N

N

Finite element approximation of Helmholtz problems
with application to seismic wave propagation
Théophile Chaumont Frelet

» To cite this version:

Théophile Chaumont Frelet. Finite element approximation of Helmholtz problems with application to
seismic wave propagation. General Mathematics [math.GM]. INSA de Rouen, 2015. English. NNT:
2015ISAMO011 . tel-01246244v2

HAL Id: tel-01246244
https://theses.hal.science/tel-01246244v2
Submitted on 5 Feb 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01246244v2
https://hal.archives-ouvertes.fr

INSTITUT NATIO
‘ DES SCIENCES

APPLIQUEES

ROUEN

Normandie Université

THESE

Pour obtenir le grade de Docteur délivré par I’

INSA Rouen

Spécialité : Mathématiques Appliquées

Titre de la these :
Approximation par éléments finis de problemes d'Helmholtz
pour la propagation d'ondes sismiques

VERSION du 11/12/2015

Théophile CHAUMONT FRELET

Civilité / Prénom NOM Grade / Fonction / é:\g/ Lieu d’exercice Réle (Président, Rapporteur, Membre)
M. Rémi ABGRALL Professeur, Université de Zurich Rapporteur
M. Grégoire ALLAIRE Professeur, Ecole Polytechnique Rapporteur
Mme Hélene BARUCQ Directeur de Recherche, INRIA Directrice de These
M. Henri CALANDRA Ingénieur Docteur TOTAL Examinateur
M. Christian GOUT Professeur, INSA Rouen Directeur de These
Mme Carole LE GUYADER Professeur INSA Rouen Examinatrice
M. Jens Markus MELENK Professeur, TU Wien Rapporteur
M. Serge NICAISE Professeur, Uni. de Valenciennes Président du Jury

V4 Deplh imagiog Pertoerihip
\]‘ in.furmuﬁcs,ma!heman’cs - ?
“E. - ToTAaL E

\7







Contents

1 General setting 9
1.1 Seismic Imaging . . . . . . . . ... 10
1.1.1 Seismic wave modeling . . . . . . ... ... L. 10

1.1.2  Reverse time migration . . . . . . . . .. ... 11

1.1.3  Full waveform inversion . . . . . . ... .. .. ... ... ..... 12

1.2 Derivation of the elastodynamic equation . . . . . . . . . . ... ... ... 12
1.2.1 Lagrangian description of the underground . . . . . . . . . ... .. 14

1.2.2  Representation of the deformation: the strain tensor. . . . . . . . . 15

1.2.3 Representation of the internal forces: the stress tensor . . . . . .. 16

1.2.4 Constitutive equation: the generalized Hooke’s law . . . . . . . .. 17

1.2.5 Elastodynamic equations . . . . . . . . .. ... 0L 19

1.2.6  Acoustic approximation . . . . . ... .. ... 21
1.2.7  Time-harmonic formulation . . . . ... .. .. ... ... ..... 24

1.3 Boundary conditions . . . . . . .. ... 25
1.3.1 Free surface condition . . . . . .. ... .. ... ... ... ... 27

1.3.2 Non-reflecting boundary conditions . . . . . . ... ... ... ... 27

1.4 Boundary value problems and their variational formulation . . . . . . . .. 30
2 Analysis of the problem in one dimension 33
2.1 Analysis of the continuous problem . . . . . .. ... ... ... ...... 33
2.1.1 Preliminary information . . . . .. ... ... ... ... ... 34
2.1.2  Description of the propagation medium . . . . . . ... .. .. ... 36
2.1.3 Problem setting . . . . . . ... 37
2.1.4  Well-posedness . . . . . . . . . . 40

2.1.5 Frequency-explicit stability estimates . . . . . . . . . ... ... .. 42
2.1.6  Stability with respect to the medium parameters. . . . . . . . . .. 47
2.1.7 Proof of Theorems 3and 4 . . . . . . ... . ... ... ... .... 50

2.2 Some results in the homogeneous case . . . . . . . . .. ... ... ... .. 62
2.2.1 Asymptotic error-estimates . . . . ... ... 66
2.2.2 Dispersion relations . . . . . .. ... oL 71
2.2.3 Pre-Asymptotic error-estimates . . . . ... ... 75

2.3 Discretization of the problem in 1D . . . . . .. ... ... ... ...... 76
2.3.1 Problem statement . . . . . ... ... ... L. 7



4 CONTENTS
2.3.2  Finite element discretization . . . . . .. . ... ... 7
2.3.3 Approximation properties . . . . . ... ... 79
2.3.4  Multiscale medium approximation . . . . . . . ... ... ... ... 85

3 Analysis of the problem in two dimensions 87

3.1 Analysis of the continuous problem . . . . . . ... ... ... ... 87
3.1.1 Background . . . .. ... 87

3.1.2  Problem statement . . . . .. .. ..o 88

3.2 Discretization of the problem in 2D . . . . . ... ... ... 95
3.2.1 Background . . . .. .. Lo 95

3.2.2 Problem statement . . . . .. ... o000 96
3.2.3 Convergence analysis . . . . . . ... ... Lo 98
3.2.4 Approximationofc . . . ... 104
3.2.5 Computational cost . . . . . . . . ... . L 106

4 Numerical examples 109
4.1 Analytical test-casesin 1D . . . . . . ... 109
4.1.1 Model problem . . . . . .. ... ... 109
4.1.2  Analytical solution . . . . . ... ... 110
4.1.3 Numerical experiments . . . . . . . . .. .. ... ... 111

4.2 Analytical test-cases in 2D . . . . . ... o000 124
4.2.1 Analytical solution . . . . . . .. ..o 125
4.2.2 A two-layered media . . . . ... ..o 126
4.2.3 Multi-layered medium . . . . . ..o oL oL o Lo 130
4.2.4  Multi-layered medium: Highly heterogeneous . . . . . . . .. . . .. 132
4.2.5 High order MMAm VS fitting mesh based method . . . . . . . . .. 133

4.3 Comparison with homogenization . . . . . . .. .. ... .. ... ..... 134
4.3.1 Principle of periodic homogenization . . . . . . ... .. ... ... 135
4.3.2 Experiments with the homogenized parameters . . . . . .. .. .. 136
4.3.3 Comparison with the MMAm . . . ... ... .. ... ... .... 139

4.4 Geophysical test-cases . . . . . . ..o 146
4.4.1 Methodology . . . . . . . .. 147

4.4.2 2D Acoustic simulations with constant density: Overthrust model . 148
4.4.3 2D Acoustic simulations with non-constant density: Marmousi II
model . . ... 157
4.4.4 3D Acoustic simulations with constant density: Louro Model . . . . 164
4.4.5 2D Elastic simulations with constant density: Overthrust model . . 167



General introduction

From radar or sonar detection to medical and seismic imaging, wave propagation is a com-
plex physical phenomenon which is involved in a large number of applications : noninvasive
methods have been developed since the end of the 19th century (works of Roentgen or Bec-
querel -X rays- in 1895 and 1896, works of Galton in 1883 -ultrasons- and so on), and these
methods are always being developed, especially in medical imaging, seismic imaging, radar
imaging, global seismology or in many other engineering applications.

Numerical simulations of waves deserve particular attention because they require ap-
plying advanced numerical methods in particular when the propagation domain is hetero-
geneous, as considered in this work.

Our main motivation is actually the design of advanced propagators which are meant
to be used for solving seismic inverse problems. This is a very challenging purpose which
is of great interest for oil companies. This PhD thesis has been prepared within the Inria
project-team Magique-3D from Inria Bordeaux Sud-Ouest center in the framework of the
joint Inria-Total research program DIP (Depth Imaging Partnership). Thus, the general
context of this work is the development of an efficient solution methodology for computing
Helmholtz solution in highly heterogeneous media as the Earth can be. Obviously, any
progress in this topic may have nice consequences on other applications like for instance
medial imaging but herein, we are interested in geophysical applications which provide us
synthetic data for validating numerical methods.

Depending on the application, the simulation of high-frequency waves can be required,
especially for high-resolution imaging. In this context, it is of course crucial to propose
efficient numerical algorithms corresponding to (rigorous) PDE based modeling in order to
work on 3D applications. Although realistic 3D full wave simulations become possible with
the increase of computational power. It is worth noting that it is sometimes impossible to
get numerical simulation on very complex cases because it requires too much computing
capacity (even considering high performance computing).

In this work, we focus on efficient numerical algorithms for time-harmonic wave prop-
agation in heterogeneous propagation media, modelled by the heterogeneous Helmholtz
equation. We especially focus on the robustness of the algorithm with the respect to the
frequency and to small scale heterogeneities in the propagation medium.

The lack of robustness of standard discretization methods (like low order finite element
and finite difference methods) with respect to the frequency is common knowledge. Indeed,
these methods fail to reproduce oscillations of high frequency solutions, unless a very fine
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mesh is used, which is often unaffordable. This phenomenon is known as the ”pollution
effect” and has been extensively studied for wave propagation in homogeneous media.

However, though several solutions have been proposed to reduce the pollution effect in
homogeneous media, much less work dealing with heterogeneous media is available. Beside,
most of the ideas proposed to solve the problem in homogeneous media are not easy to
extend to the heterogeneous case.

Among the methodologies developed to reduce the pollution effect in homogeneous
media, we mention high order polynomial Finite Element methods (FEm) and Plane Wave
methods (PWm). In both cases, highly heterogeneous media are not easily handled: high
order polynomial FEm are based on meshes with a great number of degrees of freedom
per cell. For this reason, these methods are usually based on rather coarse meshes with
large cells. In this case, the parameters describing highly heterogeneous media can not be
considered to be constant inside each cell as they might feature important variations.

The philosophy of PWm is to take advantage of a priori knowledge of the solution,
which is expected to be a wave. In this regard, the discrete basis functions are taken as
plane wave (or possibly Bessel functions and/or evanescent waves) instead of polynomials.
More generally, the idea is to take homogeneous solutions of the PDE inside each cell as
basis functions. This approach is very fruitful in homogeneous media, because analytical
solutions are available as soon as the medium parameters are constant inside each mesh
cell. Unfortunately, the requirement that the medium parameters are constant inside each
mesh cell is sometime too restrictive when the medium is highly heterogeneous.

In this work, extensions of high order FEm and PWm for highly heterogeneous media
have been considered:

e We propose to use high order FEm together with a second-level strategy to take into
account small-scale heterogeneities. We call this approach the Multiscale Medium
Approximation method (MMAm) [20, 50].

e We are also investigating (work in progress) a multiscale approach, where the basis
functions are taken as local solutions of the PDE. This work is based on a multiscale
method called the Multiscale Hybrid Mixed method (MHMm) originally developed
for Darcy flow problems in highly heterogeneous media. Because the medium param-
eters are supposed to vary inside each mesh cell, there is no analytical expression of
the basis functions, and a second-level numerical method is used to approximate the
basis functions. This part of the work can be considered as an extension of PWm
because the basis functions are taken as local solutions to the PDE. The difference
lies in the fact that because the parameters are allowed to vary inside each mesh cell,
the basis functions have no analytical expression and are approximated through a
second-level approximation.

In this manuscript, we focus on the MMAm since it is very suitable to the industrial
framework we are working with.

The problem of taking into account small scales heterogeneities on coarse meshes has
been already investigated in [9,13,14,17,19,57]. The problem is considered in the context
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of elliptic equations applied to composite materials or porous media. In this context, the
model problem is a second-order elliptic equation, with a highly oscillating heterogeneity
parameter. It has been observed that for this model problem, standard polynomial dis-
cretizations fail to handle small scale variations of the heterogeneity parameter. Multiscale
methods have thus been developed where the shape functions are taken as local solutions
to the PDE. These methods include in particular the so-called multiscale finite element
method [9,57], operator-based upscaling [14] and the Multiscale Hybrid Mixed method [13].

Another viewpoint is given by homogenization theory. The idea of the homogenization
theory is to replace the original highly heterogeneous medium, by a simpler “homogenized”
equivalent medium. While the method is very elegant and powerful, it relies on restric-
tive assumptions like scale separation and periodicity of the medium [86]. It is worth
noting that homogenization can work under simpler assumptions (for instance: stochastic
homogenization [64], two-scale convergence [8] or unfolding operators [33]). However, it
turns out that these methodologies are not suited for our main application: seismic wave
propagation.

Operator-based upscaling as well as multiscale finite elements have been recently applied
to transient wave problems [2, 63,101, 102]. Homogenization theory has been used in
Geophysics as well to homogenize finely layered media [18,31]. More recently, a framework
of "non-periodic” homogenization has been developed [27-29], again in the context of
geophysical applications.

Based on the amount of works available for elliptic and transient wave propagation
problems, we first though that it was mandatory to use a multiscale strategy, with special
shape functions or some kind of homogenization strategy. However, if it is clear from the
literature that standard polynomial discretizations can not handle highly heterogeneous
media in the context of elliptic problems, we believe that it might not be the case for wave
propagation problems.

It turns out that wave propagation problems are really different from elliptic problems.
Indeed the error is mostly due to the pollution effect in the first case while the restrictive
factor is the best-approximation error in the latter. Also, we have mostly focused on the
acoustic wave equation with constant density as a model problem. In this model, the
heterogeneities are ”outside” the divergence operator and can be expected to be easier to
handle than for the model Laplace problem, where the heterogeneous parameter is ”inside”
the divergence operator.

We believe that these two points are the reason why it is possible to use simple poly-
nomial shape functions (leading to such good results), instead of local solutions.

After introducing the MMAm algorithm we propose, we will focus on carefully justifying
the method both from the theoretical and numerical point of view. Theoretical analysis
of the MMAm involves error estimates in 1D and 2D. The frequency appears explicitly
in all the constants involved in error estimates. Numerical experiments include analytical
test-cases in 1D and 2D and geophysical benchmarks in 2D and 3D. In order to tackle
realistic geophysical test-cases, especially in 3D, an efficient and parallel algorithm of the
method has been implemented. The most demanding numerical examples have been run
on the CRIHAN super-computer facility.
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In order to derive precise error-estimates for the MMAm, it is mandatory to show fine
properties of the continuous solution. Thus, our work also includes a mathematical analysis
of our model problem: the acoustic Helmholtz equation in heterogeneous media in 1D and
2D.

The main achievements of this work are:

e the derivation of frequency-explicitly stability estimates for heterogeneous Helmholtz
problems,

e the design and the convergence analysis of the MMAm,
e the parallel implementation of the algorithm with openMPI,
e the validation of the method for the targeted applications.

The manuscript is organized as follows: a first chapter is devoted to the general set-
ting of the seismic imaging framework, the derivation of the elastodynamic equation is
given with suitable boundary conditions. The corresponding variational formulation is
also presented. In Chapter 2, we focus on the analysis of the problem in 1D: the analysis
of the continuous problem is precisely studied, then the discretization using the MMAm
approach is given. In Chapter 3, we present the 2D problem since it is not possible to
easily extend the results obtained in the 1D case. We first present a stability analysis for
the Helmholtz problem set in an heterogeneous medium. We then show that it is possible
to take the discontinuities of the velocity ¢ into account on a coarse mesh by considering
an approximation c¢.. We show that ¢, can be chosen to obtain a quadrature-like formula
that can be mastered to ensure that the construction of the discrete system is cheap, and
computational costs are then given. In Chapter 4, we give both analytical and geophysical
numerical examples in 1D, 2D and 3D. In particular, we illustrate that the MMAm out-
performs standard finite element approximations in highly heterogeneous media. A section
in this chapter is also devoted to a comparison with homogenization.

We end up with a conclusion delivering some perspectives for the future.



Chapter 1

General setting

This work has been launched in the framework of a collaborative research program that is
maintained between Inria and the oil company Total for the design of advanced software
packages focusing on seismic imaging.

In a nutshell, the goal of seismic imaging is to produce a map of the underground based
on surface data acquisition and using seismic wave reflections. It is worth noting that the
concept is in fact general and not limited to underground imaging. For instance, radar
imaging, medical imaging, or non-destructive testing are based on the same ideas.

The physical phenomenon that makes seismic imaging possible (or more generally,
wave imaging) is the reflection of waves: when a wave front impinges an obstacle or a
discontinuity, a part of the energy is scattered back to the emitter. This property makes
it possible to emit waves from one location and receive information back in the same spot.

As a result, a crucial ingredient in seismic imaging is a good model to represent waves,
taking into account reflection and refraction accurately. Several models have been proposed
to represent seismic waves, ranging from asymptotic ray theory to poro-elasticity. Of
course, there is a trade off between the accuracy of the model, and the computational
requirements. Nowadays, full-wave modeling is possible, but still very costly to solve.

In the context of this PhD we propose to work on time-harmonic full-wave propagation
in 2D and 3D isotropic acoustic and elastic media. We are focusing on optimizing numerical
methods for the case of highly heterogeneous problems.

This chapter is devoted to a general setting of the key ingredient describing the context
of this work. We give a brief overview of what seismic imaging is in Section 1.1, in
particular, we illustrate two important seismic data processing tools in Sections 1.1.2 and
1.1.3: reverse-time migration and full waveform inversion.

Section 1.2 is devoted to the presentation of the two wave equation models considered
in this work: acoustic and elastic isotropic wave propagation. For that purpose, we recall
important notions of continuous mechanics in subsections 1.2.1, 1.2.2 and 1.2.3. We dis-
cuss how elasticity of the Earth can be represented using the generalized Hooke’s law in
subsection 1.2.4. The isotropic elastic wave equation is introduced in 1.2.5 and we derive
its acoustic approximation in 1.2.6.

We present the boundary conditions used to close the problem in Section 1.3. In
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particular, we give some details about non-reflecting boundary conditions in Subsection
1.3.2.

Section 1.4 ens up with the mathematical problems considered in the remaining of this
work.

1.1 Seismic Imaging

The purpose of seismic imaging is to take advantage of seismic wave propagation to analyse
the Earth subsurface. To start with, seismic data are gathered during a seismic campaign.
Seismic waves are generated either by a vibrator truck for land acquisition or by an airgun
for marine acquisition. Wave reflections are recorded by geophones or hydrophones located
on a line containing the seismic source. Figure 1.1 illustrates the process.

Vibrator Truck Recorder Truck
Recording Channels

Figure 1.1: Offshore (left) and onshore (right) seismic acquisition

At this point, the huge amount of data recorded during the acquisition must be pro-
cessed using high performance computing techniques. The aim is therefore to convert
recorded seismic traces (see figures 1.2 and 1.4) into information about the subsurface (see
figures 1.3 and 1.7). In the following, we present two examples of seismic data processing
techniques: reverse time migration (RTM) and full waveform inversion (FWI). But before,
let us say a few words about seismic wave modeling.

1.1.1 Seismic wave modeling

It is well-known that pseudo-elastic models are accurate to represent wave propagation
inside the Earth. However, modeling a full elastic wavefield is computationally expensive.
If realistic 3D elastic wave propagations become possible with nowadays computers, it is
still a tricky task. This is the reason why several simplifications were introduced to help
process the data.

The first simplification introduced is the acoustic approximation in which the Earth
is considered as a fluid. Beside being less computationally demanding, the acoustic ap-
proximation is interesting because it only represents P-waves and is therefore easier to
analyse.
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Harizontal location (km)
0 2 4 6 8 ffont (kom)
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Figure 1.2: Input model (left) and example of seismic trace (right)

While 3D elastic modeling is still under development, 3D acoustic propagation is nowa-
days commonly used in industry. In this work, we develop optimized algorithms for elastic
and acoustic wave propagation problems in their time-harmonic form.

In the past, fullwave modeling was considered to be too costly for practical purpose
and additional simplifications have been introduced. For instance, ray methods are based
on high-frequency approximations [45] and one-way methods use a splitting of the wave
operators [83]. In the following, we focus on full-wave methods only because they are more
accurate in heterogeneous media.

1.1.2 Reverse time migration

The concept of reverse time migration has been introduced by Clearbout [38]. It is a direct
procedure which hints at recovering reflexivity of the underground based on a smooth
initial model. We show an example presented in [93] from which we have extracted Figures
1.2 and 1.3.

Figure 1.2 shows the data available before the migration process. It consists of the
seismic traces recorded in the acquisition and an input model generally obtained by travel-
time analysis.

The output reflexivity model is compared to the ideal reflexivity model on Figure 1.7.
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Figure 1.3: Output of the RTM (left) and true reflexivity (right)

1.1.3 Full waveform inversion

Full waveform inversion is an optimization procedure based on the minimization of a misfit
function between the observation (seismic traces) and the simulated data. It is viewed as
an inverse problem and for which wave propagation is the direct problem.

While RTM only aims at finding the location reflectors, full properties of the subsurface
can, in theory, be recovered using FWI. We present an example from [91] (Figures 1.4, 1.5,
1.6 and 1.7).

In this example, seismic traces have been simulated using the Marmousi model [71] (see
Figures 1.4 and 1.5).

The algorithm uses as input the seismic traces (Figure 1.4) and a smooth initial model
constructed from travel-time analysis (Figure 1.6). The resulting velocity model is pre-
sented on Figure 1.7. We refer the reader to [94] for an illustration of initial model building
using travel-time tomography.

1.2 Derivation of the elastodynamic equation

The main objective of this section is to introduce the time-harmonic wave equations which
will be under study in the following. After presenting briefly some notions of continu-
ous Mechanics, we derive the elastodynamic equations and then introduce their acoustic
simplification. We also present the boundary conditions used to close the problems. In
particular, we detail how non-reflecting boundary conditions are derived.
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Figure 1.5: True model used to simulate traces

Figure 1.6: Input model for FWI
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Figure 1.7: Output model from FWI

1.2.1 Lagrangian description of the underground

Seismic waves propagation is usually represented in the context of continuum Mechanics
[48]. We describe the underground as a subset Q0 C R? where the matter is represented as
a continuum of particles x € Q. We call €2 the reference configuration of the underground.

To analyse the motion of the subsurface, we adopt the Lagrangian description, where
we follow the particles. Hence, the space variable x € €2 denotes the position of a particle
in the reference configuration {2, and every particle in the subsurface is identified by a
point x € ().

We introduce the time variable ¢ and assume that when t = 0, the Earth is in its
reference configuration 2. Under the action of external forces, the particles in {2 can move.
Hence, at the time t > 0, a particle x € Q can be located to the position x’ € R3. To
represent the motion of the particle, we introduce the displacement u. Consider a particle
x € Q. At the time ¢, the position x’ € R? of the particle x is given by

x =x+u(x,t).

Hence, the path of a given particle x € Q is given by the function ¢t — x 4+ u(x,t). On the
other hand, at a given time ¢ the state of the ground is represented by the displacement of
all particles, that is the function x — x + u(x, ).

Since we adopt the Lagrangian description, the position x € () identifies a given particle
in the subsurface. It is natural to associate to each point x € €2 physical properties related
to the nature of the rock. In the following we will see that the interesting quantities are
the density p of the rock and its elastic properties defined by the stiffness tensor C. Since
these properties depend on the nature of the rock, they are naturally associated with the
particle x € Q) rather than with the spatial position x’ € R3.

Furthermore, we can assume that the density and the stiffness tensor do not depend
on the time. Actually, these properties might change in time, but along a geological time
scale which is much longer that the time scale of a wave propagation. Hence, the density
in the Earth subsurface is represented by the function p : 2 — R and the elastic properties
by the function C: Q — R, If x € Q, p(x) and C(x) represent then the density and the
elastic properties of the particle x.
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To sum up, the properties of the Earth are characterized by the function p : 2 — R
and C : 0 — R?* and the motions of the ground are fully represented by the displacement
function u: Q x (0,7) — R3. Q is the reference configuration of the Earth and the space
variable x € {2 denotes a position in the reference configuration at ¢ = 0 which identifies a
single particle.

1.2.2 Representation of the deformation: the strain tensor

As explained in the previous section, the state of the underground at time ¢ is represented
by the displacement of all particles x — u(x,?). In this section, we explain how we can
relate the displacement of the particle to the deformation of the underground.

We first need to introduce the notion of rigid motion. A rigid motion is a displacement
of the underground which does not deform it. To clarify this notion, consider two points
x,y €  and a fixed time ¢ > 0. At time ¢, the particles x and y have moved to the
positions X',y € R? respectively, and we have

X' =x+u(x,t), y =y+uy,t).

The distance between the particles x and y in the reference configuration €2 is given by
|x —y| and is modified to [x' —y'| = [(x —y) + (u(x,t) — u(y,t))| at time ¢. At time ¢,
we say that the ground has been subjected to a rigid motion if the distances between all
particles have been preserved, that is

x =yl =l(x=y)+ (uxt) —uly,1)], ¥xyec

Mathematically, it means that the function x — x 4+ u(x, t) is an isometry.

It is intuitive to understand that rigid motions do not induce any deformation. Hence,
we wish to distinguish between rigid motions, and true deformations. We introduce the
Green-Saint Venant strain tensor E defined from the displacement u as

E(u) = = (Vu+ Vu' + Vuvu’). (1.1)

DN | —

It is possible to show that E(u) = 0 if and only if the function x — u(x,t) is a rigid
motion. We see that the Green-Saint Venant strain tensor E "filters out” the rigid motion.
The strain tensor can be considered as a measure of the deformation. More precisely at
the time ¢, the second order tensor E(x,t) represents the deformation undergone by the
underground in a neighborhood of the particle x.

Remark 1. [t is possible to be more precise about how the distance and angle are lo-
cally modified. Distance and angle transformation are related to the Right Cauchy-Green
deformation tensor [48]:

C(u) = (I+ Vu)(I+ Vu)’.

The formula

B(u) = 3 (C(w) ~ 1)
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shows that the Cauchy-Saint Venant tensor measures how much the distances and angle
are modified.

Remark 2. The Cauchy-Saint Venant strain tensor is not the only possible choice to
measure the deformations. Other definitions of strain are possible. However, they all result
in the same linearized strain tensor, and are equivalent for small deformations. For more
details about the different measures of strain, we refer the reader to [56] and [48].

Because of the last term in (1.1) the relation between the displacement u and the
Cauchy-Saint Venant strain tensor is non-linear. This non-linearity makes the analysis of
the strain very complex. Fortunately, if we assume that the deformations are small enough,
we can linearize (1.1) and define the linearized strain tensor

e(u) = % (Vu+ vu’). (1.2)

The hypothesis of small deformations is reasonable for the applications we are targeting.
Therefore, we use the linearized strain tensor e(u) as a measure of deformation.

1.2.3 Representation of the internal forces: the stress tensor

When an external force is applied to the Earth, internal forces appear as a reaction. These
forces are represented by a contact force characterized by a stress vector t. If we consider
a portion A C ) of the underground, the stress in A at time ¢ can be represented by

/ toa(s,t)ds,
A

where the stress vector t54 : A — R? depends on the shape of A.

The dependency of tsy, on JA can be fairly general. To simplify the situation, we
introduce the Cauchy-Euler postulate and assume that the stress vector depends on the
shape of A only through the unit normal vector. Hence, we have tya(s,t) = t(s,t,n,),
where n 4 is the unit normal vector on JA. Under the Cauchy-Euler postulate, the stress
can be represented by a function, t : Q x (0,7) x S? — R3, called a Cauchy stress vector,
such that the stress in A is

/ t(s,t,ny4)ds,
DA

for A C €. Furthermore, it is possible to show that there exists a second order symmetric
tensor o, called the Cauchy stress tensor such that

t(x,t,n) = o(x,t)n

Remark 3. The ezistence of the Cauchy stress tensor o is the result of the Cauchy fun-
damental theorem. The demonstration uses Newton’s second law of motion and the con-
servation of moment [48].
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We can interpret the stress as a volumic force using the Stoke’s formula. Indeed, if
A C Q, we have

/aAa'(s,t)nAds = / diveo(x,t)dx. (1.3)

A

Since (1.3) is valid for any regular subset A C 2, we conclude that the stress can be
represented by the force density f;,; : Q x (0,7T) — R3:

fi,. =dive. (1.4)

1.2.4 Constitutive equation: the generalized Hooke’s law

We have explained that in the context of continuum Mechanics, small deformations of the
Earth are represented by the linearized strain tensor e(u). These deformations result in
internal forces represented by the stress tensor o

This framework is quite general and makes it possible to represent different behaviours
of the considered material (namely plasticity, viscosity, and elasticity) depending on how
the stress tensor o is related to the displacement u [48]. The equation relating the stress to
the displacement is called the constitutive equation. Of course, the constitutive equation
depends on the considered material, but also on which feature we want to model.

In the context of off-shore seismic campaigns, the materials we have to consider are wa-
ter and water-saturated porous rock. An accurate poro-elastic model for wave propagation
has been developed by Biot [23,24]. The poro-elastic constitutive equation of Biot takes
into account elasticity, viscosity and porosity of the rocks. This model can be simplified
and, for most target applications, we only need to consider elastic and viscous properties
of rocks [53,54]. Also sound wave in the water can be treated as a special case of elasticity.

In the following, we consider the elasticity of the rocks only, it means that the stress
o(x,t) at the particle x at time ¢ only depends on the strain e(x,t) at the particle x at
time t. This hypothesis prevents nonlocal and memory effects as well as absorption.

Furthermore, since we are interested in small deformations, we can focus on the simplest
case of elasticity: linear elasticity. In this context, the relation between the stress and strain
is linear and the constitutive equation is the so-called generalized Hooke’s law. The stress
tensor is determined from the strain by the stiffness tensor C:

o(x,t) = C(x)e(x,t). (1.5)

Remark 4. Anelastic properties of the Earth, in particular attenuation, are shown to be of
importance in seismic data processing [54,62]. Attenuation is complex to represent in time
domain modeling. In time-domain numerical simulations, dedicated “memory variables”
[30] need to be added to numerical schemes which increase the computational cost. However,
attenuation is naturally handled in frequency domain formulations by considering a complex
frequency [43] or complex Lamé parameters [53]. Since we are focusing on frequency domain
simulations, we do not consider attenuation as a major difficulty in terms of numerical
approximation and drop it to simplify.
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The elastic properties of the Earth at the particle x € () are completely determined by
the stiffness tensor C(x). Since the strain and stress tensor are symmetric, they both have 6
independent coefficients. Therefore, in the general case, the stiffness tensor is characterized
by 6 x 6 = 36 coefficients. To simplify the rest of the presentation, we adopt the Voigt
notation. The stiffness tensor is represented as a 6 x 6 matrix C = {Ca5}6

-1 Where
Ciji = C,p with the convention

1 o«
11 !
22 < 2
33 )
32=23 & 4
31=13 < 5
21=12 «< 6

Though the 36 coefficients are independent in the general case, it is possible to greatly
simplify the stiffness tensor under the assumption of isotropy. A material is said to be
isotropic if it has the same elastic properties in every direction. It means that waves
propagate with the same speed in every direction. In the isotropic case, they are only two
independent coefficients C3, Cyy and we have

033 (033 — 2044) (033 — 2044) 0 0 0
(C33 — 2C4) Cs3 (C33—=2Cu) 0O 0 O
. (033 — 2044) (033 — 2044) 033 0 0 0
€= 0 0 0 Cu 00 (1.6)
0 0 0 0 Cyu O
i 0 0 0 0 0 Cuy

We can express the coefficients C33 and Cyy in terms of the Lamé parameters A and pu.
In this case, we have
033 =A + 2,u
and
044 = U.
For isotropic media, we can rewrite the Hooke’s law in a simpler form with the Lamé
parameters:

o = Adivul + 2ue(u). (1.7)
It is also possible to express the stiffness tensor as
[ 012) 012? —2¢2 0129 —2c2 0 0 0]
cz) — 203 ) cf) ) 012) —2203 0 0 0
_ ¢, —2c; ¢, — 2c ¢, 0 0 O
C=» 0 0 0 & 0 0|’ (18)
0 0 0 0 ¢ 0
i 0 0 0 0 0 cz ]
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A+ 2u \/ﬁ
Cp = , Cs=/]—, 1.9
=\, 5 (1.9)

are the compressional and shear wave velocities.

where

Remark 5. The hypothesis of isotropy is not always sufficient to represent the elastic
properties of the Earth. This might be for two main reasons. First some rocks have an
intrinsic anisotropy, because of a preferred orientation of minerals [100]. Second, when a
large enough wavelength travels through a finely layered medium, it appears as an homoge-
neous anisotropic, transverse isotropic, medium [18, 31]. More generally, homogenization
of (not necessary layered) isotropic media usually results in anisotropic effective represen-
tation [27-29)].

When the medium is anisotropic, the wavespeed varies along the direction of propaga-
tion. Hence, wavefronts in homogeneous anisotropic media are not circles, but can have
general shapes. In geophysical applications, the rocks have special form of anisotropy. In
the worst case, there are orthotropic, but they are currently mostly represented as transverse
isotropic media [25].

In transverse isotropic media, there exist one axis of symmetry, which is a preferred
direction. When the preferred direction is the depth, we speak about vertical transverse
isotropic (VTI) medium. In a VTI medium, the stiffness tensor contains five independent
coefficients C1q, Csz, Cus, Cgg, C13 and has the following shape

Cll (CH — 2066) 013 O O 0
(CH - 2C66) CH 013 0 O 0
_ 013 013 033 0 0 0
C= 0 0 0 Cu 0 O (1.10)
0 0 0 0 Cyu O
i 0 0 0 0 0 Ces ]

The coefficients of the stiffness tensor are usually expressed using the vertical P and S
velocity c,, cs and three measures of anisotropy proportion €,y and ¢ introduced by Thomsen
[98].

The general transverse isotropic case, or tilted transverse isotropic case (TTI), is ob-
tained from the VTI case through a rotation.

1.2.5 Elastodynamic equations

We are now ready to derive the elastodynamic equations by applying Newton’s second law
of motion. We assume that an external force of volumic density f(x,?) is applied to the
Earth. Recalling (1.4) and (1.5), we also take into account the internal forces which are
considered locally as

fine = dive = div Ce(u). (1.11)
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Since the density p = p(x) is supposed to be constant in time, Newton’s second law of
motion in its local form yields
d0%u
P or
and we immediately obtain the elastodynamic equations formulated in displacement by
applying (1.11)

- fint + f7

0%u

o

Equation (1.12) is widely used in Geophysics to model the propagation of seismic waves

[30,103]. It is also used in other fields such as structural vibration analysis, non-destructive
testing and fluid-solid interaction.

— divCe(u) = f. (1.12)

Remark 6. It is possible to obtain other formulations of the elastodynamic equations by
substituting variables. For instance, the velocity-stress formulation is very popular for time
domain algorithms [103]. However, equation (1.12) usually leads to numerical schemes
with less degrees of freedom.

In the isotropic case, equation (1.12) leads to
0%u

o

Remark 7. We can easily characterize P and S waves assuming that the medium is ho-

mogeneous and that there is no external sources. If the medium is homogeneous, p, ¢, and
¢s do not depend on the space variable x and (1.13) leads to

—div (A div(u)I 4 2ue(u)) = f£. (1.13)

0*u

Pop (A +2u)Vdivu + pcurl curlu = 0. (1.14)

If we further write p = divu and S = curlu and divide (1.14) by p, we obtain

Pu N+ 2u

ot p

Vp — %curlS = 0. (1.15)

Taking the divergence of (1.15), we see that

Pp N+ 2u

ot? P

On the other hand, taking the rotational of (1.15), we obtain

Ap = 0. (1.16)

2
% — ;curlcurlS =0,

further more, since S = curlu, div S = divcurlu = 0. Therefore

curlcurl S = VdivS — AS = —AS,
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and ,
% - %AS — 0,
or ,
% - %Asn —0, (1.17)
for1 <n <3.

We identify the P and S wave velocities in the wave equations (1.16) and (1.17) respec-
tively:

2:)\+2ﬂ 2 M

(o . C

p p

A plane wave analysis easily reveals the polarization of each mode. P waves are longi-
tudinal (and therefore, compressional) waves while S waves are transverse (and therefore,
shear) waves.

1.2.6 Acoustic approximation

The propagation of both P and S waves is modeled by elastodynamic equation (1.12). Since
P waves are travelling faster than S waves, they bring information first. Some applications,
like first time arrival computations, require P waves only. Another example is the reverse
time migration where P and S modes require to be filtered to obtain noise-free images. It
is therefore of interest to introduce a simpler model, called the acoustic approximation,
in which P waves are considered only. Acoustic approximation is interesting because it is
simpler to analyse and cheaper to compute than the elastic model.

Actually, the elastic model requires the computation of the displacement, which is a
vectorial unknown. In the acoustic approximation, it is possible to introduce the pressure as
an auxiliary unknown. The pressure is a scalar quantity, so that three times less unknowns
are required for the acoustic approximation on the same mesh.

Besides, the speed difference between P and S waves also plays an important role
because numerical methods are conditioned by the smallest wavelength in the simulation.
As described in [32], the ratio ¢,/cs ranges from 1.5 to 1.7 in sandstones. In clays, the ratio
is at least 2, and can be much greater. An example of values in water-saturated Berea
sandstone is ¢, = 3888 m.s™! and ¢, = 2302 m.s™! (¢,/cs >~ 1.69) [32]. Another example of
velocity values for silty clay is ¢, = 1519 m.s™' and ¢, = 287 m.s™! (¢, /cs >~ 5.29) [53]. As
a result, S wavelength is at least 1.5 times smaller than P wavelength and therefore, the
elastic model requires a finer mesh.

We refer the reader to [7,80,108] for a more general discussion on the usability and
computational trade-off of the acoustic approximation.

Remark 8. In the following, we will only consider acoustic approximation of isotropic
media. However, it is possible to derive acoustic approzimation of anisotropic media |[7,

80, 108].
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In the isotropic case the resulting equation (1.24) is the "true” equation that represents
acoustic waves in an ideal fluid (for instance, water or air can be considered as ideal fluids
depending on the application). The equation is second order in time and space and has the
pressure as unique scalar unknown. In this case, we can say the Earth is considered as an
ideal fluid, since equation (1.24) actually models sound waves in ideal fluid. We also speak
of “acoustic Farth”.

On the other hand, acoustic approximations of anisotropic media do not describe a
physical phenomenon, and are very different from acoustic wave equation (1.24). Actually,
acoustic media can not be anisotropic by nature [7]. Furthermore, the resulting equation is
more than second order in time and space [7], or has at least two unknowns [80,108].

In the isotropic case, we simply obtain the acoustic approximation by removing shear
waves. This is done by setting the shear wave velocity to zero. Hence, we consider that
¢s = 0in (1.8). We introduce the bulk modulus x = pc; and obtain

cf7 cfg cf, 000 kK kK kK 000
cf, cf, cf, 000 kK kK kK 000
2 2 2000 kK kK kK 000
_ » 99 O _
C=rl g 0 000 0 000000 (1.18)
0O 0 0 0 0 o0 0O 0 0 0O00O0
00 0000] [00000 0]

We can greatly simplify Hooke’s law using (1.18). Indeed, since C has a simple form,
it holds that
o = Ce(u) = kdiv(u)l. (1.19)

At this point, it is clear that the stress tensor has one single independent component:
the pressure p = kdiv(u). We obtain a simple expression for o and the internal forces,

o=pl, dive=Vp (1.20)
and (1.12) simplifies to
UGyt (1.21)
o p==t '

We obtain the acoustic formulation in pressure by substituting the displacement u for
the pressure in (1.21). We first divide (1.21) by p and take the divergence:

S 0Pu . [1 /1
div ﬁ — div (EVp) = div (;f) . (122)

We can now substitute the displacement for the pressure using the Schwarz’ theorem
on cross derivatives. By definition of the pressure p, it holds that

divo—sy = — = (1.23)
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We obtain the acoustic pressure formulation by plugging (1.23) in (1.22):

18% . (1 /1

Acoustic approximation (1.24) is widely used in geophysical applications. It is of par-
ticular importance in the context of inverse problems because there are less parameters
to identify in the model. For instance, equation (1.24) is the model studied by Tarantola
in [95] in the context of full waveform inversion or by Clayton et Al. in [37] for Born-WKBJ
inversion. An acoustic approximation for TTI media is also used as a direct propagator
by Virieux et al. [51]. Acoustic approximations are also used for reverse-time migration
because kinematic information only is important for this application [80] (see Remark 9).
We refer the reader to the work of Zhang et al. [107] for reverse time migration using a
TTT acoustic approximation.

Equation (1.24) is also the natural equation to model sound waves in ideal fluids. In
ideal fluids, there is no shear, so that expression (1.18) of the stiffness tensor is directly
obtained from physical consideration (while it is obtained from an approximation in Geo-
physics). Hence equation (1.24) is used in Geophysics to model sound waves in the water
during off-shore campaign.

Remark 9. In Remark 7, we observed that P and S waves can be easily separated in
homogeneous media. Furthermore, P-wave equation (1.16) is actually nothing but equation
(1.24). Hence, in the acoustic approximation of homogeneous media, S waves are filtered
out and compressional waves are computed using the pressure p as the unknown.

Unfortunately, this is not the case in heterogeneous media. From the mathematical point
of view, the simplification (1.14) does not hold if A and p depend on the space variable x. If
we consider piecewise constant Lamé parameters X and p, it is still possible to write (1.14)
locally and we can derive compatibility conditions at the interface between each subdomain.
It turns out that these compatibility conditions couple P and S waves at each interface.

From the physical point of view, we speak about PS converted waves: when a reflection
occurs, conversions between P and S modes happen (for instance, see [40]). For instance,
when a P wave front is reflected in an elastic medium, the energy is separated into P and
S fronts.

In the acoustic simplification, when a reflection occurs, the whole P energy is conserved
and there is no energy conversion. As a result, the acoustic approximation yields the
correct first arrival travel time (because most of P wave fronts are correctly represented)
but amplitudes might be wrong because the whole energy is maintained at every reflection.
Therefore, it is usually said that acoustic approrimations correctly represent the kinematic
of P waves, but do not preserve the amplitudes [80].

Acoustic approximation are widely used in reverse time migration algorithms, because
the kinematic is the only information used by this application [80]. Actually, special dedi-
cated imaging conditions where P and S mode are separated need to be applied for elastic
imaging (see [69] $3.1 or [92]).
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Acoustic approximation (1.24) is sometimes further simplified by assuming that the
density is constant. Multiplying (1.24) by (the constant value) p, we obtain
1 0%p

——— — Ap=divf. 1.25
012) ot? P v ( )

As an example of application, equation (1.25) is used as a propagator in [93] to achieve
reverse time migration. We will mostly focus on the time-harmonic version of equation

(1.25) in Chapter 2 and 3.

Remark 10. Like in Remark 9, we can say that approxzimation (1.25) preserves kinematic
but changes amplitudes. For this reason, constant density acoustic equation is used in the
context of migration techniques.

1.2.7 Time-harmonic formulation

Wave equations (1.12) and (1.24) are formulated in time-domain. It means that the un-
known depends on the space variable x and the time variable . By introducing the Fourier
transform F, we can describe equations (1.12) and (1.24) in the frequency domain, where
the unknown depends on the space variable x and the dual variable of time ¢: the so-called
(angular) frequency w.

If ¢ is a sufficiently regular function, we introduce its Fourier transform F(¢) defined

by N
F()(x,w) = o(x, t)e i dt

An important property of the Fourier transform is that if ¢ is regular enough, we have

F (%) = —iwF(9). (1.26)

Consider a fix angular frequency w > 0 and define 0,(x) = F(u)(x,w), p.(x) =
F(p)(x,w) and f,(x) = F(f)(x,w). Then, because of (1.26), u, and p, are solutions to
the time-harmonic equations

—w?pti, — div Ce(q,,) = £, (1.27)
and ,
1 1.
~Zp, — div (-v;sw) = div <—fw> . (1.28)
K p p
Time harmonic formulations have several applications. First, in the case where the
source f(x,t) = g(x)e! is time harmonic, the solution becomes time harmonic when

t — oo and the time harmonic solution is given by u(x, t) = 0,,(x)e! or p(x,t) = P, (x)e“".

This is often the case for electromagnetic scattering or vibration analysis.
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Second, it is possible to recover the time-domain solution by Fourier synthesis. In
this case, equation (1.27) or (1.28) is solved for a finite number of frequencies w; and the
time-domain solution is obtained by an approximate inverse Fourier transform

u(x,t) ~ Z u,, (x)e .
J

This approach is also called frequency-domain treatment of the wave equation. One of the
advantage is that attenuation can be naturally taken into account. Also, this approach is
naturally parallel since the computation of each frequency is independent. We refer the
reader to [43] for more information.

The possibility of frequency-domain treatment of 3D seismic wave propagation problems
is currently under study: Operto and his collaborators have proposed a feasibility study
using acoustic approximation (1.28) and a massively parallel direct solver (the software
package MUMPS [11]) in [79].

Third, even when the source is not time periodic, it is often of interest to consider only
some frequency content of the solution. This is the case in Geophysics for some applications
like full waveform inversion. In the context of full waveform inversion, multiscale frequency-
domain techniques are used to mitigate the non-linearity of the problem. The algorithm
requires only one or a few frequencies at each iteration [84,104]. Furthermore, carefully
choosing the frequencies makes it possible to speed up full waveform inversion algorithm
as observed by Sirgue and Pratt [91]. The authors also mention that their argument
might also apply to imaging method. 3D frequency-domain full waveform inversion has
been carried out on synthetic examples by Ben Hadj Ali et al. [6] and on real datasets by
Plessix [82].

1.3 Boundary conditions

In the context of seismic imaging, we want to simulate the propagation of waves inside
a domain of interest ) C R3. Without loss of generality, we assume that the domain of
interest 2 has the following shape,

<z <aM
Q=<{x€ecR’ TP < o < adf
S(y,m9) < w3 < 23!

where S : R? — R locally describe the surface of the Earth (see figure 1.8).

In order to constrain the wave propagation problem in 2, equations (1.27) and (1.28)
need to be coupled with boundary conditions on 0f2.

First, a boundary condition is required to take into account the surface of the ground
that we denote by I'r. This boundary condition is called free-surface boundary condition.
The free surface boundary condition is valid on the Earth surface.
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I'r

Figure 1.8: Domain of interest with boundary conditions

Figure 1.9: Domain of interest compared to the whole Earth
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Second, as depicted by figure 1.9, the domain of interest is much smaller than the
size of the Earth. Therefore, it is relevant to impose artificial "non-reflecting” boundary
conditions on I"4 to close the problem. In contrast with the free surface I'r, the boundary
I'4 is artificial: it just represents the end of the zone of interest, but has no physical
justification.

We assume that there is no energy source outside of the domain of interest. Hence,
we set a boundary condition that let the wave coming from the domain of interest travel
freely through the artificial boundary, but filters out waves coming from outside. Such a
boundary condition is called a non-reflecting, or transparent, boundary condition.

The free surface boundary condition has to be satisfied on

FF X3 = S(ZL‘l,ZEg),
while the non-reflecting boundary condition needs to be imposed on the boundaries

m M m M M

1.3.1 Free surface condition

The free-surface boundary condition on I'r is easy to write. It is characterized by the
fact that that the traction vanishes on I'r: on = 0. We can write this condition on the
displacement u using Hooke’s law (1.5):

Ce(t,)n =0on I'p, (1.29)

which is a Neumann-like boundary condition.
In the acoustic approximation, free surface condition (1.29) leads to:

po =0on Ip, (1.30)

which is a Dirichlet boundary condition.

1.3.2 Non-reflecting boundary conditions

Non-reflecting boundary conditions define a complex topic which is still under development.
In the following we consider two types of non-reflecting boundary conditions: absorbing
boundary conditions, and perfectly match layers. We refer the reader to the PhD thesis of
J. Diaz [42] for a general presentation of this conditions.

Absorbing boundary conditions

The aim of absorbing boundary conditions is to simulate an infinite domain of propaga-
tion by imposing a local boundary condition on the boundary I'4. Pioneering works on
absorbing boundary conditions include the results of Engquist and Majda [44]. The main
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ingredient is that there exists a non-local pseudo-differential operator 7 such that the
boundary condition

1
;Vﬁw ‘n="T(p,) on T4, (1.31)

is non-reflecting. Unfortunately, since the operator 7 is nonlocal, its discretization is costly.
Therefore one wishes to approximate the operator 7 by a local expression.

As shown, for instance, in [52] or [42], several expansions of the operator T are possible.
In the following, we will use the simplest first order approximation given by Engquist and
Majda [44]:

1 iw
—Vp, -n=——=p, on I's. (1.32)
p NG

A similar approach for isotropic elastic media is presented by Clayton and Engquist
in [36]. However, we will only use perfectly matched layers for elastic waves. We also
refer the reader to the recent work of Boillot et al. [25] for the derivation of an absorbing
boundary condition for transverse isotropic media.

Perfectly Matched Layers

Another approach, called Perfectly Matched Layers (PML), was proposed by Bérenger for
electromagnetic waves [22]. Instead of imposing a local boundary condition at the boundary
of the domain interest, the domain of interest is surrounded by an additional layer, in which
outgoing waves are absorbed. This is done by introducing artificial dispersion inside the
layer.

To simplify, suppose we want to impose an artificial boundary at zo = 0 to reduce
a simulation in R? to R only. We introduce an additional layer R x (0, —L) of length
L > 0 under the domain. In the layer, the derivative operator with respect to x, variable
is formally replaced as follows:

0 iw 0

H "
01y iw+ o 0xy’

where ¢ > 0 is an arbitrary positive constant. A Dirichlet boundary condition is applied
on the external boundary of the layer to close the problem.

The absorbing properties of the layer depend on length L and the constant 0. When
L and o increase, the layer is more efficient, but a finer and longer mesh is required inside
the layer.

Figure 1.10 shows the domain of interest surrounded by perfectly matched layers in 2D.
The domain is surrounded by PML of size L, resulting in the computational domain

P —L<z <z + L
Q=<{xcR’ -~ L<mzy<z) + L
S(zy,m9) <3 <2 + L
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Figure 1.10: Domain of interest surrounded by PML

We introduce the functions v; : 2 — C defined by

: m . M
1 1fmj§3:1§xj

Vi () = i otherwise.

iw+o

Applying a PML condition simply consists in formally transforming the derivative operators

In the acoustic case, we can rewrite the PML equation under a compact form:

2 1 1.
_Y 5, — div (—BVﬁw> — div (—f) ,
ar P P

ViV
a—lluj, Z~:—

The condition p,, = 0 is imposed on the external boundary I'p of the PML.
For isotropic elastic media, we define the fourth order tensor C as

(CV¢) _ 5mn}\z vuke Ok (% Odn  Valm 3%) .

a 8xk a 0T, a Ox,

where
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We have CVu = Ce(u) inside  and the elastic wave equation reads

2 ~
-, — div (Vi) = f,
a
together with the condition that G, =0 on I'p.
It has been observed that PMLs might be instable in anisotropic media [21]. For
this reason, new methodologies are currently developed to obtain non-reflecting boundary

conditions in general anisotropic case (for instance, see [99]).

1.4 Boundary value problems and their variational
formulation

We have derived the elastodynamic equation and its acoustic approximation, together with
appropriate boundary conditions in the framework of continuous Mechanics. This task has
been carried out formally, without precise mathematical statement. We fill this lack in this
section by stating the considered problems in precise mathematical formulation.

It is well known that boundary value problems usually do not admit regular solutions
in the general case, so that a precise notation of ”derivative” is required. We briefly
introduce notions of measure and distributions theory to solve this problem. We refer the
reader to the book of W. Rudin [85] for a general presentation of measure theory and to
L. Schwartz [89] for distributions theory.

From now on, we assume that Q C RY is a regular open simply-connected domain. We
require the definition of the spaces LP(§2,C) for 1 < p < 400. We refer the reader to [85]
for the definition of these spaces. We will also use the Sobolev spaces WP (), C) with
m € N* and 1 < p < +oo. We define in particular H™(Q,C) = W™2(Q,C). H}(Q,C) is
the space of functions of H'(Q,C) which vanish on 9. Finally, if T C 0Q, H:(Q,C) is
the space of functions in H'(€2, C) vanishing on I'. We refer the reader to the book of H.
Brezis [26] for a presentation of the Sobolev spaces W™P(Q, C).

With the introduction of the Sobolev spaces, we are now ready to establish the boundary
value problems considered afterward, and their variational formulations. The acoustic wave
propagation problem with ABC consists in finding a scalar unknown, the pressure, denoted
here by u : 2 — C, solution to

( 2 1
Y~ div <—Vu> = f inQ,
K p
u = 0 onlpg, (1.33)
1 .
-Vu-n— d uw = 0 only,

\ P VEP

where k71, p~t € L>(Q, R) describe the acoustic medium and f € L?*(2, C) represents the
seismic source. The variational formulation of problem (1.33) is to find v € Hp (2, C)




1.4. BOUNDARY VALUE PROBLEMS AND THEIR VARIATIONAL FORMULATION31

1 1 1
—cu?/—uv—iw/ uv+/—Vu-Vv:/fv, 1.34
ak aQ VEP Qp Q ( )

for all v € Hp (Q,C).

The acoustic wave propagation problem with PML requires the introduction of artificial
coefficients @ and B. From the definition given in the previous section, it is clear that
at € L*(Q,C) and B;; € L=(Q,C) (1 < 4,7 < N). The scalar unknown u : Q — C
represents the pressure and must satisfy:

such that

w? . (1 .

——u—div|-BVu| = f in{Q,
Ka p (1.35)

v = 0 on 0,
In the variational version of (1.35), we seek u € HJ (2, C) such that

, [ 1 1 i )

—w® | —uv+ | -BVu-Vo= [ fv (1.36)

o ha QP Q

for all v € H}(Q,C).

We also consider elastic wave propagation problems where PML are used to simulate a
semi-infinite propagation medium. In this case, the unknown u : Q — CV is vectorial and
represents the displacement. The unknown must satisfy:

2

( —ﬂu—div<C~3Vu) = f inQ

a

CVu-n = 0 onTlp, (1.37)

L u =0 onl)p

where p/a € L™(Q,C) and each coefficient C,, 5 of C is such that C,, 5 € L™(Q,C). The
load term is assumed to square integrable: f € L2?(€2,C)N. The variational version of
problem (1.37) is to find u € Hf (€, C)" such that

—cuZ/Bu-\_H—/éVu:V\_/—/f-\?, (1.38)
Qa Q Q
for all v e Hf (Q,C)V.
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GENERAL SETTING



Chapter 2

Analysis of the problem in one
dimension

2.1 Analysis of the continuous problem

The convergence analysis of numerical schemes is based on stability properties of the PDE
to be discretized. Since we aim at solving Helmholtz problems in heterogeneous media,
there is a need for studying its stability. Indeed, most of the results have been obtained
for homogeneous media. The only result dealing with the stability of variational formu-
lation of he Helmholtz equation in heterogeneous media that we are aware of dates back
from 1988, and is restricted to the case of a one dimensional problems with a smoothly
varying wavespeed [16]. More recent investigations are available, namely the works of
Cummings and Feng [39] and Hetmaniuk [55], but they are restricted to the analysis of
the homogeneous equation (with a constant wavespeed).

Claeys and Hiptmair have developed a theory for acoustic (and even electromagnetic)
scattering by composite structures, described by piecewise constant medium parameters,
in the context of integral equations [34,35]. They show the coercivity of their formulation,
but the dependency of the stability constant with respect to the frequency is not explicit
(see Theorem 10.4 of [34]). Hence, it is not useful for frequency-explicit convergence study.

In our 1D contributions, we consider an acoustic medium defined by piecewise constant
parameters. We give a new results demonstrated in the variational framework. First, we
derive a stability estimate for the one dimensional case with mixed boundary conditions
and arbitrary piecewise constant parameters x and p. This result can be generalized to a
class of two-dimensional layered propagation domains.

We deal with the variational formulation of the heterogeneous Helmholtz equation
coupled with standard boundary conditions like Dirichlet, Neumann and Fourier-Robin
conditions. Our objective is to establish stability estimates depending on the frequency
explicitly.

We go beyond the standard estimates of the solution H' norm. Indeed, we give an
estimate in the W1° norm. Besides, we are able to give stability estimates not only with
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respect to the right-hand-side, but also with respect to the model parameters x and p.
Furthermore, we will take advantage of these results for the numerical analysis to bound
the jumps in the solution derivative by a constant explicitly depending on the frequency.

2.1.1 Preliminary information

One might think that the Helmholtz equation, in particular in 1D, is simple. Indeed, it is a
linear PDE related to the Laplace operator. In the simplest case, we can write the operator
as —A — w?I. However, if the operator has a simple expression, it behaves very differently
from the Laplace operator. It is because the perturbation —w?I has a negative sign, so that
the coercivity of the Laplace operator is lost. Furthermore, the loss of coercivity is related
to the frequency w, and becomes more important at high frequencies. For this reason,
classical arguments based on the Lax-Milgram theorem can not apply to the Helmholtz
equation (see for example $2.4 of [58] or $2.10 of [87]).

If the Helmholtz operator is indefinite, it still keeps an interesting form. Indeed, we see
that —A —w?l = —A(I + w?A™1), so that we can think about the operator as a compact
perturbation w?A~! of the identity. Hence, we can study the stability of the operator in the
context of the Fredholm alternative theory: the problem of well-posedness resumes to the
problem of uniqueness of the solution. For a demonstration of the Fredholm alternative,
we refer the reader to the book of Brezis [26]. The application to variational formulations
of Helmholtz problems is given, for instance, in [58] or [87].

In the context of interior problems, the Fredholm alternative explains very well the
existence of resonance frequencies. They are the values of w for which the homogeneous
equation admits non-trivial solutions. For exterior problems, or geophysical applications,
the Sommerfeld radiation condition, or its approximation, prevents from resonances, and
we are able to show uniqueness for all frequencies w > 0. Therefore, we are able to show
the well-posedness of the Helmholtz equation using the Fredholm alternative.

However, if the Fredholm alternative provides a nice tool to show existence, uniqueness
and stability with respect to the right-hand-side, the stability constant remains implicit.
In particular, the behaviour of the stability constant (and therefore, the behaviour of
the solution) with respect to the frequency is not specified. Furthermore, in the con-
text of heterogeneous media, the influence of the medium parameters is unknown as well.
Frequency-explicit stability estimates are crucial for several reasons:

e From the physical point of view, frequency-explicit stability estimates describe the
behaviour of the energy depending on the frequency. For example, they indicate how
the amplitude of the solution depends on the frequency.

e In the context of numerical analysis, frequency-explicit stability estimates are also of
importance. Indeed, when analysing finite element schemes, regularity of the solution
is involved. In particular, it is well known that the bound on the finite element error
involves the semi-norm of the solution in suitable Sobolev spaces.
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Since we are especially concerned with the design of efficient numerical methods for
high frequency regime, the behaviour of the solution derivatives at high frequency will
take a crucial place in the forth-coming analysis.

This need for additional informations has motivated several developments. To the best
of our knowledge, the first frequency-explicit stability estimate available in the literature
has been demonstrated by Aziz et al. [16]. They consider a smooth velocity parameter ¢
and the boundary value problem

2
w "

_C_Qu —u = f7
. 11(0) = U,
u'(1) — ;ﬁu(l) = 0.

Their idea is to use a special test function of the form v = au+ fu’, where o and 3 are
smooth functions. Since the velocity parameter ¢ is smooth, it is possible to pick a and
to be the solutions of the ODE system

{ 20+ 3 =

2c2a — (c72B) = 72

yielding estimates depending explicitly on the frequency.
This methodology has two main drawbacks:

e [t can not be generalized to non-smooth velocity parameters. Indeed, the result they
obtain is only valid for a high enough frequency range w > wy(c). It turns out that
wo(c) increases with the derivative of ¢, so that if we try to approximate a non-smooth
velocity parameter by a smooth one, we will not be able to extend the proof.

e The other issue is that the method of Aziz et al. do not precise how the solution
depends on the velocity. Indeed, their stability constant depends explicitly on the
frequency, but implicitly on the velocity. This is because the constant depends on
the derivatives of o and 3, which are implicitly defined through an ODE.

In the context of homogeneous propagation media, a simpler methodology has been
developed by Douglas et al. [43]. Indeed, in a one dimensional homogeneous medium, the
solution can be expressed as a convolution with the Green function (which is analytically
available):

u(e) = 5 [ F©exp e ).

and stability estimates follow from simple computations. The same approach is adopted
by Babuska and Thlenburg with different boundary conditions [59]. But if this approach is
straightforward, it is limited to the one dimensional homogeneous case.

Makridakis, Thlenburg and Babuska have also considered the problem of a fluid-solid
interaction [70]. A solid body is immersed in a fluid and waves are propagating. They have
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used special test functions of the form v(z) = (z — Z)u'(x), where T is a carefully selected
point and their approach came to our attention. In the following we propose to extend
the methodology of Makridakis, Thlenburg and Babuska to the case of a heterogeneous
acoustic one dimensional medium. We assume that the medium is determined by piecewise
constant parameters, so that the problem can be understood as a transmission problem.
Our method differs from Makridakis, Thlenburg and Babuska. Indeed, in every layer, an
acoustic Helmholtz equation is considered and the transmission conditions are different.
Besides, we do not restrict our model to 3 layers, but to an arbitrary number of layers L.
Furthermore, the parameters of the medium can be chosen freely in each layer.

Though our 1D proof can be generalized to the case of two dimensional layered media,
it is not valid for general geometries. This is the reason why we will propose another
methodology for 2D problems in Chapter 2.

2.1.2 Description of the propagation medium

We consider a 1D acoustic propagation medium defined by a bulk modulus « and a density
p. In order to simplify the notations in the following, we need to introduce a set M of
admissible models, or equivalently, a set of admissible couple (k, p).

Definition 1. We will say that a couple (k, p) € L0, Z,R) x L>=(0, Z,R) is an admissible
propagation medium, and we will note (k, p) € M if the following conditions are satisfied:

1. There exist an integer L, a partition
O=2z0<z1<...2, 1<z, =2
and two sets of values {ki}L_ |, {pr}, such that
Ela m) =66 Pl rm) = P,
foralll € {1,...,L}.
2. FEach parameter is bounded
Ko S kLS K, pe < pr <
forall Le{1,...,L}.

3. We define hy = z, — z,1 for alll € {1,...,L} and assume that h; > h, for all
le{l,...,L}.

4. We define the constant

L—1
Ri+1  p1
M = —_— — 1], 2.1
Hmax( p ) (2.1)

and assume that M < M*,
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where the constants k., K*, ps, p*, hy and M* are fized. We also assume that ky, ps, h, > 0.
Furthermore, if (k,p) € M, we note ¢ = \/k/p € L>(0,Z,C) the wavespeed. We also

note ¢, = \/ki/pi for every layerl € {1,...,L}.

In the remaining of Chapter 2, we will use the notations ||.|| and |.|| for the L*(0, Z,C)
and L>(0, Z,C) norms. Theses norms are defined by

A
oll? = / v(=)[2dz, Wo € L2(0, Z,C)

and
|[0]|oo = esssup,c(o 2 [v(2)], Vv € L>(0,Z,C).

2.1.3 Problem setting

Let f € L%*(0,1,C) be a load term, (k,p) € M be an admissible model and ¢ = /k, p
be the associated wavespeed. We seek a function u € L*(0, Z, C) satisfying the following
conditions:

e In each layer [ € {1,..., L}, u satisfies
2
—au- u’' = pf in (z1_1,2), (2.2)
]

in the sense of distribution D'(z;,_1,2;, C).

e For each interface [ € {1,..., L — 1}, the following compatibility conditions hold:

u(z;) = u(z) (2.3)
1 1, — o Lulz
U (z) = . (") (2.4)

e u satisfies the boundary conditions

—u'(0) = 0 (2.5)

w(Z) - “u(Z) = 0 (2.6)

Our first task is to show that transmission problem (2.2-2.6) is equivalent to varia-
tional problem (2.7). Establishing a variational formulation is crucial, because Galerkin
discretizations (including finite elements) are not based on transmission problem (2.2-2.6),
but rather on variational formulation (2.7). Furthermore, several important properties of
the solution are easier to show in the variational framework.
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Theorem 1. A functionu € L*(0, Z, C) satisfies the boundary value problem (2.2) to (2.6)
if and only if u € H'(0,Z,C) and

B (1, 0) = /0 F(2)0(2)dz, Vo € H'(0,7,C), (2.7)
where

> [7 1 _—iww v(z) Ziw’zw,z
Bunslw ) =~ [ (@i — (20 + [ sl (e, (28)

Proof. Let us first assume that u € L?(0, Z, C) satisfies (2.2) to (2.6). We are going to
show that u € H'(0, Z,C) and that (2.7) holds.
Since u satisfies (2.2), it is clear that

W2
u’ = _plf - ?u € L2(Zl—17 Z, C)a
1
for I € {1,...,L}. It follows that u € H?*(z_1,2;,C) for every layer [ € {1,...,L} and
compatibility condition (2.3) implies that u € H'(0, Z, C).
To show that (2.7) holds, we consider a test function ¢ € H'(0,Z,C). Multiplying
(2.2) by p; '¢ we obtain

O %u"<z>ﬁ — [()8(), € (v m). (2.9)

We integrate (2.9) on each layer (z,_1,2) and sum over all layers [ € {1,...,L}. It
follows

> {_w_ / ez -~ [ u”(z)MdZ} =2 / " FEeEd (210)

=1 ki PL Sz
By Chasles relation, we have
w2 Z] z 1 [
d = / u(2)¢(z)dz p = —w? / ——u(2)é(z)dz, (2.11)
=1 K’l zZ;_q 0 /{(Z)

and

2 / " )00z = /0 f(2)8(2)dz. (2.12)

Using integration by parts, compatibility condition (2.4), boundary conditions (2.5)
and (2.6), and Chasles relation, we end up with

Z{—i Ia u”<z>wdz}—— (2 Z)+ [ T (21
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Inserting (2.11), (2.12) and (2.13) in (2.10), we have

By (1, 6) = / £(2)3()dz. (2.14)

and (2.7) holds, since (2.14) is true for all ¢ € H*(0, Z,C).

We now assume that u € H'(0,Z,C) and that (2.7) holds. We are going to show that
u satisfies (2.2) to (2.6).

We consider a test function ¢ € D(0, Z,C), and integrate by parts. We have

Buwslwn) = [ {5 - (3ut) (1} 60

and, since (2.7) holds

/Oz (%u’)/ (2)é(2)dz = /OZ (_f(z) — %u(z)> 3(2)dz.

/ 2
<lu') = f- L, (2.15)
p K
in the sense of distribution and therefore (p~'u’)’ € L?*(0,Z,C). We thus have p~'u’ €
H'Y(0,Z,C).

Since u, p~'u’ € H'(0,Z,C), we have u, p~tu’ € C°(0, Z,C). It follows that compati-
bility conditions (2.3) and (2.4) hold.

Furthermore, if we consider a given layer (z;-1,2;) for [ € {1,...,L}, x(z) = x; and
p(z) = p; for z € (z;-1,2;). Thus, we can multiply (2.15) by p; to obtain (2.2).

In order to show that boundary conditions (2.5) and (2.6) are satisfied, we consider a
test function ¢ € H'(0,Z,C) and integrate by parts

It follows that

2 W 1\ LT o LIy s R
[ {0 - (G) @)} o 050t (25221302
/0 F(2)9(=)dz,
and we obtain
—iu’(O)WJr(iu/(Z)Jr i u(Z))M—O (2.16)
o o VRLAL |

using (2.15). Selecting the test functions ¢(z) = z/Z and ¢(z) = (Z — z)/Z, we obtain
boundary conditions (2.5) and (2.6). O
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2.1.4 Well-posedness

This section is devoted to the existence and uniqueness of a solution u to problem (2.2-2.6)
(or equivalently, problem (2.7)).

We follow standard paths for demonstration: since the sesquilinear form (2.8) of the
variational problem satisfies a Garding inequality, it is sufficient to show uniqueness of
the solution to obtain well-posedness in the sense of Hadamard. We refer the reader to
Chapter 2 of [87], in particular Corollary 2.1.61.

The theory around the Garding inequality is based on the Fredholm alternative. Note
that if it provides a simple tool to show the well-posedness of our problem, it provides no
information about how the solution depends upon the parameters. Namely, the stability
constant is not explicit (see for instance Proposition 8.1.3 of [73]). We will overcome this
lack of information in the next section.

To begin with, let us take advantage of the 1D setting to depict the solution as a
function of f:

Lemma 1. Let u € L*(0, Z,C) be solution to (2.2). Then there exist 2L complex constants
ap, B € C, 1 <1< L such that

iw iw ic z iw
u(z) = ajexp <1_z> + Brexp (_l_z) — ﬂ/o f(&)exp (—lc—l|z — 5]) ¢, (2.17)

C C 2w
for a.e. z € (z_1,2;) and for 1 <1 < L.

Proof. Consider a given layer [ € {1,..., L} inside which u is solution to the linear ODE
2
——u—u’=pf.
G

One can verify by hand that

. VA .
= RGE (—‘C—“l’|z—£\) de.

is a particular solution and that

iw iw
exp (—Z) , €exp (——Z) ,
Cy @]

are two independent homogeneous solutions.
Since (2.1.4) is a second order linear ODE, it follows from classical theory that there
exist two constants oy, 3 € C such that (2.17) holds. O

We are now ready to prove uniqueness of the solution to problem (2.2-2.6). Using
Lemma 1, we apply mathematical induction to prove that any solution u vanishes in each
layer.
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Lemma 2. Assume u € L*(0, Z,C) satisfies boundary value problem (2.2-2.6) with f = 0.
Then u = 0.

Proof. Because f =0, Lemma 2 yields that for each layer 1 <[ < L,

iw iw
u(z) = agexp (C—z) + B exp (—C—z) . 2 € (z11,7),
! ]

for some complex constants oy, 5; € C. Now, since (2.7) holds, we have in particular
iw

VRELPL

so that u(Z) = 0. Furthermore, u satisfies boundary condition (2.6) and we deduce that
u(Z) =v/'(Z) = 0. It follows that

iwZ iwZ
exp (w_) ap + exp (—M—) b6, = 0

Im Bw,ﬁ,p(ua Ll) - - ’ll(Z)’Q = 0?

q C

iw iwZz iw iwz
—exp|—)a, — —exp|———|0 = 0O,
C q @) ]

and ay, = [, = 0.

Assume that oy = 6, =0 for [, <1 < L. We are going to show that oy, 1 = 5,1 = 0.
Since oy, = f3, = 0, is it clear that u(z,") = u'(z;) = 0, and transmission conditions (2.3)
and (2.4) ensure that u(z; ) = u'(z, ) = 0. It follows that

iwz;, iwzy,
exp ( ) o1+ exp <— ) B.-1 = 0
Cl,—1 Cl—1
iw iwz;, iw iwz,
- eXp Oél**l - C_ eXp - /Bl**l = 07
and oy, 1 = [;,1 = 0.

Using mathematical induction, we obtain that oy = §; = 0 for all [ € {1,...,L}, and
hence, u = 0. O

Uniqueness being established, we can now turn to the proof of existence. We recall that
the M is the set of admissible propagation media defined in Definition 1.

Theorem 2. Consider an admissible model (k,p) € M and f € L*(0,Z,C). Then there
exists a unique function S, . ,f € L*(0, Z,C) satisfying the transmission problem (2.2-2.6).

Proof. Recalling Theorem 1, a function u € L?(0, Z,C) is solution to the transmission
problem (2.2-2.6) iff u € H'(0, Z,C) and u is solution to the variational problem (2.7).

It is clear that sesquilinear form (2.8) satisfies a Garding inequality. Indeed, for all
¢ € H*(0,Z,C), it holds that

Z z 2
2 1 2 L / 2 i ne Y 2
Re B,k p(6, ¢) = —w /0 —R(Z)W(Z)! d2+/0 p(z>|¢(2)| > p*|!¢|| H*H¢H :

Following the classical theory (see for, instance Corollary 2.1.61 of [87]), it is then
sufficient to show uniqueness of the solution, and we conclude thanks to Lemma 2. O
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2.1.5 Frequency-explicit stability estimates

In the previous section, we have demonstrated the existence and uniqueness of the solution
to problem (2.2-2.6). Our proofs are based on the Fredholm alternative theory, and actually,
they include stability of the solution with respect to the right hand side, that is

Susep f 1]+ (S )] < CII (2.18)

for some constant C' € R.

Obviously, regarding the extreme role played by the frequency in Helmholtz problems,
stability estimate (2.18) is not sufficient, because the constant C' depends implicitly on all
the parameters of the problem, including w, s and p.

In this section, we introduce fully-explicit stability estimates. We say that our estimates
are fully explicit, because we obtain an explicit formula for all constants that occur in the
estimates. More precisely, the constants depend (explicitly) on the length of the domain
Z, the frequency w, the maximum values * and p* of xk and p, the values x; and py of K
and p in the last layer, and the constant

M = Hm (Fulﬂ, P )
Ky Pl+1

Note that x; and py play a special role because they are involved in the boundary
condition (2.6). In fact, only the value ¢, matters.

The constant M appears naturally in the above demonstrations. It can be interpreted
as a measure of the variations of the propagation medium. In the worst case, it can be
bounded by a constant depending on the extreme values of the parameters ky, K*, pi, p*
and the number of interfaces L — 1

* %\ L—1
M< (2L
=\ Fupu '

If k is increasing and p is decreasing (hence, c is increasing), we have a simpler bound,
independent of the number of layers

* ok

K p
FxPx

M <

Finally, if x is decreasing and p is increasing (that is, ¢ is decreasing) we can neglect
the constant M since

M < 1.
Theorem 3. Let f € L*(0,Z,C) and (k,p) € M. The following stability estimate holds
|52 (Sump D < Cow™ £, |02 (Sumpd)|] < CslIfIl (2.19)

where

N\ 1/2
C, = p*1/? (1 + “—) M*Z (2.20)

K
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Theorem 3 is a classical stability result for the Helmholtz equation, revisited to the
case of piecewise constant coefficients k and p (we recall that M is the set of admissible
propagation media defined in Definition 1). Note that only the values {r;, p}-, of the
parameters and the length Z of the domain are involved in the stability constant. In
particular, the length {h;}* | does not matter.

Theorem 4 gives additional information on the solution norm at the interfaces. This
result is important because the amplitude of the jumps in the solution derivative are directly
related to these quantities. In particular, Theorem 4 is a key point in the analysis of finite
element schemes.

In Theorem 4, we handle the traces of u and its derivative on the interfaces z;. Because
of the transmission condition (2.4), the traces of the derivative are multi-valued: the trace
is not the same depending on which side we look at. In Definition 2, we introduce auxiliary
notations to avoid confusions.

Definition 2. Forl e {1,...,L — 1}, we define the traces v; and w; by
Vi = (Sunpf) (@) = (Suwpf)Z) = (S f)2)),

and
1 1

Wi = ——(Suwpf) (7)) = E(Sw,n,pf )'(z).

Pl+1
We further define vo, wqo, v and wp by

Vo = (Surpf)0), VL= (Surpf)(2),

and . ]
Wo = _(Sw,n,pf)/(0)> W = _(Sw,n,pf)/(Z)'
P1 PL
Theorem 4. At each interface | € {1,..., L}, we have
_ Cs _ Cs
fc Pl < T AL il < AL (2.21)

The demonstration of Theorems 3 and 4 is rather technical and is presented in a separate
section.

Basically, the main ideas of the proof of Theorem 3 draw their inspiration from the
proof of Makridakis, Thlenburg and Babuska for fluid-solid interaction [70]. The difference
is that we consider an arbitrary number of layers L and that we have different transmission
conditions.

As a direct consequence of Theorem 3 we can bound the H? semi norm of the solution
when the density p = 1 is constant.

Corollary 1. Assume that p=1. Then S, . ,f € H*(0,Z,C) and we have

(S f)"1] < Coawl| f]], (2.22)

with o
Cs,2 =1+ =
R
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Proof. Since p =1 is constant, it is clear that it holds that

S W=
K
in (0, 2). It follows that
w2
W= —f——u,
and thus u” € L*(0, Z,C) and
i w2
eI < A1+ Il (2.23)
Hence, (2.22) follows from Theorem 3. O

As a direct consequence of Theorem 3, we are able to derive an inf-sup condition for the
sesquilinear form (2.8). Inf-sup condition (2.24) is equivalent to the well-posedness of the
Helmholtz operator that we show in Theorem 2. Additionally, as observed by Ihlenburg
and Babuska [59], we will see that its proof is a direct application of the stability estimate
(Theorem 3).

Before giving Theorem 5, we need the following notation.

Definition 3. Let v € H'(0,Z,C). We introduce the norm (equivalent to the standard
H'(0,Z,C) norm)

ol = (@2 16M20[2 + [l 2) 2.
Theorem 5. The following inf-sup condition holds

inf sup Re B (1 0) > ! . (2.24)
e 20) ey Tallompllollomy — 1+ 200

Note that our inf-sup condition is frequency-explicit (and actually, explicit with respect
to all parameters), because we were able to derive a frequency-explicit stability estimate. In
contrast, the inf-sup constant obtained by Claeys and Hiptmair in [34] depends implicitly
on all parameters.

We are now ready to establish our inf-sup condition. Observe that our result is a
generalization of the inf-sup condition demonstrated by Ihlenburg and Babuska [59] for
the homogeneous case. They showed that their result is optimal in the sense that the
exponent on w in the inf-sup condition is as small as possible.

Proof. Consider an arbitrary w € H*(0,Z,C). We define ¢ € H'(0,Z,C) by

¢ = 20 S, (K1), (2.25)
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Definition (2.25) of ¢ ensures that

Bw,m,p(§7¢) - Bw,/@,p(aa E)
= 2w°B, ., (Sw,ﬁ,p(mlw),é)

27 e

for all £ € H*(0, Z,C). It is thus clear that

By, ) = 272 /OZ %hﬂ(z)\zdz = 22|k 22,
and it follows
Re By (0, w + ¢) = Re By p(w, ¢) — || 20| * + ||p7 0|2 = [Jwl[7,.,
Furthermore, Theorem 3 ensures that
[61lm,p < 250?162,

and therefore
w4+ @[lwrp < (1 + 2Cw)|[w]|w,k,p-

Setting n = w + ¢ € H'(0, Z,C), we conclude that

1
R Bw,@ 5 2— w,K W,K,p*
B (0,1) 2 1y ol

]

We close our stability analysis with respect to the right-hand-side f, with Theorem 6,
where we introduce additional stability estimates in L norm.

Proposition 1. Let ¢ € R and z € R. Then the matrix
iw iw
exp (—z) exp (——z)
c c
(iw ) ( iw ) ’
exp|—z) —exp|——2
c c
( iw ) ( iw )
—exp|——2) —exp|——2
c c
(iw ) (iw ) ’
—exp | —=2 exp | —=z
c c

M, oo < 1.

M. . =

18 1nvertible.

and
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Lemma 3. Consider a given layer | € {1,...,L}. There exist constants «y, 5, € C such
that

(Sumpf)(2) = aroxp (ﬁ) T Brexp (—ﬂ) _lan / £6) exp (——|z—£|) .

for z € (z;_1,2;). Furthermore

|cul, |81 < Capw |11, (2.26)
where "
Csﬁ_ Clpl\/Z
Cog= L )
B le?ll,...),(L} ( h, + 2

Proof. The first part of the Lemma is a direct consequence of Lemma 1. Therefore, we
focus on proving (2.26). Recalling Definition 2, we have

iw iw ic
Qg exp (C—Zz> + Brexp (—C—Zz) — ﬂ/ f(§)exp (——|Zz §|) dg§ = vy,
1 1
and

iw iw iw iw
—qy exp (—zl) —— [ exp (——zl) / f(&) sign(z;—¢&) exp (——]zl f]) A& = wy.
C i G

Therefore, we have M,, ,, A = B, where M,, ,, is defined in Proposition 1, A = (ay, ;)"

and
W / G exp(——rzl 5\)d§

1w Clpl/ f ) sign(z; — &§) exp (__|Zl f\)d

Recalling Proposition 1, ||M||. < 1, and therefore |ay|, |G| < ||A]loo < || B|so-
It remains to bound || B||~. We have

ap
|B| < |Vl|Jr ||f||1

Cs _ 712 Clpl
< et A+
Cs 12 apVZ -
< (h— 2 == WL
and
Cl ClPl
[Bo| < oo wil+ 51
a Cs 712 Cle
S N /||f|| 50 11k

Cs _
< ( A 1/2+—Clpl\/_>w‘1||f|l,

2h, 2
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so that
Cs 12 CZPZ\/? -
1Bl < (h—"% 24 — |« I
]
Theorem 6. We have
1Sumpflloe < CowHIfIl 1(Sumpf) oo < CLIIFI, (2.27)
with o
Co=2C,5 C =—1-— :
minyeqa,...,.Ly G
Proof. Consider an arbitrary layer [ € {1,..., L}. Using Lemma 3, there exist two complex

constants oy, 5; € C such that
iw iw ic, (% iw
u(z)=aqrexp | —z | +fexp | ——z | — = [ f(§exp|——|z—§)d¢,
& C| C
for z € (z_1,2;). Furthermore, we have
, iw iw iw iw 1 [Z ) iw
u'(z) = —oexp | —z | ——fexp | ——2 | —= f(&)sign(z;—&) exp [ —— |z — & | d&,
q a q q 2 Jo Cl

for z € (z;_1,2).
It follows that, for z € (z;_1,2),

Z
()| < Jou + 3+ 55 [ 17

and

w w 1 [?
W@ < Elad + L1+ 5 [ 1@
1 & 0

Hence, (2.27) follows from (2.26), since

/0 F@)ldz < VEZIIfL.

2.1.6 Stability with respect to the medium parameters

Stability estimates with respect to the medium parameters are rarely tackled in the liter-
ature even if they have an important role to play.

First, in the context of inverse problems, the dependency of the solution with respect
to medium parameters is at stake.
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Second, in the context of multiscale numerical methods, it might be of interest to ap-
proximate the medium parameters. For instance, in this work, we use a piecewise constant
approximation of the velocity in order to simplify the computations of integral coefficients
related to finite element approximation. In recent developments of plane-wave methods,
the so-called generalized plane-waves have been introduced [61,96]. In homogeneous me-
dia, plane waves are homogeneous solutions to the Helmholtz equation and they might be
used as finite element shape functions to approximate the solution. The idea of general-
ized plane-wave is to locally approximate the wavespeed (by a linearization in [96] or a
higher order approximation in [61]) in such a way that analytical homogeneous solutions
are available. These homogeneous solutions are the so-called generalized plane-waves.

In order to analyse such numerical methods, it is clear that the approximation of
the wavespeed has a major impact. Indeed the generalized plane wave are not exactly
homogeneous solutions to the Helmholtz equation with the real wavespeed. As a matter
of fact, it turns out that frequency-explicit convergence analysis of generalized plane-wave
method is not available yet.

In Theorem 7 we provide a frequency-explicit stability result for the 1D case. For
this purpose, we first establish Proposition 2. We recall that M is the set of admissible
propagation media defined in Definition 1.

Proposition 2. Let (k,p) € M. Then, for allv € H*(0,Z,C), we have

[10]s < Corto™ (0] (2.28)

1
C} = max {1, (E —|—p*> li*} .

Proof. First, for all z,y € (0, Z) it holds that

with

)~ P = [ (o) (€
~ 2R [ u(guOa
= 2Re /x (p'?0(9)) (p’l/QWf)) d¢

2l p" ol [lp~12||.

A

We thus have
(@) > < Jo(y)* + 2vp%|[v]] [[p~ /2.

for all z,y € (0, 7). Integrating with respect to y over (0, Z), and dividing by Z, we get

1

[o(@)* < 1ol + 2vpF ol [~

N
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Using the algebraic inequality 2ab < wa? + w™'b?, and the assumption that w > 1, we
can conclude:

1 X o
i < Sl + prwllol +w ™o~ 2|2

IR A% R WP “1/2, 1112
() ol + 1572

_ wto o ~
(5 +o)

* ]‘ * —1 2
max{l,/f (Z"i_p )}w HUHUJ,I{,P'

Theorem 7. Consider two propagation media defined by the parameters (ki,p1) € M and
(Ko, p2) € M. Then

IN

IN

IN

]

HSW,m,mf - Sw,fiz,pzf“
< ComllfI (it = w3 1+ 1" = o3 1+ w261 2)p1(2)) 72 = (r2(2)pa(2)) 7))

and

||(Sw,m,m f), - (Sw7f€2,/)2f)/||
< Coml|FIl (167" = 53 M+ 107" = 02 M| + w2 |61(2)p1(2)) 72 = (82(2)p2(2))7V2))

where Cs ., is a constant independent of w, (k1,p1), (K2, p2) and f.

Proof. To simplify the notations, let us write u; = Sy, o, f and vy = S, 4, p, f. First,
since uy, uy satisfy problem (2.7), it is clear that

Bw,/ﬂ,pl (ula U) - Bw,nz,pz (112, U)
for all v € H'(0, Z,C). Hence, we have
Bw,ﬁl,pl (ul — Uy, U) - Bw,/-eg,pg <u27 U) - Bw,/ﬂ,pl (u27 U)? (229)

for all v € H'(0, Z,C).
Using Theorem 5, we can lower bound the left-hand-side of (2.29) by the norm of
u; — uy. Focusing on the right-hand-side of (2.29), we have

Bw,@,m (112, U) - Bw,ffl,m (112, U) - - WQ/O ("12_1 - ’%1_1) (Z)llg(Z)U(Z)dZ
— iw (r2(2)pa(2)) 72 = (51(2)p1(2))7?) wa(Z)0(2)

T / (7" — oY) () ()2,
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and

w?kyt = w1 ] ugl]so [[o]]

wlka(Z)p2(2)) ™ = (k1(2)p1(2)) 2] |tz | [10]]o
s = pr ] 11| [V

Coow|lizt = &I 0]

Coolia(2)p2(2)) % = (51(Z)p1(Z2)) 2 1£1] 0] oo
Clllpy ' = AN I

(Coolliz ' = w7l

CocCrrw™ P11 (Z2)pa(2)) V2 = (51(Z)p1(2)) 7
Clloyt = o D) A O Lo -

|Bw7f€2,/)2 (u2> U) - Bw,m,m (u27 U)|

+ + IN + + IN+ + A

Using Proposition 2, we have

|Bw7fi2702 (u27 U) - Bw,m,pl (u2a U)|

1l e
(Irg " = mrH + w2 (R2(2)p2(2)) 72 = (51(Z2)p1(2)) 2] + loz = P IDIFIL - (2:30)
We conclude with Theorem 5. We have,

< max((1+ C.)Co, CL ) X

B u; — Uy, v
||u1 — 112||w,,,€1,p1 S (1 + 205,1‘*)) sup ‘ w,m,m( 1 2 )’
veH(0,Z,C) HUHw,m,m

and the proof follows from (2.29) and (2.30). O

Y

2.1.7 Proof of Theorems 3 and 4

The main tool of the demonstration of Theorems 3 and 4 is a set of discontinuous test
functions {gbl}lL:l. Each ¢; has a support contained in [z, z; 1] and depends on a parameter
z; that will be set in the end of demonstration.

Definition 4. Let 1 € {1,..., L}, we define ¢; : (z;,2,-1) — C by
Gi(2) = (2 — 21)(Swnpf) (2),

where z; € R is a real constant. Observe that, since S, . ,f € H*(z)_1,2,,C), ¢ €
Hl(Zl,bZl,(C).

For ease of presentation we will write u = S, . ,f. We define, for each layer | €
{17 BRI L}a Hu € Lz(zl—la Zy, (C) by

(Hu)(z) = —w—u(z) - lu”(z), 2 € (21-1,2%).

Ky Pl
We also introduce

The proof is divided in 3 distinct parts.
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Part I

The first step of the demonstration is to obtain identity (2.31) recorded in Proposition 3.
Proposition 3. For any f € L*(0,Z,C), we have

/ Z (:;; ()l + ﬁ)lu’(zn?) 2z

1
1
2 o 5 2 5 . 5 2
+w E{ (z1 — Z141) — Kl(zl Zl)}|vl| +§ {p11(zi — 201) — pu(z1 — 21) } |wy

=1

Ri4+1

2

2 L z]
= (2-a0) (Wl + pulwnP)=(0-20) (ol + pwal?) 42 {Z / f<z>¢l<z>dz} |
=1 7 2%-1

(2.31)

We obtain identity (2.31) by applying each test function ¢; against H;u. The proof is
based on the Rellich identity (which is equivalent to integrating by parts in 1D) and the
fact that Hu = f. The proof is straightforward, but requires a lot of hand computations.
We thus introduce three preliminary Lemmas.

In Lemma 4 we obtain identities (2.33) and (2.34) using integration by parts together
with the derivation rule

(1¢1?)" = 2Re (v') (2.32)

for complex functions v € H*.

Lemma 4. Forl e {1,...,L}, it holds that

2Re/ u(z)e(z)dz = —/ |u(z)|2dz + (z — il)|vl|2 — (z-1 — il)|vl_1|2, (2.33)

and

Z] z]
2 Re / W) (E)dz = / W (2) P+ (a1 —20) w1 2 (11 —20) 2 Wi . (2.34)

Zj—1 Zj—1

Proof. As a starting point, we use the fact that z — z; is real to write

2 Re / Y w)EEd: = 2Re / ) E S au

Z—1 Zj—1

— /Zl (z — 2)2Re (u(z)W) dz,

Z—1

and

2Re/zz u'(2)p(2)dz = 2Re/zz u’(2)(z — z)u/(2)dz

= /ZZ (z —2)2Re (u"(z)W) dz.

Z—1
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The chain rule (2.32) enables us to derive
2Re <u(z)m) - dilz (luf?) (z), 2Re (u"(z)m) - dilz (') (2).

Lemma 4 follows from integration by parts:

Z]—1

2Re/zz a(2)d(2)dz = / (z—zl)dilz (juP) (2)dz.

= — /ZZ dilz (z —2) [u(z)Pdz + [(= — iz)|u<z)|2]:_1

z
= —/ ju(2)*dz + (20 — z1) [u(z; )|* — (201 — 20)|u(z,” )%,

and
z] z] d
2Re/ o () () dz = / (= — ) (P (=)=
Z]_1 Z—1 <
“od 3 ! 2 A / 2721
=) & (z = z) |0/ (2)]dz + [(z = 2) W' (2) ]|
z;
= —/ u'(2)Pdz + (20 — 1) |0 () * — (201 — 20) [ (7).
Zj—1
The results follow by the definition of v;_1, v;, w;_; and w;. O

In Lemma 5, we test H;u upon the test functions ¢;. We use the identities (2.33) and
(2.34) to simplify the expression, yielding identity (2.35).

Lemma 5. Forl e {1,..., L}, we have

2Re /:lmlu)(z)asl(z)dz - / (;;|u<z>|2+$|u'<z>|2)dz (2.35)
+ (=) (S + )
— =) (Sl + i)

Proof. By definition of H;u, we have

2Re [ () () = - (2 A “(Z)mdz) G <2 ARG @(z)dz) |

Z]—1 ki P zj—1
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We can simplify the right-hand-side thanks to identities (2.33), (2.34) and by grouping
the terms

2 Re /zz (Hlu>(2)¢l<z)d2 = _w_ (_ /Zl |u(2>|2d2 + (Zl — zl)‘vlF _ (Zlfl _ 2l)|vll‘2>

1 < . .
- (‘/ \u’(z)]zdz + (Zl - Zz)ﬂz2|Wl\2 - (Zl—l - Zl)p?\Wz1|2>

Z—1
Z] 2
= [ (Ener s Swer)
Z_1 R Pl
CU2
b (- ) (Em_u? ¥ pl|wl_1\2)
W2
- (z—z) (EMF + P1|Wz|2> :

Lemma 6. We have

R{Z /zi(Hlu)(z)@(z)dz} - /OZ(;;|u<z>|2+ﬁ|u/<z>|2) &z

L—

1
1 .
+ W { (z1 — Z141) — — (21 — Zl)} vif?
7 (Rl Ki

+ Z {p141(2z0 — 2111) — pi(z1 — 21) } |Wl|2
=1

CU2

) (_|v0|2 +p1\vvo|2)
R1

A w? 2 2

— (Z—zp) | —|vil]" + plwi]
KL

N>

+ (0-

Proof. First, as a direct consequence of (2.35), we obviously have

2Re{§;/zjll(7{lu)(z)mdz} _ é/ (“;—j|u(z>|2+%|u'(z)|2> i



o4 CHAPTER 2. ANALYSIS OF THE PROBLEM IN ONE DIMENSION

Then the first term simplifies like

> / (%““’”'2 ’ %'“’@)'2) ds = Z_J / (i) ()P + u’(z)|2> &

=1

We can simplify the second term as

Mh

w? 9 2 . w? 2 2
(Z1—1 — 2) ?|Vl—1| + pr|wi_1] = (20— 71) /{—|Vo| + p1|wo
l 1

L (,L)Q
vt + pzrwm?)
R

=1

N w? 2 2
= (0—21) | —|vol” + p1|wol
K1
L—1 2
+ g 7, — 7 —|v)|* + W 2).
( l l+1> (Fdl+1| z| /)z+1| l|

=l

We rewrite the last term as

~

-1

L w? 2 w? 2
> (- ) (K—l|Vz| + puwi ) = Q) (zm—w) (K—l|VZ| + puwil )
1

=1

~

N w? 2 2
+ (21— 21) IQ_‘VL’ + pi|wi
L

~

-1

N w? 2 2
SR GRS
l

=1

UJ2
v +pl|wL|2) |
RL

-
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Regrouping the three terms, we get

Re {;/zil(Hlu)(z)Mdz} =

+

_|_
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[ (S + L) e

o w? 2 2
(0—21) [ —Ivol” + p1|wol
R1

-1

~

N w? 2 2
(z1 — Z141) | ——[Vil® + prga|wi
Ri+1

~
—_

~
—

N w’ 2 2
=) (2l 4 )

l

A w’ 2 2
(Z —21) | —Ive]” + plwi]
R

[ (e + L) e

L—

1
1 .
w? { Zz - Zl+1) (Zl - Zl)} |Vl‘2
1 (Rl Ry

1

L—
Z Pl+1 zZ; — Zz+1) Pl(zl - il)} |Wl|2
= 2
0 an) (4 pifw?)

R1

. w? 2 2

(Z —zp) | —|vLl" + W] ).

R

]

We are now ready to establish Proposition 3. We obtain identity (2.31) using the fact
that u satisfies (2.2) together with Lemma 6.

Proof of Proposition 3. Since u satisfies (2.2), we have (Hu)(z) = f(z) for a.e. z € (0, 2).

Therefore

/ fllmzu)(z)W

foralll € {1,...,

zRe{Z/ (Hu)(2)éi(2)d

and the result follows from Lemma 6.

L}. Then

0z = / ()G,
) ol )
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Part 11

In Definition 4 of the test functions ¢;, we have left the definition of the coefficients z; un-
defined. The second step of demonstration is to derive Proposition 4 by carefully selecting
the coeflicients z;.

Proposition 4. We have

L (7w 2 1 2 ., w? 2 2

2 Y —|u’ d | il

2/0 (H(z)lu(zﬂ +p(z)|u(z)| ) Z+; l(fiz Vi + pi|wi| )
L

Again, the proof is based on a lot of hand computations. After giving the definition of
the coefficients z;, we demonstrate Proposition 4 using 4 preliminary Lemmas. To simplify
the notations, we write X

hy =2z -2z, h=2z_-12.

Definition 5. We define the sequence h = {fll}le recursively by hy = 0 and

s = mae (1P 1) (i)
Ky Pl

Furthermore, we define z as
7z =z —h, le{l,... L}
Lemma 7. h is an increasing sequence. Furthermore, we have
h, <2MZ

and
1 1 h;

— (& —21) — —(zm—2) > —, pa(z— 2) — pilz — 21) = plh.

Ki+1 Ki Ki
Proof. 1t is clear that h is an increasing sequence. Indeed, for a given [ € {1,...,L — 1},
we have

h; 1 = max (E; ﬂ? 1) <flz + th) > h; + 2h; > hy,
Kt Pi+1
since h; > 0.
Then, by recurrence, we have

-1 n
h; = QZ{H max </€:+1, Prm 1)}hn.
n=1 m

)
m=1 Pm+1
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It follows that

L—1 K —1

< 2¢ [T (" 2 0) 3,
m=1 Rm Pm+1 n=1
L—1 K

< 2 Hma <m+1, pm ,1) Z
me—e1 Km Pm+1

< 2M

Finally, we have
fll-‘rl = max <%7 ia ]-> (fll + 2hl> )
ki Pr+1

therefore

~ K ~ ~ ~
hj;, > el (hl + th) , hyy > P (hz + 2hl> )
Ky Pl+1

so that ) . .
—hy1 — —(hy+hy) > —h;,  phgg — pthy +hy) > pihy,
Ki+1 Ki Kl
and we conclude the proof of Lemma 7, since by definition of fl, fll+1 = z; — 741 and

hl—i-hl:Zl—il. O

Lemma 7 ensures that every term in the left-hand-side of (2.31) is positive. More
precisely, we have

w? 2 2 2 1 5 1 5 2
h; /-@_|Vl| + pi|wi < wie—(z—Z141) - H—(Zl —2) ¢ |vi
1 l

Ri+1
+ {pi(z — 2i1) — oz — 21) } Wi

Then, it remains to bound the right-hand-side of (2.31) to conclude the demonstration
of Proposition 4. The right-hand-side reads

L g -
(7a0) (il + palwnl? ) ~(0-) (ol + pulwol? ) 42 o {Z [ f(z)¢z(2)d2} |

and can be rewritten as

(Z —12r1) (%L|VL‘2 +/0L|WL’2) +2Re {Z/ZZ f(z)mdz} ;
=1 Y%i-1

since 0 — 2z = fll =0.

The term involving f is bounded in Lemma 8 with simple algebraic arguments. The
bound for the other term is derived in Lemmas 9 and 10. The boundary conditions (2.5)
and (2.6) at z = 0 and z = Z are involved in this proof.
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Lemma 8. For any f € L*(0,Z,C), we have

Z 1

2Re {Z/l f(v)WdZ} <2p"(Z +hy)? || fI)* + %/0 m\u’(z)yzdz. (2.37)

Proof. First, let us consider [ € {1,..., L}. We have

2Re/zz_l f(2)(2)dz = 2/:_1 (z —2)Re (f(z)u/(z)> dz

1

< 2 / e a1 ()]

Z]—1

Then, for all z € (z;_1,2;), we have
|z — 2] < max(|z_1 — 2, |z — %) = max(|hy], |h; + hy|) = (b + hy).
Hence, we get
20z —z||f ()W (2)] < 2(hy + )| f(2)][0'(2)]
2 (Vanth + )lf)]) (=)

1 / 2
— (a2 .
3, W)

IN

< 2p(by +hy)?|f(2))* +

Since we know that h is an increasing sequence, we have h; < h;. Furthermore, h; < 7
and p; < p*, so that

L

20z — 2|l f(2)|[0'(2)] < 2p*(Z+f1L)2|f(Z)|2+2pl

It follows that

z . z 1 Z] 1
2R [* jEaEE <2 (21 h [ @Ry [ )P
Zj—1 Z-1 71 Ml

for each [ € {1,...,L}.
We obtain the desired result by summation over [. O

In Lemma 9, we prepare the proof of Lemma 10 using the absorbing boundary condition
at z = Z and the Neumann or Dirichlet boundary condition at z = 0.

Lemma 9. We have

w

VRELPL

Im/o (Hu)(2)u(z)dz = — lu(2)|?. (2.38)
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Proof. By integrating by parts, we have

/Oz(Hu)(Z)U(z)dz _ /OZ (_ /:i)u(z) — (%u'>/(z)) u(z)dz
= / Z —,j‘(’; u(:)[%dz / ) (%u) (2)a(z)dz

= [ wepas [ v - ||
/ z /0 p(z) { }

_ / T ”z u(z)2dz + /O Zp—|u'(z)|2dz— [ﬁu’(z)u(z)};.%)

It is clear that the first two terms of (2.39) are real. Therefore

Z

Im /O Z(Huxz)@dz ~ Im {ﬁu’(z)m} - pilm (u'(O)m)—i Im (u'(Z)m) .

0 1 PL

Because of the boundary condition (2.5), u’(0) = 0, and because of the boundary condition
(2.6)

L v(zu@) = = Lu’ u—:L iuJu u(Z) = i u(2)?
L2z - m—L( v <Z>) v w—( = <Z>) 2) - (2

]

Lemma 10. For any f € L?(0, Z,C), we have

7o) (Ll o) <22 b P4 S [ e
g KL t pLIVL o B KL 2 Jo K(Z) .

Proof. Since u satisfies the absorbing boundary condition

1 iw
—u'(4) — u(z) =0,
) - )
we have . )
w
— | (Z)] = —[u(Z)],
PL R,

and therefore ,

1 w
—|vi* + prlwil* = —u(Z)".
KL KL

Now using Lemma 9, we have

w

VRLPL

u(Z)f = Im / (Hu)(=)u(z)dz = Im / f(2)u(z)dz,
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so that

5 1 2 2 NS 2
(Z —21) | —Ivel" +prlwel]" | = 2(Z —21)—[u(2)|
Ry, RL

_ z(z—zL)wVZé(ﬁlu(Z)Iz)

< o V2L / F(pu(z)dz
2PL/<J w
< / 20)(2)] (mm(zn)dz
2 E Zu)—zuz2 z
< /( >rf<>rdz+2w()r<>|)d
< 27— /m( |dz+1/0 H‘E’Z )Pz
< 2z-apLelliPeg [ ke
We conclude by observing that
Z—ZL = ZL—iL

zZ, —Zp—1 + 211 — 7,
h; + hy,
Z+h;.

IN

We are now ready to give a demonstration of Proposition 4.

Proof of Proposition 4. We begin with using Proposition 3

[ (S + L) e

Lf
1 . 1 R . .
+ w? {—(zl —Zy1) — ;(zl — zl)} lvi|® + Z {oiia(z — 2101) — po(z — 20) } |w |
!
=1 _

2 2 L z
= @-a0) (il + pulonl? ) ~(0-20) (vl pwol? )42 {Z / f<z>¢l<z>dz} |
I=1 Y%-1
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Then, Lemma 7 enables us to write

[ (e + ) )dz+2hz (Lt + nit)

L—

? w? 2 1 9 . 1 2
S —|alz +—11 dz—}—w { Z—Z 7 — 7 }V
[ (g S @ )as 3 { o) = o=

L-1

- {pis1(z1 — 2141) — (2 — 21) } [wi|* (2.40)
-1

On the other hand, Lemmas 8 and 10 together with the fact that 0 —z; = h; =0 yield

2 2 L z
(-a0) (- pal + palonl? ) ~(0-20) (vl wol? )42 {Z / f<z>¢l<z>dz}
[=1 Y %i-1

22 400 (5 + S ) I+ 5 [ (e SR i 2y

Combining (2.40) and (2.41), we obtain

*

[ (S mer s L) )dz+2hl( i+ ) < 22400 () I

K(2)

To conclude the proof, we use Lemma 7 again to derive

Z+h <Z+2MZ<3MZ,

since M > 1. O

Part I11

We are now able to prove Theorems 3 and 4 as direct consequences of Proposition 4.

Proof of Theorem 3. We first recall stability estimate (2.36) from Proposition 4. We have

%/OZ <;€; lu(z)|* + ﬁ\u'(z)ﬁ) dz + ihz (i—jMIQ + pz|Wz\2)

* K:*
< 18M? (p + —m) Z2|IfI17.
RL

In particular, it holds that

1 (7 w? 2 of «, K 2 2
S| ==z <18M {p o Z£11 (2.42)
0
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and
3 [ R < (o ) 21 249
2 Jo p(2) B kL . '
We obtain Theorem 3 by taking the square roots of (2.42) and (2.43). O

Proof of Theorem 4. We recall again stability estimate (2.36) from Proposition 4. We have

1 [? /[ w? ) 1 ) i w? )
- u(2)|F + —|u'(z dz + E h; [ =—|v;|* + p)|w
2/0 (H(Z)| ( )| | ( )| ) — l</fl| l| pl| l| )

p(z)
< 18M? (p* + 2 pL> Z2|IfI17,
Rr

and observe that we have in particular
L—-1 wg K*
S (L i) < 1500 (4 ) 221517
—1 Ki KL

Since, hy > h, for [ € {1,..., L}, it is clear that
L1

w? 18M? [, K*
> (—!Vz|2 +pz|Wz|2> < (p + —pL) Z* (I,
R h* KL

=1

and it follows in particular that

w? 18M? [, K
S < B (4 Ea) 2001, (2.40
l * R
wnd 18 M?
* K;*
pwi < S (5 + ) 21111, (2.5
forl e {1,...,L}.
We obtain Theorem 4 by taking the square roots of (2.44) and (2.45). O

2.2 Some results in the homogeneous case

Before we tackle the discretization of 1D heterogeneous Helmholtz problems, we would
like to introduce important results about the discretization of homogeneous Helmholtz
problem.

As already stated in this document, the frequency plays a very important role both in
the mathematical property of the equation and its numerical approximation. In particular,
high frequency solutions are very expensive to compute. As a result, error analysis must be
handled very carefully by taking into account the frequency parameter explicitly in every
constant.
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When using standard variational theory, based on the Schatz argument [88], one obtains
the so-called ”asymptotic” error-estimates. A quasi-optimal error-estimate for the finite
element solution is established under the condition that the mesh step is small enough.

A quasi-optimal error-estimate is an error-estimate of the form

llu —upll, < C inf ||u— v, (2.46)
v EVR

where Vj, C H' is the finite element space, w;, is the finite element solution and ||.||, is
a norm of interest. This type of error-estimate is called ”quasi-optimal” because, up to
a constant, the finite element solution is as accurate as the best approximation provided
by the discretization space. If (2.46) holds, we also say that the finite element solution is
quasi-optimal.

In this spirit, the pioneering work of Aziz and Kellogg [15] establishes quasi-optimality
of the finite element solution under the assumption that h < C(w) where the constant C
depends implicitly on w. They extend this result in the late 80’s and show that the solution
is quasi-optimal under the condition that w?*h < C [16], where the condition on h depends
explicitly on w. Asymptotic error-estimates for linear elements are further investigated by
Douglas et al. [43] and Ihlenburg and Babuska [59] in the 90’s. Ihlenburg and Babuska
also generalize asymptotic error-estimates for Lagrangian finite elements of arbitrary order
p [60] in the context of one-dimensional domains. Melenk and Sauter have recently further
extended the theory to general 3D problems with rough right-hand-sides f € L? [75,76].

As we are going to explain in the next subsections, if asymptotic error-estimates pro-
vide sufficient and necessary conditions to ensure quasi-optimality of the finite element
solution, they are not fully satisfactory to quantify the error of the finite element solution.
More precisely, they are only valid in a certain asymptotic range h € (0, hy) where hg is
going to zero as w increases. Hence, the asymptotic error-estimates do not provide any in-
formation in the pre-asymptotic range h > hy. This is troublesome, especially because the
requirements on the mesh step hg are usually too restrictive to cover practical applications.

This has motivated the design of so-called ”pre-asymptotic” error-estimates which are
valid as soon as a given number of points per wavelength is achieved (wh < C'). Thlenburg
and Babuska show in [59,60] that in the pre-asymptotic range, the finite element solution
is not quasi-optimal, and is polluted by an additional term in the error estimate. Though
their work is limited to 1D problems with smooth data, their results are optimal and valid
for Lagrangian elements of arbitrary degree p. They are also able to make a link between
the so-called ”pollution term” and the phase lag of the finite element solution.

Another powerful tool to study numerical methods for the Helmholtz equation is dis-
persion analysis. This methodology is less rigorous in the sense that it does not yield any
error-estimate. Also, it is limited to cartesian grids (or space-periodic meshes). However,
it is simpler to use than pre-asymptotic error-estimates and very powerful to analyse and
design new schemes. Actually, if error-estimates are not proven, the results are usually
very accurate when compared with numerical experiments.

The main idea is that if the right-hand-side vanishes and the boundary conditions are
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omitted, the general solution of the Helmholtz equation is
u(x) = Ae” + Be™ ", (2.47)

where A, B € C. It can be shown that (2.47) has a discrete counterpart, and the discrete
solution satisfies
up(xj) = Ape™™ + Bye

for all mesh vertices x; = jh, where A, B, € C and wy, > 0. Dispersion analysis then gives
an estimate of the phase lag w — wy,.

It turns out that among the various methodologies used to analyse wave propagation
schemes, dispersion analysis was the first to be used. Pioneering works focus on the tran-
scient wave equation and include the work of Krieg and Key [65], Mullen and Betyschko [78],
and Abboud and Pinsky [1].

An optimal bound on the phase lag in Helmholtz discretizations by Lagrangian finite
elements of degree 1 < p < 3 is first given by Thompson and Pinsky [97] on a one
dimensional problem. Their result is generalized by Babuska and Thlenburg to arbitrary
order p in one dimension [60]. These results are obtained under the assumption that enough
points per wavelength are used (wh < C).

To the best of our knowledge, Ainsworth’s paper [3] is a reference work to dispersion
analysis. It provides an estimation of the phase lag for arbitrary order p on cartesian grid
in one, two or three dimensions. The analysis of Ainsworth is not limited to the condition
wh < C and the phase lag is provided for any value of h.

In the next subsections, we try to make a link between asymptotic error-estimates,
dispersion analysis and pre-asymptotic error-estimates. We also give a quick overview of
how the proofs are derived and refer the reader to the literature for more details. We
discuss the possibility of generalizations to heterogeneous problems as well.

To clarify, given f € L?(0,1,C), we consider the simple homogeneous 1D problem of
finding u = S,,f € H'(0,1,C) such that

—whu(z) —u"(z) = f(z), z€(0,1),
—u'(0) — lwu( ) = 0, (2.48)
uw'(1) —iwu(l) = 0.

We discretize problem (2.48) with Lagrangian finite element of degree p > 1. Introduc-
ing the variational formulation of problem (2.48), the continuous and discretized problems
read: find S, f € H'(0,1,C) and S"?f € V},,, such that

1
B(S.,f,v) / f(2)v(z)dz, Yv e HY(0,1,C), B(S"? f uy,) :/ f(2)vn(2)dz, Yo, € Vi p,
0

where

B(w,v) = —w2/0 w(z)@(z)dz—iww(O)v(O)—iww(l)v(1)+/0 w'(2)v'(2)dz, Yw,v € HY(0,1,C),
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and

Vip = {vn € C°0,1,C) | wnl(g—vnjn) € Po((j — D)h,jh); je{l,....n=j/h}}.

We also introduce the adjoint operator S : L*(0,1,C) — H'(0,1,C) where Sg is
defined for g € L*(0,1,C) as S*g = S,,g and is the unique solution to

B(w,S:g):/O w(z)g(z)dz.

Finally, the V}, ,-interpolant of a function v € H'(0,1,C) is defined as the unique
function Il ,v € V}, , such that

kh kh
(I pv) (jh + ?) =v(jh + ?), 0<j<n, 0<k<p.

For ease of presentation, we will write u = S, f and uy, = S"?f. We will also use the
notations ||.||, and ||z for the H*(0,1,C) norm and semi-norm (k € N):

k 1 1
ol =Y [ BO@Pa o= [0 e B40,1,0).
j=0 "0 0

We introduce the essential result of Babuska and Ihlenburg [60] concerning the analysis
of finite element error: assuming that wh < C, we have

wlu — upplo + [u — upplt < Crwh + Cow? TR,

We see that the finite element error is decomposed into two terms. The first term
of order wPhP is called the best approximation error term and is directly related to the
approximation properties of the finite element space. The second term of order w?T1h2?P
is called the "pollution” term. It is worth noting that even when wPh? is small, the term
of order w? ™ h* = w(wh)?* can be important if the frequency is high.

In standard finite element analysis of elliptic problem, the finite element scheme is
quasi-optimal, and the finite element error is bounded by the best approximation error.
The pollution term is thus typical of wave problems which are undefinite.

It is also clear that if we consider a given frequency w, we can define two regions in
which each term in the error bound is predominant. Asymptotically, if A~ — 0, the best
approximation term wPh? is more important than the pollution term w?*'h?”. On the
other hand, especially for a high frequency w, the pollution term is greater than the best
approximation term for large mesh steps h. We can therefore define two regions:

e The pre-asymptotic range where the pollution term is dominant. It is characterized
by wPh? < w? 1%,

e The asymptotic range where the best approximation term is dominant. It is charac-
terized by wPh? > w? 1%,
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In the following, we focus on conforming Lagrangian finite element discretizations, but
it is worth mentioning that dispersion and convergence analysis are also available for other
popular discretization methods:

e In the context of polynomial Discontinuous Galerkin methods, we can mention the
convergence analysis of the Local Discontinuous Galerkin (LDGm) and Internal
Penalty Discontinuous Galerkin (IPDGm) methods [46,47]. Wu and collaborators
also recently introduced the so-called Continuous Internal Penalty method (CIPm)
which is analysed in [106, 109].

e Melenk and collaborators have proposed a convergence analysis for general Discon-
tinuous Galerkin methods, where functions of the discretization space are assumed
to satisfy an inverse trace inequality [74]. Their convergence results apply to polyno-
mial discretizations, but also to plane wave based discretizations. In particular, the
Ultra-Weak Variational Formulation method (UWVFm) is handled.

e Among popular "plane wave” methods, we can also cite the Discontinuous Enrich-
ment method (DEm). A convergence analysis for the lowest-order DEm elements is
avaible [10].

e In the context of dispersion analysis, we mention the work of Ainsworth and col-
laborators on the Spectral Element method and Discontinuous Galerkin discretiza-
tions [4,5].

We now focus on standard conforming Lagrangian elements. We will first talk about
asymptotic error-estimates which are valid in the asymptotic range only. Then, we will
present dispersion analysis and introduce the notion of phase-lag, which can be linked to
the pollution term. We will close this introduction with pre-asymptotic error-estimates,
which are valid in the pre-asymptotic range.

2.2.1 Asymptotic error-estimates

Asymptotic error-estimates give a bound of the finite element error under the condition that
the mesh is sufficiently refined. If the mesh step h € (0, hg) lies in a so-called asymptotic
range bounded by a given hg > 0, then the finite element solution is quasi-optimal, and
the finite element error is bounded by the best approximation error up to constant.

If we are using finite elements of order p and assuming that the right-hand-side f &€
H?1(0, Z,C), the asymptotic quasi-optimality and error-estimate for the Helmholtz equa-
tion can be stated in three points. We refer the reader to [16,43,59] for the analysis of the
linear element case and to [60] for the general p-version in one-dimension. The linear case
is treated in two dimensions in Melenk’s PhD [73]. First, the best approximation error is
bounded explicitly in frequency:

wlu — I pulo + |u — Hppuly < CWPRP||f|]p-1. (2.49)
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Second, under the condition that wP™h? < (| the finite element solution is quasi-optimal:
wlu — upplo + [u — uppli < C(wlu — Ty pulo + |u — I puly) . (2.50)

Third, we can summarize the first two points as an asymptotic error-estimate. If we assume
that h € (0, hy) with hg = Cw™'1/?_ the following error-estimate holds

wlu — upplo + [u — uppli < CWPRP||f||p=1- (2.51)

We see that the best approximation error is controlled by the number of points per
wavelength Ny ~ (wh)™!:

wlu — My pulo + |u — p puly < %Uap_l

Ny
It is worth noting that the best approximation error is bounded independently of the
frequency when the number of points per wavelength is constant. It is not the case of the
finite element error, and it is precisely what the pollution effect is.

We will analyse the pollution effect more precisely later. However we can already state
that the finite element error increases linearly with the frequency when the number of points
per wavelength N, is kept constant. We see that the same idea applies to the asymptotic
range. In the asymptotic range, h must satisfies wPt'h? < C, that is Ny < Cw™ /P, We
can summarize the pollution effect as follows: the number of points per wavelength N,
must increase with the frequency for the finite element solution to remain quasi-optimal.

Another way to describe the pollution effect is that if Ny > C is bounded below, we
have

lim —]u — tnph = +4o00.
w—+00 |u — Hh7pu|1

Another important comment is that the approximation order is p, which is quite natural
since we assume the right-hand-side to be in HP~!. Hence, the solution is in H?*!. Melenk
and Sauter [75,76] have developed an asymptotic theory when the right-hand-side is in L?
only. In this context, the best approximation converges to the best solution only at order
1. Hence, (2.49) does not hold and we only have

wlu — I pulo + |u — I puly < Cwh|flo.

However the asymptotic range in which quasi-optimality holds is the same: wP*'h? < C.
The main idea here is that having a p-order convergence by itself is not so important.
Indeed, the best approximation error is always controlled by wh ~ Ny Uand h is always
selected so that lim, ... wh = 0 to ensure that the solution is precise enough. The
important point here is the region in which the quasi-optimality is valid, which is the same
if f € L? only.

In the context of highly heterogeneous media, v € HP™ does not hold for two reasons.
Indeed, we assume the right-hand-side to be in L? only, so that we can not expect more
than w € H? in the general case. Besides, there are jumps in the medium parameters
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which lower the regularity of the solution. In the general case, we can not even expect the
solution to be in H%. However, if we assume that the density is constant (which is what we
will do afterwards) the solution remains in H?. It is worth noting that even if we assume
that f € HP~1, u € HP*! does not hold because of the jumps in the medium parameters.

Assuming that the density is constant, u € H? and we obtain a result similar in spirit
to Melenk and Sauter [75,76]: when the velocity parameter is rough, the convergence
order of the best approximation is not improved when p increases, but the asymptotic
region h € (0, hg) in which the solution is quasi-optimal is larger. To the best of our
knowledge, this asymptotic error-estimate for heterogeneous media is new and will be
presented afterwards.

The asymptotic results we have stated are optimal: it is mandatory that w?™h? < C to
achieve quasi-optimality. Indeed, in the pre-asymptotic range (h > hg) the finite element
solution is "polluted” and is much less accurate than the best approximation. However, if
the result is optimal in terms of quasi-optimality, we can make a simple comment about
its quality as an error-estimate. If we apply the result as-is, we need to select h in the
asymptotic range, that is h < hg ~ w~'~%/P. Hence, we have

wlu = upplo + |4 — uppl < CwPh? ~w™,
and the error is decreasing to 0 as w is increasing. It means that condition w?P™h? < C
is not a good strategy to obtain a constant error independently of the frequency: the
condition is too restrictive.

This observation has motivated the study of the behaviour of the finite element error
in the so-called ”pre-asymptotic” range, without assuming that h < hy. We will state
important results about pre-asymptotic analysis in the next subsections, but before, we
give an overview of how the asymptotic error-estimates are derived.

The first issue is to estimate the best approximation error. From standard finite ele-
ment theory, the interpolation error can be bounded by a semi-norm of the solution in an
appropriate Sobolev space. Therefore, the problem of estimating the best approximation
error simply amounts to estimating the norm of the solution derivatives.

We would like to point out that this is one of the reasons why it is really important to de-
rive frequency-explicit stability estimates. Indeed, having frequency-explicit estimates for
the continuous problem immediately yields frequency-explicit bounds of the best approxi-
mation error. For our purpose of briefly explaining how asymptotic errors are established,
we recall that we have

|Sufl2 < Cwlflo, [SESfl2 < Cwlflo, (2.52)

as a particular case of Theorem 5. We are now able to show that the best approximation
error is controlled by the number of points per wavelength. We record this result in Lemma
11.

Lemma 11. Let f € L*(0,Z,C). The following estimates hold:
w’Swf - HhSwf|0 + ’Swf - HhSwf’l é CWh‘f’Oa (253)
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and
W|SEf —TISEflo + |S5f — TLSEflL < Cwhlflo. (2.54)

Proof. The proof relies on classical approximation properties of polynomials and the frequency-
explicit stability estimate of the Helmholtz equation. To simplify the notations, we will
write uy = S, f. Using approximation theory, we have

wluy — puglo + Jup — Mpup)y < C(wh? + h)|ugls.
The second step uses the frequency-explicit stability estimate. We have
ugl2 < Cwlflo,
so that
wluy — puglo + [up — Muuply < Cw?h? + wh)| fo-

We obtain (2.53) since wh < 1. The demonstration of (2.54) follows the same guidelines
than for (2.53) and is thus omitted here. O

We now show that the finite element solution is asymptotically quasi-optimal. Most of
asymptotic error-estimates for the Helmholtz equation are based on the so-called Schatz
argument [88]. Actually, the Schatz argument is valid for any continuous sesquilinear form
satisfying a Garding inequality, that is a sesquilinear form B such that

Re B(u,u) > al|u||f — plulj, Yu e H, (2.55)
and
|B(u,v)| < Ml[ul[u][v]l1, Vu,ve H,

for some positive constants o, p and M.

It is well-known that variational formulations of Fredholm operator fall into this cat-
egory. For the case of the Helmholtz equation, it is simple enough to show that our
sesquilinear form B is continuous and satisfies the Garding inequality with the constants
M = w? a=1and pu = w?+ 1. More precisely, we have:

Lemma 12. Let w,v € H'(0,Z,C). Then, we have

| B(w, v)]
Re B(v,v)

< Clwlwlo + [wli)(wlv]o + [v))
> Juli = wolg.

The Schatz argument can be viewed as a generalization of Céa’s Lemma. Céa’s Lemma
is only valid for coercive forms, and states that the finite element solution is quasi-optimal
for any h. In contrast, the Schatz argument is valid under a weaker assumption of Garding
inequality but ensures the quasi optimality only for small enough h < hg, where hy depends
on the constants o and p of Garding inequality (2.55).

In Theorem 8, we demonstrate that the linear finite element solution is quasi-optimal
in the asymptotic range using the Schatz argument. We also derive the corresponding
error-estimate.
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Theorem 8. Assume that w*h < C. Then the solution S"' f is quasi optimal:
WIS f = SU flo + 180 f = SUM fl < C(WISuf = Tn(Su o + [Suf = Ta(Suf)lr), (2.56)
and the following error-estimate holds
WISuf = S flo +1Suf = Syt fl < C (wh + wWh?) | flo. (2.57)

Proof. We will use the notations u = S, f and u;, = S"'f. The first part of the proof is
the usual Aubin-Nitsche duality trick. We introduce the Riesz representation of the error
z € H'(0,1,C), defined as the unique function of H'(0, 1, C) satisfying

B(w, z) = (w,u —uy) Yw e HY(0,1,C).

In particular, it holds that |u — u,|2 = B(u — us, 2), and by Galerkin orthogonality
together with the continuity of B, we have

lu —upy = B(u—up, 2z — pz) < C(wlu — uplo + |u —upl)(w|z — Mpzlo + |2 — Mizly)
According to the definition of z, Lemma 11 yields
(w]z —pzlo + |2 — pz|1) < Cwhlu — uplo,

hence
lu — uh|(2) < Cwh(wlu — uplo + |u — uply)|u — upo,
and

(1 — Cw?h) |u — uply < Cwhlu — upli|u — upo.

Assuming that w?h is small enough and dividing by |u — uy|g, we obtain
lu — uplo < Cwh|u — upl;. (2.58)

Note that (2.58) is the usual bound obtained with the Aubin-Nitsche duality trick: the
order of convergence is one order higher in the L? norm than in the H' semi-norm. When
dealing with elliptic problems, the H! semi-norm is bounded using Céa’s Lemma and the
L? error bound follows. Here, (2.58) is just a step in the convergence proof.

The second part of the proof is similar to Céa’s Lemma. We use Galerkin orthogonality
and the Garding inequality (remark that in Céa’s Lemma, coercivity of the sesquilinear
form is used instead of the Garding inequality). We have B(u—up, u—up,) = B(u—up, u—
[uy), and

lu—up |} —w?u—up |5 < Re B(u—up, u—Ilu) < Clw|u—up|o+|u—up|)) (wlu—TTulo+|u—TThul;).
With estimate (2.58), we have that

(1 - Cw'h?) Ju—upl] < C(1+ w?h)|u — up|i(wlu — Myulo + [u — Myuly),
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and, dividing by |u — uy|;, we get the quasi-optimality in the H' semi-norm if we assume
that w?h is small enough:

(1 - Cw4h2) |u - uh|1 S C(l + w2h)(w|u — Hhu‘o + |U - Hhu|1),

Because we assume that w?h is small enough and that wh < 1, we can use (2.58) to
derive

wlu — uplo + [u — up)y < C(1 + wWh)(wlu — Mpulo + |u — yuly),

which is (2.56) using again that w?h is small.
We now turn to the proof of error-estimate (2.57). A direct application of Lemma 11
yields
wlu — Hpulo + |u — Hyuly < wh|flo,

and therefore, inserting the previous estimate in (2.56), we have
wlu = unlo + [u = unlt < C(1+w?h)wh|flo,
which simplifies to (2.57). O

Remark that we keep the term w3h? in the above estimates because it appears naturally
in the proofs. However, since we assume that w?h < C, we obviously have w?h? < Cwh so
that it can be omitted to recover (2.51) with p = 1. As we are going to see in the dispersion
analysis, this term plays an important role, so that we keep it in the estimates.

2.2.2 Dispersion relations

In the previous subsection, we observed that the condition w?™'h? < C' is mandatory to
achieve quasi-optimality. We also stated that this condition on A is not satisfactory, because
the finite element error is going to zero when the frequency increases if it is applied as-
is. We also demonstrated that the quality of the best approximation only depends on the
number of points per wave length N, and is bounded if w?h? < C'. However, we have stated
that this condition is not sufficient to guarantee the quality of the numerical solution.

Therefore, to select h, the rule h ~ w™! where the number of points per wavelength is
constant is not enough. On the other hand, the asymptotic-range restriction h ~ w=1=1/7
is to restrictive. One would wish to obtain a rule, say an exponent # such that the finite
element error is constant if A ~ w? for all frequencies w > 1. Dispersion analysis is a nice
tool to achieve this goal.

Strictly speaking, dispersion analysis does not provide any error-estimate. Actually,
it gives a measure of the phase-lag between the numerical solution and the continuous
solution. The basic idea comes from the fact that if we neglect boundary conditions,
homogeneous solutions to the homogeneous 1D Helmholtz equation reads

u(z) = Ae™* 4+ Be ™" Vzr € R, (2.59)
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where A, B € C are two complex constants. If the problem is discretized on a regular
infinite grid, (2.60) has a discrete counterpart. It can be shown that the values of the
solution at the nodal points x,, = nh satisfy

Up p(T,) = Ape™rr™ 4 Bpe “het n € N, (2.60)

for two constants Ay, B, € C and the so-called ”discrete pulsation” wy,, € C.

The aim of the dispersion analysis is to estimate the phase lag, that is the difference
|w — wpp| between the continuous and the discrete pulsations. Babuska and Ihlenburg
analysed the dispersion of Lagrangian finite elements in [59,60] and proved that

|w — whp| < CwPHpZPHL (2.61)

provided that there are enough number of points per wave length (wh < 1). Note that
the condition wh < 1 is much less restrictive than the asymptotic condition w?t'h? < C
when the frequency is high. Furthermore, since the best approximation error depends on
the number of points per wavelength, it is fairly natural to assume that wh < 1.

Although dispersion analysis is not a rigorous error analysis (there is no right-hand-side
and boundary conditions are not taken into account), it turns out that (2.61) exactly fits
numerical experiments in most situations and there is actually a theoretical reason, that
we will present in the next subsection. Thus dispersion analysis is a very popular technique
to analyse finite element schemes for wave propagation problems. The results are optimal
(even though there is no rigorous justification), easy to derive (compared to pre-asymptotic
error-estimates) and have a clear physical meaning: the phase-lag.

Dispersion analysis is not limited to the one-dimensional case. The important hypoth-
esis is that the numerical scheme must be periodic in space. Dispersion analysis in two and
three dimensions includes the work of Mullen and Belytschko [78], Abboud and Pinsky [1]
and Ainsworth [3] for cartesian grids. An analysis for more general schemes is given by
Deraemaeker, Babuska and Bouillard [41].

Unfortunately, finite element schemes are not all space-periodic. This is the case of
Lagrangian elements on unstructured meshes which are interesting in Geophysics for their
h-adaptivity. More importantly, dispersion analysis can not be applied in heterogeneous
media (apart from the case where the medium is periodic, and the period of the medium
is a multiple of the mesh step h or simple configurations like two layered media).

The advantage of dispersion analysis over pre-asymptotic error-estimates however, is
that the requirement wh < C'is not mandatory and that all computations can be made
explicitly. That way, Ainsworth obtained [3] a closed formula for the discrete pulsation
which is valid for all w, h and p:

cos(wpph) = Ry(wh),

where R, is a rational function which is explicitly defined using Padé approximants.
We close this subsection with Theorem 9 where we estimate the phase-lag of linear
elements in one dimension. In order to state and demonstrate Theorem 9, we need to
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introduce an Helmholtz problem without boundary conditions, set on the whole real line
R, together with a "finite element approximation”. To this end, we introduce additional
notations. We assume h > 0 is given. For all n € Z, we define x,, = nh and ¢, : R - R

T — Tp— .
Tﬂl) 1f T € (xn717xn)7
— X — X

0 otherwise.

Note that if j € Z with [j| > 2, the Lebesgue measure of supp(¢,,) N supp(¢;,,) vanishes.
Hence,

u= Zungzﬁn c WL™(R,C),

nez

is well defined for any sequence (uy,),ez C C.
For u € W1 and ¢ € W, we define

Boo(u, ¢) = —w? / - u(x)p(x)ds + / - u' (2)¢' () da.

—00 —00

In particular,

By (Z UG, qsm)

nez
is well defined for all m € Z.

Theorem 9. Assume that wh < V12 and

U = Z unqu

ne”L

satisfies

B(u,¢p) =0, VYm € Z.

Then there exist two constants A, B € C and a discrete pulsation wy, € Ry such that
Up = u(z,) = Aexp (iwpx,) + Bexp (—iwpz,), Vn € Z. (2.62)
The discrete pulsation wy, is defined by the equation

6 — 2w2h?

cos(wnh) = <o

(2.63)

and we have -

51 + o(w’h?). (2.64)

W — Wh =
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Proof. Consider a given m € Z. Since the basis functions ¢, and ¢,, have disconnected
supports when n 4+ 2 < m or m < n + 2, we have

m+1
BOO (U, ¢m) = Boo (Z un¢na Cbm) = Boo ( Z ungbn, qu) =0.
nez n=m—1

Using sesquilinearity of B,,, we obtain a recurrence relation:

Um+lBoo (¢m+1, ¢m) + umBoo (gbma gbm) + um—lBOO (gbm—la gbm) = Oa Vm € Z. (265)

We now use the key feature: space periodicity. We have

Boo (¢m+17 (bm) - b+; Boo (Qbm, ¢m> — b0> Boo ((bm—lu ¢m) - b—7

for all m € Z, where by,by,b_ € R are real constants independent of the position m.
Furthermore, direct computations yield that
2 2w?h b 1 Ww?h

e i A

Hence, multiplying (2.65) by —h, we obtain a linear recurrence relation for (u;,)mez:

2h2 2h2 2h2
(“6 -+1)um+r+2(“3 -—1>um4-(w6 —+1)um_y20 VmeZ, o (2.66)

and we can compute a formula for any solution up to two complex constants by finding
the roots of the characteristic polynomial

21,2 21,2 21,2
ij:(w;-+0r?+<w;-—0r+<w;-+0

To start with, we compute the discriminant:

w2h? 2 w?2h? 2 w2h? w?2h?
A=4 —1) —4 1) = w?h? —4 ) = 2w*h? —1):
(55 1) (5 en) = (5 ) = (1)

Since wh > 0, we deduce that A < 0 iff wh < v/12. Assuming that A < 0 from now
on, P has two conjugate roots ry € C given by

21,2
SR S (N A P ey
Z(Wh+1) 6

6

and there exist two constants A, B € C such that

Uy = Arl' + Br™,  Vm € Z.
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The expression of ry is hard to handle. Therefore, we are going to identify ri by
inserting u,, = €™ into recurrence relation (2.66). We obtain

21,2 21,2 21,2
(W6h i 1) im+10 4 o (Wgh _ 1) imd (WGh i 1) eim=10 _

Dividing by €™ and using De Moivre identity, we have

6 — 2w?h?

cos(l) = ST

(2.67)

We define wy, = 0/h. Then (2.67) directly yields (2.63). We also obtain (2.62) easily.
Indeed, since x,, = mh, we have

() = Uy = A™ + Be™™0 = Alntm 4 Bemiontm

Following Thlenburg and Babuska [59], we prove (2.64) using (2.67) and Taylor expan-
sions. We have

6 — 2w?h? w3h3
h = ) =wh-— 5p5
Wh arccos ( TS ) w o + o(w’h?),
and we obtain (2.64) by dividing by h. O

2.2.3 Pre-Asymptotic error-estimates

We have defined two types of results: asymptotic error-estimates which give a necessary
condition on A for the finite element solution to be quasi-optimal and dispersion analy-
sis which gives an explicit expression of the phase-lag. We recall that asymptotic error-
estimates are only valid if h satisfies wP™'h? < C. Thus, asymptotic error-estimates can
only be applied in an asymptotic range h € (0, ko] where hy ~ w™'~"/?. The main prob-
lem is that this condition is too restrictive at high frequency. Indeed, suppose we want
to achieve a given accuracy e. If asymptotic error-estimate are to be applied, the largest
possible mesh step is h = hg ~ w~'~/? which leads to

wlu — upplo + [u— uppli < wWPhP ~wt (2.68)

Assume we want to solve for a high frequency w such that w™! << €. Then, regarding
(2.68), if we apply the asymptotic condition h < hg, the solution is more precise than
needed. Hence, to achieve the desired precision exactly, we need to select h > hg, but this
case is not covered by asymptotic error-estimates.

Dispersion analysis is limited as well because it applies to simplified models and space-
periodic schemes. This has motivated the development of pre-asymptotic error-estimates.
Compared to asymptotic error-estimates, pre-asymptotic error-estimates are valid as soon
as there are enough points per wavelength (or equivalently, the number of points per
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wavelength Ny is bounded above, i.e. wh < (). Furthermore, pre-asymptotic error-
estimates apply to realistic models including boundary conditions and right-hand-side when
dispersion analysis can not be carried out.

Against this background, an essential result has been established by Ihlenburg and
Babuska in a pair of papers [59,60]. Assuming that wh < C| the finite element error is
bounded by the best-approximation error plus a ”pollution” term:

w|Suf — SMP flo + |Suf — SIP £y < CLwPh? + Cow® T h?P, (2.69)

where C', Cy > 0 are two constants independent of w, h.

The first term in the right-hand-side of (2.69) is the best approximation error. It is
the same term than in asymptotic error-estimates. The second is called the pollution term
and has the same order than the phase-lag.

Actually, pre-asymptotic error-estimates are a proper generalization of asymptotic
error-estimates. Indeed, if we assume that h lies in the asymptotic range, w?t'h? < C,
then w? 1A% < CwPh? and (2.69) becomes

WIS, f — S flo + |Suf — SEP fli < (C1 + CCo)wPh?,

which is (2.51). Hence, pre-asymptotic error-estimate (2.69) is equivalent to asymptotic
error-estimate (2.51) in the asymptotic range where w?™'h? < C'.

More precisely, we see that the quasi-optimality condition w?P*'h? < C corresponds
to the zone where the phase-lag is of the same order than the best approximation. The
quasi-optimality condition thus defines two different regimes:

e In the pre-asymptotic range, wP™'h? >> 1. Therefore wPh? << w?Ph? and the
phase-lag error, or pollution error, is dominant.

e In the asymptotic range, wP™'h? << 1, then wPh? >> w?Th? and the best-
approximation error is dominant: the solution is quasi-optimal.

It is not obvious to extend the proof of (2.69) to higher dimensions or to heteroge-
neous media. This proof is the work of Babuska and Ihlenburg [60] and it involves subtle
arguments including stability estimates in dual norms and specific interpolants.

A simpler method to obtain pre-asymptotic error-estimates has been recently devel-
oped by Wu and Zhu [106,109]. It consists in defining an elliptic projection of the Riesz
representation of the error and it turns out that the proof is based on an extension of the
Schatz argument. The method work for 2D and 3D problems, however, the results are not
optimal as compared to (2.69).

2.3 Discretization using the Multiscale Medium Ap-
proximation method

In this section, we consider the discretization of heterogeneous Helmholtz problems by
finite elements.



2.3. DISCRETIZATION OF THE PROBLEM IN 1D 7

2.3.1 Problem statement

We are focusing on the 1D Helmholtz problem with constant density. Hence, we assume
that p = 1, and x = ¢?, where c is the wavespeed.
It follows that the problem reads

—C(Z)2u(z) —u"(z) = f(2), 2€(0,2)
L d(0) = 0 (2.70)
UI(Z) - C(Z) (Z) = )

We assume that c is chosen so that (¢?,1) € M. It means in particular that c is a
piecewise constant parameter satisfying ¢, < ¢(2) < Cpae for z € (0, 2).
Since p is set, we write Sy = Sk p.cs S:)’C = S;’M and B, . = B, ,.. We also introduce
the weighted norm
o120 = w?le ol + 1|12

for v e HY(0,Z,C).

2.3.2 Finite element discretization

In this section, we recall the theory developed by Melenk and Sauter [75,76] to derive
asymptotic stability estimates. The main idea is that if the discrete space is sufficiently
rich, the scheme is quasi-optimal.

For the sake of simplicity, we will consider a uniform decomposition of the domain (0, 2Z)
together with polynomial basis functions with constant degree. To this end, we consider a
discretization step h = 1/n;, with n;, € N, and the associated decomposition t; = jh, for
j €10,...,n,}. Then we define the discretization space as

Vh7p - {U S HI(O; Z) | /U|(tj,1,tj) € 7)]77 0 S j S nh} 9 (27]‘)

where 1 < p < 3 is a given integer and P, stands for the space of polynomials of degree
smaller or equal to p.

In the following, we want to quantify the ability of the discretization space VP to
approximate solutions to the Helmholtz equation. In this regard, we introduce

hp _ . ||S:;,cf - Uh||w7c . . H’Sw,cf - /UhHw,c
not = sup  inf = sup inf .
T rer2(0.z) veVhe |11l FEL2(0,2) vhEVH LSl

(2.72)

We first show that the sesquilinear form B is bounded by a constant independent of w
for the norm |||y

Proposition 5. For all u,v € H'(0, Z) we have

|Bw70<u>v)| < CbHun,CHUHw,m (2.73)
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with o
Cp=1+—.
Cmin
Proof. First, by application of the Schwarz inequality, we have
_ _ w
| Bue(w, v)| < w?[le ]| el + [l'I] V]| + mIU(Z)\ [v(Z)].

Then, we have
WPl ul] (e ol + (/]| 1] < Hullol ]l
=~ w,c w,cy
and, by application of Proposition 2,

22| € = (@2 fulle) (@20l o) < C el e
C(Z) B Cmin o Cmin 7 ,

It follows that

&
| Bue(u,v)] < (1+ C_r)||u||w0||v||wc

min

]

In Lemma 13, we recall an important result due to Melenk and Sauter [75,76]: if wn/:?
is properly controlled, the accuracy of the numerical scheme is ensured by approximation
properties of the discretization space VP,

Lemma 13. Assume that u, € V" satisfies

B, c(up,vp) = /OZ f(2)vp(z)dz, (2.74)
for all v, € VPP, Then, if we assume that wnﬁfc’ < «, we have
IS f = unllwe < Cenl?I| 1, (2.75)
with o 2y
04:2—Ob, C.= PR

Proof. To simplify the notation, let us write u = S, of and s* = S} .(¢7*(u — uy)). Let
sy € VP denote the best approximation of s* in the ||.||,. norm. Then by Galerkin
orthogonality and by definition of 12% (2.72), we have

I

||c_1(u — up) = ReB,.(u—up, s —s})

IN

Col|u — un|lwel|s™ — shllw.e
Cbﬁf;i]c)

min

IN

[l = tp [l le™ (u = ).
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Furthermore, it holds that

Re B, (v —up,u—up) = |lu— Uh||i,c —2w?||c Hu — up)|)?

2
wCynl»
1-2 (—w) llu —unll e,
Crmin

wCynk
1_2<M> lu—upll} . < ReBuye(u—un,u—uy)

IV

and we can conclude that

Cmin

< Re / F(2)u —un) (2)dz
< lefllle™ (= w)]
<

min

O

As a direct consequence of Lemma 13, the numerical scheme corresponding to V" is
well-posed under the condition that wnw’fg < « and the discrete solution is quasi-optimal.
To simplify the notations, we also introduce the discrete solution operator S(Z‘:f :

Theorem 10. Assume that wnz’fg < «a. Then for all f € L?(0,Z), there exists a unique
element Si? f € VP such that

w c Sh,Pf, Uh / f (276)
for all v € V?P. Furthermore, we have

||Sw,0f - Shprwc < Cenw c||f|| (2-77)

Proof. Error estimate (3.23) directly follows from Theorem 13. Therefore, we only need
to show existence and uniqueness of S f and, since S2 f is defined as the solution to a
finite dimensional linear system, proving uniqueness is sufficient. But uniqueness directly
follows from (2.75) with f = 0, and the proof is thus complete. ]

2.3.3 Approximation properties

In the previous section, we have clarified how the quality of the best approximation is
crucial to obtain the quasi-optimality of the scheme: the condition wnﬁ’fg < « is required
(the constant « being defined in Lemma 13). The aim of this section is to bound n/®
explicitly with respect to w, h and p. This is achieved by building a good approximation
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of S, .f for a given f € L*(0, Z). In the context of homogeneous media with a non-regular
right-hand-side f in L2, Melenk and Sauter have proposed a frequency-splitting of the
solution to build such an approximation [75,76].

Here, we provide a methodology to construct the best approximation in the context of
highly heterogeneous media. We are not aware of previous work dealing with discretization
of Helmholtz problems with non-matching interfaces inside the mesh. Hence, we believe
this result is new.

We are considering polynomials of degree 1 < p < 3. For the case p > 1, standard
approximation theory requires the solution to be more regular than H? to achieve optimal
convergence rate. We propose to isolate "non-regular parts” of the solution which are H?
only. We call them non-regular, because they are not regular enough to apply standard
approximation theory with polynomial of degree p > 1. The key point in our analysis is to
construct special approximants for these non-regular parts.

For the sake of simplicity, we assume in the remaining of the Chapter that wh < 1.
Note that this is a rational assumption which means that the number of discretization
points per wavelength is bounded below.

We start with a standard approximation property of polynomials of degree p in the
norm ||.||w.c-

Proposition 6. Let 1 < p < 3. For allv € H?TY(0, Z), there exists an element v, € VP
such that
|0 = vnllwe < Cah?|[0® D], (2.78)

where

C, = 2C max(1, )

and C' is a numeric constant independent of all parameters.

Cmin

Proof. Since v € HP*1(0, Z), classical approximation theory ensures that there exists vy, €
VP such that

[[o =l < RPN 10 = on)' || < CRPJlof |,

and therefore

A

[ whptl
v = vpllwe < C (w + hﬁ) o)
C

*

A 1
< Cmax(L,—)(1+wh)h|[p D)

*

- 1
< 2C max(1, —)RP|[v® V.
c

*

]

Since we do not assume more than L*(0, Z) regularity for the right-hand-side, we might
not expect the solution to be more than in H?(0, 7). In Lemma 14, we isolate this non-
regular part of the solution and define its approximation.
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Lemma 14. Let f € L*(0,Z). There exists a function ¢ € Hy(0,Z) N H*(0,Z) such that
= f. Furthermore, there exists an element ¢, € V;! such that

1§ — &nllw.e < Cahllf]]-

Proof. Since the Laplace operator (nothing but second derivative in 1D), is elliptic, it is
clear that there exists a unique function ¢ € H{ (0, Z), such that —¢” = — f. Furthermore,
the definition of ¢ ensures that ¢ € H?(0,7) and ||¢"|| = ||f||. We conclude the proof
with Proposition 6. [

Lemma 15. Consider the function W} € L*(0,Z) defined by

Wi(z) =

p' (Z - Zl) 1z>zl-

We have (WP)P*+D = §_ . and there exists a function vl € VP such that
||Vle - U{thw,C < Ca,whpil/za (2.79)
with

Cow = 2max(1, ).

Proof. First, it is clear that if z, = t; for some integer j, then W/ € V"7 and the Lemma
is trivial. Therefore, assume that z; # t;. There exists a unique integer j, such that
tiw < 21 < tj,4+1. We define

Cmin

0, J<U«

1 (Z t; 1) . .

i t — Z p#7 — Jx

U£h|(tj71,tj)(z) - p'( 7 l) ( G j* 1)17 J J

p (Z - Zl)p7 j > .j*-
One can easily verify that vf , € V. Furthermore, we can show that vf , satisfies (2.79)
by direct computations. O

That the solution is non-regular is also due to the velocity parameter ¢ which is dis-
continuous. Lemma 16 presents one way to isolate those irregularities together with an
approximation.

Lemma 16. For f € L*(0,Z), we define

L—1 1 L—1 1
w2 |: :| w cf ZZ)I/VZ ’ H3 = Wz |:_:| (Sw,cf)/(zl)w
1 l

C2
=

Then we have
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Furthermore, there exist pay, € Vi2 and psp, € Vi3 such that
||/L2 — N2,h||w,c S Ca,QWh3/27 H:U’3 - ,U/3,h||w,c S Ca,3w2h5/27

with

1 1
Ca,Z — Ca,wCom Ca,3 = mecgo < 5 > .

2
Cmin Cmaz

Proof. The first part of Lemma 16 is a direct consequence of the definition of the Dirac
distribution 9. Therefore, let us focus on the construction of p5 and p35. We define

—1
fion = W [02} Sl ) (20}
=1

In view of (2.79), it is clear that

L-1 1
H/’LZ - ,LLQ,hHw,c = ( |:C2‘| wcf (,Zl)l) w2h3/2.
=1

Therefore, using (2.27), we obtain

||,U2 H2h||wc§0awcooo~)h3/2||f||

We define
L—-1 1
pan =Y | 5| (et
I=1 !

and using (2.79), we have

A\

L—1 1
H:u?) - :u3,hHW,C = Ca,w ( |:_2] (Sw,cf),(zl)> w2h5/2
l

L—
< Ca,w (
=1

Therefore, according to (2.27), we have

1
| =
| IS |
~
€
o
s
S~—
T
&
[
=
ot
~
[\

1 1
= aalloe < CuuCle (= = ) 12211

Theorem 11. Let 1 < p < 3. We have

wp < G, pwh, (2.80)
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with

CC

Cha = CoCsa, Cpo = C,max {1 Cogy ——

}, 0773—0 max{l Cag,cag,CCSZ}.

’I’I’L’LTL min

Furthermore, if
WY < oy, (2.81)

where ay, s a constant depending on « and C,, only, then the condition wn,, < « is
satisfied.

Proof. The case of linear approximation is easy. Indeed, reminding estimate (2.22), it is
clear that there exists an element v, ; € Vh1 such that

||8w,6f Uh1||wc§0h||( wcf>”||<002(*}h||f||

Therefore 5/t < CoCs qwh and (2.80) and (2.81) immediately follow for p = 1.
We now consider the case p > 1. Since S, .f is a weak solution to (2.70), we have
" w2
(’Sw,Cf) =—f- gsw,cf;
in the sense of distributions. Hence, defining ¢ € H?(0, Z) as in Lemma 14, we have

UJ2

(Sw,cf - QS)” = _ggw,cf- (282)

Differentiating (2.82) in the sense of distributions, we obtain

2 L—

1
(Sw,cf - ¢)(3) = wcf w2 |:02:| wcf Zl) 21
1

=
so that, defining 5 as in Lemma 16

2

(Sw,cf - ¢ - /L2>(3) = _%<Sw,cf)/' (283)

To conclude on the case p = 2, we define 0y = S, .f — ¢ — p2 € H*(0, 7). According to
(2.83) and (2.19), we have

3
1657 <

II( Suef)ll < 25 WISl

mm min

Therefore, there exists a function 6, ), € V}? such that

ccs ,

102 — O [, < w? B[ f1].

mzn
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We define ¢, € V}! and pop, € V2 as in Lemmas 14-16 and v, 9 = ¢y + p2p + 02 Since
Swef = @+ po + 0,5, we obtain

CC

H‘Sw,cf - Uh,QHw,c S (Cah + Ca,2Wh3/2 2h2> Hf”7

and (2.80) follows for p = 2 because w > 1 and wh < 1. We now establish (2.81) for p = 2
and we get

mzn

w2 < Cya (wh+wW?h¥? + W'h?)
< Cya ()2 + (wh) ()2 + 1)

Thus, since w™/2 < 1 and (wh)'/? < 1 assuming that w3h? < s, we have

wfr]wc <Cpa (2042/ + 042) ,

1/2 2
— (== +1 1
Qo = ~ - P
’ ( (CTLQ ) )
we have wnt2 < a.

We now tackle the case p = 3. We differentiate (2.83) again and obtain

2 L-1 1
(Suef =& = ) = = (Suef) — L2

and selecting

] Sunef ) (2)6,

=1

so that, defining 3 as in Lemma 16, we have

(Swcf — & — o — )™ = — ( Soct) (2.84)

To conclude, we define O3 = S, of — ¢ — o — i3 € H4(0, Z), so that Sy, of = ¢+ o+ s+ 65

and 2 o
65" ||<C—||( Sucl)Il € 52w f]]-

min mln
Let 035, € V2 be the best approximation to 03 and define pu3; € V2 as in Lemma 16. We
set vp3 = Op + pon + pap + 03 € V;3, and then we have

C,C,
1Su.cf — Vn|lwe < (C h 4 Cqowh®? + Cy 5 hiw®h®/? + 2—%%3) 11711,

and we obtain (2.80) and (2.81) for p = 3 using the same arguments than for p =2. O

Our analysis is limited to the case p < 3. We have obtained that when p > 2, w||ps —
t2.1||w.c is bounded by (w*h?)'/2. Hence, even for p > 3, the best estimate for mwag is whh3.

Now that nhp has been estimated, we are able to deliver frequency-explicit stability
conditions and error-estimates.
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Corollary 2. Let 1 < p < 3. Assume that wP™h? < «,. Then the discrete problem admits
a unique numerical solution Sjj;g [ and the following error-estimate holds

1Su.cf = 852 llue < Cepwhl| ]I,
where o, is defined in Theorem 11 and
Ces = C.Cp,p.

Proof. The proof is a direct application of Theorem 10 and Theorem 11. Indeed, assuming
wPh? < a,, (2.81) yields wnﬁ:’c’ < « and we can use Theorem 10. The result directly
follows from (3.23) because we also have nt? < C; ,wh from (2.80). O

2.3.4 Multiscale medium approximation

In the previous subsections, we have derived frequency-explicit stability conditions and
asymptotic error-estimates assuming that we are able to solve problem (2.76) exactly. It
requires thus to compute the coefficients of the linear system, including the integrals

/0 %m(zm—(@d% (2.85)

for all basis functions ¢y, v, € V" of V*P. Of course, in a one-dimensional space, it is
always possible to evaluate integral (2.85) analytically, since it can be decomposed into
several intervals where c is constant. However, this is not the case in two-dimensional
domains. Furthermore, even when the analytical formula is available (for example, if we
assume that the interfaces defining ¢ are polygons in 2D), it might be expensive to compute,
since the quadrature scheme to be used will be different in each cell.

We propose a different approach which consists in approximating ¢ by another param-
eter ¢, designed so that the integrals (2.85) are always cheap to compute numerically. We
construct ¢, so that (c?,1) € M, where M is the set of admissible propagation media (k, p)
defined in Definition 1. Hence, Theorem 7 will ensure the quality of the numerical approx-
imation. We call this process the Multiscale Medium Approximation method (MMAm),
just because the scale € of the medium approximation is independent of the scale h of the
finite element approximation.

We now tackle the construction of c¢.. We suppose that the velocity parameter ¢ is such
that (¢?,1) € M and

min 2, — 21 > 2h,. (2.86)
le{1,....L}
We use the discretization space (2.71) with n € N* cells. We consider m € N* subdivisions
of each cell of the mesh. Then, for i € {1,...,n} and j € {1,...,m}

Celgr 4y = sUD ¢
(G
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where t/ = t; + jeh, and € = 1/m. Note that, because of (2.86), it is clear that both (c2,1)
and (c?,1) belong to M as soon as he < h,. In Lemma 17, we show that the medium is
properly approximated if he is small enough.

Lemma 17. Assume that he < h,. Then we have

7% = ¢l < (Cuin = Cnaa)€D- (2.87)
Proof. For each [ € {1,...,L — 1}, there exists a unique pair 4, € {1,...,n} and j; €

{1,...,m} such that z € [t” ! t”). Furthermore, since he < h,, i; # i, and j; # ji if

Tu . .
jAk Ifi#iandj#j foralll e {1,...,L—1}, cis constant on (£, #/) and therefore
¢. = c on this interval. It follows that

L—1 40t L—-1
_ _ 0o _ 1 _ _
2 —c %) = Z/jll lc72(2) — ¢ %(2)|dz < hez [;} < he (cmfn — cm%m) .
=1 til l

=1

In Theorem 12, we conclude about the convergence of the MMAm.

Theorem 12. Assume that he < h, and wP™'h? < o, . Then for all f € L*(0,2), there
exists a unique element SP* f € V' such that

B (SIP T, / f(z (2.88)
for all v € VPP Furthermore, it holds that
1Sucf = St fllwe < Cope(wh + w?he)l|f]], (2.89)

with

Oevpve = Cmar max {(C;LG - maz)CS mZ Ce p}
Crin
Proof. Using Lemma 17, the result directly follows from Theorem 7, the bounds (2.80) and
(2.81) from Corollary 2 and the error-estimate (3.23) of Theorem 10:

||Sw,0f SZ gef |w,c S ||Sw,0f - Sw,cef |w,c + HSW,Cef SLL Zf |w c
Cmax
S ||Sw,cf - Sw,cef |w,c |Sw,cef SZ if |w,cE

min

CrmaxC B B CrmaxC
R G e? = eI+ =R wh) | )]

<
o min min
C C
< (Tl - qazther S ) ).
Cmin min



Chapter 3

Analysis of the problem in two
dimensions

This chapter is devoted to the analysis of the problem in 2D. We are not able to extend all
the results obtained in 1D to the two-dimensional case. Like in the 1D case, we start by
deriving frequency-explicit stability estimates for the continuous problem in Section 3.1.
We then turn to the convergence analysis of the MMAm for 2D problems in Section 3.2.

3.1 Analysis of the continuous problem

3.1.1 Background

Makridakis, Thlenburg and Babuska consider the problem of a one dimensional fluid-solid
interaction [70]. A solid body is immersed in a fluid and waves are propagating. They use
special test functions of the form v(xz) = (x — z)u'(z), where Z is a carefully selected point.

The method of Makridakis, Ihlenburg and Babuska is generalized to two dimensional
problems in star-shaped domains by Melenk during his PhD [73]. The test function is
generalized to v(z) = x - Vu(z) in two dimensions.

The method is further extended to three dimensional homogeneous media and to elastic
waves (but the results are not optimal for the elastic case) by Cummings and Feng [39]. The
case of mixed boundary conditions is handled with the same test-functions by Hetmaniuk
[55].

The test function v(x) = z - Vu(z), is called a ”Morawetz multiplier”. This multiplier
was first introduced by Morawetz in [77] to analyse a non-linear time-domain wave equation
and is commonly used in the analysis of Helmholtz and Schrédinger problems (see for
instance [67,81]). A general presentation of how Morawetz multipliers can be applied to
Helmholtz problems is given in [81]. In particular, the analysis presented in [81] includes
heterogeneous propagation media.

In the following, we use a Morawetz multiplier to show frequency-explicit stability-
estimates for Helmholtz problems in heterogeneous propagation media where the density

87
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is constant and the wavespeed satisfies a monotonicity hypothesis. We consider bounded
propagation media surrounded by an absorbing condition.

The results presented in this section are strongly linked to [81]. In particular, our
monotonicity hypothesis is similar to the assumptions of [81]. The main difference between
our results and [81] is the boundary conditions. In [81], the authors consider an Helmholtz
problem set in the whole space R and the uniqueness of the solution is ensured by the
limiting absorption principle. In contrast, we propose to analyse the problem in a bounded
domain of R? surrounded by a first-order radiation condition.

3.1.2 Problem statement

We now consider acoustic wave propagation in two dimensions. We consider problem (1.33)
with two simplifications. First, we assume that the propagation domain Q = (0, L;) X
(0, Ly) C R?, is a rectangle. Second we assume that the density p is constant (see (1.25)).
We further assume that there is no free surface, and the whole domain is surrounded by
an absorbing condition. Finally, we are using a simplified absorbing boundary condition
compared to (1.33). As a result, the propagation of harmonic seismic waves is governed by
the equation:

{ —ku—Au = f inQ (3.1)

Vu-n—ikpgu = 0 on 0.

The wave number k is defined from the pulsation w and the velocity ¢ through the relation
k = w/ec. The pulsation is a given positive constant and the velocity varies in the whole
domain. Since we are especially concerned with high frequency waves, we consider pulsa-
tions w higher than a given minimum wy. The field f is a given distributed source. To get
into the right condition of numerical experiments, we assume that the domain of interest
is limited by an absorbing boundary. We thus set the simplest outgoing radiation condi-
tion on the boundary of 2. We use the coefficient k,,,. = supg k to define this radiation
condition.

We assume that ¢ € L>(Q2) is piecewise constant and the values of ¢ are distributed as
follows. The velocity model is composed of R subdomains €2, enclosed in {2 and in each
Q,., the velocity is ¢, = c|g, € R™ with ¢, = min, ¢, ¢pee = max, ¢, and we assume
that ¢, > 0. Tt is worth noting that k4 = w/¢pmin. We further assume that there exists
a point zy € €2 such that

nr-(x—xo)_{_nl-(x—xo)

2 2
ci &

<0 VzeodQ, o, (3.2)

for all ;1 € {1,..., R} such that ©, Ny # (), where n, and n; stand for the unit outward
normal vectors to 02, and 0€; respectively. Examples of velocity models satisfying (3.2)
are given in Figures 3.1 and 3.2.
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(0,0) (L1,0)

2000
/m
M
M
m
M

+ o
(O,Lg)
Figure 3.1: A stratified velocity parameter
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Figure 3.2: A velocity parameter with a salt body

In the following, we employ the notation k, = w/c,..
It is well-known that u € H'(€, C) is solution to (3.1) in a weak sense if and only if
satisfies the variational equation

B(u,v):—/Qk:zuv—ikmaw/aqu%—/QVu-Vv:/va, (3.3)

for allv € H'(2,C), where B : H'(Q,C)x H'(Q, C) — C is the sesquilinear form associated
with Problem (3.1). The proof is similar to the one-dimensional case and is not repeated
here.
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Proposition 7. Let u € H'(Q,C) be any solution to (3.3). Then u € H*(Q,C) and there
exists a constant C := C(§2, Cpin) such that
|u|§§z < C(|f|09 (w® + W4)’U|3,Q + W2|UEQ)

Proof. u being a solution to (3.3), it satisfies

/Vu-Vv:/Fv+/ Gv  Yve HY(Q,C),
Q Q oN

with F' = f + k*u and G = ikyeu. Since k € L>®(Q) and v € H'(Q,C), we have
F € [*(Q,C) and G € HY%(09Q,C). Since € is convex, the classical theory for the
homogeneous Laplace operator implies that there exists a constant C' depending on €2 only
such that

W%Q < C(|F‘39 + HGHi/z,aQ)

Furthermore, regarding norms |F[§ o, and [|G/||} Ja.00, We have

’F|0,Q = |f—i—k2u\079
S |f|8,Q + kfnam|u|(2),9
< O(|floe+w'ulsa),

with C' = max(1,1/c! Moreover,

min )

HGH%/Z,GQ = HikmawH?/z,m

- k?na:rHu| |%/2,BQ
< Ow2||u||%/2,697

with C' = max(1,1/c We end the proof thanks to the following trace inequality

mzn)
lulli 20 < C(luloq + luliq),
where C' is a constant depending on €2 only. [

Before turning to stability in the L?(Q2, C) norm, we need two identities. It is worth
mentioning that Lemma 18 is only valid in 2D. We refer the reader to [55] for a 3D version
of Lemma 18.

Lemma 18. For allw € H*(Q,C),

2Re / Vw-V(x-Vw) = / |Vw|*x - n. (3.4)
Q o9

For allw € H*(Q,C),

R

2Re /kax-Vw:—Q/k2|w|2—Z/ (l{:fx-nr+k12x-nl)|w|2+/ E*lw|*x-n, (3.5)
Q QN

f rl=1 Gy

where x = x — xg.
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Proof. In the proof of (3.4) and (3.5), we use the identity

2Re v0;v = O;[v|*, Vv e H'(Q,C), j=1,2. (3.6)

To demonstrate (3.4), we first develop the expression:

2
(9jw(9j(x~Vu_)) = Zﬁjwﬁj(xk8kw)
k=1

2
= Y Ow(0xp0kt0 + X 0j30)

k=1

2 2
= Z 5jk8jw(9kw -+ Z Xkajwajku_)
k=1 k=1

2
= [0w]* + > x0;wdy(9;w)
k=1

Using (3.6) with v = J;w, we get

2
2Re 0jwo;(x - Vw) = 2]8jw|2+2xk8k]8jw]2
k=1
= 2|8jw|2+X'V]8jw]2.

We shall now integrate and then use a Green formula:

2Re /@w@(x-Vw) = 2/|8jw|2+/X-V|3jw|2
0 Q 0

= 2/|8jw|2—/divx|8jw|2+/ x - n|d;w|?
Q Q B

- 2/|ajw|2—/2|ajw|2+/ x - 0|9’
Q Q )

= / x - n|d;w|*
B
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We demonstrate (3.4) by summing over j. We now turn to (3.5).
2Re /]{Z2UJX'VU_J = /l{;2x'V|wl2
Q Q

R
= Zkf/ x - V|w|?
r=1 Qr

R
= Zk‘f{—/ divx|w|2—|—/ x-nr|w|2}
— Q. 09,

R
= —2/k:2|w|2+ k:f/ x - n,|w.
Q ; 00,

R

= —2/k2w2—|—
Ell >

rl=1

/ (kfx-nr+kl2x'nl)|w|2+/ E*x - n|w|?
0, B

]

We are now ready to introduce our stability result in the L?(Q, C) norm. We point out
that Proposition 8 is valid for all pulsations w > wy.

Proposition 8. Let u € H'(Q2,C) be any solution to (3.3). Then there exists a constant
C = C(, Crmazs Comin, To, wo) such that

C
’U‘O,Q < ;mo,g-

Proof. According to Proposition 7, u € H?*(2,C) and v = x - Vu is regular enough to be
used as a test function in the variational equation (3.3). Recalling (3.4) and (3.5), then
taking the real part of (3.3), we have

R

20,12
2/Ql<:\u| 3

rl=1

/ (kfx-nr+kl2x-nl)|u]2+/ |Vul*x - n
QN0 20

= 2Re /fx-vu+2Re zkm/ ux-Vu+/ k2 |u|*x - n.
Q o0 o

() being a rectangle, it is strictly star-shaped with respect to xy, and there exists a
constant v > 0 depending on 2 and xy only such that x-n > ~ on 0f2. Since c satisfies (3.2),
we have (k2x - n, + k?x - m;) < 0. Then, observing that |x| < diam Q = (L2 4 L2)Y/2 = L,
it follows

2hminlul* +Vulg o0 < 2LIfloltlie + 2Lkmaslulosel Vuloo + Lk ulg o

L2 2 2 L2k2 2 2 2 2
?mon + eluli g + ,Ymax ulg.00 +YIVulgg + Lk luls oo

IN
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We then get that for any € > 0

2 L2 2 2 L2 2 2
2mnlulh < T\l + i+ (5 + L) KaclulBon 37)

We complete the proof by deriving estimates for |u|; o and |u|pgo. This is carried out by
picking v = wu as a test function in (3.3) and considering the real and imaginary parts
separately. We start by studying |ul, o. We have:

Re B(u,u) = —/ k’zlul2 —i—/ ]Vu]Q = Re /fu <|flo.aluloq-
Q Q Q
It follows that

1
|u|iﬂ < |f‘079|u’0,9 + kmaz|u|0Q = F‘flOQ + 2kr2nam|u’09

max

Then selecting € = k2, /4k2 ... we obtain
L2 k?nax kfmn kg%n
o+ clult < (4232 4 10 ) |7 + 2l (3.5)

We now move on estimating |ulogn. We have

Im B(u, u) = —kmaa|ulf gq = Im / fu.
Q

It follows that
L2 L?
( ~ + L) k?nax’u‘g,aﬁ S (7 + L) kmax‘f|07§)‘u|0,ﬂ

1/L? ke Kmin
= 2(7 +L> 2 ’f|89 9 |u ‘OQ' (3.9)

min

Combining (3.7), (3.8) with (3.9), we get

1 L2 k’?nax k’r2n7,n
k2 u* < {<4L2+§ (7+L> ) 2 k4 } |f|09,

so that the proposition holds with

1 L2 2 2 2 1
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We end this section by a full statement of the results obtained in the section.

Theorem 13. For all f € L*(Q2,C) and for all w > wy, problem (3.3) admits a unique
solution S, .f € HY(Q,C). Furthermore, S, .f € H*(Q,C), and there exists a constant
C = C(, Cmin, Cmaz, To,wo) such that

C
|Sw.cfloa < Z|f|0’9’ Socflio < Clfloa, [Sucfloa < Cw|floqo.

Proof. Regarding existence and uniqueness, observe that the sesquilinear form B satisfies
a Garding inequality. Indeed for all v € H'(2,C), we have

Re B(o.0) = = [ B+ [ V0P 2 ~Kulolio + ol

Therefore, it follows that we can apply the Fredholm alternative and thus focus on unique-
ness (see Chapter 2 of [87]). But Proposition 8 applied to (3.3) with f = 0 implies that
u = 0, which proves uniqueness and thus existence.

Problem (3.3) admits thus a unique solution S, .f € H'(Q,C). Now, Proposition 8
implies that

C
|Sw,cf|O,Q S Uo|f|0,Q7

with a suitable constant Cy. Moreover, if we write u = S, . f, we have

Re B(u,u):—/kQ\u|2+/|Vu\2:Re /fﬁ.
Q 0 0

which implies that

uliq < \f!o alulog + knslulo.o
S 4k72naz|f|09 +2k72nax|u‘g,9
2 C?
< min 2 0 2
< (peegs)vis
< 012’f|3,9'

The demonstration of the theorem is then ended since Proposition 7 allows to write the
estimates:

‘Ugg < C(9) (’f’osz (W +w )]u\oﬂ—i—w2|u!1 Q)
< Q(1+ (1+w?)CE +w’CP)| floa
1 02
< OO+ (G + D) [
1+ C’2
< C(Q)(T (CF + CT))w?|f1f o
0
< G| floa
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Corollary 3. For all g € L*(Q,C) and for all w > wy, there exists a unique solution
S0 € H'(Q,C) such that

B(w.Si0) = [wg. Vwe H'w.0)
Q

Furthermore, S} .g € H?(Q,C), and there exists a constant C' := C(€, Cmin, Cmaz> To> Wo)
such that

C
1S5 .c9loa < Zlglo,g, Sscdle < Clgloq,  1S5.9l2.0 < Cwlgloga.

Proof. To start with, by definition of S, .g, we have

B(S,,..9,v) _/g@, Vv e HY(Q,C). (3.10)
Q

Then, we easily remark that B(S, .g,v) = B(0,S,,9). Hence setting w = v in (3.10), we
obtain

B(w,S,..9) :/gw, vw e HY(Q,C).
Q

Therefore, S} g = S,.g. Hence, existence uniqueness and stability estimates follow
from Theorem 13. [

3.2 Discretization using the Multiscale Medium Ap-
proximation method

3.2.1 Background

We explained in detail the importance of frequency-explicit convergence analysis of finite
element schemes in the 1D case. Let us give a brief comparison of the results available in
the literature between 1D and 2D.

We explained that asymptotic error-estimates are purely based on finite element tech-
niques using the Schatz argument. Therefore, they are easily applicable to 2D problems.
For instance, the case of linear elements is treated in Melenk’s PhD [73]. Also, Melenk
and Sauter have developed an asymptotic theory for arbitrary polynomial degree when the
right hand side is in L? only (75, 76].

Dispersion relations can also be extended to 2D in some cases. As we already mention,
the key ingredient is the space periodicity of the mesh. Dispersion analysis in two and
three dimensions includes the work of Mullen and Belytschko [78], Abboud and Pinsky [1]
and Ainsworth [3] for cartesian grids. An analysis for more general schemes is given by
Deraemaeker, Babuska and Bouillard [41].
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Concerning asymptotic error-estimate, an optimal results has been given by Ihlenburg
and Babuska [60] for 1D homogeneous problems: provided that wh < C, the finite element
solution uy, satisfies

wlu — upo + |u — upy < Crwh + Cow? A% (3.11)

where (' and (5 are two constants independent of w and h.

The proof of (3.11) given by Thlenburg and Babuska [60] is tricky to extend to the higher
dimensions or to heterogeneous media. It involves subtle arguments including stability
estimates in dual norms and specific interpolants. As a result, no rigorous generalization
of their work was available until very recently.

A simpler method to obtain pre-asymptotic error-estimates has been recently devel-
oped by Wu and Zhu [106,109]. It consists in defining an elliptic projection of the Riesz
representation of the error and we can think about the proof as an extension of the Schatz
argument.

The argument of Wu and Zhu applies to 2D and 3D and to rough right hand sides
f € L% However, the resulting pre-asymptotic error-estimates are not optimal compared
to (2.69). Their result reads: if w?™2hP* < C' then

wlu — uplo + |u — up|y < CLwPh? 4 CowPt2hPH, (3.12)

In pre-asymptotic estimate (3.12), the error is decomposed into the best approximation
error and a pollution term like in (3.11). The difference is that it is only valid in a given
range where wP™2hPT1 < C'. Also the order of the pollution term is not optimal as compared
to (3.11).

The main achievement of this section is the derivation of a pre-asymptotic error-estimate
for the MMAm with linear Lagrangian elements using the method of Wu and Zhu in the
context of heterogeneous media.

3.2.2 Problem statement

In this section, we pertain to a finite element discretization of problem (3.3) and we study
its convergence with respect to the pulsation w and the maximum size h of cells forming
the mesh.

We propose convergence estimates which are based on the analysis of Zhu and Wu
[106,109]. Our proof is elaborated for a 2D heterogeneous domain and its main ingredient
is the construction of an approximate propagation medium by the mean of an approximate
velocity ¢.. We are then able to extend the optimal convergence result for linear elements
in homogeneous media providing that w*h? and wM,, . are small enough. The quantity
M, . which involves two parameters h and e, stands for the approximation error of ¢ by
ce (see Definition 7). As abovementioned, h denotes the discretization step related to the
finite element mesh while € represents the size of the local submesh that is used to represent
the approximate velocity c..
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Let then 7, be a regular mesh of €2 and its associated conforming discrete space V}, C
H'(Q,C). Since Theorem 13 indicates that S, .f € H?*(2,C), we may expect a linear
convergence in the H'(£2,C) norm when using linear or bilinear elements.

We now tackle the issue of computing the entries of the linear system associated with
Vj. Indeed, even when using piecewise polynomials, we must integrate quantities involving
c. In fact, if we assume that each interface €2, N2, is polygonal, we could accurately mesh it
with a finer mesh 7, where € has already been introduced with the approximate velocity c,.
We could then perform an exact integration on 7.. But this is not fully satisfactory since
it requires to build an auxiliary mesh and we prefer to avoid any superfluous mesh with a
view to reduce the implementation time. Furthermore, if we accept the idea of constructing
an auxiliary mesh, the quadrature scheme induced by the fine mesh 7 is different in each
coarse cell, making integration of linear system entries very costly. Finally, for realistic
applications, the interfaces €2; N €2, are not given explicitly and the parameter ¢ is rather
given as a set of sampling values. It seems thus difficult to introduce 7.. We have to cope
with a technical difficulty and for that purpose, we propose to construct an approximation
c. of ¢ such that the entries of the linear system are both cheap and easy to compute. This
is what we are doing in the next subsection, but before, we focus on proving that the finite
element scheme we apply is stable when c is replaced by its approximation. More precisely,
we demonstrate that if ¢, converge to ¢ when € goes to zero (in a sense to be defined), the
numerical solution converges to the analytical solution as both A and € go to zero.

In the following, we will assume that wh < 1. It is worth mentioning that this hypothesis
is not restrictive, since the final results are obtained under the stronger condition that w3h?
is small enough.

We start by requiring approximation properties on the discretization space and we
introduce the quantity M, in Definition 6 and 7. Note that the conditions given in
Definition 6 are fulfilled, for instance, by P; Lagrangian polynomials.

Definition 6. We consider a partition T, of Q2. We assume that each cell K € Ty, is the
immage of a reference cell K c R? through an invertible affine map Fx € L(R?). We also
consider a (finite dimensional) reference discretization space P C C*®(K), and define the
discretization space Vi, by

Vi ={v, € H(Q,C) |vplx o Fx € P YK € Tp,}.
We further assume that there is a projection operator 11, € L(H' (2, C),V},) satisfying
|’LU — th|079 < C’h2|w|279, |UJ — thll,Q < C’h|w|279, Yw € HQ(Q,C),

where C' is a constant depending on §2, K and P. Note that the multiplicative trace in-
equality ensures that
lw — T wl|oa0 < Ch3/2!w!2,9,

where C'is a constant depending on 2, K and P.

The construction of ¢, is depicted at Section 4. In this section, assume that ¢, € L>(Q2)
and cpin < ¢ < Cmag- We also define the quantity My, .
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Definition 7. The velocity approzimation error is defined by

1
MR TR

1 1

2 a2l
c 2

where | K| is the Lebesgue measure of the cell K.

3.2.3 Convergence analysis

In the following, we assume that M, . converges to zero as h and € go to zero. To simplify
the notations we will consider a given f € L*(Q,C) and define u = S,,.f. Vj, and ¢, being
defined, we now introduce the discrete finite element problem. We write k. = w/c.. The
discrete equation consists in finding u;, € V}, such that

Be(uh,vh) = — /{; k?uhﬁh — ikmaz /aQ URUp, +/QVuh -V, = /{;f@h, Yo, € V). (313)

In the remaining of this section C' := C(£, ¢nin, Cmaz, To, wo) denotes a constant inde-
pendent of w, h and e.

Proposition 9. There exists a constant C' > 0 such that
|B(w,v)| < C(wlwloo + |[w]ie) (wlvloe + [vhie), Yw,ve H(QC),

and
| Be(wh, vp)| < C(w\wh\o,ﬂ + \whh,a) (w|vh|o,9 + |Uh’1,Q)> Vwp, vy € V.

Proof. Since the proofs are similar for B and B,, we focus on the first case only. Consider
w,v € HY(Q,C). It is obvious that

|B(w, )| kel Wlo.evlog + Kmas|wlooelvlose + [wlielv]ie

<
S (kmaac|w|0,ﬂ + |w|1,Q) (kmax|U|O,Q + |U|1,Q) + kmam|w|0,aﬂ|v|0,89~

Moreover, for all 4 € H'(€,C), we have

Fmacl g o < C(Qkmas (1105 o + [1logluli0)
< Q) mam(|ﬂ|3,9 + kmax‘:u’g,Q + %“Lﬁﬂ)
< C(9Q,wo, CMln)(k?nax’:u’g,Q + ’M’%Q)
< O, w0, Cmin) (Bmaslitloo + [1nh0)”,
and the result follows since kyar = W/ Cmin. O

We now give a result concerning the error induced by the approximation of the velocity
parameter between the two sesquilinear forms B and By, in Proposition 10.
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Proposition 10. There exists a constant C := C(K, P) such that
| B(un, vn) — Be(un, vn)] < Cw? My cuploolvnlog, Vi, vn € Vi.

Proof. Consider uy, v, € V. We have

\B(Uha?lh) - Be(uh,’Uh)| =

/(li]Q — k?)uhvh
Q

< WP Z/ Z 2 el o]
KeTy, Ce
< Y [urlosorclonl Lo G
S W Uh|0,00,K |V |0,00,K . 0_2 g .
KeTy, €

Furthermore, for any cell K € Tj, wy, o Fir belongs to the finite dimensional space P if
wy, € Vj, and there exists a constant C depending on P only, such that

= |wh O'FK|O,00,K' < élwh OfK|0’f(-

We can thus derive

K
funo Filt i = [ Juno Fiel = Dot J5L [ funf = S
so that
K
[who,00,c < C :K:|wh|0K (3.15)

We can conclude by using (3.15) with w;, = uy, v, in (3.14).

|B(un, vn) — Be(up,vp)] < CPK|w® ) |Uh|0K|Uh|0K/

2 2
KGT |K| K & CG

1 1

IN

C?| K |w’ My, . Z |un o, i [vn]o,x

KeTy

OQ|K|W2Mh,e|uh|0,ﬂ|vh|0,9-

IN

]

Before we establish our convergence result, we need three additional Lemma. In Lemma
19, we define the Riesz representation of the error z together with its elliptic projection
zn. We use the Riesz representation and its elliptic projection in Lemma 20 to bound the
finite element error in the L? norm. Lemma 21 is a technical result required to prove the
convergence in the H' norm in Theorem 14.

The proof of our error-estimate is based on the theory of Zhu and Wu [106, 109] who
establishes in particular Proposition 11.
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Proposition 11. Let a be the sesquilinear form
a(w,v) = / Vw - Vv — ikmm/ wo, Yw,v € H(Q,C).
Q o0

For all z € HY(Q,C), there exists a unique z, € V3, such that
a(wp, z) = a(wp, 2), Ywp € Vp,

and we have

|z — znloe < Ch?|z|aq,
|z —zl10 < Chlz|oa,
12 — znlosa < CRY?|z|aq

Lemma 19. Let u;, € Vi,. Then there exists a unique element z € H*(Q2, C) such that
lu — up|* = B(u — up, 2). (3.16)
Furthermore, there exists an element z, € V), such that

|B(u — up, z — z1)|

<C (w3h2\u — Uploo + w2h2]f]0,g) . (3.17)
lu — uplo0

Proof. According to Corollary 3, it is clear that there exists a unique z € H'(€, C) such
that

B(w,z) = /Qw(u—uh), Yw € H'(Q,C).

In particular, picking w = u — wy, yields (3.16).
Using Proposition 11, there exists an element z;, € V}, such that

a(u —up, z — zp) = alu — Hpu, 2z — zp)

It follows that

Bu—up,z—z,) = —/Qk’2(u—uh)(z—zh)—|—a(u—uh,z—zh)

= —/ E*(u —up)(z — 21) + a(u — Myu, 2 — 2z3)
e
Hence,

|B(u—up, 2z —21)] < KZuelt — unloolz — 2nlo.0 + kmae|u — pulosalz — 21000
+ |u—Iyulialz — 2|10
< C (k’?mxh2|u — uploalzl2.0 + kmaxh3\u|2,9|2|2,a + h2|u|2,Q’Z\2,Q)

S C (w2h2]u — uh‘o7g‘2|2,g + Wh3’u‘279‘2|279 + h2]u\279\z]279)
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Now, using Corollary 3 again, we have
12|20 < Cwlu — uplog;

and therefore

|B(u — up, 2 — 21)|

< C(W*hPlu — wplo0 + w?h’|ulag + wh?|ulag) -
|U - Uh|0,Q

We conclude thanks to Theorem 13. We have
[ulo.0 < Cwlflog,
and the proof follows since wh < 1. ]

Lemma 20. Let uy, € V), be any solution to problem (3.13). Then if wh?® and wM, . are
small enough, there exists a constant C' such that

lu— uploo < C (W?h? + M) | flog-
Proof. Recalling (3.16) from Lemma 19, there exits an element z € H*(€, C) such that
0= w2 = Blu— w,, 2).

We then introduce z;, € Vj, defined as in Lemma 19. Since u and wy, solve (3.3) and
(3.13) respectively, we have

B(u—wup,2) = B(u—up,z— z)+ Blu—up, z1)
= B(u—upn,z— zn) + Be(upn, zn) — B(up, z1),

and therefore

|B(u — up, z — z1)| N | B (un, zn) — B(un, z1)|

|U - uh|o,Q |U - uh’O,Q

lu —uplon < (3.18)

We bound the first term in the right hand side of (3.18) using Lemma 19. To deal with
the second term, we recall Proposition 10: there holds

|Be(up, 21) — Blup, 21,)| < Cw? My, |unloalznloq,
but we have

|zlo.0 + 12 — znloq

C (w’l\u — Uploo + h2]z\279)

C (w_1|u — uplo0 + wh®lu — U/hlo’Q)
Cw™ 1+ w?*h?)|u — uplo

C’w_l\u — Uupo.0,

|Zh|o,Q

VAN VAN VAN VAN VAN
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and

[ulo,o + [u — urlo

lunloo <
< Cw ™ flog + [u—unlog,

so that
| Be(un, zn) — B(up, 21|

|u — unlog

Recalling (3.17) from Lemma 19, we obtain

< C(Mpelflog +wMplu—unloq) -

lu—uploe < C (Wh*lu —uplog + w*h?| flog + Muel flog + wMpelu — uplogn) -
It follows that
(1 - Cw’h® — CwMp,) lu— uplog < C (wW*h* + Mye) | flog,
and we get Lemma 20 by assuming that w®h? and wM,, . are small enough. ]
Lemma 21. The following estimate holds
jun — T2 < C(Pu— ur + (M2, + W) 7).
where u is the solution to (3.3) and uy, is any solution to (3.13).

Proof. First, the following relation holds
lup — Iyul? g = Re Be(uy, — Myu, uy, — Hyu) + / k2w, — Tulf g (3.19)
Q

Developing the first term of the right-hand-side in the above equation leads to:

Be(uh — Hhu, up — Hhu) = B€(uh, up — Hhu) — Be(Hhu, up — Hhu)
B(u,up, — pu) — B(Ipu, up, — [yu)

= B(u — Hyu,up — pu) + B(pu, up, — Hpu) — Bo(Ilpu, up — ju)

It follows that

Re B (up — Mpu, up — Hpu)
S ‘B(U — Hhu, Up — Hhu)] + ]B(Hhu, Up — Hhu) — Be(Hhu, Up — Hhu)| (320)

Then, using Proposition 9 and Theorem 13, we have:

|B(u — pu, up, — Mpu)| < C(w\u — Hpulon + Ju — Hhuh,g) (w\uh — puloq + |un — Hhu|17g)

1
< Sl = hulig + C (wlun — Ml + w’lu = Myulgg + [u— Thult o)

1

< §|Uh - Hhuﬁ,ﬂ +C (W2|Uh - Hhu|(2J,Q + W2h4|u|§,ﬂ + h2|“|§§z)
1

< 5\“}1 - Hhu’%,ﬂ +C (W2\Uh — Hh“’%,ﬂ + W4h4|f’(2),9 + W2h2\f\(2>,9)
1

< §|uh — yul; o + C (WPlup — Myuly o + w?P?( [ q) |

(3.21)
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where we have used algebraic inequalities "2ab < na? + n~'b*” in the second line and the
hypothesis that wh < 1 in the last line.
Moreover, Proposition 10 implies that

| B(TTu, up, — Hpu) — Be(pu, up, — Mpu)| < CWZM}L76|H]—LU|O7Q|U}L — pulon
< CW? (MG yulf o + Jup — Thulf )
< Ow? (MG (lulg g + [u = Thulg q) + |un — Mhulgg)
< Ow (M (Julg o + h'ulsq) + un — hulf o)
< O (M (g + W R + s — Tl )
< C(Mj (1 +w*hY|fl5q + wlun — Tulg o) (3.22)

Now, since k? < Cw?, we have
lup — Iyul? o < Re Be(up — My, uy, — yu) + Cw?luy, — Myuld g
Plugging (3.21) and (3.22) in (3.20) implies that
2 s~ Thaf? g < C{u?lun — Tl + (MG (1+ ') + w8 T3}
Then, since wh < 1, we end up with
|, — Hh“ﬁ,ﬂ < C{W2|Uh - Hhu‘g,g + (Mie + W2h2)|f|g,9}-
We end the demonstration by observing that

w?uy, — Hhu|379 w?u — uh|379 + w?u — Hhu|g79

wu — uh|379 + C'u)2h4|u|§’Q

w?|u — Uh|3,9 + Ow4h4|f|g,9~

VAN VAR VAN

O

We now establish a convergence result under the assumption that w*h? and wMj, . can
be made arbitrarily small.

Theorem 14. Assume that w®h* and wM, are small enough. Then problem (3.13) has
a unique solution u, € Vy,. Furthermore, uy satisfies

wlu — uplon + [u — uplio < C (WMp e + wh + wWh?) | floo., (3.23)

where C' := C(, i, Cmaz, To,wo) denotes a constant independent of w, h and e.
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Proof. Let us first show existence end uniqueness of u,. Since Vj, is a finite dimensional
space, (3.13) is equivalent to a linear system with size (dirn Vi, x dim Vh). Therefore, we
only need to prove uniqueness. Assume then that f = 0 in the discrete and continuous
problem (3.3) and (3.13). According to Theorem 13, the corresponding continuous solution
u is u = 0. Then, from Lemma 20, we deduce that

0.0 = |u—uplon < C(Wh* + Mpe) | flog =0,

|up

so that u;, = 0 and uniqueness occurs.
We now turn to the proof of error-estimate (3.23). Recalling Lemma 20, it is clear that

wlu — uplon < C (WA + wMue) [ flog,
and it remains to show that
lu —uplio <C (w/\/lh,e + wh + w3h2) | flo.q-

To start with, it is clear that

|U—Uh|1,Q < |U—Hhu|1’Q+ |uh—HhU|1,Q
< Chlulag + |up — Hpuli 0
< Cwh|floa + Jup — Myl 0,

but recalling Lemma 21, we have

up —Thultg < C(WPlu —unloq + (Mi o +w?h?)[f[5q)
< C (w6h4 + szi,e + Mie + W2h2) |f|g,97
hence
|uh — Hhu|1’g < C (w3h2 + WMh,e + Mh,e + Wh) |f|0,Qa
and the result follows since M, < wy 1w/\/lh7e. O

3.2.4 Approximation of c

So far, we have studied the convergence of the method, assuming that the velocity pa-
rameter ¢ is replaced by an approximation ¢, where € is a small parameter describing the
convergence of ¢, to ¢. As indicated by Theorem 14, the convergence has to be understood
in the sense My — 0 as € — 0 (the quantity My, is introduced in Definition 7).

In this section we discuss how to pick an approximation ¢, of ¢ which is both accurate
and easy to compute. For the sake of simplicity, we restrict our study to the case of flat
interfaces. We also show that the entries of the linear system related to (3.13) are easy to
compute.

The approximation of ¢ is based upon the following procedure. Let 7. be a given
partition of the reference cell K. We can map this partition to each actual cell K € T}, and
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thus obtain a partition 77112 of the cell K. Finally, gathering all the partitions associated to
each cell K € Tj, together, we obtain a (possibly non-conforming) partition 7. of  (see
Figure 3.3 which illustrates this process). The approximate velocity parameter is defined
as follow:

Definition 8. Let ¢ € L*®(Q2) be the global velocity supposed to satisfy assumption 3.2.
Let x4 € A be the barycenter of A € T, .. If x4 does not belong to an interface, we set
Cela = c(x4), otherwise we define |4 = sup, c.

Our definition of ¢, corresponds to a Fy-interpolation of ¢. Recalling Definition 7, it is
clear that other choices are possible and covered by our convergence analysis. However we
consider FPy-interpolation only. Indeed, since we consider a piecewise constant parameter,
it is not clear that higher order approximations might bring additional precision. Further-
more, difficulties can arise when defining high order approximation of c¢. For instance, it is
shown in [72] that c. can take negative values if it is defined as a P-interpolation of c.

We now show that in the simple case of flat interfaces, the quantity M, . goes to zero
as € goes to zero uniformly with respect to h. Figure 3.3 is helpful to figure out different
quantities used in the demonstration.

Proposition 12. Assume that the interfaces of the partition (£2,) are flat and that the
medium approzimation submesh Tc is reqular. Then there exists a constant C' depending
on the reference cell | K| only such that

My, < CRe

- =

2
Proof. Consider a given cell K € Tj,. Then, K is crossed by at-most R straight interfaces
and, since the submesh ﬁfi is regular, there exists a constant C' such that the number of
subcells A € ;X crossed by each interface is less than C'/e. Then the total number of
subcells of K crossed by an interface is less than C'R/e.

We can easily upper-bound the measure | A of each subcell A € T; like |A| < C'e?. Since
the submesh 7, is constructed from a linear mapping, it follows that for all A € T,
Al < C ’—[A(’e?.
K]
Let A, C T, be the set of all subcells crossed by an interface. The total measure of
the crossed subcells is then satisfying

Y A <CR

AeA.

K]
K]

€.

Next, let A. = 7,5\ A. be the set of subcells which are not crossed by any interface.
Then, the approximation of ¢ by ¢, is exact on each cell A € A,.. Therefore, we have

/1 1§2/ 1 1 K| | 1 1
K A

- - > A< CR— €| -
AcA. K ¢

<
c2 c2 — |2 2 | ’ .
AcA, min mazx

11
2

€ min mazx
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But by definition of My, ., we have

1 1 1 C 1 1
e — T ———=| < ——Re|5—— —
Mh7 I?é%—ii K| K c C? N |K| ‘ C?nin anax
which concludes the proof of Proposition 12. ]
A
B
K

Figure 3.3: Mapping of the reference submesh

3.2.5 Computational cost

To end up with this section, we discuss on the computational cost of the proposed method.
The corresponding linear system reads nearly as the one related to the classical FEM,
except that the coefficients of the discrete system are weighted differently just because
c. is different. Therefore, only the construction of the linear system is more expensive.
To compute the entries of the linear system, we first compute reference integrals on each
subcell B € 7. This is done once and for all at the beginning of the simulation (or directly
hard-coded, if the mesh 7; is known before execution) and it corresponds thus to a pre-
processing step. Next, the mapping F is used to compute the coefficients associated with
each cell K.

Let {¢;}2, be a basis of P. Note that if P = Py(K), D = (p+1)(p+2)/2. On each
cell K € T, one has to compute

/ K20 FilpjoFl = 3 k2 / Bio Filpy o Fit = Det Jp, 3 K2 / Bis.
K deri YA sor. B

It should be noted that the last integral is independent of the given cell K. Therefore, we
may compute the reference integrals

Mg = / Gip;, VBeT.
B
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once and for all independently of the number of coarse cells. The corresponding computa-
tional cost is thus insignificant. Now, for a given cell K, we have to compute

Det Jr, > k2MJ.
BeTh

If N, is the number of cell in 7., we thus need to perform N, multiplications, N.—1 additions,
and one multiplication by the Jacobian, which comes to 2N, operations for each coefficient.
Now, arguing the symmetry of the system, we only need to compute D(D+1)/2 coefficients,
which requires N (D+1) operations per cell. Then, if we assume that the mesh 7 is regular,
N, < C/¢€* and the number of operations per cell is of O(D(D+1)/€?) operations. Another
way to think about it, is that if we are using N, subcells, the computational cost of the
matrix assembly is multiplied by N.. Note that only the cost of the assembly is increased,
since the linear system keeps the same size and stencil.
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Chapter 4

Numerical examples

The aim of this chapter is to illustrate the MMAm approach presented in Chapters 2 and
3 on numerical examples. We first focus on analytical test-cases: Section 4.1 is devoted
to one dimensional examples while we consider two dimensional layered media with plane
wave solutions in Section 4.2.

Then, we numerically compare the MMAm with other methods in terms of performance
and accuracy. In Section 4.3 we compare the MMAm with an homogenization procedure
in a periodic layered medium. We analyse the behaviour of the MMAm on geophysical
benchmarks in Section 4.4. A comparison with the standard FEm coupled with parameter
averaging is included.

4.1 Analytical test-cases in 1D

4.1.1 Model problem

In this section, we consider a one dimensional Helmholtz problem set in the domain 2 =
(0,1000). We will consider different velocity parameters in each experiment. These velocity
parameters are defined as piecewise constant functions ¢ : (0, 1000) — R which are bounded
above and below as 1000 < ¢(z) < 5000, for z € (0,1000). The Helmholtz equation is
coupled with absorbing boundary conditions at z = 0,1000. We use an inhomogeneous
boundary condition at z = 0 to represent an incoming wave travelling from the surface to
depth. The homogeneous boundary condition at z = 1000 ensures that no wave enters the
domain from depth.
Hence, the model problem reads

( —%u(z)—u”(z) = 0, ze€(0,1000),
X —u’(Oi)w— @U(O) = 1, (4.1)
\u'(lOOO)—CuOOO)u(lOOO) = 0,

109
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4.1.2 Analytical solution

An analytical solution for problem (4.1) is available. Since we consider piecewise constant
parameter ¢ : (0,1000) — R we can write ¢ as

L

c=Y ali .z (4.2)

=1

where 0 = 2y < z; < ... zp = 1000, and the values {¢;}£, are such that ¢,im < ¢ < Cas-
It is therefore clear that in each layer (z;_1,z) the solution u satisfies the following

ODE:

w2

——u—u" =0, (4.3)
G

and there exist two constants A;, B; € C such that
iwz iwz

u(z) = Ajexp (7) + Biexp (——) , (4.4)

l i

for all z € (21, ).

We can obtain the analytical expression of u by retrieving the constant A;, B; for 1 <
[ < L. This is done by solving the 2L x 2L linear system define from the equations given
by the boundary conditions of problem (4.1) and the C' compatibility conditions at the
interface between each two consecutive layers. These conditions reads:

e Boundary condition at z = 0:
Ag=1.

e Boundary condition at z = 1000:
By =0.

e (" compatibility condition at z (0 <1 < L):

i i i i
Ajexp (ﬁ) + Bexp (—ﬁ> = Ajp1exp <ﬁ> + Biy1exp (—ﬂ) )

C C Ci+1 Cl+1

e (Y compatibility condition of the derivative at z (0 <1 < L):

iw iwz iw iwz iw iwz iw
Al—cqexp| — | -Bi—¢exp | —— | = Aipi—cexp | — | —Bii1—c¢1 exp
2] a 2 C 2] Cl4+1 2]

(

iwz

Cl+1

)



4.1. ANALYTICAL TEST-CASES IN 1D 111

4.1.3 Numerical experiments

We consider six different velocity models represented by ¢ for i € {1,...,6}. We point
out that the length v of the thinest layer of the model is decreasing from one experiment
to the other. The medium is thus more complicated to handle from one experiment to
another which justifies the use of the MMAm.

For i € {2,...,6}, we have constructed the velocity model ¢ so that the length of
each layer is different and can not be fitted by a regular mesh. It ensures that we do
not accidentally obtain an exact approximation of the velocity parameter when using the
MMAm.

Let m be the number of subdivisions that are used inside a cell. We then introduce
e = 1/m as the small parameter representing the second scale used to approximate the
medium. We thus have ¢, as approximated velocity use in the MMAm.

For each experiment, we tabulate the relative L? error |u—uy|/|u| for different frequen-
cies w, mesh steps h = 1/n and multiscale subdivisions m. We also note ndf the number
of degrees of freedom in the finite element space.

T T
Velocity —— Velocity ——

Figure 4.1: Velocity parameters used in experiments 2, 3 and 4

Experiment 1: Two-layered gradient

In experiment 1, we focus on a simple two-layered medium:

1 if z < 500
() —
¢ <Z>_{2 if z > 500,

We consider (4.1) with the parameter ¢!} and solve it with three different methodolo-
gies. First, we use a mesh with an even number of cells which fits the interface of the
velocity parameter. Then we use a mesh with an odd number of cells, so that there is a
velocity contrast in the middle cell of the mesh. With the non-conforming mesh, we first
run without multiscale medium approximation: Y is taken constant in each cell (m=1),
and the medium is approximated in the middle cell. Then, we use two subcells per cell
(m = 2) to approximate the medium, so that the medium is perfectly represented. We
refer the reader to Figures 4.2-4.4.
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¢ = 2000

¢ = 1000

Figure 4.2: Fitting mesh with an even number of cells

oM

ce = 1000

¢ = 1000

Figure 4.3: Non-fitting mesh with an odd number of cells
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ce = 1000

¢ = 1000

Figure 4.4: Non-fitting mesh with an odd number of cells and two subcells

We wish to understand if the condition w??t1h? < (' is sufficient to ensure that the
finite element error remains bounded. We run our experiment with p ranging from 1 to 6
for different frequencies. For each p, we start with a low frequency wy and select a mesh
step ho so that the finite element relative error is less than 5% (this is done by trying
different values of hy). We then use the rule

W22 wgpﬂhgp (4_5)

to select the mesh steps h to solve for higher frequencies w > wy.

In Table 4.1, we present the relative error on the numerical solution, for the three
different techniques: "even” refers to the conforming mesh, ”odd1” to the non-conforming
with m = 1 and "0dd2” to the non-conforming mesh with m = 2. We use the condition
(4.5) to select the mesh steps.

It is clear that the meshing strategy w?’*'h? < C is optimal since the error remains
constant when w is increasing for all tables.

Besides, the tables show that for a given frequency, high order methods require less
degrees of freedom for a given accuracy both when the fitting mesh is used, or when the
MMAm is used with m = 2 on the non-fitting mesh.

Actually, we see that when the subquadrature technique is used, the results obtained
with the non-fitting mesh are comparable to those obtained with the conforming one when
the frequency is high enough. For the cases p = 1,2 and 3, the results are similar for the
fitting and non-fitting meshes for all frequencies. For the cases p = 4,5 and p = 6, the
MMAm solution is less precise than the solution obtained on the fitting mesh for the lowest
frequency w = 100. However, the results are similar for higher frequencies. Finally, apart
from the case of p = 1, the results with the non-conforming mesh are always improved when
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using m = 2 subcells. It shows that for high order method, the medium approximation
error can be larger than the best approximation error.

Py P
w n ndf even oddl odd2 w n ndf even odd1 odd2
100 | 1001 1000 | 1.97e-02 1.55e¢-02 1.98e-02 100 | 176 24 ] 5.03e-02  8.23e-01  8.39¢-02
500 | 11181 11180 | 1.98e-02 1.15e-02 1.98e-02 500 | 1086 154 | 4.11e-02 7.06e-01  4.93e-02
1000 | 31623 31622 | 1.98¢-02 1.33e-02 1.98e-02 1000 | 2367 338 | 4.10e-02 6.61e-01  4.64e-02
2000 | 89443 89442 | 1.98e-02 1.49e-02 1.98e-02 2000 | 5167 738 | 4.24e-02  6.18e-01  4.61e-02
5000 | 353554 353552 | 1.98e-02 1.66e-02 1.98e-02 5000 | 14498 2070 | 4.41e-02  5.62e-01  4.64e-02
Ps Ps
w n ndf even oddl1 odd2 w n ndf even odd1 odd2
100 | 238 78 | 7.89¢-02 2.84e-01 8.61e-02 100 | 172 18 |3.27¢-02 1.00e+00 6.34e-02
500 | 1774 590 | 7.90e-02 1.71e-01 8.06e-02 500 | 1045 116 | 1.66e-02 8.61e-01  2.15e-02
1000 | 4216 1404 | 7.97e-02 1.36e-01 8.05e-02 1000 | 2242 248 | 1.79¢-02  8.26e-01 2.12¢-02
2000 | 10030 3342 | 8.0le-02 1.07¢-01 8.05e-02 2000 | 4807 534 | 1.81e-02  7.90e-01  2.03e-02
5000 | 31534 10510 | 8.05e-02 7.72e-02 8.07e-02 5000 | 13177 1464 | 1.91e-02  7.45e-01  2.04e-02
Ps Ps
w n ndf even odd1 odd2 w n ndf even odd1 odd2
100 131 26 9.47¢-02  3.40e-02 4.18e-02 100 | 177 16 | 6.00e-03 1.13e+00 3.32e-02
500 881 176 1.91e-02 4.35e-02 3.92e-02 500 | 1024 92 19.70e-03  9.97e-01 1.71e-02
1000 | 1976 395 | 7.81e-02 4.79¢-02 4.31e-02 1000 | 2168 196 | 1.11e-02 9.54e-01  1.45e-02
2000 | 4436 887 | 3.06e-02 4.08e¢-02 4.47e-02 2000 | 4599 418 | 1.23e-02  9.16e-01  1.26e-02
5000 | 12921 2584 | 6.09e-02 5.13e-02  4.65e-02 5000 | 12420 1128 | 1.49e-02  8.74e-01  1.16e-02

Table 4.1: Relative L? error in experiment 1

Experiment 2: 100 layered gradient

In this experiment, we consider the velocity parameter ¢® defined by

L
D(2) =" P10, (4.6)
=1
where I+ 04 l
=0, 2= 1000% (0<l<L), =z =1000,
with L = 100, and
) -1

¢t = 1000 + 4000~

The definition of the velocity parameter ¢® is motivated by three different aspects.
First, we are using a cosine in the definition of the layers in order to make sure that the
layers do not define a regular partition of (0,1000). That way, it is hard to integrate
exactly the coefficients of the linear system if we use a regular non-fitting mesh and it
makes sense to use the MMAm. Second, the size of each layer is in the order of 100 m,
which is reasonable considering geophysical applications. Third, the values of the velocity
are chosen to linearly increase from 1000 m.s™! to 5000 m.s~! with depth, which is also
representative of geophysical applications.
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We solve the problem with finite elements ranging from p = 1 to p = 6 together with
the meshing condition w* ™ h? < C' (more precisely (4.5)). The results are presented with
different number of subcells m = 1,10 and 100.

To start with, we can make the same comment than the previous experiment. The
meshing strategy w??*1h* < C'is enough to ensure the precision of the method. Fur-
thermore, for a given frequency, higher order methods give an equivalent result with less
degrees of freedom.

In most cases, increasing the number of subcells improve the precision of the numerical
scheme as expected. However, for p = 3,4, 5 especially at high frequency, this is not the
case. This can be explained by the fact that in those cases, the mesh is fine enough to
capture the variations of the velocity, and improving the approximation of the medium
does not improve the accuracy of the numerical solution. The error is then increasing a
little because of numerical error due to finite precision arithmetic.

Py Py
w n ndf m=1 m=10 m=100 w n ndf m=1 m=10 m =100
100 500 501 | 1.43e-02 1.63e-02 1.63e-02 100 | 17 120 | 2.75e-01  3.49e-02  3.53e-02
500 5590 5591 | 1.52e-02 1.60e-02 1.63e-02 500 | 108 757 | 1.44e-01 5.49e-02  4.05e-02
1000 | 15811 15812 | 1.93e-02 1.64e-02 1.64e-02 1000 | 237 1660 | 2.43e-01 4.57e-02 4.21e-02
2000 | 44721 44722 | 1.62e-02 1.64e-02 1.65e-02 2000 | 517 3620 | 2.64e-01 3.99e-02 4.11e-02
5000 | 176776 176777 | 1.63e-02 1.62e-02 1.63e-02 5000 | 1449 10144 | 1.20e-01  5.09e-02  4.54e-02

P2 Ps
w n ndf m=1 m=10 m =100 w n ndf m=1 m=10 m =100
100 52 157 5.16e-02 4.87e-02  4.66e-02 100 13 118 | 2.39e-01  5.02e-02  2.40e-02
500 394 1183 | 5.73¢-02  4.79¢-02  4.75e-02 500 | 77 694 | 8.29¢-02 7.39e-02  3.50e-02
1000 937 2812 | 7.10e-02 4.97e-02 4.83e-02 1000 | 166 1495 | 3.97e-01 5.64e-02  3.72e-02
2000 | 2229 6688 | 9.29¢-02 4.97¢-02 4.89¢-02 2000 | 356 3205 | 1.49e-01 5.80e-02 4.33e-02
5000 | 7007 21022 | 8.92e-02 4.81e-02 4.95¢-02 5000 | 976 8785 | 3.49e-01 4.54e-02 4.67e-02

Py Ps
w n ndf m=1 m=10 m=100 w n ndf m=1 m=10 m =100
100 26 131 ] 9.47e-02 3.40e-02 4.18e-02 100 | 10 111 | 1.21e-01  2.34e-02  2.87e-02
500 176 881 1.91e-02 4.35e-02  3.92e-02 500 59 650 | 7.86e-02 3.66e-02 3.98e-02
1000 | 395 1976 | 7.81e-02  4.79e-02  4.31e-02 1000 | 127 1398 | 1.78e-01 5.04e-02 3.86e-02
2000 | 887 4436 | 3.06e-02 4.08e-02 4.47e-02 2000 | 269 2960 | 1.42e-01 4.57e-02 4.26e-02
5000 | 2584 12921 | 6.09e-02 5.13e-02 4.65¢-02 5000 | 726 7987 | 8.35e-02 7.05e¢-02 4.93e-02

Table 4.2: Relative L? error in experiment 2

Experiment 3: 100 layered gradient with perturbations

The velocity parameter ¢ is representative of some applications in the sense that it is
increasing with depth from 1000 m.s™! to 5000 m.s™'. However, since the velocity is

increasing linearly, it does not feature high contrasts.

Thus, in experiment 3, we propose to perturbate the parameter ¢?) every other layer
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to create a more complex medium (see figure 4.1). The values
1000 4+ 4000° L 7 odd
——, lo
99 ’

[—1
500 + 4000@, [ even

define the velocity parameter

L

with L = 100 and

20:07

3
C<3)<2) = Z cl( )1(2171,21)

z; = 1000

[+ 0.4cosl

(0<l< L),

zr, = 1000,

The parameter ¢® has been designed so that the velocity contrast between two con-
secutive layers is approximately 500 m.s~!. Numerical results are displayed in Table 4.3.

We use the meshing condition w?*T1h?? < C and observe that for 1 < p < 6, the error on
the numerical solution remains bounded. However, we see than the error is not ”constant”,
but varies from one frequency to another, more than in the previous experiments. We
observe again than for a given frequency, higher order discretization require less degrees of
freedom for a given accuracy. In particular, the case w = 500 is detailed on Table 4.4 and
Figure 4.5. If one wishes to obtain a 5% accuracy, the best choice is p = 4.

2 Pa
w n ndf m=10 m =100 m = 1000 w n ndf | m=10 m =100 m = 1000
100 | 1000 1001 | 2.84e-02  1.16e-02  1.29e¢-02 100 | 44 309 | 1.04e-01 8.10e-02  5.71e-02
200 | 2828 2829 | 1.50e-02  9.19e-03  9.48e-03 200 | 96 673 | 9.27e-02 1.77e-02  2.57e-02
500 | 11180 11181 | 1.03e-02 1.22e-02  1.24e-02 500 | 271 1898 | 2.40e-01 3.18e-02  2.26e-02
1000 | 31622 31623 | 7.09e-03 1.02e-02  1.03e-02 1000 | 592 4145 | 2.40e-01 2.99e-02  8.64e-03
2000 | 89442 89443 | 4.40e-03  5.20e-03  5.26e-03 2000 | 1293 9052 | 5.56e-02 5.22e-03  3.95e-03
5000 | 353553 353554 | 1.23e-02  1.25e-02  1.25e-02 5000 | 3624 25369 | 1.92e-01 9.70e-03  9.22e-03

Ps Ps
w n ndf m=10 m =100 m = 1000 w n ndf | m=10 m =100 m = 1000
100 105 316 | 1.36e-01 3.13e-02  3.37e-02 100 | 31 280 | 1.59e-01 9.84e-02  7.11e-02
200 250 751 | 5.32e-02 3.06e-02  3.60e-02 200 | 67 604 | 3.05e-01 4.92e-02  3.33e-02
500 788 2365 | 7.77e-02  3.30e-02  4.27e-02 500 | 186 1675 | 1.19e-01 2.64e-02  2.73e-02
1000 | 1874 5623 | 7.77e-02 2.67e-02  2.55e-02 1000 | 399 3592 | 1.86e-01 2.63e-02  2.10e-02
2000 | 4458 13375 | 4.16e-02 1.03e-02  1.25e-02 2000 | 855 7696 | 9.52e-02 1.44e-02  1.45e-02
5000 | 14014 42043 | 2.70e-02 3.33e-02  2.83e-02 5000 | 2343 21088 | 6.52e-02 5.45e-03  1.34e-02

Ps Ps
w n ndf m=10 m =100 m = 1000 w n ndf | m=10 m =100 m = 1000
100 53 266 | 1.03e-01 2.27e-02  2.94e-02 100 | 24 265 | 4.53e-01 5.12e-02  5.98e-02
200 120 601 1.47e-01  3.63e-02  4.50e-02 200 | 51 562 | 1.95e-01 1.08e-02  2.21e-02
500 352 1761 | 1.25e-01 6.95e-02  5.16e-02 500 | 139 1530 | 4.29e-01 3.40e-02  4.93e-02
1000 | 790 3951 | 2.23e-01 3.89e-02  2.61e-02 1000 | 296 3257 | 3.54e-01 2.40e-02  2.16e-02
2000 | 1774 8871 | 9.04e-02 1.05e-02  1.30e-02 2000 | 628 6909 | 7.96e-02 4.73e-02  2.05e-02
5000 | 5168 25841 | 5.21e-02 2.61e-02  2.97e-02 5000 | 1694 18635 | 2.11e-01 5.32e-02  1.73e-02

Table 4.3: Relative L? error in experiment 3
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pl n ndf m err

115500 5501 1000 4.96e-02
2| 700 2101 1000 4.95e-02
31 370 1851 1000 4.90e-02
4| 217 1520 1000 4.34e-02
51 180 1621 1000 4.94e-02
6| 142 1563 1000 4.72e-02

Table 4.4: Comparison of different orders of discretization for Experiment 3
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Figure 4.5: Number of degrees of freedom required for 5% accuracy in experiment 3

Experiment 4: 100 layered gradient with rough perturbations

We now further perturbate the velocity parameter ¢? in order to incorporate higher ve-

locity contrasts in the model. The velocity parameter ¢® is defined by

L
4
D) =3 "1
=1

where L = 100,

20=0, 2 =1000

[+ 0.4cosl

(0 <

Il <L),

zr, = 1000,
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and

-1
1000 + 4000, 1 odd
b = g e

500, [ even.

The velocity parameter ¢® includes velocity contrasts ranging from 500 m.s~' to over
4500 m.s~!. Numerical results are presented in Table 4.5.

We see that the error is varying a lot depending on the frequency when w?1h?P is
kept constant. In particular, we observe an outstanding error peak for w = 2000 for all
polynomial order on Table 4.5. This might indicate that the condition w?*!h? < C is not
sufficient to guarantee a constant error independently of the frequency when the medium
is heterogeneous.

Py P
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 | 2000 2001 | 2.72e-03  1.85e-03  1.91e-03 100 | 88 617 | 5.76e-02 1.15e-02  4.73e-03
200 | 5656 5657 | 1.92e-03 1.16e-03  1.53e-03 200 | 193 1352 | 4.68¢-02  6.95e-03  3.98e-03
500 | 22360 22361 | 1.46e-02 8.59e-03  9.17e-03 500 | 543 3802 | 3.31e-01 1.72e-02  1.38e-02

1000 | 63245 63246 | 5.46e-02  3.51e-02  3.66e-02 1000 | 1185 8296 | 1.62e-01  1.28e-02  2.95e-02
2000 | 178885 178886 | 9.33e-02  8.28e-02  8.39e-02 2000 | 2586 18103 | 6.38e+00 1.00e-01  4.95e-02
5000 | 707106 707107 | 1.19e-03 1.21e-03  1.23e-03 5000 | 7249 50744 | 1.86e-02  4.50e-03  4.89e-04

P, Ps
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 316 949 1.39e-02  3.29¢-03  8.49e-04 100 | 63 568 | 1.61e-01 1.30e-02  5.14e-03
200 752 2257 | 1.91e-02  1.64e-03  8.46e-04 200 | 135 1216 | 1.51e-01 1.45e-02  7.97e-03
500 | 2364 7093 | 5.28e-02 1.34e-02  5.09e-03 500 | 372 3349 | 2.54e-01 4.33e-02  2.03e-02

1000 | 5623 16870 | 2.26e+00 1.68e-02  1.64e-02 1000 | 798 7183 | 8.46e-01  7.32e-02  9.86e-02
2000 | 13374 40123 | 9.29e-02  5.77e-02  3.02e-02 2000 | 1710 15391 | 1.50e+00 2.66e-01  1.75e-01
5000 | 42044 126133 | 3.00e-03  8.17e-04  2.71e-04 5000 | 4687 42184 | 5.16e-02  3.93e-03  1.05e-03

Py Ps
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 107 536 5.26e-02  5.63e-03  4.00e-03 100 | 48 529 | 1.17e-01  1.34e-02  8.92¢-03
200 241 1206 | 1.65e-02 2.45e-03  3.98e-03 200 | 103 1134 | 6.94e-02 1.41e-02 4.84e-03
500 704 3521 | 6.81e-01 3.22¢-02  1.51e-02 500 | 279 3070 | 3.74e-01 5.0le-02  2.07e-02

1000 | 1581 7906 | 1.14e+01 1.00e-01  6.82e-02 1000 | 592 6513 | 8.66e-01  2.06e-01  5.67e-02
2000 | 3549 17746 | 3.37e-01  2.09e-01  9.57e-02 2000 | 1256 13817 | 3.05e+00 3.31e-01  1.39e-01
5000 | 10337 51686 | 2.36e-02  3.73e-03  8.81e-04 5000 | 3389 37280 | 6.98e-02  4.47e-03  1.57e-03

Table 4.5: Relative L? error in experiment 4

If the condition w?®T!1h?’ < (' is not satisfactory here, we can still investigate which
polynomial degree p is the best to obtain a given accuracy. In this regard, we consider the
frequency w = 500 and compare the number of degrees of freedom required to achieve a
5% accuracy depending on p.

Based on the results presented in Table 4.6 and Figure 4.6, we claim that increasing
the polynomial degree, at least up to p = 6, reduce the size of the linear system for a given
accuracy.
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n ndf m err
10000 10001 10  4.67e-02
1200 3601 100  5.40e-02
610 3051 100 5.17e-02
375 2626 300 4.00e-02
275 2476 1000 4.61e-02
220 2421 1000 4.77e-02

DU R W N T

Table 4.6: Comparison of different orders of discretization for Experiment 4
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Figure 4.6: Number of degrees of freedom required for 5% accurracy in experiment 4

Experiment 5: 1000 layered gradient with perturbations

We consider here a velocity parameter ¢® similar to ¢, ¢® featuring 1000 layers. It is

defined by
(5) Z 1(21 1,21)

where L = 1000,

[ +0.4cosl
=0, z= 1000% (0<1<L), =z =1000,
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and I
1000 + 4000——. [ odd
) + 999 7 ' °

[—1
500 + 4000@’ leven.

Like in experiment 4, we observe that the condition w?’*1h* < (' is not satisfactory.
Indeed, as shown in Table 4.7, the error level is varying a lot when w changes.

Py Py
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 | 1000 1001 | 1.97e-02 1.82e-02  1.25e-02 100 | 44 309 | 9.87e-02 6.31e-02  6.74e-03
200 | 2828 2829 | 2.64e-03  1.29¢-02  1.31e-02 200 | 96 673 | 3.10e-01  3.84e-02  2.90e-02
500 | 11180 11181 | 2.28e-02 1.26e-02  1.52e-02 500 | 271 1898 | 4.52¢-01  1.96e-01  1.79e-01
1000 | 31622 31623 | 5.19e-03  3.02e-03  2.95e-03 1000 | 592 4145 | 2.48e-01  3.15e-02  3.38e-02
2000 | 89442 89443 | 1.33e-01 3.02¢-02  3.61e-02 2000 | 1293 9052 | 3.70e-01 2.55e+00  5.34e-01
5000 | 353553 353554 | 1.51e-02 1.61e-02  1.69e-02 5000 | 3624 25369 | 6.67e-01  2.72e-01  1.34e-01

P Ps
w n ndf m=10 m =100 m = 1000 w n ndf m =10 m =100 m = 1000
100 158 475 | 7.53e-02  5.67e-03  2.63e-03 100 | 31 280 | 6.53e-01  4.98e-02  7.32e-03
200 376 1129 | 4.25e-02  3.19e-02  2.32e-02 200 | 67 604 | 6.58e-01 4.12e-02  2.83e-02
500 | 1182 3547 | 3.07e-02  3.65¢-02  3.06e-02 500 | 186 1675 | 7.73e-01  2.35e-01  2.29e-01
1000 | 2811 8434 | 5.65¢-02  1.12¢-02  6.03e-03 1000 | 399 3592 | 3.84e-01  7.75e-02  5.02¢-02
2000 | 6687 20062 | 2.06e-01 1.51e-01  7.45e-02 2000 | 855 7696 | 9.76e-01  1.06e+00 3.06e+00
5000 | 21022 63067 | 4.02¢-01 5.46e-02  1.91e-02 5000 | 2343 21088 | 5.77¢e-01  2.53e-01  2.43e-01

Ps Ps
w n ndf m=10 m =100 m = 1000 w n ndf m =10 m =100 m = 1000
100 53 266 | 4.55e-01 1.15e-02  8.83e-03 100 | 36 397 | 3.60e-01  2.95e-02  5.09e-03
200 120 601 1.10e-01  5.51e-02  3.24e-02 200 | 77 848 | 1.08e-01  4.0le-02  2.48e-02
500 352 1761 | 4.08e-01  1.20e-01  1.99e-01 500 | 209 2300 | 4.30e-01  1.54e-01  1.33e-01
1000 | 790 3951 | 1.83e-01 3.49¢-02  4.22¢-02 1000 | 444 4885 | 3.18e-01  2.91e-02  2.25¢-02
2000 | 1774 8871 | 1.91e-01 1.04e4+00 1.10e+00 2000 | 942 10363 | 2.54e+00 4.05e-01  3.10e-01
5000 | 5168 25841 | 3.04e-01 1.55e¢-01  1.77e-01 5000 | 2541 27952 | 2.63e-01  4.70e-02  7.06e-02

Table 4.7: Relative L? error in experiment 5

Nevertheless, though the meshing condition is not satisfactory, we are still able to show
the advantage of higher order methods. To this end, we consider the problem of obtaining
an error of 5% for a given frequency of w = 500. Table 4.8 and Figure 4.7 show that for
higher discretization orders, the size of the linear system is smaller. Here, the best choice
for experiment 5 seems to be p = 5.

n ndf —m err
5500 5501 1 4.01e-02
1000 3001 1  4.95e-02

550 2751 50  3.25e-02
370 2591 100 4.00e-02
285 2566 100 4.33e-02
270 2971 300 4.80e-02

DU W N =T

Table 4.8: Comparison of different orders of discretization for Experiment 5
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Figure 4.7: Number of degrees of freedom required for 5% accuracy in experiment 5

Experiment 6: 1000 layered gradient with rough perturbations

We consider a velocity parameter like ¢, but with 1000 layers. We thus combine strong
velocity contrasts with a high number of value changes. The velocity parameter ¢ is
defined by

L
6
C<6><2) = ch( )1(2171,2”)
=1

where L = 1000,

I +0.4cosl
20 =0, zl:% (0<l<L), =z,=1,
and 1_1
1000 + 4000——. [ odd
056) = - 999 ’ ©

500, [ even.

Like in experiments 4 and 5, we do not obtain a constant level of accuracy by using
the rule w?*'h%’ < C. This is depicted in Table 4.9. This is the reason why we focus
on comparing different orders of discretization for the frequency w = 500. The results are
presented in Table 4.10 and Figure 4.8. They show that high order methods require a
smaller linear system to achieve the same precision.
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Py Py
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 | 2000 2001 | 2.82e-02 1.93e-02  2.94e-02 100 | 88 617 | 8.29e-01  1.37e-01  8.23e-02
200 | 5656 5657 | 3.81e-02 3.91e-02  3.90e-02 200 | 193 1352 | 9.72e-01  5.26e-01  4.79e-01
500 | 22360 22361 | 1.32e-02 6.61e-02  5.47e-02 500 | 543 3802 | 9.94e-01 4.33e-01  4.92e-01
1000 | 63245 63246 | 6.73e-04 2.58e-04  1.91e-04 1000 | 1185 8296 | 4.37e-02  5.57e-03  2.27e-03
2000 | 178885 178886 | 2.25¢-03 2.62e-03  2.29e-03 2000 | 2586 18103 | 3.99e-01  2.29e-02  1.69e-02
5000 | 707106 707107 | 1.36e-02  5.50e-03  6.25e-03 5000 | 7249 50744 | 2.62e-01  5.38¢-02  2.39e-02

P Ps
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 316 949 | 1.05e-01 7.61e-02  6.97e-02 100 | 63 568 | 1.76e4+00 7.11e-02  4.96e-02
200 752 2257 | 1.39e-01 2.05e-01  1.36e-01 200 | 135 1216 | 1.02e4+00 5.99e-01  5.38e-01
500 | 2364 7093 | 1.63e-01 6.48e-02  1.08e-01 500 | 372 3349 | 1.44e+00 1.04e4+00 7.41e-01
1000 | 5623 16870 | 3.82e-03 6.51e-04  1.34e-04 1000 | 798 7183 | 5.57e-02  1.13e-02  2.96e-03
2000 | 13374 40123 | 4.04e-02 2.94e-03  2.73e-03 2000 | 1710 15391 | 4.49e-01  2.63e-02  1.23e-02
5000 | 42044 126133 | 1.31e-01 7.66e-03  4.55e-03 5000 | 4687 42184 | 4.65e-01  1.66e-01  4.11e-02

Ps Ps
w n ndf m=10 m =100 m = 1000 w n ndf m=10 m =100 m = 1000
100 430 2151 | 2.20e-01 2.80e-02  2.55e-02 100 | 48 529 | 1.05e+00 1.54e-01  4.37e-02
200 967 4836 | 1.13e-01 3.47e-02  1.33e-02 200 | 103 1134 | 1.38e+00 4.80e-01  5.60e-01
500 | 2817 14086 | 1.07e-01 3.24e-02  1.11e-02 500 | 279 3070 | 9.63e-01  8.71le-01  1.02e+400
1000 | 6324 31621 | 7.70e-03 1.00e-03  1.03e-04 1000 | 592 6513 | 6.36e-02  8.46e-03  4.75e-03
2000 | 14198 70991 | 6.47e-02 1.98e-03  6.13e-04 2000 | 1256 13817 | 1.51e+00 8.54e-02  3.21e-02
5000 | 41351 206756 | 1.51e-01 2.63e-02  1.74e-03 5000 | 3389 37280 | 7.15e-01  1.07e-01  6.29e-02

Table 4.9: Relative L? error in experiment 6

n ndf m err
25000 25001 100  4.58e-02
3000 9001 200  2.83e-02
1700 8501 300 2.45e-02
1150 8051 300 2.18e-02
900 8101 1000 5.25e-02
700 7701 1000 5.32e-02

D U W N =S

Table 4.10: Comparison of different orders of discretization for Experiment 6
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Figure 4.8: Number of degrees of freedom required for 5% accuracy in experiment, 6

Conclusion

First, we have investigated explicit frequency requirements for meshing. The three first
test-cases show when the medium is slowly varying, the pre-asymptotic error-estimate in
O(w?**h?P) known in the homogeneous case is still valid and optimal, provided that the
medium is properly approximated (see Tables 4.1 to 4.3). However experiment 4 shows
that this is no longer the case for more complex media (see Table 4.5).

The other aim of our study were to figure out which order of discretization is the
cheapest for a given accuracy and frequency. In the three first experiments, we see that
for a given accuracy and frequency, the number of degrees of freedom required decreases
when the order is increasing, showing the efficiency of high order methods. For the other
experiments, the situation is more complex and is described in Tables 4.6, 4.8 and 4.10.
We have observed that for a given accuracy, the number of degrees of freedom required for
p =5 is always less than for p =1,2,3 and 4.

We can make an additional comment which does not directly apply to the method in
higher dimensions. We can apply static condensation on the degrees of freedom inside one
cell (they only depend on the values at the vertices, see [60] or [105]) and reduce the size
of the global linear system to n x n. In this situation, high order methods look even more
attractive, since the number of cells required for a given accuracy is clearly decreasing
when the order is increasing.

Our experiments also confirms the interest of the MMAm second level approximation
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strategy. Indeed, we have observed that the order of discretization that yields the smallest
linear system is always p > 4. In this case, the mesh cells are rather large and the solution
obtain by the standard FEm without MMAm subcells (m = 1) is not accurate. It is
therefore of interest to use the MMAm with m = 100 or 1000 to obtain an accurate
solution. Using an important number of subcells is not a problem, since it corresponds to
a pre-processing step in the computations which can be easily parallelized. Furthermore,
the linear system size and stencil remain the same for any choice of m.

4.2 Analytical test-cases in 2D

The objective of this section is to illustrate the MM Am approach on 2D analytical solutions.
We base our analysis on artificial stratified media in which we have a plane wave analytical
solution. In particular, we illustrate how the MMAm performs well even when the velocity
is strongly varying and does not satisfy the technical assumption 3.2. The performance of
the method is measured from the values of the L?(Q) norm relative error, that is

B fQ |u — up > dz

E
fQ |u|?2dx

(4.7)

where u denotes the exact (analytical) solution and wup . is the numerical solution. We
recall that h stands for the size of the finite element mesh cells while e denotes the size of
the second-level subcells used to approximate the medium.

The numerical results are depicted by the mean of the solution profile, that is the graph
of x9 — (500, x3).

All along this section, we use two kinds of meshes as depicted in figure 4.9. Some are
constructed so that the velocity is constant inside each cell. We then speak about fitting
meshes in contrast to non-fitting meshes which are composed of cells inside which the
velocity may vary. Obviously, the MMAm must be used on non-fitting meshes to take into
account subcells velocity variations. Standard FEM, or other usual methods, are rather
used on fitting meshes.

(a) (b) (c)

Figure 4.9: Velocity model (a), fitting (b) and non-fitting (c) meshes

Herein, we will also consider the standard FEM on non-fitting meshes. In this case,
we transform the velocity parameter so that it is constant in each cell of the mesh. We
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use two different strategies. The first idea is to select the value of the velocity parameter
in the center of the cell. It corresponds to using the MMAm with only one subcell. The
other strategy is to average the velocity parameter on the cell and choosing the value

/1 (4.8)

2 2
Ci K C

Remark 11. We will justify the averaged value (4.8) in Section 4.3, where we focus on
the comparison between the MMAm and homogenization techniques.

When analysing MMAm results, we will distinguish between the FEM approximation
error and the medium approximation error. The FEM approximation error is defined as
the error of the best approximation, i.e.

Erpy = inf |u—vploa,
v EVR

while the medium approximation error is defined as Eypp = My, (the quantity M, . is
defined in Definition 7 of Chapter 3). We observe that for a given mesh (i.e. h is fixed),
the FEM approximation error is fixed but the medium approximation error can be reduced
by refining the submesh (i.e. € goes to zero).

In each of the following examples, we consider a fixed propagation medium together with
a given mesh and an approximation order. We present the results obtained for different
values of w and e. In particular, we show that in the case where the dominant part of the
error is due to the medium approximation, the quality of the numerical solution can be
slightly improved by increasing the number of subcells.

For the computations, we use triangular Lagrangian finite elements. The medium
approximation submesh is obtained through a homothety of the reference triangle, as shown
in Figure 4.10. Note that those meshes are obviously regular and satisfy the hypothesis of
Proposition 12.

4.2.1 Analytical solution

To construct an analytical solution, we introduce an auxiliary 1D problem, that is to find
v € C*([0, Z]) such that

v(z)=v"(z) = 0 forze(0,2)
—0'(0) = 1

where ¢ is piecewise constant on a partition 0 = zp < 23 < --- < 2z, = Z. We obtain an
analytical solution using the methodology presented in Section 4.1.1.
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Figure 4.10: Velocity approximation schemes for e = 1,0.5,0.25,0.125,0.0625 and 0.03125.

We then get a two dimensional problem by setting 2 = (0,1000) x (0,7) and k €
L>(Q) is defined as k € L>*(Q), klo, = w/c; where Q; = (0,1000) x (z;_1,7;). Then
u(xy, x2) = v(x2) is the unique solution to

—k*u—Au = 0 inQ
Vu-n = 1 on (0,1000) x {0}
Vu-n—ikgu = 0 on (0,1000) x {Z}
Vu-n = 0 on{0}x(0,72)
Vu-n = 0 on {1000} x (0,72).

4.2.2 A two-layered media

We begin with evaluating the medium approximation error as a function of e. For that
purpose, we consider the case of a two-layered medium composed of two homogeneous
layers. In this case, the use of a fitting mesh is obviously relevant and this case gives us a
way to measure the effect of MMAm on the accuracy of the solution.

We set o = 0,21 = 500,29 = Z = 1000, ¢; = 1000 and ¢, = 2000. In order to
quantify the error coming from the medium approximation we use both a fitting and a
non-fitting meshes. When using the fitting mesh, the medium is perfectly represented,
since the coefficient ¢ is constant in each cell of the finite element mesh. On the other
hand, when using the non-fitting mesh, ¢ must be approximated by ¢, since it may vary
inside an element. The experiment then shows that when the velocity approximation is
refined, the solution error obtained with the non-fitting mesh is getting closer to the error
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obtained on the fitting mesh.

Figure 4.11: Evolution of the interface: fitting mesh (top-left) and non fitting mesh with
e =1,0.5,0.25,0.125 and 0.0625.

The non-fitting mesh contains 164 cells and the fitting mesh contains 166 cells. We
start with P, elements and the corresponding results are represented in the Table 4.11.

In the first column, the integer numbers indicate the number of subcells that are used
to approximate the velocity inside each cell of the non-fitting mesh. The last line stands
for the results obtained by using the standard P, FEM with the fitting mesh.

Pa w =27 w = 4 w = 67
1 9.76 x 1072 [ 2.38 x 1071 [ 9.11 x 10!
4 226 x 1072 | 792 x 1072 | 3.24 x 107!
16 1.18 x 1072 | 4.62 x 1072 | 2.02 x 107!
64 5.20 x 1073 | 3.76 x 1072 | 2.05 x 107!
256 3.05 x 1073 | 3.61 x 1072 | 2.09 x 10!
1024 || 2.59 x 1073 | 3.59 x 1072 | 2.11 x 107!
fitting || 1.81 x 1073 | 3.78 x 1072 | 2.65 x 10!

Table 4.11: P, elements

We can observe that for each value of w, the error decreases when letting € go to 0.
Moreover, when comparing with the last line of the table, we can see that the MMAm
reaches the same level of accuracy that the standard P, FEM. When the frequency is
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increasing, the two methods result in the same level of accuracy and MMAm accuracy
seems to reach a plateau. We believe that the medium approximation error becomes so
small that quickly the values of the error describe the finite element approximation only.

Table 4.12 represents the results obtained when using P, elements. The same conclu-
sions hold except that due to a highest degree of approximation, the medium approximation
error stabilizes itself on a plateau for w = 107 only. It is worth noting than when w is less

CHAPTER 4. NUMERICAL EXAMPLES

than 107, the convergence is super linear which illustrates well Section 3 results.

P w =27 w=4r w =67 w =87 w = 107
1 9.67 x 1072 [ 2.25 x 1071 | 3.42 x 107! | 4.81 x 107" | 5.01 x 107!
4 2.22x 1072 | 6.59 x 1072 | 1.42 x 107! | 4.03 x 107" | 1.90 x 107!
16 1.22x 1072 | 3.75 x 1072 | 6.65 x 1072 | 2.37 x 107! | 8.94 x 1072
64 470 x 1073 | 144 x 1072 | 2.74 x 1072 | 9.81 x 1072 | 4.50 x 1072
256 || 1.47 x 1073 | 4.91 x 1073 | 1.13 x 1072 | 4.54 x 1072 | 2.94 x 1072
1024 || 525 x 107* | 1.54 x 1073 | 4.58 x 1073 | 1.67 x 1072 | 2.52 x 1072
fitting || 2.62 x 1076 | 8.80 x 107° | 8.10 x 10™* | 5.76 x 1073 | 2.44 x 1072

The behaviour of the discrete solution as e — 0 is depicted on Figures 4.12 and 4.13
for Py and P, elements respectively. We see that the MMAm solution is as accurate as the

Table 4.12: P, elements

solution computed on the fitting mesh when e is sufficiently small.
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Figure 4.13: Solution profile for P, elements, w = 107

4.2.3 Multi-layered medium

We now set Z = 3000. We decompose the propagation domain into 1000 layers of 3
meters each. We set ¢,,;, = 1500, Cpnae = 5500. The velocity parameter varies linearly
from ¢; = ¢nin 10 C1000 = Cmaz- We use Pg elements on a 1033 cells mesh. We carry out
simulations for different values of €. To compare with parameter averaging methods, we
perform simulations for k%[ given as the mean value of k% on the cell K as explained
above (4.8).

On table 4.13, we present the results that we have obtained by discretizing with Pg
Lagrangian elements. We can draw the same conclusion than in the previous test case. It
is interesting to note that the MMAm results are always better then when the standard
FEM is used with the mean value of the wavenumber in each cell. This example shows
that the subscheme quadrature strategy of the MMAm is superior to a simple averaging
of the wavenumber, as depicted by the first line of Table 4.13.

It is also clear that for a given pulsation, reducing the approximation step € reduces the
solution error. For the lowest pulsation w = 207, the convergence is super linear, which is
consistent with the results of section 3. For higher pulsations, the part of the error due to
finite element approximation is much larger, so that the linear convergence is not observed
anymore.

For the lowest frequency w = 20w, the standard finite element solution is accurate
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(e = 1), but it is mandatory use the MMAm to obtain an accurate solution for higher
frequencies (e < 0.25 for w = 407 for instance). This observation is in accordance with the
error-estimate of Theorem 14. Indeed, the term related to medium approximation in the
error-estimate behaves as O(wMy, (), which let us guess that the medium approximation
error has more impact for high frequencies w.

Figure 4.14 illustrates how the finite element solution depends on € in the case w = 607.

Ps w = 207 w = 307 w = 407 w = 507 w = 607
mean || 4.38 x 1072 [ 1.70 x 1071 [ 6.44 x 1071 [ 1.90 x 10~ | 2.33 x 10°
1 419%x 1072 | 1.61 x 1071 | 5.04 x 10~ | 1.87 x 10~ | 1.19 x 10°
4 727 x 10731239 x 1072|483 x 1071 | 1.02 x 107 | 4.47 x 107!
16 | 2.12x 1072 | 7.06 x 1073 | 5.97 x 1072 | 6.63 x 1072 | 3.52 x 10!
64 | 1.02x 1072 |3.76 x 1073 | 3.64 x 1072 | 6.33 x 1072 | 3.34 x 107!
256 | 4.93 x107* | 1.74 x 1073 | 3.52 x 1072 | 6.26 x 1072 | 3.40 x 107!
1024 | 2.00 x 107* [ 9.40 x 107* | 3.69 x 1072 | 6.19 x 102 | 3.37 x 10!

Table 4.13: Multi-layered medium
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Figure 4.14: Solution profile in gradient domain for Pg elements, w = 607
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4.2.4 Multi-layered medium: Highly heterogeneous

We consider here the case where the velocity does not satisfy the technical condition (3.2).
The velocity model is now constructed by modifying the previous one as follows. Between
0 and 1500 meters and between 2000 and 3000 meters, the velocity is decreased by 500
every other layer, and increased by 500 in the remaining layers. Between 1500 and 2000
meters, the velocity is 500 in every other layer. We use an adaptive mesh, which is more
refined between 1500 and 2000 meters in order to correctly fit the small wavelength in this
area. The mesh is made of 4838 cells and is represented in Figure 4.15.

Ps w = 207 w = 307 w = 407 w = 507
mean | 1.06 x 10° | 6.73 x 107! | 1.17 x 10° 2.76 x 10°
1 9.99 x 10~' | 1.81 x 10° 7.44 x 10° 3.20 x 10°
4 741 x 1071 | 3.84 x 10° 1.71 x 10° 1.88 x 10
16 341 x 1071 | 6.79 x 1071 | 3.34 x 10° 2.68 x 10°
64 3.12 x 10° | 1.86 x 107 | 4.45 x 107 | 1.05 x 10°
256 840 x 1072 | 6.60 x 1072 | 1.03 x 107! | 2.77 x 10!
1024 || 6.23 x 1072 | 3.63 x 1072 | 7.00 x 1072 | 2.12 x 107!

Table 4.14: Highly heterogeneous multi-layered medium

The results of the experiment are presented on Table 4.14 and some solution profiles
are plotted on Figure 4.16. We observe that the MMAm solution is accurate as soon as €
is less that 0.0625, which means that we need to use at least 256 subcells to compute the
entries of the matrix. This is not surprising because we consider a velocity model including
very strong contrasts. It is indeed composed of very thin layers and the variations of the
velocity are important.

It is also clear that the averaging method is not satisfying for this experiment. Indeed,
as shown by the first line of Table 4.14, the solution obtained with the averaged parameter
is not accurate, even for the lowest frequency w = 207.

Figure 4.15: Adaptive mesh (90 degrees rotation)
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Figure 4.16: Solution profile in highly heterogeneous domain for Pg elements, w = 407

4.2.5 High order MMAm VS fitting mesh based method

In the previous numerical tests, we have shown the efficiency of the MMAm and we have
concluded that when using enough subcells we obtain accurate results even in highly het-
erogeneous media. In particular, the first experiment showed that when a fitting mesh is
available, the accuracy of the MMAm on a non-fitting mesh of the same size is comparable
to the standard FEM on the fitting mesh.

In this section, we investigate the reduction of the computational cost offered by the
MMAm to obtain a 5% relative error on the previous velocity model at the frequency
w = 407.

We use regular meshes based on cartesian grids of different sizes and different poly-
nomial degrees. As a starting point, we discretize the problem with the coarsest possible
fitting mesh. The mesh steps are given by h, = 3.33m, h, = 3m. The z step is chosen
to be exactly the length of a layer, so that the mesh is fitting, and the x step is chosen
so that the grid cells are nearly squares. Hence, the mesh is formed by a regular grid of
300 x 1000 squares, each square being divided into two triangles.

If we use P;, P and P53 elements on the fitting mesh, we obtain relative L? errors of
1.79 x 1071, 3.19 x 10~* and 1.21 x 10~%. We thus have that the P; solution is not precise
enough regarding the level of accuracy we target and the P, and Ps solutions are very
precise but in the same time very expensive to compute. For example, the computation of
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the P, solution requires to invert a system with 1.20 x 10 degrees of freedom and 1.26 x 107
non-zero elements in the matrix.

We now focus on the size of the cells which obviously impacts the size of the corre-
sponding linear system. It turns out that if p is greater than 2, the MMAm delivers 5%
relative error on a much coarser (and non-fitting) mesh than the fitting mesh as shown in
Table 4.15. We see that when p is greater than 2, we can use a coarse non-fitting mesh
and use less than 1.20 x 10° degrees of freedom to get 5% of accuracy. We conclude that
the MMAm enables to reduce the computational cost compared to the standard FEM on
fitting meshes.

p err h. ndf nz

1155x107% 1.5 12.0x10° 14.4 x 10°
21 4.0x1072 6 3.01 x 10° 3.15 x 106
3/58x107%2 12 1.70 x 10° 2.06 x 10°
4159x107% 18.75 1.24x10° 1.84 x 108
5159%x1072 20 1.70 x 10> 3.12 x 10°
6|55x1072 24 1.67x10° 3.76 x 10°

Table 4.15: Comparison of different p to obtain a 5% accuracy

To give a comparison with another fitting mesh method, consider the coarsest fitting
cartesian grid made of 300 x 1000 squares. It includes 6.01 x 10° edges, which means that
lowest order discontinuous Galerkin plane wave method would require at least 6.01 x 10°
degrees of freedom to solve (see, for example [10]). On the other hand, the P, solution
is computed on a 64 x 160 non-fitting cartesian grid. This grid is much coarser than the
300 x 1000 fitting grid and the number of degrees of freedom required to obtain the P,
solution is 1.24 x 10° (4.8 times less than for the plane wave method).

4.3 Comparison with homogenization

Periodic homogenization techniques have been applied to upscale fine scale properties of
the Earth. They permit to obtain an "effective” propagation medium that can be easily
meshed. Under restrictive assumptions of periodicity, the homogenization process is well
understood and convergence analysis is available [8,33]. In Geophysics, the idea dates back
to 1962: Backus showed that fine scale isotropic layers can be upscaled into a homogeneous
anisotropic medium [18]. Periodic homogenization has two main drawbacks:

e in the standard mathematical setting, even if the periodicity hypothesis can be weak-
ened, the medium parameters are expected either to belong to a family of param-
eters which converge in some weak sense (for instance, two-scale convergence [8] or
unfolding methods [33]), or to be randomly distributed according to a specific dis-
tribution [64]. Unfortunately, these hypothesis seem hard to apply to geophysical
models.
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e a separation of scale between the wavelength and the spatial period of the hetero-
geneities is required. This point has been quantitatively analysed by Carcione et
al. [31]. They showed that the anisotropic approximation of finely layered media is
valid only if the wavelength is at least five times larger than the spatial period of the
heterogeneities.

In recent developments, Capdeville and collaborators have introduced the so-called
"non-periodic homogenization” framework [27-29]. The procedure is based on a user de-
fined parameter \g which separates the microscopic and macroscopic scales. The homoge-
nization procedure includes a low-pass filtering to upscale properties of the medium under
the wavelength .

The advantage of the non-periodic homogenization procedure of Capdeville et al. over
"standard” homogenization methods is that there is no requirement on the medium param-
eters. However, the scale separation between the wavelength A and the low-pass filtering
parameter )\ is still mandatory to obtain accurate results. Also, though the non-periodic
homogenization procedure of Capdeville et al. is numerically efficient, it lacks a strong
mathematical justification.

Because the non-periodic homogenization procedure developed by Capdeville et al. is
an attractive solution for wave propagation in highly heterogeneous media, we propose a
comparison. We focus on the simplest case of a periodic layered medium with constant
density. In Subsection 4.3.1 we briefly present the principle of periodic homogenization
and derive the formula for the homogenized coefficients. We carry out simulations using
the homogenized parameters in Subsection 4.3.2 and compare the results with the MMAm
in Subsection 4.3.3.

4.3.1 Principle of periodic homogenization

The aim of this subsection is to introduce the concept of periodic homogenization. We
consider that the medium of propagation is periodic, with a small period e. We consider
the 7cell” Y = (0,1)". Then periodic medium parameters k. and p, can be defined as

“la), pelr) = plelx)

Ke(x) = k(e
where x and p are Y —periodic functions. For a given period ¢, the wave equation reads

2
Hou, = —=—u, — div <ivu6> - (4.9)

KZE €

Problem (4.9) is actually defined for each ¢ > 0. Hence, if we denote by H, the Helmholtz
operator for the period €, we have, for any € > 0 a function u. € H'(Q, C) such that

Heue = f.

It is actually possible to show that when ¢ tends toward 0, u. weakly converges to a
function u° in H'(£2). The aim of the homogenization process is to identify this weak limit.
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An important result is that u° can be characterized as the solution of
Hu' = f,

where H is the so-called “homogenized” operator.

The homogenization procedure has two main interests. First, we obtain u° which
might be used as an approximation of u. for small e. Second, and more importantly, the
homogenized operator # describe the macroscopic representation of microscopic scales. In
H the dependency of € is gone and there is no microscopic scale.

In the context of wave propagation, the homogenized operator H is still a wave propa-
gation operator and it has the following shape

R 2

Hu = —%u —div (Bvu) , (4.10)

where 4 € R and B € M,(R) are constant parameters. First, we see that 7 is different
from the operators . in the sense that it can be anisotropic because p_! has been changed
by a matrix. Second, the small scales have actually disappeared since the parameters are
now constant.

From a numerical point of view, the homogenized operator is interesting because it is
much simpler to discretize than the original operator. Indeed, though it is anisotropic,
the parameters are constant so that there is no restriction on the mesh due to small scale
heterogeneities.

From a physical point of view, we can consider that an isotropic periodic medium with
a small-period behaves macroscopically like an homogeneous, but possibly anisotropic,
medium.

The expressions of the homogenized parameters & and B are available in the literature
(see [8,86] for instance). The coefficients of the matrix B are obtained as the mean value of
the solution to a PDE set in the reference cell with periodic boundary conditions. Hereafter,
we will focus on the simplest case where the density is constant. Hence, it is only required
to homogenize the parameter x and the corresponding value is given by

:/Y% (4.11)

4.3.2 Experiments with the homogenized parameters

Tl =

We consider a layered propagation medium §2 = (0, 1000) x (0, 1000) with constant density
p. Each horizontal layer has the same length €. The wavespeed ¢ takes two different values
c1 and ¢y every other layer. In accordance with (4.11), we also consider the homogenized
version where the wavespeed is constant and takes the value

C1C2

2 2"
VA IR

¢ =
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We propose to solve the original problem

—w—2u—Au = f inQ
& .

Vu-n—lﬁu = 0 on 09,
c

Vu-n—gu = 0 on 09,

with the standard FEm.

In every experiments, we keep ¢, = 3000 m.s~*. We try different velocity contrasts by
choosing ¢; = 1000, 2000 or 2500 m.s~. We experiment with frequencies ranging from 1 to
20Hz. We also experiment with different numbers of layer m = 21,51, 101 or 201 and set
e = 1000/m. Hence € approximately ranges from 50 m to 5 m. We choose an odd number
of layers so that the Dirac source, located at (500, 500) always lies within the middle layer.

We carry out simulations on a fitting cartesian grid based mesh (210 x 210 for m = 21,
204 x 204 for m = 51, 202x202 for m = 101 and 201 x 201 for m = 201) with p = 3 elements.
The results are presented from Figure 4.17 to Figure 4.20. The error axis are limited to
50% of relative L? error. The curve 2000, refers to the experiment where ¢; = 1000 and
the velocity contrast is 2000. The curve 1000 refers to the case where ¢; = 2000 and the
curve 500 to the case where ¢; = 2500.

Let us first consider the case ¢; = 1000, where the velocity contrast is the strongest.
We see that the homogenized solution has more that 20% relative error for all frequencies,
even when there is a high number of layers. Furthermore, the homogenized solution is
completely inaccurate at high frequency for the test cases m = 21,51 and 101.

The homogenization method performs better for the other velocity contrasts. For the
cases with the higher number of layers m = 101 and m = 201 we obtain a constant
approximation error of 10% for ¢; = 2000 and 5% for ¢, = 2500 for all frequencies.

In the case where there are 51 layers, we see that homogenization works well with the
lowest velocity contrast for all frequencies. However, apart from the case ¢ = 2500, the
quality of the approximation is decreasing when the frequency increases.

For the hardest case where there are only 21 layers, we see that the homogenized
solution is good only for low frequencies and small velocity contrasts.
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Figure 4.17: Comparison of different velocity contrast for 21 layers
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Figure 4.18: Comparison of different velocity contrast for 51 layers
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Figure 4.19: Comparison of different velocity contrast for 101 layers
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Figure 4.20: Comparison of different velocity contrast for 201 layers

4.3.3 Comparison with the MMAm

We solve the heterogeneous problem using the MMAm on a 10 x 10 grid with p = 6
elements. We use 1024 subcells for the multiscale medium approximation. We compare
the MMAm solution to the solution obtained on the fitting mesh with p = 3. Results are

presented from Figure 4.21 to Figure 4.32.
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For the cases with 101 and 201 layers, the results obtained with the MMAm are equiv-
alent to the result obtained in the homogenized medium.

In the experiment with 21 and 51 layers, the MMAm is more accurate than the homog-
enized solution. The highest contrast case is correctly handle for low frequency f < 10H z
only. When the contrast is smaller (¢; = 2000, 25000), the MMAm solution is accurate
even if they are several layers per mesh cell.

These few examples shows that in the simplest case where the density is constant, the
MMAm outperforms periodic homogenization techniques, especially when the layers are
relatively large. This is because no scale separation is assumed in the method.
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Figure 4.21: Homogenization vs MMam: 21 layers, 2000 m.s~* contrast
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Figure 4.22: Homogenization vs MMam: 21 layers, 1000 m.s~! contrast
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Figure 4.23: Homogenization vs MMam: 21 layers, 500 m.s~* contrast
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Figure 4.24: Homogenization vs MMam: 51 layers, 2000 m.s~! contrast
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Figure 4.25: Homogenization vs MMam: 51 layers, 1000 m.s~* contrast
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Figure 4.26: Homogenization vs MMam: 51 layers, 500 m.s~! contrast
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Figure 4.28: Homogenization vs MMam: 101 layers, 1000 m.s~! contrast
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Figure 4.29: Homogenization vs MMam: 101 layers, 500 m.s~* contrast
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Figure 4.30: Homogenization vs MMam: 201 layers, 2000 m.s™
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Figure 4.31: Homogenization vs MMam: 201 layers, 1000 m.s~! contrast
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Figure 4.32: Homogenization vs MMam: 201 layers, 500 m.s~! contrast

4.4 Geophysical test-cases

In this section, we consider standard geophysical benchmark models. These geophysical
models represent Earth subsurface. In particular, they feature strong contrasts in the
medium parameters.

While strongly contrasted media are a good opportunity to validate the MMAm, they
might not be completely representative of actual applications. The selected benchmarks
can be considered as good Earth models. However, in geophysical applications, wave
propagation methods are used in the context of imaging or inverse problems. In this
situation, the actual Earth model is not known and the simulations take place either in a
"background” model for imaging or in an approximation of the true model for inversion.
These models are usually smooth (or at least, smoother than the real Earth) and therefore,
easier to handle numerically.

In order to give a fair comparison between the MMAm and the standard FEm, we
also include smooth propagation media in our experiments. These smoothed propagation
media are obtained by applying a low-pass filter to the original media. This approach is
used, for example, in [49]. One can also compare our smooth version of the Marmousi
IT model (Figure 4.47) with the FWI output model of Sirgue and Pratt [91] depicted on
Figure 1.7.

For 2D experiments with p > 3 we will use static condensation to remove the internal
degrees of freedom of each cell K. The process is explained in details by Wilson [105].
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4.4.1 Methodology

In the following, we consider geophysical test-cases where the medium parameters are
defined by sample values on a cartesian grid. We have arranged the test cases so that the
grids dimensions are integer powers of 2 and can be subdivided easily.

For the 2D test-cases, we consider 100 different right hand sides. The right hand sides
are Dirac sources located at z = 50 m depth and different offsets {z,}!%. In the elastic
case, the Dirac impulsion is placed on the vertical component of the displacement. Hence,
the s right hand side ) (1 < s < 100) is given by

(f¥ 0) =v(x,, 2), Yue HY(Q,C), (4.12)
in the acoustic case and by
<f(5)7v> - U2<x87 Z)7 VU == (U17U2> S Hl(Q7 C2)7 (413)

in the elastic case.
We also consider a 3D acoustic medium. In this case the source is a Gaussian right
hand side centered at z = (500, 500, 50) represented by the density

f(z) = exp (—M) , (4.14)

o

with o = 50.

Numerical solutions are computed on different meshes with different orders of dis-
cretization. After solving the linear system, the finite element solutions are projected onto
a cartesian grid of fixed size n, X n, (n, x n, x n, in 3D) for comparison. We use the
solution computed on the finer mesh with the higher polynomial degree as reference to

. . . : (s)
compute finite element error. For a given finite element configuration, we denote by e,
the numerical solution obtained for the right hand side number s. Considering the refer-
ence solution uise)f for each right hand side 1 < s < 100, we evaluate the precision of a

finite element configuration by

100 ’
Doy 2oy W (w5 25) — U (T, 25) |2

E = s=1
- 100 N . s 2
s=1 Zizl Zj:l |uref(xi7 Z])|

In the 3D example, there is a single right hand side so that the finite element error is
measured by

(4.15)

me STCOSTYE NuS (5, Y, 2e) — uS (T, Y6, 2i) |2
E:\/Zzlzy—zlzk1| res (Tis Ui 21) = Wy (s Uy k)|. (4.16)

?; 2?11 ZZ; |uief (i, Y, 21) |2

In each test cases, we start by simulating the wave propagation on a fitting mesh (i.e.,

if the medium is given by a n, x n, grid, we use a mesh based on a n, x n, cartesian grid
(ny X ny X n, in 3D)). In this case, the medium parameters are constant in each cell, so
that the MMAm is not required and we use the classical FEM. The reference solution is

the solution computed on the fitting mesh with the highest possible polynomial degree our
computational resources allow.
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4.4.2 2D Acoustic simulations with constant density: Overthrust
model
We consider a vertical slice of SEG/EAGE Overthrust 3D velocity model [12]. The density

p = 1 is assumed to be constant. The sound velocity is given as a 512 x 128 grid and
illustrated on Figure 4.33.

Figure 4.33: Overthrust P-velocity model

We also consider a smoothed version of the model, where a 200 m low-pass filter have
been applied to the velocity model. The smoothed version of ¢, is represented on Figure
4.34.

VP (mss)

10 15 20
offset ()

Figure 4.34: Smoothed Overthrust P-velocity model

We run acoustic simulations for frequencies f = 5,10,15 and 20Hz in the original and
smoothed models. We use the numerical solution computed on the h = 40 m mesh with
p = 6 as a reference solution to compute relative errors. Numerical solutions obtained on
coarser mesh and/or with lower order polynomial, are compared to the reference solution
from Tables 4.16 to Table 4.19.

We pay special attention to the case f = 10Hz which is detailed afterward.
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We observe that, in terms of relative error, the results are very similar in the original
and smoothed models. This is in strong agreement with the fact that high contrast in
piecewise constant velocity model can be handle on non-fitting mesh without difficulty
by the MMAm. Indeed, since the error levels are the same in the smoothed and original
media, we can conclude that the error is mostly caused by dispersion.

Furthermore, Tables 4.16 to 4.19 confirm the interest of the MMAm. Indeed, it is clear
that when high order polynomials are used, it is possible to obtain an accurate solution on
a non-fitting mesh. When high order polynomials are used, we can obtain accurate results

with a mesh step 8 times larger than the parameter grid for f = 5Hz, 4 times larger for
f =10Hz and f = 15Hz and 2 times larger for f = 20Hz.

h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6

40 1 60.6 0.49 032 0.22 016 O 40 [ 48.0 049 033 023 017 O

80 | 119 3.76 0.69 0.46 042 0.41 | 8 | 110 2.81 0.71 048 044 0.44
160 | 116 419 241 144 098 0.73 || 160 | 116 31.2 2.19 1.50 1.03 0.76
320 | 107 119 46.6 5.67 2.38 1.91 ] 320 | 106 110 32.7 3.97 241 1.99

Table 4.16: Relative error (%) for f = 5Hz in the original (left) and smoothed (right)
acoustic Overthrust models

h |p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6

40 | 127 6.72 0.25 0.17 0.12 O 40 | 120 4.83 0.27 0.18 013 O

80 | 120 74.8 255 039 032 032 80 | 123 57.8 1.69 0.39 0.35 0.35
160 | 115 119 783 791 1.06 0.61 || 160 | 107 113 58.1 4.82 0.93 0.64
320 | 100 107 124 127 770 19.2 | 320 | 100 108 123 116 514 9.95

Table 4.17: Relative error (%) for f = 10Hz in the original (left) and smoothed (right)
acoustic Overthrust models

h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=H p=6

40 | 129 458 0.72 0.18 0.13 O 40 | 131 342 052 0.18 013 O

80 | 112 124 333 1.75 038 035 80 | 112 116 225 093 0.35 0.35
160 | 101 121 124 99.5 18.8 262 || 160 | 101 118 120 77.5 10.5 1.28
320 | 104 102 118 125 123 120 || 320 | 107 102 121 133 119 111

Table 4.18: Relative error (%) for f = 15Hz in the original (left) and smoothed (right)
acoustic Overthrust models
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h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6

40 | 124 122 5.15 023 0.15 O 40 | 123 108 347 0.22 016 O

80 | 113 132 121 16.1 1.30 0.56 | 80 | 113 134 106 9.32 0.64 041
160 | 100 110 126 125 115 36.8 || 160 | 100 114 128 116 95.0 20.1
320 | 100 100 106 110 125 125 || 320 | 100 100 107 109 126 122

Table 4.19: Relative error (%) for f = 20Hz in the original (left) and smoothed (right)
acoustic Overthrust models

Frequency f = 10Hz

We detail the case f = 10Hz. Figures 4.35 to 4.38 present convergence curves of the MMAm
with a high number of subcells and of the standard FEm with an averaged parameter. We
use the same submesh to compute the MMAm coefficient and to compute the averaged
parameter. Hence, if the submesh of the cell K is denoted by 7. = {K;}]", we have

1 |
—0i0; ~ ) iy,
/K 2t lz:; i Jx, ’

for the MMAm and
/ ¢Z¢j — <|K|/ )/ ¢Z¢j7 / Z 2|Kl
for the FEm.

We observe that the MMAm is overconvergent for large h. Indeed, the fit in h* always
give an « > p + 1 for the MMAm both in the original and smoothed media. This result is
well-known for the standard FEm in homogeneous media: in the transition zone between
the pre-asymptotic and the asymptotic range, the finite element solution is less accurate
than the best approximation, but has an improved convergence rate. We refer the reader
to the numerical examples of Babuska and Ihlenburg [59].

On the other hand, the convergence rate of the FEm solution is always lower than
expected, even in the smoothed medium: the fit in A% gives a < p 4+ 1. We interpret that
this loss of convergence is due to the poor approximation of the medium parameter by the
averaging technique. In the smoothed medium with p = 3 and p = 4 the convergence rate
is between 3 and 4. In all other test cases, the convergence rate is less than 2. We interpret
this convergence rate by the fact that the convergence of the averaged parameter to the
true parameter is only linear and is a limitation for the optimal convergence of the FEm.

In terms of accuracy, the MMAm and FEm provide comparable results only in the
smoothed medium when p = 3. In this case, the mesh step is relatively small and the
averaged parameter is a good approximation of the smoothed parameter. For all the other
cases, the MMAm provides a slightly improved accuracy. In the smoothed medium, the
MMAm solution, is between 2 to 20 times more accurate than the FEm solution on the
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same mesh. In the original medium, we are never able to obtain less than 10% accuracy
with the FEm on all meshes consider, while a 1% accuracy is achieved by the MMAm.

In terms of performance, the MMAm and the FEm give similar results for p = 3 in
the smoothed medium. In every other configuration, the MMAm outperforms the FEm.
Assuming that static condensation is used, we can give the following numbers:

e In the smoothed medium, the FEm is able to achieve a 10% accuracy for p = 3.4
and 5. For p = 3, the number of degrees of freedom required is similar. However,
for p = 4, the number of degrees of freedom required is reduced from 51 x 10% to
33 x 103. The number of degrees of freedom is reduced from 59 x 103 to 21 x 103 for
p=05.

e In the original medium, the only case where the FEm achieves an accuracy close to
10% is p = 3. In this configuration, the number of degrees of freedom required is
201 x 103 for the FEm against only 66 x 10® for the MMAm.
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Figure 4.35: Convergence curves for p = 3 in the original (left) and smoothed (right) media
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Figure 4.36: Convergence curves for p = 4 in the original (left) and smoothed (right) media
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Figure 4.37: Convergence curves for p = 5 in the original (left) and smoothed (right) media
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Figure 4.38: Convergence curves for p = 6 in the original (left) and smoothed (right) media

Figures 4.39 and 4.40 present the number of degrees of freedom required to obtain
different levels of accuracy. The number of floating-point numbers required to represent
the finite element matrix is also represented (since the matrix is symmetric, it is the number
of non-zero elements in the upper triangle).

When static condensation is not used, the number of degrees of freedom required is
always reduced when p increases from 2 to 6. However, if the number of non-zero elements
reduces from p = 2 to 4, it increases from p = 4 to 6. This observation holds for all
accuracy levels considered.

When static condensation is used, the numbers of degrees of freedom and non-zero
elements are reduced when p is increased.

We conclude that high order MMAm is an interesting method for constant density
cases if static-condensation is used. In the case where static condensation is not used,
the efficiency of high order polynomials might depend on the sparse linear solver used.
However, increasing the order of discretization seems to be interesting at least up to p = 4.
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Figure 4.39: Number of degrees of freedom and non-zero elements in the linear system
without static condensation for f = 10Hz
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Figure 4.40: Number of degrees of freedom and non-zero elements in the linear system
with static condensation for f = 10Hz

Adaptive meshes

One advantage of finite element discretizations over finite difference discretizations is the
possibility to locally adapt the mesh. Indeed, finite element discretizations do not have to
rely on a cartesian grid but are rather based on a mesh made of triangles. Finite element
methods can thus naturally handle different discretization steps in the same simulation as
long as it is possible to produce a mesh.

This is of particular importance in Geophysics because it is possible to guess where the
mesh needs to be refined in advance. Indeed, it is well-known that the crucial requirement
for the finite element method to be accurate is to ensure that they are enough points per
wavelength. The wavelength of the solution is directly linked to the wave velocity, which
is known before the simulation. Since the velocity can vary from 1000 ms~! in shallow
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regions to 5000 m.s~! in depth, it might be of interest to have a mesh 5 times more refined

near the surface than in depth.

More precisely, assume we have a mesh 7, and that the velocity is constant in each
cell. A cell K € Ty, is associated with a wave velocity cx. If hx is the diameter of K, the
number of points per wavelength when using finite elements of degree p can be expressed
as

NE ~ DK 41

If hx = h is constant (for example, using a cartesian grid), the number of points per
wavelength varies from one cell to another, depending on the velocity value cx. On the
other hand, if one wishes to keep the number of points per wavelength N, to a constant
value in all cells, the cell diameters need to be selected so that

PCK
hyg ~ ——. 4.1
BTfN, (4.18)
Thus, the ideal cell size at the point x € €2 would be
h(z) ~ PE) (4.19)

~ N,

Actually (4.19) defines a "metric” than can be used to produce adaptive meshes [68].
In this section, we propose to use the software BL2D [66] to produce and use such meshes.
In order to compare with cartesian grid results, we define a "minimum step” h,,;, and
define the mesh metric by

h(z) = @hmm, x € Q. (4.20)

Cmin

Definition (4.20) ensures that the number of points per wavelength is the same for all
cells. Furthermore, the smallest cell in the mesh should be of length h,,;,.

In the following, we compare the adaptive mesh with minimum mesh step h,,;, to the
cartesian mesh with constant mesh step h = h,,;,. The idea behind this choice is that
the strongest requirement on the mesh is where the velocity is minimal. When using a
cartesian mesh, the mesh step is the same everywhere and the mesh is unnecessary refined
where the wavespeed is higher. We thus expect that the adaptive and cartesian meshes
yield the same precision, the adaptive mesh being optimal and therefore, less costly to use.

Figures 4.41 to 4.44 show adaptive and cartesian meshes for h,,;, = 80 and 160 m. The
number of cells in the adaptive meshes is approximately divided by two as compared to
the cartesian meshes.

Of course, since adaptive meshes are non-cartesians, they are obviously non-fitting
(since the velocity parameter is given on a cartesian grid). We therefore use the MMAm
with 1024 subcells to approximate the medium.
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Figure 4.44: Cartesian mesh with A = 160 m (8192 triangles)

Numerical results are presented in Tables 4.20 to 4.23. In every test case, the error
level is comparable for the adaptive and the cartesian meshes. It confirms the idea that
the cartesian mesh is over-refined in some regions and that the bottlenecks are the regions
with minimal velocity.

In terms of performance, if we compare the case hp;, = 320 m and p = 6 (2.03% error
for f = bHz) with static condensation, the number of degrees of freedom is 15589 for the
cartesian mesh against only 8844 for the adaptive mesh. The number of non-zero elements
in the finite element matrix is also reduced from 256312 to 144500 by using the adaptive
mesh.

For the case hp,;, = 80 m and p = 2 (4.62% error for f = 5Hz), the number of degrees
of freedom is reduced from 64897 to 35200 and the number of non-zero elements is reduce
from 403216 to 218371.

The number of cells is thus almost halved when adaptive meshes are used. It follows
that the number of degrees of freedom and the filling of the linear system are divided by
a factor close to 2 as well.

In order to show the interest of the MMAm, let us consider again the cases h,,;, = 320
m with p = 6 and h,,;, = 80 m with p = 2 for f = 5Hz. If we use an averaged parameter
with the standard FEm, the relative error is 64.7% for h,,;, = 320 m and p = 6 (against
2.03% using the MMAm). For the case h,;, = 80 m and p = 2, the relative error is 10.7%
for the standard FEm with an averaged parameter (against 4.62% using the MMAm).

hmin | p=1 p=2 p=3 p=4 p=5 p=6| h |p=1 p=2 p=3 p=4 p=5 p=6

40 | 722 0.56 0.34 0.27 0.19 0.14] 40 | 60.6 049 032 022 0.16 O

80 | 123 4.62 0.70 0.41 0.37 0.36| 80 | 119 3.76 0.69 0.46 0.42 0.41
160 | 120 54.2 293 1.44 1.00 0.76| 160 | 116 419 241 144 0.98 0.73
320 | 110 126 72.3 9.13 268 203|320 | 107 119 46.6 5.67 2.38 191

Table 4.20: Relative error (%) for f = 5Hz with the adaptive (left) and cartesian (right)
meshes
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hmin | p=1 p=2 p=3 p=4 p=5 p=6| h |p=1 p=2 p=3 p=4 p=5 p=06
40 135 948 0.29 0.22 0.17 0.14 | 40 | 127 6.72 0.25 0.17 0.12 0
80 | 118 90.5 356 044 0.36 0.35| 80 | 120 74.8 2.55 0.39 0.32 0.32
160 | 125 135 101 11.3 1.60 095|160 | 115 119 783 7.91 1.06 0.61
320 | 100 122 131 140 111 35.8|320 | 100 107 124 127 77.0 19.2
Table 4.21: Relative error (%) for f = 10Hz with the adaptive (left) and cartesian (right)
meshes

hmin | p=1 p=2 p=3 p=4 p=5 p=6| h |p=1 p=2 p=3 p=4 p=5 p=06
40 125 59.7 1.18 0.29 0.24 022 40 | 129 458 0.72 0.18 0.13 0
80 118 142 43.1 222 0.65 058 &8 | 112 124 33.3 1.75 0.38 0.35
160 | 100 122 138 120 25.6 3.94|160 | 101 121 124 99.5 188 2.62
320 | 101 105 122 132 133 137 ||320 | 104 102 118 125 123 120

Table 4.22: Relative error (%) for f = 15Hz with the adaptive (left) and cartesian (right)
meshes

hpin | p=1 p=2 p=3 p=4 p=5 p=6|| h |p=1 p=2 p=3 p=4 p=> p=0
40 | 124 131 7.44 049 035 03240 | 124 122 515 023 0.15 0
80 | 164 143 132 19.6 1.84 0.99| 80 | 113 132 121 16.1 1.30 0.56
160 | 100 154 139 131 132 46.0|160 | 100 110 126 125 115 36.8
320 | 100 100 112 127 141 132320 | 100 100 106 110 125 125

Table 4.23: Relative error (%) for f = 20Hz with the adaptive (left) and cartesian (right)
meshes

4.4.3 2D Acoustic simulations with non-constant density: Mar-
mousi 11 model

In this subsection, we consider the Marmousi II model [71]. The P-velocity and the density
are represented by a 2048 x 512 grid with 5 m step as depicted on Figures 4.45 and 4.46.
We consider a smoothed version of the model by applying a 50 m low-pass filter. The
smoothed versions of the P-velocity and density are given on Figures 4.47 and 4.48.
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Figure 4.45: Marmousi II P-velocity model
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Figure 4.46: Marmousi II density model
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Figure 4.47: Marmousi II smoothed P-velocity model
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offset (krr)

Figure 4.48: Marmousi II smoothed density model

Tables 4.24 to 4.28 present results for frequencies f = 5,10,15,20 and 30Hz. For all
frequencies, we are able to obtain accurate results on non-fitting meshes if high order
polynomials are used. Like in the constant-density case, we obtain similar results in the
original and smoothed media. This might be explained by the fact that the error is mostly
due to dispersion, and that the impact of small-scale heterogeneities is small.

h |p=1 p=2 p=3 p=4 p=H p=6| h |p=1 p=2 p=3 p=4 p=5H p=6

5 1255 0.13 0.00 X X X 5 1234 0.13 0.00 X X X
10 | 10.1 0.33 0.19 0.11 X X 10 1 9.18 0.33 0.19 0.11 X X
20 | 38.7 0.73 0.59 044 x X 20 | 346 0.73 0.59 044 x X
40 | 104 2.09 0.89 0.75 0.66 X 40 | 95.7 1.79 0.89 0.75 0.65 X
80 | 119 20.0 1.66 1.25 1.05 096 || 80 | 117 17.5 1.54 1.25 1.05 0.96
160 | 109 112 19.0 293 1.80 1.53 ] 160 | 110 105 15.6 245 1.75 1.52
320 | 101 112 123 682 145 439 320 | 100 112 115 579 11.2 3.19

Table 4.24: Relative error (%) for f = 5Hz in the original (left) and smoothed (right)
Marmousi II models

h |p=1 p=2 p=3 p=4 p=H p=6| h |p=1 p=2 p=3 p=4 p=5H p=6

5 226 0.12 000 x X X 5 | 193 0.13 0.00 x X X
10 | 77.8 0.40 0.19 0.11 x X 10 | 68.7 037 0.19 0.11 x X
20 | 129 346 0.58 043 x X 20 | 122 276 0.59 044 x X
40 | 129 434 142 0.75 064 x 40 | 129 36.5 1.11 0.76 0.66 x
80 | 109 127 38.1 297 1.15 098 || 80 | 109 120 304 1.98 1.07 0.98
160 | 100 116 122 105 27.3 5.28 || 160 | 100 116 115 97.0 20.9 3.15
320 | 100 101 106 118 125 120 || 320 | 101 101 107 118 119 114

Table 4.25: Relative error (%) for f = 10Hz in the original (left) and smoothed (right)
Marmousi II models
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h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6
5 176.3 0.21 0.00 X X X 5 1 70.6 0.21 0.00 X X X
10 | 135 1.90 0.27 0.15 X X 10 | 134 1.64 0.28 0.16 X X
20 | 135 26.0 090 0.62 X X 20 | 133 22.7 0.89 0.65 X X
40 | 123 129 14.6 1.28 0.94 X 40 | 123 130 12.1 1.15 097 X
80 | 110 129 128 51.6 5.97 1.76 80 | 116 131 125 426 4.03 1.49
160 | 150 112 117 125 124 107 || 160 | 107 112 117 121 121 99.8
320 | 100 100 105 107 112 120 || 320 | 100 100 105 107 111 123

Table 4.26: Relative error (%) for f = 15Hz in the original (left) and smoothed (right)

Marmousi II models

h |p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6
5 127 0.55 0.00 X X X 5 126 0.50 0.00 X X X
10 | 134 7.71 0.37 0.20 X X 10 | 132 6.75 0.39 0.22 X X
20 | 127 90.2 241 0.85 X X 20 | 128 83.7 2.04 0.91 X X
40 | 121 134 80.3 5.23 1.34 X 40 | 123 133 725 3.93 1.37 X
80 | 101 124 132 124 574 9.06 80 | 101 126 130 124 46.8 5.80
160 | 101 106 116 117 128 122 || 160 | 196 101 119 118 127 123
320 | 100 102 100 104 111 108 || 320 | 100 274 100 105 109 108
Table 4.27: Relative error (%) for f = 20Hz in the original (left) and smoothed (right)

Marmousi IT models

h |p=1 p=2 p=3 p=4 p=> p=>6 h | p=1 p=2 p=3 p=4 p=b p=6
5 | 139 335 0.00 x X X 5 | 135 265 0.00 x X X
10 | 138 479 0.66 0.21 X X 10 | 141 384 0.52 0.21 X X
20 | 116 135 26.2 1.23 X X 20 | 116 128 20.1 1.00 X X
40 | 113 128 131 82.6 9.10 X 40 | 112 128 122 67.2 6.14 X
80 | 101 117 118 134 126 123 80 | 101 114 116 130 119 116
160 | 100 100 102 109 114 124 || 160 | 100 100 102 106 115 121
320 | 100 100 100 100 104 103 || 320 | 100 100 100 100 103 104
Table 4.28: Relative error (%) for f = 30Hz in the original (left) and smoothed (right)

Marmousi II models

Frequency f = 20Hz

We focus on the case f = 20Hz. In order to provide a comparison with the standard FEm,
we propose a method where an average bulk modulus & is used instead of the original value.
We do not homogenize the density. Indeed, homogenizing the density is more complicated
than just averaging. We thus keep the original value and use the MMAm formula for the

density.
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Hence, we use the following formula to compute the coefficients in the MMAm:

1 1 1 1
ooy =3~ [ e [ 2veve=> o [ Ve v
/K” ! lzlffl K, ! K P ¢ ! lzlpl K, ¢ !

To compare with the standard FEm, we use the following quadrature formula to com-
pute the mass matrix coefficient

ivo=(Gnf2) oo [2-

and keep the MMAm formula for the stiffness matrix:

m

1 1
[ 5veva =3~ | Ve v,

1= Pt/ K

Convergence curves for p = 3,4, 5 and 6 are presented on Figures 4.49 to 4.52. In every
considered configuration, the MMAm is more accurate than the FEm.

We provide two fits in A for every convergence curve. The first fit is carried out on
the larger mesh steps and gives a > p + 1. The second fit is carried out in small mesh
steps and gives o < p + 1. We interpret these two different convergence rates as the
separation between the pre-asymptotic range where the method is over-convergent and the
asymptotic range where the convergence rate is suboptimal. Again, a similar behaviour
has already been observed by Thlenburg and Babuska [59] for 1D homogeneous problem
with the standard FEm. The difference here is that since the solution is not H?, the rate
of convergence of the best approximation is suboptimal (less than p + 1 in the L? norm).
This is the reason why the convergence rate is not optimal in the asymptotic range.

In particular, for the cases p = 5 and 6, the asymptotic convergence rate is less than
1. This can be explained by the fact that the density varies quickly or is discontinuous.
When the density is discontinuous, the solution does not belong to H?(2) which explains
that the convergence rate is not even 1. On the other hand, the convergence is good in the
pre-asymptotic range.

The MMAm slightly outperforms the FEm in the original medium. The FEm never
reaches 10% accuracy on all considered meshes, while the MMAm is able to achieve 1%
relative L? error.

The MMAm and the FEm gives similar error levels in the smoothed medium for the
case p = 3 (see Figure 4.49). For p > 3, the MMAm solution is at least four times more
accurate than the FEm solution on the same mesh.

We can say that the MMAm always improves the quality of the numerical solution
compared to the FEm while the linear system to solve has exactly the same size and stencil.
It is also clear that the MMAm reduces the computational cost for a given accuracy, and
we can give similar numbers than in the constant density case. On the other hand, the
asymptotic convergence rate of high order elements is very poor, which can be explained
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by the fact that the density is discontinuous or highly oscillating. We also make this
observation in performance assessments.

ErrorMMAm — Error MMAm ———
Error FEm —— Error FEm ——
0.5 | 1
S S
L i
2 2 o
© T
o g 0.05
o o
0.01
..'55.47
15 20 25 30 15 20 25 30
h h

Figure 4.49: Convergence curves for p = 3 in the original (left) and smoothed (right) media

Error MMAmM —— Error MMAmM ———
Error FEm —— Error FEm ——
0.5
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i m
2 2 01
% % 0.05
o o
0.01
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h h

Figure 4.50: Convergence curves for p = 4 in the original (left) and smoothed (right) media
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Error MMAmMm ——— ‘ Error MMAmM ———
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Figure 4.51: Convergence curves for p = 5 in the original (left) and smoothed (right) media
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Figure 4.52: Convergence curves for p = 6 in the original (left) and smoothed (right) media

Performance assessments of the MMAm are depicted on Figures 4.53 and 4.54. We see
that the size and the filling of the linear system are reduced for p = 4 compared to p = 3
(it is also smaller than for p = 1 and 2 though this is not represented here). The case of
high order discretizations with p > 5 needs to be discussed more precisely.

We see that the size and filling of the linear system are reduced for p = 5 and 6 if static
condensation is used and the desired accuracy level is 5 or 10%.

However, it is clear that p = 5 and p = 6 elements are more costly than p = 4 elements
if the desired accuracy is 1%. This is agreement with the observation that the asymptotic
convergence rate is poor for p = 5 and 6 (see Figures 4.51 and 4.52). Also, it can be
explained by the fact that since the density is either discontinuous or fastly variating, high
order methods do not bring additional precision to the best approximation. Actually, the
same mesh step needs to be used to obtain a 1% accuracy for p = 4,5 and 6, so that p = 4
discretization is cheaper.

As a conclusion, we might say that p = 4 elements seem to be the best choice for the
non constant-density test-case considered here. In this case, the MMAm makes it possible
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to use a coarse mesh, while preserving the quality of the numerical solution. If the standard
FEm with parameter averaging is used, we might expect the solution to be at least 4 times
less accurate.

18

1% ——

M of dof w/o static condensation

M of non-zero elements w/o static condensar

Figure 4.53: Number of degrees of freedom and non-zero elements in the linear system
without static condensation for f = 20hz

0.9

1% —— 1% ——

M of dof with static condensation

M of non-zero elements w/o static condensa

Figure 4.54: Number of degrees of freedom and non-zero elements in the linear system
with static condensation for f = 20hz

4.4.4 3D Acoustic simulations with constant density: Louro Model

In this subsection, we consider a 3D velocity model. The density p = 1 is assumed to be
constant. The velocity is given by a 64 x 64 x 32 cartesian grid with 20 m step which is
depicted on Figure 4.55.
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Figure 4.55: x, y and z cuts of the velocity model

A Dirichlet boundary condition is imposed as a free surface condition and PML layers
of 160 m are used to bound the computation domain. A Gaussian source located at
y = (500m, 500m, 50m) with o = 50 m is used as right hand side:

F(z) = exp (— 2 _2y|2) zeq

o

Numerical meshes are based on cartesian grids, each cube of the grid being subdivided
into 6 tetrahedron. The mesh steps are ranging from h = 20 m (fitting mesh) to h = 160
m. Numerical solutions are evaluated on a 128 x 128 x 64 cartesian grid for comparison.
We use single precision arithmetic and the single precision complex version of MUMPS
as linear solver [11]. The MMAm code has been run on CRIHAN (HPC center). We are
limited to 1024 Gb of memory (64 MPI processes with 16 Gb each), and the ”out of core”
option of MUMPS makes it possible to compute a reference solution using 13 x 10° of
degrees of freedom and 766 x 10° of non-zero elements in the linear system using p = 4
elements on a fitting mesh (we are not using static condensation).

The MMAm solutions are computed using a 569 tetrahedron reference submesh. The
submesh has been generated by Tetgen [90]. We compare MMAm solutions with FEm
solutions. FEm solutions are computed using a constant value for the velocity in each cell.
This value is selected in the grid using the barycenter of the cell (remark that no averaging
is done here).

Numerical results for the frequency f = 10Hz are presented on Table 4.29. The reference
solution is computed on a fitting mesh (h = 20 m) with p = 4 elements. We see that it is
possible to obtain accurate solutions on non-fitting meshes if high order elements are used
with the MMAm. In particular, it is possible to use a mesh step 8 times larger than the
medium grid (h = 160 m) if polynomials of degree p = 6 are used. The MMAm solution
is 10 times more accurate than the FEm solution in this case.

h |p=1 p=2 p=3 p=4 p=> p=6|| h |p=1 p=2 p=3 p=4 p=>H p=6

20 1 66.0 280 250 O X b'e 20 | 66.0 280 250 O X X
40 | 113 153 3.40 3.77 353 x 40 | 114 214 153 11.7 115 x
80 | 135 848 17.1 4.89 462 4.65 | &8 | 131 91.1 378 309 30.6 308
160 | 108 123 939 516 174 6.53 || 160 | 107 128 101 77.3 682 61.7

Table 4.29: Relative error in % for f = 10Hz with the MMAm (left) and the FEm (right)
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The size and filling of the linear system are presented on Figure 4.56. Except for the
case p = 5, the size and the filling of the linear system are reduced when p increases. We
would like to point out that we do not obtain a ”perfect” curve as in the Overthrust test
case because we only take mesh size of the form 20 x 2/. We think we could obtain a
smaller linear system with less filling for p = 5 by letting the mesh step increase between
80 m and 160 m.

In order to compare with the standard FEm, we can consider the p = 2 solution on
the fitting mesh as a reference. Then, the number of degrees of freedom required to obtain
less that 10% of relative L? error is reduced by a factor 6 for p = 4 and by a factor 14 for
p = 6. The filling is reduced by a factor 4 for p = 4 and by a factor 6 for p = 6. We would
like to point out, however, that this result needs to be mitigate by the fact that the p =4
is 1.74 less times precise and the p = 6 solution is 2.33 less times precise. Again, this is
because the mesh size are of the form 20 x 2/ and we think we could obtain a similar result
(less in favor of the MMAm) with the same 5% precision for p = 2,4 and 6 by selecting h
more freely.

70

Nnz ——

60
50

40 |

M of dof

30

M of non-zero elements

20

10

p

Figure 4.56: Size and filling of the linear system for a < 10% accuracy

We now provide additional information on Figure 4.57 concerning the computational
time and memory usage using 16 MPI process with the linear solver CMUMPS 5.0.0 [11].

In all test cases, the time required to compute the matrix coefficients is of the order
of the second, and is negligible compared to the time required to solve the linear system.
This result strongly confirms the interest of the MMAm. We would like to point out that
the result would be even more impressive if several right hand side were used.

It is clear that the computational time and the memory usage are reduced when p
increases, at least up to p = 4. If p = 2 is taken as a reference for the standard FEm, the
computational time and memory usage are reduced by 15 and 11 for p = 4 and by 65 and
32 for p = 6 with the MMAm.



4.4. GEOPHYSICAL TEST-CASES 167
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Figure 4.57: Computational times and memory usages (CMUMPS 5.0.0 with 16 MPI
processes)

The results are impressive when comparing different polynomial degrees to obtain an
accuracy level close to 5%. However, the results would have been less impressive if we
had compared for a 3% accuracy for example. In particular, we see that when A is small
the precision is not greatly improved when p is increased. For instance, we have the same
precision for p = 4,5 and 6 when h = 80. However, for larger h this is not the case and the
precision is improved when p ranges from 4 to 6 and h = 160 m. We think that this might
be because we are using simple precision arithmetic and that the matrix is ill-conditioned.
Unfortunately, we did not compute the condition number of the matrix while doing the
experiment (the option is available is MUMPS, however, it requires more memory and
computational time). Also, the difference between the reference solution p = 4 and the
closest solution p = 3 computed on the fitting mesh is of the order of 1% which might be
to much to compare for a 3% level of accuracy.

We conclude that the MMAm seems very interesting for 3D acoustic experiments with
constant density if an accuracy level of 10 or 5% is required. Further investigations are
required to discuss the case of 1% accuracy.

4.4.5 2D Elastic simulations with constant density: Overthrust
model

We close this section with 2D elastic experiment. We consider again the Overthrust model.
As illustrated on Figure 4.58, we obtain a shear velocity model by applying the rule from
Castagna et al. [32]:

cp = 1.16¢5 + 1360.
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Figure 4.58: Overthrust S-velocity model

We also consider a smoothed version of the model, where a 200 m low-pass filter has
been applied to the velocity model. The smoothed version of ¢, is represented on Figure
4.59.
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Figure 4.59: Smoothed Overthrust S-velocity model

A Neumann free-surface boundary condition is imposed on the top of the domain. 640
m PML layers are used to simulate an infinite propagation medium.

Tables 4.30 to 4.32 present numerical results where f = 2,5 and 10Hz. We see that,
unlike the acoustic case, there is an important accuracy difference between the original
and smoothed media. As an example, when p = 6, the MMAm solution is always at least
5 times more accurate in the smoothed medium, than in the original medium.

We explain the difference between the acoustic and the elastic cases by the fact than
in the elastic case, the velocity parameters ¢, and ¢, are "inside” the divergence operator.
Therefore, the velocity contrasts have a stronger impact on the solution. Yet, the MMAm
is still able to provide accurate solutions on non-fitting meshes, even in the original medium
at low frequencies f = 2 and HHz.

However, as shown by Table 4.32, we are not able to obtain accurate solutions on
non-fitting meshes in the original medium for f = 10Hz.
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The results are promising in the smoothed medium, where accurate solutions are obtain
on non-fitting meshes, even for the frequency f = 10Hz.

We conclude that the MMAm provide improved results in the smoothed medium for all
frequencies considered and in the original medium at low frequency. From our experiment,
it is not clear that the MMAm might improve the performance of the standard FEm in
highly contrasted media for high frequencies.

h | p=1 p=2 p=3 p=4 p=> p=6| h |p=1 p=2 p=3 p=4 p=H p=6

40 | 91.7 0.64 0.14 0.09 0.06 O 40 | 829 043 0.14 0.09 006 O

80 | 121 853 234 140 1.29 095| 80 | 121 5.06 045 0.28 0.24 0.19
160 | 114 64.7 5.73 3.38 275 229 | 160 | 116 51.1 1.83 0.69 0.53 0.44
320 | 110 117 61.3 11.5 5.76 4.50 | 320 | 111 116 42.3 3.55 1.25 0.93

Table 4.30: Relative error (%) for f = 2Hz in the original (left) and smoothed (right)
elastic Overthrust models

h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=H p=6

40 | 126 40.2 058 0.16 0.10 O 40 | 125 349 039 0.14 009 O

80 | 116 126 24.2 420 342 256 | 80 | 116 125 15.6 080 0.46 0.35
160 | 125 123 124 60.3 12,5 7.61 || 160 | 111 180 123 40.3 3.45 0.97
320 | 105 110 112 128 121 &88.8 | 320 | 103 108 129 123 120 58.8

Table 4.31: Relative error (%) for f = 5Hz in the original (left) and smoothed (right)
elastic Overthrust models

h | p=1 p=2 p=3 p=4 p=> p=6 h | p=1 p=2 p=3 p=4 p=>H p=6

40 | 122 135 448 142 020 O 40 | 121 135 33.5 087 0.17 0

80 | 122 136 133 120 588 40.0| 8 | 119 146 134 824 7.18 0.99
160 | 104 111 115 128 131 128 || 160 | 103 109 188 128 132 108
320 | 100 104 108 111 113 120 || 320 | 100 102 105 109 113 122

Table 4.32: Relative error (%) for f = 10Hz in the original (left) and smoothed (right)
elastic Overthrust models
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Conclusion

This work focus on numerical approximation of the Helmholtz equation in heterogeneous
media. The numerical solution methodology has been considered in the context of seismic
imaging applications where accuracy must be achieved with a limited computational burden
to have any chance of solving the corresponding inverse problem. Regarding its practical
impact, the main contribution of this PhD is the full design of the Multiscale Medium
Approximation method (MMAm).

Because special properties of the continuous solution were required to analyse the
MMAm properly, we have started with the mathematical analysis of the continuous prob-
lem. This work has been presented in Chapter 2 for 1D Helmholtz problems and in Chapter
3 for 2D problems. Our main achievements are then the derivation of frequency-explicit
stability estimates for the solution of 1D Helmholtz problem in general acoustic media.
In 2D, our results are only valid if the density is constant and if the velocity satisfies a
monotonous hypothesis. In both cases, our results are proper generalization of the stability
estimates available for homogeneous Helmholtz problems and our bounds are optimal with
respect to the frequency.

Concerning the analysis of the MM Am, we have derived a pre-asymptotic error-estimate
for 2D problems when linear Lagrangian elements are used. We believe that the crucial
result of our analysis is our asymptotic error-estimates for 1D problems. Indeed, we were
able to show that using quadratic and cubic finite elements is very interesting, even if the
solution is H? only because of the discontinuities of the velocity parameter. Theses results
have been applied under the assumption that the density is constant.

From the numerical point of view, we have been able to validate the MMAm with
analytical test-cases featuring strong velocity contrasts. These numerical results are in
accordance with our theoretical analysis. The MMAm has also been tested with geophysical
benchmarks, chosen to be representative of seismic imaging. These tests show that the
method is accurate and efficient and outperforms the standard finite element method for
the targeted application. In particular, numerical experiments on benchmarks with non-
constant density show that the method is still efficient even if this case is not covered by our
analysis. We have also investigated how the method works for elastic wave propagation.
The results are promising, but the interest of the method might be limited to the low
frequency regime.

Future developments should focus on the analysis and the possible extensions of the
method for the non-constant densities both in acoustic and elastic cases. Indeed, these
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results are not covered by our analysis and have been observed to be tricky to discretize
from the numerical point of view. A natural extension of the MMAm for layered media
with non-constant density could be the ”"special finite element method” of Babuska et
al. [17].

In the "special finite element method” of Babuska et al., special shape functions are
obtained from Lagrangian polynomials through a change of variables. This change of
variables follows the variations of the density, which are supposed to be one-dimensional.
The method has been tested for linear Lagrangian element. One of the drawbacks of the
method is that the conformity of the original elements is lost. Since this might be a problem
for higher order elements, we would propose to use a penalization technique to ensure the
stability of the resulting scheme.

A promising approach for complex propagation media with non-constant density is the
MHMm proposed by F. Valentin et al. [13]. In the framework of the HOSCAR project
(www-sop.inria.fr/hoscar/), I had the opportunity to meet F. Valentin and we started
working on this topic. Using the MHMm is thus an on-going work and preliminary results
make us confident in the capability of MHMm to handle complex media.
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