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Sujet Méthodes numériques pour I'estimation des fluctuations dans les matériaux
multi-échelles et problémes reliés

Résumé Le travail de cette these a porté sur la simulation numérique des matériaux
multi-échelles. On considére des matériaux hétérogeénes dont les propriétés physiques
ou mécaniques (conductivité thermique, tenseur d’élasticité, ...) varient a une échelle
petite par rapport a la taille du matériau. La these s’articule en deux parties qui corres-
pondent a deux aspects différents des problemes multi-échelles.

Dans la premiére partie, on se place dans le cadre de 'homogénéisation aléatoire et on
s’intéresse a une question plus fine que la caractérisation d’'un comportement moyen :
on cherche a étudier les fluctuations de la réponse. Plus généralement, nous visons
a comprendre : (i) quels parameétres de la distribution des coefficients du matériau a
I’échelle fine affectent la distribution de la réponse a I’échelle macroscopique, et (ii) s’il
est possible d’estimer cette distribution sans utiliser une méthode type Monte-Carlo,
trés couteuse. Sur le plan théorique, nous avons considéré un matériau faiblement
aléatoire (micro-structure périodique avec ajout d’une perturbation aléatoire petite).
Nous avons montré qu’en utilisant le correcteur standard issu de la théorie de I’homo-
généisation aléatoire, nous sommes capables de calculer un tenseur Q qui gouverne
completement les fluctuations de la réponse. Ce tenseur, défini par une formule expli-
cite, permet d’estimer la fluctuation de la réponse sans résoudre le probleme fin pour
de nombreuses réalisations. Une stratégie d’approximation numérique de ce tenseur a
ensuite été développée et testée numériquement dans des cas plus généraux.

Dans la deuxieéme partie de la these, on considére un matériau hétérogene détermi-
niste fixé ou les hypothéses classiques d’homogénéisation (périodicité, ...) ne sont
pas vérifiées. Les méthodes de résolution standard type Eléments Finis donnent de
mauvaises approximations. Pour pallier cette difficulté, la Méthode des Eléments Fi-
nis Multi-échelles (MsFEM) a été introduite il y une vingtaine d’année. La méthode
MSFEM se décompose en deux étapes : (i) créer un espace d’approximation grossier
engendré par les solutions de problémes locaux bien choisis; (ii) approximer la so-
lution avec une approche de Galerkine peu couteuse sur 'espace construit dans (i).
Dans cette deuxieme partie, plusieurs taches ont été réalisées. Tout d’abord, une im-
plémentation de plusieurs variantes MSFEM a été effectuée sous forme de template
dans le logiciel de calcul Eléments Finis FreeFem++. Par ailleurs, plusieurs variantes
des MsFEM patissent d'une erreur dite de résonance : lorsque la taille des hétérogénéi-
tés est proche de la taille du maillage grossier, la méthode devient trés imprécise. Pour
pallier ce probleme, une méthode MsFEM enrichie a été développée : a la base MSsFEM
classique on rajoute des solutions de problémes locaux ayant pour conditions aux li-
mites des polynémes de haut degré. L’utilisation de polyndmes nous permet d’obtenir
une convergence de 'approche a des cotits de calcul raisonnables.

Mots-clefs Multi-échelles, Homogénéisation aléatoire, Eléments finis multi-échelles,
Equations elliptiques



Title Numerical methods for the study of fluctuations in multi-scale materials and
related problems

Summary This thesis is about the numerical approximation of multi-scale materials.
We consider heterogeneous materials whose physical or mechanical (thermal conduc-
tivity, elasticity tensor, ...) vary on a small scale compared to the material length. This
thesis is composed of two parts describing two different aspects of multi-scale prob-
lems.

In the first part, we consider the stochastic homogenization framework. The aim here
is to go beyond the identification of an effective behavior, by attempting to character-
ize the fluctuations of the response. Generally speaking we strive to understand: (i)
what parameters of the distribution of the material coefficient affect the distribution of
the response and (ii) if it is possible to approximate this distribution without resorting
to a costly Monte-Carlo method. On the theoretical standpoint, we consider a weakly
random material (the micro-structure is periodic and presents some small random de-
fects). We show that we are able to compute a tensor Q that governs completely the
fluctuations of the response, thanks to the use of standard corrector functions from the
stochastic homogenization theory. This tensor is defined by an explicit formula and
allows us to estimate the fluctuation of the response without solving the fine problem
for many realizations. A numerical approximation of this tensor has been proposed
and numerical experiments have been performed in broader random frameworks to
assess the effectiveness of the approach.

In the second part, we consider a heterogeneous deterministic material where classi-
cal homogenization (periodicity, ...) assumptions are not satisfied. Standard methods
such as Finite Elements give bad approximations. In order to solve this issue the Multi-
scale Finite Element Method (MsFEM) can be used. This approach proceeds in two
steps: (i) design a coarse approximation space spanned by solutions to well-chosen
local problems; (ii) approximate the solution by an inexpensive Galerkin approach
on the space designed in (i). On this topic, we first implemented the main variants
of the MSFEM methods in the Finite Element software FreeFem++ on template form.
Second, many MsSFEM approaches suffer from resonance error: when the size of the
heterogeneities is close to the coarse mesh size the accuracy decreases. In order to
circumvent this issue, we designed an enriched MsFEM method: to the classical Ms-
FEM basis, we add solutions to local problems with high degree polynomial boundary
conditions. The use of polynomials allows us to obtain a converging approach for a
limited computational cost.

Keywords Multi-scale, Random homogenization, Multi-scale Finite Elements, Ellip-
tic equations.
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RESUME DE LA THESE

De nombreux problémes dans 'industrie concernent des matériaux multi-échelles. Par
exemple dans le cadre de I'ingénierie de ’aviation ou du batiment des matériaux de
plus en plus complexes sont utilisés. En général, il y a une séparation d’échelles : on
possede de I'information sur la composition du matériau a une échelle fine et on veut
en déduire son comportement effectif en termes de propriétés physiques (conductivité
électrique ou thermique, comportement mécanique) a une échelle plus large. Les tech-
niques classiques d’approximation numérique comme les Eléments finis donnent de
mauvais résultats au sens que le probléeme doit étre résolu a I’échelle fine pour avoir
une précision acceptable. Ceci conduit a des calculs trop lourds. Il y a donc un besoin
de créer des approches multi-échelles : des techniques qui utilisent la connaissance de
la micro-structure pour construire une approximation qui donne des résultats précis
avec un cout de calcul raisonnable.

Ce travail de thése a consisté a concevoir des méthodes numériques pour calcu-
ler des approximations de solutions de problémes multi-échelles a des cotuts de calcul
raisonnables. En particulier, on s’est intéressé a des problemes elliptiques avec des co-
efficients hautement oscillants.

Une premiére fagon d’approximer la solution de problemes hétérogénes est de consi-
dérer un régime asymptotique, c’est-a-dire étudier ce qui se passe quand la séparation
d’échelle tend vers I'infini. Sous certaines hypotheéses sur les coefficients, le matériau
se comporte comme un matériau homogene dit effectif ne comportant plus de petites
échelles, et donc plus facile a discrétiser numériquement. Cette facon de procéder est
au coeur des techniques dites d’homogénéisation : a partir de la micro-structure, on
en déduit un comportement effectif. Dans le cas déterministe, en particulier quand
les coefficients sont supposés périodiques, on peut construire des approximations tres
efficaces qui convergent en fonction de la séparation d’échelle. Dans le cadre de I’ho-
mogénéisation stochastique, quand les coefficients sont caractérisés par une loi sup-
posée invariante par translation on trouve des résultats similaires au cas déterministe.
Asymptotiquement, le matériau se comporte comme un matériau effectif déterministe.
Enrevanche, quand la séparation d’échelle n’est pas infinie, la solution est une fonction
aléatoire et une autre question d’intérét est de savoir comment cette solution fluctue
autour de son comportement moyen. Dans la premiére partie de cette thése, en s’inspi-
rant de M. Duerinckx, A. Gloria et F. Otto [31], on étudie les fluctuations de la solution
dans un cas dit faiblement aléatoire introduit dans [26]. Le but est de caractériser la loi
de quantités d’intérét dépendant de la solution.



Le point de vue de ’homogénéisation repose sur des hypotheses assez restrictives
telles que la stationarité ou la périodicité des coeflicients. En dehors de ces hypothéses,
la théorie donne encore des résultats de compacité, mais ceux-ci sont difficiles a exploi-
ter numériquement. C’est pourquoi, il est intéressant d’élaborer de nouvelles méthodes
numériques qui ne sont pas aussi efficaces mais qui peuvent étre utilisées dans une
gamme de problemes plus large. Pour répondre a cet objectif, de multiples approches
ont été développées. Celles-ci sont fondées sur un principe dit ascendant : des pro-
blémes sont résolus localement a une échelle fine et sont utilisés pour améliorer une
approximation construite sur une échelle plus grossiére. La méthode des Eléments Fi-
nis Multi-échelle (MsFEM) développée par T. Y. Hou et X.-H. Wu dans [55] est dans
cette ligne de pensée. En résumé, L’idée est de créer des fonctions de bases adaptées au
probléme pour construire un espace d’approximation grossier (similaire aux fonctions
affines par morceaux dans le cas élément finis P1). Ces fonctions sont solutions de pro-
blémes locaux. A partir de cet espace engendré par les fonctions de base précalculées,
et de petite dimension, on résout le probleme de Galerkin associé dont la solution sera
notre approximation. Les probléemes locaux a résoudre peuvent étre choisis différem-
ment (notamment conditions aux limites) et chaque choix de probleme local a résoudre
conduit a une unique variante MSFEM. Ainsi, I'approche MsFEM ne correspond pas
a une méthode en particulier mais a une classe de méthodes. Pour la plupart de ces
variantes 'approximation patit d'une erreur dite de résonance, tout particuliérement
quand la taille des problemes locaux est proche de la taille de I’échelle fine. Pour pa-
lier ce probléme, U. Hetmaniuk et R. Lehoucq dans [53] ont proposé d’enrichir la base
MSFEM classique (MsFEM linéaire) par des solutions de problémes aux valeurs propres
généralisés. U. Hetmaniuk et A. Klawonn dans [52] ont prouvé par la suite que I’erreur
de résonance peut étre fortement réduite avec un nombre suffisant d’enrichissements.
Cette méthode dite des Eléments finis spéciaux est efficace bien que la résolution de
problémes aux valeurs propres puisse conduire a des cotits de calcul importants. La
deuxiéme partie de cette thése a consisté a élaborer une méthode d’enrichissement
inspirée de la méthode des Eléments finis spéciaux, et fondée sur des polynomes de
haut degré. Ce travail a été réalisé en collaboration avec en particulier U. Hetmaniuk
de l'université de Washington dans le cadre d'une mobilité financée par I'Université
Paris Est, I'Inria et University of Washington. Sur un théme proche, un travail sur I'im-
plémentation d’approches MsFEM dans le logiciel Freefem++ (voir [50]) sous forme de
template a aussi été réalisé en collaboration avec F. Hecht.

Les contributions originales de cette these sont

« La caractérisation des fluctuations de la solution de problémes hétérogenes et
aléatoires, et particuliéerement dans le cas faiblement aléatoire (voir le CHAPITRE
2)

+ Le développement et 'analyse d’'une méthode d’éléments finis multi-échelles en-
richie par des polynomes de haut degré (voir CHAPITRE 3)

« L’implémentation de MsFEM dans le logiciel FreeFem++ (voir CHAPITRE 4)



CHAPTER 1

INTRODUCTION

1.1 General introduction

Many problems in the industry involve multi-scale materials. For instance the aircraft
industry makes use of composites materials, whereas concrete (obviously very much
used in civil engineering) is actually a very complex and multi-scale material. Usually
there is a separation of scales: we have information on the composition of the material
at the micro-scale and want to infer its effective physical properties on a larger scale.
Classical numerical techniques such as Finite Elements perform poorly in the sense
that the problem has to be solved at the micro-scale in order to get accurate results,
leading to a large computational load. In order to address this issue, multi-scale ap-
proaches have been introduced fifteen years ago. Such techniques use the knowledge
at the micro-scale to build an approximation space yielding accurate results at an af-
fordable cost.

This thesis is about the design of numerical methods to compute affordable ap-
proximation of solutions to multi-scale problems. In particular, we will be interested
in solving elliptic problems with highly oscillating coefficients.

One way to approximate the solution of multi-scale problems is to study the asymp-
totic regime, that is the limit when the separation of scales is going to infinity. Under
some assumptions on the coefficients, the material behaves like a simple effective one.
Such property is at the heart of homogenization techniques: from the micro-structure,
we infer the effective behavior. In the deterministic case, in particular when the coeffi-
cients are assumed periodic, we can build very effective approximations that converge
when the separation of scales increases. In the stochastic homogenization framework,
when the coefficients are characterized by a probability law which is assumed to be
ergodic and stationary (and hence invariant by translation), then we can derive results
similar to those of the deterministic case: the material behaves asymptotically as an
effective material homogeneous and deterministic. However, when the separation of
scales is not infinite, the solution is random and another question of interest is how
it fluctuates around its mean behavior. In the first part of this thesis, inspired by the
work of M. Duerinckx, A. Gloria and F. Otto [31], we study the fluctuations of the solu-
tion in a weakly stochastic case introduced in [26]. The aim is then to characterize the
probability law of some quantities of interest which depend linearly upon the solution.
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The homogenization point of view relies on some geometric assumptions (such as

periodicity or stationarity) on the coefficients. Beyond this case, the theory till provides
compactness results, but they are not easily amenable to practical implementation. It
is therefore interesting to design numerical techniques that can be applied to a broader
range of problems up to possibly a slight loss of efficiency. To address this issue, multi-
ple approaches have been developed. Those usually are bottom-up approaches: prob-
lems are solved locally at a finer scale and are used to improve the computations at a
coarser scale. The Multi-scale Finite Element method (MSFEM for short) developed by
TY. Hou and X.-H. Wu in [55] falls within this line of thinking. The idea is to define
adapted basis functions solution to local problems in order to build a coarse approx-
imation space (similar to piecewise affine functions in the Finite Element case) and
finally compute an approximation by solving the associated Galerkin problem. Each
precise formulation of the local problems to solve leads to a different MSFEM approach.
In most of these methods, the approximation suffers from a resonance error when the
size of the local problems is close to the micro-scale. To circumvent this issue U. Het-
maniuk and R. Lehoucq in [53] proposed to enrich the standard basis with solutions
to eigenvalue problems. U. Hetmaniuk and A. Klawonn in [52] proved that the reso-
nance error can be canceled provided sufficiently many enrichments are considered.
This method is effective, though solving eigenvalue problems can be computationally
challenging. Inspired by this approach, the second part of the thesis considers the de-
sign of an enrichment method based on high order polynomials.
This work has been accomplished in collaboration with in particular U. Hetmaniuk
from the University of Washington where I was invited for two months thanks to the
partial funding of of Université Paris Est, Inria and University of Washington. Also, in
collaboration with F. Hecht we studied how to introduce the MsFEM methods in the
software Freefem++ (see [50]) in a template format.

The main contributions of this thesis are:

« The characterization of the fluctuations in the weakly stochastic case (see CHAP-
TER 2)

+ The design and analysis of an enriched Multi-scale Finite Element Method with
high order polynomials (see CHAPTER 3)

« Implementation of MSFEM into Freefem++ (see CHAPTER 4)

1.2 Context and motivation

Many materials operate on a multi-scale basis. One can think of composite material
that possess an underlying structure leading to interesting properties. Also, there are
a lot of physical processes whose behavior are well understood on a microscopic basis
but for which it is difficult to infer what happens in a macroscopic framework. The
interest of studying multi-scale materials is two-fold: first a scientific interest, that is
to understand better processes that occur on multiples scales; second an engineering
interest to design new materials that have a broader range of physical properties, and
that are hence more likely to meet some engineering requirements at an affordable
cost.

Usually, physical phenomena are modeled by Partial Differential equations. The mate-
rials properties can be encoded in such equations as coefficients functions, boundary
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conditions or external forces.

We will consider here a simple steady heterogeneous diffusion problem with Dirich-
let boundary conditions, a bounded domain D of R? with d the dimension of the am-
bient space.

This problem reads as

1.1
u=0on0dD. (11)

{—div(AVu) = fin D,
In (1.1), the diffusion coefficient A is a matrix of size d x d. Solutions to such prob-
lems can for instance represent the equilibrium temperature in a material, whose ther-
mal properties are encoded in the coefficient A, and subject to the heat source f.
For instance for d = 2, if the material is composed of two materials m, and my in
the domain D of thermal conductance a; and a, respectively (see FIGURE 1.1), then
A =a11,,, I + asl,,,I>, with 1,,, the indicator function of the material m; location.
The solution to (1.1) can also represent the electrical potential in electrical conductance
problems or the displacement of the material in a linear elasticity context.
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Figure 1.1: Example of a two phase heterogeneous material

We aim at solving (1.1) in a multi-scale context when the material is heterogeneous.
We assume that the physical properties of the material undergo changes at a scale €
that is small compared to the characteristic length of the domain D. We denote by
¢ the characteristic length of the micro-scale, the smallest scale of our problem, and
we denote by |D| the volume of the domain that will be the characteristic length of
the macro-scale, the largest scale of our problem. Mathematically this means that the
coefficient A in (1.1) varies at the scale . Making this dependency explicit, we aim at
solving the following problem:

{—div(A5Vu€) = fin D, (1.2)
u. = 0 on 0D.

We can also write the corresponding variational formulation:

Find u. € H}(D) such that

VYo € Hy(D), a.(u,v) = /D (A:Vu) - Vo =b(v) = /va (1.3)
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In order for the problem (1.2) to be well posed, the coefficient A. should satisfy
some assumptions. In order to apply the Lax-Milgram theorem, we usually assume
that A. is elliptic and bounded almost everywhere and uniformly in &:

3C, ceRTVEER!, cl¢]]® < (A(2)€) - £ < COIEI* aee. (1.4)

When ¢ < D, standard approximation techniques are not efficient. For instance,
the Finite Element method usually performs poorly. Let us recall the principle of con-
formal Finite Element methods: it is a Galerkin approach on a finite dimensional space
Vy that is the span of piecewise polynomial basis functions of degree N (piecewise
affine functions in a P1 formulation) built on a mesh of size H. For instance for P1 Fi-
nite Elements, denoting by ¢, the piecewise affine function associated with the interior
vertex i. Denoting Vi = Span(¢;), the P1 FE approximation uy € Vy satisfies

Yo e Vi, a.(ug,v)= / (A:Vuy) - Vo =b(v) = / fu (1.5)
D D

This is equivalent to solve the following linear system:

KU =B
Kij: AEV, -V j,Bi:b i
s = (A:96) - V6, B, = ) o

up = Z Ui
=1

For a thorough monograph of Finite Element theory one can refer to the book [36].

Theorem 1.1 (see e.g. [36] THEOREM 3.16). To approximate the solution u to (1.1), we
consider a uniform mesh of size H of the polygonal domain D C R¢, and introduce the
set Vi of piecewise affine functions. Denoting by uy the solution to (1.5), we have

||U — UHHHl(D) S CH|U|H2(D)

In the multi-scale context such an estimate is usually not satisfactory since |u.| H2(D)
may not be bounded independently of the size of the heterogeneities ¢. For instance if
we consider d = 1 and take a coefficient of the form a, = aper(f) with a,., a Z-periodic
function, usually |u.|g2(p) scales as 1/¢.

Numerical results illustrate this behaviour, showing that the estimate is indeed
sharp. Let us consider a 1D example on (0, 1):

((sin(g) + 1.1> ué)l =1 (1.7)
u(0) = uc(1) =0

We set ¢ = 1/128 (corresponds to an oscillation period 7" ~ 1/20) and compare
the P1 FE approximation for multiple H to a reference solution.

We can see on FIGURE 1.2 that the error decreases linearly for the Poisson problem.
However, for the heterogeneous case, we see that the error stagnates until H ~ 7'/10
and then decreases linearly. Hence, a FE method gives accurate results only if the mesh
size discretizes well the heterogeneities. But in most multi-scale problems the compu-
tational load associated with solving the whole problem at the smallest scale ¢ is much
too large.
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Figure 1.2: Plot of solution for different H (left), H! error for the 1D heterogeneous
problem and Poisson problem as a function of 1/ H (right)

The need to get accurate solutions at a reasonable computational cost has driven
and led to the development of multi-scale techniques. Usually, Multi-scale approaches
use the information at the micro-scale (for instance the knowledge of the coefficient
A.) to improve accuracy on the coarser scale. Such methods are also called bottom-
up approaches. Roughly stated, we can separate such techniques into two categories:
methods that rely on the particular geometric assumption of the coefficient A, (peri-
odicity, stationarity, ...), and more generic methods that integrate fine features into a
coarse approximation space through various means.

The approaches relying on particular assumptions on the coefficient A, are mainly
based on the mathematical homogenization process. The homogenization process
stands for the asymptotic study of (1.2) when the separation of scales becomes infi-
nite (that is when ¢ goes to 0). Then, usually the solution to (1.2) converges to an
asymptotic behavior in some sense, and quantitative estimates may sometimes be es-
tablished. The homogenization methods encompass both the theoretical framework
and the numerical approaches derived from this framework. Such approaches will be
discussed in SEcTION 1.3. The periodic and stochastic homogenization frameworks
will be presented as well as the main contributions of this thesis regarding the fluctu-
ations in the stochastic case that will be more detailed in CHAPTER 2.

However, sometimes A. does not satisfy any structure assumptions though het-
erogeneities are present at a small scale . In this case other approaches should be
considered. Such approaches usually enrich a coarse formulation by inserting local
fine features. These methods will be further explored in SEcTIiON 1.4. Several popular
approaches will be presented though the focus will be put on the Multi-scale Finite
Element methods (MsFEM) and on the enrichment method we designed during this
thesis.

1.3 Homogenization

In multi-scale problems where there is some structure, the goal is to infer the macro-
scopic behavior of a material knowing its micro-structure. One way to achieve that
is to consider a part of the material at a meso-scale J called a representative volume
element (RVE) where ¢ < § < |D|, and compute the behavior of the material on
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0. Assuming that ¢ is representative of the whole material behavior, one uses this in-
formation to perform the macroscopic computation. One can refer to the works [49],
[24], [54],[74], for examples of such an homogenization approach in the physics and
mechanics communities.

It gives intuition that there exists, in some cases, an effective behavior of the ma-
terial that can be obtained through an averaging process.

As an illustration, we can consider the problem (1.2) with A. = 1.1 + sin(322%)
for D = (0, 1). Here the micro-scale length, that is the frequency of the oscillations,
is characterized by the parameter €. FIGURE 1.3 shows solutions to (1.2) for different
values of €. We can see that the solution oscillates more and more when ¢ decreases.
However, the amplitude of the oscillation is also decreasing. Indeed, for ¢ = 1/512 it
seems that the solution does not oscillate and is the solution to a PDE with a constant
coefficient. There seems to be an asymptotic regime when the separation of scale goes
to infinity.

— 1/eps= 512

0.25 A —— 1l/eps = 32

— 1l/eps = 16
0.20 A
0.15 A

>

0.10 A
0.05 A
0.00 A

0.0 0.2 0.4 0.6 0.8 1.0

X
Figure 1.3: Solutions to problem (1.2) in 1D when A. = 1.1 + sin(*2%) and

e=1/16,1/32,1/512

This empirical observation gives some intuition of the meaning of the homogeniza-
tion process. However it is not satisfactory since it does not allow us to understand
fully from a mathematical standpoint what is this averaging process and what are the
conditions for it to happen. Especially, is computing the behavior on an RVE enough
to infer the macroscopic properties? How to choose the RVE? How the result is de-
pendent of other parameters such as the external input (right-hand side f in the prob-
lem (1.2))? Thus, we will take a step back in order to find a mathematical framework
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that will allow us to fully understand this phenomenon.

Usually, multi-scale problems with separation of scales involve a standard partial
differential equation where some parameter oscillates at a micro-scale ¢ that is small
compared to the domain D. Homogenization is the mathematical study of the behav-
ior of the solutions to the multi-scale problem when the separation of scales become
infinite (that is € goes to 0). Hence, homogenization can be seen as the mathematical
asymptotic study of the behavior of a sequence of problems parameterized by the sep-
aration of scale that tends to infinity. For simple general linear elliptic PDEs, the most
general result comes from the work of Spagnolo and then Murat and Tartar (see e.g.
[73]), it is called H-convergence and GG-convergence. They managed to prove that for
a bounded elliptic coeflicient the solutions to this sequence of problems converge to
an asymptotic problem up to a subsequence extraction. Such a result is not construc-
tive but is the foundation of the periodic homogenization theory where one can obtain
quantitative results. Also, another framework, the so called I'-convergence, was devel-
oped by De Giorgi in [28]. Roughly put, if the solution to the PDE is the minimizer of
some energy then the minimizers converge also to the minimizer of some asymptotic
energy, ensuring that an effective regime exists (one can see the monograph [27] for
more details). Such theory can be applied in a broad range of physical problem. There
is also the case where the coeflicients are taken as random variables, that is the case
of stochastic homogenization. This framework has been developed by Jikov, Papani-
colaou and Varadhan (one can refer to [58] for a thorough review).

Although homogenization theory can be applied to a broad range of PDEs, we will
restrict ourselves to the homogenization of multi-scale problems similar to problem
(1.2), that is elliptic equations in divergence form with highly oscillating coefficients.
Such problems are of interest because they cover a lot of physical phenomena (me-
chanics, thermal conductivity, ...). Moreover, for such problems the effective problem
in the regime € goes to 0 takes a similar form. Finally, studying elliptic problems is of-
ten a good start regarding the study of dynamical problems such as parabolic problems.

Under some geometric assumptions on A., Homogenization theory applied to el-
liptic equations of the form (1.2) gives quantitative convergence results and an homog-
enized behaviour. Such estimates are the cornerstone of many efficient approximation
techniques in the multi-scale context. We will mainly review here two such cases, the
periodic and stochastic cases.

1.3.1 Periodic homogenization

Denoting () = (0,1)¢ the unit square, the main assumption in periodic homogeniza-
tion is that A.(x) = A(?), with A a matrix valued function that is Q-periodic.
Under this assumption, it holds that u. the solution to (1.2) converges weakly in
H'(D) and strongly in L?(D) toward u* solution to
{—le(A Vu*) = fin D, (1.8)
u* =0ondD.

We put the emphasis, that in the periodic case, the whole sequence . (and not only
a subsequence) converges to u*.

We still need to characterize the effective coefficient A*. In the periodic homoge-
nization case, though there are usually no analytical formulas for A*, it can be com-
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puted by some auxiliary functions called correctors. We denote by w; the corrector
function in the direction e; solution to

—div(A(Vw; +¢€;)) =01in Q,
, o (1.9)
w; is Q-periodic.
The function w; is unique up to the addition of a constant.
Then the homogenized coefficient is given by:
Are; = / A(Vw; +¢;) (1.10)
Q

When ¢ is small one can approximate u, by u*. However, we read that, in H' (D),
u. only converges weakly (and not strongly) to u*. Indeed, Vu, oscillates with period
1/e with an amplitude independent of ¢, hence the approximation of Vu. by Vu* can-
not be accurate in general, Vu, does not oscillate at all.

Formally we can expand u. in powers of ¢, in order to better understand the asymp-
totic regime and motivated by the result in the 1D case, we write

ue (1) = ug(z) + eul(z, x/e) + e*u(w, 2 /e) + ... (1.11)

where u; (1 < 1) is periodic with respect to the second variable. This two-scale ex-
pansion is only a formal way to guess the homogenization result. Rigorous proofs use
either the two-scale convergence framework introduced by G. Allaire (see the mono-
graph [1]), the compensated compactness or the oscillating test function approach in-
troduced by Murat and Tartar.

:L‘ 8u
Denoti i ), then it holds that:
enoting u Z w g 61’1 eni oldas a
[ue —u* = eugl|mpy < CVe (1.12)

Then we have a good approximation of u. and its gradient (recall that u. converges
to u* in H' only weakly). We note that the correctors functions are used to get back the
H' convergence, justifying the corrector appellation. Some results can also be proven
in stronger norms (e.g. W1°(D)) following the work of Avellaneda and Lin in [4].

The behavior of the solution in the periodic homogenization framework is well
understood and offers an interesting set of test-cases for checking the effectiveness
of numerical multi-scale methods or to study more general cases in homogenization
theory. Indeed, the framework of periodic homogenization can be extended by consid-
ering perturbative cases such as a periodic coefficient with some defects. This setting
has been studied by X. Blanc, C. Le Bris, P.-L. Lions and M. Josien in the following
works [17], [15] and [16].

1.3.2 Stochastic homogenization

We consider here a similar problem to (1.2), though in this case the matrix A is a
random function. Hence, we want to approximate the random function u. solution to

—div (A(%,w) Vue(z,w) = f(x) in D, (1.13)
ue(z) = 0 almost surely on 9D. '
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where = embodies the space variable and w the random realization.

Without further assumption, we do not have a separation between the micro-scale
and macro-scale when € goes to 0. Analogously with periodic case, in order to have
constructive convergence results, some order in the randomness of A should be as-
sumed.

To this end the stationarity framework can be introduced. Roughly put, this as-
sumption ensures that the law of the coefficient A stays the same up to translations in
Z4 (discrete stationarity) or to any translation (continuous stationarity).

More precisely, we define a probability space (€2, F,P). We assume that the action
(Tk)peza from the group (Z%, +) acts on §2. This action is assumed measure preserving
and ergodic that is for all & € Z? (for all x € R? for continuous stationarity) and
B € F,thenP(7,B) = P(B) andif B € F is preserved by any 7, then P(B) = 0 or 1.

Definition 1.2. A function F € L} (R? L'(2)) is said to be discrete stationary if
Vk € 2%,  F(x+k,w) = F(z, w) almost everywhere and almost surely.  (1.14)

Remark 1.3. Discrete stationary function are easy to design. For instance, if one considers
X}, a sequence of i.i.d. random variables then the function

F(z,w) = ) low(®)Xi(w)
kezd
where Q = (0, 1) is a discrete stationary random function.

Remark 1.4. A function which is discrete stationary and independent of w is actually
Q-periodic. The discrete stationary setting, thus naturally includes the periodic setting.

The discrete stationarity framework allows us to use similar results as in the peri-
odic homogenization. Indeed we can get average on large volumes.

Theorem 1.5. Let F' € L°(R? L'()) be a stationary function. For k € Z%, define

|k|oo = sup |k;|, then
1<i<d

1
N 5 F(z,myw) — E[F(x,-)] in L®(RY), almost surely
d s Tk o )
(2N +1) P N—

Hence, denoting Q = (0, 1)? it holds that

F(g,w) RN E[/Q F(z,)dz] a.s. (1.15)

e—0

Remark 1.6. This result is analog to the Riemann Lebesgue lemma when F' is Q-periodic:

T

voe LIRY, | S@)F(C)dr — | Fly)dy | o(x)d

€ Q

We have the same behavior in the asymptotic regime compared to the periodic
case. When ¢ goes to 0, u. the random function solution to (1.13) converges in some
sense to u* solution to

(1.16)

—div(A*Vu*) = fin D,
uw*=0indD,

where A* is again a constant deterministic homogenized matrix.
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Figure 1.4: Example of a random stationary material: random checkerboard for differ-
ent values of ¢ (¢ = 1/10, ¢ = 1/50, ¢ < 1, from left to right).

Remark 1.7. Compared to periodic homogenization, here we start from a random prob-
lem and get a deterministic homogenized problem in the asymptotic regime ¢ ~ 0. This
is a law of large number result.

As in the periodic case, A* can also be expressed in function of correctors functions.
However, the corrector problem in the stochastic case cannot be reduced to a periodic
cell, it has to be expressed on R? as A is not periodic anymore.

—div(A(-, w) (Vwi(-,w) +¢;) = 0in RY,

Vw; is stationary, (1.17)
B[ / V] = 0.
Q
Then it holds that
A'e; =K {/ Aw; + ¢€;) dx] (1.18)
Q

Usually A* does not have analytical formula, hence the usual way to approximate
it is to compute w; and use the formula (1.18). Contrary to the periodic case, estimating
A* is difficult in the random case: on one hand w; is defined on R so it is not com-
putable in practice; on the other hand, one must compute an average to get A*, that is
use a costly Monte-Carlo approach.

In practice, w; is approximated by w’" solution to

—div (A(-,w) (VN (-,w) +¢)) =0in Qy = (—N, N)%,
. L (1.19)
Vw; is ) y-periodic.
Then A* is approximated by the random matrix A% defined by
1
veilw)=—— [ A(,w) (V) (w) +e). (1.20)
‘QN‘ QN

Hence, we can decompose the error in two parts: the systematic error and the
statistical error:

A — A% (w) = A" — E[A3] +E[4}] - Ax(w) (1.21)
System:itric error Statist;cgl error

The systematic error was studied in the works from A. Gloria, F. Otto and collab-
orators to establish convergence rates and improve the systematic error, one can see
for instance [46].
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Usually E[A%] is estimated by a Monte-Carlo approach, that is a mean over M
M

realizations: i Z AN"(w). Such approaches are usually costly as the error usually

m=1

C
Nk
An efficient way to reduce this error is to apply variance reduction techniques, see
for instance the works [65] by C. Le Bris, F. Legoll and W. Minvielle and [39] by J.
Fischer. In practice, the statistical error is usually higher than the systematic error.
Thus, variance reduction technique are critical to reduce the number of realizations
required.

decreases with a rate given by a Central limit theorem: |A}" — E[A%]| <

1.3.3 Contribution: Estimation of the fluctuations in a weakly
stochastic regime

Homogenization theory describes what happens in the asymptotic regime ¢ goes to
0. The effective behavior is deterministic and the solution can be approximated by u*.
However, if we take a step back and consider the regime where ¢ is small but not small
enough to be in the asymptotic regime, then u. is still random. Hence, one can wonder
if it is possible to characterize the law of . from the knowledge of the distribution of
A, or at least how to determine the mean behavior and how does . fluctuates around
its mean behavior.

As for the estimation of A*, we can separate the error between u. and u* into two
parts:

w = ue(w) =u" = Eluc(z, )] + Elue(z, )] — ue(z,w) (1.22)
System?atric error Statist?t:gl error

As u. converges to u* almost surely, both errors converge to 0 when ¢ — 0. We
consider later a scaling of these errors in e~%/2. Such scaling correspond to a simi-
lar one present in the Central limit theorem allowing to study fluctuations that are
not vanishing in the asymptotic regime € ~ 0. For instance, if we have a random
checkerboard, A. depends on N = £ random variables associated with the scaling
VN = =92 At this scale the quantity u. — u* diverges (explodes to oo) when d > 2
and the systematic error problem that is how to approximate [E(u.) thanks to u* is still
an open problem. In this thesis, we will only consider the statistical error.

For the problem of interest, in a one dimensional setting, there is a complete under-
standing of the fluctuations of u.. we refer to the works of Bal, Bourgeat and Piatninski
in [19] and [8].

For the following problem
{—Au8 + Vo(z,w)u. = fin D, (1.23)

ue(-,w) =0on 0D,

there is also complete understanding in any dimension, one can refer to works [7] and
[59].

Physicists and mechanicians are interested in the behavior of quantities of interest
depending on the solution to problem (1.13). For instance, the randomness in the coef-
ficient can embody a material with defects stemming from some industrial process. In
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this case, there is a need to quantify the fluctuations of the quantity of interest consid-
ered in order to ensure security or constraints requirements (take the civil engineering
where a material is supposed to resist some external force).

To that end we consider the following quantity of interest:

/D (ue(2,w) — Efuc(z, )]) g do (1.24)

Remark 1.8. g can be taken as a localization function (for instance 1 5 with B C D) in
order to get the local variations of the solution u.. If g € L*(D) is the divergence of some
vector field G' then I° can be rewritten as

[SI[oH

If(w,g9) =€

ol

IF(w,g) =€ /D (Vu. — E[Vu.]) -G (1.25)

This formulation can be useful as it can express the fluctuations of a flux or stress.

In the work [31], F. Otto, M. Duerinckx and A. Gloria, managed to characterize
of the fluctuations of (1.24) for a variant of the problem (1.16) posed on R¢ with f €
C>°(R?) and with discrete operators (finite differences on the cartesian grid eZ¢ rather
than true derivatives). They showed that

AN (0,07,

e—0

where the variance o? is given by
o’ = / (Vu* @ Vo*) : Q: (Vu* @ Vv*).
R4

Q is a constant fourth-order tensor depending only on A, A* and the corrector function
w,, while ©* and v* are given by

—div (A*Vu*) = f, —div (A*Vu*) = g.

One aim of this thesis is to explore and extend this result for the case of continuous
PDEs with derivatives (instead of finite differences). Another objective is to design
a numerical approach to approximate the fourth-order tensor Q. These results are
detailed in CHAPTER 2.

To perform this study, we will consider a restricted framework: the weakly stochas-
tic case. Such framework allows us to get quantitative estimates.

Weakly stochastic case

We recall the weakly stochastic case introduced in [26], [66] and [14]. We assume that
the coefficient A. is defined by

xr x
An,a(xa OJ) = Aper(g) + n X(g> Ld), (1~26)

with A, a deterministic matrix-valued function that is ()-periodic, x an almost surely
elliptic bounded matrix-valued function that is stationary, and 7 a small parameter. We
also assume that A, is symmetric.

We define y by

X, w) = lgar(r) Xi(w) 1a,
kezd
X, are i.i.d., almost surely bounded variables,

E[XO] = 07

(1.27)
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where [, is the identity matrix in dimension d.

Remark 1.9. In material science, in materials (for instance when, manufacturing) de-
fects can appear, so the resulting material will be the perturbation of some ideal material
by some defects. Usually this translates as a matrix-valued coefficient that will have a
deterministic part and a small random perturbation. There are however several ways to
formalize the notion of small random perturbation.

First, one can consider that the defect often occurs but is very small. Alternatively, one
can consider a significant defect but with little chance of happening.

The weakly stochastic case (1.26) that we consider here corresponds to the first case.
For instance, for industry material design, there can be intrinsic uncertainties in the pro-
cess related (material components properties are known up to a measurement). In this case
there will be many defects, though they each introduce little changes. The other case has
to do with rare events, faulty design due to for instance some machine failure.

These two approaches seem similar at first glance. However, mathematically and with
regard to the homogenization process they do not give the same results.

When 1 < 1, we can expand the problem in a series in powers of 1. We then have:

us = ud +nu; +O0(n?)
Vw; = Vuw +nV w; + O(n?)
At = Ay, +O0(n?)

uy, = ud + O(n?)

(1.28)

where u. is solution to (1.2), u? is also solution to (1.2) for the coefficient A,.,
and u! satisfies —div(Ape, (£)Vul) = div(A4; (<, w)Vu?) with homogeneous Dirichlet
boundary conditions. The function w? is the corrector in the direction e; solution to
1.17 with the deterministic coefficient A, and w} is solution to

—div(AVw}) = div(x(Vw? + ¢;)) in RY,
Vw; is stationary, (1.29)
E[f, Vuwi] =0.

Finally, A7, and u? are defined as the effective coefficient (1.18) and the corresponding

homogenized limit (1.16) for the deterministic coefficient periodic A,., respectively.

Remark 1.10. Here one can notice that A} denoting the first order term in the expansion
of A* in power of n does not appear. Indeed, we have A = 0 since E = 0. By simple
computations A7 = [(Vuw] + €;) - E(A1)(Vu] +e;) =0

Determine the asymptotic law

The main result is the characterization of the law of I, at the first order in 7.
We formally expand our quantity of interest in a power series of 7:

I =12+ nl! + h.ot

where 19 and I' = 7% [, (u! — E[ul]) g. From here we investigate the behavior of
the random variable I! when ¢ — 0 and n < 1.
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Theorem 1.11. Assume that (1.26) and (1.27) hold and that and A,., is an Holder con-
tinuous function.

Defining
JAp / (u! —Eful]) g. (1.30)
D
Then it holds that
1! ig N(0,02), (1.31)
e—

where N (0, 0%) is a centered Gaussian random variable of variance
o’ = / (Vuy @ Vog) : Q'+ (Vuh @ Vo) (1.32)
D

where ug and vj the solutions to

—div(4;,, Vug) = fin D, ug=00ndD, (1.33)
and
—div(4;,,Vug) =g in D ,v5=00on0dD, (1.34)

and Q' a fourth order tensor given by

Ol = Var (o) ( [ v e+ va) ( [ e ud)- e+ vap)).

(1.35)

This is a similar result as in the work [31] at the first order in 7 for continuous
PDE on bounded domains. This result shows that the law of our quantity of interest
becomes Gaussian (and we have a formula for the variance) as € goes to 0 and n < 1.
So we have a characterization of the law of our quantity of interest in the regime ¢ < 1.
In this case all laws and values are explicit, hence one can use it as a test-case to design
numerical approximations for broader frameworks.

Estimating the variance: Computation of O

The tensor Q' obtained in THEOREM 1.11 is directly derived from the study of 5. In
order to build a numerical approach estimating Q that is valid in the general context of
discrete stationarity (and not only in the weakly stochastic case), we need to introduce
a general formula for Q and show that its leading order term (when n < 1) is given
by Q' defined by (1.35).

In the work [31], Q is defined as the limit of an object Q; when L goes to infinity:

r_ L N
Q" = 5 Cov ( / s / ka,l) (136)

with p; ; a random function defined as
Pij = (le + ei) . A(ij + ej) — VU}Z‘A*GJ' - ijA*ei (1.37)
We can expand p; ; in power of 77 and likewise we expand QF in power of 7:

pij = npi; + O(r) (1.38)
QL = o + O(n®) (1.39)
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Theorem 1.12. Assume that, we are in the weakly stochastic framework (1.27) and (1.26).

Introduce .
Cov </ P »,/ P ) (1.40)
Q¢ LU Jo, T

where pz-l’j, is the first order term in 1 of the function p; ;. Then Q™' is the leading order
term (in the expansion inn) of Q and we have

QL,I —

Q' = lim o™ (1.41)

L—oo

where Q% is defined by 1.35.

So we have shown that in the weakly stochastic case the asymptotic variance is
governed by a fourth order tensor Q%! whose definition is consistent with that given
in [31].

Usually, the correctors in stochastic homogenization cannot be computed exactly
as the associated equation is posed on R?%. Hence, w; is often approximated by w.’
solution to (1.19). We define Q%™:! the approximation of Q1! where wiN is used
instead of w; and shows the following result.

Theorem 1.13. Assume we are in the weakly stochastic framework, that A, is an
Holder continuous function that N and L are chosen such that N > L. Then

lim QFN1 = Q! (1.42)

L—oo
Moreover, whenever N > L, it holds that

In(L)?
L

|QL,N,1 . Q1| <C (1‘43)

This shows that in the weakly random case, the approximation strategy for esti-
mating Q' is converging. We can explore this new strategy for broader frameworks.

In the definition of Q%! the covariance is used. In practice, we do not have access
to this value and have to use the empirical covariance computed from M realizations.
Hence for the general case we approach Q by Q%™ with N the length of the def-
inition domain in the corrector problem (1.19), L the integration domain used in the
definition of Q¥ and M the number of realizations to compute the empirical covari-
ance.

Approximate the variance of /°: Random Checkerboard

During this thesis, we performed extensive numerical tests to show that the approach
designed for the weakly stochastic case can be applied in a general discrete stationary
framework and give accurate results.

We considered the checkerboard case
A, w) = g k(@) Xp(w), (1.44)
kezd
with X}, i.i.d, such that P(X), = qunin) = P(Xk = ) = 0.5.
For such choice, we considered for multiple f and g the quantity of interest I,

defined by (1.24). We computed the empirical distribution of /. by using a brute force
Monte-Carlo approach for multiple values of .
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Remark 1.14. One can notice that I, depends on the right-hand side f in the problem
(1.13) and on the test function g in (1.24). Hence, if f or g changes the Monte-Carlo
approximation must be computed again.

We computed Q'™ for large values of L, N, M in order to reach an asymptotic
regime. First, we check that the distribution of /. seems to be a Gaussian when ¢ is
small by looking at histograms, QQ-plots, and by performing the Shapiro-Wink test.
Second, we check that the empirical variance is close to the variance computed from
O that is

o2 = / (V* © Vo) : O (VE® Vo) (1.45)
D

It turns out that for different f and g the asymptotic regime seems to be reached
quite quickly for reasonably small values of ¢ (¢ < 1/50) and that (1.45) is an accurate
approximation of the variance of /°. Indeed, the variance estimated with Q and the
empirical variance shows overlapping confidence intervals and relative errors under
10%. Although the influence of NV and L is consistent with the weakly stochastic case,
we observe that the number of realizations A/ must be very large in order to give small
enough confidence intervals.

So in this work we designed a numerical approach that allows to quantify the fluc-
tuations of the quantity of interest /° without resorting to costly Monte-Carlo ap-
proaches, just by computing an approximation of Q that governs the fluctuations.

1.4 Numerical approaches

The homogenization approach presented in the last section gives very effective approx-
imations and quantitative results. However, this mathematical theory requires some
structure assumptions on A. mostly a separation of scales between the micro-scale
and the macro-scale. In practice such assumptions are not always met. For instance,
one can have a high definition (with resolution /) image of a composite material and
notices heterogeneities at the scale £ and want to solve the problem (1.2). In such case,
the homogenization theory will not apply and generic multi-scale techniques have to

be developed.

One can distinguish two cases regarding what the practitioner wants to achieve.
The first goal can be to compute an accurate approximation of u. at a meso-scale H
that is larger than h the size of the coefficient data. In this case, one will mostly use
bottom-up approaches, some local computations will be used to enrich a coarse ap-
proximation. Another possibility can be to get a very accurate approximation at the
scale h. Usually, it involves iterative approaches from the domain decomposition field
using preconditioners linking local and coarse formulations of the problem.

We will consider mostly applications associated with the first case: we have a multi-
scale problem, and we want to get an approximation with accuracy at a meso-scale H.

1.4.1 General principle and main approaches

There exists numerous numerical approaches to tackle multi-scale problems. We will
only present here three types of methods. We will present shortly the Heterogeneous
multi-scale method (HMM) introduced by W. E and B. Engquist in [32]. Then we will
present the Local Orthogonal Decomposition (LOD) method developed by D. Peterseim
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and A. Malqvist in the work [70]. Finally, we will present the Multi-scale Finite Element
method (MsFEM) introduced by T. Y. Hou in [55]. The MsFEM review will be more
thorough as one goal to this thesis is to improve this method (see CHAPTER 3) and
implement several of its variants (see CHAPTER 4).

HMM

This method was introduced by W. E and B. Engquist in the work [32] and analyzed
n [33]. It shares similar features with the F'E? approach developed by F. Feyel and
J.-L.Chaboche in [37]. The principle of the approach is somehow inspired by homog-
enization results though it can be applied in broader frameworks. It is a bottom-up
approach: computations on a fine grid of size / are used to increase the accuracy of a
coarser approximation based on a coarse grid of size H. In a classical P1 FE formula-
tion, the associated Galerkin problem gives the following stiffness matrix

A= [ Vo (470

Z/wz- (A.V;)

KeTy

Z Z wy, (Vi - (AV ;) (w)

KeTy z€Quad(K)

12

12

Indeed, the integral over the whole domain is computed by summing components ele-
ment by element. Each of these integrals cannot be computed analytically in practice,
and their value is approximated by a quadrature formula with weights wy and quadra-
ture points xy.

The main idea of HMM is to replace the evaluation A. () by an effective coefficient
A% () computed at a fine scale h in a small patch wy, around the quadrature point
L.

More precisely, A%, (2x) is defined as

1
At () = m/ ANVw; (1.46)
Wi

where w; is a solution to

—d1v AVw;) =0 in wy,
/ Vi — e (1.47)
|wk‘ (2 1°

We denote by uzans the HMM approximation of u*.

If one applies such idea in the periodic homogenization case where A, = A(z, )
with A periodic with respect to its second variable. Then A* is still defined though it
is a function of # now. Hence, if we take wy, = €@ + z; where Q = (—1/2,1/2)4,
then A%;,,,, (k) corresponds exactly to the homogenized coefficient. Then classical
periodic homogenization results allows to control the error between u* and u.. This

reasoning leads to the following result

Theorem 1.15 ( see [33] THEOREM 1.2). Assume A. = A(x/c) where A is Z%-periodic.
Denoting u* the solution to the homogenized problem (1.8), assuming u* € H?*(D), we
have

HU*_UHMMHHl(D) S C(€+H) (1.48)
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with C' independent of ¢ and H.

Remark 1.16. Similar results can be obtained if the coefficient is locally periodic i.e.
Ac = Az, 2) wherey — A(x,y) is Z—periodic.

This approach allows to get an accurate approximation at the scale . We note
here that the computational load is manageable since fine scale computations are per-
formed only on small patches around the quadratures points. Moreover, the fine scale
computations associated with quadrature points are independent of each other and can
be performed in parallel.

This method can adapt to changes of scale within A, by changing locally the size of
the patches. Hence, it applies to a broad range of functions A.. The specificity of their
approach is that this is not a Galerkin approximation of the problem (1.3): the vari-
ational formulation is changed to enable local homogenization on quadrature points.
This is in sharp contrast with thd LOD and MsFEM methods that aim at designing
relevant approximation spaces and solve the original heterogeneous problem.

LOD

This method has been developed by D. Peterseim and A. Malqvist, see [70]. Itis inspired
by the Variational Multi-scale approach introduced by Hughes in [57]. The principle
of the approach is to exploit the symmetry of the coefficient A, in order to design a
finite dimensional approximation space with good properties.

We consider a quasi-interpolant Zj; on a shape regular triangulation 7:

ot = Zoa () s+ Bl — ()| ooy < Oy [Vl (149)

forall K € Ty,and wx =T € Ty | KNT # 0 and for all u € Hj (D), where Cy,, is
bounded with respect to H.
We can consider Zy; the nodal weighted Clement interpolant defined by

_ Jp(udn)
fD D 7

with ¢, the P1 FE basis function associated with the vertex k.

We consider V/ = {f € HY(D) : Zy(f) = 0}, the kernel of the interpolant, that
is the fine scales that are not captured by the coarse interpolant.

A, is symmetric, hence the associated bilinear form «a. defines a scalar product on
HZ}(D). Thus, we can define VL, the orthogonal of VV/ with respect to a. in H}(D):

Tr(u)(z) (1.50)

HYD)=VE eV’ (1.51)

One can define P the a.-projection from the P1 FE space Vjy to V/. By definition,
VI 5 = Vit —PVy. Hence, VL, is of the same dimension as V7 and is good candidate
for a coarse space approximation.

One can design correction functions ¢/?” € V; defined by

a-(pFOP ) = a.(¢;, v) forallv € V7, (1.52)

Then we have a basis of V4 ,: VL 5 = Span(¢9P — ¢! i = 1..Nbyerter)-

The correction functions ¢F©? do not have a compact support in contrast to P1 FE
functions ¢°.
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We consider new corrections ¢-'“""*, which are localized versions of ¢*°P. We
denote by w; ;, the patch around the vertex ¢ which is enlarged by k layers of coarse
elements and define gbiLOD’k € V/(w;y) solution to

a:(¢pFOP v) = a.(¢;,v) forallv € VY (w; ) (1.53)
with VI (w; ) ={veV/: V|p\w,, = 0}
In the case where the global corrections are available then it holds that

Theorem 1.17 (see LEMMA 3.1 in [70]). Denote by u¥,, the approximation computed
by solving the Galerkin problem on the approximation space VL, . Then

lus = wZopllm ) < CHI|fll2(m) (1.54)
The above result holds as soon as A. € L>(D), no additional regularity is required.
In the practical case, for localization correction functions it holds that

Theorem 1.18 (THEOREM 3.6 in [70]). Denote by ui',, ;, the approximation computed
by solving the Galerkin problem on the approximation space VLHOD’k fork ~ In(1/H).
Then

lu = uiopillmip) < CH (1.55)

with C' again independent of the characteristic period of oscillations of A..

Such result is interesting as the LOD approximation error does not depend at all on
¢ and on the regularity of A.. The specificity of this approach is that the approximation
space contains nodal basis functions that are solutions to problems with enlarged sup-
port O(In(1/H)). Though € does not appear in the analysis, the correction functions
must be solved at the fine scale on the patches w; ;. The computational cost can be
reduced as the correction functions are solution to independent problems. The proof
relies critically on the symmetry of A..

1.4.2 MsFEM

Principle

The Multi-scale Finite Element method has been introduced by Hou [55] and analyzed
in [56]. We also refer to the monograph [34].

The Multi-scale Finite element method is a two-step approach: first, one designs an
adapted basis that encodes the material heterogeneities; second, one solve the Galerkin
problem on the approximation space spanned by the basis built in the first step.

We consider meshes of two sizes: a coarse mesh of size H, and a fine mesh of size
h. Denoting € by the smallest characteristic length of the heterogeneities, we assume
that h < ¢ < H. h is supposed small enough to completely capture the fluctuations
of the coefficient A., so that the resulting approximation u;, of the solution . to (1.2)
would be accurate.

The goal here is not to approach uy, but to design an approximation at the coarse
scale H that would behave like the Finite Element in the laplacian case (see 1.2).

One way to do that is to design basis functions that satisfy similar properties as the
Finite Element basis functions on the coarse mesh but oscillate like the coeflicient A..
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Denoting © = 1..Nbyerte, the index of the collection of interior vertices in the coarse
mesh, then in the P1 FE case basis functions are just piecewise affine functions such
that ¢;(x;) = J; ;. One way to design such basis functions would be to mimic the P1
FE on the edges of the coarse mesh and introduce oscillations similar to A, inside of
each coarse element. In order to introduce oscillations, the new basis functions would
satisfy some PDE inside each element (which would be solved in practice on a fine
mesh of size h < ¢).

The choice of the boundary conditions on the edges and the choice of the equation
to be solved give birth to numerous variants of the MsFEM approach. We will only
consider the following variants: the linear-MsFEM, the oversampling MsFEM (see [55])
and the "MsFEM a la Crouzeix-Raviart” (see [63] and [64]).

The first approach is conformal, that is the span of the basis functions Vi;spps is
included in H}(D), so that a classical Galerkin method can be used to study the error.
The two other approaches are not conformal as the basis functions are not continuous
across the edges.

We will give a quick review of these three methods in the subsequent sections. The
implementation of the three methods will be further detailed in CHAPTER 4.

Linear version

It is the simplest MSFEM variant. The design of the MsFEM basis functions consists in
mimicking the P1 FE boundary conditions on each element of the coarse mesh.

Indexing by ¢ = 1..Nbyerter the set of interior vertices of the coarse mesh, we
define ¢M*F"FM the MsFEM basis function associated with vertex i. On each element
K containing the vertex i, ¢ s'FM gatisfies:

—div(A.VeMsFEMYy = (0 in K
pMsI'EM is affine on the edges (1.56)
GMSFEM (1) — 5,

In practice, we do not have access to ¢M**ZM  We build ¢ **#*" an approxima-
tion of ¢MsF'EM on a finer embedded grid of mesh size h, with P1 FE.

MsFEM (gay =0 RN "
\ i-«
GMSFEM (51 = 1 GMSFEM (5) = 0

Figure 1.5: Sketch of MSFEM basis function design in 2D (left), Example of MsFEM
basis function for an oscillating coefficient (middle) and P1 piecewise function (right)

Remark 1.19. When A. is proportional to the identity matrix and constant then the
basis functions are exactly the P1 functions of the standard FE approach. Hence in the
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regime H < ¢, the linear MsFEM approximation will behave like the P1 Finite Element
approximation (yielding linear convergence in H).

Then we introduce Vyssppy = Span{¢pM*FEM i = 1. Nbyerier} and solve the
associated Galerkin problem: Find uy;sppy € Varspea such that

a:(UprspEM, V) = / (AcNVuprsren) - Vo =b(v) = / fv  forallv € Virsrem
? 7 (1.57)
Denoting Kyrsrrms Busrenm and Uyrsrea by
KMsFEM,i,j = as(¢ZM SFEM, ¢§M$FEM), BMsFEM,i = b(¢ZM SFEM)
{U msreym solution to KysrpmUnmsrem = Busrewm,

Nbve'r‘tem
We have uyssppa(7) = Z Unisramdl "M ().
i=1

Theorem 1.20 (see [56], THEOREM 5.1). Assuming A, = Ape,(2) with Ape, a 72 peri-
odic function, it holds that

[ €
|ue — urrsrenml| )y < C (\/g—i— H + E) (1.58)

100

—+— MsFEM
—— P1FE

6x1071

4x1071

3x10°!

Relative energy error

10_1 T T
10! 102
1/H

Figure 1.6: Relative energy error of linear MsFEM approximation function of 1/H for
the 2D problem (1.2) where A, is a e-periodic function (¢ = 1/32)

FIGURE 1.6 illustrates THEOREM 1.20. Indeed, we consider here the problem (1.2)
posed on D = (0,1)? with A, an e-periodic matrix function. In this case we can see
that the numerical results are consistent with the bound of THEOREM 1.20, we can
identify the three regimes: H > ¢, H < cand H ~ ¢.

When H > ¢, the MsFEM approximation error decreases linearly and gives lower
errors than the P1 FE error which displays a plateau. However, when H =~ ¢, the er-
ror is increasing again showing that the term \/% controls the behavior of the error.
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Finally, when H < ¢ the MsFEM approximation error is decreases linearly in 4 and
is similar to the P1 FE. Such behavior can be explained since on each element K, A. is
close to a constant when H < ¢ and the MsFEM basis functions correspond to the P1
basis functions.

In the regime H > ¢, the linear MSFEM approximation displays an interesting
behavior as it decreases linearly in H. However, when R = & is very large, the com-
putation of the basis functions solution to (1.56) can be very expensive because one has
to solve a linear system with a number of DOF that is higher than R¢ (and thus very
large). Usually this method is used when R is one order of magnitude (close to 10).
In that case the resonance effect can take place and dampen the MsFEM gain. That is
why, though the linear MSFEM is useful, there is a need for better variants.

The conformal MsFEM methods such as the linear MSFEM have a particular inter-
pretation in the symmetric case (that is when the matrix function A, is symmetric).
Indeed, in this case the bilinear form associated with the variational formulation (1.3)
defines a scalar product in H} (D) and the problem (1.2) is equivalent to a minimization
problem.

Interpretation in the symmetric case

When the matrix function A, is symmetric, then solving (1.2) is equivalent to solve the
following energy minimizing problem

1
U = argmin (—ag(v,v) - b(v)) ) (1.59)
veH (D) \ 2

where a, and b are the bilinear form and linear form associated with the variational
formulation (1.3).

The bilinear form a. is a scalar product with respect to the Hj(D). Considering
a 2D regular coarse mesh 7y with mesh size H, we denote its interior edges by I' =

U OK \ 0D. Then H}(D) can be decomposed into two a.-orthogonal spaces.

KeTy

Hy(D) = {®Vk}ker, & Ve = Ve & VL, (1.60)
where

« Vpis the space of functions that are in H} (D) such that for each element K € Ty
their restriction to K belong to H}(K), and that we call bubble functions

« VT is the space of functions which are a.-harmonic in each H, and that we call
interface functions.

We define the a.-lifting operator

H1/2(F) H&(D)
Ep: 1 +— Ep(7)

such that for any 7 € H'/?(T")n the function Ep(7) satisfies

—div (A:VEp(7)) =0in K for all K € Ty,
Ep(t) =7onT, (1.61)
Ep(t) =00n0D.
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Remark 1.21. Denote V., = {yr(u) : u € HJ(D)} with yr the trace operator from
HY(D) to HY*(T'). Then Vr can be seen as the a.-lifting of V., that is Vi = {Ep(7) :
T € V, }. Moreover, the a.-lifting can be seen as the solution to the following minimization
problem
Ep(7) = argmin a.(v,v) subject tov|p = T (1.62)
vEH (D)
Remark 1.22. The MsFEM approximation of u. (solution to problem (1.57)) belongs

to Vr as the basis functions can be seen as the a.-liftings of affine and piecewise affine
continuous functions on I'.

In addition to the orthogonal decomposition (1.60), the scalar product a. provides
us with a norm on H}(D): one define the Energy norm || - ||z as

|u||% = E(u) = ac(u,u) (1.63)

Using the boundedness and ellipticity assumptions on A, and thanks to the Poincaré
inequality, it holds that the energy norm is equivalent to the H'(D) norm.

Hence, we can use the energy norm to study the error in the particular context of
the linear MsFEM approach.

Thanks to the orthogonal decomposition (1.60), we have

u, = uf +ul (1.64)

with ul = Ep(u.|r) and u? € Vjp satisfying

(1.65)

—div(A.Vu?) = fin K, for all K € Ty,
uP? = 0on 0K, forall K € Ty,

See FIGURE 1.7 for a representation of this decomposition.

‘‘‘‘‘‘

St

Figure 1.7: Decomposition of u solution to (1.2) posed in (0.1)?, for a periodic A. with
e = 1/32and H = 1/4. Solution u (on the left), u® the bubble part (in the middle) and
u® the interface part (on the right)

The energy norm can also be decomposed into an interface and a bubble part. In-
deed, it holds that

el = ac(ue, ue) = ac(u, ul) + ac(ug, uz) = |l I + lluc |l (1.66)

Recalling that w57 the MSFEM linear approximation of w. is in V- the error in
energy norm can be written as

lue — warspeally = w5 + luz — warsppnll (1.67)

Knowing that u? is solution to (1.65), thanks to the Poincaré inequality and the
Lax-Milgram theorem it holds that
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Theorem 1.23. Consider u? solution to (1.65) then

lulll oy < C H || fllr2m),
with C' independent of H and A..

Thus, the bubble error decreases linearly in /. This result shows that approxi-
mating u” is not useful needed to obtain a convergence similar to the laplacian case.
Hence, one way to get an efficient approximation is to use a Galerkin method with a
space that represents V1 well enough.

Remark 1.24. The linear MSFEM basis functions span a subspace of Vi explaining the
better accuracy of linear MsFEM compared to standard FE. However, recalling THEO-
REM 1.20 in the regime H =~ ¢ the approximation becomes inaccurate. In this case the
approximation subspace Vy;spps is not large enough to represent Vr, otherwise we would
get a linear decrease of the error with respect to H.

The main flaw of the linear MsFEM method is that on the edges u. is approximated
by affine functions whereas u. usually oscillates at scale . Some alternatives have
been designed to circumvent this issue. For instance, one can use oscillatory boundary
conditions that are consistent with the oscillations of the coefficient. Such approach
gives little improvement and still suffers from the resonance effect. One can also turn
to non-conformal approaches in order for the artificial boundary conditions to have a
smaller impact.

Oversampling approach

The oversampling approach have been introduced in the work [55] and further ana-
lyzed [35] and [45]. One can also refer to the following review [51] for further analysis.

It is a two step approach like the linear MSFEM method: constructing of the basis
and resolution of a Galerkin problem. The basis is computed as follows, we agian
consider a coarse mesh of size H and denote by ¢° the unique MsFEM basis function
associated with the vertex i. We consider for each element K € 7y, K an enlargement
such that K € K. We solve an equation on K and ¢9% is taken as the restriction of
this solution over K. This way the basis function ¢ oscillates on the edges forming
oK. B

More precisely, we define 1); € H'(K) solution to

—div(A.VeY;) =0 inK DK
1; is affine on the edges of KO K (1.68)
Vi(T;) = i

Remark 1.25. The basis functions ¢¢° are usually discontinuous across the edges. In-
deed, basis functions are taken as restriction of solution to problems on a smaller element.
There is no guarantee, that for a given edge, the enlarged solutions will match for the
elements sharing this edge. Hence, ¢ does not belong to H} (D) and thus the approach
is not conformal.

Then we perform the online step that is solve the coarse Galerkine problem for any
source term f, using the approximation space

VMSFEM*OS = Span<{¢zos}72 = 1'-Nbvertex) (169)
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P1(@3) =0
0K
T
P1(a1) =1 P1(@2) =0

Figure 1.8: Sketching of oversampling MsFEM basis function design

and then find Uysppnv—0s € Vusrem—os such that for any v € Viysppa—os
Aa(UMsFEM—057 U) = b('U)
In the work [45] a convergence result has been presented.

Theorem 1.26. Let f € L*(D) and A. € L>*(D,R%?) be a sequence of elliptic and
bounded matrices. We hence assume that there exists C and ¢ such that

Vr € D, VE € RY, Ve, cl¢f? < €TAL(x) < Clef?

We assume that A. is H-convergent (i.e. convergent in the sense of homogenization).
We denote by upyispnvi—os the oversampling MsFEM approximation. Denoting by K the
enlarged element and | K | its associated volume, we let

KI-|K]

K] o

Then it holds that

Igigo llir(l] |ue — unrsreM—0s]L2(D) = 0.

Remark 1.27. This result is interesting as it ensures the convergence of the approach in
the broadest sense of homogenization that is H-convergence. However, it does not provide
insight as how to choose the enlargement.

A more practical convergence result has been proven in [35] though in the more
restrictive framework of periodic homogenization.

Theorem 1.28. Letd = 2, f € L*(D) and A, = Ay, () where Ay, is Z-periodic,
bounded, elliptic, symmetric and C*(D). We denote by uyrsrpi—os the oversampling
MSFEM approximation and by H the characteristic size of the elements enlargements that
is H= min d(0K, K). Then it holds that

KeTy

€ 1
e — unrsrEM-0s] 220y £ C (E + H + ¢(log H)Q) ;

> €
( Z | Vue — VUMSFEM—OSH%Z’(D)) <C (E + H + \/§>

KeTh

Remark 1.29. This result shows an explicit rate in function of the enlargement rate,
though in a more restrictive framework. However, in the resonance regime, H must be
taken very large in order to have a good approximation. Numerically, one can observe

that taking H = H + ke, with k < 10 is sufficient to significantly dampen the resonance
error (see [55]).
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Although the convergence results seems to suffer from the resonance error like
linear MSFEM unless a prohibitive enlargement is used (j:-VI ~ 1/e), the method is very
effective in practice even with small enlargement (only a few ¢). The resonance error
does occur (in the sense that the approach is not converging if i/ and € go to 0 and
g is fixed) but the overall error is significantly reduced in comparison to the linear
MSsFEM.

Crouzeix Raviart approach

Consider a material with small perforations and a coarse mesh as shown in FIGURE
1.9. In such case the perforations can intersect the coarse mesh. Hence, the linear or
oversampling MsFEM cannot be applied since linear boundary conditions are enforced
on subset of the edges where the solution is supposed to vanish.

Figure 1.9: Left - Material with perforations, Right - Mesh used

In order to tackle such problems, an edge-based MsFEM called "MsFEM a la Crouzeix-
Raviart" has been designed in the works [63] and [64]. We denote the set perforations
on the domain D by B.. In the variational formulation of the problem (1.3), instead of
computing the integrals on the whole domain D, the integrals are computed on D\ B..
During the offline stage two types of basis functions are computed: edge and bubble
basis functions. Similarly, to MSFEM oversampling, the method is not conformal, only
a weak continuity property is enforced along the edges.

In each element K of the coarse mesh, the edge-based basis function gbiCR associated
with the edge e; is solution to the problem
—div(A.Ve{®) =0 in K,
J. ot =1,
J oSt =0, if i 4],

AEV¢iCR ‘n; = )\'i,j on €y, for anyj

(1.70)

where ); ; is a constant (which can take different values on each side of the edge).

The bubble basis function 1 is supported by K and solves

{—div(Asz) =1 ink,

1.71
Y =0 on 0K. (1.71)

Edge-based basis functions are not continuous across the edges, as only the integral
over the edges is prescribed. However, denoting by [[-]] the jump of the function across
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Figure 1.10: Edge-based basis function (Left), Bubble basis function (Right)

the edge, such functions satisfy a weak continuity property, that is for each edge e of
the mesh, and for any basis function ¢{'* we have [ [[¢{7]] = 0, likewise

/[[UMSFEM]] = O (1.72)
as a direct consequence. Then a coarse Galerkin problem is solved in the space

VMSFEM—CR — Span({qbicR}a {1/}]}72 - 1-'Nbedgesuj = 1"Nbelements)

Regarding the convergence of the approach the following result has been estab-
lished in [63].

Theorem 1.30. Let u. solution to —div(A.Vu.) = f with homogeneous Dirichlet
boundary conditions on the domain D \ B., for d = 2, with periodic perforations and
[ € H?*(D). We assume that the equation of any internal edge e can be written as
Ty = %wl + ¢ forpe € Z, q. € N* that are coprime numbers such that |q.| < C with C
independent of e and the mesh size H. Then it holds that

19
|ue = untsrerv—crll 1 (o\B) < CE (\/EJF H+4 E) | £l 2(p)

where Hqu}{(D\BE) = Z /K |Vu|? and C' is independent of H, € and f.

KeTy ND\Be

Remark 1.31. The assumption on the rationality of the slopes in the mesh is necessary
see [63, REMARK 2.5] to treat traces of periodic functions on the edges of the mesh. In full
generality, such traces are almost periodic. In the case of rational slopes these traces are
periodic simplifying the proof. This assumption is not very restrictive in practice, in par-
ticular because computers only manipulate rational numbers (and therefore, in practice,
the mesh slopes are always rational).

Remark 1.32. This result is interesting as usually the MsFEM convergence results depend
on the contrast that is the ratio between the maximum value of the coefficient and its
minimum value. One can regard the problem posed in the perforated domain as the limit
of a problem with an increasing contrast.

Remark 1.33. One could consider enriching the basis in order to improve the accuracy
of the method. For instance, one can enrich the basis adding functions ¢S satisfying
I3 ¢Sx = 0 or 1 in addition to satisfying I3 ¢ST = 0 or 1. In such case, the weak conti-
nuity property would be ensured and the other constraints would make the solution closer
and closer to a true continuous property. The resulting approximation would improve with
respect to N the degree of the constraints and the regularity of the exact solution. In the
case of perforations, the solution is not so regular. Indeed, perforations induces a loss in
convexity and in regularity of the domain reducing the overall regularity of the solution.
Thus, such an enrichment approach would give little improvement.
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1.4.3 Contribution: MsFEM enriched with polynomials

The main MsFEM methods (such as Linear, Oversampling and Crouzeix-Raviart) suffer
from a resonance effect: the error does not decrease if 4 and ¢ go to 0 with ¢ ~ H.
Such behavior dampen the effectiveness of MSFEM methods. We aim at designing an
MSsFEM type method that would cancel this error and yield a linear convergence with
respect to the coarse mesh size H.

We place ourselves in the symmetric framework that is the coefficient matrix A,
is symmetric. Such framework allows us to use orthogonality and energy properties.
We recall that in this particular the orthogonal decomposition (1.60) of Hj (D) into the
interface space V1 and the bubble space V5. The MsFEM basis functions in the linear
case belong to the interface space. Hence, when considering u. the solution of (1.2)
and THEOREM 1.23, it holds that the resonance error is due to a bad approximation of
the space V1 by the MsFEM basis functions.

The idea of enrich the space V1 has already been explored in the work [53] and
leads to a new numerical approach: the special finite element method based on com-
ponent mode synthesis. This approach was thoroughly analyzed in the work [52].

Special finite element method based on component mode synthesis

This approach developed in the work [53] is similar to a linear MSFEM method. It
is a two-step approach: design of a conformal basis and then resolution of a coarse
Galerkin problem. The difference with the linear MsFEM lies in the design of the basis:
the linear MSFEM basis functions will be used but will be complemented by spectral
enrichments on the edges. We emphasize on the fact that the method is conformal
though the enrichments are edge-based.

The complementing basis functions are solution to local eigenvalues problems de-
fined on each edge. Recalling the definition of a.-liftings in (1.61) and that a. is a
scalar product on H}(D), for each interior edge ¢, we can define a generalized eigen-
value problem for traces that can be extended by 0. We define H%Q(e) ={v e L?*e):
o € H2(I')} with U the extension by 0 of v in I'. In that case, for each edge e, the
following generalized eigenvalue problem is well-defined: find (7.;, Ac;) € Vi x R

such that V) € H&éQ(e)

a:(Ep(7e,i), Ep(n)) = / VEp(7ei) - (A-VED(n)) = Ae; / Te,il (1.73)

D e
We next sort the eigenvalues (). ;) in decreasing order. Then we define the approxi-
mation space as

Vacus = Span ({¢/*7FM} {7} ein T, j = 1.1, i = 1. Nbyerses)
Error estimates have been proved in the work [52]. Denoting the Special finite
element approximation by uac s, we have the following result:

Theorem 1.34. Denoting by o, the shape regularity of the coarse mesh, and by A. the
coefficient in (1.2) it holds that if the solution to (1.2) is such that u. € H* (D) N H}(D)
with sq > % then

2
U |
2 2 250—3 e He®o(D)
|ue — UACMS|H1(D) < CH” 4 Csy ga. H™® E i N
Ic.e
KeTh ecoKnr ¢

(1.74)



1.4. NUMERICAL APPROACHES 29

where I is the set of interior edges, C depends only on f and the shape of the elements
and Cs, » 4. depend on sy, 0, A..

For particular geometries (such as regular shaped elements of size H), the work
[20] suggests that there exists a,;, independent of H and ¢ such that A\, ; > Capin 75

In this particular context we can write the following corollary

Corollary 1.35. If we assume thatu € H*(D) N H}(D) and that there exists ctpin, > 0

such that ‘
)

Ve C F, )\e,i Z Oéminﬁ7 (175)
with Qi independent of e € I', i and H then it holds that
2 2 HUEH%IZ(D)
]us—uACMS|H1(D) S CH 1+f y (1.76)

where [ is the minimal number of enrichments taken in all edges belonging to I, and C
depends only on the shape of the elements o and on the coefficient A..

Remark 1.36. One can see that the result given by THEOREM 1.34 does not rely on a par-
ticular structure assumption (periodicity, ...) for the coefficient A.. However, it requires
that solution u, is of regularity at least H*° (D) with sy > % This implies some implicit
assumptions regarding the regularity of the coefficient A., the geometry of D and the
right-hand side f.

Remark 1.37. Such result is an improvement compared to the linear MsFEM, indeed in
the periodic case usually ||u||y2(py =~ L. Then, the estimate in COROLLARY 1.35 becomes
in the regimee ~ H.:

Cooa.
|ug — UACMS|%[1(D) S CH2 + T’A

Then the resonance error associated with the linear MsFEM of order O(1) can be decreased
by adjusting I, the number of enrichments.

Remark 1.38. Numerical experiments show a significant decrease of the error in the
resonance regime compared to the linear MsFEM even for a few enrichments. The behavior
of the error is consistent with the ASSUMPTION 1.75.

The special element method is effective and decreases the resonance error greatly
compared to conformal versions of MSFEM (for instance linear MSFEM). Moreover, the
enrichments have support in the elements across the edge simplifying the implemen-
tation of the method. We also put the emphasis on the fact that the convergence of the
method is proven for generic A. without any structure assumptions. However, there
are some drawbacks. First, the decrease of the eigenvalues plays a significant role in
the effectiveness of the approach and is not yet understood (AssumpTION 1.75 has yet
to be proven). Second, the eigenvectors have to be approximated by an FE approach
on finer grid h. The stability of eigenvalues and eigenvectors regarding the value of
has yet to be studied. Finally, solving eigenproblems can be a computational challenge
even as an offline step.

This approach allows us to understand better how to enrich V1 efficiently, and is
the cornerstone to our new method with enriched polynomials.
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The MsFEM enriched method with polynomials

This section presents the main results of CHAPTER 3 regarding the design of a new
MSsFEM enriched method based on polynomials. It is a two-step approach and is simi-
lar to the special finite element presented in the previous section. The main difference
lies in the design of the enrichments. Indeed, our enrichments will be a.-liftings of
polynomials instead of solutions to eigenproblems.

Let e be an interior edge of the coarse mesh (e C I') that is supposed regular in the
sense (3.2), we define qﬁgk the edge enrichment of degree £ with 1 < k£ < N such that
on each element K containing the edge e

—div(A.Vep,) =0in K
¢rp=Peone (1.77)
Gep=00n 0K \ e

with P a polynomial of order k that vanishes at the vertices of the edge. The support
of ¢£ . 18 thusly the two triangles sharing the edge e.

o0
(S
= N,
Il N\
. 2
- %
eX ‘2
I
¢e,k =0

Figure 1.11: Sketch of the design of an enrichment

We define the approximation space

Vusrem,N = Span ({¢§'\45FEM}j=1..metem {¢£,k}ecr, K=2.N) (1.78)

with gzﬁj” sFEM the nodal basis function associated with the vertex i in the linear MsFEM
approach.

Remark 1.39. By definition qbl;k is an a.-lifting and thus belongs to V. Hence, adding
gbgk brings our approximation space closer to Vr provided the enrichments are different
enough. Moreover, the enrichments can be computed independently for both elements
sharing the edge, hence a significant speed up of the offline phase. Note that for the
special element method, the enrichments are solution to eigenvalues problems that cannot
be solved independently for both elements sharing the edges. In our case, the offline cost
is thus reduced for two reasons: we solve right-hand side problems rather than eigenvalue
problems, and the problems are posed on a single element rather than two of them.

We proved a similar convergence result as THEOREM 1.34

Theorem 1.40. Assume that u. solution to (1.2) belongs to Hj (D) N H*(D) for some
5> % and that f € L*(D). We consider Ty a regular mesh of D in the sense (3.2) with
quadrangular (or triangular) elements and characteristic length H. Denoting by uy v the
solution of the Galerkin problem associated with (1.2) on the space Vs, n, it holds
that

(1.79)

9 ) H2(min(s,N+1)—1)
”Ue - UH,NHHl(D) <C|H + ||u€| ,

2
H#(D) N2(s—1)
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where C' depends on the contrast of A. and on s the regularity of w. It is to be noted that
C' is independent of H, N and u.

Remark 1.41. The result is similar to THEOREM 1.34. However, the convergence rate is
explicit with respect to N which is the minimum degree of enrichments and H the size
of the coarse mesh. Although there are no particular assumptions on the regularity of
the coefficient A. or any geometry assumption (such as periodicity, ... )in order to get this
result, the solution has to be continuous on the edges that is H*(D) with 1 < s. The
assumption 3/2 < s is made to encompass the case of triangles and quadrangles though
it can be relaxed to s > 1 in the case of quadrangles. Such regularity is usually achieved
when A. € L*>°(D) and D is smooth enough, usually a convex domain or a polygonal
domain without inward cusps.

Corollary 1.42. Under the same assumptions as THEOREM 1.40 and asssuming that A,
is st-periodic, s=2 N > 2and H ~ ¢ then we have

1
el

with C' that depends on the contrast of A. and of the shape of the elements.

lue = wm |7 py < C(H? + (1.80)

Remark 1.43. As for the special element method, one can adjust the number of enrich-
ments in order to reduce the resonance error. Compared to the result of COROLLARY 1.35,
the rate with respect to the number of enrichments is better. Numerical experiments on
periodic cases show that our method performs better than the special element methods.

Numerical tests show that this method is efficient and effectively cancels the res-
onance error provided that the degree IV of enrichments is high enough (i.e. of the
order of 1/¢). An a posteriori estimator has been designed though it concerns only the
global degree and cannot be used to refine the degree (number of enrichments) locally
edge by edge.

The method performs well on classical periodic examples as well as cases when A,
is not periodic.

This method is local and conformal. All enrichments and basis functions are com-
puted locally element by element in contrast to MSFEM oversampling method. How-
ever, the coarse system to solve is larger as we have added enrichments. For instance,
we consider a degree N and a coarse mesh of @ = (0,1)? with quadrangular ele-
ments of size H. The TABLE 1.1 describes the differences in term of degree of freedom
and sparsity of the coarse system where MsFEM-lin corresponds to the linear MsFEM
approach and MSFEM-N corresponds to our approach with enrichments of degree V.

MsFEM-lin MsFEM-N
Dof /A | (1+2N)/0
Matrix coeff 1/H* 4N?/H*
Non-zeros 9/H* TN?/H?
Ratio 9H* 7/AH?

Table 1.1: Number of DOF, non-zeros coefficients in the coarse system and its ratio
compared to the size of the system for MsSFEM-lin and MsFEM-N methods

When we compare oversampling MSFEM or linear MSFEM to our method MsFEM-
N, the number of degrees of freedom is multiplied by roughly 1 4+ 2N. Such increase
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slows down the online phase as a bigger linear system has to be solved. However, we
recall that H is supposed to be coarse so even with such a ratio the online phase re-
mains fast.

We consider now the sparsity of the coarse linear system associated with the on-
line phase. In term of memory cost the ratio of non-null coefficient over the size of
the matrix is better for the online coarse linear system associated with our enriched
method than for the one with standard linear MSFEM approach. Also, during numeri-
cal experiment we did not notice big disparities between the time of resolution for our
coarse systems and its equivalent in terms of FE element coarse system.

Remark 1.44. All these results on sparsity and number of degrees of freedom is also true
for the Special finite element method. Indeed, the size of the coarse linear system to solve
during the online phase is the same as our method when the same number of enrichment
is used (a degree N corresponds to N — 1 eigenvector enrichment) since the support of the
enrichment functions associated with one edge are the same.

1.5 Perspectives

In this thesis, the work was divided into three parts: the study of the fluctuations in
the context of stochastic homogenization (see CHAPTER 2), the design of an enriched
multi-scale numerical approach (see CHAPTER 3) and the implementation of multi-scale
methods in a Finite Element software (see CHAPTER 4).

1.5.1 Stochastic homogenization

Following CHAPTER 2, a theoretical study of the fluctuations in the weakly stochastic
context allowed us to show that in this case the law of a family of quantities of interest
can be inferred by knowing the structure of the random coefficient A.. Indeed, for such
quantities of interest the law can be characterized simply in function of a fourth-order
tensor Q. This abstract object has no analytical formula in general. That is why, we
designed and studied a numerical approach to approximate Q. Numerical experiments
showed that our approach yields an accurate approximation of Q, even in non-weakly
stochastic cases.

One could consider studying the fluctuations in another weakly stochastic frame-
work. We considered a periodic coefficient with random defects with high probability
of occurrence but very small effect. We could also study a periodic coefficient with
defects which have a significant impact but a small probability to occur:

Acl@,w) = Aper () + Y Lol D) Xilw), (1.81)

kezd

with X i.i.d. variables such that P(X; = 0) = 1 —nand P(X; = M) = n with M of
order 1 and n < 1.

The defect would be considered as a rare event. Industry-wise, this case would be
interesting as it would allow us to improve risk assessment in the case of rare failures
in the material design.
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Another question of interest would be to determine how to compute the mean of
u., Note indeed that, in (1.24), we substract E[u.], an object that is difficult to compute.
It would be useful to design a quantity of interest depending on u. and w, rather than
u. and Efu.]. We refer to REMARK 2.1 in CHAPTER 2 for a more detailed discussion in
that direction.

Also, the heart of our numerical approach is to approximate Q by solving PDE on
large domains with periodic conditions for a number of realizations in parallel and
then to compute an empirical covariance. We studied the behavior of our approxima-
tion with respect to the size of the domain with quantitative convergence estimates.
However, numerical experiments seem to indicate that a very large number of realiza-
tions is needed in order to get accurate results. Hence, there is a need to find better
ways to compute the covariance. To that end, one could think of variance reduction
methods such a control variate or importance sampling. The ideas developed in [14]
and [65] to reduce the variance when approximating A* could perhaps be used here.

1.5.2 MSsSFEM enriched method

In CHAPTER 3, we designed an enriched MsFEM method that cancels the resonance
error when enough enrichments are added. The implementation of the method is
straightforward, the enrichments can be computed independently element by element
in parallel. It is an improvement compared to spectral type methods as the enrichments
are neither solution to coupled problems on two elements nor solution to eigenprob-
lems but solutions to elliptic problems with Dirichlet boundary conditions reducing
significantly the computation time. The method is also conformal and does not suf-
fer from reconstruction in order to get fluxes or stresses. The error estimates neither
depend on the regularity of A. nor on its structure (no periodicity or stationarity re-
quired) provided the solution u, is continuous on the domain D.

The proofs of convergence rely heavily on the symmetry of the problem as energy
minimizing arguments are used to get error estimates. In addition, the orthogonal
decomposition (1.60) is pivotal in this approach. As linear MsFEM gets error estimates
even in the non-symmetric case and in the regime ¢ < H, though for A. that are
periodic, one could try to adapt the proofs to our approach. The advantage would
be two-fold: show that the lack of symmetry does not impair the effectiveness of the
method; and provide error estimates when H >> ¢, the current behavior is not known
when e — 0 and H is fixed. It only describes the behavior best in the resonance regime.
It is obvious to transpose the proof from the linear MsFEM error estimate to our case.
The main idea is to compare the approximation to the homogenized solution. However,
at some point a crude triangle inequality is used and one term does not depend on our
approach but rather on a periodic homogenization result. Finally, in the regime ¢ — 0
and when H is fixed we get the same estimate as the linear MsFEM in the periodic case
(see THEOREM 1.20).

Another limitation is that the method can only be used for 2D cases as we define
our enrichments on edges. However, it could be possible to design a similar method in
3D if we consider multiple type of enrichments: edges and faces interface functions. If
the mesh is regular (for instance cube shaped), the trace and polynomials results would
still apply. However, computationally speaking the method would be less interesting
as the number of enrichments would increase (6 enrichments per degree per element
instead of 4 in the 2D case) and the coarse linear system could reach quickly a critical
size.
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Finally, an a posteriori estimator has been designed, it allows us to refine the de-
gree edge by edge with respect to the polynomial degree. This estimator, though use-
ful, lacks accuracy in some regimes (for instance when high polynomial degrees are
considered). This a posteriori estimator is based on a simple approach with residuals
and finding a more relevant estimator would be possible using more sophisticated ap-
proaches. Getting an efficient a posteriori estimator is crucial as one drawback of our
method is the associated increase of the size of the coarse linear system with respect to
the polynomial degree used. If one chooses uniform refinement, the number of DOF of
the coarse problem is increased by the number of edges times the polynomial degree
considered. Hence, the online step can lead to solve large linear systems when high
degree are used, especially compared to other methods such as MsFEM oversampling
that gives similar errors with much smaller systems to solve. An effective a posteriori
estimator would limit the increase in size of the coarse system while ensuring good
accuracy.

1.5.3 MSsFEM implementation

Following CHAPTER 4, multiple MsFEM variants have been implemented as templates
in the Finite Element software FreeFem++. The MsFEM linear, oversampling and
Crouzeix-Raviart methods are available. MsSFEM approaches are intrusive, making
them difficult to insert in a code. Also, with the numerous variants existing it would
not be wise to implement it as a hard part of a code. However, some interesting imple-
mentation and theoretical projects regarding MsFEM can be explored.

Firstly, it would be interesting to combine MsFEM to Domain Decomposition Meth-
ods. If one aim at solving a multi-scale problem at the fine scale, usually direct meth-
ods to solve the system fail because the number of degrees of freedom is too large.
Hence, using an iterative method is necessary. A critical step to get affordable time is
to precondition the system in order to reduce the number of iterations. Domain de-
composition methods such as the Schwarz method could be used as preconditioners.
Sometimes such preconditioners are not sufficient and second-level preconditioners
have to be used. Usually, the main preconditioner results from local independent com-
putations to maximize parallelization and reducing execution time. However, it often
lacks global information to link together the local computations that impairs the pre-
conditioning effectiveness. Hence, introducing a coarse model (inexpensive to solve) as
a second-level preconditioner could significantly improve the approach. In that sense
MsFEM approximation are really suited to that role as it falls in a multi-query context:
we can afford to have an offline phase as we need a quick online phase that will be
repeated a lot of times. Numerical experiments (see CHAPTER 4) show that a second
level preconditioning with Jacobi method as a fine preconditioner and linear MSFEM
as coarse space gives good results: the number of steps needed by GMRES decreases
sharply (factor 1 to 3). Also, the implementation of such a preconditioner is adaptable
easily within the FreeFem++ framework (see CHAPTER 4). Some works have been ini-
tiated in that direction. One can see the works of Gander (see [40]) and Kornhuber (see

[62]).

Finally, it would be also interesting to explore coupled formulations where multiple
multi-scale approaches are used with respect to their specificity and the local change of
the material that is in the function A.. For instance, when ¢ is very small, we are close
to an homogenized regime so HMM method would be more appropriate. The MsFEM
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method is efficient when ¢ is small but not too small. Last, in the subdomains where
A. is not oscillating too much using P1 FE would be sufficient. An attempt to couple
P1 FE with MsFEM is presented in Chapter 4, though the numerical analysis has yet to
be performed. Hence, locally choosing the method according to the oscillations of the
coefficient would seem a good idea. However, with regard to proofs of convergence,
since different arguments are used from one approach to another, finding a general
formulation that would encompass all these arguments could be a challenge.






CHAPTER 2

\\NUMERICAL APPROXIMATION OF FLUCTUATIONS IN
STOCHASTIC HOMOGENIZATION

This chapter corresponds to a manuscript in preparation, co-authored with F. Legoll.

We study a method to approximate the fluctuations of the solution to an elliptic par-
tial differential equation with highly oscillatory and random coefficients. Considering
a weakly random setting (i.e. the case of periodic coefficients perturbed by a small ran-
dom contribution), we show that the fluctuations of the solution are fully characterized
by a fourth-order tensor, which is deterministic and independent of the right-hand side
of the highly oscillatory problem. We also discuss how to practically approximate this
tensor. We provide an extensive set of numerical experiments that illustrate our theo-
retical results, and also explore numerically the case of fully random (i.e. non weakly
random) problems.

2.1 Introduction

We consider the problem

{—div [A (g,w) Vue(',w)} =finD,
us(-,w) =0 on 9D,

(2.1)

where D C R? is a bounded domain and f € L?(D). In this equation, the matrix-
valued coefficient A is assumed to be bounded and bounded away from 0, random and
stationary. For the sake of simplicity, we furthermore assume that A is symmetric. The
limit behaviour, as € goes to zero, of the solution u, to (2.1) is of major practical interest.
It is described by homogenization theory (see e.g. the classical monographs [1, 58, 75]
for some general exposition), that we now briefly recall.

Let 4
11
2= (-33)

and let wy, be the corrector function in the direction p € R?, that is the solution (unique
up to the addition of a random constant) to

—div[A(p + Vw,)] =0 in RY,

2.2
Vuw, is stationary, E [ / pr} =0, 22)
Q
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where the notion of stationarity is defined by (2.5) below. The homogenization theory
states that, as € vanishes, u. approaches u,, the solution to

—div[A*Vu,]) = f in D, (23)
u, =0 on 0D,
where the homogenized matrix A* is deterministic, constant and given by
VpeRY Ap=E {/ Ap + pr)} : (2.4)
Q

Since A is symmetric, A* is also symmetric.

The notion of (discrete) stationarity employed in (2.2) is defined as follows. We
consider the probability space (2, F, P). We assume that the group (Z%, +) acts on (2,
denote this action by (7x),cz4, and assume that this action preserves the measure P, in
the sense that

VkeZ', VYAeF, P(r.A) = P(A),

and that it is ergodic: for any A € F, we have
vk € 77, mAd=A| = P(A) = Dor 1.

A function F € L{ (R? L'(f2)) is said to be (discrete) stationary if

loc
Vk € 7% F(r+kw)=F(z,7w) ae. in x, almost surely. (2.5)

In practice, when d > 2, the solution w), to (2.2) (and hence A*) cannot be computed.
The homogenized matrix A* is often approximated by A% (w), defined by

. 1
vp € Rd7 AN(w)p = A(a w) (p + Vwév(7 C&))), (26)
|QN| QN
where wZ],V is the solution (unique up to the addition of a random constant) to the

following random equation, posed on a finite domain:

{—div ACw) (p+ V' (,w) | =0 inQu, 27
w) (-, w) is Qn-periodic,
with, for instance,
Onv= U Q—I—k:(—N—l,Nle)d (2.8)
|k|oo <N 2 2

where we have set |k|, := max |k;| for any k € Z4.
_Z_

Besides the averaged behavior of u. on large space scales (which is given by u,
solution to (2.2)—(2.3)-(2.4)), a question of interest is to understand how much . fluc-
tuates around its expectation E|u.]. This question has been comprehensively studied
(see [7, 59]) for the problem

—Au, + ¢.(z,w)u. = finQ, wu. =0 on .

For the equation of interest here, namely (2.1), the question has been studied in the
one-dimensional case (see [8, 19]). We also wish to cite the recent, theoretically ori-
ented contribution [31], addressing (2.1) in the case when the differential operators
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are discrete (the differential operators in (2.1) are replaced by finite differences) and
the equation is posed on the whole space. It is shown in [31] that the following prop-
erties hold true (for notational simplicity, we again use here the symbol V for finite
difference). For any 1 < i, j < d, denote by

pij(x,w) = (e; + Vw;) - Ale; + Vw,) —e; - A*Vw; —e; - A*Vw; (2.9)

the corrected energy function (we follow here the terminology of [31]), where w; de-
notes the corrector, solution to (2.2) in the direction e;, and A* is the homogenized
matrix (2.4). Define the fourth order tensor

Q= lim OF (2.10)

L—+o0

with, for any 1 <, 7, k, 0 <d,

1
QiLJ,k,f = Cov (_ Pi,jv/ Pk,e) : (2.11)
|QL| QL QL

Given a right-hand side function f in (2.1) and a test function g, and assuming that they
both are regular, compactly supported functions and that they both are the divergence
of some vector field, the authors of [31] consider the quantity of interest

L) =& [ (ulw) ~Blud) o, 12)

where the integral over R? means the sum over all lattice points (remember that,
in [31], u.(+,w) is defined on a lattice). The quantity /. allows to understand the local
fluctuations of u.. For instance, g can be the indicator function 15 of a domain of in-
terest K, and then I.(f, g) measures the fluctuations of the average of u. in K around
its mean. Note that, when ¢ is small, the fluctuations of u, are small, since wu, is close
to its deterministic limit w,. This motivates the rescaling factor e~%? in (2.12), in order
for I.(f, g) to converge to a non-trivial limit.

Remark 2.1. Note that, in the definition of I.(f, g), the integrand is e~%?(u. — E[u.]),
which is different from e~%?(u, — u,), a quantity which is easier to compute. Ford > 1,
it turns out that e~%?(E[u.] — u,) does not converge to 0. Considering for instance the
periodic case (see e.g. [2]), it holds that u. — u, is of order € for any dimension d. In the
random case, it is thus expected that e~%?(E[u.] — u,) converges to a non-trivial limit
for d = 2 and diverges for d > 2. It is thus not interesting to consider the quantity of

2

interest e~ (us(+,w) — uy) g. However, it might be possible to consider the quantity

R4

J.(f,g) =2 / (ue(+,w) — Eluc1]) g for a well-chosen random function u. 1, such
R4
that E[u. 1] is easier to compute than E[u.| and such that the laws of I.(f, g) and J.(f, g)

converge to the same limit when € — 0. We refer e.g. to [9, 38] and do not pursue in that
direction.

It is shown in [31] that the random variable /. converges in law to a Gaussian
random variable:

I(f,9) i; N(0,0%), (2.13)

where N (0, 0?) is a Gaussian random variable with zero mean and variance given by

o? = / (Vu, @ Vu,): Q: (Vu, ® Vu,). (2.14)
Rd



40 CHAPTER 2. NUMERICAL APPROXIMATION OF FLUCTUATIONS

In the above formula, Q is the fourth order tensor defined by (2.10) and we have de-
noted by u, and v, the solutions to the homogenized equation with right-hand sides f
and g, respectively.

The practical interest of (2.13) is that the tensor Q is independent from f and g.
Once evaluated, the computation of o defined by (2.14) is inexpensive, since it only
involves solving homogenized problems.

Somewhat schematically stated, the conclusion of the above mentioned contribu-
tions (namely [7, 59, 8, 19, 31]) is therefore that the fluctuations of the solution can
essentially be determined independently from the right-hand side f, in some appro-
priate regime at least. Our aim is to elaborate on all these theoretical contributions to
build an efficient numerical strategy.

The purpose of this article is threefold.

First, we prove (this is the content of Sections 2.3 and 2.4) that essentially (and in
a sense to be made precise below) the theoretical results obtained in [31] for discrete
differential operators carry over to the case of continuous differential operators, at least
in the setting of weakly random problems.

The latter notion has been introduced in [14, 26, 66] and is recalled in Section 2.2.
In short, the weakly random case consists in assuming that the random matrix A is the
sum of a periodic coefficient with a small random perturbation:

A(z,w) = Aper(x) + A1 (2, w) (2.15)

where A, is a Zd-periodic matrix, bounded from above and bounded away from 0,
and where A; a stationary bounded matrix. The parameter 7 is assumed to be small:
n < 1. We also assume A, and A; to be symmetric.

In this particular setting made precise in Section 2.2, we prove our first main result,
stated in Theorem 2.7 below. It extends to our setting the results of [31], at least when
we truncate our quantities of interest to the first order in the formal expansion in 7.
The proof of Theorem 2.7 is performed in Sections 2.3 and 2.4.

The second purpose of this article stems from the fact, already pointed out above,
that one cannot access in practice to the exact correctors w, solutions to (2.2). It is thus
not possible to compute the tensor QF defined by (2.9) and (2.11). Using the truncated
correctors w,) solutions to (2.7), it is natural to introduce an approximation Q™" of Q"
(see (2.42) below). In the weakly random case, we then show that this approximation
is consistent, in the following sense. At the leading order in 1, QX" ~ n?Q%™N:! and
QL ~ n?Qll. We then show (see Theorem 2.10 below) that Q%™:! converges to Q'
when L — oo and N satisfies N > L. The proof of Theorem 2.10 is given in Section 2.5.

The third purpose of this article (which is achieved in Section 2.6) is to provide
an extensive set of numerical experiments that suggest that, for fully random contin-
uous differential operators, the conclusions of Theorems 2.7 and 2.10 are again true.
Although, to the best of our knowledge, there is no theoretical proof of this, and al-
though we have been unable so far to extend our own proof of the weakly random
case to the fully random case, we believe that the numerical tests presented in Sec-
tion 2.6 are a strong indication toward the fact the formula holds with a large degree
of generality. We hope that our observations will motivate further research in this
direction.
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2.2 Weakly random case and main results

We consider problem (2.1) with a coefficient A of the form (2.15). For simplicity, we

choose
=Y lgk(r) Xi(w) 1dg,
kezd
X}, are i.i.d., almost surely bounded random variables, (2.16)

E[Xo] =0,

where Id, is the d-dimensional identity matrix and where we recall that

1 1\
2= (-33)

Remark 2.2. Note that the assumption E[X| = 0 is made without any loss of generality.
Indeed, should B[ X,| be different from 0, it is always possible to write (2.15)—(2.16) in the
form

Alw,) = Apenlw) + nEIXo] +1' Y Louu(a) (Xelw) — E[X]) Iy,

kezd

where the random variables Xy (w) — E[X,] have a vanishing expectation and where
Aper + 0 E[X0] is a Z-periodic matrix, which is bounded from above and bounded away
from 0 when 1) is sufficiently small.

Remark 2.3. Other cases alternative to (2.16) could be considered, such as for example

=) Gper(®) Lgur(z) Xy (w) 1dg

kezd

for some Z*-periodic function . For the sake of simplicity, we do not pursue in that
direction.

As shown in [14, 66], an expansion of the oscillatory solution, the corrector, the
homogenized matrix and the homogenized solution in power of 1 can be obtained,
respectively. More precisely, we have

ue = ul + nul 4+ O(n?),
Vuw, = Vuw, +nVw, + O(n?),
A = A5+ O(n),

w, =)+ O(p).

(2.17)

In the above expansion, u_ corresponds to the solution to (2.1) for the deterministic
periodic coefficient A, (-/¢), that is

0
€

— div [Aper <g> Vug] =f inD, u? =0 on 9D, (2.18)

while u! is the term of first order in the expansion (in powers of 1) of u., namely the
solution to

—div [Aper (E) Vu;(~,w)} = div [Al (é,w) Vug} in D,

{ (2.19)
ul(-,w) =0 ondD.
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The function wg is the corrector in the direction p solution to (2.2) for the deterministic
periodic coefficient A, namely a solution to

—div|A,er 0] =0 in R?
{ 0 1V[ dp (p.+.pr)] 0 in R?, (2.20)
w, is Z"-periodic,
while w; is the solution to
— div[Ape: V| = div[A;(p + Vw))] inR?,
(2.21)

lel, is stationary, E [ /Q lel,} =0.

Lastly, A7, and u? are the effective coefficient (2.4) and the corresponding homoge-

nized limit (2.3) for the deterministic periodic coefficient A, respectively.

Remark 2.4. The topology in which the expansions (2.17) hold can be made more precise:
we have

0 1 2
U (,w) — [us + nug(.,w)] HHl(D) <Cn® as,

e st <o
Q

HU* - UEHHl(D) § 07727

for some C' independent of n, € and w.

Remark 2.5. Note that, in (2.17), the first-order term in the expansion of A* vanishes. In
full generality, we have, for any p € R,

A'p= A5 p+1E [/ Ai(p+ ng)] +nE [/ Apchwzl,] +O(n?).
Q Q

In our setting, we now recall that the expectation of Ay vanishes, and hence that ofw;
also, in view of (2.21). The last two terms in the above equation thus vanish.

2.2.1 First main result

In the spirit of the quantity (2.12) considered in [31], we consider here the quantity of
interest

L.(f.g) = / (t:(w) — Efu]) g (2.22)

D
where g € L?*(D) and u, is the solution to problem (2.1) with right-hand side f €
L*(D) (we recall that the differential operators in (2.1) are continuous differential op-
erators, in contrast to those in [31]; note also that the integral in (2.22) is a true integral
and not a discrete sum as in (2.12)).
Using (2.17), we can expand (2.22) in powers of 7, and find that

L(f,9) =n1l(f.g)+e "’ CI(w) (2.23)

with |C7(w)| < Cn? almost surely (for some C independent of 7, € and w), and where

1X(f,9) =€‘d/2/ ulg. (2.24)

D
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Indeed, we compute that

Lfg) == (n [ (0t = Bl g + O0P))

and we observe that E[u!] = 0 in view of (2.19) and (2.16).

As in [31], we introduce the corrected energy function p; ; defined by (2.9) (where
now all the differential operators are continuous differential operators) and the fourth
order tensor Qﬁj,k,f defined by (2.11):

s = Cov i ,/ ) (2.25)
]kf (|QL| QLp,] kaﬂ

This quantity can be expanded in a series in powers of 77, as shown below.

Lemma 2.6. Assume that (2.15) and (2.16) hold. Then the fourth order tensor (2.25)
satisfies

Q" — > QM| < ClQLIn?, (2.26)

for some fourth order tensor Q™! (the expression of which is given by (2.29) below) and
where C' is independent of  and L.

Proof of Lemma 2.6. Using the definition (2.9) of p; ; and the expansions (2.15) and (2.17),
we expand the corrected energy function as

pij = PLs +np;+ O
with
pf‘;r - (ei + leo) ’ Aper(ej + vw?) A;ervw? A;ervwg
and
pri=Vw! - Ape(e; + Vul) + (e; + Vuy) - Aperle
+ (e + Vi) - Ai(ej + Vul) — ;- A5 V) — ;- Ay, Vw;. (2.27)

per % per

More precisely, we have

r 2
\/E/Q g — (055 +np)|” < Cn, (2.28)

for some C' independent of 1.
We note that p}';" is deterministic and that the expectation of p; ; vanishes, because

E[A;] = 0. We define

Q g5k, =E (|QL| o p'L,] / pkﬂ) (229)

We introduce 7;; = p; ; — (0} ) — np; ; and using (2.25) it holds that

1
|Q, ko k[’_COV( W)z, 7/ Tk,l)
n o Qcl Jo, " Ja,

1 1
+ Cov (— Tij 77/ p}CJ) + Cov (— Tij / rkJ) (2.30)
|QL| QL L |QL| Qr L
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We have two crossed terms with r and p and one term where only 7 appears.
By using definition of the covariance, the Cauchy-Scwharz inequality and (2.28), it
holds that

ey e, ) )]
< %E VQTEJ] {/Q(pi,z)ﬂ

< Cp?, (2.31)
where (', depends on L but not on 7. The same estimate holds for the other crossed

term.
We also have by similar arguments

Cov (@/@Lri,j, /er,l) = @E K/Lm,j—]E[/Lri,j]) (/er,l—E[/LTk,l]ﬂ

can[[]s[[ 2]

<O, (2.32)

where C, depends on L but not on 7. Then collecting (2.31) and (2.32) inserting it in
(2.30) we get (2.26). This concludes the proof of Lemma 2.6. ]

Inpired by [31], we expect that a result similar to (2.13) holds in our case. More
precisely, we expect that, when ¢ tends to 0, the quantity I.(f, g) defined by (2.22)
converges to a Gaussian random variable,

I.(f.9) =3 N(0,0%), (233)
of mean zero and of variance
o? = Jim (o1)? (2.34)
with
(ch)? = / (Vu, ® Vo,): QF: (Vu, ® Vo,), (2.35)
D

where Q7 is given by (2.25) and where u, and v, are the solutions to (2.3) with the
right-hand sides f and g, respectively.

We have not been able to show (2.33) in a general random setting. However, we
have shown this result in the case of weakly random problems, as stated in the following
theorem.

Theorem 2.7. Assume that (2.15) and (2.16) hold, that A, is an Holder continuous
function, and that f and g are Holder continuous. Let I(f, g), defined by (2.23), be the
truncation at the first order (in the expansion in powers of n) of the quantity of interest
I.(f, g) defined by (2.22). When ¢ goes to 0, we have

1 £ 2
[E(f7g) N(Oual)
e—0
i.e. I1(f, g) converges in law to a centered Gaussian random variable of variance

o2 = / (Vi @ Vo?): Q': (Val @ Vo), (2.36)
D
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where u® (resp. v°) is the homogenized solution (see (2.3)) associated to the homogenized
matrix A% of the periodic coefficient Ape,, with the right-hand side f (resp. g):

per
—div[A*Vul] = f inD, u?=0 ondD, (2.37)

and
—div[A*V? =g inD, v?=0 ondD. (2.38)

In (2.36), the fourth order tensor ol is given by

ke = Ve (o) ( JACEAIRCE va) ( [ v (et vap)).

(2.39)
In addition, denoting Q™! defined by (2.29) the truncation at second order (in the expan-
sion in powers of n) of QF (see (2.26)), we have that

Q' = lim Q™' (2.40)

This result shows that, at least when one truncates the formal expansions in 7 at
the first order, the fluctuations of I.(f, g) are governed by the fourth order tensor Q.
This thus generalizes the results of [31] for continuous differential operators, at the
leading order in 7).

The proof of Theorem 2.7 falls in two parts:

« in the first part (see Section 2.3), we consider the random variable I.(f, g) (and
more precisely its leading order term I!(f, g)) and establish that it converges in
law to some centered Gaussian random variable (see Proposition 2.12). We also
give an explicit expression for the variance of that Gaussian variable.

« in the second part (see Section 2.4), we consider the fourth order tensor Q (and
more precisely its leading order Q'), and show that the variance identified in
the first step can actually be expressed in terms of Q, u? and v?, thereby prov-
ing (2.36). This is the purpose of Proposition 2.20.

The proof of Theorem 2.7 is a direct consequence of Propositions 2.12 and 2.20.

Remark 2.8. The Holder regularity assumption on Ay, is useful for two purposes. First,
it implies some regularity on the corrector solution to (2.20), namely that wg e CH(Q)
(see Lemma 2.13 below). Second, with A, periodic and Holder continuous, it is shown
in [18] that the Green function of the operator L := — div[Ape, V| defined on the whole
space RY satisfies bounds similar to the Green function of the Laplace equation. These
estimates are next useful in the proof of Proposition 2.20.

2.2.2 Second main result

As pointed out in the introduction, we do not have access to the corrector function,
solution to (2.2) on R? In practice, we only consider the truncated corrector prob-
lem (2.7), posed on the bounded domain (). We thus do not have access to p; ; and
QF respectively defined by (2.9) and (2.11).

As for the approximation A%, (w) of A* (see (2.6)), it is natural to introduce (similarly
to (2.9)) the random function

Pf,vj(%w) = (e + V) - Ale; + wa) —e;j - Ay (W)Vuwl) —e; - Ajv(w)ij.V (2.41)
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and the fourth order tensor QX" defined by

1
Q,JM COV(’QL‘ o Pwa/ PH) (2.42)

We hope that Q%" converges to QF when N — oco. We are going to show such a
result in a weakly stochastic setting, namely under assumptions (2.15) and (2.16).

We first expand in 7 the tensor Q%". We have the following result, similar to
Lemma 2.6.

Lemma 2.9. Assume that (2.15) and (2.16) hold. Then the fourth order tensor (2.42)
satisfies

‘QL,N o n2 QL,N,l‘ S C|QL’7737 (243)
where C' is independent of n, L and N and where the fourth order tensor Q1"™:! is given
by

L N1 _
L L
with
pgjl = Vin’I ' Aper<€j + vw?) + (61‘ + Vw()) . ApervaJ
+ (e + Vi) - Ay(ej + Vud) — e - A5 Vwt — e - A5 V™ (2.45)
and

{_ div[Aper VW)™ = div[Ay (p + Vud)] in Q, (2.46)
w

;V’l is Q) n-periodic.
In Section 2.5, we prove the following theorem.

Theorem 2.10. Assume that (2.15) and (2.16) hold, and that Ay, is an Holder continuous
function. Then, whenever N > L, we have

lim QLM = Q! (2.47)

L—oo

(In L)?

where Q! is defined by (2.39). More precisely, we show that )QL N Ql‘ < C 7

for some C' independent of N and L.

This theorem hence means that, at the leading order in 7, the computable tensor
OLN indeed converges to Q@ when N and L tend to co with V > L.
Remark 2.11. In Theorem 2.10, we only consider the case N > L. Indeed, since wév’l is
Q N -periodic, we observe that

/ Py = / (ei + Vuy) - Ai(e; + Vuy) = Ay Xi(w)
N N |kloo <N
with
A= /<€i + Vwy) - (ej + Vu)).
Q
Recalling that X} arei.i.d. and centered random variables, we observe that, when N = L,

1 — — _
QNN = —RRE [ Y Xi(w Z Xp(w) | = MR E(XF).

[@n| lkloo <N Iploc<
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The tensor QN-™1 hence happens to be independent of N, and equal (see Eq. (2.114),
Lemmas 2.25 and 2.26 below) to the limit of QY*"! when N and L go to co with N > L.
This equality of course strongly relies on the fact that we consider a weakly random case,
and thal‘w}é\[’1 is Qv -periodic. This equality can hence not be expected in the full (namely,
not weakly) random case: in general, the tensor QNN depends on N.

2.3 Limit of (the leading order term of) I.(f, g)

In this section, we compute the asymptotic law of I!(f, g) when ¢ — 0, where we
recall that I!(f, g) is the leading order term in the expansion (2.23) in ) of the quantity
of interest I.(f, g).

Proposition 2.12. Assume that (2.15) and (2.16) hold, that Ay, is an Holder continuous
function, and that f and g are Holder continuous. Let I} (f, g) be defined by (2.23)-(2.24).
Then

11(f,9) =53 N(0,07) (2.48)

where o, is defined by (2.36), where u®, v0 and Q" are respectively given by (2.37), (2.38)
and (2.39).

The remainder of this section is devoted to proving Proposition 2.12.

2.3.1 Technical lemmas

We first collect here some useful technical results. The two following lemmas can e.g.
be found in [43].

Lemma 2.13. Assume that A, is an Holder continuous function. Then the periodic
corrector wg solution to (2.20) belongs to C1*(Q) for some o > 0.

Lemma 2.14. Consider u? defined by (2.37), where we assume that the right-hand side
f belongs to C%“(D). Then u? belongs to C*# (D) for some 3 > 0.

Lemma 2.15 (Theorem 4 of [4]). Assume that A,e, is an Holder continuous function
and that there exists ¢ > d such that g € LY(D). Let v° be the solution to (2.1) with the
periodic coefficient A,e.(-/¢) and the right-hand side g, namely the solution to

— div [Aper <g> va] =g inD, v? =0 ondD. (2.49)

Then, there exists C' < oo such that, for any e, we have ||Vv?| 1=y < C.
This result is also shown in [66, Eq. (32)].

Lemma 2.16. Consider the solution u? to (2.18). Let u® be its homogenized limit, solution
to (2.37). Introduce the two-scale expansion

ofug, and consider also the remainder

d
rt = Vul — Vu? — 2 Vuw) (g) gf (2.50)
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Assume that Ay, and f are Holder continuous functions.
Then, we have that ||u) — @2|| g1 (p) < C'v/c and

|72 L2(py < Cye (2.51)
for some C' independent of <.

Proof of Lemma 2.16. By a classical result of periodic homogenization (see for instance [11,
Theorem 5.13 pp. 41-42] or [58 p. 28]), we have |[u? — @2 || y1(py < C'\/e. We next note

that ¥ = V(u? — a?) + ¢ Z w; ( ) 8 . We hence obtain
i

[z p) < Jug — agqu(D) + €HV2UBHL2(D) Z [will L= (@)

Using Lemmas 2.13 and 2.14, we deduce (2.51). [

Lemma 2.17. Consider u® and v° defined by (2.37) and (2.38), where we assume that
the right-hand sides f and g belong to C%“(D). We consider A : y — A(y) € R™ q
Z%-periodic matrix, with A € L>(Q)**. Denote by

S. =gl (/ Vul(e(y + k) - A(y+k)vu2(e(y+k;))dy) . (252)

k s.t. Q+kCD/5

We have )
. K0
{11_1%55 = /D (Vu (x) AVU*(I')> dx (2.53)

withK:/A(y) dy.
Q

Proof. We have pointed out in Lemma 2.14 that u? belongs to C*#(D) for some 3 > 0,
and likewise for v°. We can then write the following Taylor expansion, for any y € Q
and any k such that Q + k C D/e:

Vul(e(y + k) = Vul(ek) + ea(y, k)

where
/ VE(ud)(e(ty + k))) -y dt

and where V?(u?) is the Hessian matrix of u. Using the regularity of u?, we have
a2 (y. k)| < IV (@)oo [yl < Callwlle2(py (2.54)

where C; only depends on d. Let
I2) = [ Vulblely+ ) Ay -+ 0) Velely + B) dy
Q

and

J(k,e) = /Q Vul(ck) - Ay + k) Vol(ek) dy = Vul(ek) - A V2 (ek).
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We first see that
[T (k,e)| < IVl comy 1A oo @) [V | ooy (2.55)

and likewise for J°(k, ¢). By definition, we have S, = &? Z (J(k, 5))2. Let
kst Q+kCD/e

L=ct > (S(ke)”
kst Q+kCD/e
We see that

So-To=e' > (J(ke) = I(k,2)) (J(h,2) + Ik, 2)),

kst Q+kCD/e
hence, using the bounds (2.55) on J(k, ¢) and J°(k, ¢),
|Se — T¢|
< 2| Villleoqo) Al =) IVllcoy Y ’J(kaﬁ) - Jo(k‘,ﬁ)‘

kst Q+kCD/e

<cettt Y /|a y, k) - Ay + k) Vol (k)| dy

kst Q+kCD/e

+ et Z /‘Vu (ek) - My + k) al(y, k)| dy

kst Q+kCD/e
+ 0y /!a y. k) Ay + k) az(y. k)| dy.
kst.Q+kCD/e
Using the bound (2.54), we deduce that
S =Tl < e Y ([udlloxy Al @) [0 llo2o) < Ce. (2.56)
kst Q+kCD/e
We next observe that

L=c > (S%ke)

kst Q+kCD/e
= ¢ Z (Vug(ekr) . KVUS(&I{:)) 2.
kst Q+kCD/e
We therefore note that 7. is a Riemann sum. When ¢ goes to 0, it thus converges to
(Vug . KVUE)Q. Collecting this limit with (2.56), we obtain (2.53). This concludes
t}ﬁe proof of Lemma 2.17. [

2.3.2 Proof of Proposition 2.12

We are now in position to prove Proposition 2.12. For conciseness, the dependence of
I}(f,g) upon f and g is not be made explicit here.

The leading order term I!, defined by (2.24), of the quantity of interest (2.22), sat-
isfies (in view of the variational form associated to (2.49))

=t [t =2 [ (ub)Tay, () 7L
D D €
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Using the symmetry of A, we obtain

[ i / (V)" Aper () Vil
D 9

Using the equation (2.19) satisfied by u! and next (2.16), we obtain

[El — /2 Z Xk(w / HQ—i—k ( > VU Vug,

kezd

where we note that only a finite number of indices k contribute to the above sum.

0
ow;
8xi ’

Using Lemma 2.16 and denoting by VIV the matrix given by (VW?), ; =

we have

Vil = [Idd vl (—)} vVl + rt
and likewise for v?. It follows that ! reads as
—(Ci+Cy +C;, - C), (2.57)
with C7, Cg, C° and C;. respectively defined by

- 000 f 10 ()

kezd ) [(Idd oW <g>> VUE} . [(md +VWe (;)) Vug]

C: =72 Z Xi(w / Lotk <g> re - Vo,

and

kezd
= ¢79/2 Z X (w / Lok (g) [ Vu(z-:]v
kezd
Cf = €7d/2 Z Xk(w)/ ]1Q+k (—) 7”;) . Tg.
D £
kezd

We successively study the limit when ¢ — 0 of C7, CZ, C¢ and C:.

Step 1: limit of C and C.

We show that liIIéE[(CZ)ﬂ = 0. Since X}, are iid. centered random variables, we
e—

compute that

Co)2] = et S Var(Xo) U P <E> rg.vao}z

kezd

4 Var(Xo) Z/1Q+k /nw( ) 1?92

kezd
Using Lemma 2.15 and the fact that / Loy ( ) < ¢%, we get
3

B(C5?) < Var(Xo) IVe€leiy 3 [ us (2) Ir2f

kezd
= Var(Xo) [ Vol |7 p) I721172)
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Using Lemma 2.16, we deduce that
E[(C;)?*] < Ce. (2.58)

Of course the same result holds for C;.

Step 2: limit of C;

ou°

By definition (see (2.50)), we have r* = Vu! — Vu? — Z Vuw) ( ) au* In view of
I’L

Lemmas 2.13 and 2.15, we know that ||Vw?|| e (re) < C and that | Vul|| e (p) < C.

Furthermore, since f is a Holder continuous functlon we know by elliptic regularity

(see Lemma 2.14) that u? belongs to C*?(D) for some 3 > 0. This implies that u’

belongs to W1°°(D). We thus deduce that
7| poe(py < C (2.59)

for some C' independent of ¢.
We now compute E [(C’ﬁ )2} We have that

CP] = Y Var(Xo) [/ Lok (g) r;;.rg]z

kezd
V&I‘ X() Z/ ]1Q+k /1Q+k< )}T ‘ | ‘2
kezd
< Var(X0) ey 3 [ s (2) el
kezd

= Var(Xo) ||7”su||Loo(D) [ ”LQ(D)

Using the bound (2.59) for ||7¢|| .~ (p) and Lemma 2.16, from which we infer that ||77|| .2(p)

C/z, we get that
E[(CF)?] < Ce. (2.60)

Step 3: limit of CY

We prove that C{ converges in law to a Gaussian random variable. To that aim, we
introduce

Aly) = (1, —I—VWO(y)>T (1da+ 9 (y)
and
(z,y) = (Vod(x)"Ay) Vud(z), (2.61)

so that C] can be recast as

¢ =42 Z Xi(w) /D Lotk (g) (0 (1’, g) dzx.

kezd

We note that 1) is Z¢-periodic with respect to its second variable. In view of Lemma 2.13,
we have A € L°°(R?). As pointed out in Lemma 2.14, we have that Vu? € L>(D),
and similarly for V1!, The function % is thus uniformly bounded with respect to its
two variables.

<
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= [ g (20 2)

Zy =2 / U(ey,y) dy.
(@ +R)N(D/e)

Using the above bound on v, we have that, for any ¢ and k,

We introduce

which also reads

|Zi| < e |9l oo (Dxmo)- (2.62)

We also note that Z; does not vanish for a number of indices k£ which is bounded by
Ce4.

The random variable CY then reads
Ci =Y Z; Xp(w).
kezd

We show that it converges in law toward a Gaussian by showing the convergence of
its characteristic function Hcf, defined for £ € R by

(i)

Since the random variables X, are i.i.d., we have

s (€) = T] E[ expic 2 Xuw))| = T 0.6 20) (2.63)

kezd kezd

0o (€) = E [ exp(icC5)| = E

where 0x,(() = E[exp(iCXo)] is the characteristic function of X(w). Since X is
a.s. bounded, f, is a smooth function. We observe that, for any fixed £ € R, we have,
in view of (2.62), that [£ Z7| < e¥?[£] 4|l 1o (pxray < Cee?? for any k € Z? and
any ¢, where C is independent of &k and ¢. The quantities {£ Zf }1czq thus remain in
a neighbourhood V of the origin, and the quantities {6x,(§ Z;) } ez« thus remain in
a neighbourhood of fx,(0) = 1. We now introduce the real-valued functions a and b
such that, for any ¢ € R, we have 0x,(¢) = exp(a(¢) + ib(¢)), with b(¢) € [—m, 7).
We next set ¢(¢) = a(¢) + ib(¢). When restricting ourselves to { € V, it is possible
to define the function b (and thus the function ¢) in a manner such that b (and thus ¢)
is smooth, similarly to fx,.
By definition,

Ox,(0) =1, 6% (0) =E[iXo] =0, 6% (0)=E[-X]]=—Var(Xy),
and thus
#(0) =0, ¢'(0)=0, ¢"(0)=—Var(Xy).
The Taylor expansion of ¢ thus reads

2 C(r _ 5\2
o(C) = —%Var(Xo) +/ %gb(g)(t) dt.

0

We insert this expansion in (2.63):

0:(€) = [ 0x(620) = T] exp [0(62)] = @ 65(6) (269

kezd kezd
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with

95,(€) = exp ( VartXo) 2 5~ 72 ) (2.65)

kezd
§Z;, £ _¢
¢:(€) = exp (Z / SZ gb )(t) dt) :
kezd

We successively study the two above quantities.

We first claim that, for any ¢ € R,
lim ¢S (&) = 1. (2.66)
e—0

We fix some ¢ € R. In view of (2.62), for any k € Z? and any ¢, we have |¢ Z7| <
e ] W]l oo (pxray < Ce¥?. Since ¢® is bounded on the interval [—C, C] which
contains the interval [0, Z;], we obtain that there exists some C¢ independent of ¢
and £ such that

Sk (EZs —t)?
5% 0 @) ) dt| < ¢, 392,
/O 5 ¢ (1) ‘ < Cee

In addition, as pointed out above, Z; does not vanish for a number of indices k£ which
is bounded by C's~¢. We thus get that

(e
3 / 2D 51y ar

—~ _d/2
5 SCgE/
kezd

which implies (2.66).

Second, we turn to ¢f(£). We note that

2
(Z5)? = & k k)dy) =S.+R. :
> (Z)=¢ Z(/Qm% Y V(ely+k),y+k) y) + (2.67)

kezd kezd
with

R. =&

2
(/ ¢(€(y+k),y+k) dy)
kst Q+kgD/je N/ QN(D/e=k)

and

2
S. =g ( +k),y+k)d )
ey /Q m(D/a_k)w(é(y ),y + k) dy

kst Q+kCD/e

=t > (/Q?/J(e(erk),ijk)dy)Q.

kst Q+kCD/e

In view of Lemma 2.17 and of the definition (2.61) of v, we have that

lim S, = o (2.68)
e—0

per

with

O = / (Vug(a:) -KVUS(:E)>2 dx (2.69)
D
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and where the d x d symmetric matrix A is given by

K:xLA@ﬁw:ié(RM+VWN@DT<RM+VWm@Ddy (2.70)

In addition, the number of indices k € Z¢ such that QN(D/e—k) # Dand Q+k ¢ D/e
is bounded by C'e'~¢ (this corresponds to cells Q + k close to the boundary of D/¢). In
the sum R., there are hence at most C'e! ¢ non-vanishing terms, and each term can be
bounded by ||1/)||2LDO(Dde). We thus have R. < C'¢. Collecting this bound with (2.67)
and (2.68), we deduce that

: 2
ll_I}(l) (Zk) per
kezd

Inserting this result in (2.65) and collecting (2.64) and (2.66), we get that, for any £ € R,

lim ch (f) = €Xp (_M §2O§er) ’

e—0 2

which means that the random Variable C7 converges in law to a centered Gaussian

random variable of variance Var(Xo) 07,

Conclusion: limit of !
We recall (see (2.57)) that

I =-Ci-C; —C; +Cr,
and we have shown (see (2.58) and (2.60)) that

E[(CS + C; — C2)?] < Ce.

This implies that C, + C: — C converges in probability to 0. Indeed, for any £ > 0,
we have
Pl

Using the Slutsky theorem and the fact that C'7 converges in law, we get that I con-
verges in law to a centered Gaussian variable of variance o3 = Var(X) o2

€ e __ (E)2
]SE[(CU-FCU C’T)} o

/12 e—0

<4 CE— O >k

per
We now provide a more explicit expression for o%. By definition of o2, (see (2.69)),

we have

per (

o? = Var(X,) Vul(z) - A V() i dx
A )

J 2
oud — n?
2,7=1 J
oul o’ — — oul Y
= Var(X)) A A
ar(Xo ”; 1/ ox; 8% IR D Oxy Oxy

= / (Vu(*) ® VUS) WO (VUS ® VUE)
D
with the fourth order tensor Q! defined by
Qj ke = Var(Xo) Aij Ape.

In view of (2.70), we obtain the convergence (2.48) with o7 indeed defined by (2.36)
and (2.39). This concludes the proof of Proposition 2.12.
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2.4 Limit of (the leading order term of) Q"

In this section, we consider the fourth order tensor Q%!, which is (see (2.26)) the first
order term (in the expansion in powers of 77) of QF, and study its limit when L — oo.
The main result of this section is Proposition 2.20.

We have shown (see (2.29)) that

where p} ; is given (using (2.27) and the symmetry of Ay, and Af_)) by

per)

piy = (ei + V) - Aiej + Vuj) + Vw; - (Aper(ej + Vwy) — Ape))

per

+Vw}-(Aper(ei+Vwi) Ase) . (272)

per

The function w} is the solution (unique up to the addition of a random constant)
to (2.21). In view of (2.16), we are in position to use [14, Lemma 3.2]. Recalling that the
expectation of X}, (and thus of A;) vanishes, we have that

V! (w) = Y V(- — ) Xy(w), (2.73)

LeZ4

where the sum is a convergent series in L?(Q x ), and where ¢; is a deterministic
function, which is the (unique up to the addition of a constant) solution to

(2.74)

—div[Ape: Vo] = div[lg(e; + Vu?)] in R,
¢i € L (RY), Vo € (L*(R))"

We recall the fact (see [14, Lemma 3.1]) that there exists a solution ¢; to (2.74) which
satisfies

C

Yy € R with |y| > 1, Vs(y)| < — W (2.75)
C
Vy € RY, ()] < ————, 2.76

for some finite C'. In the sequel, we always consider for ¢; a solution to (2.74) satisfying
the above two bounds.

We first compute / pz-l,j(-, w) for any k € Z%. In view of (2.72) and (2.16), we

Q+k
have
/ pz'l,j(-7w) = Z Xz(W)/ V(- — 1) - (Aper(ej + V! 7) — Afe )
Q+k ezd Q+k
+> Xy(w) V(- =€) - (Aper(e; + Vi) — A e;)
tezd Qtk
+ Xi(w) / (i 4+ V) - (e + Vu). 2.77)
Q
Introduce
B = [ Vi —0) - (Aper(e; + Vi) — A e)) (2.78)
Q+k

= / ngz : (Aper(ej + vw ) A;el‘ )
Q+k—¢
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We then recast (2.77) as

/Q ) = Xl By 3 Xl Bl

LeZ4

where the matrix A is defined by (2.70).

In view of the definition (2.8) of ()1, we thus deduce that

/QL pii(w) = Z (Xk(w) Ay + ZXE(W) (@k]é +5ke>

|kfoo <L
where we recall that | k|, = max |k;|.
1<i<

In view of (2.71), we thus éef

L,1
Qi,jm n

‘QL [/QL Fud /QL pmn:|

‘k" <L|qleo<L

zzzz{

Ikl <L |qloo<L £e7d ¢'c7d

DYDY ZE[Xk )Xo Ry (58

|k| <L|qlo<L ¢ €74

> Y SR

koo <L |gloo <L £€Z4

|QL

Since X}, are i.i.d. and centered, we get

ijlm , = Var(Xy) K N

%?222@

[kloo <L |qloo <L LeZ

Var (Xo)
o 'R 2 (5

[kloo <L |gloo

+VarX0 Z Z(ﬁ

[kloo <L |qloo <L

Introducing

11] |QL Z Z ﬁw’

|k|oo <L |qloc<L

Bz,mnzmz > (8l + ) Z (85, + ) |

€72 \ |k|oo<L
we can recast (2.79) as
L1
N L
+ Ai] (Bl m,n

We have the following results.

Z Z Xg(w) Kij Amn]

w) Xo(w) (85 +851) (1,

() Ko (B + B}f’fﬂ |

+ 52’,5;)}

(2.79)

(2.80)

(2.81)

-+ Bl;,) ) (2.82)
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Lemma 2.18. Assume that (2.15) and (2.16) hold, and that A, is an Holder continuous
function. Then, for any 1 <1,j < d, we have

lim BY, . = 0.
L—oo I

The proof of Lemma 2.18 is postponed until Section 2.4.1. It actually shows that,
forany 1 <1i,j5 < d, we have
< ClnL

BL
- L

14,3

(2.83)

for some C' independent of L.

Lemma 2.19. Assume that (2.15) and (2.16) hold, and that A, is an Holder continuous
function. Then, for any 1 <1, j,m,n < d, we have

lim B

L—oo

L
2igmn = -

The proof of Lemma 2.19 is postponed until Section 2.4.2. It actually shows that,
forany 1 <1i,j,m,n < d, we have

C(ln L)?

Bima| <
- L

2727.]7m7n

(2.84)

for some C' independent of L.
The main result of this section is the following.

Proposition 2.20. Assume that (2.15) and (2.16) hold, and that A, is an Holder con-
tinuous function. Then, for any 1 < i,j,m,n < d, we have

. L,1 _ 1
Hm Qi = Qijmn

with Q! defined by (2.39).

Z7j7m7n

Proof of Proposition 2.20. Using Lemmas 2.18 and 2.19, we infer from (2.82) that

lim Q-L’l = Val"(Xo) Kij Kmn

L—00 Z7j7m7n

In view of the definition (2.70) of the matrix A, we get (2.40) with (2.39). Note also

that (2.83) and (2.84) provide a convergence rate: |Qf]1mn — Qlimal < C(InL)*/L.
O

We are now left with proving Lemmas 2.18 and 2.19. To that aim, we need the
following result (see [61, Proposition 4.1]) to represent divergence-free vector fields.
Lemma 2.21. Consider G : R? — R? a Z%-periodic vector field such that divG = 0 in
]Rd,/ G =0and G € C"(Q).

Q
Then there exists a matrix field 7 : Q — R4 with 7 € CY%(Q), which is skew-

symmetric, Z%-periodic, such that each component 7,,, ; belongs to H\ .(R?) (for any 1 <
m, ¢ < d) and such that

d
V1< (<d, G-egzza,rm’g.
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This result is also given in [58, p. 27] for fields G in L*(Q) (and therefore 7 €
HY(Q)).

In the following, we apply Lemma 2.21 for the vector field

G7 = Aper(ej + Vi) — A% e, (2.85)
which indeed satisfies the assumptions of Lemma 2.21 (the regularity of G’ stems from
the assumption that A, is Holder continuous and from Lemma 2.13). For any 1 <

J < d, there hence exists a matrix field 77 satisfying the above properties and such that

d
o7
Vi<li<d G .e= Z;

(2.86)

Remark 2.22. Our proofs of Lemmas 2.18 and 2.19, given in the subsequent sections,
essentially follow the same arguments as those used in [14, Proof of Proposition 3.1]. It is
proven there that the quantity

B =7 |2 | X (l+8) ¥ (i) ||

ez \ |k|oo<L |qloo <L

where
k0

Bij = Vi(- = 0) - Aper(ej + V),
Q+k
is uniformly bounded with respect to L. The proof'in [14] uses the fact thatAper(ej+Vw?)
is a divergence-free field, a dlrect consequence of the corrector equation.
In the expression ofﬁ defined by (2.78) that we manipulate here, the key quantity
is GV = Aper(e; + V! ?) — A;ere] This vector-field is not only divergence-free, but it has

also a vanishing mean, by definition of the homogenlzed tensor A% .. This is the reason

per*
why we are able to show a stronger result on BL (namely the fact that it converges

2,4,5,m,n

to 0 when L — o0) than on B which is only shown in [14] to be bounded.

2,1,5,m,n’

We also need the following technical results.

Lemma 2.23. Forany1 <i,j < d and any k € Z%, let
PolL) = [ Voo, @)
k+Qr
where GV is defined by (2.85), ¢; is a solution to (2.74) satisfying (2.75)—(2.76), and Q1 =

(=L —1/2,L + 1/2)% (see (2.8)).
Assume that |k|s, < L. Then we have

ULk <C/ (2.83)
a(k+Qr) |y|

for some C' independent of L and k.

Proof of Lemma 2.23. We know that ¢; € HL _(R?). For any |k|., < L, we have Q CC
k + @y (this property may not be true if |k|,, = L). There thus exists a smooth
neighboorhood Dy, of d(k + Qy,) for which Q N Dy, = (. In view of (2.74), we
thus have div[Ape: V@] = 0 on Dy . In view of [43, Corollary 8.36], we get that
¢; € CH*(Dpy).
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Since C*°((k + Q1) U Dy ) is dense in H*((k + Q1) U Dy 1), there exists ¢, €
02((k +Qr)U DL,;C) such that ¢ — ¢; for the norm H'! ((k +Qr)U DL,;C). More-
n—

over, since ¢; is C** on Dy ;, we can choose ¢; such that ¢ converges to ¢; in the
C*(Dr,x) norm, and hence such that lin% 0] — billcr(py, ) = 0.
n— ’

As pointed out underneath Lemma 2.21, for any 1 < j < d, there exists a matrix
field 77, satisfying the properties of Lemma 2.21, and such that the divergence-free

d 87
vector field G7 can be written (see (2.86)) as G’ - ¢, = Z

0T,
We then have
Pl(L, k) 12/ Vo) G
7 k+Qr
[ yytn
k+Qr oy 1. aﬂ:[ 8xm
d d
>Pol /
== Tm,é Tm @ .-
/k+QL mzjl =1 40 o(k+Qr) mzjl ZZ; axe
Since 77 is skew-symmetric, the first term above vanishes, and we thus get
d d (by,
P(L, k) / > T ¢ M. (2.89)
0(k+Qr) m=1 (=1

We now pass to the limit  — 0 in (2.89). We first have

/ V(- ¢)- &
k+Qr

and hence, by definition of ¢;, we obtain that P",(L, k) — P, ;(L, k). For the right-
% /r]%
hand side of (2.89), we write, for any 1 < m, ¢ < d, that

[y,
othrQr) \Oze  Oxg) ™

By definition of ¢, we obtain that the above right-hand side converges to 0 when
1 — 0. Passing to the limit in (2.89), we hence get that

09
Py(L.k) = > Z af@ ot T

Since 77 is Z% periodic and C'*®, this implies that

(Lo k) = Pus(L k)| = < Cll6? = dillsu;

<167 = diller o0 I ellcor -

PuL.B)| < Cilllloney [ V6 (250)
A(k+Qr)

Using again that |k|. < L, we see that any y € 0(k + Q) satisfies |y| > 1. We are

thus in position to bound V¢; using (2.75). This yields (2.88) and concludes the proof

of Lemma 2.23. O

Lemma 2.24. Under the same assumptions as in Lemma 2.23, except that we now assume
that |k|oo > L + 2 instead of |k| < L, we again have (2.88).
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Proof of Lemma 2.24. The proof follows exactly the same arguments as that of Lemma 2.23.
Recalling that Q; = (=L — 1/2, L + 1/2)%, we note that () is at a positive distance
from k + ), whenever |k|., > L+ 2. There thus exists a smooth neighboorhood Dy,
of k + Q, for which Q N Dy, = (). In view of (2.74), we thus have div[A,,V¢;] = 0
on Dy, i. In view of [43, Corollary 8.36], we get that ¢; € C*(Dp ).

We can thus perform the same computations as in the proof of Lemma 2.23, and
we obtain (2.90), namely

Po(L)| £ Cil o) [ (90,

A(k+Qr)

Using again that |k|,, > L+ 2, we see thatany y € 0(k+ Q1) satisfies |y| > 1. We are
thus in position to bound V¢; using (2.75). This yields (2.88) and concludes the proof
of Lemma 2.24. O

2.4.1 Proof of Lemma 2.18
In view of (2.80), (2.78) and (2.85), we have
By > B > Vo, - G, (2.91)
|QL FeeLldeL |QL| Kmer I HHQr

where we recall (see (2.8)) that (), = Uy <1 @ + ¢. For the sake of simplicity, we
omit in this proof the dependence of BF with respect to (i, j). We split the sum (2.91)
in two parts:

BlL - BlLbndry + Bl ,bulk> (292)
with
1 4
BlLbndr = 1A V(bl ’ Gj’
Q4 M%;L QL

1 .
By = —— / V-G 2.93
bt = 157 > 0,V (2.93)

|k"|o<><L

L
Bound on By}, 4,

Using that G” is divergence-free, we have

Z / ¢ G7-n
=L A(k+QL)

[kl

1
Bf:bndry = m

We have observed underneath Lemma 2.21 that GV is periodic and Holder continuous.

Using (2.76), we get that
C / dy
— . — (2.94)
\QL| |k|§;L otk+@u) 1+ Y14

‘ Bl ,bndry

Let Z{ 4., = {k € Z%, |k|oc = L}. This set is finite and its cardinal is smaller than
Cq (2L + 1)*'. For any k € Zf, 4., we note that the origin Ogs of R? belongs to the
interior of the cube k + @ = k + (—L — 1/2, L + 1/2)% and we have d(Oga, 9(k +
Qu)) =1/2.
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For any facet F), (with 1 < n < 2%) of the cube k + Q;, let O,, be the orthogonal
projection of the origin Ora on that facet. Each facet is a cube in dimension d — 1 of
side length 2L + 1: it is thus included in the ball (of R~!) of center O,, and of radius
Ry = (2L 4+ 1) v/d — 1, that we denote B;_1(O,,, Ry). Forany y € By 1(O,, Rr), we
have that

yI* =y — Opal* = ly — Oul* + |00 — Opal* = |y — On %,

/ dy </ dy
o L T e, vonry 1 lyl4T
dy
< T y— O,
Bg—1(On,Ry) Yy n

Ry, Td_Q
=C ——dr
d/O 1+ rd-t

=Cyln(1+ R,

and thus

We hence get that, for any ||, = L,

dy
/ 1+Hd—1: Z / +’|d1
o(k+Qr) Y Y

facet of O(k + Q)
<Cyln(1+ R, (2.95)

Inserting this bound in (2.94), we get that

C

‘Bl bndr; Ivaml Z In (1 + R%_l)
1= el K€y
C
< zhn(l+ R{)
ClnL
<= (2.96)

L
Bound on By,

In view of (2.93) and (2.87), we have

By Jbulk = Z Pij(L, k).
|k|oo<L
Using Lemma 2.23, we get

C
< Tau] 2 / o) ry| r@L 2 /aQL PETTEE

|k|oo<L [kloo<L

‘Bl bulk

For any k such that |k|o, < L and any y € 0Q)r, we recall that |y — k| > 1. We wish
to find some y;, defined as a convex linear combination of £ and y such that

B(gk71/8> - B(yv |y_k|)7 (2'98)
B, 1/8) C k + Q. (2.99)
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~ —k
To that aim, we set y,, = k + y )
8ly — k| )
The inclusion (2.98) holds true. Indeed, we note that y, —y = k —y + —8? — E
y [—

and thus, recalling that |y — k| > 1, we obtain |y, — y| = |y — k| — 1/8. Considering
now any z € B(yg, 1/8), we write

I _ 1
Iz—yISIz—yk|+|yk—y|:Iz—yk|+|y—k‘|—§<Iy—k‘|,

and thus z € B(y, |y — k|). This proves (2.98).
The inclusion (2.99) also holds true. Indeed, for any z € B(yy, 1/8), we have

lz— k| <|z—ul+|yx — k|l =]z —up| +1/8 < 1/4
and thus z € k 4 Q. This proves (2.99).

Denote by V; the volume of the ball B(y, 1/8). For any z € B(yx, 1/8), we have,
using (2.98), that |z —

1 < 1/ dz < 1/ dz (2.100)
ly = k|4~ VaJsgeass) [y — 214 = Vi Jiso ly — 2|4 .

where the second inequality stems from (2.99). We thus deduce from (2.97) that

C / dy
<1001 2= oy T T

[kl oo

< C / Z / dz dyd
/ / dz dy
’QL‘ ‘/;i yeIQL J 2z€EQL 1 |y - z’d

C (2L + 1)%1 / / dz dy
(2L+1 |QL|Vd yedQ J 2(Qr_1)/(20+1) |y—z|d

/ / dz dy
B yedQ J B(y,Vd)\B(y, |y - Z|d7

2L+1

‘Bl bulk

where we have used that

Qo2+ 1) = (— 5 B ) € B V) \ By 1/(2L+ 1)

whenever y € 0Q). We hence deduce that

vd dr _ C’lnL
/ / (2.101)
yeoQ

2L+1

1 Jbulk | —=

Conclusion

Collecting (2.92), (2.96) and (2.101), we deduce that Llim BF = 0 (and more precisely
—00
that (2.83) holds), which concludes the proof of Lemma 2.18.
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2.4.2 Proof of Lemma 2.19

For the sake of simplicity, we omit in this proof the dependency of BY with respect to
(4,7, m,n). We split the sum (2.81) in two parts:

B B2Llong + BQ ,short» (2102)
with
1
B =107 2. | 2 (A5 +81) 32 (o8 +51)
N ige>2r \ ki<t lloo<L
1 Vi ¢
Baon = o7 S X (B +s) Y rst) |- @103)
N gee<2n \ ki<t lloo<L
Bound on BL

2,long
In view of (2.78), (2.85) and (2.87), we have

Z By = / Vo - G = P, (L, —0),
kloo<L Qr—t

hence

L
B2 long |QL

| > (Pw (L,€) + Pja(L, 13)) (Pm,n(L,£)+Pn,m(L,£)>.

[€]oo>2L
Since |{|s > 2L > L + 2, we are in position to use Lemma 2.24, which yields

C [/ dy ]2 C [ L1 ]2
A S 7
IQLI ;M aerar) 4] T Q¢ M;:QL (|¢| = L—1/2)1

1€]

‘ BL

2,long

where we have used that any y € 0(¢+ Q) with || > 2L satisfies |y| > |¢{|—-L—1/2.
We thus deduce that C'

<73 (2.104)

2,long

‘ BL

for some C' independent of L.

L
Bound on By

For the sum (2.103), we essentially argue as for the sum Bl defined by (2.91) and we
split it in two parts:

L _ nL L
BQ,Short - BQ,Short,bndry + B2,short,bulk (2105)

with

SO X (B Y (e ]

Bishort,bndry = |QL|

|€|oo=Lor L+1 \ |k|co<L lgleo<L
1
L k4
BQ,short,bulk - |Q | Z Z (Bz] + B]Z> Z (6 ﬁ )
U jgeo<ar, Ikleo <L laloo <L

Uloo L, |f]oo£L+1
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We successively bound these two terms.

Step 1: bound on BJ . juary+ Using an integration by parts as in Section 2.4.1 and
the bound (2.76), we get

‘ BQZ:short,bndry
1
<
|Qr]

/ (6 G n+ ;G n)
o(t+Qr)

|¢|co=Lor L+1

X

/ (o G -1+ ¢, G™ - 1)
o(+Qr)

C / dy )2
< — _ . 2.106
. > ( TS R T (2.106)

[|oo=L or L+1

In the case when |¢|,, = L, we are in position to use (2.95), which yields that

dy
Y oL (2.107)
/a<k+QL> L+ [yl

In the case |{|,, = L+ 1 (there are at most Cy L¢~! such indices), we note that the
origin of R? is outside the cube { + Q = ¢+ (—L — 1/2, L + 1/2)%. For any facet F,
(with 1 < n < 2%) of the cube £+ Q7, let O, be the orthogonal projection of the origin
Oga on the hyperplane containing this facet. Each facet is a cube in dimension d — 1 of
side length 2L + 1: it is thus included in the ball (of R4!) of center O,, and of radius
Ry = (2L + 1) v/d — 1, that we denote B;_1(O,,, Ry). Forany y € By_1(O,, R), we
have that

|y|2 = |y - ORd|2 - |y - On|2 + |On - ORd|2 Z |y - On|2a

and thus, following the same computations as in Section 2.4.1, we get that, for any
|l =L+1,

dy
—2 < CylnL. (2.108)
/6(£+QL) L+ [y|*!
Collecting (2.106), (2.107) and (2.108), we obtain
In L)?
‘Bishort,bndry S ¢ ( nL ) : (2109)
Step 2: bound on BJ . - We have
L 1
B2,sh0rt,bu1k = m Z (ij (L7 6) + P)jai(L7 é)) (Pmﬂl<L7 f) + Pmm(L? e)) .

|Z|oo§2L,
[l L, [flso A L+1

Using Lemmas 2.23 and 2.24, we deduce that

; (Lo i)
< - 29
~ Q] Z arar) [yl

\]oo<2L,
oo L, [Uloo AL+ 1

2
C dy
‘e 2 (/aQ ly - o d)‘ o

€00 <2L, 20+1
1|00 2L, [|ooAL+1

L
‘ B2,sh0rt,bulk
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For any facet F}, (with 1 < n < 29) of the cube @, let O,, be the orthogonal projection
of //(2L + 1) on that facet. For any ¢ such that |¢|,, # L and |[{|., # L + 1, the
distance between /(2L + 1) and O, is larger than C,;/(2L + 1) for some constant C,
only depending on the dimension. Each facet is a cube in dimension d — 1 of unit side
length: it is thus included in the ball (of R?~1) of center O,, and of radius Ry = /d — 1,
that we denote By_1(O,,, Rq). For any y € By_1(O,,, Rq), we have that

2 2 Cd
>y — Op]* + ———
= 1y = Onl MNCTAEP

14
2L +1

2L +1

- |y_0n|2+ ‘On_

-

and thus

/ dy < / dy
Fn \y - Ba—1(0n,Rq) |y -

¢ |4 — ¢ |4
2L+1| 2L+1|

< dy
>~ 9 Cy d/2
By1(On,Ra) ||y — Op]? + [TESyE

Rg 7ad72 dr
0 Jr2 g G|

(2L+1)2

(2L+1)Rd/0d rd—? dr
— Oy (2L + 1) / L
0 |7‘2 + 1’

(2L+1)Ry/Cy dr
< Cy(20+1) 1+/ <
1 T

<Oy (2L +1).

We hence get that, for any |{|,, # L and |{|, # L + 1,

W _ W
/3 Z /Fn v — < Cq(2L+1). (2.111)

Q ‘y—ﬁ‘d —facetof(?Q #i&—l‘d

Inserting this bound in (2.110), we get

C dy
BL < _
‘ 2,short,bulk | — |QL| (2L + 1) Z /8Q ¢ |4

0|0 <2L, ‘y T 2041
[€loo#L, [€]co#AL+1

_C / dy
’QL| Z aQy, !y —£|d'

|6]o0<2L,
[floo L, €] s L+1

Using the estimate (2.100) (which we proved in Section 2.4.1 for |k|,, < L but which



66 CHAPTER 2. NUMERICAL APPROXIMATION OF FLUCTUATIONS

is also valid for k| < 2L as soon as |k|o # L and |k| # L + 1), we obtain

< C / Z / dz dy
~ QL Va Jyeaq, er V 2E0HQ ly — 2|

C / / dz dy
oV T
!QL\Vd cetrQ [y — 2|

YEOQL [ 41<|f]se<2L

dz dy

yGaQL 2€QL—1 ‘y_ Z‘d

. / / dz dy
’QL| Va yedQr ZGQzL\QL+1 o Z’d
< C (2L + 1)%1 / / dz dy
QLI Va 2L + 1) Jyeo0 J.cq,_ 1)/ @L+1) ly — 2|4

N C (2L + 1)%-1 / / dz dy
Q| Va ( 2L+1 y€dQ J 26(Qar\Qr+1)/(2L+1) ly — 2|4

We now use that, whenever y € 0@, we have
(Qr-1)/(2L +1) € B(y,Vd) \ B(y,1/(2L + 1)),
(Qar.\ Qri1)/(2L +1) € B(y,Vd) \ B(y,1/(2L +1)).

We thus deduce that
/ / dz dy
N L yeoQ J 2By vaNB(y1/L+1) [Y — 2]%

B / / dr
yedQ J1/(2L+1)

< CE (2.112)

L
‘ BZ,Short,bulk

L
BQ ,short,bulk

Conclusion

Collecting (2.102), (2.104), (2.105), (2.109) and (2.112), we deduce that Llim B =0(and
—00
more precisely that (2.84) holds), which concludes the proof of Lemma 2.19.

2.5 Numerical approximation of Q*

We consider now the practical case when we manipulate the approximate corrector
wé\] , solution to the problem (2.7) posed on the bounded domain (), instead of the
exact corrector w,, solution to the corrector problem (2.2) posed on the whole space.
This section is devoted to the proof of Theorem 2.10.

Similarly to expansion (2.73) of the first-order (in 1) term w; in the corrector w,,
we have the expansion

VeeQn,  Vul(z)= Y Vé'(r—0) X(w)

€l <N

where we have used that {€ €7t Q+(cC QN} = {f €7 |l < N} and where

¢Y is a solution (unique up to the addition of a constant) to

— div[A4pe V)] = div[Lg(e; + Vuy)] in Qw, (2.113)
¢£V is Q) y-periodic. .
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In view of (2.45) and (2.16), we have, for any k € Z? such that Q + k C Qy, that

/ pgjl(_’ W) = W) Ry + Z Xo(w NkZ+ Z Xo(w Nk:é
Q+k

[€loc <N [¢]oc <N

where the matrix A is defined by (2.70) and where
5],\§k£ /Q i v¢f\7( - f) : (Aper(ej + V’LU]) A;er )
+

For any L < N, we hence get that

/ pi?;?l(~,w): Z Xi(w) Aij + Z Xo(w) <5Nk€+6Nke>

|kl <L [lloo <N

In view of (2.44), we deduce (similarly to (2.82)) that

QI = Var(Xo) (g A + BE
+ Ay <Bf7ﬁn + Blnm> + A (Bﬁjj + BW> ) (2.114)

with

1,1,] - ’QL Z Z ﬁqu (2115)

[kloo <L |qloo <L

BzL,%{g,m,nZ@ >l > (BN'“‘ZJrBN“) 7 (BNef 4 pYet) | L (2.116)

[€]oc <N |kloo <L lgleo<L
Theorem 2.10 is a direct consequence of the following two lemmas.

Lemma 2.25. Assume that (2.15) and (2.16) hold, and that Ay, is an Holder continuous
function. Then, for any 1 < i,j < d and whenever N > L, we have

ClnlL
<
- L

L,N
12,5

(2.117)

for some C' independent of L and N.

Lemma 2.26. Assume that (2.15) and (2.16) hold, and that A, is an Holder continuous
function. Then, for any1 <i,j,m,n < d and whenever N > L, we have

C(ln L)?

‘ L,N
- L

27Z7]7m7n

(2.118)

for some C' independent of L and N.

The proof of Lemma 2.25 (resp. Lemma 2.26) is postponed until Section 2.5.2 (resp.
Section 2.5.3). Before turning to them, we recall now some useful results on Green
functions.
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2.5.1 Green function with () y-periodic boundary conditions

Let Gy be the Green function of the operator £ := — div[A,. V-] supplied with peri-
odic boundary conditions on ). We recall that G (-, y) is solution to
1
— div[Ap VGN (- y) = ===+ > _ 0(- =y — Nk) inR",
@l 5 (2.119)

Gn(-,y) is Qn-periodic.
We recall (see [60, Proposition 1.2]) that, under the assumption that A, is Holder
continuous, the Green function GGy satisfies the following estimates:

Vm,y € Rd? ‘viGN(*l'ay)’ + ’VyGN(xay)‘ < (2'120)

|d (2, )|

Vo,y € RY |V, V,Gn(z,y)] (2.121)

< T3 /. NI

= ldn (@, y)l?

for some C independent of N, where dy(z,y) = kianB |z —y — NE|.
S

We note that estimates similar to (2.120) and (2.121) are well-known for the case
of the operator £ := — div[Ape V-] supplied with homogeneous Dirichlet boundary
conditions on the boundary of some bounded domain (2, and for the case of the opera-
tor £ in the whole space R%. We refer to [18] for a recent review. The case of periodic
boundary conditions on () has been studied in [60], where (2.120)-(2.121) are estab-
lished. For the sake of completeness, we provide a proof of (2.120)-(2.121) in the case
when d = 3 and A, = Id in Appendix 2.A below.

In the sequel, we use the following result, which is a direct consequence of (2.120)-
(2.121). This result provides estimates on ¢’ similar to the estimates (2.75) and (2.76)

on ;.

Lemma 2.27. Assume that (2.120)—(2.121) hold. Then there exists a solution ¢ to (2.113)
which satisfies

C
N
. L — ,
Vo € Qu, |67 (z)| < EapTat (2.122)
Vo € Qn with|z] > 1, Vol (x)] < 2] C|d (2.123)
X

for some C' independent of N.

Proof of Lemma 2.27. The proof follows the same argument as that of [14, Lemma 3.1].
Let GGy be a solution to (2.119). Then

oN(x) = g Gn(z,-) div[lg(e; + Vuy)]

is a solution to (2.113). By an integration by part, we obtain that
oY) == [ (e Tul)- 9,6t ). (2124)
Q

C
Let x € Qy and y € (). We know from (2.120) that |V,Gn(z,y| < W, and
r —y|t

thus V,Gn(z,-) € L'(Q). Since Vu) € L>*(Q) (see Lemma 2.13), we deduce that
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oY (z) is (uniformly in N and 2 € Q) y) bounded. Furthermore, we deduce from (2.120)
and (2.124) that, when |z| > 1, we have |¢Y (z)| < C/(1 + |z|*"!) for some C inde-
pendent of N. This proves (2.122).

We next infer from (2.124) that

Vol (z) = — /Q (e + V) - V.V, G (x, ),

hence, using (2.121), we get

dy
|z —y|®

Ve ()| < C /Q

For any x € Qy with |z| > 1, we write

C dy C
Vol (z)| < / . < —,
VOO S 1o Jo TE = BT = T

||

where the last inequality stems from the fact that the integral is bounded. This proves (2.123)
and concludes the proof of Lemma 2.27. O

2.5.2 Proof of Lemma 2.25

We have
> k= Vol - G, (2.125)

lgloo<L k+QL

and thus, similarly to (2.91), we have

1 .
By = —— > \CARED

where we recall that G7 is defined by (2.85) (we again omit the dependency of Bl
with respect to (3, j)).

If N > 2L, then the set k + @), (for any |k|,, < L) is a subset of () y, on which we
have the estimates (2.122) and (2.123) on ¢'. These estimates are uniform in N, and
identical to the estimates (2.75) and (2.76) on ¢;. We can hence proceed as in the proof
of Lemma 2.18 (see Section 2.4.1) and deduce (similarly to (2.83)) that

ClnL
L

if N > 2L, then ’Bf’N ‘ < (2.126)

for some C' independent of N and L.

In the sequel of the proof, we address the case L < N < 2L. In that situation, some
sets k + @), are a subset of )y (this corresponds to the case |k|, < N — L), while
some others are not (in particular for the case |k|,, = L). In that latter case, we can
translate the cells of (k + Q) \ @n (shown in blue on Figure 2.1) by Q) periodicity
to some cells in () v, that we denote RkN’L (shown in green on Figure 2.1).

We split the sum BlL N as

LN _ pL,N LN LN
Bl - Bl,bulk,int + Bl,bulk,ext + Bl,bndry (2127)
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Qn

Qe

QL+ k

Figure 2.1: Schematic representation (when L < N < 2L) of a case of some k € Z%
with |k|o < N suchthat &+ Qp ¢ Q. The domain (k+ Q1) \ Qu is represented in
blue. By () y-periodicity, this blue domain is mapped back in a open set in () 7, denoted
RkN’L, and which is represented in green.

with
1 )
Bf,tj\uflk,int = TA Z AR ES (2.128)
Qs kloo<N—L 7 F+QL
1 ‘
——— [ vere,
@ N—L<|k|oo<L "’ *T@L
1 / A
LN N
: = — Vo, -G
bnd
101, Z, L™

Using the Q) periodicity of V¢!¥ - G7, we have

1 . .
22— / Vol - G7 + / Vol - G7 | (2.129)
1,bulk,ext |QL| Z < (k+QL)NQN Rﬁ,N

N—L<|k|oo<L

and
1 , ,
By = / v¢§V-Gﬂ+/ Vol -G7 . (2.130)
Ay Qg kg;L ( (k+Qu)N@N ™

LN
Bound on Bl,bulkjnt

For this first term (2.128), we have k + @, C Quy and k| < N — L < L. We can
hence use Lemma 2.23 (written for ¢" instead of ¢;) to bound the integral of V¥ - G
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on k + Q7 (since ¢ satisfies the same estimates as ¢;). We hence get

C dy
B2l ¥ [
Sy
Qc] oo <N—1 7 OQL Iy k‘|d

C
d’
|k| =700 |?J k?|

We can next proceed as underneath (2.100) in Section 2.4.1, and obtain (similarly to (2.101))
that

BL’N < C hl L
1,bulk,int| — L .

(2.131)

.. L,N
Limit of Bl,bulk,ext

For this second term, written in the form (2.129), we consider k € Z% such that N —L <
|k|oo < L. We hence have that Q CC (k + QL) N Qn. We can thus again use a result
similar to that shown in Lemma 2.23 to bound the integral of V¢ -G on (k+Q1)NQx.
We hence get

; d
' / voi @ <c | oy
(k+QrL)NQN a((k+QL)mQN) |y|

The boundary of (k + Q1) N Q is made of a part of the boundary of k£ + Q1 and a
part of the boundary of Q) x:

O((k+ Q1) NQn) C Ak +Qr) Uy rQn, (2.132)

where
Ok, QN C OQn is a part of the boundary of ()

of measure bounded by C' L1, (2.133)

The property (2.133) will be useful in Section 2.5.3 below. Here, we simply observe that
the above inclusion of course implies that d((k + Q1) N Qn) C d(k + QL) U IQ,

and we hence have
, d d
‘/ Vol - GI gC/ & +C/ —yd (2.134)
(k+QL)NQN o(k+Qr) ’y| QN |y|

In the same fashion, the distance between () and Rﬁ’N is bounded away from 0. We
can hence again use a result similar to that shown in Lemma 2.24 to bound the integral

of Vo - G7 on R,?’N. We hence get
d
<C / <
orEN |yl

In general, the set R,f’N is disconnected (see the green set on Figure 2.1), and composed

of at most C; connected components (C; = 3 when d = 2). The boundary of each of

these connected components is contained in 0Qy U (U1<;<40Q,), with £; = 2N —
— |k;|. We hence have

Ve -G

L,N
Ry,

3R£’N C O, .Qn U (Ur<i<aOkLNQr,) (2.135)
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where 0, 1 () n satisfies (2.133) and where

Ok, nQr, C 0Q¢, is a part of the boundary of (),

of measure bounded by C' L4, (2.136)

The property (2.136) will be useful in Section 2.5.3 below. Here, we again simply ob-
serve that the above inclusion of course implies that 8R,5’N C 0Qn U (U1<i<a0Qr,),

and thus
< C/ +C /
QN |y’d Z Qc, ’y‘d

Since £; > 2N — L — | k|, we deduce that

Ve -G

L,N
Ry

<C dy +C ﬂ

Vol - G =
QN |y| OQaN—L—|k|oo |

(2.137)

L,N
Ry

Indeed, there exists a constant Cj; (which only depends on the dimension d) such that

[ WG G [ W
0Qc, lyl¢ L T 2N — L — |kl OQaN— |kl lyld

Collecting (2.129), (2.134) and (2.137), we thus get that

LN
‘Bl,bulk,ext
C d d d
o0 > Lo Lowee
QL] N-Leecr \JOG+Qr) Y] oox |Vl e (1]

(/ dy 1 1 )
oQr |?J k|d 2N—L— |k|oo

dy C L1— (N — L)
2 / Tled TN

(VAN
-
&

o [y — k|
C L-1 jd—l
+ > (2.138)
QL] G=N—L+1 2N —L—

The first term of (2.138) is estimated as underneath (2.100) in Section 2.4.1, and hence

bounded by (C' In L)/L (see (2.101)). The second term is obviously bounded by C'/N.
Turning to the third term, we write

L f jd-1

Qi 24 AN-L-;

e NZ‘l (2N — L — j)d-1
|Qr j=2N—2L+1 J
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73
Bounding from above each sum in j, we get

O L—1 cd—1

J
a2

| ON—L—
j=N—-L+1

< 75 (2N - L)* lnN+LdZ , ) eN=LTrA

p=1
Since 1 < N/L < 2, we deduce that

C L-1 jd—l
Qul &=, 2N—L—
C [ N d-1 cE ra-1 N d=1=p / N\ P
<= (22X 1 In(2L) + = 22 =
<z (r-1) mensTX(N)CI) (3)
ChnlL C
L L

We therefore infer from (2.138) that

ClnL

< N
-~ L ' N

’ B 1 bulk ext

¢_¢Chl (2.139)
L~ L ’

LN
Bound on B, budry

For that term (2.130), we proceed as in Section 2.4.1. Using that G” is divergence-free
we recast (2.130) as

1 / . .
LN Z N rvj N g
1 bndr ¢l G N + / ¢’L G n .
YRl Pwty ( o((k+Qu)NQx) OREN

Using that G7 is periodic and Holder continuous and the estimate (2.122), we get that
‘Bl bndry

C / dy / dy
< W
Q1 k“ZL ( o(t+Qunay) T+ 1Yl o

REN 1+ |y|dt

yl*t
where we have used the same remarks about the boundaries of (k + Q) N Qx and
Rf’N . .

as in Section 2.5.2 (see (2.132) and (2.135)). The last two integrals can be bounded
by a constant independent of N and L. We thus obtain

50 2 Lo 50, / o
< o — ).
QL] k%;L ( oterr) L+ Y[ Jagy 1+ |y|d ! Z 0Qan 1y L + |

LN C C
‘Bl,bndry < -

dy
L Qi k“Z_L o(k+@p) 1+ [y
We can then proceed as underneath (2.94) and deduce (similarly to (2.96)) that

L,N
‘B !

C ChhlL CInL
1,bndry T —

<
_L+ L L

(2.140)
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Conclusion

Collecting (2.126) (in the case N > 2L) and (2.127), (2.131), (2.139) and (2.140) (in the
case L < N < 2L), we deduce (2.117).

2.5.3 Proof of Lemma 2.26

In view of (2.125), we recast the sum (2.116) as

1

By = ( Vo G+ V¢§V~Gi)
@l =y \eras +QL

x ( Vel gy [ v Gm)
1+Qr

+Qr

with GV defined by (2.85) and ¢¥ defined by (2.113).
Similarly to (2.102) and (2.105) (and again omitting the dependency of BQL N with
respect to (i, j, m,n)), we split the sum as

LN _ pL,N LN LN
BQ - B2,long + BQ,short,bndry + BQ,Short,bulk (2141)

with

1 . .
B = ( / VoY -G+ Vel - G2>
2lons |QL|2L<%OSN 0+Qy Q.

X ( Vol . G" + Vol - Gm) . (2.142)
+Qr

+Qr

1 : ,
BLY = ( Vf-V-GJ+/ VN-G’>
2,short,bndry ‘QL ’ Z 0, ¢ (b]

|¢|oo=L or L+1 +Qr

X ( Vol - G" + Vol - Gm) (2.143)
+Qr

+Qr

and

1 ) .
BL’sNor ulk — 7 1 E (/ vgbi\f - GY + V¢N . Gl)
2,short,bulk |QL| 40, 0, 7

|f]oo <min(2L,N),
0] so#L, €] oo AL+1

X ( Vol . G" + Vol - Gm) . (2.144)
+QL

+Qr

If N < 2L, then the sum in BQL, if)\;g is simply void.

.. L,N
Limit of B2,short,bndry

Assume first that N > 2L + 1. Then, in (2.143), all the cubes ¢ + @, (for any ¢ € Z4
with |[¢|.c = L or L + 1) are included in Q. In @)y, we have the same estimates for
¢ as we have for ¢;. Following the same arguments as in Section 2.4.2 (Step 1), we
hence get (similarly to (2.109)) that

(In L)?
T

if N > 2L + 1, then ‘BL’N

2, short,bndry

<C

(2.145)
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We now consider the case N < 2L + 1. For any ¢ € Z% with |{|,. = L or L + 1, we
write

Vol - GF = / \CARIEES / \CARYES (2.146)
(t+QL)NQN RN

+Qr

where R, C Qu is obtained by Qy periodicity from (¢ + Q1) \ Qy. Using an
integration by parts as in Section 2.4.2 and the bound (2.122), we get

< / Cdy / Cdy
~ Jo(erqunay) 1T [t Jopeny 1+ [yliTt

Using next the inclusions (2.132) and (2.135), we infer that

NCARICY

+Qr

\CARNel
+Qr

d
Cd cd Cd
S/ —%.HJF/ —?{d_ﬁr > / —yd_l
9(t+Qr) 1+ |y| QN 1+ |y| 0QaN—L—|¢;| 1+ |y|

=1
dy
<ot [, i)
a(+Qr) Yy

We thus obtain that

LN
‘B :

2,short,bndry

C < / dy >2
< — 1+ —
QL] 2 oe+Qr) L+ [yl*™!

|¢|co=Lor L+1
C C J 9
|QL| |€|oo=L or L+1 o(¢+QL) + |y|
We next proceed as underneath (2.106) and deduce (similarly to (2.109)) that

<C (IHLL)Q. (2.147)

if N < 2L + 1, then ’BL7N

2,short,bndry

.. LN
Limit of B2,short,bulk

Assume first that N > 3L. Then, in (2.144), all the cubes ¢ + @, (for any ¢ € Z® with
[l|o < min(2L, N) < 2L) are included in Q. In Q) , we have the same estimates for
®Y as we have for ¢;. Following the same arguments as in Section 2.4.2 (Step 2), we
hence get (similarly to (2.112)) that

InL

if N > 3L, then ‘Bi;ﬁort’bulk <C—. (2.148)

We now consider the case L < N < 3L and split the sum (2.144) into
L,N _ LN L,N

B2,short,bu1k - B2,short,bu1k,int + BQ,short,bulk,ext (2'149)
with

1 . ,

By hort bullint. = ( Ver -G+ VﬁbN'GZ)
,short,bulk,int |QL| Z Qs % 0L 7

[l|oo<N—L,
[€loo#L, [l co#L+1
X ( Vol . G" + Vol - Gm) (2.150)
+Qr

+Qr



76 CHAPTER 2. NUMERICAL APPROXIMATION OF FLUCTUATIONS

and

1 ) .
By ot bulkcex ( Vol - G7+ Y -Gl)
2short bulkcext, = |QL| Z +Qr +Qr ’

N—L<|0|oo<min(2L,N),
[Eloo L, [flooFAL+1
X ( Vol . G" + Vol - Gm) . (2.151)
+QL +Qr

The cubes ¢ + (), appearing in (2.150) are also contained in () 5. We can thus proceed
as in Section 2.4.2 (Step 2) and get (similarly to (2.112)) that

InL
< (C —. 2.152
<ot (2.15)

2,short,bulk,int

‘BLN

We next turn to (2.151). For the cubes ¢ 4+ ()1, which are a subset of () 5, we proceed
as in Section 2.4.2. For the others, we again write (2.146), and note that QSfV is smooth
on a neighborhood of the boundary of (¢ + Q1) N Qx and on a neighborhood of the
boundary of ReL’N. We can hence proceed as in Lemma 2.23 and deduce from (2.146)
that

A ARYE B

/ Cdy / Cdy
(t+QrnQy) Jyl* arbN [yt

Using the inclusions (2.132) and (2.135), we obtain that

+Qr

Ve - &

+Qr

cd cd Cd
<[ s / 3+2 [
oe+qr) 1Yl aon Yl 0QaN_L—|1;) ||
C’dy C
< + = —I— —_
/8(Z+QL Tyl® 221\7 L — [6i]

/ Cdy C C
< + ot .
o(l+Qr) |y| 2N - L - |€|oo

Inserting this estimate in (2.151), we thus obtain that

BLN

2 short,bulk,ext

C </ dy >2 1 1
< — | +-—=+
QL Z [ A(t+Qy) |y|“ N2 (2N — L — [l|)?

N—L<|f|oo<min(2L,N),
[l|co#L, |€|ooZL+1

< \Q_CL! 3 (/8 d—%)ﬂ% ((min(2L,N))d—(N—L)d>

N—L<|f|oo<2L, (e+Qu) 1Yl
oL, [f]oo 2 L4 1

min(2L,N) L
C d—1

T 2. (2N — L —j)2

j=N—L+1

(2.153)

The first term in the right-hand side of (2.153) is estimated as underneath (2.110). We
hence obtain, similarly to (2.112), that it is bounded by C' (In L)/ L. The second term is



2.5. NUMERICAL APPROXIMATION OF QL 77

estimated by C'/L?, since we work in the regime L. < N < 3L. To estimate the third
term of the right-hand side of (2.153), we write that

min(2L,N) e
I Y avr
L 2N —L—j)

j=N—L+1

C = (2N — L — j)i-!
S |

j2
j=2N—L—min(2L,N)

C N-1

=—d:Z§(d;1)<2N—L>d-1-p<—1>p >

j=2N—L—min(2L,N)

Bounding from above each sum in j, we get

N-1

C d—1 d—1— p—2
Sﬁ ( » >(2N—L) p Z Vi

p=0 j=2N—L—min(2L,N)
C N-1 C N-1
< (2N - L)+! i+ Ta(d=1)@2N - L)%? > j
j=2N—L—min(2L,N) j=2N—L—min(2L,N)
CE /M d-1
— 2N — L)+ tr NPt
P (1 )ev-n
p=2
C _ C _
< 72N - L+ 7ald=1D(2N - L)Y 2 InN
C Sa-a i
— —1=p NP
+ TN ) (2N — L) N
p=0
2

CN*™' CN2IhN (C J
< — -1
<—7i + T + oy BN =)

CNét (CN¥2InN CN42
< 7 + i + i

Using that L < N < 3L, we bound from above this third term of the right-hand side
of (2.153) by C'/L+C In L/L?*+C/L? < C/ L. Inserting the previous results in (2.153),
we deduce that, when L < N < 3L,

ClmnL C C ClnlL
L,N
By thort bulkext | < 7 + 12 + 7 < 7 (2.154)
Collecting (2.149), (2.152) and (2.154), we deduce that
. L.N ln L
if L < N < 3L, then ’Bz;hort,bulk <Cc=. (2.155)

.. L,N
Limit of Bz,long

For this term (2.142) not to be void, we assume that N > 2L + 1. For the cubes
¢ + @1, which are a subset of () y, we proceed as in Section 2.4.2. For the others, we
again write (2.146), and note that ¢’ is smooth on a neighborhood of the boundary

-1
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of ({ + Q1) N Qy and on a neighborhood of the boundary of R,"", because @ is at a
positive distance away from these boundaries. We can hence proceed as in Lemma 2.24
and deduce from (2.146) that

Vol - GI S/ C dy / C—dg
(t+QrnQy) Tyl artN Y|

+Qr

Using the inclusions (2.132) and (2.135) and the properties (2.133) and (2.136), we obtain
that

Ve - G

1+Qr

Cd Cd Cd
<[ S 3+z / e
o(t+Qr) |y| 0¢, L QN |y| 0o, L, NQ2N—L—|e;] |y|

<
_/8(z+QL) [y NdlaZLQN}"{'Z N = L= 0] d|8gLNQ2N Lot

Cdy C CLdfl
< — 4+ — |0 ,LQN +
/Wm gt v (90 Z 2N — L J6])°

Cdy €L O L1
S e T T a
a+qr) 1Yl N (2N = L — [{|)

We thus obtain that

LN
‘BQIOHg
C 1,2d—2 1,242 d 2
a2 [W TN L1 >2d+</ ﬁ)
Ll oL <)tleo<N o0 a(e+Qr) 1Y
O [2d-2 C 242 N jd—l
< — = (N%—(2L)¢
—Ld N?d ( ( ))+ Ld . (2N—L—j)2d
j=2L-+1
C dy \*
> (/ —yd) . (2.156)
QL] e <n \owrar) Y

The first term of the above right-hand side is bounded by C/L?, simply using that
L < N. The third term is estimated by C'/L?, similarly to (2.104) in Section 2.4.2.
Turning to the second term, we write that

_ N d—
CLQd 2 ]d 1
L j=2L+1 (2N — L —j)*
_ CL2df2 2N-3L-1 (QN L - j)dfl
Ld Pt j2d
O [,242 d—1 2N—-3L—1

(4 )ev-orer 3 as

p=0 j=N—-L
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Bounding from above each sum in j, we get

L2 XN ji-1
L j=2L+1 (2N — L —j)*
O [2d-2 371 d—1 1
< 2N — L)¢tr
S Z< ) )N
B CL?d—Qdi d—1Y\ (2N -L\""7 1
- Ld gt p N - L (N — L)

2
Using that using that < 3 and that N — L > L (both bounds being conse-

N—L
quences of the fact that N > 2L + 1), we deduce that
C L i <CL2 22 d—1 3dflfpi<£.
L+ (2N — L —j) — L4 D L — L2
j=2L+1 p=0
We thus infer from (2.156) that
c
L,N
‘leong <= (2.157)

Conclusion

Collecting (2.141), (2.157), (2.145), (2.147), (2.148) and (2.155), we obtain that

C (In L)? InL (In L)?
LNl o 2 L o2 L o222 < .
BV < o s o mE 0

This proves (2.118).

2.6 Numerical results
We now turn to numerical experiments. Our aim is twofold:

« investigate whether (2.33) holds in a fully random setting, i.e. beyond the weakly
random setting considered in Theorem 2.7.

. investigate whether Q™" defined by (2.42) converges to Q in a fully random set-
ting (recall that Theorem 2.10 states this convergence result in a weakly random
setting).

The conclusions of the tests discussed below is that we indeed numerically observe,
even for strongly random problems, that Q" provides an accurate approximation
(for large values of NV and L) of the limit of the variance of I.(f, g) when ¢ vanishes.

We now proceed in details. As explained above, we assume here that the random-
ness is not small. In line with the expected convergence (2.33), we compare the vari-
ance of I.(f, g) (computed by a reference, computationally expensive method) with o2
defined by (2.34).

We have considered the classical two-dimensional random checkerboard test-case:
the random matrix A in (2.1) is diagonal, A(z,w) = a(z,w) 1d4, and the function «a is
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piecewise constant and takes the values a = 0.2 or a = 1.8 with equal probability 1/2
(see Figure 2.2):
a(w,w) = Y Lown(z) Xi(w)
kezd
where the random variables X}, are ii.d. and satisfy P(X; = 1.8) = P(X; = 0.2) =
1/2. We consider (2.1) on D = (0,1)? for some given right-hand side f, and we fix
some test function g in (2.22). The functions f and g will be made precise below.

Figure 2.2: Two realizations of the checkerboard: ¢ = 1/10 (left) and € = 1/50 (right).

The tensor Q" is defined (see (2.42)) as a covariance. In practice, this covariance
is approximated by an empirical mean: we hence define

1
LN,M
Qiswe = Covy (— pﬁ,vj,/ pﬁg), (2.158)
Q] QL L

where, for any random variables X and Y,

M
1 — _
Covy(X,Y) = i (X — X) (Y, =Y)
m=1
LM
with X = i Z Xy, where {X,,}1<m<n are M iid. realizations of the random
m=1

variable X (w) (and likewise for Y). The quantity QX" can be computed in practice
(see Figure 2.3 for a schematic representation of the approximation procedure).

In Section 2.6.1, we investigate the convergence of Q*™V'™ to some Q when L, N
and M increase. In Section 2.6.2, we consider several choices of functions f and g. For
each choice, we show that the law of I.( f, g) indeed converges to a Gaussian law when
¢ — 0, and we show that its variance can indeed be computed from Q.

2.6.1 Approximation of Q

We first investigate the convergence of Q1M when the size N of the truncated do-
main increases. To that aim, we fix L = 5 and M = 10* and we show one component
of QLN-"M 45 4 function of N on Figure 2.4 (the conclusions for the other components
of the tensor is identical). We observe that the approximation QX" quickly con-
verges when we increase N, and that setting N = 10 is sufficient to reach the large NV
limit for the example we have considered.
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Compute in parallel for each of the M realizations

A

(FE) Solution w™ (-, wy) on Q
olution w;" (+, w,,) on N\ On

QL

Quadrature / p%(-,wm) 7
QL ,I,

Compute empirical covariance Cov ( / pf-Yj, / pfx Z)
QL L

Figure 2.3: Procedure to approximate the tensor Q by QL-VM: N > [ denotes the size
of the domain on which we compute the corrector, L denotes the size of the domain
on which we consider the corrected energy density, while M denotes the number of
realizations we consider to approximate the covariance.
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Figure 2.4: Q117" as a function of N (L = 5 and M = 10*). We also plot confidence

intervals (CI) computed from the M realizations.
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Remark 2.28. The above computations have been performed with M = 10* realizations,
which is a huge number. As a consequence, the confidence interval on Figure 2.4 is small.
It is currently unclear to us how to reduce this number M of realizations (and thus the
cost of the procedure) while keeping the same accuracy on the evaluation of the tensor Q.

We next perform the same study for L = 10 (with again M = 10" realizations). The

results shown on Figure 2.5 again show that setting N to a small value (here N = 15)
is sufficient to reach the large N limit.

Value of Q" function of N ( L=10 M=10000)
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Figure 2.5: Q12" (left) and Q1755 (right) as a function of N (L = 10 and M = 10%).

The comparaison of the results of Figures 2.4 and 2.5 suggest to choose N slightly
larger than L (since convergence is reached for N ~ 10, resp. N ~ 15, when L = 5,
resp. L = 10). We thus consider the choice N = L + 10, again with M = 10*
realizations and for increasing values of L, on Figure 2.6.
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Figure 2.6: Q1M (left) and Q)5 "™ (right) as a function of N (L = N — 10
and M = 10%).

Theorem 2.10 states a convergence in the regime N > L. As pointed out in Re-
mark 2.11, the choice N = L leads to a very particular situation in our weakly stochas-
tic case. Our theoretical analysis thus does not provide insights on the behavior of
OLN:-M when N = L. This motivates the numerical results shown on Figure 2.7, where
we compare the evolution of QLN:M 45 a function of NV, in the case when N = L and
when N = L+ 10. We can see that both approximations seem to converge to the same
limit. Of course, for a fixed value of L and M, computing QX" is cheaper in the
case N = L than in the case N = L + 10, since the corrector problem (2.7) needs to
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be solved in a smaller domain. Making the choice N = L hence seems to lead to the
most efficient computations.

QYi44M function of L (M =10000)
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Figure 2.7: Evolution of Q%™ and Q55 %M as a function of L (M = 10%).

The fourth order tensor Q%™ (and more precisely its limit when L, N and M go

to 00) is eventually used in (2.34) and (2.35) to compute the variance o2, We show on
Figure 2.8 the approximation

(oM = / (Vi @ Vo,): Q9N (Vu, @ Vo), (2.159)
D

of o2. We have chosen f(z,y) = 10e~8@05% and g(z,y) = 10e~3°%=05° In prac-
tice, we approximate u, in (2.159) by the solution to

—div (Ay(w) Vuy (w)) = fin D, u)(w)=00ndD,

where A% (w) is defined by (2.6), and likewise for v,.
The quantity (oX"*)2 (which depends on all the components of the tensor QL-NM
and not only on one of them as shown on the above figures) again reaches its asymp-

totic limit for limited values of N and L. The confidence interval computed with
M = 10" realizations is again small.

. Variance computed with QVEM function of L (N=L+10, M=10")

=]

Variance computed with Q™"

— Asymptotical variance ||
o—e Cllow
+—+ Clup

10 15
Length of integration domain L

Figure 2.8: Variance (o%"*™)? computed from the tensor Q*™'* as a function of N
(L= N —10and M = 10%).
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2.6.2 Estimation of the asymptotic law of /.(f, g)

In this section, we present numerical experiments that show that the theoretical re-
sults established in the weakly stochastic case (namely that the fourth order tensor Q*
characterizes the fluctuations of I!(f, g)) also hold (as least for the numerical examples
considered here) in the full, non weakly random setting.

We proceed as follows:

1. We approximate Q by QLNM with [ = 20, N = 30 and M = 10%.
2. We consider multiple choices of functions f and g.

3. For each choice of (f, g), we compute M realizations of I.(f, g) for several val-
ues of €. To do so, for each of these M realizations of A, we solve (2.1) (in
practice, we use P1 finite elements and the software FreeFEM++ [50]).

4. We check whether I.(f, g) is distributed according to a Gaussian law. To do so,
we plot the empirical distribution of I.(f, g) (computed from its M realizations),
the associated QQ-plot and we perform a Shapiro-Wilk test [79].

5. If the Gaussian approximation is sufficiently accurate, we compute the empirical
variance of I.(f, g) and compare it with the asymptotic value (o“*)? defined
by (2.159).

In what follows, we consider M = 10* realizations of I.(f, g) for intermediate
values of ¢, and M = 102 realizations when ¢ becomes small. Recall indeed that the

smaller ¢ is, the more expensive the computation of I.(f, g) is (the meshsize we use to
solve (2.1) is h ~ £/10).

In the following Sections 2.6.2 and 2.6.2, we consider two cases with various f and g,
where the heterogeneous problem (2.1) is complemented with homogeneous Dirichlet
boundary conditions. In Section 2.6.2, we explore the case when the heterogeneous
problem (2.1) is complemented with homogeneous Neumann boundary conditions.

Case of a quantity of interest localized in Dy, CC D

We start by considering some functions f and ¢ (see Figure 2.9) so that the integrand
of I.(f, g) is (essentially) supported in a domain Dy, strictly included in D (the quan-
tity (u(-,w) — E[u.])g thus essentially vanishes in a neighbourhood of dD). Such a
choice is motivated by the fact that, in general, the solution u, to (2.1) (as always for
heterogeneous problems) has a specific behaviour close to the boundary of D: pres-
ence of boundary layers, ... Our choice of (f, ¢) is aimed at making the impact of such
particular features, occurring in a neighbourhood of 0D, as small as possible.

First, we investigate whether the law of /. becomes closer to a Gaussian law when
¢ decreases. To do so, we plot the empirical distribution of I. on Figure 2.10 and the
QQ-plot on Figure 2.11. We have considered several values of ¢ and only provide the
results for the largest (¢ = 1/10) and the smallest (¢ = 1/70) values. We also perform
a Shapiro-Wilk test with a 5% p-value.

When ¢ is not sufficiently small (e.g. € = 1/10), we can see that I. does not follow
a Gaussian distribution, as expected. The QQ-plot shows that the extreme quantiles do
not match with those of a normal distribution. This is confirmed by the Shapiro-Wilk
test that rejects the hypothesis that the distribution of I, is Gaussian with a probability
of 95%. On the other hand, when ¢ is small enough (here smaller than 1/70), the
distribution of I is close to that of a Gaussian: the QQ-plot shows that the quantiles of
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IsoValue

IsoValue

Figure 2.9: [Test case 1] Right-hand side f(x,y) = 10e~8(~05)” (left) and test function

g(z,y) = 10e80W=057 (rjght).
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Figure 2.10: [Test case 1] Empirical distribution of /. (left: ¢ = 1/10; right: ¢ = 1/70)

computed from M = 10" realizations.
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Figure 2.11: [Test case 1] QQ-plot for the distribution of I. (left: ¢ = 1/10; right:

e = 1/70) computed from M = 10? realizations.

the distribution accurately match those of a Gaussian and the Shapiro-Wilk test cannot
reject the Gaussian hypothesis with enough confidence.

We next compare the variance o

emp

of I.(f, g) (computed empirically from M real-

izations of u.) with the asymptotic variance 03, (computed from QXVM with [ = 20,
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N = 30 and M = 10%). Figure 2.12 shows that, when ¢ is not small enough (namely
1/40 < ¢ < 1/10), the asymptotic variance o2, is an inaccurate approximation of
the variance o2, of I.(f, g): they differ by at least 10%. This is not unexpected, since
our result only holds in the limit ¢ — 0. On the other hand, when ¢ is small enough
(say € < 1/40), then the confidence intervals associated to both estimations are close
to each other. For instance, when ¢ = 1/70, the two variances only differ by 5%.
The relative error decreases when ¢ decreases. These numerical results hence seem to
confirm that the empirical variance agmp converges, when ¢ — 0, to the asymptotic
variance computed from the tensor Q.

Empirical variance of /{ and its Q-approximation fonction of 1/¢ Relative error in variance estimation fonction of 1/¢
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Figure 2.12: [Test case 1] Left: comparison between the empirical variance agmp of I,
and the variance 03, obtained with our approximation of Q in function of ¢. Right,

X . 2 2 2 . . X
blue curve: relative error |07, — 04.00l/0cn, On the variance. Right, green curve:
relative error |Gemp — Otheo|/Temp ON the standard deviation.

Case when f or g are localized on the boundary of D

We now consider another choice for f and g (see Figure 2.13), so that the integrand in
I.(f, g) is not localized in a subdomain of D.

IsoValue IsoValue

m10.5263 m10.5263

s
b
2
2

Figure 2.13: [Test case 2] Right-hand side f(z,y) = 10e~%0@*+*) (left) and test func-
tion g(z,y) = 10e~ 40" +W=05°) (right).

As in Section 2.6.2, we first check whether the distribution of I.(f, g) is close to
a Gaussian distribution, for severak values of . To that aim, we plot the (empirically
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computed) distribution of I.(f, g) (see Figure 2.14) and the QQ-plot (see Figure 2.15).
We also perform a Shapiro-Wilk test with a 5% p-value.

Again, for values of € not small enough (e.g. ¢ = 1/10), the distribution of I.(f, g)
is not a Gaussian. This is obvious from the left-hand side of Figure 2.14, and quantita-
tively confirmed by the left-hand side of Figure 2.15, where we see on the QQ-plot that
the extreme quantiles do not match with those of a normal distribution. The Shapiro-
Wilk test rejects the hypothesis that the distribution of I, is Gaussian with a proba-
bility of 95%. On the other hand, when ¢ is small enough (here smaller than 1/70),
the distribution of I, is very close to a Gaussian distribution, as can be seen from the
right-hand side of Figure 2.14. On the right-hand side of Figure 2.15, the QQ-plot shows
that the quantiles of the distribution of /. are close to those of a Gaussian distribution
(though the extreme quantiles are still slightly different). Somewhat unexpectedly, the
Shapiro-Wilk test again rejects the Gaussian hypothesis, even for this small value of ¢
(the hypothesis is actually rejected for any ¢ between 1/10 and 1/100), although the
test scores decreases when € decreases (meaning that the rejection is performed with a
smaller probability as € decreases). The convergence towards a Gaussian distribution
hence seems to be reached for smaller values of ¢ than in Section 2.6.2 (compare e.g.
the right-hand sides of Figures 2.11 and 2.15).
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Figure 2.14: [Test case 2] Empirical distribution of I, (left: ¢ = 1/10; right: ¢ = 1/100)
computed from M = 10? realizations.

QQ-plot of 1} QQ-plot of 1}

0.035 4

0.030 >
0.114
0.025 ,0

0.020 4 0.10 4

0.015 1

0.010 q 0.09 1

Theoretical quantiles
Theoretical quantiles

0.005 q

0.000 A

-0.005

1} quantiles 1} quantiles

Figure 2.15: [Test case 2] QQ-plot for the distribution of I. (left: ¢ = 1/10: right:
e = 1/100) computed from M = 107 realizations.

We next compare the variance 0, , of I(f, g) (computed empirically from M real-
izations of u.) with the asymptotic variance 03, (computed from QXVM with [ = 20,
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N = 30 and M = 10%). Figure 2.16 shows that, when ¢ is not small enough (here
e > 1/70), the asymptotic variance o2 is very different (say by 70%) from the vari-
ance 0, of I.(f, g). On the other hand, when ¢ is sufficiently small (here £ < 1/80),
then the confidence intervals associated to both estimations are close to each other.
When ¢ < 1/90, the confidence intervals (in the estimation of 07,,, and 03,,,) have a
non-empty overlap, yielding an accurate estimate of the variance (i.e. an estimate with
a relative error smaller than 5%). The relative error between o7, and o7, decreases
when ¢ decreases. These results seem to show that, when ¢ — 0, the law of I, indeed
converges to a Gaussian law and that the empirical variance agmp converges to the
theoretically predicted asymptotic variance o2 ., all convergences being reached for

smaller values of € than in the case of Section 2.6.2.
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Figure 2.16: [Test case 2] Left: comparison between the empirical variance ngp of I,
and the variance 03, obtained with our approximation of Q in function of ¢. Right,

X . 2 2 2 . . X
blue curve: relative error |07, — 03.0l/0en, On the variance. Right, green curve:
relative error |Gemp — Otheo|/Temp ON the standard deviation.

The case of Neumann boundary conditions

We consider now the oscillatory problem (2.1) where the homogeneous Dirichlet bound-
ary condition is replaced by a homogeneous Neumann boundary condition. We then

of course need to consider functions f and g with vanishing mean, and we make the

choice shown on Figure 2.17. The solution . is only defined up to an additive (possi-

bly random) constant, which is irrelevant in our quantity of interest /.( f, g) since the

mean of g vanishes.

We proceed as in Sections 2.6.2 and 2.6.2, first investigating whether the distribu-

tion of I, becomes closer to a Gaussian distribution when ¢ decreases (see Figures 2.18
and 2.19). We observe that the convergence seems to be reached very quickly (the
threshold in terms of € seems to be larger here than in the Dirichlet case). This is con-
firmed by the Shapiro-Wilk test (again with a 5% p-value), which does not reject the
Gaussian hypothesis whenever ¢ < 1/30.
We next compare the variance 0, , of I.(f, g) (computed empirically from M real-
izations of u.) with the asymptotic variance 03, (computed from Q%" with L = 20,
N = 30 and M = 10%). Results are shown on Figure 2.20. They are very similar to the
ones obtained in the Dirichlet case, and confirm the fact that the threshold ¢y below
which convergence is reached can be estimated at £y = 1/40, a larger value than in
the Dirichlet case.
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Figure 2.17: [Neumann test case] Right-hand side f(x,y) = cos(27x) sin(27y) (left)
and test function g(z,y) = cos(2my) sin(27z) (right).
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Figure 2.18: [Neumann test case] Empirical distributions of I, (left: ¢ = 1/10; right:
e = 1/70) computed from M = 10* realizations.
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Figure 2.19: [Neumann test case] QQ-plot for the distribution of I. (left: ¢ = 1/10;
right: € = 1/70) computed from M = 10? realizations.
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2.A Estimates for the Green function of the laplacian
operator with periodic boundary conditions

Our aim is to show (2.120) and (2.121), in the case d = 3 and when A, = Id. The
Green function Gy is thus here the solution to

b
Qx|

Gn(-,y) is Qy-periodic.

2.A.1 Analytical expression

The existence and uniqueness (up to the addition of a constant) of Gy solution to (2.160)
is shown in [67] (see also [23, 29]). We recall the following result, which provides an
analytic expression of G y.

Lemma 2.29. Consider Z§ defined by

Zy(@)= Y fnlz—Nk),

keZ3, |k|<P

where
1 1 dy

dnla| [Qn] Joy Al =yl

fn(z)

We have that ZL, € L2 (R®) and that Z% converges in L2 _(R?), when P — oo, to some

loc loc

Gy, which is a solution to (2.160) with y = 0.
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Proof of Lemma 2.29. We first show that 7%, indeed convergesin L2 (R?), and we next
prove that the limit is a solution to (2.160).

Step 1: Bound on fy. We claim that there exists C'y > 0 independent of NV such that

C;N3
lfv(z)] < EUT whenever |z| > N. (2.161)

— . In dimension d = 3, we note that Q = (—1/2,1/2)* c B(0,r,)

47| x|
for some 7, < 1. Thus, for any z € Q and any r € R? with |r| = 1, we write

We set p(x) =

o —2) = p(r) = 2 Vplr) + 52 V2p(r)z + R(r,2),

with
|R(T,Z)’ S CTaylor’Z‘ga

where Crqyior is independent of 7 and z. For any = € R? with |z| > N, we then have

=
QN47T|$—?J|
_1 p(ﬁ_i)dy
2 Jo "\l af
1
L ()
|| Joy \lz| v |7l ||
1
b (@) e ()
on 2 |7] | ) |z 2| ||

where we have used that y/|z| € Q). We successively consider the different terms in
the above right-hand side. The second term vanishes by symmetry. The third term

reads
82p

Y 2 Yi Yj €z
o) o, 3 ()

/N |z] EVALS Z |22 Ox; 3% ||

1 0% ( >/ 9
= T y; dy

; 22 022 \ |z On

where we have noted C'y = / y? dy. We thus deduce that

N

1 d 1 1 1
Qnl Joy dmlz —yl  drle]  |@n[]x] Jo  \|z][2]

where the last term is estimated as

'/ R (i, i) dy‘ < CTaylor/
~  \lz| |z o

3

7|
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CN?
for some C' independent of N. We thus deduce that |fy(x)| < T which is the
claim (2.161).
dy .

—— is
o 4|z =y
continuous, hence fy is continuous on R? except at the origin, where it behaves like
1/(4r|z|). Hence fy € L% _(R?) and thus Z§ € L% _(R?).

Choose # € R3, & ¢ NZ3. The terms fy(z — Nk) are all defined, and, in view

of (2.161), we see that the series Z fn(z — Nk) is absolutely convergent. We can
kez?
thus introduce G ~(x Z fn(x — NEk), which is well-defined almost everywhere.
kez3
We now prove that Z§ converges in L2 (R?) towards G y. To that aim, choose a
compact S C B(0, s) and consider the difference, for any z € 5,

Step 2: Convergence of Z% in L2 (R?). The function z € R?

loc

loc

2

rp(z) = (Z5(@) = Gu(2))* = | Y fu(z — Nk)

|k|>P
Using (2.161), we see that there exists Iy = s+ 1 such that, when P > F, and for any
r € S, we have

2 2

CN3 CN3
< < TR e a—— <
S\ 2w ) < | 2 gy | SO
|k[>P |k|>P

where Cy is independent of x and P. We thus have that Gy € L*(S) and that Z§

converges in L?(S) towards G .

Step 3: G is a solution to (2.160) with y = 0. Since ZI converges in L2 (R?)
towards Gy, we have that, in the sense of distributions on R?,

~AGy = lim —AZL = lim > (=Afy)(- = Nk).

P—oo P—
™ kezs, [k|<P
Writin )= —— —— 1 ,we see that —A fy = 0y — —.
BIN) = el 10w e " W ar =y Iv=%"10n
We therefore get
—AGyN = lim Z [ Inkvay + 51\%} = b + Z ONE-
P QN Qn]

kez3, |k|<P

By construction, Gy is NZ>-periodic. We have thus shown that G is a solution
to (2.160) with y = 0. This concludes the proof of Lemma 2.29. [

2.A.2 Estimates on Gy

Lemma 2.30. Consider the function Gy built in Lemma 2.29. There exists C' independent

of N such that

— C
forany x € Qy, we have |GN(x ‘ < m
x
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Proof of Lemma (2.30). We write that
Gh(@) < Y fx@=NE)+ Y |fx(z— Nk (2.162)
keZ3, |k|<2

keZ3, |k|>2

We note that, when |k| > 2and z € Qn, we have |t — Nk| > N|k|—|z| > 2N

> > 2N —|z| >
N where we have used that QQ C B(0, N). We are thus in position to use (2.161) in
the second term of (2.162) and write

O N? C/N? C

— Nk < — < _ < —

>, lnt IENDY lz — Nk[+ = 2 Nk — 1) = N
keZ3, |k|>2 keZ3, |k|>2 keZ3, |k|>2

where C' is independent of V. For the first term of (2.162), we write

S Ufwe-NR<C Y (, 1 1 dy )

+
k6237 ‘k‘<2 keri’ ‘k‘<2 T — Nk" |QN‘ QN |.T - Nk - y‘

(2.163)
For the second term of (2.163), we use that there exists 7 independent of NV such that
for any x € QQy and any |k| < 2, we have Qn C B(x — Nk,7N). Hence

1 d 1 d
> NE S Z o —N‘Z

<_
N

for some C' independent of N. For the first term of (2.163), we write
1 1 1
,Z T NE 2] IZ |z — NE|’
keZ3, |k|<2 kez3, 1<|k|<2

and we recall that Q C B(0,r*) for some r*

< 1. Hence any x € @y and any
1 < |k| < 2, we have |zt — Nk| > N|k|

— |z| > N — r*N, hence
3 1 1t ¢
, |v — Nk| = |z| N
keZ3, |k|<2
Collecting the above estimates, we deduce from (2.163) that
1 C
>, xr=NE) < =+~
keZ3, |k|<2 | ’ N

We then deduce from (2.162) that, for any = € Qy,

|G ‘—le

which yields the claimed result. This concludes the proof of Lemma 2.30

C

O]
We recall (see Section 2.5.1) that, for any z and y in R3, we denote dy(z,y)

mf3 |t —y — NEk|. It is easy to check that, for any z, y and z in R3, we have the
kEZ
triangular inequality

dN(xay) < dN($,Z) +dN(Zvy)' (2~164)
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Lemma 2.31. Let G be a solution to (2.160). Then, for any x and y in R?, we have

< — .
VoG (z,y)] < FRERIE (2.165)

< — .
VyGn(z,y)| < FRERIE (2.166)
IV, V.Gn(z,y)| < v ol (2.167)

where C' is independent of N, x and y.

For the proof of Lemma 2.31, we need the following result from Avellaneda and Lin
(see [4, Lemma 16]).

Lemma 2.32 (Lemma 16 of [4]). Consider a Z? periodic matrix field A, with A < A(z) <
M a.e. on'Y, for some constants 0 < \ < M. We also assume that A € C*(Y) for
some 0 < v < 1 with ||Al|coryy < M. Let 6 > 0, > 0 and take f € L*°(B(0,r)).

Consider u. solution to
—div [A <g> Vus} = f inB(0,7),

and assume that ||uc|| L (B(0,r)) < 00.
Then there exists a constant C' depending only on A\, M, 7y, d and ¢ such that, for any
e > 0 and anyr > 0, we have

Vel Lo Bo/2) < C (r el Lo + I fl a+sso.ry)) »
where p=1—d/(d +9).

Proof of Lemma 2.31. The function Gy built in Lemma (2.29) satisfies (2.160) with y =
0. Let z € Qx and r = |z|/2. The ball B(z,r) does not intersect NZ3. Thus, on

B(z,7), we have —AGy = ‘ Onl’ Using Lemma 2.32 and next the periodicity of Gy
and Lemma 2.30, we write, for a c]\(f)nstant C independent of N and x (and with d = 3),
that
P X PR s W |
NI Ld+8(B(z,r))

1 rH
< C 7‘_1 sup + Td/(d-‘r&) :
(zGB (z,r) dN(Z 0)) ’QN’

<C|rt sup ! + ! )
z€B(z,r) dN(”Z O) ’QN’

We next observe that, for any x € Qy and z € B(z,r), we have

’$| = dN(xa()) < dN<x7Z) +dN(Zao) < |.I'— Z‘ +dN(270)
< T+dN(Z,O) = @ +dN(Z,O),

hence dy(z,0) > r and thus

1 r 1 ||
IVEll oy < € ( * |QN|> =¢ (W * |@N|)

cofl 1) ¢
AN CI L e £
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In view of the equation satisfied by Gy, we know that Gy € C>(B(x,7/2)). We thus
deduce from the above that
— C

Vo € Qu, VG (z)| < E (2.168)
Let Gy be a solution to (2.160). We know that the solution to (2.160) is unique, up to
the addition of a constant. We thus have G x (7, y) = Gy (2 —y)+Cn(y) where Cy(y)
only depends ony and N, and thus V.G y(z,y) = VGy(z—y). Consider z and y such
that x —y € Q. We have dy(z,y) = |x — y| and the bound (2.168) implies (2.165) for
such x and y. The case © — y ¢ () is obtained using the ) y-periodicity of G (-, y).

The function G (x,y) = Gn(y, x) is the Green function associated to the adjoint
operator. We thus deduce (2.166) from (2.165).

We now prove (2.167). Let y € R3 and # € R3 with 2 ¢ y + NZ3. For any ry <

1

3dn(z,y)/4, we have —AGN(-,y) = TNl on B(x,r5). We can differentiate with
N

respect to y, which shows that —AV,Gx(-,y) = 0 on B(z,r) with r = dy(z,y)/2.

Using again Lemma 2.32 and next (2.166), we write, for a constant C' independent of
N, x and vy, that

C
||vayGN('ay)HLoo(B(m,r/g)) < " ||vyGN(‘ay)||Loo(B(x,r)) )
< C 1
< — sup —F—-
T 2eB(z,r) ’dN(Z,y)P

Using the triangular inequality (2.164), we now write, for any z € B(x,r), that
2r = dN(:E7y) < dN(x,Z) +dN(Z7y) < |ZI§' - Z| +dN(Zay) < T—l—dN(Z,y),

thus

C C

r3 7 dn(z,y)|*

This concludes the proof of (2.167) and thus that of Lemma 2.31. O
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CHAPTER 3

LA MULTI-SCALE FINITE ELEMENT APPROACH USING
HIGH ORDER POLYNOMIALS

This chapter corresponds to a manuscript in preparation, co-authored with U. Hetma-
niuk, C. Le Bris and F. Legoll.

We consider a variant of the classical MSFEM approach with enrichments based
on Legendre polynomials, both in the bulk of mesh elements and on their interfaces.
A convergence analysis of the approach is presented. Numerical tests show a signifi-
cant reduction in the error in comparison to classical MSFEM approaches, at a limited
additional off-line cost.

3.1 Introduction
We consider the problem
—div(AVu) = f in D, u=20 ondD, (3.1)

where D is a bounded polygonal domain in R?, f is a given right-hand side and the
symmetric elliptic coefficient matrix A presents heterogeneities at very small scales
compared with the characteristic size of D. Classical approximation techniques such as
finite elements are known to poorly perform in such cases, unless the mesh size is taken
(possibly prohibitively) small. Multiple alternative dedicated approaches have there-
fore been introduced. Among those, the multi-scale finite element method (henceforth
abbreviated as MsFEM), introduced in [34, 55], uses a Galerkin approach of (3.1) on a
pre-computed basis. The basis functions are obtained by solving local problems mim-
icking (3.1) at the scale of mesh elements, with carefully chosen right-hand sides and
boundary conditions. The vanilla version of the approach, called linear MsFEM, uses
as basis functions the solutions to these local problems, posed on each mesh element,
with null right-hand sides and with the coarse P1 elements as Dirichlet boundary con-
ditions. Various improvements of that version are possible. In particular, the so-called
oversampling variant, which solves local problems on larger domains and restricts their
solutions to the considered element, is very effective. The flip side is that the approach
is not conformal and the size of the oversampling area must be carefully calibrated,
which can be a delicate practical issue.

Our purpose here is to introduce and study a MSFEM method improved differently.
It essentially elaborates upon the Special Finite Element Method introduced in [53] and
fully analyzed in [52]. In that approach, the linear MSFEM basis is enriched with local
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eigenvectors related to the scalar product associated with the variational formulation
of (3.1). The approach is very effective but the resolution of eigenproblems for each
element of the coarse discretization can prove computationally challenging, even for
an off-line step. This is the reason why the approach we present here complements
the linear MSFEM basis with enrichments that are not eigenvectors, but solutions of
edge and bulk problems using polynomials either as boundary condition or right-hand
side (see SECTION 3.2). As for the other MSFEM variants, all basis functions for such en-
richments can be computed in parallel. One cannot indeed too much emphasize that, if
the dogma of multi-scale approaches is to drastically reduce the on-line cost at the ex-
pense of an increase of the off-line cost, it might be the case for a large class of complex
enough problems that the approach is doomed because of a prohibitively computation-
ally expensive off-line stage. Another advantage of the approach presented here is that
the classical Legendre interpolation results apply, allowing one to get rigorous a priori
and a posteriori error estimates for the approach more easily. A similar approach has
been introduced independently in [41], for the specific case of quadrangles, Legendre
polynomials and Gauss-Lobatto quadratures. The approach shows promising results in
time-domain acoustic-wave modeling: it compares well with reference solutions com-
puted with the spectral finite element method. Our aim is to push further the approach
by expanding it to triangular meshes and to provide a detailed convergence analysis,
along with some theoretical tools for adaptivity. We emphasize that our method is both
local and conformal: the support of the enrichment function is either the two elements
associated with the edge when an edge is considered, or the one element itself when a
bulk element is considered. Also, as said above, it is fully parallel in the off-line stage.
In contrast, we mention that another, very interesting and efficient, line of thought is
exemplified by the approach called Localized Orthogonal Decomposition method (LOD)
introduced in [70]. There, the classical finite elements are enriched with corrector
functions that are solutions to specific PDEs. These functions have global supports,
however they turn out to rapidly decay away from the element considered. This prop-
erty allows one to design an approximation space with functions solution to PDEs with
smaller, truncated supports (typically of size of order O(H In H)). The associated error
estimates in the energy norm are then independent of the scales of the heterogeneities.

We prove (see SECTION 3.3) that, with enough enrichments, we can get a conver-
gence rate that does not depend on the oscillations of A. Moreover, numerical exper-
iments (see SECTION 3.4) show that already a small number of enrichment functions
significantly reduces the error. Our analysis applies to both quadrangular and triangu-
lar meshes, the latter being more flexible and allowing one to discretize more complex
geometries than those accessible to quadrangular meshes. Furthermore, we propose
an a posteriori estimator that can be used to locally adapt the level of enrichment.

The numerical experiments we present in SECTION 3.4 show that the proposed
approach outperforms the linear MSFEM especially in the regime where H =~ ¢, al-
lowing for results of comparable quality to those obtained using the Special Element
Method, and is on par with non-conformal approaches such as the variant of MSFEM
using oversampling at a reasonable additional computational cost. Numerical results
also seemingly indicate that the a posteriori estimator we propose reproduces truly the
qualitative trend of the error in energy norm.

3.2 Discretization approach

We define (74 ) ; a family of conforming partitions of D into a finite number of convex
quadrilaterals (or triangles) with straight edges. The mesh is assumed conformal (there
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is no hanging nodes and each internal edge is shared by exactly two elements of the
mesh) and regular in the following sense:

for any element K, there exists an affine transformation F' : K— K ,
where K is the reference element (here the reference square or triangle),
such that IVF||pe <vH and IVE | pe <y H™,
where v > 1 is a constant independent of K and H.

(3.2)

In practice, the latter property is ensured using a mesh with quadrilateral (or triangu-
lar) elements with a minimum angle condition. We denote by I the interior skeleton,
thatis I' = (Uger, OK) \OD.

The variational formulation of (3.1) is expressed using, for u,v € H&(D), the

bilinear form a(u,v) = / (Vu)T AVu. The associated energy norm is denoted by
D

lv|e = v/a(v,v). Since A is symmetric, the unique solution « to (3.1) satisfies also
) 1
u = argmin (—a(’u,v) —(f, U)Lz(D)> :
vert (D) \2
We denote by
Vi ={v € Hy(D), v|x € Hy(K) forany K € Ty},

where the subscript B stands, understandably, for bubbles. We also define
1 1/2
Ve = {Eor € HY(D). 7€ Hy (1)}

which is the subspace of energy minimizing extensions of trace functions on I', where

the extension Ep(7) solves the minimization problem inf a(v,v) subject to v|r =
veH (D)

T, that is, in the weak sense,
—div(AV(EpT)) =0 in K, forany K € Ty,

Epr=71 onT, (3.3)
Epr=0 ondD.

The following orthogonal decomposition with respect to the scalar product a(-, -) holds:
H)(D) =V @ Vr. (3.4)

The decomposition is orthogonal because of the definition of the energy-minimizing
extension. Indeed, it holds that

Yvg € Vg, Your € VF, G(UB,UF) =0,

by using the variational formulation of problem (3.3) with a test function in H{(K).
Although not often stated in this form, property (3.4) is at the heart of the analysis and
development of domain decomposition methods for elliptic partial differential equa-
tions [42, 77, 80] and modern component mode synthesis methods [10, 21].
Following the decomposition (3.4), the solution u can be uniquely expressed as

1
u = up + ur with the bubble part up = argmin (§a(w,w) —(f, ’LU>L2(D)) and the
weVp

1
interface part ur = argmin (—a(v, v) = (f,0) 2y |-
veEVP
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In our approach, instead of approximating u directly, we approximate up and ur
separately. This splitting is motivated as follows. First, the decomposition (3.4) im-
plies a natural splitting of the error. If we indeed consider a numerical approximation
(g, up g, ur i), the error in energy norm reads as ||u — uy||% = |[up — upul% +
|ur — ur #||%. Second, the analysis of the classical MSFEM suggests that the inter-
face part is more difficult to approximate than the bubble part. Approximating up by
upn = 0 gives an energy error of order O(H) (see (3.11) below). Moreover, up is
the collection of solutions to independent local problems with homogeneous Dirichlet
boundary conditions. Hence, up can be computed effectively in parallel by using a FE
solver for the Dirichlet problems. However, for ur, there is no decrease of the error
with respect to H when one takes ur y = 0: the error is of order O(1). Moreover,
when approximating ur by ur g = UnspEm—iin, Which is the best approximation ob-
tained when considering extensions of continuous and piecewise affine functions on I'
(corresponding to the linear MsFEM approximation introduced in [55]), then the error
is of order O(1) when H is close to the small scale ¢. In essence, MsFEM type methods
are directed towards finding the correct bulk solutions assuming a certain, unknown
shape of the solution along the interfaces. The recent history of the development of
this category of methods can be revisited as the quest to determine the “right” interface
conditions.

Our approach designs two independent approximation spaces: (i) on the one hand,
a space to approach ug by solving problems similar to (3.1) though localized on the
elements and with high order polynomials as right-hand sides and (ii) on the other
hand, a space that approximates ur with an harmonic lifting defined by (3.3) of high
order polynomials. We now detail these two approximation spaces, which are denoted
VB,m (M} (xesp. Vi (w.y) for the space Vg (resp. V1), where { M} (resp. {N.})isa
set of positive integers associating a polynomial degree My (resp. N.) to each element
K € Ty (resp. each edge e C I).

We first consider the bubble space V. For any element K, we choose a positive
integer M and consider the space of polynomial functions on K of degree smaller or
equal to My (by degree, we mean total degree if K is a triangle, and partial degree in
each variable if K is a quadrangle). We denote by Ny, the dimension of this space of
polynomials and introduce a basis of this set, that we denote {P;},—1 Ny - For any
1 <4 < Ny, we introduce the function gbﬁ,i € H}(K), which is supported in K, and
which is the solution to

gb?i:() on 0K and VUGH&(K%/

(Vu)"AVeR ;= / P . (3.5)
K K

If K is a quadrangular element, we readily note that, in practice, F; can be chosen

as the polynomial that has value 1 at the i*® Gauss-Lobatto point and 0 at the other

Gauss-Lobatto points within K. Note that we do not consider the case My = 0.
Then, we define the finite dimensional space

VB,H,{MK} = Span{@%i, 1< < NMK7 K e TH} C Vg (3.6)
and the approximation ug g (r,y € VB m (v} of up € Vp as the solution to
VUB,H,{MK} € VB7H,{MK}» /(VUB,H,{MK})TAVUB,H,{MK} = / fUB,H7{MK}-
D D
Besides considering the above finite dimensional space (3.6), it is also possible to choose

Vi.m,{mey = {0}, in which case up is approximated by up u {a,} = 0 and we have
| < CH (see (3.11) below).
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Remark 3.1. We have mentioned above that, in the case of quadrangles, we choose poly-
nomials P; associated with the Gauss-Lobatto points. Indeed, such a choice makes the
quadrature formulas (to compute the local integrals needed to assemble the stiffness ma-
trix and the right-hand side) particularly simple, since P; vanishes at almost every inte-
gration point. From a theoretical viewpoint, any choice of basis is of course possible.

We now turn to the interface space V1. For any interior edge e of the coarse mesh,
we choose a positive integer V.. For any 2 < k < N,, we define the edge enrichment
function ¢£k, which is supported on the two elements sharing the edge e, and which
satisfies (see FIGURE 3.1)

—div(A.Ver,) =0 in K,
Ge = Dr one, (3.7)
tr =0 ondK \e,

where K is any of the two elements containing the edge e, and where P, is a poly-
nomial function of degree £ that vanishes at the vertices of the edge e. Note, for the
practice, that P, is chosen to be the boundary-adapted k*" Legendre polynomial on the
edge (see e.g. [22, Fig. 2.12 p. 83]).

o0
e
= N,
I N\
. 2
- %
X ‘2
I
¢e,kz =0

Figure 3.1: Local problem defining an edge enrichment

Formally, the cases £ = 0 and £ = 1 correspond to the linear MsFEM nodal basis
functions associated with the two vertices of e. Denoting 7. and j. these two vertices,
we set gzﬁgo = ¢MsFEM and 92551 = gb?fSFEM, where ¢M*F'EM ig the solution on any
element K to

— div(A.VeMsFEM) = () in K,
MM = 6, on 0K,

where ¢; is the nodal P1 Finite Element basis function associated with the vertex 7.
Note that the support of ¢M*F"EM js the set of elements having i as a vertex.
We next define the finite dimensional space

VF,H,{Ne} = Span{¢§\4$FEM> 1 S j S Nbvertem; E,k? 2 S k § N€7€ C F}

= span{dl,, 0< k< NecT}, (3.9)

which is a subset of V1, and the approximation ur g ¢n.} € Vr u,(n.) of ur € Vi as the
solution to

VUF,H,{Ne} S VF,H,{Ne}a /(VUF,H,{NE})TAVUF,H,{NQ} = / fUF,H,{Ne}-
D D
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Remark 3.2. In order to approximate Vi, we decided to use liftings of polynomials de-
fined on I'. Such choice has been motivated by the versatility of polynomials (simplic-
ity of implementation and good approximation properties). However, other choices could
have been made. The main challenge here is to build an approximation space that ac-
curately captures the oscillations of ur on I'. For instance, one can think of approach-
ing such oscillating functions by a sinus basis with increasing frequencies like in Fourier
approximation. It turns out that, if we enrich the MsFEM linear basis with liftings of
Pyn(x) = sin(rNxz/H), then we get similar numerical results as with our polynomi-
als. We have here chosen to work with polynomials because the derivation of approxi-
mation properties for a sinus basis proved to be more difficult than with a polynomial
basis, for which we can rely on the extensive theory for polynomial approximation (see
e.g. Lemma 3.18 below).

Remark 3.3. Note that the boundary condition which is imposed in (3.7) is continuous
on 0K, since we have considered polynomial functions Py that vanish at the two ends
of the edge e. Note that, if the boundary condition had some jumps on OK, then the
problem (3.7) would be ill-posed in H'(K'). We have chosen to work with the boundary-
adapted Legendre polynomials, but other choices can be made, as long as the boundary
conditions vanish at the two ends of the edge. Our specific choice is motivated by the fact
that the boundary adapted Legendre polynomials are easy to compute (there is an explicit
and simple recursion relation to compute their coefficients).

Since we see our approach as an enrichment of the MsFEM linear method, the affine
nodal functions ¢2*" "M must be part of the space which is spanned by our boundary
conditions on 0K . What matters for the analysis is that the space spanned by the bound-
ary conditions on each edge e is the space of polynomial functions of degree smaller or
equal to some N,.

Denoting by Vi (a1 .48y = VB, H {0y PV 1 .}, OUr approximation tg {ar,c1,{N.}
of uis defined by uy (a1, ) (N} = UB,H (M} U, H,{N,}- Note that the choices Vi 1 (a0}
{0} and N, = 1 for each edge e leads to an approximation space (and therefore a dis-
crete solution) which is identical to the space used in the linear MSFEM approach.

The sets of positive integers { My, K € Ty} and {N., e € I'} define the approx-
imation space that is used in the variational problem. For the sake of clarity, in the
case when we choose My = M for any element K € Ty (resp. N, = N for any edge
e C I'), we replace the notation { Mk } by M (resp. {N.} by N).

We conclude this section by collecting several general remarks.

Remark 3.4. Note that, although presented here in the context of the self-adjoint prob-
lem (3.1), the discretization procedure we just described can also be used in a case where the
operator is not self-adjoint. However, the numerical analysis results that are established
in the next section are, to date, restricted to the self-adjoint case.

Remark 3.5. In practice, one does not have access to the space Vi n. Indeed, the
enrichments ¢ ; or ¢1.; are solutions to local problems with no analytical expression.
Usually, such functions are approximated by a finite element approach using a fine mesh
of size h adapted to the characteristic length of variation of the diffusion coefficient A.

Hence, in practice, for the numerical implementation, we use the space Vi yynpn =
Ve, umn D VE o N, spanned by the functions ¢£’Z-h and ¢??, which are the approximation
(on the mesh of size h) of(bg,i or ¢E,r The study of the convergence of the approach with
respect to the parameter h is outside of the scope of this article.
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Remark 3.6. The construction of our basis, that is the offline stage, can be performed
totally in parallel. Indeed, the basis functions for either the bubble or the interface ap-
proximation spaces are solutions to independent local problems. We notice that, in the
special finite element approach introduced in [53] and analyzed in [52], the computa-
tion of the interface enrichments (which are eigenvectors of some operator associated with
the edge e) requires solving a problem posed on the two elements sharing the edge e. In
contrast, all our local problems are posed on a single element.

In addition, the stiffness matrix and the right-hand side term for f = 1 can be pre-
computed in parallel to further reduce the computational cost of the online stage.

3.3 A priori and a posteriori estimates
Our global a priori error estimate reads as follows:

where in D, we have auiy [€)* < A(2)€ - € < amay €3] for all € € R%. We also assume
that the solution u to (3.1) belongs to H} (D) N H*(D) for some s > 3/2 and that the
right hand side f belongs to H*(D) for some { > 0. We consider our MSFEM approach
in the case when My = M for all elements K and N, = N for all edges e, for some
M, N € N*. We then have

Proposition 3.7. Assume that there exists 0 < aunin < Qmax Such that, almost every-

C Hmin(E,M+1)+1

v —ummn|e < o V&S Nl ey

Hmin(s,N+1)—l

+ C\/Oémax T HU‘

where the constant C' is independent of H, M, N, A, u and f (but depends on { and s).
The above estimate holds both if we use triangular or quadrangular elements.

In the case when no bubble enrichments are used (that is when Vg i = {0}), we
have

C Hmin(s,N—l—l)—l
lu —upmn|e < — H || fllz2(py + v/ Omax — e [ ul

H*(D)

where the constant C' is again independent of H, N, A, u and f (but depends on s).

Some remarks are in order.

We note that, for f only in L?(D) (that is £ = 0), increasing the polynomial degree
M decreases the error at a rate O(1/M). When f is a more regular function, the error
decreases with respect to M with a better rate.

We next discuss the classical case of a rescaled periodic matrix coefficient (that is
A(z) = Aper(x /) for some Z?-periodic matrix Ap.,) and a coarse mesh of size H ~ ¢.
In that regime, it is well known that the classical linear MsFEM approach suffers from
an error which does not decrease when H and ¢ tend to 0. In contrast, it is possible
in our approach to increase N in order to still have a converging approximation. It is
indeed expected that |u|gys(py & O(¢'~*). Choosing N of the order of 1/¢ thus allows
to keep a small error.

Note finally that the efficiency of our approach sensitively depends on the regular-
ity of u and on the norm of its derivatives. On the optimistic side, this implies that the
more regular u is, the more efficient our approach is. This unfortunately also means,
on the pessimistic side, that the more oscillatory the solution is, the larger the norm
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of the derivatives of the solution is and thus the larger N has to be taken to obtain a
given accuracy. In this respect, the LOD method [70] is way more robust, since the
accuracy only depends on H, f and the contrast of A but neither on the regularity nor
on the scale of the oscillations (although this is obtained at the price of computing “not
so” local solutions elsewhere than in the given element).

Remark 3.8. In the periodic case A(x) = Aper( /) for some Z¢ periodic matrix Aper, we
typically have that ||u|| g=(p) is of the order of 1/e*~'. In such a case, for given H, M and
N, the right-hand side in the error estimate (3.9) goes to co when € goes to 0. However, the
actual error does not blow up. Recall indeed that our approximation space Vi ys, n contains
the linear MSFEM approximation space, for which the estimate ||u — uprsppm—iin||p <

C (H +Ve+ \/€/H> holds. The error in our approach being smaller that the linear

MSFEM error, we hence get that our approximation does not blow up when € goes to 0 and
H, M and N are fixed.

This observation raises the question of deriving a better estimate for our approach in
the periodic case. It turns out that following the classical proof for estimating the MsFEM
error (see e.g. [56]) yields the same estimate for our approach as the one obtained for
the linear MSFEM approach. Indeed, in [56], an homogenization argument is used, which
yields the contribution of the order of \/= and \/e/ H in the error. This step is independent
of the numerical approximation scheme used in the method and thus cannot be expected to
be improved in our approach. Therefore, finding a sharper estimate in the periodic case for
our approach does not seem to be an easy task, even when using periodic homogenization
arguments.

The proof of PrRoPosITION 3.7 is a direct consequence of the orthogonal decompo-
sition (3.4) and the following LEmMA 3.9 and LEMMA 3.10, which respectively address
the bubble approximation and the interface approximation:

Lemma 3.9. Assume that there exists 0 < aunin < Qunax Such that, almost everywhere
in D, we have apiy |€]? < A(2)€ - € < amax [E2] for all € € R2. We also assume that
f € HYD). In the case when M > 1, the components up and up s s satisfy

OE Hmin(ﬁ,M+1)+1
v/ Cmin Mo+t
for some C; independent of H, M, A and f. If Vg g = {0}, then

lup —upaumlle < £l e (3.10)

C

min

|lup —up amle < H || fll2(py (3.11)

for some universal constant C.

Lemma 3.10. Assume that there exists 0 < auin < Qunax Such that, almost everywhere
in D, we have iy [€]? < A(2)€ - € < max |E2| for all € € R?. We also assume that the
solution u to (3.1) belongs to H} (D) N H*(D) for some s > 3/2. Then, in the case of a
quadrangular mesh, the components ur and ur g N satisfy

Hmin(s,N+1)—1

lur —ur g n|lE < Csy/Omax N

|l = (D) (3.12)

where the constant C is independent of H, N, A and u. The same estimate holds true for
a triangular mesh.
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In sharp contrast to the estimate (3.10) which does not depend on the oscillations
of A, the estimate (3.12) depends on the norm of derivatives of u, hence, indirectly on
the oscillations of A. As expected, the interface component is more difficult to capture
than the bubble component.

Remark 3.11. The assumption that the solution u belongs to H*(D) for some s > 3/2
can be relaxed in the case of quadrangular elements. Indeed, in that specific case, we
perform below the proof of LEMMA 3.10 using polynomial interpolation results at Gauss-
Lobatto points, which only require the continuity of uw on I'. This continuity is satisfied
as soon as u € H*(D) fors > d/2, that is s > 1 in the case when d = 2. In the case of
quadrangular elements, we hence only require that u € H*(D) for some s > 1.

Polynomial interpolation results are more difficult to obtain in the case of triangu-
lar elements because triangles are not cartesian product domains. Recall indeed that, in
the reference square, the Gauss-Lobatto points are located at (zy,yx), where xy, are the
Gauss-Lobatto points of the segment [0, 1] x {0} and y; are the Gauss-Lobatto points of
the segment {0} x [0, 1]. This construction can obviously not be extended to the case of
triangles. Choosing relevant interpolation points for triangles is still an open problem (a
possible choice is that of Fekete points, see [76]). Hence, to recover similar interpolation
properties, it can be expected that stronger constraints (namely u € H?®(D) for some
s > 3/2 rather than s > 1) are required.

An estimate similar to (3.12) is obtained for the Special Finite Element Method
in [52]. The estimate then depends on the k' largest eigenvalue \* for the associated
edge eigenproblem. The rate of decrease of \* with respect to k and H is not known,
although the numerical experiments suggest it is O(k/H ), which would give a similar
estimate as in LEMmA 3.10.

The proof of LEmmA 3.9 and LEMMmA 3.10 essentially follows, and it is not unex-
pected, the pattern of the proof of the classical Céa’s LEMMA. The best approximation
is estimated using the Legendre projection (for LEMMA 3.9) or the Legendre interpolant
on the bulk and the lifting of the interpolant along the edges (for LEMMA 3.10). Some
technicalities arise for LEMMA 3.10 in the case of triangular meshes and an alterna-
tive proof using hp-Finite Element methods must be used. This alternative proof also
extends for the quadrangular case.

We now turn to our a posteriori estimator. In contrast to our a priori estimates
above, we now consider the general case when the polynomial degrees N, (resp. M)
associated to each edge e (resp. each element K) can be different. For some tech-
nical reasons (in particular due to the use of Scott-Zhang interpolation results, see
LEMMA 3.23), we assume that the polynomial degrees of the edges are comparable on
neighbouring edges, in the sense that

Ve,e' eT'st.ene #0,

N,

© < N, < AN, (3.13)
i ==
where v is the mesh regularity constant of (3.2).

Proposition 3.12. We assume that the diffusion coefficient matrix is of the form A(x) =
a(x) I for some scalar-valued function a € C*(D) satisfying cmin < a(7) < Qumax
almost everywhere in D, for some 0 < ayin < Qumax. We also assume that the solution u
to (3.1) belongs to Hy(D) N H*(D) for some s > 3/2 and that, for any element K of the
coarse mesh, f € H'%(K) for some (¢ > 0.

Consider the MSFEM approach on the discrete space Vi (nr,c1 N,y Where Mg > 0 is

the maximal degree of the polynomial functions used as right-hand sides for the bubble
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basis functions in the element K, and N, > 0 is the maximal degree of the polynomial
functions used as boundary conditions for the interface basis functions associated to the
edge e. We assume that the degrees { N, } satisfy (3.13).

The discrete solution up (. y,(N.) Satisfies the a posteriori estimate

lw —wm gy vy | e

Hmin(éKyMK"’l)

2 .

< Csa Z Hy KT 1f +div (AVURH,{MK}) | L2(x) ||f||H‘3K(K)
KeTy K

1/2
H? H,
+ Z Hf”%m() (Z Ne;e) + Z — HJQ(VTAVuF,H,{Ne}) H2L2(e)} (3.14)

KeTu cCOK ecr Pe

where J.(1)) denotes the jump of a given function 1) across the edge e, and v is the normal
vector to the edge. In the above estimate, we have set p. = min{N; | ¢ C OK! U 0K?}
where K! and K? are the two elements sharing the edge e. The constant C, s depends
only on s (i.e. the regularity of u) and the diffusion coefficient A.

When no bubble enrichments are added, that is when Vg g (r,1 = {0}, we have the
estimate

v — wm (argey vy

KeTy

1/2
H? H,
-5 Wl (5 )+ S aaemins )

KeTy eCOK ecl ¢

Several remarks are in order.

The right-hand side of (3.14) actually defines an error indicator: the actual error is
bounded from above by the product of the indicator times a constant independent of
HK, Mk and Ne.

The proof of ProposiTION 3.12 follows the analogous proof performed for the Spe-
cial Element Method in [52]. However, Scott-Zhang type polynomial interpolation
approaches have to be introduced instead of classical polynomial interpolation. The
restriction to scalar-valued diffusion coefficients comes from our use of LEMMA 3.22 be-
low. The above estimate most probably also holds true in the case of a matrix-valued
coefficient.

Some illustrations of the behavior of the a posteriori estimator are presented in
SECTION 3.4.

3.4 Numerical experiments

This section is divided into two parts. We first compare our approach to standard
MSFEM approximations (linear MSFEM and oversampling MSfEM approaches). Sec-
ond, we investigate the performance of the a posteriori estimator proposed in Proro-
SITION 3.12.

3.4.1 Comparison with other MsFEM approaches

In our numerical experiments, the emphasis is put on the enrichment by edge func-
tions. As already mentioned above, the bubble error when no enrichments are used
behaves like classical FE estimates for the Poisson problem: it decreases linearly with
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respect to H, with a prefactor which only depends on the L? norm of the right-hand
side and the coercivity constant of the diffusion coefficient A. In contrast, the interface
error depends on the oscillations of A and has a more intricate behaviour. Moreover, in
the classical MSFEM approaches (linear and oversampling), the basis functions belong
to V. Hence, such approaches can also be enriched by bubble elements. In order to
compare their respective effectiveness, it thus appears that it is best not to consider
bubble enrichments. We therefore only act on V- and no bubble enrichment is used,
that is we keep Vi (a3 = {0}.

We recall that the choice Vi s v corresponds to the uniform choice {N,} = N
and {My} = M for all K € Ty and for all edge ¢ C I'. The linear MSFEM approach
corresponds to the choice Vg g (a3 = {0} and NV = 1.

We solve (3.1) for a classical benchmark test introduced in [55], where A is periodic
and oscillates at the scale €. More specifically, we consider

Ty 2 + 1.8sin(2wx) 2 + sin(27y)
A(z) = (—,—) I, y) = : 3.16
(z) =a ? alz.y) 2 + 1.8 cos(2my) T3 + 1.8sin(27z) (3.16)

on the domain D = (0, 1)?, and solve
—div(A:Vu.) = =1 in D, ue =0 ondD. (3.17)

We consider ¢ ranging from 1/32 to 1/128.

In order to compute errors, we have computed a reference solution of (3.17) using

P2 Finite Elements with a mesh of size h = 1/2048. Note that 4 < ¢ for the range of

values of ¢ that we consider. Similarly, on each element K, the interface basis functions

gji have no analytical expression and are approximated using P1 Finite Elements on
a mesh of a small size (of the order of h).

We present here a selection of the extensive volley of numerical tests we have per-
formed to establish the performance of our approach as compared to some other ex-
isting approaches.

To start with, we wish to illustrate the somewhat intuitive statement made above
regarding the fact that multiscale approaches typically do a better job at approximating
the solution in the bulk than on the interfaces, thus the interest of focusing our study
and our efforts on the enrichment by Legendre polynomials on the edges. To support
this claim, we show on FIGURE 3.2 the typical error obtained using the linear version of
MSFEM (left). Specifically, we show the relative errorlog, [|V (ue — ul"*"™)| /| Vu.|]
as a function of z € D. The largest errors are evidently concentrated on the interfaces.
Already an enrichment of Legendre polynomials of degree N = 4 on the edges allow
one to dramatically reduce the latter error, as shown by the right of FIGURE 3.2. We
notice on FIGURE 3.2 that the relative errors seem really large in the center part of D.
This is probably an artefact stemming from the fact that |Vu,.| is very small in that
region.

Further enriching the description of the solution along the edges with a large num-
ber of Legendre polynomials, say N = 10, would typically render the error almost
homogeneous throughout the computational domain. All in all, the above set of com-
ments justify our tactical choice to keep Vi gy = {0} and focus on increasing N.
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Figure 3.2: Error on the approximation of the gradient for MsFEM-lin (left) and for our
approach with 4 polynomials (right): the accuracy is poor in the yellow regions, much
better in the light blue regions, and excellent in the dark blue regions.

The next observation we want to make, and this is the purpose of FIGURE 3.3, is
the poor performance of all previously existing multiscale approaches in the regime
H = ¢ (often called the resonance regime) where the coarse mesh size matches the
typical size of oscillations. Whether one argues in terms of the meshsize H (left of
FIGURE 3.3), or in terms of the number of degrees of freedom (right of that figure),
traditional approaches saturate, while the Legendre enriched approach performs in-
creasingly better. In FIGURE 3.3, and likewise in FIGUREs 3.4, 3.5 and 3.6 below, all
errors are relative errors in the energy norm

H,M,N H,M,N
a/(“g — Ue , Ue — Ue )

a(ue, ug)

Eral = , (3.18)

while the approaches we test are respectively denominated as MsFEM-lin for the stan-
dard version of linear MSFEM, MsFEM-OS for its variant using oversampling (where
the oversampling domain is 3 times larger in each direction than the original coarse
element), Legendre-N = ... for the approach presented here using the corresponding
degree IV of Legendre polynomials on the edges, and Eigen ... for the Special Element
approach.

The relative error (3.18) is easy to compute. Introduce indeed the energy £, defined
for any v € Hj(D) by

£(v) = % /D (Vo)A Vo — /D fo.

Since the matrix A. is symmetric, the solution to (3.1) is also the minimizer of the

1
energy £ in H} (D). Hence, denoting £* = £(u.), it holds that £(v) — £* = §CL<U5 —
v,u. —v) for any v € H}(D).
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Remark 3.13. This definition of the error is in practice very useful because comput-
ing (3.18) only requires to compare two scalars (namely £* and & (u*N)) that can be
obtained independently. We get E* by computing the energy for our reference solution
and E(uMN) can be computed in parallel over the coarse elements K once the global
problem has been solved at the online stage. In practicular, it is not needed to store the
reference and numerical solutions, or compute their difference on a fine common Finite
Element space, an operation which would be computationally very expensive.

Error for e=H function of 1/H . Error for e=H function of number of DOF
10

\

10—1 4

Relative error

—e— MsFEM-0OS —e— MsFEM-0OS
—— Legendre N=2 —— Legendre N=2
—o— Legendre N=[1/€]/4 —e— Legendre N=[1/€]/4
—+— MSsFEM-lin —+— MSsFEM-lin
T T 1072 T T T T
10! 10? 10? 10° 104 10°
1/H number of DOF

Figure 3.3: Compared performances in the regime H ~ ¢.

We next perform, for ¢ fixed (namely at the value ¢ = 1/32), and H decreasing from
1/4 to 1/64 (or, correspondingly, the number of degrees of freedom increasing), full
comparisons of the accuracy obtained for the various methods considered, including
the Special Element Method. The results are shown on FIGUREs 3.4 and 3.5 respectively.

For any fixed H, our approach is more accurate than the MsFEM oversampling
method when N is large enough, say here N > 9 (see left side of FIGURE 3.4). For
N = 5, our approach and the MsFEM oversampling method essentially share the same
accuracy. The oversampling variant is more accurate for smaller values of N. However,
for a fixed H, our approach needs more degrees of freedom than the oversampling
approach. We thus compare the appoaches for a given number of degrees of freedom
on the right side of FIGURE 3.4. When H is not too small (and thus the number of
degrees of freedom is not too large), the MSFEM oversampling method provides better
results than our approach. However, for smaller values of H (and thus larger numbers
of degrees of freedom, say larger than 10%), our approach outperforms the MsFEM
oversampling method. We also notice that the oversampling approach suffers from a
resonance effect (the error is essentially the same for any H between 1/128 and 1/32),
whereas our approach provides an error which is monotonically decreasing with H.

Our tests of FIGURE 3.5 clearly show that our approach is equally accurate as (and
in some cases more accurate than) the Special Element Method, for each given level of
enrichment.
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Figure 3.4: Comparison of our approach with classical MSsFEM approaches
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of our approach with the Special Element Method, at equal
per edge (for instance, “Eigen 1” and “Legendre N=2" both

correspond to adding one enrichment per edge vs the MsFEM-lin approach).

Our next test presented here compares the performance of our approach for trian-
gular meshes and for quadrangular meshes. We set ¢ = 1/32 and present the relative
energy error as a function of 1/H (left of FIGURE 3.6) and of the number of degrees
of freedom (right of FIGURE 3.6). Our conclusion is that, essentially, the approach per-
forms equally well in both cases, thereby making possible the application to a large
class of computational domains, with intricate geometries for which quadrangular

meshes cannot be used.
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Figure 3.6: Our approach for triangles and quadrangles, in terms of 1/ H (left) or of the
number of degrees of freedom (right). The approaches “Triangle N=1” and “Quadrangle
N=1” both correspond to the MsFEM-lin approach, on triangular (resp. quadrangular)
meshes. The approaches “Triangle N=2" and “Quadrangle N=2" both correspond to
adding one enrichment per edge vs the MsFEM-lin approach.

3.4.2 A posteriori estimator

We now investigate the performance of the a posteriori estimate given in PrRopPOSI-
TION 3.12. As the previous section, we do not use bubble enrichments. This is why,
instead of using as before the whole energy error, we now use the interface error de-

fined by
H,M,N H,M,N
< B a(ul — ue ,ul — ug )
rel,F - a(uF ur)
g €

(3.19)

We compare this actual relative error with the error indicator given in (3.15), and more
precisely with the indicator of the interface error, that is

1/2
H? H.
gpost,F = { Z Hf”%Q(K) (Z N ; ) + Z p_ HJG(VTAV(UF,H,{Ne}))Hi?(e)} ’

epe

e

KeTy eCOK eCl

(3.20)

Remark 3.14. As above, we compute the relative error (3.19) thanks to the energy .
The orthogonal decomposition (3.4) ensures that the energy of ur is also a minimizer of
the energy on Vi. Hence, the error can also be expressed as the difference between the
energy of our approximation (which belongs to Vi as Vg g = {0}) and the energy of
up. We compute the energy of ur by computing explicitly a reference solution for up (this
simply requires to solve homogeneous Dirichlet problems in parallel in each element ')
and get the associated energy. The energy of ur is equal to £(u) — E(up). This procedure
is simpler than computing ur, which would need to store the value of uw on T".

We consider here f(z,y) = —10exp(—80 ((z — 0.5)* + (y — 0.5)?)), keep the def-
inition (3.16) for A., and set ¢ = 1/32. On the following figures, we compare the rela-
tive interface error (3.19) with the a posteriori estimator (3.20) for several values of NV
and H. FIGURES 3.7 and 3.8 show the evolution of both errors when N increases and
when 1/H increases, respectively.

10°
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In FIGURE 3.7, we see that, for H = 1/4and H = 1/8, the a posteriori error behavior
is an upper bound of the relative error interface and is a reliable indicator only for
N < 10. When H = 1/16,1/32,1/64, the a posteriori error seems to represent well
the relative interface error for any NV < 10. For higher polynomial degrees, the relative
interface error decreases sharply and the a posteriori indicator does not present such
behavior. We are unsure to be able to trust the results for small values of /{ and large
values of N for several reasons. First, we do not know the energy of ur, but only
approximate it by the energy of ul (computed on the mesh of size h = 1/2048 using
P2 Finite Elements). Likewise, we only manipulate numerical approximations of the
basis functions. Finally, when the difference of the energies is much smaller than the
energies themselves, computing a relative error may become challenging.

Error function of N Error function of N

101 4

—¥— Relative interface 16
—¥— posteriori error 16
—-- Relative interface 32
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—-- Relative interface 4
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—-~ posteriori error 32
—8— Relative interface 64
—8— posteriori error 64

1073 L T 1074

T T
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Degree Degree

Figure 3.7: Left: a posteriori error (3.20) and relative interface error (3.19) as a function
of N for H = 1/4,1/8. Right: a posteriori error (3.20) and relative interface error (3.19)
as a function of N for H = 1/16,1/32,1/64.

We turn now to FIGURE 3.8, which shows the behavior of the a posteriori estimator
when H decreases for a fixed value of N. When H islarge (say H = 1/4,1/8), thereisa
significant difference between the a posteriori estimator and the relative error interface.
For smaller values of H (say H < 1/16), the a posteriori error seems to behave like
the relative error interface for N = {1,2,4,6,8}. We can see that the a posteriori
estimator does not suffer from any resonance effect: it is decreasing with respect to H
for all values of N tested.
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Figure 3.8: A posteriori error (3.20) and relative interface error (3.19) as a function of
1/H for different polynomial degrees N = {1,2,4,6,8}.

One of the main interest of an a posteriori estimator for which the error admits a
local decomposition is to allow for local refinement with respect to the parameters of
the method: in our case, the polynomial degree N, of enrichments on each edge e and
the size H of any element K. To that end, it is important to know whether the local
behavior of the a posteriori estimator represents well the local behaviour of the actual
error. This question is investigated on FIGURES 3.9, 3.10 and 3.11, where we show the
error maps for N = 1, 5 and 10 respectively (with H = 1/16 fixed). We distribute the
a posteriori estimator (3.20) onto the edges. The first term of (3.20) is element based.
For each edge, we therefore add the contributions of this first term associated to the
two elements sharing the edge. The second term of (3.20) is simpler to handle since it
is already edge based. Using such a localization procedure, we obtain an a posteriori
estimator which reads as a sum of contributions over the edges. Stated otherwise, we
write (3.20) as

ngSt,F = Z (gPOSt,F(e))2

ecl
with
H, H?
((c:post,l“(e))2 i HJe(VTAv(uF,H,{Ne})) Hi2(e)+ Z Hf”%Q(K) (Z N- ~> :
Pe KeTy, eCOK ECOK ébe

We plot on the figures below the resulting values &5t r(€) on a 16 x 16 coarse mesh.
Regarding the actual error, we compute the relative energy error (3.19) elements by
elements by loading a reference solution on each element and comparing it to the nu-
merical approximation. Similarly to the first term of (3.20), we can write the numerator
of (3.19), which is an element-based quantity, as a sum of contributions over the edges
(the denominator of (3.19) is kept unchanged and is never localized). In some of the
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figures below, we plot the error map showing the ratio between the actual local error
and the local a posteriori estimator Eqst 1(€).
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Figure 3.9: Error maps edge by edge for N = 1. Left: relative interface error; Center: a
posteriori estimator; Right: ratio of the relative interface error and a posteriori estimator
(the plots are shown in a base-10 log scale).
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Figure 3.10: Error maps edge by edge for NV = 5. Left: relative interface error; Center: a
posteriori estimator; Right: ratio of the relative interface error and a posteriori estimator
(the plots are shown in a base-10 log scale).
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Figure 3.11: Error maps edge by edge for N = 10. Left: relative interface error; Cen-
ter: a posteriori estimator; Right: ratio of the relative interface error and a posteriori
estimator (the plots are shown in a base-10 log scale).

We see on the three error maps that the a posteriori estimator overestimates the
actual error in the center of the domain (note also that this overestimation does not
depend on N). When N = 1 and N = 5, we can see that the ratio between the local
actual error and the local a posteriori estimator does not change much over the domain
D, except near the center. It is thus possible to use the local a posteriori estimator
to drive an adaptive discretization procedure: the edges where &, r(€) is large are
indeed the edges where the actual error is large. In contrast, when N = 10, the ratio
between the actual and the predicted error takes very different values over the domain
D. This is consistent with the above FIGURE 3.7 showing a big difference between the
global actual error and the global estimated error for large values of N. For this large
value of NV, the quantity &0 r(€) cannnot be used to drive an adaptation procedure.
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The above numerical tests hence show that the a posteriori estimator defined in
PROPOSITION 3.12 seems to be able to represent the behaviour of the actual error in the
regime H close or smaller than ¢ and for N < 10. In such regime, it can be used to
locally refine the polynomial degree NV, associated with the edge e and the size Hy of
the element K. However, in the regime N > 10 or for large values of H, the estimator
fails to reproduce the actual error behavior and must be used carefully.
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3.5 Proofs

The proofs of the above results critically rely on results about polynomial approxima-
tion theory, fractional Sobolev spaces, traces operators and elliptic regularity. For the
sake of clarity, the main results used here are also presented in ANNEX B in a more
comprehensive manner.

3.5.1 Proof of LEMmMA 3.9

The proof of LEMMA 3.9 needs the following approximation result (which is shown,
for integer values of ¢, in [22, EQuATION (5.8.27) p. 318] for the case of quadrangles
and [22, SEcTION 5.9] for the case of triangles).

Lemma 3.15. Assume that (Ty ) is a family of conforming partitions of D into a finite
number of convex quadrilaterals (resp. triangles) with straight edges. We assume that the
mesh is regular in the sense of (3.2). For any quadrangle K (resp. triangle K), let TI%,
be the L*( K )-orthogonal projection on the vector space of polynomials of degree in each
variable (resp. total degree) at most M. Then, for any non-negative real number {, there
exists Cy independent of H, M and of the elements K of the family of partitions such
that, for anyv € HY(K),

K Hmin(E,M—i—l) Hmin(&M—i—l)
v~ H]\/[(U)HLZ(K) <G e V] e gy < C - [0ll e rey
[£]

wherel : ‘%{e:M(K) = Z ’ ) ’?{k(K) + ’ ) |fﬁﬂ(K)'
k=M+1

To prove LEMMA 3.15, one first considers the case when ¢ is an integer. The general
case of real values of / is obtained using the following Sobolev interpolation result.

Lemma 3.16. (see [68, THEOREM 5.1]) Let (X', )) be a couple of separable Hilbert spaces
with X C Y, such that X is dense in ) and such that the injection from X to ) is
continuous. Let (X,Y') be another couple of Hilbert spaces with analogous properties.
Denote by L(X,Y') the set of linear continuous operators from X to Y, and likewise
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for L(X,Y). Let ™ be an operator satisfying 7 € L(X,Y) N L(X,Y). Then, for all
0 <6 <1, we have
m e L([X, X]o, [V, Y]s)

where the interpolated space [ X, Xy is defined in [68, DEFINITION 2.1].

Remark 3.17. LEMMA 3.16 is useful especially when considering Sobolev spaces and al-
lows to easily extend properties shown for Sobolev spaces with integer index to fractional
Sobolev spaces. Indeed, for any 0 < s < 1, one can define H*(D) as [L*(D), H'(D)],.
As an application of LEMMA 3.16, consider a linear operator 7t defined in L*(D) and which
satisfies ||wul| 12(py < |[ull r2(py foranyu € L*(D) and ||mwul|12(py < C||ul| g1 (p) for any
u € HY(D). Then we know that m € L(H*(D), L?(D)). The proof of LEMMA 3.16 actu-
ally provides an explicit value for the continuity constant, and yields that ||mu||2(p) <
C?||u|| sy for any w € H*(D).

Proof of LEMMA 3.15. When ¢ = 0, the result comes from the fact that a projection
is stable. When / is a positive integer, we refer to [22, Eq. (5.8.27) p. 318] in the case of
quadrangles, and [22, Sec. 5.9] in the case of triangles. For the case when / is a non-
integer real number, we first consider a reference element K with diam(K) = 1 and
proceed by using a Sobolev interpolation argument (see LEMMA 3.16). This yields an
estimate with the right power in M. We next perform a rescaling and use the regularity
of the mesh, which implies the fact that the transformation between K and K is affine
with a gradient bounded by H. O

Proof of LEMmaA 3.9. We show first that ||up||p < CH||f||12(p)/\/@min- We have

that
Juslly = [ (Vu)'a¥us = [ fun= 3" [ fun

KeTy

Using the Cauchy-Schwarz inequality and the Poincaré inequality (recall indeed that
up € H}(K)), it holds that

/ Jus < [ fllc2collusll 2y < 1 f | 2 CH|up| k)
K
for some universal constant C. We hence have

lusllz < CH D~ fllzolwsl m
KeTy
< CH| fllz2(pylus| a1 (D)
CH
\/amin

CH
o | fl|2(p) for some universal constant C.
min

<

1 flle2pyllusl &,

from which we deduce that ||ug| g <

This proves (3.11).

We now consider the case when we add bubble enrichments for each element
K € 7Ty with a uniform degree M > 1. Galerkin orthogonality implies that, for
any vg gm € Vi s

a(up —uppaup —uppm) < alup — Vg HM, UB — VB HM)- (3.21)

Recall that Vi 5 3 is the span of the functions {¢7;}i—1..n,, (see (3.6)) which solve

.....

in the element K the problem — div(AV¢7 ;) = P;, where {P;}i—1,. x,, is a basis of

.....
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polynomial functions with (total or partial) degree M. Because of that very definition,
we may uniquely define vp i s € VB g as the solution to

Yo e Vg, al(vepm,v) :/ M (f) v
D

where I1y(f) = 3 ger, 1k I3 (f), where I15; is defined in LEMma 3.15. Using the
definition of up, we next obtain that, for any v € Vp,

a(uB_UB,H,MaU):/fU_/HM(f)U
:Z/ F-Ts(f

KeTy

=3 [ -TE) (- T )

KeTy

Choosing now v = up — vp g, in the above equality yields

a(up — vp,HM,UB — VB.H,M)

< Z Hf - Hzlx{/f(f)HLz(K) ||UB — UBHM — Hﬁ (up — UB,H,M)HLQ(K)
KeTy
Hmm(@ M+1)+
<Cp——ri— A Z | flaen iy [uB — VB | (k)
KeTy

where we have used in the last line the polynomial projection properties stated in
LEMMA 3.15, the fact that f € H*(D) and that M > 1. We thus deduce that

a(UB — VUB,HM,UB — UB,H,M)
Hmin(Z,M+1)+1

< O —7am | fles oy |V (up — vp ) |20y
Cé Hmin(ﬁ,M+1)+1
= - M+ |f|H2:M(D) \/G(UB — UB,H,M,UB — UB,H,M)
min

hence

CZ Hmin(@,MJrl)Jrl

\/CL(UB — UB,HM, UB — UBHM) < o A | flaen (py- (3.22)
Inserting (3.22) into (3.21), we obtain
C, Hmn(GME)+
\/@(UB — UM, UB — UBHM) < . s | f | men (py
which is the bound (3.10). This concludes the proof of LEMMA 3.9. [

3.5.2 Proof of LEMmMA 3.10

For the proof of LEMMA 3.10, we separately consider the case of quadrangles and the
case of triangles. For the former case, we need the following approximation result (see
the discussion in [22] between EQuAaTioN (5.8.27) and SECTION 5.8.4).
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Lemma 3.18. Assume that (Ty ) is a family of conforming partitions of D into a finite
number of convex quadrilaterals with straight edges. We assume that the mesh is regular.
For any quadrangle K, let i% be the Legendre interpolant at the (1 + N)? Gauss-Lobatto
points in K (i¥ is thus a polynomial function in Q). Let s > 1 and N > 1. Then there
exists C independent of H, N and of the elements K of the family of partitions such that,
foranyv € H*(K),

Hmin(s,NJrl)fl

Ns—1

Note that a function v € H*(K) with s > 1 is continuous (recall that we consider
a two-dimensional setting), thus % (v) is well-defined.

‘v — iﬁ(v)‘Hl(K) < C, | b (k) -

Proof of LEMmA 3.10 for quadrangles. As for LEMMA 3.9, Galerkin orthogonality
implies that, for any vr g v € Ve N,

a(ur — up g, ur — urgn) < a(up — Vr gN, Ur — UrHN)- (3.23)

Since u € H*(D) with s > 3/2, u is continuous on D, hence on I' (note here that
u € H*(D) with s > 1 would be sufficient). We denote by i}, (u) the interpolant (at
the Gauss-Lobatto points on I') of u on the set of continuous functions on I which are
piecewise equal to polynomial functions of degree lower or equal to V.

Let w = Ep(i(u)) € Vrygn denote the harmonic lifting of i\ (u), that is the
solution to — div(AVw) = 0 on each coarse element K with the Dirichlet boundary
conditions w = i, (u) on I'. We then have

a<ur — Ep(iy(u)), ur — ED(isz(“»)

-y /K (Vur — VE(i% ()" A(Vur — VEp(i%(u)))

KeTy
< Z / (VU - V]F,H,N(U))TA(VU — V]F7H7N(u))
KeTy K
< max D Ju— Tra (W)l ) (3.24)
KeTy

where It i n(u) € H} (D) is defined piecewise on each K as the Legendre interpolant
of u|x at the Gauss-Lobatto points in K (it is thus a polynomial function in Q). The
first inequality of (3.24) holds for the following reasons:

« First, Ep(ily(u)) and It g v (u) agree on I for quadrangular mesh elements (re-
call indeed that the Gauss-Lobatto points of each edge of K are a subset of the
Gauss-Lobatto points of K’; on each edge, Ep(i%y(u)) and It g n(u) are thus two
polynomial functions of degree lower than or equal to N which are equal on the
(1 + N) Gauss-Lobatto points of the edge, and are thus equal).

« Second, ur and u agree on I', by definition of ur.

« The function ur — Ep (il (u)) thus agrees with u— It i x(u) on T, and the former
is energy-minimizing in each element K. This hence shows the first inequality
of (3.24).

Using LEMMA 3.18, we see that

Hmin(s,N+1)—1

1/2
( > Ju— [RH,N(u)‘}QLIl(K)) <G ——xo Il

KeTy
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Collecting this bound with (3.23) (that we use for vr y x = Ep(ik(u))) and (3.24), we
deduce that

Hmin(s,N+1)—1
\/CL(UP —up,aN,ur — urg,N) < Cs /Omax 1 || 5Dy

which concludes the proof of LEMMA 3.10 for quadrangles. O]

We now turn to the proof of LEMmA 3.10 for the case of triangles. Actually, the proof
given below also holds in the case of quadrangles, and provides the same estimate as
the above proof (we have kept the above proof for the case of quadrangles because the
choice of vr g n is constructive, in contrast to the proof below). To address this second
case, the following result is useful.

Lemma 3.19. (see [6, THEOREM 4.1] and [5, THEOREMS 4.6, 4.8 and SECTION 4.2]) Consider
amesh TH composed of quasiuniform triangular or quadrilateral elements with meshsize
H. Letu € H*(D) N H(D) with s > 3/2. Let V¥, = {v € C°(D) N H}(D); v|x €
PEY where PE is the set of polynomial functions on K which are of (total or partial)
degree lower or equal to N. We then have

Hmin(s,N+1)—1
stl

min |ju — vl p) < Cs [[ul

’UGVH’O
where C; is independent of H, N and u.

This result will play the role in the general case of LEMmA 3.18 in the case of quad-
rangles.

Hs(D) (3.25)

Remark 3.20. THEOREMS 4.6 and 4.8 in [5] consider the problem of approximating the
solution u € HY(D) to —Au + u = f in D. Their proof relies of some approxima-
tion results. These approximation results have their own interest and can be stated as in
LEMMA 3.19 for anyw € H*(D) N Hy (D).

Proof of LEmmA 3.10, alternative proof for triangles and quadrangles. Using
Galerkin orthogonality, it holds, for any vr g n € Vi g v, that

a(ur — up,gN, ur — urg,n) < a(Up — Vr g,N, Ur — Ur,H,N ). (3.26)
Thanks to LEMMA 3.19, there exists a function P(u) € V), such that, for any s > 3/2,
Hmin(s,NJrl)fl

o Ho(D)- (3.27)

We consider the harmonic lifting w = FEp(P(u)) of P(u)|r on D, that is the solution

to — div(AVw) = 0 on each coarse element K with the Dirichlet boundary conditions

w = P(u) onI'. Note that P(u) is continuous on I" and smooth on each edge, which

implies that w is well-defined and belongs to H'(D). Moreover, on each edge, P(u) is a

polynomial function of degree lower or equal to V. We therefore have that w € Vi g v.
We now write

a(ur — Ep(P(u)),ur — ED(P(U))>

S /K (Vaur — VEp(P)" A(Vur — VEp(P(w)))

|lu— P(u)||z1py < C

[ul

KeTy
<y / (Vu — VP) A(Vu — VP(u)
KeTy K
< Omax Z lu— P(uw)| k)
KeTy

= amax|u - P(u)@jl(p)a (328)
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where the first inequality above again comes from the fact that ur — Ep(P(u)) is
energy-minimizing in each element K and agrees with u — P(u) on 0K. Collect-
ing (3.26) (that we use for vp gy nv = Ep(P(u))), (3.28) and (3.27), we deduce that

Hmin(s,N+1)—1
\/G(UF —urgn,ur —Uur gN) < Cy/Omax 1 ||| sy

which concludes the general proof of LEmma 3.10. ]

3.5.3 Proof of ProPOSITION 3.12

The proof of PRoPosITION 3.12 requires the three following results, LEmmas 3.21, 3.22
and 3.23.

Lemma 3.21. Consider an element K of diameter H in the mesh. We assume that K is
convex and that H < 1. Let f € L*(K) and consider z € H}(K) solution to

—Az=f inK.

Then z € H?(K) and there exists C, which only depends on the regularity of the mesh
(in the sense of (3.2)), such that, for any edge e C OK, we have

||VZ||H1/2(5) < O fllzex)- (3.29)

Proof of LEmmA 3.21. The fact that = € H?(K) stems from elliptic regularity and
the fact that K is convex (see [44, CHAPTER I, THEOREM 1.8] or [48, COROLLARY 2.6.8]).
We proceed by scaling to show the estimate (3.29).

We first consider the case when K is obtained from the reference element by an
homothetic transformation of ratio H. Let z,¢(z) = 2(Hz) and fif(x) = f(Hzx) be
defined on the reference element K, of unit diameter. We compute that, in K¢,

—(Azpet)(7) = —H*(Az)(H) = H*f(Hx) = H? frof (7).

By elliptic regularity, we thus have ||V 2| /2 ) < CH 2| fret]] 12 (Knp)- We now
proceed by scaling. We have

g = | P a0 =17 [ Plo)do = B2 a0
ref

Furthermore,

IVanl ey = | (Vo) do =12 [ (V) (Ho) do

€ref €ref

—H / (V2)(@) P de = H [ V225,

and
veref vzref(y) |2
V Te 2 1/2 == | d d
| z f|H/ (€ref) /eref /ref |x_y|2 ray
H
Eref ¥ €ref ‘.CE o y‘

(Vz2)( 2
_Hz//l |:c—y|2 i) do dy = H* |V[jp2(,
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We hence write that

2 — 2 — 2
Hvz”iﬂ/Q(e) = HVZH%%) + |VZ|H1/2(6) =H"' Hvzref“m(eref) +H |vzr6f|H1/2(eref)
_ 2 2
< H? Vet < CPH? || fretllz2 (k) = C2 I 7200

ref

which is (3.29) in the simple homothetic case.

To show (3.29) in full generality, we again define z..¢(x) = 2(F(z)) and fref(z) =
f(F(z)) for any z in the reference element K, of unit diameter, where F is the affine
transformation introduced at the beginning of Section 3.2. We then compute that, in
Kier,

- diV(Hzszref) = H2 fref?

where A is a constant matrix defined by A = (VEF )TV F~!. Using the bounds on
VF and VF~! assumed in (3.2), we observe that the matrix H2A is bounded indepen-
dently of H and coercive with a constant independent of H. By elliptic regularity, we
thus again have ||[Vziet|| g1/2, ) < CH 2| feetl L2(K,.p) @ in the simple homothetic
case. The sequel of the proof follows the same lines as above, simply using the bounds
on VF and VF~1. This concludes the proof of LEMMA 3.21. [

Lemma 3.22. Consider an element K of diameter H in the mesh. We assume that K is
convex and that H < 1. Leta € WH®(K) with a(x) > qui, > 0 almost everywhere in
K. Let f € L*(K) and consider = € H}(K) solution to

—div(aVz)=f inK. (3.30)
We then have the following assertions:

(i) The function = belongs to H*(K) and there exists C,,, which only depends on the
regularity of the mesh, oy, and HVCLHLoo(K), such that, for any edge e C 0K, we
have

V2]l 1726y < Call £l L2(x)- (3.31)

(ii) There exists pi® > 2 depending on the largest inner angle of OK such that, when

[ € LP(K) for some?2 < p < p3e®, then z € W?P(K).

In relation to the assertion (ii) above, note that, if K satisfies an exterior sphere
condition and f is a Hélder function, then z € C%%(K) for some o > 0 (see [43,
THEOREM 6.24]).

Proof of LEMMA 3.22. The proof of assertion (i) is performed by using LEMmA 3.21.
Since a is scalar-valued, we can rewrite (3.30) as —aAz = f + Va - Vz, that is
\Y
Ar—Fink with F=1+Y% v, (3.32)
a a
We know that Vz € L*(K). Since Va € L*(K), we get that ' € L*(K). Using
LEMMA 3.21, we hence obtain that z € H?(K) and that

C

min

IV2llgrzey < CIF| 2y < (I 2y + IVall ooy 1V 2l 2k -

To estimate ||V z||2(k), we use the variational formulation of (3.30), which leads to

aminHVZH%Q(K) < /K(VZ)TGVZ = /Kfz < HfHL2(K)HZHL2(K) <CH Hf“LQ(K)HVZHLQ(K),
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where we have used for the final estimate a Poincaré inequality on K, which is of
diameter [. We thus obtain that ou,in || V2| 2(x) < C H || f|| L2(k), and hence

C

min

[Val| Lo k)

1912y < (Hfl\m(x) ey HwaK)) .

min

Assuming that H < 1, we hence obtain (3.31).

To prove assertion (ii), we again use the formulation (3.32). Consider any p3® > 2
that will be fixed later. Assume that f € LP(K) for some p € [2,p}?). We have
shown that Vz € H'(K), hence Vz € LP(K) using Sobolev embeddings. We hence
have F' € LP(K). Using [44, CHAPTER I, THEOREM 1.8 (ii)], we deduce the existence
of some p7°" > 2 (depending on the largest inner angle of K) such that the fact that
F € [P(K) for some 2 < p < p5" implies that = € W??(K). This concludes the
proof of LEMmA 3.22. [

Our last technical result is the following approximation result. Consider a mesh
Tr and choose a maximal polynomial degree px € N* for any element K € 7. We
assume that these degrees are comparable on neighbouring elements, in the sense that

VK, K' € Ty st. KNEK # 0, %Kng, < 7 px, (3.33)

where 7 is the mesh regularity constant of (3.2).

Lemma 3.23. (Scott-Zhang type interpolation result [72, THEOREM 2.3]) Assume that
Ty is a conformal mesh which is shape regular in the sense of (3.2). For any element
K € Ty, we choose a maximal degree pix € N* and we assume that these degrees {px }
satisfy (3.33). Then there exists a continuous interpolation operator SZ from H}(D) to
H(D) N S({pic}) with

S({pr}) = {u € C°(D); u|k is a polynomial function of degree at most py }.

Furthermore, there exists a constant C' which only depends on the mesh regularity ~
of (3.2) such that, for any u € H}(D) and any edge e C T, it holds that

7\ V2
o= S2(lo <€ (25) lulmnca (339

e

where w, is the union of all the elements who share a vertex with the edge e, H, is the
length of the edge e and p. = min{pg | e C OK}.

Proof of PropPosITION 3.12. The proof falls in two steps. We first estimate the error
ur — ur g ¢n.y and next estimate up — up g {11y}

Step 1: interface approximation. For the numerical solution ur g (n.} € V1 (N}
we write, using an integrating by parts over every element K and (3.7), that, for any
wr € Vr,

T
a(UF,H,{Ne}awF):/ (Vurmn.y) AVuwr
D

=D > | (VT AVur g ) wr

KeTy eCOK V€

- Z /wF Je (VT AVur mqn.y) | (3.35)

ecl' V€
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where J. (1) denotes the jump of a given function v across the edge e.
Using Galerkin orthogonality, we deduce that, for any vr € V1 and any vp g (v.} €
Voo nys

a(ur — up, g {n.},r)
= a(ur — Ur,i,{N.}, Ur — UDH,{Ne})

= G(UF, Ur — UF,H,{NE}) - &(UF,H,{NE}7 Ur — UF,H,{NQ})

= / f (UF — UF,H,{NQ}) — Z (’UF — UF,H,{NE}) Je (VTAVUFJ_[’{NE}) (336)
D

ec' V€

where, in the last line, we have used the definition of the exact solution ur and (3.35)
for wr = vr — UI‘,H,{NE]H

We now make a specific choice for vr g (.}, under the additional assumption that
vr € C°(D). We define a function w on I by

w=S8Z(vr)lr + Y 5 (or — SZ(vr)) (3.37)

ecl

where, for each edge e C T, H;’,S is the L? projection on the polynomial functions
whose values are 0 on the two vertices of the edge and of degree lower or equal than
N, on e (by construction, for any function 1), H§v2(¢) is supported on the edge e).
In (3.37), SZ is the Scott-Zhang type interpolant defined in LEMMA 3.23, where we

choose, for each element K, the polynomial degree
px =min{N, | e C 0K }. (3.38)

We observe that, by construction, the degrees {px } satisfy (3.33). Consider indeed
two neighbouring elements K and K’. Then, denoting é the edge shared by K and K”,
we have

pr  min{N.|e COK}  min{N,|e COK} N;

= <
px: min{Ny | e C OK'} N; min{N | e’ COK'} — 7

where we have used the property (3.13). We likewise have that py /pg: > 1/7. Since
the degrees {px} satisfy (3.33), we will be in position to use the approximation re-
sult (3.34) in the sequel.

We next observe that, on each edge e, w is a polynomial function of degree lower
or equal than N.. This is obviously the case for the second term in (3.37). This is also
the case for the first term, which is indeed a polynomial function of degree pg (resp.
prz) on K (resp. K?), where K and K? are the two elements sharing the edge e. By
construction, px1 < N, and likewise for pg:.

Since w is continuous on I' (because SZ(vr) is continuous on D and H?\}S is a
polynomial that vanishes at the edge boundaries) and smooth on each edge, we can
consider its harmonic lifting

UF,H,{NE} = ED(’U)) = ED (SZ(UF)|F + ZH?\}S(UF - SZ<UF>>> (339)

ecl

Since w is a polynomial function of degree lower or equal than NV, on any edge e, we
observe that w belongs to the approximation space Vr y (n.}-

For any vr € C°(D) N Vr, we thus define v Ny € Vromgn.y by (3.39). In the
sequel of the proof, we bound vr — vr g .} in various norms, in order to bound (3.36).
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Step 1a. To bound the first term of (3.36), we need to estimate ||vr — vr m (n.} | L2(k)
for any element K € Ty. To that aim, we introduce the unique solution z in H}(K)
to
—div(AVz2) = vp —vp Ny in K.
Since K is convex and A € C'(D), we get that z € H?(K) (see LEMMA 3.22, as-
sertion (i)). Furthermore, we have that vr — vr g n,} € H'(K) C LY(K) for any
finite ¢ > 2. The assertion (ii) of Lemma 3.22 hence shows that z € W??(K) for any
2 < p < p}°. Using Sobolev embeddings, this implies that z € C'(K). Furthermore,
since z = 0 on each edge, its tangential derivative vanishes on each edge. Using that
Vz € C°(K), we deduce that Vz vanishes on each vertex of K.
Using the definition of z, we have

lor = or,m vy 72 )

= / (VZ)TAV(UF — UF,H,{Ne}) - Z /(UF — URH,{Ne}) VTAVZ
K

eCOK €

= — Z (’UF — UF,H,{N6}> IJTAVZ, (340)

eCOK €

since both vr and vr 7 (x,} are harmonic. Since A € C'(D) and z € H?*(K), we
have that T AVz € H'/?(e). Furthermore, since = € C*(K) and Vz vanishes on the
vertices of K, we have v7 AVz € C{(€), where C{(€) is the set of continuous functions
on € which vanish at both ends of e.

Introduce

e \Ur = Ur g {N.}) W

se(vr —vrany) = sup A x0)
weH/2(e)NCY(e) Hw“H1/2(e)

We deduce from (3.40) and from LEmMMA 3.22 that

||UF - URH,{NQ}”%Q(K) < Z Se(vr - UP,H,{Ne}) HIJTAVZHH1/2(6)
eCOK

< Ca Z Se(vr — UF»Hy{Ne}) HVZHH1/2(6)

eCOK

< Ca Y selor = vr ) lor = ormgvg
eCOK

L2(K)» (3.41)

where Cy only depends on A and the regularity of the mesh. Using our specific
choice (3.39), we get

lor = vr vy ll2e) < Ca Y se <vr — SZ(vr) = 1Y, (vr — SZ(UF)))' (3.42)

eCOK

We next write
56 (UF — 8Z(vr) — 5 (or — SZ(UF))>
fe (Ur — SZ(UF) — Hi}g(vr — SZ(UF))) w

= sup
weHL/2(e)NCY(e) HwHH1/2(e)

_ sup fe (vr —SZ(vr) — H]e\}g(vp — SZ(UF))) (w — H;’,S(w))
weH1/2(e)NCY(€) ”w||H1/2(e)

Hw - Hi\}g(w)HLQ(e)
sup

< for - S2(ur) - 5 (er — S2 () .
wem2ency@ 1wl

L2(e)

9

(3.43)
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where the second equality stems from the fact that H?\}S is a L?(e) orthogonal projec-
tion. We now bound from above the two factors of (3.43). For the second factor, we
first write, using the stability of the projection, that

Vw e L2<€)7 Hw - H?\}S(w)HL%e) < ||wHL2(e) : (344)

Second, for any w € CJ(€) N H'(e), we have
e,0 He
lwo = Iy (w)llz2e) < lw = v (W)llz2) < O |wlane (3.45)

where Iy, is the interpolant of degree N, at the Gauss Lobatto points on e (the last
inequality is for instance given in [22, Eq. (5.4.42)]). Note that it is critical here to
assume that w vanishes at the two vertices of the edge.

By Sobolev interpolation (see LEMMA 3.16), we deduce from (3.44) and (3.45) that

¢ [ H.
Yw e H'2(e)NCY@), |lw— 13 (w)]|2e) < C N 1wl gz ey (3.46)

Collecting (3.43), (3.44) and (3.46), we obtain that

e H,
5e (w — SZ(vr) — I (vr — SZ(UF))> < Oy lor = SZ()lli. (3:47)

By using Scott-Zhang type interpolation results (see LEMMA 3.23) and collecting
(3.47) and (3.42), we have

| He
|vr — UF,H,{Ne}HLQ(K) < Cy Z N |or — SZ(UF)HL2(e)

eCOK

H,
< Cy Z —— |ur| 1w (3.48)
eCOK Ne Pe

with
pe = min{ps1, px2} = min{N; | € C 0K, UK} (3.49)

where K! and K? are the elements sharing the edge e and p: and p: are the degrees
chosen in (3.38) for the construction of the Scott-Zhang type interpolation operator
SZ.

We finally infer from (3.48) that

/ f(or — UF,H,{NE})' < Y e llor — vrom v
D

L2(K)
KCTy
<Ca 3 Mllezc (2 %mm(we))
KCTy eCOK e De
H 2
<Cay| > 112 (Z i ) > el
- (K) N . HY(wk)
KCTy eCOK Ne pe KCTu *

Hz
< Cy lvr|gr(p) Z Hf”%z(;() (Z N ) (3.50)

KCTx eCOK =~ €t€

where wx = U.corxwe.. We have thus bounded the first term of (3.36).



126 CHAPTER 3. A MSFEM APPROACH USING HIGH ORDER POLYNOMIALS

Step 1b. We now consider with the second term of (3.36). Using the L?(e) stability of
the projection operator H?\’,S and next (3.34), we have

| He
L2(e) < |vr _SZ(UF)HL?(e) <C p_ |Ur|Hl(we), (3.51)

with p. again given by (3.49). We are thus in position to bound the second term of (3.36):

||UF — Ur,H,{N.}

Z/ vr = vr ) e (VT AVUr v,y

eCcll

S Z HJe (VTAVU["HJ\/') ||L2(e) ||UF o UF,H{Ne}HLQ(e)

ecl

H.
S CZ p_ HJe (VTAvurrHv{Ne}) HLQ(e) |UF|H1(we)7

eCl’

where we have used (3.51) in the last line. Using the Cauchy-Schwarz inequality, we
deduce that

Z/UI‘_UFH{N})J (l/ AVUFH{N})

eCl
<C Z_ HJ (V AVUFH{Ne HL2 Z’UF‘Hl(w
ecr’ Pe V ecl’
H, 2
< Cleelaoyy [ 3= 19 (T AVurp06) [ 2 (3.52)

eCl’

Step 1c. Collecting (3.36), (3.50) and (3.52), we obtain, for any vr € Vr N C?(D), that

a(ur — Ur,H {N.}, UF) HS
<Caq Y 1B (Z Moo,

lur| (o) KTy cCOK

H,
S e AV ) H;@} |

ecl ¢

We use the above estimate for the choice vr = ur —ur g (n,}, which obviously belongs
to V1. In addition, we have assumed that u € H*(D) for some s > 3/2, hence u €
C%(D). Since ur = uon T, this implies that ur € C°(I), and thus, by elliptic regularity
(see [43, Theorem 8.30]), that ur € C°(K) for any element K. Likewise, ur H{N.} 1S
continuous on I' and thus, using again [43, Theorem 8.30], we get that up HiN,) €
C°(K). We thus indeed check that vr € C°(D). We thus deduce that

H;
b sl < 0o d 3 1t ( 3 5

KCTy eCOK = €€

1/2
H.
+ Z — || Je (I/TAVUF,H,{NE}) ||i2(e)} . (3.53)

ec ©°
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Step 2: bubble approximation. Regarding the bubble approximation, the a priori
error already provides an a posteriori estimator since the right-hand sides in LEmma 3.9
is independent of up. The following arguments yield another estimate, in the case
when bubble enrichments are considered (if no enrichement is used, then we simply
use the right-hand side of (3.11) as a posteriori estimator). We thus consider the case
when M > 1 for any element K. For the numerical solution up y,(a,cy € VB 1 {11y}
we write, using an integrating by parts over every element K, that, for any wgp € Vp,

T
a(up g {My}, WB) = / (Vup g iaey) AVwg
D

= — Z / wp div (AVUB,H,{MK}) : (3.54)
K

KeTy

Using Galerkin orthogonality, we deduce that, for any v € Vp and any vp g (m,) €
V.1 My

a(up — U, H (M} VB)
= a(uB — UB H{Mg},VB — UB,H,{MK})

= a(uB, B — UB,H,{MK}) - G(UB,H,{MK}, Up — UB,H,{MK})

= / f (UB — UB,I'L{MK}) + Z / (UB — UB,H,{MK}) div (AVUB,H,{MK})
D K

KeThy

= Z / (UB — UB,H,{MK}> (f —+ div (Aqu,H,{MK}) ), (3.55)
K

KeTy

where, in the fourth line, we have used the definition of the exact solution uz and (3.54)
for wp = UV — UB,H,{MK}‘

We now make the following specific choices. For v, we take
VB = uUup — uB7H,{MK}. (3.56)

We now choose vp i, (3. Let I},  be the L?(K)-projection on the polynomials of
degree at most My on the element K. We then consider vg g (ar,}y € VB 1 {1, ) such
that, on each K, we have

— div(AVup g (vgy) = HAK4K (z) in K, VB Mk} = 0 on 0K, (3.57)

with
z = —div(AVug) in K.

In view of (3.56) and of the definition of ug, we see that, in K,
z = —div(AVug) + div(AVup g ay) = [+ div(AVug m g )- (3.58)
In view of (3.5), we thus see that the right-hand side H]\K4K (z) in (3.57) satisfies
15, (z) =115, (f) + div(AVug g {a)- (3.59)

In the sequel of the proof, we bound vp — vp g (i, in order to bound (3.55).

Step 2a. We see that

— div(AV (vp,m ey — vB)) = Iy, (2) — 2z in K, VB My — VB =0 on 0K,
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hence
Oémin||V(UB,H,{MK} - UB)H%?(K) < HHAK@(Z) - Z||L2(K) ||UB,H,{MK} - "UB||L2(K)~

Using the Poincaré inequality |[vg m (nc} =B r2(k) < C Hi ||V (VB 1 (0} —VB) || 22(50)»
we deduce that Qi ||V (v, (v} —vB) | 12(0) < C Hi |3y, (2) — ZHLQ(K) and thus

H?% H?
o sty —vsllizcer < € 2 18, 2) = 2l sy = € 2 105, () = Tl

(3.60)
where, for the last equality, we have used (3.58) and (3.59).

Step 2b. Collecting (3.55) and (3.60), and using that vy is given by (3.56), we get that

CL(UB — UB,H,{My},UB — UB,H,{MK})

= a(up — UB H{My}> UB)

< vsmge — vsllze 1 + div (AVus a ) 2
KETH

<

Z Hi ||f + div (AVup o) Lz 1T () = fll ey - (361)
min KeTy
Since f € H'%(K) for some {x > 0, then we know from LEmmA 3.15 that
min(fK,MKJrl)
17 Dl < O 5 Wy Go2)
K

Collecting (3.61) and (3.62), we obtain

|lup — up m eyl <

Hmm(EK,MKJrl)

e 2 Tk
Cmin {KeTH K

1/2
1f + div (AVup,m,pney) ez 1 e } :
(3.63)
where the right-hand side is completely computable, up to the unknown constant C'.

Step 3. Collecting (3.53) and (3.63), and using the orthogonal decomposition (3.4), we
obtain (3.14). This concludes the proof of PropPosITION 3.12. [



CHAPTER 4

MSFEM IMPLEMENTATION IN FREEFEM++

This chapter discusses the implementation of some MsFEM variants in FREEFEM++, a
Finite Element solver developed by F. Hecht [50].

FReeFEM++ is a Finite Element software that can be used for a wide range of ap-
plications. MSFEM techniques are by nature intrusive as they require one to know
exactly the variational formulation in order to be applied. MsFEM approaches are two
step methods: one creates coarse basis functions that are solutions to some local prob-
lems and then a Galerkin problem is solved on the space spanned by these functions.

Although the basis functions are similar to the classical finite element basis, the Ms-
FEM approach cannot be implemented in a general fashion. Indeed, the definition of
the local problems changes according to the equation to solve. Also, the local problems
often cannot be solved analytically and an approximation at a fine scale h has to be
made. The basis functions are not as easy to manipulate as Finite Elements functions
because they depend on the local fluctuations of the coefficient. Hence, quadrature
formulas depend on more parameters than in standard FE where quadrature formulas
are simple and require only minimal information on the element.

All these arguments advocate for the implementation of MSFEM approaches as a
template form and not as a hard-coded element in the software FREEFEM++. In that
sense our implementation can be seen as a simple multi-grid approach where we de-
sign a coarse approximation space with basis functions that are solutions to local prob-
lems approximated on a finer embedded grid of size h.

The implementation will be applied to the multi-scale problem (1.2):
—div(A:Vu,) = fin D,
e, = 0on 0D,
for a coeflicient A. that can be periodic or not.
We present here the implementation of three different MSFEM variants: Linear
MSsFEM, MsSFEM oversampling and MsFEM a la Crouzeix-Raviart. We refer to SEc-

TION 1.4.2 for the principle of these methods. Also, a template to couple these ap-
proaches with standard techniques such as Finite Elements as well as a template to use
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MSFEM as a two level additive preconditioner will be presented.

This section is intended to show and explain the structure of the templates and
the main guidelines of the implementation. For the sake of clarity, we do not present
here the actual scripts associated with our templates but included them in ANNEX A
as FREEFEM++ scripts.

4.1 Linear MSFEM and MsSFEM oversampling

The Linear and oversampling MsFEM approaches are grouped together as the imple-
mentation between the two is basically the same. Indeed, the basis functions are as-
sociated with vertex degrees of freedom. The difference lies in the computation and
definition of local problems. Here the techniques and definitions can be easily trans-
posed in 3D as only degrees of freedom associated with vertices are involved.

The approach is divided into two steps: the offline phase (described in ALGORITHM 1
implemented in the FREEFEM++ script in SEcTION A.1.1) and the online phase (de-
scribed in ALGORITHM 2 implemented in the FREEFEM++ script in SECTION A.2.1).

Algorithm 1 Linear MsFEM: offline phase
Require: Coarse mesh 7Ty, the coefficient A, and a small meshsize h
Ensure: h < ¢ (often h >~ 5 is used)
Initialize A the stiffness matrix of the new basis and B the generic RHS
for K € Ty in parallel do
Build 7% (meshing K with meshsize h)
fori € K do

Solve with P1 FE

— div(A. V) = 0in K, ¢; = ¢; on 0K, (4.1)

with ¢; the standard P1 FE basis function and store ;.
end for
Compute and store Ali‘fjc = fK(Asvwi) -V; and B; = B; + fK P x 1
with A the local stiffness matrix and B the generic RHS
Assemble and store A the stiffness matrix associated with the new basis

{¢Z }i:]-anertices

end for

ALGORITHM 1 can be implemented simply in FREEFEM++. Indeed, as the degrees of
freedom are based on the vertices of the coarse mesh 7T, the numbering of the degrees
of freedom and the structure of the sparse matrices associated with the right-hand side
and the stiffness are exactly the same as for a P1 formulation posed on 7. Hence,
we define a P1 dummy problem on 7y to initialize our matrices, then we parallelize
the loop over the elements of our mesh using the Message Passing Interface (MPI)
formalism. All computations are performed in parallel. Mesh and local matrices are
computed on the fly in order to limit storage load. Basis functions are stored locally
in files that are indexed by the element. One could store more information, if needed,
such as local stiffness matrix or local mesh used to compute basis functions for instance.
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Such partitioning speeds up the reading time needed to recover the basis functions in
a parallel framework.

Remark 4.1. We put the emphasis on the fact that the MsFEM solution is defined only
locally. Hence, when solving 4.1 one could use other higher order finite elements instead
of P1 FE in order to better adapt to A. changes, though in this case the information must
be stored in order to recover the basis.

Remark 4.2. The MsFEM oversampling approach follows the same steps (see the script
in SECTION (A.1.2)). However, in the loop over the element a mesh 7A~K for the enlarged
element is designed instead of a conszdermg TK a sub-mesh of the element K. On this
enlarged mesh or super-element K, we compute 1/)1 solution of equation (4.1). The bound-
ary conditions are taken as the corresponding P1 coarse FE basis functions associated with
the super element K. Then, we consider TK a sub-mesh of our initial element K and the
actual new basis functions 1; are defined as the restrictions ofzzi on this mesh.

There are numerous ways of defining a super-element. In the current implementation, we
choose an enlargement factor C,,., > 1. Then, the super-element is the polygon defined
by the vertices one gets from the initial vertices when multiplying the vector from the
barycenter to the vertices by Cye.. When the element is close to the boundary of D some
truncature rule is used on the enlarged element, in order to stay in the domain. This step
is crucial as it allows us to simply enforce boundary conditions by imposing values on the
degrees of freedom on the boundary.

Algorithm 2 Linear MsFEM: Online phase
Require: f the right-hand side, the MSFEM basis {¢; }, QOF a quantity of interest to

compute from the solution w, the stiffness matrix A and the generic RHS B
Ensure: (QOF the quantity of interest can be computed locally

Assemble the right-hand side RHS; = B; x f(z;)

Solve the coarse linear system AX = RHS

Reconstruct the solution locally:

for K € Ty in parallel do

Load the fine mesh T,%

fori € K do
Compute and store Ugy, ppis = Usisren + Xi X ¥
end for
Compute QOFx = G(UE .rr1r)
end for

Return QOF =} . QOFk

The online step described by ALGORITHM 2 is more straightforward, compute the
right-hand side vector RH S, solve the coarse linear formulation AX = RH .S, recover
the MsFEM approximation and compute the quantity of interest. The most expensive
operation here is to compute the right-hand side RHS; = [, 1;f. There are two op-
tions: either the computation can be performed in parallel inducing an extra cost or
one can suppose that the RHS function f does not vary much at the coarse scale H
and approximate f by f(z;) with z; € Supp¢; in RHS;. In the linear and oversam-
pling MSFEM approach the degrees of freedom are located on the vertices {x;} and the
support of the basis function v); is centered on x;. Thus, RHS; can be approximated
by B, f(x;), a quantity that is less expensive to compute than the full integral RH S;
since it only requires the evaluation of f at the vertices.
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Remark 4.3. In order for the quantity of interest to be computed efficiently, it is required
to be local. For instance, considering g an inline function and the associated quantity of
interest QOF = G(upsrpyv) = fD g UnisrEM, the computation can be performed in
parallel efficiently. However, if we consider g defined on a global FE space, then computing
QOF = G(upsreMm) = fD g unispem can be challenging as one either would have to
project the MSFEM solution on the FE space of G or project G on each local sub-mesh. Both
operations are very costly and will impair the MsFEM efficiency.

Remark 4.4. Building a global representation of the MsFEM approximation is possible,
though not advisable as there will be a costly projection step from a FE space defined on a
local mesh to a FE space defined on a global mesh. Such operation must be executed with
special care in the oversampling case as the solution is not continuous over the coarse
elements. In FreeFem++, an intermediate Discontinuous Galerkin (DG) global FE space
has to be used (for linear MsFEM) since the projection element by element will give twice
the value on the FE degrees of freedom associated with the edges. One has to transfer
element to element the local solution to the DG FE space and then take another projection
step (for instance L? projection) to have a result in a conformal global FE space.

4.2 MSsFEM a la Crouzeix Raviart

The implementation of MsFEM a la Crouzeix Raviart (in short MSFEM-CR) described in
section 1.4.2 seems similar to the linear MSFEM and oversampling MsFEM approaches.
However, the degrees of freedom are located on the edges and in the center of the
elements instead of the vertices. Thus, the implementation has to be modified.

The method is divided into two parts: the offline phase (described in ALGORITHM 3
and implemented in FREEFEM++ as explained in SEcTION A.1.3) and the online phase
(described in ALGORITHM 4 and implemented in FREEFEM++ as explained in SECTION
A.2.2).

The offline part is similar to ALGorITHM 1. The computation of the new basis will
be performed locally in a parallelized loop over the element of the coarse mesh 7y.
Note however that the structure and numbering of the basis will be different as we
consider degrees of freedom not on the vertices but on the edges and the center of the
elements. In order to get the optimal numbering needed to simplify the resolution of
the final coarse linear system on the new basis, one has to find a simple equivalent
coarse problem similarly to the P1 FE coarse dummy problem in the linear MsFEM
case. FREEFEM++ allows us to do that easily by using P0 FE space and POedge FE space.
The PO FE space corresponds to the space of functions that are piecewise constant over
the elements and the POedge space is generated by an edge based basis {¢. }e=1..Nb,4,.
where ¢, equals to 1 on e, 0 on other edges and ¢, is piecewise constant over the el-
ements. Then, we design a coarse dummy problem from PO FE space and POedge FE
space to initialize our matrices and perform the computation of the new basis in par-
allel over the elements.

There is also a difference in the design of the basis functions associated with the
edges compared to linear and oversampling MsFEM. Indeed, the local problem are
not solved with classical boundary conditions (of type Dirichlet) a constraint enforced
on edges by a Lagrange multiplier method. Such an operation is performed simply in
FrReeFEM++ as we have access to all matrices, instead of solving a Nbyertices X INbyertices
corresponding to a P1 discretization of the element, a Nbyertices + Nbedges X N byertices +
Nbegges system is solved where the additional degrees of freedom corresponds to the
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Algorithm 3 MsFEM-CR: offline phase
Require: Coarse mesh Ty, the coefficient A, and a small meshsize h
Ensure: h < ¢ (often h >~ 5 is used)
for K € Ty in parallel do
Build 7% (meshing K with meshsize h)

Solve with P1 FE

—div(A. V) = lin K, ¥ = 00n 0K,

with 1L the basis function associated with the center of K
fore; C OK do
Solve with P1 FE (constraint enforced with Lagrange multiplier method)

—div(A.Vy) = 0in K, s.t. / VE =6,

with 1); the basis function associated with the edge ¢; (i = 1..Nqgec).
end for
Compute and store A% = [, (A.Vy[) - VY and B; = [ o[, fori,j =
0.V, edge)’
with A4 the local stiffness matrix and B the generic RHS
Assemble and store A the stiffness matrix associated with the new basis

{77ij( }iZO--Nedge

end for

lagrange multipliers.

We solve for the function basis associated with edge e; a system of the form

Ax Ck| [XK]  [BX
ct 0 AE | BE
where A = fK(A6V¢Z-) -Vo;, Ckij = fei ®j, X, is the vector of the basis coeffi-

cients in the P1 FE basis, )\g are the Lagrange multipliers associate to the edges of K,
Bi= [, 0x ¢; =0,and BX =6,

Remark 4.5. When we use the Crouzeix-Raviart MsFEM method, the solution is discon-
tinuous. There is only a weak-continuity property: the mean of the jump is equal to 0 on
each edge. The edge based basis function associated with edge e satisfies this property as
the mean is equal to 1 on the two element sharing e and 0 on the other edges.

The online part described by ALgoriTHM 4 follows up the offline part. In this step,
one computes the right-hand side and solve the coarse linear system associated with
the new basis. The most expensive tasks are the resolution of the linear system AX =
RHS and the assembling of the right-hand side RH S. Contrary to the linear MSFEM
approach, approximating RH S is not so easy as the degrees of freedom are located
on the edges and on the barycenter of the elements, not on the vertices. In the case
where ¢ corresponds to a bubble basis function associated with the element K then
RHS; ~ B; x f(x;) with x the barycenter of K. In the case where i correspond to
an edge basis function associated with the edge ¢; then RHS; ~ B; x f(x.,) with .,
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Algorithm 4 MsFEM-CR: Online phase

Require: f the right-hand side, the MSFEM basis {1}, QOF a quantity of interest
to compute from the solution wu, the stiffness matrix A and the generic RHS B
Ensure: (QOF the quantity of interest can be computed locally
Assemble the right-hand side RHS; = B; x f(x;)
Solve the coarse linear system AX = RHS
Reconstruct the solution locally
for K € Ty in parallel do
Load the fine mesh T,*
for i € 0..N¢gye do
Compute and store UL oy = UE rpyr + Xi x F
end for
Compute QOFx = G(UE . r5ur)
end forreturn QOF =3 ;. QOFy

the middle of the edge e;. As in the linear MsFEM case, the MSFEM approximation is
built locally in parallel to compute the quantity of interest QOF'.

4.3 Coupling MsFEM

MSsFEM approach is really useful when the coefficient is highly heterogeneous. It is
however computationally demanding if the coefficient does not vary much on the
coarse mesh, especially when compared to P1 FE for instance. Hence, it would be in-
teresting to distinguish two areas in the domain, A,,, the area where the coefficient
A; does not vary much and Ay, the area where A, is highly heterogeneous. One can
see such an example in FIGURE 4.1 where A, is oscillating in the middle square and is
constant otherwise.

We will consider MSFEM approaches where the degrees of freedom are located on
the vertices to simplify the coupling between standard FE functions and MsFEM basis
functions. The structure of the implementation is described in ALcoriTHM 5 and the
corresponding FREEFEM++ script is presented in SECTION A.3.

Algorithm 5 Coupling MsFEM and P1
Require: A. the expression of the coeflicient, rules to determine if MSFEM basis func-
tions or P1 basis functions are used, i a small meshsize and f a right-hand side
Create Ty a coarse mesh of the whole domain with meshsize H
Separate the mesh into two submeshes 7,/ and T/sF'EM
Renumber the elements of the coarse mesh T according to the two submeshes 7,/
and TMsFEM
Build the coarse stiffness matrix Ay = [ p (AcV ;) - V; and the right-hand side
RHS = f p @i f with ¢; the P1 basis function associated with vertex 7 of g
for K € THsFEM in parallel do
Build or load the M sF' E M basis functions associated with the vertices
Update Ay with local MsFEM Stiffness matrix and remove P1 FE part
Update RH S with local MSFEM right-hand side and remove P1 FE part
end for
Solve the coarse linear problem Ay X = RHS
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The first step is to separate the mesh into two areas according to the variation of
A.. FREEFEM++ allows to do that easily, one meshes the whole domain first and then
defines a submesh by using a separation function f;.

For instance, if fiep(z,y) = Lo.25<z<0.75(2,¥) X Lo25<y<0.75(z,y) then we get in the
submesh all the elements of Ty where f(x,y) > 0 see (FIGURE 4.1).
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Figure 4.1: Left: Mesh of the domain (H = 1/16): we use both MSFEM functions (in
orange) and P1 FE functions (in red). Right: coefficient A. considered

Then, once the areas have been defined by the two submeshes Tff Iand Téw sPFEM
we can precompute MsFEM basis function on 7A7*'#M  Finally, the mesh of the whole
domain is reconstructed by rearranging the numbering such that the elements where
P1 will be used come before the elements where MsFEM basis function are used. Re-
garding the elements on the interface, as we have chosen to associate degrees of free-
dom to vertices, the corresponding basis function will simply be the P1 basis function
on P1 elements and the MsFEM basis function in the MsFEM elements, see FIGURE 4.2.

el

Figure 4.2: Basis functions ¢; associated with interface degrees of freedom: Left - ele-
ments where ¢; is supported (in the red element, ¢; is a P1 basis function; in the yellow
element, ¢; is a MSFEM basis function), Right - plot of basis function associated with
degrees of freedom

E .
N

For the assembling of the stiffness matrix, we will compute it for the whole P1 FE
problem on the mesh 7y and modify it locally only on the elements where MSFEM
will be used. The same procedure can be used for the right-hand side term. Then we
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can solve the coarse linear system associated with the coupled problem and get our
approximation.

R

Figure 4.3: Graph of error for P1 coupled with MsFEM lin (Left, relative H' error
28.3%), P1 coupled with MsFEM oversampling (Middle, relative H' error 23.5% ) and
P1 (Right relative H* error 34%)

We consider A. described in FIGURE 4.1 and choose H = 1/16. Then, we used
MSFEM linear approach coupled with P1 FE and compare it to a reference solution.
The relative error in H' norm when the MsFEM oversampling approach is used on
the whole domain is 22.8%. We can see in FIGURE 4.3 that the error of our coupled
approach is close to this error and smaller than the case where only P1 FE are used.

Remark 4.6. Choosing the separation function according to A. fluctuations is not an
easy problem, especially when the coefficient admits rough changes (from constant to
a rapidly oscillating function as on FIGURE 4.1). Indeed, the separation must be chosen
carefully since the error can be large across the separation in some cases (see FIGURE 4.5
corresponding to the choices in FIGURE 4.4). Recalling that the MsFEM linear basis func-
tions correspond to P1 FE basis functions in case of constant coefficient, one could make
the MSFEM part larger to account for such changes. Also, using oversampling MsFEM
approach significantly mitigates this effect.

Figure 4.4: Separation of the domain into the P1 subdomain (red) and a large (left),
medium (center) or small (right) MSFEM subdomain

Remark 4.7. The coupled method using MsFEM linear approach is conformal and con-
tinuous even in the degrees of freedom located on the interface since the MsFEM basis
functions share the same values as P1 FE on the edges. This approach can also be used
with an oversampling MsFEM approach since the degrees of freedom are located on the
vertices too. However, the approximation is no longer conformal even for the degrees of

.......
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Figure 4.5: Error corresponding to a large MSFEM subdomain (Left relative H' error
23.5% ), a medium MsFEM subdomain (Middle relative H' error 23.8%) and small
MsFEM subdomain (Right relative H! error 31.1%)

freedom located on the interface between P1 and MsFEM areas since MSFEM oversampling
basis functions are not linear on the edges. A functional FREEFEM++ template has been

designed for both methods.

Remark 4.8. We decided to consider a simple coupling where the degrees of freedom
are located on the vertices. One could consider other choices, for instance Discontinuous
Galerkin methods. Such approaches may be more effective, though it complicates the
coupling formulation and increases the computational load needed to solve the coarse

problem.

Such work is still at a preliminary stage. Only a Freefem++ implementation for
MSFEM linear and MSFEM oversampling coupled with P1 FE is available (see SEcTION
A.3). Currently, up to our knowledge, no error analysis has been performed and such
analysis is out of the scope of this discussion.

4.4 Using MsFEM approach as a second level precon-
ditioner

In this section, first we will do a quick review on the main tools to solve large linear
systems. Then, a two level preconditioner implementation using MsFEM linear basis
function as a coarse space will be presented.

The aim here is to approximate u solution to (1.2) by w; the P1 approximation at

the small scale h < e. To that end, we define a fine grid 7;,. We then we have to solve
the corresponding linear system:

AX =B, Ay = [ (A9d) -Vl Bi= [ ol @2

with {¢!"}i—1. Nb,....... the P1 basis functions associated with the vertices on the mesh

Th

In the multi-scale applications we have to consider i < ¢, hence matrices A and
B have large dimension typically N, =~ 1/h? in 2D.

Techniques to solve linear systems fall into two categories:
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« Direct solvers: solve the linear system exactly by using linear algebra. We can
cite for instance the LU decomposition, Cholesky decomposition, Gaussian elim-
ination.

« Iterative solvers: solve the system by refining an initial guess X, with an itera-
tive scheme that reduces at each step the error |AX; — B|| in a relevant space.
Conjugate Gradient (CG) and Generalized minimal residual method (GMRES)
fall into that category.

For a more thorough review on linear system solvers one can refer to the mono-
graphs [69] and [30].

Direct linear solvers, such as the LU decomposition, are less efficient in our case as
the complexity and memory required is usually in O(N?, ). Although direct solvers
are very accurate, in most of multi-scale applications they cannot be applied as the
memory requirement is too high.

To circumvent this issue iterative solvers such as conjugate gradient (used for sym-
metric definite positive matrices) or GMRES (used in more general cases) are used. In-
stead of solving the problem directly, the solution is updated at each step with only
vector product operations. Though the methods is sure to converge after N, steps,
this would induce a cost larger than when using of direct solvers. These methods are
all the more effective the number of steps needed to get an accurate approximation is
small. The number of steps which is needed is related to x4, the condition number of
the matrix A, that is the ratio between its highest eigenvalue and lowest eigenvalue (if
A is symmetric positive definite matrix). Usually, x4 increases when h decreases. In
order to mitigate this effect, we precondition the problem: instead of solving AX = B
we solve M ' AX = M~ B and we hope that x;-14 < k4. The best preconditioner
is A™1, in such case the associated condition number is 1 and the problem is solved in
one step: X = A~!B. Obviously, we do not have access to A~! as it would require to
have already solved the problem. So the goal is to find a preconditioner that is as close
to A~! as possible and that is fast to compute. One can notice that the preconditioner
method is independent from the right-hand side B, hence the same preconditioner can
be used in a multi-query context.

Usually in decomposition domain methods (DDM), the preconditioner M ~! are
chosen to be solutions to local problems (inversion of small matrices) that are linked
together to invert a reasonably small global problem. One of the simplest is called the
Jacobi preconditioner defined by

v A=
PN 04 i £ G

Then M " is just the inverse of the diagonal of A. More complicated precondition-
ers are used in practice such as Block Jacobi preconditioning and Schwarz precondi-
tioning. Often preconditioners from DDM are really effective in the detection of local
features (called high frequency features) but are not as efficient in identifying more
global patterns (low frequencies features). Hence, in practice a more efficient precon-
ditioner is built by mixing coarse information and local information to get low and
high frequencies. This is called a second level preconditioner: a local high frequency
preconditioner from DDM is enriched by a coarse approximation of the solution that
is fast to compute.
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In the Jacobi case and considering a coarse space Vi = Span({¢;},7 = 1..n) with
n <€ Nyows, we define Ry the matrix of size n X N,qws such that the row i is the
coeflicient of ¢; on the P1 basis functions associated with the fine mesh 7,. We can
compute the preconditioner M ' defined by:

My' = Ry (RyAR}) 'Ry + M (4.3)

The operation seems costly as one has to invert (RyARJ)~'. However, such matrix
is of size n x n with n < N4, making the inversion affordable. Moreover, in practice
one always apply the preconditioner to a vector and this operation is equivalent to
solve a linear system.

In our case, the coarse MSFEM space defined as the span of our basis function
seems to be a good candidate for a second level preconditioner coarse space because of
its good approximation properties. The implementation of M' using MSFEM linear
approach is described in ALGORITHM 6 with the actual implementation in SECTION A 4.

Algorithm 6 Linear MsFEM: Online phase

Require: 7, a fine mesh, f the right-hand side, the MsFEM basis functions {1;} ex-
pressed in the P1 FE basis associated with 7.
Assemble the linear system AX = B on the fine mesh 7
Load Ry the transformation matrix between the MsFEM basis functions and the P1
FE basis functions associated with the fine mesh 7},
Load Aj;srgn the stiffness matrix associated with the MsFEM basis functions
Define the preconditioner function P(Y) — M;'Y
with M5 = R Ay ppn Bo + M
Apply an iterative solver preconditioned by P to AX = B

The implementation in FREEFEM++ is straightforward: one use ALGORITHM 1 to get
the MsFEM basis functions expressed in the P1 FE basis associated with the fine mesh
Tr. Then, we get A the stiffness matrix and B the right-hand side associated with the
fine discretization /. In FREEFEM++ one does not give the matrix M as an argument
of an iterative solver command. Indeed, the user has to define P, a preconditioning
function defined by P(Y) = M 'Y with Y a vector having the same size as B (usu-
ally, at each step operations of type M;'(AX; — B) have to be computed). Such an
implementation is useful as since the preconditioner is allowed to change with the cur-
rent number of iterations allowing adaptive schemes. Moreover, fwhen small number
of iterations are considered then M_'Y can be seen as solving M X = Y that is less
expensive than computing M ' (complexity of O(n?) instead of O(n?)). Finally, the
iterative solver is used and gives the result when the prescribed accuracy in relative
residual error is reached or when the maximal number of steps is exceeded.

Considering a periodic A. where ¢ = 1/32 with D = (0, 1)2, we test this approach
for H = 1/8, h = 1/256 by using linear MSFEM basis function as a coarse precon-
ditioner and a GMRES iterative solver. It turns out that compared to a simple Jacobi
preconditioning, our approach requires approximately three times less steps to con-
verge when the tolerance is set to 10~ see FIGURE 4.6.

Such a method is not intended to compete with more refined preconditioning ap-
proaches usually seen in DDM like additive Schwarz or Block Jacobi methods. Indeed,
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Figure 4.6: Left - Coarse MSFEM approximation (H = 1/8), Middle - fine approxi-
mation obtained with GMRES preconditioned by our approach where convergence is
achieved (150 iterations, h = 1/256), Right - fine approximation obtained with GMRES
preconditioned by Jacobi after 150 iterations and h = 1/256.

the aim here is to show how one can easily design and improve a preconditioned ap-
proach within FREEFEM++ framework by using MsFEM approaches. The analysis re-
garding the reduction of the condition number of the preconditioned problem and the
convergence is out of the scope of this discussion.
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APPENDIX A

CODES

This annex presents the actual implementation in FREEFEM++ of the methods presented
in CHAPTER 4. The codes can be run on the latest FREEFEM++ version ( FREEFEM++ 4.0)
except for the transposition operator "’ " that has been replaced by "~ T " for aesthetic
purposes in the present manuscript (it shows more relevant syntax highlighting).

A.1 Offline step: Basis creation

A.1.1 Linear MsFEM

// P.-L. Rothe - F. Legoll ENPC(CERMICS/Navier) - Inria
Matherials

// Create the basis functions for MSFEM linear approach

// run with command line: mpirun -np number_of_ processor
FreeFem++-mpi basis_creation_parallel.edp

verbosity=0;

// MPI
mpiComm comm(mpiCommworld, 0,0);

int nbproc = mpiSize(comm); // number of processes in parallel
int iproc = mpiRank(comm); //current processes

int H=256; // size of coarse mesh
int h=1024; // size of fine mesh (ideally h<oscillation length
/10)

int nsplit=h/H; // ratio between coarse and fine mesh

// Create the directory to store the basis element by element
if(iproc==0) // only the first process create the directory

{

string Createrep="mkdir -p basis_repository";
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exec(Createrep) ;
}

mpiBarrier(comm); // wait for process one to finish

// Definition of Mesh and FE coarse space
mesh TH=square(H,H, [x,y]); // Coarse global mesh
int nbtri-TH.nt;

fespace Tri(TH,PO); // PO on coarse mesh
fespace P1Tri(TH,P1); // P1 on coarse mesh

// Definition of oscillating coefficient

real eps = 1./32.; // size of oscillations

// coef of PDE :- div(aeps grad u)=f

func aeps =((2+1.8"sin(2*pi*x/eps))/ (2+1.8*cos(2*pi*y/eps)) +
(2+sin(2*pi*y/eps))/(2+1.8*sin(2*pi*x/eps))) ;

// macro for the coefficients
macro Aeps(u,v) (Grad(u)/ T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] //

// Creation of the basis, storing the Stiffness matrix and
right-hand sides

// using coarse problem formulation

varf vA(u,v)= int2d(TH) (u*v*0 )+on(1,2,3,4,u=0);// bilinear
form of the coarse P1 problem

varf vB(unused,v)= on(1,2,3,4,unused=0);// RHS for the coarse
P1 problem

matrix Ai=vA(P1Tri,P1Tri); // Stiffness matrix for the coarse
P1 pb

real[int] RHSi-vB(0,P1Tri); // RHS for the coarse P1 pb

real[int] RHS=RHSi;

matrix A-Ai;

Tri chiK; // function PO to mark element i

// Loop to compute the linear MSFEM basis for the ith element,
for (int i = 0; i < nbtri; it++)

{

//bool to test if processor iproc deal element i
bool elemtest= (iproc==i%nbproc); // Bool to assign Element
i to process iproc according modulo
if(elemtest) // If triangle assigned to current process
{
// Generating fine submesh of element i
mesh THK, ThK;
ChiK[][i]=1; // PO function used to mark the element i
THK=trunc(TH,ChiK>0.1,split=1); // a mesh made of only
one triangle
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ThK=-trunc(THK, 1, split=nsplit); // each triangle refined
by nsplit ratio
ChiK[ ][i]=0; // reinitialize the function

// Computing the basis
fespace VKH(THK,P1) ;
fespace VKh(ThK,P1) ;

VKh[int] uki(3);

// One file per element to store basis

string namesol-". /basis_repository/basis_element"+i+".
txt";

//emptying the file

{

}

ofstream storebasis(namesol) ;

// Computing the basis functions associated to vertices
for (int j=0;3j<3;j++)
{
// P1 coarse function to set the BC for the basis
function
P1Tri Test;
Test[ | [P1Txri(4i,]j)]=1; // set the P1 coarse fonction
for the the vertex j
varf vAK(u,v)=int2d(ThK) (Aeps(u,v))+on(1,2,3,4,u=
Test); // Stiffness expression for the fine
MSFEM pb
varf vBK(u,v)= on(1,2,3,4,u=Test); // RHS
expression for the fine MSFEM pb

real [int] bk=vBK(0,VKh); // RHS for the fine
MSFEM pb
matrix AK=VAK(VKh,VKh); // Stiffness matrix for the
fine MSFEM pb

set (AK, solver=-UMFPACK) ;
uki[j][]=AK"-1*bk; // solve the linear system

{
ofstream storebasis(namesol, append) ;

storebasis << uki[j][] << endl; // store basis
associated to vertex j of element i

}
}

// Assembling the stiffness matrix and RHS vector for
the global problem

varf Stiffloc(u,v)= int2d(ThK) (Aeps(u,v) );

varf rhsloc(u,v)= int2d(ThK) (v);

matrix KK=Stiffloc(VKh,VKh) ;
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real[int] RHSloc=rhsloc(0,VKh) ;

// Double loop on dof MSFEM to compute the local
stiffness matrix and RHS
for (int j=0;3j<3;j++)

{
// P1 element to remove the P1 Stiffness part (
no splitting of DOF, DOF are vertices)
real bMSFEM=uki[j][ ] T*RHSloc; // RHS MSFEM-L
coarse
int I=P1Tri(4i,j); // global numbering of vertex
J
for (int 1=0;1<3;1++)
{
int J=P1Tri(i,1); // global numbering
of vertex 1
real[int] dummy= KK*uki[1l][];
real KMsFEM-uki[j][]AT*dummy; // local
stiffness MSFEM
Ai(I,J)=Ai(I,J)+KMsFEM; // new
stiffness
}
int btestj=(TH[i][j].label>0); // test if dof (
vertex i) on boundary
if (!btestj)
{
RHSi[I]+=bMSFEM; // change in global
RHS
}
}

}

// Post process of the result concatenate results from all
processes

mpiReduce(RHSi, RHS, processor(0,comm) ,mpiSUM); // transfer RHSi
from all processes in RHS for process 0

mpiReduce(Ai, A,processor(0,comm),mpiSUM); // transfer Ai from
all processes in A for process 0

// Storing the basis, Stiffness matrix and RHS performed only
by process 0

if (mpiRank(comm)==0)

{

cout << "Post process of the result storing the basis,
Stiffness matrix and RHS" << endl;
string Stiffnessmatrix="Stiffness_matrix.txt";

{

ofstream save(Stiffnessmatrix);




154

155

156

157

158

159

160

161

162

163

164

165

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

A.1. OFFLINE STEP: BASIS CREATION 151

save << A << endl;

}

string Rhsvector="Rhs_vector.txt";

{
ofstream rhsstore(Rhsvector) ;
int nvect=RHS.n;
rhsstore << nvect << endl;
rhsstore<< RHS << endl;

}

cout << "Basis and matrices stored" << endl;

A.1.2 Oversampling MsFEM

// P.-L. Rothe - F. Legoll ENPC(CERMICS/Navier) - Inria
Matherials

// Create the basis functions for MsFEM oversampling approach

// run with command line: mpirun -np number_of_processor
FreeFem++-mpi basis_creation_parallel.edp

// or ff-mpirun -np number_of_ processor
basis_creation_parallel.edp

verbosity=0;

// MPI
mpiComm comm(mpiCommworld,0,0);

int nbproc = mpiSize(comm); // number of processes in parallel
int iproc = mpiRank(comm); //current processes

int H=64; // size of coarse mesh

int h=1024; // size of fine mesh (ideally h<oscillation length
/10)

int nsplit=h/H; // ratio between coarse and fine mesh

real coeffover=2; // oversampling coefficient

// Create the directory to store the basis element by element

if(iproc==0) // only the first process create the directory

{
string Createrep="mkdir -p basis_repository";
exec(Createrep) ;

}

mpiBarrier(comm); // wait for process one to finish

// Definition of Mesh and FE coarse space
mesh TH=square(H,H, [X,y]); // Coarse global mesh
int nbtri-TH.nt;
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fespace Tri(TH,P0); // PO on coarse mesh
fespace P1Tri(TH,P1); // P1 on coarse mesh

// Definition of oscillating coefficient

real eps = 1./32.; // size of oscillations

// coef of PDE :- div(aeps grad u)=f

func aeps =((2+1.8*sin(2*pi*x/eps))/ (2+1.8*cos(2*pi*y/eps)) +
(2+sin(2*pi‘y/eps))/(2+1.8*sin(2*pi*x/eps)));

// macro for the coeffcients
macro Aeps(u,v) (Grad(u)/T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] //

// Creation of the basis, storing the Stiffness matrix and
right-hand sides

// using coarse problem formulation

varf vA(u,v)= int2d(TH) (u*v*0 )+on(1,2,3,4,u=0);// bilinear
form of the coarse P1 problem

varf vB(unused,v)= on(1,2,3,4,unused=0);// RHS for the coarse
P1 problem

matrix Ai=vA(P1Tri,P1Tri); // Stiffness matrix for the coarse
P1 pb

real[int] RHSi-vB(0,P1Tri); // RHS for the coarse P1 pb

real[int] RHS=RHSi;

matrix A-Ai;

Tri chiK; // function PO to mark element i
// Loop to compute the linear MSFEM basis for the ith element
for (int i = 0; i < nbtri; i++)

{

//bool to test if processor iproc deal element i
bool elemtest= (iproc==i%nbproc) ;
if(elemtest) // one element is dispatched on one processor
according to bool value
{
// Generating fine submesh of element i
mesh THK, ThK;
ChiK[ ][i]=1; // PO function used to mark the element i
THK=-trunc(TH,ChiK>0.1,split=1); // a mesh made of only
one triangle
ThK=-trunc(THK, 1, split=nsplit); // each triangle divived
by nsplit
ChiK[][i]=0; // reinitialize the function

// Computing the basis
fespace VKH(THK,P1) ;
fespace VKh(ThK,P1) ;
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VKh[int] uki(3);// MSFEM local basis 3 dof vertices of
triangles

// One file per element
string namesol=". /basis_repository/basis_element"+i+".

txt";
//emptying the file
{

ofstream storebasis(namesol) ;
}

//generating oversampling mesh
// triangle i vertices
real[int] Xtriold(3);
real[int] Ytriold(3);

// os triangle vertices
real[int] Xtri(3);

real[int] Ytri(3);

real Xb,Yb;

for (int j=0;3j<3;j++)

{
int I=P1Tri(4,j);
Xtriold[j]=TH(I) .x;
Ytriold[j]=TH(I).y;
// compute barycenter of triangle
Xb=Xb+1./3.*Xtriold[j];
Yb=Yb+1./3. *Ytriold[]j];

¥
for (int j=0;3j<3;3j++)
{
// expand triangle by barycenter
Xtri[ j]=Xb+(Xtriold[j]-Xb) * coeffover;
Ytri[ j]=Yb+(Ytriold[j]-Yb) *coeffover;
// bool to test if new point out of the boundary
int booltest=(Xtri[j]<0)+(Xtxri[j]>1) + (Ytri[j]<0)+
(Ytri[j]>1);
if (booltest)
{
// if out then the point remains the same
Xtri[j]=Xtriold[j];
Ytri[j]=Ytriold[j];
}
}

// Definition of the local oversampling mesh

border as(t=0,1) {3=t* (Xtri[1]-Xtri[0])+Xtri[0];y=t* (
Ytri[1]-Ytri[0])+Ytri[0];label=8;};

border bs(t=0,1) {3=t* (Xtri[2]-Xtri[1])+Xtri[1];y=t" (
Ytri[2]-Ytri[1])+Ytri[1];label=9;};

border cs(t=0,1) {3=t* (Xtri[0]-Xtri[2])+Xtri[2];y=t" (
Ytri[0]-Ytri[2])+Ytri[2];label=10;};
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real mult=1;
mesh ThOS=buildmesh(as(mult*ceil(coeffover) “nsplit)+bs(
mult’ ceil(coeffover) *nsplit)+cs(mult” ceil (coeffover)
"nsplit));
// More refined than h to keep the same accuracy in the
local mesh
mesh THOS=buildmesh(as(1)+bs(1)+cs(1));

fespace VHOS(THOS,P1); // coarse oversampling FE
fespace VhOS(ThOS,P1);// fine oversampling FE

// fine FE vector storing the local basis functions
VhOS[int] ukios(3);

// Loop to compute the MSFEM OS basis for the ith

element
for (int j=0;3j<3;3j++)
{

// P1 coarse function to set the BC for the basis
function

VHOS Test;

Test[][j]=1; // set the P1 coarse fonction for the
the vertex j

varf vAKos(u, v)=int2d(ThOS) (Aeps(u,v))+on(8,9,10,u=
Test); // Stiffness expression for the fine
MSFEM OS pb

varf vBKos(u,v)= on(8,9,10,u=Test); // RHS
expression for the fine MSFEM OSpb

real [int] bk=vBKos(0,VhOS); // RHS for the fine
MSFEM OS pb

matrix AK=VAKos(VhOS,VhOS); // Stiffness matrix for

the fine MSFEM OS pb
set (AK, solver=UMFPACK) ;
ukios[j][]=AK*"-1*bk; // solve the linear system
}

// Rebuilding the solution on the old mesh

real[int, int] val(3,3);
for(int s=0; s<3; s++)

{
for(int t=0; t<3; t++)
{
val(t,s)=ukios[s] (Xtriold[t],Ytriold[t]);
}
}

matrix vmat=val;
set(vmat, solver-UMFPACK) ;
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// MSFEM os solution satisfying phii(xj)=deltaij on
element 1
VhOS [int] ukiosnew(3);
for(int s=0; s<3; s++)
{
real[int] e(3), c(3);
e=0; e[s]=1;
c=vmat’'-1*e;
ukiosnew[s]=0;
for(int k=0; k<3; k++)
{

}
VKh dummy-ukiosnew{s];// interpolate sol on

local fine mesh of element i
uki[s][]=dummyf ] ;
{

ukiosnew( s] =ukiosnew| s]+c[k] “ukios[Kk] ;

ofstream storebasis(namesol, append) ;
storebasis << uki[s][] << endl; //
store basis

// Assembling the Stiffness matrix and RHS vector for
the global problem

varf Stiffloc(u,v)= int2d(ThK) (Aeps(u,v) );

varf rhsloc(u,v)= int2d(ThK) (v);

matrix KK=Stiffloc(VKh,VKh) ;

real[int] RHSloc=rhsloc(0,VKh) ;

// Double loop on dof MSFEM to compute the local
Stiffness matrix and RHS
for (dint j=0;3j<3;j++)
{
// P1 element to remove the P1 Stiffness part (
no splitting of DOF, DOF are vertices)
real bMSFEM=uki[j][]AT*RHSloc; // RHS MSFEM-0S

coarse
int I=P1Tri(di,j); // global numbering of vertex
J
for (int 1=0;1<3;1++)
{

int J=P1Tri(i,1); // global numbering
of vertex 1
real[int] dummy= KK*uki[1l][];

real KMSFEM=uki[j][]AT*dummy; // local
Stiffness MSFEM

Ai(I,J)=Ai(I,J)+KMsSFEM; // new
Stiffness
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int btestj=(TH[i][j].label>0); // test si dof
du bord pour vertex i

if (!btestj)
{
RHSi[I]+=bMsFEM; // change in global
RHS

}

// Post process of the result concatenate results from all
p
processes

mpiReduce(RHSi, RHS, processor(0,comm) ,mpiSUM); // transfer RHSi
from all processes in RHS for process 0

mpiReduce(Ai, A,processor(0,comm),mpiSUM); // transfer Ai from
all processes in A for process 0

// Storing the basis, Stiffness matrix and RHS performed only
by process 0
if (mpiRank(comm)==0)

{
cout << "Post process of the result storing the basis,
Stiffness matrix and RHS" << endl;
string Stiffnessmatrix="Stiffness matrix.txt";
{
ofstream save(Stiffnessmatrix) ;
save << A << endl;
}
string Rhswvector="Rhs_vector.txt";
{
ofstream rhsstore(Rhsvector) ;
int nvect=RHS.n;
rhsstore << nvect << endl;
rhsstore<< RHS << endl;
}
cout << "Basis and matrices stored" << endl;
}

A.1.3 MSsFEM Crouzeix-Raviart

// Pierre-Loik Rothe CERMICS/Inria Matherials

// Create the basis functions for MSFEM Crouzeix Raviart
approach

// run with command line: mpirun -np number_ of_ processor
FreeFem++-mpi basis_creation_parallel.edp
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// MPI
mpiComm comm(mpiCommworld,0,0);

int nbproc = mpiSize(comm); // number of processes in parallel
int iproc = mpiRank(comm); //current processes

// discretization parameters

int H=16; // size of coarse mesh

int h=256; // size of fine mesh (ideally h<oscillation length
/10)

int nsplit=h/H; // ratio between coarse and fine mesh

// Create the directory to store the basis element by element

if(iproc==0) // only the first process create the directory

{
string Createrep="mkdir -p basis_repository";
exec(Createrep) ;

¥

mpiBarrier(comm); // wait for process one to finish

// Definition of Mesh and FE coarse space
mesh TH=square(H,H, [xX,y]); // Coarse global mesh
int nbtri=-TH.nt;

fespace P1Tri(TH,P1); // P1 on coarse mesh

fespace Tri(TH,PO); // PO on coarse mesh

fespace POPOedge(TH, [PO,POedge]); // Our MsFEM basis has the
same properties as P0-POedge bubble and edge functions

POPOedge [utest, vtest] ;

// Definition of oscillating coefficient

real eps = 1./64.; // size of oscillations

// coef of PDE :- div(aeps grad u)=f

func aeps =((2+1.8*sin(2*pi*x/eps))/ (2+1.8*cos(2*pi*y/eps)) +
(2+sin(2*pi*y/eps))/(2+1.8*sin(2*pi*x/eps)));

// macro for the coefficients
macro Aeps(u,v) (Grad(u)/T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] //

// P1 and PO functions to navigate triangular element more
easily

Tri ChiK=0;

P1Tri TestK-0;

// Creation of the basis, storing the Stiffness matrix and
right-hand sides
varf VZERO(u,v)=int2d(TH) (0. *u*v);
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matrix A=VZERO(POPOedge,POPOedge); // used to define the
skeleton of the stiffness matrix of the MsSFEM solution

matrix Ai=A; // matrix for process i

real[int] RHS(POPOedge.ndof); // structure of the coarse rhs
vector for the global solution

real[int] RHSi-RHS; // RHS for process i

func bordglobal=(3==0)+(3==1.)+(y==0)+(y==1.);
// function 1 on dirichlet bc and 0 elsewhere

// Loop on triangles
for (int i = 0; i < nbtri; i++)

{

//bool to test if processor iproc deal with element i
bool elemtest= (iproc==i%nbproc); // Bool to assign Element
i to process iproc according modulo function
if(elemtest) // If triangle assigned to current process
{
// Generating fine submesh of coarse element i
mesh THK, ThK;
ChiK[ ][i]=1; // PO function used to mark the element i
THK-trunc(TH, ChiK>0.1,split=1); // a mesh made of only
one triangle
ThK=-trunc(THK, 1, split=nsplit); // each triangle divived
by nsplit
ChiK[][41]=0; // reinitialize the function

// Computing the basis
fespace VKh(ThK,P1) ;
fespace VKH(THK, POedge) ;

VKh[int] uki(4); // MSFEM CR local basis, 4 DOF : 3
edges and one bubble

// One file per element
string namesol-"./basis_repository/basis_element"+i+".

txt";
//emptying the file
{

ofstream storebasis(namesol) ;
}

// Construction of expressions and matrices needed

real tgv=1e30; // penalization to enforce Dirichlet BC
(as on() function)

varf vAK(u,v)=int2d(ThK) (Aeps(u, v))+int1d(ThK) (tgv*u*v*
bordglobal); // Stiffness expression for the fine
MSFEM pb

varf vCedge(u,v)=-intld(ThK) (u*v); // Lagrange part for
the fine bubble and edge pb

varf vBK(u,v)= int2d(ThK) (1.*Vv); // RHS expression for
the fine MSFEM bubble pb
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matrix CK=vCedge(VKH,VKh); // Lagrange part to set
integral value on the edges

matrix Asub=vAK(VKh,VKh); // Stiffness matrix for the
fine MSFEM pb

// Computation of the bubble part
{
// right hand side for lagrange multiplier integral
on the edges is 0
real[int] bedge(3);
bedge=0;

real [int] bsub=vBK(0,VKh); // RHS for the fine
MSFEM pb Bi =int(fvi)

real[int] bk=[bsub, bedge]; // Global RHS for
solution and lagrange multipliers

matrix AK=[ [Asub,CK], [CK"T,0]]; // Global
Stiffness matrix for solution and lagrange
multipliers

set (AK, solver=UMFPACK) ;

real[int] xx(bk.n) ;

// Solving the linear system

3¢=-AK"-1*bk;

// Storing solution

[uki[0][],bedge] =xx;

{
ofstream storebasis(namesol, append) ;
storebasis << uki[0][] << endl; // store basis

}

//Loop on the edges to compute the edge basis functions
for (int j=0;3j<3;3j++)
{
// PO edge function on the coarse triangle to
locate the edge
VKH Test;
Test[][j]=1;

// Testing if the edge is on the global interface
where u=0 (homogeneous Dirichlet bc)

real valb=abs(int1d(THK) (bordglobal*Test) -int1d(THK
) (Test) ) ;

int boolbord=(valb<le-15);

real[int] bedge(3); // edge basis is null on the
global interface or satisfy L phi i=0 et
intedgej=deltaij

if (boolbord)

{
uki[j+1]=0; // if edge is part of boundary do

nothing and edge function 0
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}
else
{
varf vBK(u,v)=-int1d(THK) (v*Test); // RHS
expression for the lagrange multiplier int
edgej phii =deltaij
bedge=vBK(0,VKH); // Rhs lagrange vector
//bedge[j]l=1; // could also set value to 1
instead of H
real [int] bsub(VKh.ndof); // RHS for the fine
edge MSFEM pb(f=0 here)
real[int] bk=[bsub, bedge]; // Global RHS
matrix AK=[ [Asub,CK], [CKAT,0]]; // Global
Stiffness matrix
set(AK, solver=-UMFPACK) ;
real[int] so(bk.n);
xxe=AKN-1*bk; // solve the linear system
[uki[j+1][], bedge]=3xx;
}
{
ofstream storebasis(namesol, append) ;
storebasis << uki[j+1][] << endl; // Storing
basis
}

}

// Assembling the Stiffness matrix and RHS vector for
the global problem

varf vAK2(u,v)= int2d(ThK) (Aeps(u,v) );

matrix KK=vAK2(VKh,VKh); // Matrix to compute integral
for local stiffness matrices

// Loop on local MSFEM basis to compute RHS and local
Stiffness matrix
for (int j=0;3j<4;j++)
{
real bMSFEM=int2d(ThK) (uki[j]*(1.)); // RHS
with f=1 and assembling will be carried out
by value of f on the coarse level
int I=POPOedge(i,j); // global numbering of
local MSFEM function j
for (int 1=0;1<4;1++)
{
int J=POPOedge(i,1l); // global numbering of
local MsSFEM function 1

real[int] Kinter=KK*uki[l][];
real KMsFEM=uki|[j][]AT*Kinter; // local
stiffness MSFEM term
Ai(I,J)=Ai(I,J)+KMSFEM; // new stiffness
}
// eliminating edge functions that are on the
global interface
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if (3>0)
{
// location of the edge
VKH Test;
Test[][j-1]=1;
// test if edge on the global interface
real wvalb=abs(int1d(THK) (bordglobal*Test) -
int1d(THK) (Test) ) ;
int boolbord=(valb<le-15);

if (boolbord)
{
Ai(I,I)=tgv; // Penalization if edge on
the interface

}
RHSi[I]+=bMsSFEM; // change in global RHS

}

// Post process of the result concatenate results from all
processes

mpiReduce(RHS1, RHS, processor(0,comm) ,mpiSUM); // transfer RHSi
from all processes in RHS for process 0

mpiReduce(Ai, A,processor(0,comm),mpiSUM); // transfer Ai from
all processes in A for process 0

// Storing the basis, Stiffness matrix and RHS performed only
by process 0

if (mpiRank(comm)==0)

{

cout << "Post process of the result storing the basis,
Stiffness matrix and RHS" << endl;

string Stiffnessmatrix="Stiffness_matrix.txt";

{
ofstream save(Stiffnessmatrix);
save << A << endl;

}

string Rhsvector="Rhs_vector.txt";
{
ofstream rhsstore(Rhsvector) ;
int nvect=RHS.n;
rhsstore << nvect << endl;
rhsstore<< RHS << endl;
}

cout << "Basis and matrices stored" << endl;
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A.2 Online step: Computing approximation

A.2.1 Linear MSsFEM and oversampling MsFEM

The degrees of freedom are the same in the formulation of both MsFEM linear and
MSsFEM oversampling approaches. Hence, once the basis functions are computed, they
are used the same way. This is why only one script to compute the associated MSFEM
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approximation is presented here.

//

//
//
//

P.-L. Rothe - F. Legoll ENPC (CERMICS/Navier) - Inria
Matherials

Compute the linear MSFEM solution and compute in parallel a
QOI and points to plot the solution

run with command mpirun -np 4 FreeFem++-mpi
MsFEM_computation_parallel.edp

with np number of processes

verbosity=0;

//

files to load matrices needed

string Stiffnessmatrix-"Stiffness matrix.txt";
string Rhswvector="Rhs_vector.txt";

//

MPI definition

mpiComm comm(mpiCommworld, 0,0);

int nbproc = mpiSize(comm); // number of processes
int iproc = mpiRank(comm); // number of the current process

//

File to store the solution in x y value form element by
element

if(iproc==0)

{

}

//
//

string Createrep="mkdir -p solution_repository";
exec(Createrep) ;

Mesh parameters
Size of mesh

int H=256; // size of coarse mesh
int h=1024; // size of fine mesh
int nsplit=h/H; // ratio between coarse and fine mesh

mesh TH=square(H,H, [X,y]); // Coarse global mesh
int nbtri-TH.nt; // number of MSFEM triangles

fespace P1Tri(TH,P1);
fespace Tri(TH,PO); // PO on coarse mesh

//

Definition of coefficient

real eps = 1./32.; // size of oscillations
func aeps =((2+1.8*sin(2*pi*x/eps))/ (2+1.8*cos(2*pi*y/eps)) +
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(2+sin(2*pi*y/eps))/(2+1.8*sin(2*pi*x/eps)));
PDE :- div(aeps grad u)=f

// macro to simplify variational formulation
macro Aeps(u,v) (Grad(u)/ T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] // EOM

//

Right-hand side

func f=-1; // function that defines RHS
P1Tri frhs=f; // for coarse P1 resolution (not compulsory)

//

Function to compute on the fly local meshes

Tri ChiK=0;
P1Tri TestK=0;

// coef of

// Assembling the whole Stiffness matrix and the RHS for MsFEM

basis

cout << "loading Stiffness matrix" << endl;
matrix Aglobal;

ifstream Kmat(Stiffnessmatrix) ;

Kmat >> Aglobal ;

int number;

ifstream RHSm(Rhsvector) ;
RHSm >> number;

real[int] Rhsglob(number) ;
RHSm >> Rhsglob;

real[int] xo&=Rhsglob;

cout << "Matrices loaded" << endl;

cout << "MSFEM solution computing" << endl;

//

Solving the global linear system P1- MSFEM

set(Aglobal, solver-UMFPACK) ;
Rhsglob-Rhsglob. *frhs[]; // new RHS with coefficients

corresponding to values of f

xxx-Aglobal”-1*Rhsglob;
cout << "MsSFEM solution computed" << endl;

cout << "MsSFEM fine solution reconstructing" << endl;
cout << "Reconstructing the fine solution " << endl;

real Qoi=0; // quantity of interest to compute
real Qoiglobal=0; // quantity of interest to compute
// Loop over the triangles to compute QOI in parallel and to

store local values for display

for(int k=0;k<nbtri;++k)

{

bool elemtest= (iproc==k%nbproc) ;
if(elemtest)
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mesh THK, ThK; // local fine mesh

ChiK[ ][k]=1; // PO function used to mark the element i

THK=trunc(TH,ChiK>0.1,split=1); // a mesh made of only
one triangle

ThK=trunc(THK, 1, split=nsplit); // each triangle divived
by nsplit

ChiK[ ] [k]=0;

fespace VKh(ThK,P1); // fine P1 space

VKh uloc=0; // local fine solution

VKh[int] usol(3);

// loading msfem basis on element i

string basisstore="./basis_repository/basis_element"+k+

"ExE";
{
ifstream readbasis(basisstore) ;
for(int i=0;i<3;di++)
{ readbasis>> usol[i][];
}
}

// loop on MSFEM dof (3 vertices)

for(int i=0;i<3;++1)
{
real ugi=xx[P1Tri(k,i)]; // coeff of the solution
for the msfem basis i of element k
real[int] dummy=usol[i][]; // loading msfem basis i
of element k
dummy=dummy” ugi;
uloc[ ]=uloc[ ]+dummy; // build local solution
3

// Store the solution in x y value form
string solstore-="./solution_repository/sol_element"+k+"

Ext"
{
ofstream writesol(solstore) ;
for(int j=0;j<VKh.ndof; j++)
{
// save coordinates for all points in the fine
mesh
real Xs=ThK(j) .x;
real Ys=ThK(Jj) .y;
real valsol=uloc(Xs,Ys);
writesol<< Xs << " " << ¥s << " " << wvalsol <<
" " << endl;
¥
}

// Compute quantity of interest for instance energy
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real dum=0.5*int2d(ThK) (Aeps(uloc,uloc))-int2d(ThK) (£*
uloc) ;

Qoi=Qoi+dum;

}

//cout << Qoi << endl;

// Sum all contribution of QOI from processes to QO0Iglobal of
process

mpiReduce(Qoi, Qoiglobal, processor (0, comm) ,mpiSUM) ;

if(iproc==0)

{

// display QOI

cout << "Quantity of interest = " << Qoiglobal << endl;
}

A.2.2 MSsFEM Crouzeix-Raviart

// P.-L. Rothe - F. Legoll ENPC(CERMICS/Navier) - Inria
Matherials

// Compute the CR MSFEM solution and compute in parallel a QOI
and points to plot the solution

// run with command mpirun -np 4 FreeFem++-mpi
MsFEM_computation_parallel.edp

verbosity=0;
// files to load matrices needed
string Stiffnessmatrix-"Stiffness_matrix.txt";

string Rhswvector="Rhs_vector.txt";

// MPI definition
mpiComm comm(mpiCommworld, 0,0);

int nbproc = mpiSize(comm); // number of processes
int iproc = mpiRank(comm); // number of the current process

// File to store the solution in x y value form element by

element

if(iproc==0)

{
string Createrep="mkdir -p solution_repository";
exec(Createrep) ;

}

// Mesh parameters

// Size of mesh

int H=16; // size of coarse mesh
int h=256; // size of fine mesh
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int nsplit=h/H; // ratio between coarse and fine mesh

mesh TH=square(H,H, [x,y]); // Coarse global mesh
int nbtri=TH.nt; // number of MSFEM triangles

fespace P1Tri(TH,P1);

fespace Tri(TH,PO); // PO on coarse mesh

fespace POPOedge(TH, [PO,POedge]); // Space for MsFEM solution
as bubble and edge functions behave as PO0-POedge

// Definition of coefficient

real eps = 1./32.; // size of oscillations

func aeps =((2+1.8"sin(2*pi*x/eps))/ (2+1.8*cos(2*'pi*y/eps)) +
(2+sin(2*pi*y/eps))/(2+1.8*sin(2*pi*x/eps))); // coef of
PDE :- div(aeps grad u)=f

// macro to simplify variational formulation
macro Aeps(u,v) (Grad(u)/ T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] // EOM

// Right-hand side

func f=cos(x)*cos(y); // function that defines RHS

P1Tri frhs-f; // for coarse P1 resolution (not compulsory)

real[int] ul(POPOedge.ndof); // coefficient for RHS as int(
phimsfemi*1) already computed

POPOedge [utest,u2test]; // function to locate DOF and compute
coefficient for RHS

// loop on each dof to compute coefficient
for (int i=0;i<POPOedge.ndof;i++)

{
utest[][i]=1; // Function linked mimicking dof i
real alpha-int2d(TH) ((utest+u2test) *f)/int2d(TH) (utest+
u2test); // compute the value associated to f
representative of DOF considered
//(for bubble mean over triangle and edge mean over the
edge)
ul[i]=alpha;
utest[][i]=0;
¥

// Function to compute on the fly local meshes
Tri ChiK=0;
P1Tri TestK=0;

// Assembling the whole Stiffness matrix and the RHS for MsFEM
basis

cout << "loading Stiffness matrix" << endl;
matrix Aglobal;
ifstream Kmat(Stiffnessmatrix);
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Kmat >> Aglobal ;

int number;

ifstream RHSm(Rhsvector) ;
RHSm >> number;

real[int] Rhsglob(number) ;
RHSm >> Rhsglob;

real[int] >oc=Rhsglob;

cout << "Matrices loaded" << endl;

cout << "MsSFEM solution computing" << endl;

// Solving the global linear system P0O-POedge MSFEM

set(Aglobal, solver=UMFPACK) ;

Rhsglob=Rhsglob. *ul; // new RHS with coefficients corresponding
to values of f

sae=Aglobal”-1*Rhsglob;

cout << "MSFEM solution computed" << endl;

cout << "MSFEM fine solution reconstructing" << endl;
cout << "Reconstructing the fine solution " << endl;

real Qoi=0; // quantity of interest to compute ( computed for
one process)
real Qoiglobal=0; // quantity of interest to compute (sum for
all processes)
// Loop over the triangles to compute QOI in parallel and to
store local values for display
for(int k=0;k<nbtri;++k)
{
bool elemtest= (iproc==k%nbproc); // bool to assign one
element to one process
if(elemtest)
{
mesh THK, ThK; // local fine mesh
ChiK[ ][k]=1; // PO function used to mark the element i
THK=trunc(TH,ChiK>0.1,split=1); // a mesh made of only
one triangle
ThK=trunc(THK, 1, split=nsplit); // each triangle divived
by nsplit
ChiK[ ] [k]=0;

fespace VKh(ThK,P1); // fine P1 local space

VKh uloc-=0; // local fine solution

VKh[int] usol(4);

// loading msfem basis on element k

string basisstore-="./basis_repository/basis_element"+k+
" Ext";

{
ifstream readbasis(basisstore) ;
for(int i=0;i<4;i++)
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{
¥

readbasis>> usol[i][];

}
// loop on CR MsFEM dof ( one bubble and 3 edges)

for(int i=0;i<4;++1)

{
real ugi-xx{POPOedge(k,i)]; // coeff of the
solution for the msfem basis i of element k
real[int] dummy=usol[i][]; // loading msfem basis i
of element k
dummy=dummy” ugi;
uloc[ ]=uloc[ ]+dummy; // build local solution
}

// Store the solution in x y value form (for all points
of the fine mesh)
string solstore="./solution_repository/sol_element"+k+"

.Ext"g
{
ofstream writesol(solstore) ;
for(int j=0;j<VKh.ndof; j++)
{
real Xs=ThK(3j) .x;
real Ys=ThK(j).y;
real valsol=uloc(Xs,Ys);
writesol<< Xs << " " << ¥s << " " << wvalsol <<
" " << endl;
}
}
// Compute quantity of interest (for instance here
energy)
Qoi+=int2d(ThK) (Aeps(uloc,uloc) ) - int2d(ThK) (£*uloc) ;
}
¥

// Sum all contribution of QOI from processes to QO0Iglobal of
process 0
mpiReduce(Qoi, Qoiglobal, processor(0, comm) , mpiSUM) ;

if(iproc==0)

{
// display QOI
cout << "Quantity of interest = " << Qoiglobal << endl;

}
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A.3 Coupling linear MsFEM with P1

The code here is not parallelized as the aim is to show how to partition the mesh into
two pieces on which we apply either an MsFEM or a P1 formulation. It also shows a
way to deal with interface terms where the degrees of freedom are part of both P1 and
MSFEM formulations. Only the MSFEM linear coupled approach has been presented,
since the MSFEM oversampling approach would follow the same steps except for the
basis functions construction (we refer to SECTION A.1.2 in that respect).

// P.-L. Rothe - F. Legoll ENPC(CERMICS/Navier) - Inria
Matherials

// Implements a coupling method between P1-Elements and linear
MsSFEM
// In one region classical P1 are used and in the other region
each triangle is subdivided into smaller elements to compute
linear MsSFEM.
// The solution is continuous at the vertices as the BC for the
linear MSFEM corresponds exactly to P1 FE.
// of the coarse triangulation Thg continuous within each
coarse triangle and discontinuous
// For the time being only the Dirichlet BC are implemented and
it has not been yet parallelized

verbosity=0;

// geometric parameter for the separation between two areas

real hmin=0.21875; real hmin2=0.25; real valmin=hmin; real
valmax=1-hmin; real valmin2-hmin2; real valmax2-1-hmin2;

func fint=(xvalmin) * (xx<valmax) * (y>valmin) * (yxvalmax); //
function to separate P1 and MSFEM regions

func fint2=(cc>valmin2) * (x<valmax2) * (y>valmin2) * (yxvalmax2) ; //
function to design a two area coefficient

real eps = 1./16.; // size of oscillations
func aeps =3.* (£int2<0.3)+(£int2>0.3)* ((2+1.8*sin(2*pi*x/eps))/
(2+1.8*cos(2*pi*y/eps)) + (2+sin(2*pi*y/eps))/(2+1.8*sin(2*
pi*x/eps))); // coef of PDE :- div(aeps grad u)=f

// macro for variational formulation
macro Aeps(u,v) (Grad(u)/ T*Grad(v)*aeps) //
macro Grad(u) [dx(u),dy(u)] // EOM

// Right-hand side
func f=sin(2*pi*x)*cos(2*pi‘y);

// Size of mesh

int H=16; // size of coarse mesh

int h=256; // size of size mesh

int nsplit=h/H; // ratio between coarse and fine mesh




33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

170 APPENDIX A. CODES

// Mesh generation
mesh TH=square(H,H); // Coarse global mesh
int interface=5; // interface number for integration

P1 if (fint<0.3)=1 then element i stays in mesh

MSFEM if (fint>0.3)=1 then element i stays in mesh
int nbtriP1=-Thg.nt; // number of P1 triangles
int nbtriMsFEM=Thd.nt; // number of MSFEM triangles

TH=Thg+Thd; // Putting the two meshes together
plot(TH,wait=1); // plot of the global coarse mesh
fespace Tri(TH,P0); // PO on coarse mesh

fespace P1Tri(TH,P1); // P1 on coarse mesh

int nbtri=-TH.nt; // total number of triangles

// P1 and PO function to navigate the mesh
Tri ChiK=0;
P1Tri TestK=0;

// Generating fine submeshes
mesh[int] THK(nbtri), ThK(nbtri);
for (int i=0;i<nbtri;i++)

{
ChikK[ ][i]=1; // PO function used to mark the element i
THK[ i]=trunc(TH, ChiK>0.1,split=1); // a mesh made of only
one triangle
ThK[i]=trunc(THK[i], 1,split=nsplit); // each triangle
divived by nsplit
ChiK[ ] [i]=0;
}

// using coarse problem formulation
form of the coarse P1 problem

for the coarse P1 problem

MSFEM region
real[int] RHS=vB(0,P1Tri); // RHS for the coarse P1 pb

P1-MSFEM

element

mesh TK=THK[O0] ;
mesh TKh=ThK[O0] ;

mesh Thg=trunc(TH, (fint<0.3), label=interface); // coarse mesh

mesh Thd=trunc(TH, (fint>0.3), label=-interface); // coarse mesh

varf vA(u,v)= int2d(TH) (Aeps(u,v) )+on(1,2,3,4,u=0);// bilinear

varf vB(unused,v)= int2d(TH) (£f*v )+on(1,2,3,4,unused=0);// RHS

matrix A=vA(P1Tri,P1Tri); // Stiffness matrix for the coarse P1
pb -> this matrix will be used in P1 region and changed for

real[int] xx(RHS.n); // Coefficient for the coupled formulation

int nbdofKMSFEM=3; // nb of DOF in MSFEM variant for one
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fespace VKh(TKh,P1) ;
fespace VK(TIK,P1);

// Vector of FE to store the fine solutions
VKh[ int] Ui(nbtriMsFEM*nbdofKMSFEM);// FH

// number of MSFEM element currently computed
int iU=0;

// Loop on the element of the MSFEM region to buid the MsFEM
basis (can be performed in parallel)
for (int i=nbtriPl;i<nbtri;i++)
{
//loading meshes and P1 coarse and fine of the current
element
mesh TK=THK[i] ;
mesh TKh=ThK[i];
fespace VKh2(TKh,P1) ;
fespace VK2(TK,P1);

// fine FE vector storing the local basis functions
VKh2[ int] uki(nbdofKMSFEM) ;

// Loop to compute the linear MSFEM basis for the ith
element

for (int j=0;j<nbdofKMSFEM; j++)

{

// P1 coarse function to set the BC for the basis function
(P1 basis function)

P1Tri Test;

Test[ ] [P1Txri(4i,])]=1;

varf vAK(u,v)=int2d(TKh) (Aeps(u,v))+on(1,2,3,4, interface, u=
Test); // Stiffness expression for the fine MSFEM pb

varf vBK(u,v)= on(1,2,3,4, interface,u=-Test); // RHS
expression for the fine MSFEM pb

real [int] bk=vBK(0,VKh2); // RHS for the fine MSFEM pb

matrix AK=VAK(VKh2,VKh2); // Stiffness matrix for the fine
MSFEM pb

set (AK, solver=UMFPACK) ;

uki[j][]=AR*-1"bk; // solve the linear system

Ui[iU][]=uki[j][]; // store it in the global solutions

iU++; // increasing number of MSFEM basis computed

}

// Assembling the Stiffness matrix and RHS vector for the
global problem

varf vAK2(u,v)= int2d(TKh) (Aeps(u,v) );

matrix KK=vAK2(VKh, VKh) ;

// penalization term for the dirichlet BC
real tgv=1e30;
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// Double loop on dof MSFEM to compute the local Stiffness
matrix and RHS
for (int j=0;j<nbdofKMSFEM; j++)

{

// P1 element to remove the P1 Stiffness part (no
splitting of DOF like discontinuous galerkin, DOF
are vertices)

VK2 T3;

P1Tri P1Tj;

PITj[ ] [P1Tri(4, j)]=1;

Tj=P1T3;

real bP1=int2d(TK) (Tj*£); // RHS P1 coarse

real bMSFEM=int2d(TK) (uki[j]*f); // RHS MSFEM-L coarse

int I=P1Tri(4i,j); // global numbering of vertex j

int btestj=(TH[i][j].1label>0)* (TH[i][j].label!=
interface); // test if dof du bord pour vertex i

RHS[I]=RHS[I]-bP1+bMsFEM; // change in global RHS

for (int 1=0;1<nbdofKMSFEM; 1++)

{

int J=P1Tri(i,1l); // global numbering of vertex 1

// P1 element to remove the P1 Stiffness part (no
splitting of DOF like discontinuous galerkin,
DOF are vertices)

VK2 T1;

P1Tri PI1T1;

P1T1[ ] [P1Tri(4i,1)]=1;

T1-P1T1;

func bordglobal=(3==0)+(y==0)+(==1)+(y==1);

int btestjl-btestj+ (TH[i][1].label>0)* (TH[i][1].
label! =interface) ;

real KP1=int2d(IK) (Aeps(Tj,T1l)); // local Stiffness
P1 coarse

real KMSFEM=int2d(Tkh) (Aeps(uki[j],uki[1l])); //
local Stiffness MSFEM

if(btestjl==0)
{
A(I,J3)=A(1,J)-KP1+KMsSFEM; // new Stiffness=

ancient Stiffness+ msfem contribution -P1
contribution

}

// Solving the global linear system P1-MSFEM
set (A, solver-UMFPACK) ;
3oc=AN-1"RHS;

// Rebuild MSFEM solution -> the solution is evaluated
accurately locally

//Global coarse solution for P1 part
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P1Tri Plsol;
// Rebuild the P1 region locally
for(int k=0;k<nbtriP1;++k)

{
for(int i=0;i<3;++1i)
{
Plsol[ ] [P1Tri(k,i) |=xx[P1Tri(k,i)]; // fill the global p1l
part with solution
}
}

// Loop on the MSFEM region triangles
iU=0; // counter to load msfem basis
for(int k=nbtriP1l;k<nbtri;++k)
{
// load the coarse and fine mesh of P1 triangle k
TKh=ThK[K] ; //FH
// Mesh corresponding to the global fine mesh
mesh TKf=trunc(TK, split=nsplit,1);

fespace VKh2(TKh,P1); // fine P1 space

VKh2 uloc=0; // local fine MSFEM CR solution

// loop on vertices
for(int i=0;i<nbdofKMSFEM; ++1i)
{
real ugi=-xx[P1Tri(k,i)]; // coeff of the solution for
the msfem basis i of element k
real[int] dummy=Ui[iU][]; // loading msfem basis i of
element k
dummy~-dummy” ugi ;
uloc| ]=uloc|[ |+dummy; // build local solution
iU++;
}
// perform operation with uloc, storing quantity of
interest,

}

A.4 MSsFEM as a second level preconditioner
// P.-L. Rothe - F. Legoll ENPC(CERMICS/Navier) - Inria
Matherials

// Implements the second level preconditioner given by MsSFEM
linear basis and Jacobi fine preconditioner

verbosity=0;
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// inputs : Mesh H, mesh h, diffusion coeff A known on h, Right
hand side known on H, MSFEM basis functions,

// Stiffness matrix and Passage matrix from MsFEM coarse basis
to global fine mesh

// Mesh def and generation

// Size of mesh

int H=8; // size of coarse mesh

int h=256; // size of size mesh

int nsplit=h/H; // ratio between coarse and fine mesh

mesh TH=square(H,H, [x,y]); // Coarse global mesh
int nbtri-TH.nt; // number of MsSFEM triangles

// Global fine mesh
mesh Thf=trunc(TH, split=nsplit,1);

//P1 on global fine mesh
fespace Vhf(Thf,P1) ;

// Definition of coefficient

real eps = 1./32.; // size of oscillations

func defcoeff =((2+1.8*sin(2*'pi*x/eps))/ (2+1.8*cos(2*pi*y/eps)
) + (2+sin(2*pi*y/eps))/(2+1.8*sin(2*pi*x/eps))); // coef
of PDE :- div(aeps grad u)=f

Vhf aeps=defcoeff;

macro Aeps(u,v) (Grad(u)/ T*Grad(v)*aeps) //

macro Grad(u) [dx(u),dy(u)] // EOM

// Right-hand side
func £f-=1;
P1Tri frhs-f;

Tri ChiK=0;
P1Tri TestK=0;

// Loading Precomputed MSFEM Stiffness matrix
string Stiffnessmatrix-"Stiffness_matrix.txt";
cout << "loading Stiffness matrix" << endl;

matrisx Aglobal;

int number;

ifstream Kmat(Stiffnessmatrix) ;
Kmat >> number;

real[int] valA2(number) ;

int[int] IA2(number),JA2(number) ;
Kmat >> IA2 >> JA2 >> valA2 ;
Aglobal=[ IA2, JA2,valAZ2] ;

// Loading Precomputed passage matrix between MSFEM coarse
basis VH and fine mesh Vh

// Vh=Pglobal VH

string passagematrix='"passage matrix.txt'";

cout << "loading passage matrix" << endl;
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matrix Pglobal;

ifstream Pmat(passagematrix) ;
Pmat >> number;

real[int] wvalA(number) ;
int[int] IA(number), JA(number) ;
Pmat >> IA >> JA >> valA ;
Pglobal=[IA, JA,valA];

cout << "MSFEM solution computing" << endl;
//Fine solution computed with preconditioning

cout << "defining fine problem" << endl;

//Fine problem

varf vAf(u,v)= int2d(Thf) (Aeps(u,v) )+on(1,2,3,4,u=0);
varf vBf(unused,v)= int2d(Thf) (£*v )+on(1,2,3,4,unused=0) ;

matrix Aref=vAf(Vhf, Vhf) ;
real[int] RHSref=vBf(0,Vhf);
real[int] soaref(RHSref.n) ;

cout << "defining Jacobi preconditioner" << endl;
//Jacobi diagonal fine preconditioner matrix

int n = Vhf.ndof;

real[int] one(n); one=1.;

matrix Id=one; //

matrix diag-one;

for(int i=0;i<n;i++)

{
diag(i,i)=1/Aref(i,1i);
¥

cout << "Defining whole preconditioner" << endl;

cout << "Defining preconditioner functions" << endl;
//Jacobi diagonal preconditioner

func real[int] Preconddiag(real[int] & xx)

{
real[int] zxx = diag*xx;
return xx;

}

// Function giving MSFEM solution on coarse MSFEM basis for a
RHS = b

func real[int] ComputeMSFEM(real[int] b)

{

verbosity=0;

set(Aglobal, solver=UMFPACK) ;

real[int] xot=Aglobal’-1*b;

return xx;

}
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//Second level preconditioner M7A-1 X= PglobalATComputeMsFEM/(
Pglobal X)+diag X

func real[int] Precondmsfem(real[int] & xx)

{

// MSFEM precon part

real[int] xd=Pglobal "T*xx; // transform RHS on RHS on MSFEM
basis

real[int] solH=ComputeMSFEM(xxH); // Compute MsFEM solution on
coarse MsSFEM basis for RHS xxH

real[int] xdh=-Pglobal*solH; // Get back to the fine mesh

// Jacobi part

real [int] MX=diag*xx; // compute the fine part of the
preconditioner

o= xxh+MX;

return xx;

¥

cout << "fine solution preconditioned MSFEM computing" << endl;

//Solve the fine pb with second level preconditioner

verbosity=10; // to display the value of relative error of
GMRES

real tol=1e-6; // GMRES stopped if err<tol or nb iteration >
nbiter

set(Aref, solver-GMRES, nbiter-150, precon-Precondmsfem, eps=-tol) ;

Vhf uref;

uref| | =Aref”-1*RHSref;

plot(uref,wait=1,cmm="msfem precondition');

cout << "fine solution preconditioned MSFEM computed" << endl

b

cout << "fine solution DIAG computing" << endl;

//Solve the fine pb with only Jacobi preconditioner

verbosity=10; // to display the value of relative error of
GMRES

tol=1e-6; // GMRES stopped if err<tol or nb iteration >nbiter

set(Aref, solver=-GMRES, nbiter=150, precon=-Preconddiag, eps=-tol) ;

Vhf uref2;

uref2[ | =Aref”-1*RHSref;

plot(uref2,wait=1,com="diag precondition");

cout << "fine solution DIAG computed" << endl;



APPENDIX B

LTRACE RESULTS AND SOBOLEV INTERPOLATION
RESULTS

In CHAPTER 3, we have used some analytical tools to get convergence estimates. We
have to consider liftings of functions defined on the boundary of local domains (solu-
tions of elliptic PDE with prescribed Dirichlet boundary conditions) and control them
in terms of Sobolev norms on the domain. This annex is intended to review and intro-
duce the tools we used in a more comprehensive manner. First, we perform a review
on the definition on fractional Sobolev spaces (on whole domains, boundary and sub-
set of boundaries). Then, the Trace theorem and especially the scaling with regard to
the length of the domain is discussed with some remarks on elliptic regularity. Finally,
we present some polynomial interpolation results.

B.1 Sobolev spaces on boundaries and Traces opera-
tor

This section presents Sobolev spaces properties for specific domains (boundary or sub-
set of a boundary) and the link between estimates on the domain and on the boundary
in Sobolev norms. This review relies heavily on the following monographs: [78, sEc-
TION 2.3 through 2.8], [71, SEcTION 3], and [47, SECTION 1].

B.1.1 Characterization of the regularity of a domain ¢

Definition B.1. (see [47, DEFINITION 1.2.1.1)] Let ) be an open subset of R"™. We say that
its boundary I" is continuous (respectively Lipschitz, continuously differentiable, of Class
Ckt, m times continuously differentiable) if for every x € T there exists a neighborhood
V of x in R™ and new orthogonal coordinates {y1, ..., y,} such that

1. V is an hypercube in the new coordinates:
V={(y1,-..syn)| —a; <y; <a;, 1 <j<n}

2. There exists a continuous (respectively Lipschitz, continuously differentiable, of
Class C*1, m times continuously differentiable) function ¢, defined in
Vl:{(:gla"'?ynfl”_aj <yj <aja 1 S] Sn_l}
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() (2
I' [

Figure B.1: Left: example of Lipschitz domain, Right: a non-Lipschitz domain

and such that

6(y')| < an/2 for everyy' = (y1,...,yn-1) € V'
ANV ={y= (' un) € V|y. < 6(y)}
NV ={y=yn) € Vg = 0(¥)}

Remark B.2. Polygonal domains have a boundary that is Lipschitz continuous. However,
the boundary is not continuously differentiable. If €2 is a bounded open convex subset of
R"™, then §2 has a Lipschitz boundary, (see [47, COROLLARY 1.2.2.3 and DEFINITION 1.2.1.1])

B.1.2 Review of fractional Sobolev spaces

Considering €2 a bounded Lipschitz domain in R% we define H*({2) the fractional
Sobolev spaces for / € RT and A = ¢ — [{] €]0, 1] by

HYQ) = {u e HYQ), lu|y < oo} (B.1)

with |u|, the semi-norm

uf2 = Z// 8“ de“E v)° d dy (B.2)

|al=[]

Remark B.3. H'(Q) is an Hilbert space associated with the scalar product

in= X [rorur ¥ [ [THIZUD U000,

|2
al </ o=l

(B.3)
and the norm || - ||¢ = (-, -);/2.
Moreover, it holds that the closure of C3° () with respect to the || - ||, norm defines HS()

as usual.
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B.1.3 Definition of Sobolev spaces on the boundary

In CHAPTER 3, we have used interpolation results on boundaries of small domains and
have expanded these results in the interior of the domains. In order to do that, we
require trace theorems. Such results often involve regularities associated to fractional
Sobolev spaces defined on the boundary.

All Sobolev spaces cannot be defined on any boundary of an open bounded domain.
Indeed, the Sobolev regularity ¢ is bounded by a maximal order of differentiability
depending on the regularity of the boundary I'. The regularity of the boundary I' can
be seen as the maximum regularity of x a diffeomorphism between a local part of I"
and a bounded space in R"~! (typically BY% the intersection between the ball of radius
R centered at 0 and the plane z,, = 0). In such case, ¢ a function defined on the
boundary can be seen as the sum of functions é = x o ¢ from BY to R (space where
Sobolev space are well defined). The regularity of such function depends obviously on
the regularity of x the diffeomorphism between the local part of I and BY%. Hence, it
holds that for Lipschitz domains and C* domains Sobolev spaces H*(T") are defined if
¢ € RT satisfies

¢ <1 for Lipschitz domains (2 (B.4)
¢ < k for C* domains
H'(T) = {¢: T~ R| ¢ € H'(B})}

We can also define an associated norm and scalar product similar to (B.3) except
that d should be replaced by d — 1 in (B.2) and the integral should be computed on I"
(instead of 2).

Remark B.4. The definition of Sobolev spaces H*(I') and their associated norms seems
to depend on the coordinates system chosen for the diffeomorphism between I' and BY,.
However, it can be shown that for bounded Lipschitz domains the space contains the same
set of functions and the norm are equivalent.

Remark B.5. For closed surfaces, then H*(TI') = HS(T), with HS(T') the closure of in-
finitely differentiable functions with support on I' with respect to H* norm. Similarly to
domains, negative Sobolev spaces on boundaries are defined as

H™Y(T) = (HYT))', fort >0 (B.5)

B.1.4 Sobolev spacesonly C I

In CHAPTER 3, we build basis functions on each element (convex polygons such as
triangle or quadrangle) by imposing boundary conditions on edges. Hence, we need
to get local approximation properties edge by edge and then get back to estimates on
the whole domain by performing liftings. To that end, we will consider Sobolev spaces
only CTI.

For I'g C I' measurable with [Ig| > 0, and s € [0, 1], we define the space H, (also

noted H*(I'y) in the literature) by
Hg o = {u € H*(T)| supp(u) C To} (B.6)

The associated norm is given by

lullag = [0l s () (B.7)
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where u denotes the extension of u on I" by 0.
We can also define Sobolev spaces on I'y, with negative exponents: H *(I'g) =
(Hg,)' for s € [0,1].

Remark B.6. One has to be careful when considering such spaces especially when one
wants to compare the norms H*(I'y) and H*(I"). We recall results from [3, SECTION 2]
and [47, LEMMA 1.5.1.8]. For instance let us consider I' = 1"y U I's with I'; and I's two
line segments intersecting at a point z.

Then, for 0 < s < 1/2
fe H (') ifandonlyif flr, € H*(I'1) and f|r, € H*(I'9)

The norm || - || gs(ry is equivalent to || - || s,y + || - || s (1)

For1/2<s<1
fe H (') ifandonlyif flr, € H*(I'1), flr, € H*(I'2) and f is continuous on z.

The norm || - || g=(ry is equivalent to || - || sy + || - || s (1)

However, for s = 1/2, denoting o1, 05 the unit vectors parallel to T'1, T’y respectively
pointing toward z, it holds that

fe H (') ifandonlyif Ipr(f)= /Et_1|f(z —tol) — f(z +tog)? dt < 00
0
and f|F1 € HS(Fl), f‘r‘2 c HS(FQ)

The norms || - || gsry and || - || sy + || - || s (ro) are not equivalent.

Hence, for s = 1/2 and I the boundary of a polygon in R? composed by n edges
' = Uj=1..1'; one cannot bound easily the || - ||3;. ) by the sum of || - |

2
Hs(Ty)

B.1.5 Trace theorems

The previous section helped define regularity on the domain €2 and on the boundary
I". However, the link between both regularity is missing, that is the answer to the
following questions: If one considers a function f in H*(f2), what is the regularity of
f on T ? If we have a function f that belongs to H*(I"), on what conditions can one
build an extension fin the whole domain which coincides with f on the boundary ?
The Trace operator theory addresses both problems.

Theorem B.7. (see [78, THEOREMS 2.6.8 and 2.6.9]) If () is a bounded Lipschitz domain
with boundary T, then for 1/2 < { < 3/2, there exists a continuous linear trace operator
v+ HY(Q) — H*Y2(T') such that

vo = ¢lr  forall ¢ € C*(Q)
If Q is a bounded C* domain then the same result holds for 1/2 < ( < k.
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We need the following corollary describing the consequence of this theorem in the
case where ¢ = 1 and the domain has a small length.

Corollary B.8. If Q) is a bounded Lipschitz domain of R? with boundary T', then the
trace operator y : H'(Q) — H'/?(T") is continuous: for allu € H'(Q), there exists Cq
(depending on the shape and the diameter of (1) such that

[ellgrrr2ry < Callullar @)

Moreover, if we consider Q) a bounded domain in R? which is polygonal and convex with

diam(Q) = 1 and Q2 such that diam(§2) = H and () can be obtained from 2 by an affine
transformation, then it holds that

H_1||U||L2(F) + |U|Hl/2(r) <C (H_2||U||L2(Q) + |U|H1(Q))
with C depending only on the shape of ).

In the case where the domain has only Lipschitz boundary, it is impossible to define
H*(T") with s > 1. However, in the case of polygonal domains, as the boundary is
piecewise C'*°, linear continuous operator can be defined on more regular Sobolev
spaces though not on the whole boundary but edge by edge.

Theorem B.9. (see [48, THEOREM 1.4.2]) If 2 is a polygonal bounded open subset of R?
with boundary I' = Uj—; _nyI'; where each I'; is a segment. then, denoting by v the unit
outward normal vector, the mapping

ou oku
U= {%‘U,’Yja—yj;---ﬁjm}
J

which is defined for u € D(Q) has for k < s — 1/2 a unique continuous extension from
H*(Q2) onto H HP=12(T)).

0<p<k

Theorem B.10. (see [48, THEOREM 1.4.6]) If ) is a polygonal bounded open subset of R?

with boundary I' = U;—1 _nI'; where each I'; is a segment, then, denoting by v the unit
Co,

outward normal vector, the mapping v — {f;, = 1<j<N, 0<I<m-1}

fY] 8 47
is linear continuous onto the subspace of T' = H H Hm_l_l/z(Fj) defined by

1<j<N 1<4<m—1
the following conditions.

Let L be any differential operator with constant coefficients and order d < 1. Denote
by P, the differential operators tangential toI'; such that

L= Z fae
then
Z e fie(S Z 10 fit10(S;) ford <m — 2
ij,gfj,gzZPjﬂ,lfjH,,Z at S; ford < m — 2
] ¢
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The Trace operator is obviously not invertible. Let us consider (2 a closed space
with regular boundary. Two functions in H'(f2) can share the same trace on the
boundary (in the H'/2(92) sense) and be different on € (take for instance, f(z,y) =
V2 +y?and g(x,y) = 2 + y* on By = {(x,y) € R x R |2? + y* < 1} ). However,
it is possible to define a continuous extension operator from H*~'/2(T") to H*(Q2).

Theorem B.11. (see [78, THEOREM 2.6.11]) Let €} be a bounded Lipschitz domain with
boundaryT. Then, for1/2 < { < 3/2, there exists a linear continuous extension operator

Z : H=Y4(T) — HY(Q) with (yo Z)(¢) = ¢ on HVA(T) forall¢p € HV*(T).

B.2 Regularity of elliptic equations on convex domains

In CHAPTER 3, we need to assess the regularity (in terms of Sobolev spaces) of the

solution to

—div(AVu) = finQ, (B5)
u = 0 on 0f2.

Theorem B.12. (see [47, THEOREMS 2.2.2.3 and 3.2.1.2]) If A is elliptic and Lipschitz
continuous, [ € L*(Q2) and Q is a convex domain then the problem (B.8) admits a unique
solution u in H}(Q). Moreover, u belongs to H*((2).

One can also obtain Holder regularity results provided more regularity on f and
the domain.

Theorem B.13. (see [43, THEOREM 6.24 |) Suppose that A is elliptic, in a bounded domain
(2 that satisfies an exterior sphere condition, and A and f are Hélder continuous with
exponent o (in C%%(S2)). Suppose that f and A are bounded on Q. Then if ¢ is continuous
on 05, the Dirichlet problem —div(AVu) = f inQ, uw = ¢ on 02 has a unique solution
u € C%N) N C%(Q).

Remark B.14. The exterior domain condition is satisfied if there exists r such that for
any x € 0S) there exists a ball B, of radius r satisfying B, C R"\ Q and x € 0B,. For
a triangle and a rectangle (most generally a convex polygonal domain) this condition is
satisfied for all r.

The Laplacian operator has unique properties allowing to control for u € H%(D)N
H}(D) all second derivatives with only the L?(D) norm of the Laplacian. It is espe-
cially useful when Au = f with u € H}(D) as the norms of the function can be
bounded by f provided u is regular enough (H?(D)).

Theorem B.15. (see [48, THEOREM 2.2.3]) Assume that () is a bounded convex polygonal
open subset of R? such that diam(Q2) = H. Foru € H?(Q)) such that the trace of u on
0X) vanishes it holds that

H|Jull2) + H ulmo) + [ulz@) < CllAul|gz, (B.9)

with C' independent of the length of ().
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B.3 Sobolev interpolation of linear operators

Lemma B.16. (see [68, THEOREM 5.1]) Let (X', Y) be a couple of separable Hilbert spaces
with X C Y, such that X is dense in ) and such that the injection from X to ) is
continuous. Let (X,Y’) be another couple of Hilbert spaces with analogous properties.
Denote by L(X,Y') the set of linear continuous operators from X to Y, and likewise
for L(X,)). Let  be an operator satisfying m € L(X,)) N L(X,Y). Then, for all
0 <60 <1, wehave

m € L([X, X]o, [V, Y]))

where the interpolated space [ X, Xy is defined in [68, DEFINITION 2.1].

Remark B.17. LEMMA B.16 allows to extend easily properties from integer Sobolev spaces
to fractional Sobolev spaces. Indeed, with 0 < s < 1, one can also define H*({)) as
[L2(Q), H'(Q)]s. For instance, if we have a linear operator 7 such that foru € L*(Q)
|mul 2@ < lullr2@) and foru € HY(Q), [|7ullr2@) < Cllullmi), then it holds that
foru € H*(Q), || mul|r2) < C°||ul|gs). Such results are crucial to prove polynomial
approximation results for fractional Sobolev norms spaces.

B.4 Polynomial interpolation results and properties

For a wide range of PDE’s (in our case elliptic PDE), the solution can be approximated
by a Galerkin approach: solving the problem on a finite dimensional space (for instance
a Finite Element space). Denoting by u the solution to the considered PDE and u, its
Galerkin approximation on space V},, we often have results bounding the error by the
best approximation error, for instance

|u — un| g1 < CJ}?Q%HU — Op |l ()

From this point, one does not know the behavior of the error (for instance how the error
decreases with respect to the meshsize h). Hence, particular functions v, are used to get
an explicit behavior of the error. Finite Element methods use polynomials functions
that can be used to approach broader types of functions in a wide range of norms
(norms associated to Sobolev spaces, continuous functions,...) through interpolation
and projection. For example, in the case of P1 FE space provided that the solution w is
regular enough, we have

min [[u — vpllare) < llu— In(u)]| < Chllulm2@
v EVY

with Ij,(u) the P1 FE interpolant such that I, (u) = Z u(z;)p; with ¢; the P1

i=1..Nyertices
basis function associated to the vertex 7. Now we know that by dividing the meshsize

by two, we also divide the error by two. That is why interpolation results are crucial
in Galerkin approaches on FE spaces. They indeed allow to obtain an explicit behavior
of the error from a best approximation error. The best approximation is often bounded
by above by using explicit polynomials (projection or interpolation of the solution u),
hence it is crucial to have a simple method to exhibit a relevant polynomial approach-
ing the solution u. This section is not aimed at being exhaustive, the goal is to give
an idea of what tools are available, especially regarding the polynomial approxima-
tion space. Most of the results are from the following monographs (see [36], [12], [13],
[22],[72]). Although there exists approximation results on interpolation and projection
on polynomial functional spaces, we present here only interpolation results.
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B.4.1 Interpolation of smooth functions

There are many ways to perform interpolation. We will focus here on polynomial
interpolation in 1D and 2D and consider especially the Legendre polynomials since it
is the cornerstone of the analysis of the approach designed in CHAPTER 3.

Considering 2 C RY, the interpolation of a function u is performed by using an
operator going from a functional space (often H*({2)) onto the space of continuous
polynomials with a total degree V. Usually, this operator use evaluation of u on spe-
cial points to get a good approximation of u in the space of continuous polynomial
functions. Such evaluation requires u to be continuous, that is u € H*(Q)) with s > %l,
with d the ambient dimension.

We will first consider interpolation results from the Lagrange Finite Element inter-
polant associated to a regular mesh 7.

Theorem B.18. (see [36, THEOREM 1.103]) Assume we use Lagrange Finite element of
degree k > 0 associated to a regular mesh T}, of a domain ) C R" with reference element
K € R? (here d = 2) on the space of continuous functions. We consider interpolation
results on element I of length h that can be obtained from K by a linear transformation.

We define Ij-(u) = 37, naor w(wi)i, with ¢; the FE basis function associated to
the degree of freedom i on the Finite Element space of degree k for Ty (k = 1 piecewise
affine functions on nodes).

Then, ford/2 — 1 < { < k and for allm € {0,...,¢+ 1} it holds that

VK €Ty, Yu € HZH(K), lu — ]f((u)\Hm(K) < C’hﬁ;rl*ma}?]umeﬂ(;()

with C' independent of h and o = Z_;z < oy since T is regular.

Such result is interesting as we have an explicit rate of convergence with respect to
the meshsize h: these estimates are the cornerstone of the /-Finite Element methods.
However, if we increase the degree of Finite Element, the rate in hx does not increase
anymore as soon as the maximal regularity Sobolev index of the function u is reached
(there is no need to take a degree k > (). Moreover, to get better rates with respect
to the regularity ¢ one has to take element of higher degree ¢ < k. There exists in-
terpolation methods that are also taking into account the polynomial degree p used to
improve estimates. Such methods are called p-Finite Element or Spectral methods (see
[12] and [13]). They use specific properties of specific polynomials such as Legendre
polynomials and Chebyshev polynomials. Most recent interpolation results capitalize
on both aspects to gives estimates in h and p (see [22, SECTION 5]).

Proofs of such results usually follow the same pattern. First results are proved for
integer Sobolev spaces by using specific properties of polynomial families (for instance,
the Legendre polynomials satisfy the Legendre’s differential equation and the study of
the associated differential operator allows to obtain estimates) to get inequalities such
as ¢i€nPfN|u — ¢|us(py < Clu|pm(p) for s < m integers. Second, we use Sobolev inter-

polation arguments (see LEMMA B.16) to get the results for fractional Sobolev spaces.

Theorem B.19. (see [22, SECTION 5.4.4]) If we consider I a 1D interval of size h, then con-

sidering the Legendre interpolant I (polynomial of degree N such that Il (u) (Z‘JGL_N> =

u(:UJGL’N) for all the N 4+ 1 Gauss-Lobatto points x]GL’N), and anyu € H™(I), 1 <

m < N and k = 0, 1 one has

lw — I () || grery < CR™F N |u| g 1)
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We have a similar result for Cartesian product domains, namely domains that can
be obtained from ) = (—1,1)¢ with an affine transformation. It is interesting as it
applies to quadrangular elements in a mesh.

Theorem B.20. (see [22, SECTION 5.8.3]) Consider$) a quadrangle in R? of length h and
the Legendre interpolant It defined as the polynomial of degree up to N in each variable
(x1,z2) such that

[H (U) (l_;l,GLfN7 :Cleg,GLfN) _ u(x;ill,GLfN7 xleQ,GLfN)
for all the (N +-1)? Gauss-Lobatto points (7" GL=N ge2CENY Then for allu € H™(S),
(2+1)/2<m < Nandk =0, 1onehas

lu = I (u) || gy < CR™FN* " |u gm(q)

B.4.2 Interpolation of non-smooth function

In classical polynomial interpolation, in order to define the interpolant one has to eval-
uate the function at specific points. However, if the function to interpolate is not con-
tinuous, the interpolant cannot be built. There are some tools to tackle such issue, the
non-smooth interpolation theory.

We present the most common approach: the Clément interpolation introduced in
[25].

We consider Vj; the piecewise affine functions on 7 spanned by hat functions ¢;
defined on the interior vertices of the mesh.

For u € H}(D), the Clement interpolant C; from H}(Q) is defined by

Nb,
vertex fQ gbz

~ B.10
R A (B10)

Remark B.21. Such interpolation does not require any evaluation of the function at a
point. A weaker regularity (for instance L?(Q)) is enough.

Theorem B.22. (see [36, LEmMA 1.127] ) If u € H} () with Q a polygonal domain in
R? and Ty a shape regular conformal mesh of §) then it holds that for any edgee C T’
with I the collection of all interior edges of the mesh, we have

lu — Crr(w)]| r2(e) < CHY?||ul i1 o)

with w, all the elements who share a vertex with the edge e and H, the length of the edge
e.

Other non-smooth interpolation methods exist such as the Scott-Zhang interpolant
that allows to take into account boundary conditions (see [36, LEMMA 1.130]).

One can also design hp-Finite Element non-smooth interpolation method where
the degree of polynomial approximation is also taken into account in the estimate (see

[72]).

Theorem B.23. (Scott-Zhang type interpolation result [72, THEOREM 2.3]) Assume that
T is a conformal mesh which is shape regular in the sense of (3.2). For any element
K € Ty, we choose a maximal degree pix € N* and we assume that these degrees {px }
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satisfy (3.33). Then there exists a continuous interpolation operator SZ from H}(D) to
H}(D) N S({px}) with

S({pr}) = {u € C°(D); u|k is a polynomial function of degree at most py}.

Furthermore, there exists a constant C' which only depends on the mesh regularity ~
of (3.2) such that, for anyu € H}(D) and any edge e C T, it holds that

o\ V2
o= S2(oe <€ (25) lulnca B.11)

e

where w, is the union of all the elements who share a vertex with the edge e, H, is the
length of the edge e and p. = min{pg | e C OK}.



Résumé Le travail de cette thése a porté sur la simulation numérique des matériaux multi-échelles.
On considére des matériaux hétérogenes dont les propriétés physiques ou mécaniques (conductivité
thermique, tenseur d’élasticité, ...) varient a une échelle petite par rapport a la taille du matériau. La
these s’articule en deux parties qui correspondent a deux aspects différents des problémes multi-échelles.
Dans la premiére partie, on se place dans le cadre de ’homogénéisation aléatoire et on s’intéresse a une
question plus fine que la caractérisation d’un comportement moyen : on cherche a étudier les fluctua-
tions de la réponse. Plus généralement, nous visons a comprendre : (i) quels parametres de la distribution
des coefficients du matériau a I’échelle fine affectent la distribution de la réponse a 1’échelle macro-
scopique, et (ii) s’il est possible d’estimer cette distribution sans utiliser une méthode type Monte-Carlo,
trés couteuse. Sur le plan théorique, nous avons considéré un matériau faiblement aléatoire (micro-
structure périodique avec ajout d’une perturbation aléatoire petite). Nous avons montré qu’en utilisant
le correcteur standard issu de la théorie de ’homogénéisation aléatoire, nous sommes capables de cal-
culer un tenseur Q qui gouverne complétement les fluctuations de la réponse. Ce tenseur, défini par une
formule explicite, permet d’estimer la fluctuation de la réponse sans résoudre le probléme fin pour de
nombreuses réalisations. Une stratégie d’approximation numérique de ce tenseur a ensuite été dévelop-
pée et testée numériquement dans des cas plus généraux.

Dans la deuxiéme partie de la thése, on considere un matériau hétérogéne déterministe fixé ou les hy-
pothéses classiques d’homogénéisation (périodicité, ...) ne sont pas vérifiées. Les méthodes de résolu-
tion standard type Eléments Finis donnent de mauvaises approximations. Pour pallier cette difficulté,
la Méthode des Eléments Finis Multi-échelles (MsFEM) a été introduite il y une vingtaine d’années. La
méthode MSFEM se décompose en deux étapes : (i) créer un espace d’approximation grossier engen-
dré par les solutions de problémes locaux bien choisis; (ii) approximer la solution avec une approche
de Galerkine peu couteuse sur 'espace construit dans (i). Dans cette deuxiéme partie, plusieurs taches
ont été réalisées. Tout d’abord, une implémentation de plusieurs variantes MSFEM a été effectuée sous
forme de templates dans le logiciel de calcul Eléments Finis FreeFem++. Par ailleurs, plusieurs variantes
des MSFEM patissent d’une erreur dite de résonance : lorsque la taille des hétérogénéités est proche de
la taille du maillage grossier, la méthode devient trés imprécise. Pour pallier ce probléme, une méthode
MSFEM enrichie a été développée : a la base MSFEM classique on rajoute des solutions de problemes
locaux ayant pour conditions aux limites des polynémes de haut degré. L’utilisation de polynoémes nous
permet d’obtenir une convergence de I’approche a des cofits de calcul raisonnables.

Summary This thesis is about the numerical approximation of multi-scale materials. We consider
heterogeneous materials whose physical or mechanical (thermal conductivity, elasticity tensor, ...) vary
on a small scale compared to the material length. This thesis is composed of two parts describing two
different aspects of multi-scale problems.

In the first part, we consider the stochastic homogenization framework. The aim here is to go beyond the
identification of an effective behavior, by attempting to characterize the fluctuations of the response.
Generally speaking we strive to understand: (i) what parameters of the distribution of the material
coeflicient affect the distribution of the response and (ii) if it is possible to approximate this distribution
without resorting to a costly Monte-Carlo method. On the theoretical standpoint, we consider a weakly
random material (the micro-structure is periodic and presents some small random defects). We show
that we are able to compute a tensor Q that governs completely the fluctuations of the response, thanks
to the use of standard corrector functions from the stochastic homogenization theory. This tensor is
defined by an explicit formula and allows us to estimate the fluctuation of the response without solving
the fine problem for many realizations. A numerical approximation of this tensor has been proposed and
numerical experiments have been performed in broader random frameworks to assess the effectiveness
of the approach.

In the second part, we consider a heterogeneous deterministic material where classical homogenization
(periodicity, ...) assumptions are not satisfied. Standard methods such as Finite Elements give bad
approximations. In order to solve this issue the Multi-scale Finite Element Method (MsFEM) can be used.
This approach proceeds in two steps: (i) design a coarse approximation space spanned by solutions to
well-chosen local problems; (ii) approximate the solution by an inexpensive Galerkin approach on the
space designed in (i). On this topic, we first implemented the main variants of the MsFEM methods
in the Finite Element software FreeFem++ on template form. Second, many MsFEM approaches suffer
from resonance error: when the size of the heterogeneities is close to the coarse mesh size the accuracy
decreases. In order to circumvent this issue, we designed an enriched MsFEM method: to the classical
MSsFEM basis, we add solutions to local problems with high degree polynomial boundary conditions.
The use of polynomials allows us to obtain a converging approach for a limited computational cost.
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