURE 19.2: Nodal points on the P! reference element.

fifth order basis 56 polynomials. It appears therefore, that for realistic, three-
dimensional problems, it could be very intensive computationally to achieve
accuracy higher than fourth order. Simple nodal bases of first-, third-, and
fifth-order polynomials for triangular elements are given next.

19.3.1 First-Order Polynomials

The following first order basis (d = 3), le j = 1,2,3, is used to achieve
second order accuracy.

Pl=1-2y, P} =22+2y—1, Pf =1-2z (19.9)

Each of these polynomials (see Fig. 19.2) takes unit value at one node,
located in the middle of an edge, and zero value at the other nodes located
at the middle of the other edges. The polynomials P!, P}, Pi of Eq. (19.9)
are orthogonal ([, PiP; = 0, i # j) and the mass matrix resulting from the
integration at the left hand side of Eq. (19.2) is diagonal. For the first- as
well as the higher-order bases all calculations of Eq. (19.5), are carried out
on the reference element. The numerical flux computation along the edges of
the element, which depends on the neighboring element, may be carried out
at the physical space or at the transformed space.
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19.3.2 Third-Order Polynomials

The following third-order basis (d = 10), Pf j =1,...,10, can be used to
achieve fourth-order accuracy.

P} =92 (2* —x —2/9)/2
Py =9y (v —y—2/9)/2
Pi=9(1~-z—-y) (2/3-z—y) (1/3-z—y)/2
P} =92y 3z —1)/2
PY = 2Txy (y —1/3)/2
P =27y (1—z—y) (y—1/3)/2
PP =2Ty (1—x—y) (2/3—x—y)/2
P}=2Tx (1—z—y) (2/3—2—y)/2
P} =27z (x—1/3) (1 —x—vy)/2
Py =2Tay (1 -z —y)
(19.10)

At the reference element, each of these polynomials (see Fig. 19.2) takes
unit value at one of the 1/3-distance nodes and zero value at all other nodes.
The third-order polynomial basis, Pf, j = 1,..,10, of Eq. (19.10) are
nonorthogonal and the mass matrix of Eq. (19.5) is computed using high-
order accurate Gauss-Radau integration. In addition, orthogonal, Jacobi
polynomial, modal bases [110] may be defined for the reference triangle as
follows
P! Jacobi basis

1, 142647, —1+3n.

P? Jacobi basis

1, 1+26+7n, —1+3n
1—2n+n% 460 — 61+ 602, 1+ 59+ 10&n — 61 — 26, 1 — 8y + 107°.
P3 Jacobi basis

1, 1+26+n, —1+3n
1—2n+ 1%+ 6n — 60+ 602, 14592 + 106y — 61 — 26, 1 — 8y + 101>
—1+n® — 24&n + 30&%n + 126 + 2063 + 12€ + 3n — 3n* — 30€2,
—1 4 7% +42¢n* — 159% — 48€n + 9n + 42620 — 662 + 6¢,
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—1 4 219 + 426n* — 3302 — 24&n + 130 + 2¢
—1+ 151 — 45n% + 351°.

Clearly these bases are hierarchical and offer an advantage for p— type
multigrid and p refinement.

19.3.3 Fifth-Order Polynomials

Sixth-order accurate solutions in two dimensions are obtained with a poly-
nomial basis that contains 6 x 7/2 or 7!/(2! 5I) = 21 polynomials. These
polynomials (or higher order polynomial bases [91], [110]) may be systemati-
cally defined through the use of triangular coordinates x,y,t = 1 —xz —y. The
general form of Lagrange interpolation in triangular coordinates is given by

Pp(z,y,t) = L (z) L; (y) Ly (1) (19.11)

where L, (z) are one-dimensional (m — 1) order Lagrange polynomials [110]
and L = L (i,4,k) (see Fig. 19.3) denotes the nodal index. For example, in
Fig. 19.4 at the nodal index L (2,3, 3) the base polynomial is defined as

(y—1/5) t (t—1/5)

() (25)

This fifth order polynomial Lagrange basis is also nonorthogonal and the
mass matrix is computed using Gauss Radau integration. Note that the le
and Pf’ bases can be constructed using procedure followed for the construc-
tion of the Pf basis. The Lagrange bases for triangular elements offer an
implementation advantage compared to hierarchical bases, which are more
appropriate for multigrid [57], because for the selected bases the nodal val-
ues are known. For nodal Lagrange bases it is more efficient to perform the
numerical flux computation on the physical space.

Pss) (x,y,1) = bz Y (19.12)

19.4 Quadrilateral Element Bases

Space discretization can also be obtained using quadrilateral isoparametric
elements (see Fig. 19.5) of arbitrary shape. The reference element is a square
(see Fig. 19.5) with vertices at the points (—1,—-1), (1,-1), (1,1), (—1,1).
In Fig. 19.5, the physical space arbitrary shape quadrilateral and the nodal
points of the third order accurate polynomial basis on the reference element
are also shown. The coordinates x?,j =1,2, k=1,2,3,4 (2} = 2%, 2k = ¢¥)
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FIGURE 19.3: Nodal points on the P? reference element.

FIGURE 19.4: Nodal points on the P® reference element.
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Reference element Physical space element
-1,1) n 1)
4 1! 7! 3
E i X4, 4
16! 15 | . (x4, y%)
8 i i 10
13! 14 g 03, y3)
12 i | 6
1 5i 9. 2
(-1,-1) (1,-1) (X2, y?)

FIGURE 19.5: Reference element with nodal points for third-order polyno-
mial basis and isoparametric mapping for the arbitrary shape quadrilateral
element in physical space.

of the arbitrary shape quadrilateral elements in the physical space are related
to the square reference element coordinates ; (Z1 = &, T2 = ¥) through the
map

4
=" i (@1, B) o (19.13)

k=1

where ﬁ (Z1, Z2) are first order Lagrange polynomials J/C;C (Z1, Za) =
(14 2% 71) (1 + 25 73)/4. The basis polynomials PF (x,y) € Q* for fi-
nite element discretization with quadrilateral elements are tensor products of
appropriate order one-dimensional Lagrange polynomials. For example, the
basis with third order accurate polynomials is P? (z,y) = L; (z) Ly (y), i =

L 16, j, k=1,2,3,4.
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19.5 Implementation of a Quadrature-Free DG Method
for Systems of Linear Hyperbolic Equations

Large portion of computational resources during the implementation of
the DG method is devoted for the evaluation of integrals, such as the mass
and stiffness matrices using quadrature rules. For linear problems, the com-
putational cost of the DG method can be significantly reduced using the
quadrature-free DG method.

For simplicity, and without loss of generality, the quadrature-free DG
method is presented for the following two-dimensional system of linear hy-
perbolic equations

Ouyp Oug
o

Oug

The numerical solution in each triangular element 7™ is approximated as

(™), (En ) =Ty (1) @ (€,m),  dEm) EV (19.15)

where ¢ and 7 are the coordinates of the reference element (see Fig. 19.6)
defined by

r=x1+ (x2—21) E+ (X3 —21) M
y=y1+ W —y) &+ (s —v1)n

£= ﬁ [(x3y1 — 21y3) + = (ys —y1) +y (1 — x3)]
7 = |17‘ (@192 — woy) + @ (g1 — )+ y (22— 21)]

|J| = (w2 — x1) (y3 —y1) — (w3 — 21) (Y2 —¥1)-

After multiplication with a test function ®; € V and integration by parts
obtain

ou
o), —L dV + / ®, F" dS —
L(m) b ot P kp
aq)k: 8¢)k
- /T(m) <c‘)x Apq g + Oy Bpq uq) av =20 (19.16)

where F]f is the numerical flux.
The global system solution vector u, (see Fig. 19.6) is transformed to the
edge-aligned coordinate system through the transformation
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FIGURE 19.6: Physical and transformed space elements.

10 00
0ng —n, 0

up =Ty us . Tpg= 0n, anO (19.17)
00 0 1

where n = (n,,n,)7 is the edge normal unit vector.

Using the exact Godunov’s flux [67] or any other approximate flux to evalu-
ate the numerical flux Fé’ between two triangles 7™ and 7™, the numerical
flux for the global x-y system is

1 —1~(m m
Fy = 5 Tyg (AQ + AL (Tr) 7' al” @™
1 ~\n n
+ o Tpg (AL = |AT]) (L) 710 @™, (19.18)

2

With the notation introduced, the physical x-y space DG method becomes
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9 A<m>/
o), O, dV +
8t pl o) k *1

Z oy (A AL @) G [ el e as +
2 @TCm),

Z Pq 2 r_lAgr) (T{Zs) lu:(;l)/ ’ .(I)k (Dl ds —

~(m) 0Py, ~(m) 0Py,
Apy T /T(m) Sk AV - By, T /(m) S @ dV = 0.

(19.19)

For integration in the reference space, the semi-discrete DG formulation be-
comes

0
at

Z S 5 (A4 145D (@) s / " () @)™ () diy +

A(””lJ\/ O 0; dédy +

1
Z o g (AT = 1AL (T~ s [ 8 (e) 90(a) da, -

- 0y, N 0 9%,
AF Uyl —— ®; dédn — B, ug|J — &, dédn = 0.
pq ql‘ | - 65 l n pq ql| | - 8?’]
(19.20)
A;q = Apga + Bpe&y B;q = Apgnz + Bpgny

where 0 < z; < 1 is the parametrization of the j-th edge of the reference
element and |S;| is the length of the edge in physical space.

The following integrals may be precalculated using appropriate order
quadrature rules

Mkl = / (I)k@l dfdn
T
1 1
F,gf:/o o (a) day | FJ :/0 o™ (25) ' (x;) da; (19.21)

8k ak
Kf:/ @dd,ng/—CDdd
kl - 8€ 1 dédn kl - an 1 dédn.
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Then time integration of the semi-discrete DG formulation with RK3 or
RK4 yields the quadrature-free Runge-Kutta DG approach of Atkins and
Shu (1998) [12].

19.6 Arbitrary High Order DG Schemes

The ADER (Arbitrary high order scheme which utilizes the hyperbolic Rie-
mann problem for the advection, of the higher order DERivatives) can be
applied for DG numerical solutions of linear hyperbolic systems to obtain a
quadrature-free, explicit single step method of arbitrary order of accuracy in
both space and time.

Note that for the nonlinear case, the ADER-DG scheme requires Gaussian
quadratures of suitable order of accuracy. The ADER approach of Titarev
and Toro [179] is based on the solution of the generalized Riemann problems
(GRPs) at the cell boundaries and application of the Lax-Wendroff procedure
for highly accurate time integration of the numerical flux. It was shown
numerically by Dumbser et al. [49] that the ADER-DG scheme is 3N + 3
order accurate for N-th order basis functions.

19.6.1 ADER-DG-Discretization
The main ingredients of the method are:
e Taylor expansion in time of the solution

e Use of the Lax-Wendroff procedure to replace time derivatives by space
derivatives

e Solution of generalized Riemann problems (GRP) to approximate space
derivatives

Consider the original linear PDE for the reference element

ou ou ou
S T (Apabe + Buedy) 8—5 + (Apgnz + Bpgny) 6—”" =0 (19.22)
or in compact form using the abbreviation Ay = Ap.&: + Bpg&y
Oup | go Mg e Dy (19.23)

ot Pq o pq 877 -

The k-th time derivative in the £ — 1 reference space is given by
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akup k * *
G = (FDF (43,0 + Bj,dy) g, (19.24)

The expansion of the solution in a Taylor series in time up to order N is

gk N tk .
up(@,t) =D, 15 o => 1 (S (A3,0¢ + Bpom)" ug(x,0).
k=0 k=0
(19.25)
The discontinuous Galerkin approximation is
Nk
up(x,t) = Z il (71)]6(14;(165 + B;qan)k ;&) up(0). (19.26)

k=0

Projection of the DG approximation onto each basis function yields the fol-
lowing approximation of the evolution of the degrees of freedom during one
time step from level n to level n + 1.

(0,500 i (14 (45,0¢ + By, 00085))
(@, D)

Upi(t) = Ggm(0)  (19.27)

analytic integration in time yields

= aq?n(o)

(h41) . . .
/AtA (t) dt (@ Tilo A5y (4540 + Byydu)" 2(6))
Uu
0 o <(I)n7q)l>

Iplqm(At)
= plqm(At) ﬂqm(o)- (19.28)

The ADER-DG scheme for linear hyperbolic systems becomes

(@5t = @iy 171 M

3
1 4 :
+ 52 T3 (AL + |ALD) (T2)7YS) |FY) - Lamn(A) (@50) (19.29)

j=

—

%Z AT (TS5 Fl- Tamn(80) @)

= Ay WKy aimn (D) (@) = By 1] Ky Tamn(A2) (@) = 0.

mn
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19.6.2 ADER-DG Schemes for Nonlinear Hyperbolic Sys-
tems

Consider the nonlinear hyperbolic system of the form

%+V~F(u) =0 , TF=I[fg (19.30)

The weak form of the nonlinear problem is

I (un)e <I>kd§d77+/ Fhon®y, dS —|J| [ F(up)V®, dédn =0

Tg aT(m) Tg
(19.31)
where F” - n denotes the numerical flux over the element boundary.
Using N g P Gaussian quadrature points for the boundary integral and N‘C,; P
Gaussian quadrature points for the volume integral obtain

3 NP
‘/BT(M) F'.n PrdS ~ jzz:l |S]| nz::l wth (u(m) (xn)’u(k) (-Tn)) nj(I)k(fL'n)
(19.32)
NGF
/T F(up)VPy dédn =~ Z U F (un(Enynn)) V(@ (Ensn)) - (19.33)
F n=1

For the nonlinear case, the evaluation of higher order time derivatives is more
complicated, for example:

gt — [A (w)uy] uy — [B'(u) w] wy — B(u) wye
wr — B(u) uyy — [A'(w)uy] vy — [B'(u) ug] uy (19.34)
oy — B(u) uyy — [A/(U)“y] uy — [B'(u) Uy] uy.

<
+
8
|
|
N
—~ o~ —~
<
—_— — ~— ~—
<

S

The last two equations can be used to express uy in terms of pure space
derivatives.

The essential part of the nonlinear ADER-DG scheme is the solution of the
generalized Riemann problem (GRP) posed by the DG polynomials uglm) (z,y).
The solution of the GRP is determined by the solution uf*X" of a conventional

(piecewise constant data) nonlinear Riemann problem of the boundary ex-
trapolated values ugm)(xn) and ugmk)(xn) on the left and right hand side of the
quadrature point x,.

Consider again a hyperbolic PDE with appropriate initial and boundary
conditions.
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PDE u+V-Fu)=0
(m) : (m)
IC Up (‘rayvo) = u}zk) (:En) Z‘f (x’ y) < T k
uh (xn) Zf (xvy) € T( )

Furthermore, it is determined by the set of solutions ufPO(q’T)(xn) of a se-

quence of linearized conventional Riemann problems RP, , for all space deriva-
tives of u(®7)
1<p<Nandqg+r=p

PDE ugq’T) + A (uftf (z,,)) u" + B (uftf (zn)) u?(j”) =0

9" __ 4, (m) ; (m)
IC ul®" (2,y,0) = { oz oy Un (@n) if (2,y) € TV

axqaiiayr ul™ (@) if (2,y) € T

As before, the solution of the generalized Riemann problem is finally given by
a Taylor series where time derivatives have been replaced by space derivatives
as

Nk
T RP,
uff B (wn, 7) = w0 (@) + ) o7 G (Uh . )(l‘n)) (19.35)
k=1

V 0<p<k , q+r=p

where G, denotes the nonlinear function that expresses the k-th time deriva-
tive in terms of space derivatives.

The ADER solution is

Nk (m)
T oPu (xm Yns O)
upt PER (2, yp,7) = E o Gy, ( h@xp 3 > . (19.36)
k=0

V 0<p<k , q+r=p

The line and volume integrals in the interval [0, At] are obtained by

At
/ (/ ), thdS> dr ~
0 o1 (m)

N 3 N§F
S Y 181> wn @ (@) F (uGRPN(:En,Tl)) n;. (19.37)
=1 Jj=1 n=1

In this quadrature, the flux function F is the physical flux which is evaluated
by using the solution of the GRPy on time 7;. Any approximate or exact
Riemann solver might be used to deliver the solution ufp °(z,,) at the interface.
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At
/ ( / F (up) VO, dgdn> dr ~
0 Tg

N NP
S wn Fo(uptPPR (&m0, 7)) VO, (€nimn)  (19.38)
=1 n=1

19.7 Analysis of the DG Method for Wave Propagation

In this chapter the analysis of Hu et al. [88] for the wave propagation prop-
erties of the semi-discrete DG method for conservation laws with linear flux
is summarized. Consider the liner conservation law

ou
S HVF () =0 (19.39)

F (W) = (Aqu, oy Agw) , 0= (1, i)

where d is the number of space dimensions and A; are constant m x m real
matrices.
For the linear problem the numerical fluxes are:

Foun (u1,uz,n) = Z;"vul + E;vu2 (19.40)

d ~ ~ ~ ~

~ ~ A+ alA| ~ A—alA
= + - =

A= kE:1Aknk , AT = 5 , AL, 5

where « is a real positive number and o = 0 yields a centered flux while a« = 1
yields the Roe flux.

The approximate solution uy, is written in the usual way as an expansion
of the local basis set as

N—

un (x,6) = Y (e (%) (19.41)

=0

=

The dispersion relation of the scheme is obtained for a solution of the form

u (x,t) =1 e kex—wt) (19.42)

which represents a sinusoidal wave train with wavenumber k and frequency
w.
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The expansion coefficients c¢; are calculated by projecting the sinusoidal
solution onto the local basis

o er (bl (5) ei (ke —wt)
Jo. (@1 (€))% dS

~

For structured meshes c; (t) = ¢ ¢’ &*~%* with

o B (©) € dg

c (t) = ¢, 1=0,..,N—1. (19.43)

a=au . 19.44
o (01 (©)7 (1944
19.7.1 Omne-Dimensional Analysis
Consider the one-dimensional scalar advection equation
%+c%:0 —00 < & < 00 (19.45)
u (z,0) = e*®
with exact dispersion relation w = ak.
For an upwind numerical flux (o = 1) the DG discretization is
Az, _ 0Oc"
; Q%juczvl L4 e Ny =0 (19.46)

where ¢” = (¢f, ¢}, ..., c?\,_l)T are the expansion coefficients in the element e,,

and Q, Ny and Ny are matrices involving base polynomials [88].
For uniform mesh Az, = ¢ and solution of the form
c? (t) =¢ ¢t (kno—wh) (19.47)

obtain the following algebraic system for the expansion coefficients ¢” =
(e, ety e )T
” _ -
(—% Q+ce ™ Ny +¢Ny)e=0 (19.48)

the matrices Q, N7 and Ny that involve integrals of the polynomial basis [88].
For sinusoidal solutions ¢” (t) = ¢ e* (¥"9=“% on a uniform mesh Az, = ¢
obtain the following algebraic system for ©

iwd

(—= Q+ce™ Ni+cNg)e=0 (19.49)

and € is an eigenvector corresponding to the eigenvalue w of the matrix

2 "
M=-Q" (c e Ny + ¢ No) (19.50)
(2
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The matrix M has N eigenvalues w,, ,m =0 ,..., N —1 and N eigenvectors
Cm I =0,.., N—1 and the sinusoidal solution (see for example LeVeque
[120]) is written as

N-1
< () =) A € ¢ romomd (19.51)

m=0

where )\, are suitable scaling coefficients so that this eigenvector expansion
satisfies the initial conditions.

The eigenvector expansion of the numerical solution is a superposition of N
waves travelling at different phase speeds. The physical modes are the waves
with frequencies that approximate the exact dispersion relation for a range of
wave numbers while the others are the parasitic modes resulting from the DG
discretization and the particular choice of the numerical flux.

The exact dispersion relation is @ = K where K = ké and ) = “’75 are
the nondimensional wave number and frequency, respectively. The numerical
dispersion relation is determined by

det (—iQQ 4 2% N +2Nj) =0 (19.52)

and yields complex values of 2 = €, + i{); with negative imaginary part
that represents the numerical damping inherent in the DG discretization pro-
cess. Based on this analysis Hu et al. [88] arrived to the following important
conclusions:

e Increase of the order of the scheme significantly reduces the dissipation
error.

e The sixth-order scheme is optimal for scalar advection in the sense that
it is the minimal order for which the dispersion and dissipation errors
are less than 0.5% for K up to approximately N.

e The dissipation error imposes a relatively more stringent condition on
the accuracy of the scheme than does the dispersion error.

The analysis of Hu et al. [88] for the two dimensional case is summarized
next.

19.7.2 Two-Dimensional Advection (Wave Equation)
Consider the two-dimensional wave equation
0% _
ot?

which can be written as a system of first order equations

AV =0 (19.53)
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¢ ¢
U1 ot ¢ ox

u= (19.54)
U9 0 —c¢ g—‘z

ou - - Aju - 10 o 01
T T I T W )

For the DG discretization consider rectangular elements E™™ = [x,,, 2p41] ¥
[Yms Ym—+1] and the Roe flux. Then the DG discretization in matrix form is as
follows

oc™ 2
% * ﬁ [No ¢™™ +N_y "1™+ Ny ¢"t ™ (19.55)
2
+ Ayc Mo c™™ +M_1 "~V ™ + My ¢™ ™ =0.

For sinusoidal plane wave solutions with wave number k and propagation
angle ¢ the expansion coefficients ¢ have the form

™ (f) -¢ ei [k(cos 9z +sin Dy, ) —wt] (1956)

where k = (kcos? , ksin) and the vector € is complex and independent of
n,m and t.
For these plane wave solutions the DG discretization is

2c I o
[_in + % (NO +6_ZkC05ﬂ6IN,1 _i_ezkcom%xNJrl) (1957)
+ £ (MO +671ksm195yM_1 +62k:sm196yM+1) ¢l =o0.

Similar to the one-dimensional case, the exact dispersion relation is 2 = £K
where = ‘”—‘2”” , K = kéx % = ~ while the numerical dispersion relation
is given by

det (—iQQ + 2 [Ng + e K SIN_| 4 ¢t cosIN, ] (19.58)
+ 2,7 [MO + e—iKsin'yl?M_l 4 eiKSin’yﬂM+1]) =0

where the value of  is function of the wavenumber K and the angle ©. An im-
portant conclusion of this analysis is that the wave propagation is anisotropic
and the dependence on wave propagation angle is stronger for the higher wave
numbers.
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19.8 Dissipative and Dispersive Behavior of High-Order
DG Discretizations

In the previous chapter, the dissipative and dispersive properties of the
DG discretizations were analyzed and demonstrated for linear aeroacoustic
problems. A systematic analysis of the DG method for linear wave propaga-
tion with very short wave lengths was recently presented by Ainsworth [7].
Ainsworth’s analysis targets electromagnetic wave propagation. However, ef-
ficient and accurate resolution of electromagnetic waves without excessive
numerical dissipation or dispersion is important in the context of other high
frequency applications such as magneto gas dynamics MGD.

The most promising approach for wave propagation is obtained with higher
order schemes such as spectral element methods (Gottlieb and Hesthaven,
[69], Dyson, [50]). Higher order standard Galerkin finite element methods
were also used in the past by Astley et al. [11], Thlenburg [99], Thomson and
Pinsky [178]. More recently, high order DG finite element methods (Bey and
Oden, [24], Biswas et al., [25], Cockburn et al., [39], Warburton et al, [194],
Hu and Atkins, [89]) were applied and analyzed for wave propagation.

It was found that for the small wave-number limit hk — 0 the discontinuous
Galerkin method gives a higher order of accuracy than the standard Galerkin
methods. Hu and Atkins [89], for example, concluded that the dispersion
relation of the scalar advection equation for an N — th order DG method
is accurate to order 2N + 3 in hk for the dispersion error and 2N + 2 for
the dissipation error. The more systematic study of Ainsworth [7] for the
dissipative and dispersive behavior of the DG method that gives sharp error
estimates is outlined next.

19.8.1 Dispersive Properties of DG for the Advection Equa-
tion

Consider the linear advection equation
ur+a-Vu=0 (19.59)
with nontrivial solutions of the form
u (x,t) = cet ex=wt) (19.60)
provided that w and k satisfy the dispersion relation
w=a-k.

Consider an N-th order DG approximate solution u”¢ for the tensor product
polynomial space Py .
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Continuity between the neighboring elements k and &’ is enforced in a weak
sense through the use of a numerical flux function ¢, on the interface

7y (ng,uP%) = Ajy' (ng,) uP% + A7 (ny) ub® (19.61)

AZ ()= (n-a+y n-al)

N =

where v is the upwind parameter and Af satisfies

AT (n)+A; (n)=n-a (19.62)
Af (—n) = —Ai[ (n).

The first property guarantees that the true flux satisfies
o (n,u)=n-ou=o, (n,u). (19.63)
The second property implies flux balance from element k to &’

7y (ng, uP%) = -7, (n,uP%). (19.64)

Replacing the true flux by the numerical flux, the DG solution for every
element K satisfies

/ v (u2g+a~Vu2G)+/ v AL (nk) (wRE —uR%) =0 Vv e Pyn.
K

0K
(19.65)
Ainsworth obtained an expression for the error proving that if w and & satisfy
the dispersion relation w = a - k then the DG solution u”¢ satisfies

uPC (x + hm,t +7) = ¢ KM=, DG (x 1) vxecRI (19.66)
teR

and each component of the discrete wave-vector 121 may take values corre-
sponding to a

physical mode ethki  gihka

) i 1+9) HY
or a spurious mode ethki ~ (—1)N+1 % ekt 21

where Hy =1 Fy (—N; —2N —1; ihk;),

1F1 denotes the hypergeometric function defined by
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a aa+l2> aa+la+2 23
F b,z) =1+ — - — 4+ = — 4+ ... 19.67
(ab) =1+ et ey Y T b2 3 o (196D
in both cases the relative error py is
PN = (1 B 7) HNeihklgN + (*1)N+1 (1 +’Y) H;feiihklg?\f 40 (|€N|2)
(1 —7) Hyethkr + (=1)N (1 + ~) H*e~thk
(19.68)

where ¢y is the relative error in the N-Padé approximation of e!#:.

For hk << 1 obtain

~ L any2 | NV ()N
V#0 oy~ (hk) S Qn (7 )
L[ NU 7% [ (hk)PNES KL N even
= % — — +3 .
TSR NS [(QNH)'] { (hkyN et 2 v oqq (19-69)

dispersion error

R (1K) — R (k) ~ P {( al )!r {N“ 2-y¥ _ N1

ON +1 IN+1 | 9N +3

dissipation error

< (hk)2NH2 N v
T (k) ~ =3 {(2N+1)!} L

Ainsworth estimates are very sharp and agree with the a posteriori error
estimates of Hu and Atkins [89].

19.8.2 Relative Error for Fixed Mesh-Size and Large Wave
Number kh

For increased order N of the method the analysis summarized in the previous
chapter obtains the following important estimates:

As the order N is increased, the behavior of the error passes through three
different phases depending on the size N relative to hk:

1. Pre-asymptotic regime 2N + 1 < hk — O (hk)'/3.

The resolving ability of the method is inadequate and the relative error
tends to oscillate without decay.
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2. The transition zone where hk — O (hk)'/? < 2N +1 < hk + O (hk)/3.
The relative error is of order unity and decreases at an algebraic rate
N—L/3,

3. Asymptotic regime where N is large compared to hk 2N + 1 > hk +
O (hk)'/3,

The relative error reduces at a super exponential rate.

19.8.3 Exponential Convergence on the Envelope 2N + 1 =
hk

Reduction of the mesh-size to the limit hk << 1 is not practical for accurate
capturing of high frequencies. It was shown, however, that increasing the
order N on a fixed mesh is more effective than reducing the mesh size. The
conclusions of Ainsworth’s analysis [7] are:

1. It is inefficient to increase the order N much beyond the threshold 2N +
1> hk + O (hk)/2.

2. A more practical approach is to work on the envelope of the region where
the super-exponential convergence sets in.

3. To resolve problems where hk >> 1, the order must be chosen so that
2N + 1 =~ khk where k > 1 is a constant.

4. In addition, Ainsworth [7] showed that the relative error py decays at
an exponential rate as N — oo, i.e.,

o~ —e BINHL/2) <1 —/J1- ;) (\/52 —1- 1) (19.70)

_ 2
ﬂ:lnii—\/i m —2y/1—1/k2 (19.71)

19.9 Limiting of DG Expansions

Limiting operators AIl, on piecewise linear DG expansions wj, are con-
structed in such a way that they satisfy the following properties:



618 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

1. Accuracy: if uy is linear, then Alljup = up.

2. Conservation of mass: for every element K have
/AHkuh dV = /uh dV. (19.72)
k k

3. Slope limiting: The gradient of All,uy, is not bigger than that of u; for
each element K.

Theoretical analysis of the slope limiting operators can be found in Cockburn
and Shu [34] and Cockburn et al. [36].

19.9.1 Rectangular Elements

The P! expansion of the approximate solution uy, (z,y,t) inside rectangular
elements [z;_1, @ 1] X [y;_1,y;11] s

un(,y,t) =0 (1) + ug () ¢i () +uy () ¥5 (y) (19.73)

where %(t), ug(t), uy(t) are the expansion coefficients or the degrees of free-
dom to be evolved in time and
T — T Y~ Y
o () = ———, i (y) = — = 19.74
YOS Eay YT g (-7
For the scalar equation, limiting for these quadrilateral element expansion is
performed on u, and u, using the difference of the means.
For example, u, is replaced by

m (g, Wity — Uij o Ui — Ui1,j) (19.75)

where T is the total variation bounded (TVB) corrected minmod function
defined as

a1 if o] <M (Ax)?

Q1,00 ..., 0) otherwise (19.76)

m (a1 ,Qp 4.y ) = {m(

and m is the total variation diminishing (TVD) minmod function defined as

S MmNy <p<N|n|
m(aq,Q2,...0p...,aN) = if s=sign (a1) = ... = sign (an)
0 otherwise.
(19.77)
The TVB correction is introduced in order to avoid unnecessary limiting
near smooth extrema where the expansion coefficients (or degrees of freedom)
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Uy ,uy are on the order of O (Axz?), O (Ay?), respectively. The numerical
results are not usually sensitive to the choice of the constant M. The suggested
value for this constant [38] is M = 50

Similarly, u, is replaced (limited) by

M (y Ui = Uiy Wi —TUi-1,)- (19.78)

For systems, such as the Euler equations, limiting is performed in the local
characteristic variables as follows:

e The left and right eigenvector matrices R~! and R, which diagonalize
the Jacobian A = %, are evaluated at the average state u; ; in the
element 7, j in the x and y directions as follows

R'AR=A (19.79)

where A is the diagonal matrix that contains the eigenvalues of the flux
Jacobian. The columns of R are the right eigenvectors of A and the
rows of R™! are the left eigenvectors.

e All quantities needed for limiting are transformed to the characteristic
field by left multiplying by R~'. For the system version of the limiter
given by Eq. (19.75) for example, the vectors uy, ; , (Wit1,j—i,;) , (Wi j—
u;_1,;) are transformed to the characteristic field.

e The limiter of Eq. (19.75) or Eq. (19.78) is applied on each component
of the characteristic variables vector.

e The limited (replaced) values are transformed back to the original con-
servative variables by multiplying by R.

19.9.2 Triangular Elements

For the P! case, the following expansion inside the triangle K is used for
the approximate solutions wuy, (x,y,t)

3
un (@,9,8) =Y _ui () ¢; (2,y) (19.80)
i=1

where the degrees of freedom or expansion coefficients u;(t) are the values of
the numerical solution at the midpoints of the edges. The basis function is a
linear function that takes unit value at the midpoints m; of the ¢ — th edge

and zero value at the midpoints of the other two edges.
The slope limiting operator for triangular elements is constructed as fol-
lows. Consider the triangle Ky of Fig. 19.7 where limiting is performed and
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FIGURE 19.7: Geometric definitions for the limiter on an arbitrary triangular
mesh.

the neighboring triangles K;, Ko and Kj3. Suitable choice of the triads of
the vectors comy, come, coms, coci, coce, cocg are shown in Fig. 19.7. In
this figure the vector joining the barycenter ¢y with the middle of an edge
is between the vectors joining the barycenter ¢y with the barycenters of the
neighboring triangles. Based on the schematic of Fig. 19.7 perform the fol-
lowing geometrical decomposition:

(Coml) = (CO—C{) + o ((Tcé) (19.81)

where a; and «q are positive coefficients that depend on the geometry.
Furthermore, for any linear function have the expansion

up (mq1) —up (co) = a1 [un (c1) —up (co)] + ag [up (c2) —up (co)] (19.82)

and the averages over the triangles are

1
= — [ wpdV=u, (), i=0,1,2,3. (19.83)
|Ki| Jk,

Therefore
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Up, (ml) — ﬂKU

= oy (@ — 7)) + ay (@2 — ko)

= AT (my). (19.84)

"0 (ma)

For a piecewise linear function uj, in Ky and the three midpoints my, mso, ms
obtain

3
uff(’ (z,y) = Zuh (mi) ¢i (z,y)

i=1

= g +Zu (ms) é; (z,y). (19.85)

The limited value AHhuffO (z,y) is obtained by first evaluating the quantities

A= (nhK (mi) ,w AﬂKo(mi)) (19.86)

where 70 is the total variation bounded (TVB) modified minmod function of
Eq. (19.76) and w > 1 is a weight taken w = 1.5.
Then

3 3
if Z A;=0 AHhufo =gl + Z Ao (l‘, y)

i=1 i=1

3
if Z A; #0  compute
i=1

3 3
pos = Z max (0,4;) , neg = Z max (0, —4;)

i=1

6" = min (l—n—eg) , 07 = min (1, pios)
pos neg
and obtain the limited value by
3 ~
ATy, (,y) =7 + > A; ¢ (2,9) (19.87)

i=1
where

~

A; = 0 maz (0,A;) — 0" maz (0, —A;). (19.88)
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For systems of equations on triangular meshes, limiting is performed on the
local characteristic variables. For triangular meshes however the following
flux Jacobian

—
0 m;Cop

= (g 19.89
5, 7 @) mecol (19.89)
e.g., the flux Jacobian along the direction of the unit vector, k = |Z;Z§\ , must

be diagonalized to evaluate the left and right eigenvector matrices R~! and

R.
The matrices R and R~! of A - k are:

Ky 0 2 £
wk, phy,  Etck)  L(u- ch)
= ~ ~ C ~ ¢ ~ 1 .
R vky  —pky 2%(1) + cky) ﬁc(v cky) (19.90)

2
~ =2 = bd - —
ke p(Ux 1) 22(H + - 1y) 42(H —cv'- 1)

and for R~! we have

(1 _ ’YT_lM2)IAfm ('y—lz)ufcz ('y—lz)vfcz - (’Y—é)f%
B= g omm® oty 14, _“GeDuy 14 _ (=boy (-1
;( 2 - e ) ;(kI - c ) ;( Yy c ) pc
c —1)M? -1 7 —1 2 —1 -1
;((7 2) + clk)_%(kx+(wc)u)%(ky+(vc)v) ('vpc )(
19.91
where Tp = (kq, lAcy) be the unit vector along direction k, H = 22 7.1, =

1
p
uky +vk, the inner product between the vector 15 and the velocity ¢ = (u,v),
p(T x 11,) = pluk, —vk,), 7 = u? + 02

19.10 Component-Wise Limiters

The first way to apply a limiter to each characteristic variable was presented
in the previous sections for both quadrilateral and triangular elements. The
other way is to apply a limiter to each of the conservative variables. The
characteristic-wise application of limiters for one-dimensional linear hyper-
bolic systems has the nice property of naturally degenerating to the scalar
case. In multiple dimensions, the characteristic variables must be defined in
a particular direction. For unstructured meshes, there is no coordinate direc-
tion to define a characteristic variable and these variables are defined in the
face normal direction. The design of characteristic-based limiters in multiple
directions is difficult and time consuming.
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In this chapter, the component-wise approach for the limiter of the DG
method is shown. This approach is expected to be more efficient than the
characteristic approach of the previous sections. The component-wise ap-
proach is based on the following numerical monotonicity criterion for each
element.

T <y (1) < TR (19.92)
where 7" and 7"®* are the minimum and maximum cell-averaged solutions
among all its neighboring elements sharing a face with the triangle 7T; and
u; (rs) is the solution at any of the quadrature points. Violation of Eq. (19.92)
for any quadrature point indicates that the element is close to a discontinuity
and the solution in the element is forced locally linear, i.e.,

u; (r)=u;+Vu; (r—r;) Vrel, (19.93)

where r; is the position vector of the centroid of T;. The magnitude of the
solution gradient is maximized subject to the monotonicity condition given in
Eq. (19.92). The original DG polynomial basis is used to compute on initial
guess for the gradient as

6u¢ 8ui
Vi = (ax ’ ay)
Using Eq. (19.93) and the gradient computed by Eq. (19.94), Eq. (19.92)

may not still be satisfied. Therefore, u; (r) is limited by multiplying by a
scalar limiter ¢ € [0, 1] so that the solution vector obtained from

(19.94)

T2

U; (I‘) =u; + ¢pVu; (I’ — I‘i) (1995)

satisfies Eq. (19.92). The scalar limiter ¢ in Eq. (19.95) is obtained by
examining the numerical solutions at all quadrature points as follows:
Denoting by

Au,. =p; (r) —T; (19.96)

min (1, g ) if Au, >0
p=9q1

min (1 Au, ) if Au, <0

wPt = otherwise.
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19.11 DG Stabilization Operator

High-order accurate DG finite element solutions (with polynomial bases of
degree one or higher) do not guarantee monotonicity around discontinuities
and sharp gradients. The slope limiter of Cockburn et al. (1990) [36] of the
previous chapter guaranties monotone solutions for multidimensional scalar
conservation laws and its extension to the Euler equations. This slope limiter
results in a robust numerical discretization and has become quite popular.
Despite its robustness the slope limiter of Cockburn et al. [36] has the following
serious disadvantages. It may result in an unnecessary reduction in accuracy
in smooth parts of the flow field and slows down or prevents convergence to
steady state. Furthermore, its implementation for multidimensional cases and
high order discretizations is very intensive computationally.

Recently, van der Vegt and van der Ven [183] suggested that a better
alternative for stabilization of the DG method is addition of artificial dis-
sipation. This approach was also followed in the past by Cockburn and
Grenaud [37], [140], and Jaffre et al. [101]. The stabilization operators make
optimal use of the information contained in a DG discretization and preserve
the compactness of the DG method because the use the jump in the polyno-
mial representation only at the element faces.

The stabilization operator D € R*** of van der Vegt and van der Ven [183]
is for quadrilateral elements and is defined as

K} KT\ My Kp k) OYm
Dim (uh Uy )7/1@ o, Dy, (uh ,up ) oz, dK (19.97)

n

K} . .
where u;, * is the expansion in the element K7'.

K
up(x,t) = Z uy (K7') ¢ ()

k=1

and quK;L denotes the solution in the elements which connect to the element
K.

The definition of the artificial viscosity matrix is more straightforward when
the stabilization is introduced independently in all computational coordinate
directions by introducing the artificial viscosity matrix D € R*** into the
computational space of the reference elements using the relation

D (u,’ ,ui"") = RT D (uy ,uj" )R (19.98)

where the matrix R is defined as

R=2H"'VGxg (19.99)
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and
H = dmg (h17h27h37h4)

with h; denoting the leading terms of the expansion of the mapping Gk given
by

G¥ R~ K" ig— @ = (3 -6 F @+ (1+6) FE )

2
(19.100)
where K is the reference element related through the mapping F7.
A~ p— 8 pa—
FR:K—>EK":§—T=>Y x (K") X (8 (19.101)
i=1

with 2;(K™) denoting the spatial coordinates of the vertices of a quadrilat-
eral or hexahedron K™ and X;(§) are the finite element shape functions for
quadrilaterals or hexahedra.

The integral in the stabilization operator of Eq. (19.97) is evaluated as

K K" 0 n -~y KD (K} 0 m
Do (th ,uhKJ) -/ Ti)k Ryi Dy (uh] ,uhK’) Ry —gﬁ:l dK

- ~ K}y KD - >

—4 [ B (07 0i") () Vo] R
K

4Ky

1

~ K LK™
5nm Dnm (th 7uh / )

(19.102)

where the relations (VG );; = 0x;/0¢; and 0, /0, = 6,y were used and D
is assumed constant in each element.

The stabilization operator must be applied in areas of discontinuities and
regions where the residual is large due to insufficient grid resolution. This
information is, however, available in the DG discretizations, and is coupled to
the jump in the solution across element faces and the element residual. In the
regions of smooth solution both the jumps and the residual are on the order
of the truncation error. Two artificial viscosity approaches were tested:

19.11.1 Swubsonic and Transonic Flow Model

This model works well in subsonic flows and transonic flows with weak
shocks. In this artificial viscosity model only the jump in pressure across the
elements influences the stabilization matrix that is defined as
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~ Ky k) _ CAR P (zm) — P~ (Zm)| [Sml
Dyq (uh ,uf, )— Q ”|qz p+x m )m ., ¢g=1,2.3

m + p~(z
(19.103)
with p*(2,,) = ¥T (p (2.,)) denoting the pressure at the edge midpoints or the
centers of the faces and is y the trace operator. The scaling factor A = |ng-v| «
is the maximum of the eigenvalues of the Jacobian df/0u at the midpoints
Zm, v is the fluid velocity, and « is the local speed of sound o = /p/p. The
constant ¢’ is of order one and 2} is the element area or volume.

m=1

19.11.2 Supersonic Flow Model

The artificial viscosity model for problems with strong discontinuities such
as supersonic flow uses both jumps at element interfaces and the element
residual to apply artificial smoothing. This model was proposed and analyzed
by Jaffre et al. [101] and defines D as

Dyq (uhK u,*LK;') = max (02 hZ P R, (ug K, clh:;(/2), q=1,2,3

(19.104)
with
3
KT OF (up) Oup; (Gm(0))
R (uh »tn ) Z O[T OLm
¥ ¢ |uh i) —uy (i |/hK (19.105)

N 2 e P (o)) =i F ()|

with hx = \/h? + h3 +h2 +h3, co =12, ¢; =0.1, ca =1, B =0.1.

19.12 DG Space Discretization of the NS Equations

The compressible Navier-Stokes (NS) equations can be written in compact
vector form as follows:

%‘; +V-f; (u)+ VE, (u,Vu) =0 (19.106)
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where u is the vector of the conservative variables and fj, f,, denote the inviscid
and viscous flux functions. The viscous flux fy, is a linear function of the
velocity gradient Vu. Therefore Eq. (19.106) can be also written as

i%l +V-fi (0)+ V- [A(u), Vu] =0. (19.107)

The discretization of the viscous, diffusive part of the NS equations with

the DG method is less well known and different than the method described

previously for the convective, inviscid part. A simple way to extend the

scheme of Eq. (19.5), which was developed for convective problems of the

form u; + u, = 0, for the diffusion equation u; + u,, = 0 is to simply replace
u by u; and find u € V}, such that

u (z,t) ¢ (z) do = / Uy Py dr (19.108)

—(Uz)j41/2 ¢,;+1/2 + (aﬂv)jfl/?”;r—lm =0

where for the lack of an upwind mechanism for the diffusive term the numerical
flux is the centered flux (u.);41/2 = 1/2 [(ugu)fﬂ/2 + (uw)ﬁl/z].

Unfortunately, this simple but naive formulation of Eq. (19.108) leads to
numerically stable but inconsistent solutions [40], [206]. The numerical solu-
tions seem to converge with mesh refinement but have O(1) errors with exact
solutions of the heat equation [206]. This is a pitfall of the DG method ap-
plied to diffusion equations and it is very undesirable that the scheme of Eq.
(19.108) produces stable but completely incorrect solutions.

A formulation of the DG method that is convergent and consistent was
used by Bassi and Rebay [18] for the compressible Navier-Stokes equations.
A second successful method that avoids the inconsistencies of the simple for-
mulation of Eq. (19.108) was presented by Baumann and Oden [21] who
added extra penalty terms to the inner boundaries.

The consistent formulation of Bassi and Rebay [18] for the spatial discretiza-
tion of the viscous term in the NS equations was constructed by resorting to
a mixed finite element formulation. The second-order derivatives of the con-
servative variables required for the viscous terms were obtained by using the
gradient of the conservative variables, Vu = S, as auxiliary unknowns of the
NS equations. The NS equations were therefore reformulated as the following
coupled system to the unknowns S and u.

S - Vu=0 (19.109)
8tu+V-fi (u)+V'f1) (U,S):O

The weak formulation of the first equation of the system of Eq. (19.109) is

/Sth)dQ—%uhngbdF—i—/uthﬁdQ:O (19.110)
K e K
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where the term uj, n in the second (contour) integral of Eq. (19.110) is
replaced by a numerical flux H, (u™,u™,n). This numerical flux is the average
between the two interface states

1
H, (uw,u",n) = 3 (u” +u’) n. (19.111)

The computed auxiliary variables S; are used to form the second equation
of the system in Eq. (19.109) as follows:

d
— d f; ‘ ar— [ f; Vod
G [ wodrt fr ) noa— [ 6 w)vod

(19.112)
+ %fv (uh,Sh) -n dl’ —/ f, (uh,Sh) V¢ dz.
e K

In Eq. (19.112), the term £, (up, Sp)-n is replaced with the following centered
numerical flux

1
h, (u,S7,u",S* n) = 3 [f, (u,S7)+f, (u™,S")] -n.

The disadvantage of the above approach for the DG viscous term discretiza-
tion is (see Egs. (19.111) and (19.112) ) that it extends the compact DG
stencil beyond the neighboring cells. A more appropriate treatment of higher
order derivatives, which does not enlarge the compact DG stencil, a detailed
presentation and an analysis of the DG discretization of the viscous part is
given in the next chapter.

19.12.1 DG Discretization of Elliptic Problems

First, the basic ideas are outlined using a simple purely elliptic problem
the Helmholtz equation with Dirichlet and Neumann boundary conditions
and then extension to the full NS equations is carried out. Consider the
Helmholtz equation with Dirichlet and Neumann boundary conditions

Vu—au=S5 inQ
u=ub onl° € 9N
Ou=2" onT™ € 99 (19.113)
In order to use the same techniques already developed for the discretization of

the convective terms, the Helmholtz problem of Eq. (19.113) is reformulated
as a first order system
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z=Vu u=ub on I'°
V-z—au=S8 z-n=2" on I (19.114)

the weak form of this system is

/g~de:—/uV~ng+?{u*g~ndS Vg
Q Q r

f/Vv~de+j{vz*~ndea/vudQ
Q Q

= /vsdQ Vo (19.115)
Q

where g and v are arbitrary test functions for the first and second equations,
respectively. The boundary conditions for the first order system are:

U*:Ub

=z on I° (19.116)

) Z*
w=u,z*-n=2" on I
Consider the finite element spaces
Vi=uvlc € Pfle) Ve € T, (19.117)
Gn=2gl. € Pfle) Ve € T,
where P¥(e) denotes the space of polynomial functions of degree at most K

in the element e.
The DG formulation of Eq. (19.115) for uy € V), and zp, € Gy, is

Z/ﬂ gh-zth:—Z/Q uhv-gthJrZﬁQ@.nds
—Z/ Vvh-zth—FZ?{ v;j}ndS—i—Z/ vy d€)
- Ja. — Joq. - Ja.
= Q
;/ﬂevhsd

(19.118)

where as in the convective inviscid flux case the numerical flux functions wy
and zj, have been introduced to unquietly define the contour integrals



630 COMPUTATIONAL METHODS FOR WAVE PROPAGATION

ZAQ Upgh -1 dS = Z/.ﬂ[(glrn)i—‘r(gh.nfr] ds

i €T
Z/ vpZp -0 dS = Z / zr(vin)” + (vpn)*] dS  (19.119)
e Y09 ieT”¥i

where () and (-)~ denote values on ¥; of any quantity evaluated for two
elements e™ and e~ which share the edge . Introducing in addition the jump
operator J defined as

Jr=x"n +atnt (19.120)
Jx=xn" +xnt

the DG formulation of Eq. (19.118) with Eqs (19.119) and (19.120) is written
as

/gh'zth:—/ UhV'gth-l-/ unJ - gn dS
Qh Qh, 2‘4h,

b
—l—/ ubgh~nd5+/ Upgnh - N dS
r

o n
h Fh

— Vvh-zth—l—/

Qp 3 Z

—|—/ 2Pup, dS—a/ vpup dS
ry Qn

:/ vps dS).
Qp

Zn - Jup dS —|—/ z - nv, dS (19.121)
r

19.12.2 Approximation of the Numerical Fluxes z, and uy,

The approximation of the numerical flux is carried out for each equation
separately. First, the approximation for the first of the equations, containing
the grad operator z = Vu, is obtained. Next, approximation of the second
equation is described.

Approximation of the u; flux

For the first equation of the system Eq. (19.121), consider a “centered” nu-
merical flux u, = uy, where {-} denotes the average operator for internal edges
and the identity operator at the boundary edges, i.e.,
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{()} = { 3 [()7(‘)" ()] ZZ ?:

using this numerical flux obtain

/ gh - Zp dQ) — / gn - Vuy dQ + {gn} T u, dS =0 (19.122)
Qp Qp EZ

where 39 =3, JT'? and J° is an expanded jump operator defined by

b 0
0. (x —2°)n on T
J x_{jx:x_n+x+non§]h.

Approximation of the z, flux
The vector numerical flux zy, is evaluated as an average (centered) flux zy =

{zn}.

The DG discretization for the second equation is

- Vop, - zn df) +/ {2} T v, dS — a/ vpup A
Qp Z?L Qp

= / vps dQ — / 2Py, dS. (19.123)
Qn rr

Based on the above formulation, an alternative scheme for “compact” DG
approximation of elliptic problems, was proposed by Bassi et al. [20]. This
alternative scheme overcomes limitations of the method described in the be-
ginning of this chapter, which are associated with not optimal accuracy for
approximations with odd order polynomials and the additional computational
cost occurring form the introduction of the auxiliary variable zy. Note that
Zp is obtained in terms of w; at the cost of a block diagonal mass matrix
inversion from the first equation. However, the formulation of the second
equation, which is obtained in this manner, and contains the primal variable
alone involves an “enlarged stencil”. This enlarged stencil occurs because the
primal unknown wuy for any internal element e is coupled not only with un-
knowns of the neighboring elements but also with unknowns associated to the
neighbors of the neighbors (because the second derivative is evaluated as the
first derivative of a first derivative). The enlarged stencil implies additional
computational cost and loss of the parallel implementation advantage of the
DG method. Bassi et al. [20] show that only the jump contribution to the aux-
iliary variable zy, is responsible for the non-compact support of the scheme
described and they propose modifications that one can use to arrive at a
scheme with compact support for elliptic problems and for DG discretizations
of the viscous terms in the NS equations.
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19.12.3 A DG Scheme with Compact Support

The second equation of the system in Eq. (19.121) can be written as

_ Vo, - Vu, dQ + / [{Vvh} . jou}L + {Vun}j%n] ds

Qp E%

+/ {Ru (T un)} - T dS—a/ Vply dQ =
20 o

= / v, 8 dS) — 2Pu, dS
Qn m
(19.124)

where {-} and J° denote the average and the jump operator defined previ-
ously, and Ry, is the so-defined lift operator.

/ gn - Ry (T up) dQ = —/ {gn} T u, dS. (19.125)
Qp =9

This lift operator can be used to express both zy and zy in finite form as

zn = Vu, + Ry (T%,) , Zn = {Zn} = {Vu,} + {Rp (Tun)}.  (19.126)

The appearance of the average lift Ry, in Eq. (19.124) implies that for an
arbitrary edge the numerical vector flux zy depends not only from the jump
of uy on that edge but also from the jumps on all the edges belonging to the
elements e~ and et which share this edge.

Bassi et al. [20] proposed a modification of the scheme for the discretization
of the elliptic operators that follows more closely the numerical flux function
ideas usually employed in finite volume (FV) schemes. A typical treatment of
an elliptic operator in F'V schemes is often based on the definition of auxiliary
staggered control volumes enclosing the boundaries of the primal control vol-
umes that are used to construct the diffusive terms, which are the analogue
to the vector flux zp, used in the DG formulation.

For each interface boundary edge o € X9, Bassi et al. [20] consider the
local lift operator r{, defined as

J

and since gy, is an arbitrary function

- LYOun)d(Z::——j[{gh}-\70un ds (19.127)

Voe X0 Vg€ Gy

R (J%un) = > 1§ (T un). (19.128)

o€ 0
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Using these modifications the new scheme that replaces Eq. (19.127) is

— Vo - Vu, dQ + / {Vur} T un + {Vu,} - T up] dS
5

Q, 9

+ > | {rf (T%un)} - T dS (19.129)

UEZS 7

fa/ vhuth:/ vhsdﬂf/ zbvhdS
Q Q r

n
n n h

where the vector numerical flux zy is

Zalo = {Vun} lo + {15, (7°un)} . (19.130)

19.13 The DG Variational Multiscale (VMS) Method

The VMS method is a new approach for LES proposed by Hughes et al.
in a series of papers [95], [96], [97]. The VMS method was subsequently
further clarified by Collis [42] and applied with the DG method [43], [134] for
LES of compressible turbulence. More recently the VMS method was further
developed [148] for mixed-type, Fourier-spectral/finite volume formulation.
The ideas behind the VMS method and its implementation with the DG
space discretization method are described in this chapter.

The dynamics of turbulent shear flows are dominated by the motions of
a small number of relatively large-scale structures. The separation between
the large, energy containing scales and the smallest turbulent scales increases
as the Reynolds number increases. The increase in range of scales prevents
DNS from being a viable tool beyond very simple, low Reynolds number
flows. In contrast, LES attempts to exploit the scale separation in turbu-
lent shear flows by representing the largest scales as accurately as possible
on the computational mesh and using a model to account for the influence
of the unresolved smaller scales. Important progress in turbulent flow sim-
ulations with LES was made, primarily with the application of the so-called
dynamic model (see [64], [123], [14], [65]). It was, however, soon recognized
that the Reynolds numbers for which LES can be applied using this approach
are still far too low. As a result, LES is not still an economically feasible
alternative for the simulation of the vast majority of engineering flows. The
deficiencies of RANS or even DES to accurately predict complex separated
flows and the high computational cost of LES for flows of practical interest
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lead to the quest of new approaches [95], [109] that overcome the weaknesses
of LES and RANS while providing consistency with DNS. The Discontinuous
Galerkin/Variational Multi-Scale (DG/VMS) method [43], which merges VMS
turbulence modeling [95] with the high-order accurate DG discretization, is a
particularly synergistic combination that offers a number of advantages over
traditional methods.

The advantages of the VMS/DG approach for LES are:

1. Variational projection with a priori scale separation [95] avoids problems
associated with spatial filters.

2. The method converges to the exact DNS with h, p or h — p refinement.

3. The method is high-order with the potential for exponential (spectral)
convergence.

4. VMS/DG is insensitive to grid quality and suitable for complex domains.

5. The method allows for different models to be used in different regions
of the flow while still retains formal convergence to the exact solution.

6. The VMS/DG approach for turbulence simulations unifies traditional
DNS, LES and RANS approaches in a single computational tool.

The VMS/DG method is briefly described next.
Consider the compressible Navier-Stokes equations in strong conservation
law form

NU)=U+F..—F' =0 (19.131)

53T G
U (X7 0) = UO (X)
where U = [p, pu, pE]" is the conservative variable vector F} (U) is the invis-
cid flux vector in the j coordinate direction, and F} (U) is viscous flux vector
in the j coordinate direction.
The weak form of Eq. (19.131) is

/ wT U, dx+/ W] (FY —F}) dx + (19.132)
Qe Qe

WP (F., —F.)dS=0
9.
where F,, = Fj nj, ne is the outward unit normal vector on 2., and W is a
continuous in ). weighting or test function.
Following the VMS approach of [42] the following three-level multiscale
framework is used to allow direct monitoring of unresolved scales.
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FIGURE 19.8: Wave space decomposition for the VMS method.

U=U+U+0U (19.133)

The partition of the exact solution U of Eq. (19.133), introduces U, which
represents the large scales, U for the small scales, and U for the unresolved
scales. This partition into scales is depicted in Fig. 19.8 as a range of Fourier
modes in wavespace. The large scale equations have no modeling terms while
the small scale equations have modeling terms that can range from Smagorin-
sky closure to a full Reynolds stress model. The large and small scales are
referred to as resolved scales.

Assuming that the basis is orthogonal (the analysis for the general
nonorthogonal basis can be found in [42]) and substituting the partition of
Eq. (19.133) in the weak form of Eq. (19.132), which in condensed form is
denoted as B (W, U) = 0, obtain the following week forms for the large- and
small-scales.

The large-scale equations
U)—R(W,U) = (19.134)
U

The small-scale equations
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) =R (W,U) (19.135)

In Eqs. (19.134) and (19.135) R (W, U) is the generalized Reynolds stress,
C (W,U,U) is the generalized cross stress, B’ (W,U,U) is the operator
B (W, U) linearized about U for the linear perturbation U.

The effect of the unresolved scales on the large scales is seen in Eq. (19.134)
which contains the unresolved Reynolds stress projection onto the large scales
simultaneously with the large-unresolved and small-unresolved generalized
cross stresses projections onto the large scales. The small scale equation also
contains the unresolved Reynolds stresses and cross stresses. For truncated or
discrete approximations the combined small and large scales are identified as

the resolved scales and denoted as U = U + U. Therefore, the resolved scale
equation (Eq. (19.134)) is written more compactly as

B (W,U)=R (W,0)+C (W,U,D). (19.136)

The equations for small- (see Eq. (19.135)) and large-scales (see Eq. (19.134)
or (19.136)) indicate the need to model unresolved Reynolds and cross terms
appearing on the right-hand side. The modeling assumptions introduced are:

1. The unresolved scales U have negligible direct influence on the dynamic
evolution of the large scales. For sufficient a priori scale separation the
right hand side term C' (W,U,U) + R (W,U) + C (W,U,U) of Eq.
(19.134) is small.

2. The unresolved scales, however, are expected to significantly influence
the small scales. Therefore, an appropriate model is needed for the right
hand side terms C (W, U,U)+R (W,U)+C (W,U,U) of Eq. (19.135).

The VMS formulation can support a wide range of models. In addition, a key
feature of the VMS method is that different models can be used in different
spatial locations. As a result, the model used depends on the particular
flow characteristics, the desired fidelity, and the location of the particular
subdomain under consideration.

Using these modeling assumptions the models for the large and small scales
are:

R (W,Uy) (19.137)

oy
=
=
Z
I
Q
=l
s
S
I
=
=
S
Il

B' (W,Up,Uy) — R (W,Up) = R (W,U)+M (W,Up,Up).  (19.138)
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The subscript & in Egs. (19.137) and (19.138) denotes that the equations con-
tain modeling errors and are the approximate numerical solution introduces
discretization errors.

The large-scale equation is modeled because the effect of the unresolved
scales has been ignored. The modeled large-scale equation takes the form of
the exact equation only when all scales of motion are contained within the re-
solved scales. In this case, the VMS method is a DNS. However, by neglecting
the influence of the unresolved scales on the large scales, the modeled large-
scale equation has no direct modeling terms. The model in the small scales
indirectly influences the large scales. This is achieved through the small-scale
Reynolds and cross stresses. Thus, if the exact solution is fully represented by
the large scales, then the solution to the modeled equations (19.137) is exact.
This consistency is an important advantage over classical methods [95]. The
model applied to the large-scale equation is nothing more than the standard
approach used in a Galerkin method where the projection of the residual of
the unresolved scales onto the large scales is zero. Considering the simplified
case where the bases are orthogonal, this amounts to weak enforcement of
zero unresolved Reynolds/cross stresses on the large scales. This indicates
the particular discretizations play a role in altering the model and therefore
the results.

In the small-scale equation, it is the projection of the unresolved Reynolds
and cross stresses onto the small scales that is modeled using a weak imple-
mentation of a subgrid-scale model. Again, use of different methods for the
small-scale discretizations is expected to alter the model. This is one of the
main advantages of the VMS framework. Although the model is specified
without regard to the specific discretization, the influence of discretization is
obvious in the modeled equations. This fact has not been completely appreci-
ated in the traditional turbulence modeling community until recently when it
was realized that differences between the discretization with the “same model”
might be as large or larger than differences in “models” using the same dis-
cretization. In the VMS framework, the influence of different discretizations is
evident and the choice of discretization clearly plays an important role in the
success of particular models. Therefore an important area for future research
is to explore different bases for use in defining large and small scales. The
modeled large and small scales in Egs. (19.137) and (19.138) are combined as
follows:

B (W, Up) =M (W, Un,Up) + (W, ) on Q.. (19.139)

The model of Eq. (19.139) can be implemented with VMS by incorporating
the additional model term into the small scale equations. This model term
can depend on both the large and small scales. Therefore it can take forms
ranging from classical Smagorinsky model to models used in DES.

In the previous paragraphs, the variational multiscale method was presented
for a typical subdomain €2,. Summing Eq. (19.139) over all the subdomains
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in the partition P, of € and introducing typical continuous smooth finite di-
mensional spaces for Uy, and the test function Wy, then, subject to appropri-
ate boundary conditions and the particular choice of model, this leads to the
standard variational multiscale method for classical finite elements, spectral
elements, or global spectral methods (see e.g., Refs. [95], [104] and [97]). Re-
sults from these methods are quite new, they have shown tremendous potential
including the ability to accurately simulate wall-bounded and non-equilibrium
turbulence using a very simple constant coefficient Smagorinsky model on the
small scales [97]. However, most of the results presented to date use global
spectral methods, which have a rich function space but are only feasible for
very simple geometries [96], [97]. The preliminary work of Jansen [104] and
co-workers offsets this by using a low-order (cubic and lower) hierarchal basis
within a C° finite element method. While this method can be applied to
complex geometries, the relatively low-order function spaces may not have a
sufficient scale separation for effective turbulence simulation. Perhaps of even
greater importance however, is that the reliance of prior approaches on C°
or smoother function spaces limits ones ability to alter the large/small parti-
tion or change the form of the model as a function of space. For example, in
laminar regions of a flow no model should be used, while in boundary layers
a RANS type model may be appropriate (if one is only concerned with the
mean flow) while in a wake region an LES type model may be used to capture
the large-scale unsteadiness.

To address these limitations, the DG/VMS method introduced in [43] com-
bines VMS turbulence modeling with a discontinuous Galerkin method in
space. The combination of these two methods is particularly synergistic and
the combined DG/VMS method possesses the following characteristics:

e high-order (even exponential) convergence on highly irregular unstruc-
tured meshes;

e discretization, large/small partitioning, and model equations can be
changed on each subdomain, €);

e all boundary conditions are set weakly through boundary fluxes includ-
ing fluxes of turbulence stress. This enables one to directly enforce zero
turbulent stress at solid walls - a feature not present in prior approaches;

e the method is highly localized leading to a great degree of parallelism
which is required for the large-scale turbulence simulations we are tar-
geting.

The additional complication with the VMS/DG method is that the typi-
cal approach for diffusive problems has been to introduce auxiliary variables
for the viscous fluxes and re-write the equations of motion as an extended
first-order system of equations [38], [18], as was described in a previous chap-
ter. This mixed approach has been demonstrated by Lomtev et al. [130]
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for two- and three-dimensional unsteady flows. Unfortunately, the mixed
approach in three-dimensions requires 6 additional unknowns and equations
for three-dimensional Navier-Stokes flows. Furthermore, in applications, the
model terms, M (W, U, ﬁ), often take the form of diffusive terms (eddy
diffusivity models) that may require the addition of even more unknowns.
Over the past few years, there has been extensive research on the use of DG
methods for elliptic and mixed hyperbolic/elliptic problems (see for exam-
ple [38], [18], [137], [21]). Furthermore, Arnold et al. [10] show that the flux
formulation, commonly used in DG methods, can be readily converted to the
primal formulation.

With this background, one can merge the variational multiscale method de-
scribed above with a DG method. Denoting the boundary of the domain € as
00 =Tp UTn where I'p is the portion of the boundary where Dirichlet con-
ditions are specified and I'y is the portion of the boundary where Neumann
conditions are set. The element boundary is denoted as I' = {T'p, 'y, T0}
where I'g are the inter-element boundaries. Let ©; and 2 be two adjacent
elements. Furthermore, let I'jo = 901 () 9€Qs9; and n® and n® be the corre-
sponding outward unit normal vectors at that point. Denoting U(®) and Fl(-e)
be the state vector U and flux vectors F;, respectively, on I';5. Then, define
the average (.) and jump [.] operators on I'j2 as

(a) [Un] =0 4+ U@ @,
(b) [Fo] =F" ol +FP 0, (19.140)
(UM 4+ U@,

where F,, = F; n,.

With this notation and Eq. (19.139) the discontinuous Galerkin formulation
of the B (W, U) term, defined in Eq. (19.134), is applied to obtain the DG
formulation for the Navier-Stokes equations as

Bpg (W, U) :Z/ (W U, +W7T, (F! - F,)) dz
Q. /8

- / (W7 ] (FY —F,) -
—{((D; W)T) [(U - U) ny]) ds (19.141)
- ] (wn) [Fy —F,] -

(D, W)T] (U - U) ny)) ds

where
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F, (U)=F; (U) n,, (19.142)

F’ (U)=F’ (U)n; =D, U. (19.143)

Quantities with a hat in Eq. (19.141) are numerical fluxes that must be
appropriately defined. For example, the term F; (U™, U™) is an appropriate
approximate Riemann flux (see previous sections of the various options). The
particular choice of Riemann flux plays an important role in determining
the dispersion/dissipation characteristics of the method [88]. For illustrative
purposes, we use the Steger-Warming flux-vector splitting where F,, (U) is
split into inflow and outflow components F;, and F;} as follows:

Ff (U)=RM LU, A*= % (A £ |A]) (19.144)

and the approximate Riemann flux in this case is simply F, (U-,U") =
F} (U7) + F; (U*t) where U* = lim. .o +U (x + en). Similarly, various
options are available for the numerical viscous fluxes [10] and a particularly
simple approach is the interior penalty method U = (U), FV = (FY)—pu [Un,]
where 1 > 0 is a stabilization parameter (see for example [196] and [105].
Thus, the discontinuous Galerkin method is:

Given Uy = Uy (x), for t € (0,7T), find U (x,t) € V (P,) x H' (0,7)
such that U (x,0) = Uq (x)

and

Bpa (W,U) = Mpg (W,U,U) + (W, S), (19.145)

VW €V (P,) where V (Py,) is the broken space defined in [21]. If V (Py)
is restricted to a space of continuous functions, then one recovers the classical
Galerkin approximation.

19.13.1 Turbulence Modeling for VMS

It remains to define the model term Mpg (W,ﬁ, INJ) appearing in Eq.
(19.145). Considering orthogonal bases, it can be shown that the model must
represent the projection of the generalized Reynolds and cross stresses onto
the small scales. For incompressible flows, the projection is performed di-
rectly to the Reynolds and cross stresses. For compressible flows, there are
additional terms arising from the variable density in the Reynolds stresses as
well as from terms in the energy equation. For a thorough discussion of LES
modeling issues in compressible flows see [66] and references therein. The gen-
eral approach is illustrated here by assuming that the model takes the form
of a generalized eddy diffusivity on each subdomain, €., of the form
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—/ W, ¥ (U,0) dz (19.146)
Qe

where the model flux F* (U, U) is one of the form F (U, U) = D (U, U)U
and the matrix D™ (U, U) is a, possibly nonlinear, differential operator. The
standard eddy diffusivity model can be put in this form

0
F7" (U,0) =20 |(Vo0):i (19.147)
T,i /P?"t

where V®u is the symmetric part of the gradient tensor [i.e., (Vu);; = (u;;+
uj;)/2] and (V®u),; is the ¢th column of this tensor. The Smagorinsky eddy
diffusivity defined on the small-scales is o7 = (CgA)2|V=u| where Cy is the
Smagorinsky coefficient, Aisa representative length scale for the small scales,
and Pr; is the turbulent Prandtl number. In a simple implementation, the
Smagorinsky coefficient and the turbulent Prandtl number may be set as
constants.

Extending equation (19.146) to a form compatible with discontinuous
Galerkin leads to

Mpe (W, T, 0) = / (W7 (7 (T, 0)))

+ / (WP F (U, 0)) (19.148)

which clearly simplifies to a classical weak Galerkin approximation for contin-
uous functions. On inter-element boundaries, an averaged flux is used while on
the domain boundary one obtains a weighted integral of the modeled turbulent
flux across the boundary. This last integral marks a dramatic difference be-
tween discontinuous Galerkin and standard Galerkin approximations [95], [42]
on solid surfaces.

In a standard Galerkin formulation the trial functions are assumed to satisfy
the Dirichlet boundary conditions and so the weighting functions for velocity
on a wall boundary would be zero, which prevents us from setting the flux
of modeled turbulent stress to be zero on the wall. The fact that Hughes et
al. [97] obtain reasonable solutions for solid surfaces using such a method is
a matter open research. However, in the discontinuous Galerkin framework,
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since all boundary conditions are treated weakly through boundary flux inte-
grals, we are able to weekly enforce zero turbulent flux by setting the second
integral in Eq. (19.148) to zero on solid surfaces. Likewise, this integral can be
set to particular values on inflow domains to represent the inflow of unresolved
turbulent stress if desired.

It can be seen from Eq. (19.148) that the partition between large and small
scales on different subdomains can be easily changed. Likewise, the particular
model for the turbulent flux can be changed on each domain. Thus, the model
term can be written as

+/ (WT Fe (U, Us)) (19.149)
o0
. )
- Z / awe ?Le: (UE7U6) dx
QP $2e axl

where the modeled turbulent flux and the solution space partitioning are de-
pendent on the element index e. Across element boundaries, the first integral
communicates the unresolved turbulent flux between neighboring elements
thereby automatically converting from one partitioning to another and from
one turbulent flux model to another. It is this novel capability of the DG/VMS
that makes it particularly attractive for turbulence modeling in complex flows.

19.14 Implicit Time Marching of DG Discretizations

An implicit time marching algorithm based on the backward Euler inte-
gration scheme was presented in [150] for DG discretizations. This algorithm
is unconditionally stable in two dimensions and provides time accuracy only
when its time step resolves the temporal scales of the problem. The advantage
of the unconditional stability is lost in the case of DNS of transitional and
turbulent flows where the time scales that need to be resolved are often com-
parable to the time step imposed by explicit schemes. Unconditional stability
is exploited to obtain steady-state solutions with the DG discretization.

Application of backward Euler time integration to the weak form of the
Euler or Navier-Stokes equations with the DG discretizations yields
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our . ,
3; v; d§) —/ F (U! + AUY) - Vv; dQ
+Z% Foun (U + AU, U'+AUY, n) V] dS=0 [1=1,.,N
Q4
(19.150)
where the superscript for the state variable indicates the time level and
AUL = UZ.”+1 —ur. (19.151)
Performing linearization of the fluxes F and F,,,, obtain
F (U; + AU;) = F (U;) + A (U;) AU; + 0 (At?)

where

= Fnun (Ui,Uj,l’l) + AZIJ AUl + A? AUJ + 0 (Atz)

_ Al = M A2
_ oF (U ou ’
AT) = (V)

_ OFpun (w,0,7)
- ov

ou 1 (= — = 2 2 (. o —

Ay =AY (w;,v5,m), A3 = A® (u;,u;,m)

with these definitions dropping terms of higher than second order in Eq
(19.150) obtain

/ oU; Vi dQ — /A(Uf) AT -V, dQ (19.153)
o, Ot a

+> /8 . (A}, AT, + ALAT;) V,dS =Ry, (T")
j 7

Riy (U™) = / (u™)- V'V dQ— Z% Frun (@, @7, 0) V; dS. (19.154)
9,
Let U = (ﬁl, (A] ~,) be the expansion coefficient of the approximate so-
lution where (/J\l =i, Uin).

Uiy i=1,..,Ne. (19.155)

: OMZ

The implicit scheme of Eq .153) is written in matrix form as
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M (U™) AU™ = R (U™) (19.156)

where D denotes the block diagonal mass matrix D = diag (dy, ...,dn, ).

[di]e = /V;’c Vi dQ. (19.157)

The spatial accuracy of the solution depends on the discretization of the
residual as for the implicit schemes in the finite difference or the finite volume
context. Quadratic convergence and large time steps are possible only when
the spatial discretization of the left-hand side of Eq. (19.156) is consistent with
the discretization of the right-hand side. The linear system of Eq. (19.156)
can be with the generalized minimum residual (GMRES) Krylov method [159]
with single- or two-level preconditioning.

A second-order accurate in time implicit Runge-Kutta method can also be
used for time integration of DG discretizations [20] as follows:

Considering the system of the DG discretization

d
DY _Rm=0 (19.158)
dt
where D is the mass matrix the second order implicit Runge-Kutta method

involves two backward Euler steps and can be written as

u}‘“ = U;L + 'YlKl + ’}/QK2 (19159)

(2o 280

T o, ] Ki+Ru")=0 (19.160)

D OR (u™)
At Jdu

= +a } Ky+ R (u"+3K;)=0 (19.161)

the constants «, 3,71 and = corresponding to an optimal second-order accu-
rate scheme [98] are

2—1+/2 1

o= f, 0=8x05—a), m=1——, 72=1—7. (19.162)
2 S8a

The backward Euler scheme of Eq. (19.155) is recovered by v1 = 1, 79 = 0

and a; = 1. The Crank-Niconson algorithm is obtained for v; = 1, 79 = 0,
a=1/2.
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19.15 p-Type Multigrid for DG

A p-type multigrid acceleration method was applied [57] for convergence
acceleration with the DG method. A simple backward Euler discretization in
time was used [57] so that the discrete equation for time advancement is

1
M At (
where M is the mass matrix, R is the residual vector, and @ are the degrees
of freedom to be evolved in time from time level n to n + 1.
For steady-state solutions the nonlinear system R (U) = 0 is solved using a
p-multigrid scheme with a linear Jacobi smoother. A generic iterative scheme
for Eq. (19.163) can be written as

Tan -7+ R (HnJrl) =0 (19.163)

Tt =u" —P7' R (u") (19.164)

where the preconditioner, P, is an approximation to OR/OU. In p-multigrid
the low frequency error modes can be effectively corrected by smoothing with
lower order expansion of the approximate solution that serve as the worse
grids [85]. p-multigrid fits naturally with the frame work of high-order DG
discretizations. There is no need to store additional grid information since
the same spatial grid is used by all levels. The transfer operators between
the different p expansions, prolongation and restriction, are local and are
stored for the reference element. It was found, however, that p-multigrid is
not effective and difficult to apply. Therefore a more effective h — p multigrid
approach [135] was developed for the compressible Euler equations.

19.16 Results with the DG Method

The performance of the DG method was demonstrated [180] for linear prob-
lems computed with second- fourth- and sixth-order accuracy on triangular
meshes. The accuracy of the numerical solutions is evaluated by comparing
the computed results with exact solutions. The first test problem with an ex-
act solution [75] is propagation and reflection from a solid wall of a Gaussian
pressure pulse given by p (z,y) = exp{—In2[x® — (y — y0)?]/W}, where W
is the width of the pulse and yg is the distance from the wall. The second
problem with an exact solution is scattering of a similar Gaussian pressure
pulse from the surface of a cylinder [176].
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FIGURE 19.9: Solution computed with an unstructured, triangular mesh and
third-order polynomial basis.

A solution of the linearized Euler equations computed with third-order poly-
nomial bases (fourth-order accurate) on a relatively coarse, fully unstructured
mesh is shown in Fig. 19.9. At the far field boundaries, the radiation bound-
ary condition [175] was used. It can be seen that the pressure waves exit the
computational domain undistorted and there are no reflections in the inte-
rior from the computational boundaries. Acoustic disturbance propagation
is isotropic and does not require use of meshes with pattern [88]. Indeed,
it appears that the unstructured mesh of Fig. 19.9 is more appropriate for
acoustic wave propagation. Further evaluation of the numerical method is
performed, on triangular meshes obtained from triangulation of structured
Cartesian-type grids. The elements of the mesh for the solution of Fig. 19.10
follow a uniform triangular-mesh generating pattern. It was shown in [88]
that the accuracy of the computed solution depends on the triangular-mesh
generating pattern. Comparing the computed solutions of Figs. 19.9 and
19.10 it appears that the coarse, canonical grid solution (Axz = 2) obtained
with the third order P3 polynomial basis shows more distortion than the fully
unstructured mesh of Fig. 19.9 that has comparable resolution. The upper
part of Fig. 19.10 shows, however, that for fine grids and high order accuracy
the bias introduced by the triangular-mesh generating pattern is very small.
This is again consistent with the theoretical analysis of [88].

Solutions shown in the following paragraphs were computed until final time
T = 25 on triangular canonical meshes with mesh generating pattern (see
Fig. 19.10). Comparisons are carried out with the exact solution given in
[75]. A comparison of the solutions computed with grid spacing Az = 2.0
is only shown in Fig. 19.11 because within plotting accuracy for Az = 1.0
the differences between the fourth- and sixth order-accurate solutions are not
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FIGURE 19.10: Comparison of the pressure field computed with Ax = 2,
triangular elements, and third-order polynomial basis (right) with the exact
solution (left).
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FIGURE 19.11: Comparison of the pressure computed with first, third, and
fifth order polynomial bases with the exact solution in all cases the same
canonical triangular mesh with Az = 2 are used.

visible. The same time step At = 0.01, which is below the stability limit of
the Runge-Kutta method was used for all solutions. The comparison with
the exact result of [75] is shown along the symmetry line, which is normal
to the wall at x = 0. For the same location, the error €, = (Peom — Dex) Of
the computed solutions is shown in Fig. 19.12. Clearly, only for Az < 1.0
the results computed with the first-order polynomial basis (2"¢-order accurate
solution) provide the accuracy level needed in aeroacoustic computations.

In Fig. 19.13, the grid convergence of the second-, fourth-, and sixth-order
accurate solutions is shown. The error norm in Fig. 19.13 was computed on
the symmetry line, where the error norm is expected to be the largest, and
not for the entire domain. Norms of the error computed in the full domain
do not differ much from the error norm obtained from the deviation of the
computed solution from the exact result only on the symmetry line. In both
cases, the error norm was computed from
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FIGURE 19.12: Error of the solutions computed with first, third, and fifth
order polynomial bases and canonical triangular meshes with Az = 2.
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FIGURE 19.13: Grid convergence (in the Lo norm of the computed pressure)
of the second-, the fourth-, and sixth-order accurate solutions computed with
triangular elements.

1

Nei &

1

L2 = {Nl > / [Peomp (%, 9,) = Pexact (x,y,t)]Q} (19.165)
el e1=1 Vel

The grid convergence plot of Fig. 19.13 shows that all solutions achieve
the expected order of accuracy. Once again it is evident that the desired
order of accuracy for CAA can only be achieved with higher order methods.
Furthermore, it can be seen that for this simple problem the solution computed
with fourth- or sixth-order accuracy and single precision practically converges
when Az ~ 1.0 and the remaining errors are mainly due to time integration.
In Fig. 19.14, the reduction of the average error is plotted versus the required
computational time for the solution. It can be seen that use of higher-order
accuracy yields savings in computational time when the solution must reach
certain error level.

Solutions computed with quadrilateral meshes are presented next. A com-
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FIGURE 19.14: Computational time required in order to achieve certain error
level (Ls norm of the computed pressure) with the second-, the fourth-, and
sixth-order accurate solutions.
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FIGURE 19.15: Comparison of the pressure field computed with quadrilateral
elements Az = 2 and third-order polynomial basis with the exact solution.

parison of the pressure field computed with third-order polynomial basis with
the exact result is shown in Fig. 19.15. It can be seen (compare Fig. 19.10 and
Fig. 19.15) that for equivalent grid resolution, the quadrilateral mesh yields
better isotropy of the computed solution. The deviations of the computed
solutions with first- and third-order polynomial bases from the exact result
are shown in Fig. 19.16. The error of the computed solutions from the exact
result on the symmetry line is shown in Fig. 19.17. The grid convergence of
the solutions computed with quadrilateral elements is shown in Fig. 19.18.
For comparison, the convergence achieved with solutions computed with tri-
angular elements is shown in the same plot. It appears that the solutions
computed with quadrilateral elements do not achieve the (k+1)th order of ac-
curacy. This is expected because in a computation with third order basis, for
example, the unit area (for Az = dy = 1) is spanned by sixteen polynomials
in quadrilateral elements while for triangular element discretization the same
area is covered by two elements and spanned by twenty (2 x Pf’:l,_“w = 20)
polynomials. In terms of computational time the solution of obtained with
quadrilateral elements requires slightly less time.

Solutions for more complex domains are presented next. First, scattering
of sound waves from the surface of a cylinder, which is one of the benchmark
problems of [176], is considered. The computed solution with third-order
polynomial basis and quadrilateral elements at 7' = 8 is compared with the
exact result in Fig. 19.19. Very good agreement with exact result is achieved
for the solutions computed with both triangular and quadrilateral elements.
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FIGURE 19.16: Comparison of pressure field computed with quadrilateral
canonical meshes and first or third polynomial bases with the exact solution.
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FIGURE 19.17: Error of the solutions computed with and polynomial bases
on quadrilateral meshes, in both cases canonical quadrilateral meshes Az = 2
are used.
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FIGURE 19.18: Comparison of the grid convergence (in the Ly norm of the
computed pressure) of solutions computed with triangular and quadrilateral
elements.
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FIGURE 19.19: Comparison of the computed pressure field obtained with
third order quadrilateral elements with the exact solution for scattering from
a cylinder surface.

The computational domain for the solution obtained with triangular elements
contains 5437 elements or 2810 vertices. Discretization of the same domain
with isoparametric quadrilaterals includes 2000 elements or 2091 vertices. In
both cases the cylinder was represented by 40 elements. A comparison of
the computed pressure at 7' = 5 that is obtained with the triangular element
solution for selected radial directions (¢ = 0 deg. and ¢ = 90 deg.) with
the exact result is shown in Fig. 19.20. The computed solution along the
radial direction was interpolated from surrounding nodes. The interpolated
computed solution is in good agreement with the exact result. The time
variation of the computed solution for 0 < 7" < 8 is shown in Fig. 19.21.
Again good agreement with the exact result [176] is achieved.

Other numerical solutions obtained with the DG finite element method for
benchmark aeroacoustic problems demonstrated that only p* (fourth-order) or
higher-order accurate discretizations provide the required resolution for CAA.
In terms of computational time, solutions with equivalent order of accuracy
obtained on triangular meshes require about 10% more resources than the
solutions obtained with quadrilateral meshes. In both cases, the CFL stability
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FIGURE 19.20: Comparison of the computed pressure at final time T=5 for
¢ =0 deg., and ¢ = 90 deg. with the exact solution.

limitations become more stringent c.f. [12] with the increase of the order of
spatial accuracy. For isotropic meshes, the resolving ability of both triangular
and quadrilateral space discretizations is approximately equivalent. For two-
dimensional problems, it is feasible to achieve spatial accuracy up to sixth
order. Sixth- or higher-order of accuracy is possibly advantageous for long
time propagation of complex waveforms. Numerical tests for pure convection
(ut + uy = 0) of complex one-dimensional waves of the form v (x,t) =0 =
[2 4 cos (ax)]exp [~ In2 (x/10)?], o = 1.7, using up to tenth order accurate
DG discretizations showed that for long time integration (7' > 400) at least
sixth-order accuracy is needed. Application of the DG finite element method
for three-dimensional CAA applications is straightforward using the available
finite element framework [91] but beyond the scope of the present paper.
It appears, however, that three-dimensional CAA applications with the DG
method are feasible in terms of the required computational resources but
discretizations with polynomial bases of order higher than three are possibly
too intensive computationally.

Computations of compressible flows over realistic aerodynamic configura-
tions with the DG method were carried out by van der Vegt and van der
Ven [182] and more recently in [183]. Examples of the recent computations of
transonic steady and unsteady airfoil flows of [183] using the space time DG
method and stabilization operators of Section 19.10 of Chapter 19, instead of
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FIGURE 19.21: Comparison of the computed pressure at r = 5and 0 < T < 8
for = 0 deg., and ¢ = 90 deg. with the exact solution.
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slope limiters are shown in Fig. 19.22 and Fig. 19.23. Very good resolution
of transonic shocks was obtained with the stabilization operators. Adaptive
grid refinement with “hanging nodes” that is possible for DG method yielded
very good resolution of the shocks.

Computations of viscous turbulent flows with the DG method were recently
presented by Bassi et al. [20]. Examples from these computations are shown
in Fig. 19.26, Fig. 19.27, and Fig. 19.28. Fig. 19.26 shows the computational
mesh over turbomachinery blades. An implicit Runge-Kutta method similar
to the implicit scheme of Section 19.15 of Chapter 19, was used for time
marching in order to avoid the stringent stability limitations imposed by the
the small grid spacing required for the resolution of the near wall viscous
phenomena. The unsteady flow field is shown with snapshots in Fig. 19.27,
and Fig. 19.28. additional results with the DG method can be found in
other recent publications [124], [149], [47], [205], [152], [19], [22], [129], [154],
and [161].
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