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Introduction

This course treats two essential subjects, among many others, in applied mathematics: nu-
merical analysis and optimization. Before even presenting these two disciplines, let us imme-
diately say that through their teaching the objective of this course is to introduce the reader
to the world of mathematical modelling and numerical simulation which have gained
considerable importance in these last decades in all areas of science and industrial applica-
tions (or engineering science). Mathematical modelling is the art (or the science, depending
on the point of view) of representing (or transforming) a physical reality into abstract models
which are accessible to analysis and to calculation. Numerical simulation is, of course, the
process which allows us to calculate the solutions of these models on a computer, and thus
to simulate physical reality.

But, first of all, what is applied mathematics? To say that it is mathematics turned
towards applications would be a tautology and a false characterization. In effect, throughout
time, mathematicians have been inspired by the practical problems that they have tried
to solve, however, the emergence of applied mathematics as an independent discipline is
relatively recent. In fact, everything changed with the appearance of the first computers
shortly after the Second World War. More than for any other discipline the computer has
been a revolution for mathematics: in effect it has opened up a new field, that of modelling
and simulation. The computer has made mathematics an experimental science (we make
‘numerical experiments’ as others make physical experiments), and the design, as well as the
analysis of methods of calculation on a computer, has become a new branch of mathematics:
this is numerical simulation. This progress also made it possible for mathematics to attack
much more complex and concrete problems, resulting from immediate industrial or scientific
motivations, to which we can bring both qualitative and quantitative responses: this is
mathematical modelling.

We can thus characterize applied mathematics as the mathematics of modelling and
numerical simulation. From this point of view, applied mathematics lies at the intersection of
many scientific disciplines: mathematics, computing, physical sciences, chemistry, mechanics,
biology, economics, and engineering sciences (under this last term we usually group the
different fields of industrial applications such as aeronautics, power generation, finance, etc.).
The American mathematician Joseph Keller said as a joke that ‘pure mathematics is a
branch of applied mathematics’. He wanted to highlight the multidisciplinary character of
applied mathematics (but it is not excluded that he also wanted to pay back some ‘pure’
mathematicians who affect to despise applied mathematics).

Paraphrasing the title of a famous film, my colleague Pierre-Louis Lions claims that
applied mathematics is characterized by three things: Sex, Lies, and Videotapes. Videocas-
settes are of course the symbols of digital simulation (and of the films that they produce), lies

xiii



Xiv INTRODUCTION

correspond to models (not always faithful to reality), and the sex is obviously mathematical
analysis (inextinguishable engine of human passions and source of much pleasure).

After this (long) detour we can now return to the title of this course. Numerical analysis
is thus the discipline which conceives and analyses the methods or algorithms of numerical
calculation. In addition optimization is the theory of methods which allow us to improve
the operation, output, or the response of a system by maximizing or minimizing associated
functions. It is thus an essential tool for modelling.

The objectives of this course are to familiarize the reader with the principal models
(which are often partial differential equations), their methods of numerical solution and
their optimization. Of course, the ambition of this course is to give a foundation which
will allow future engineers either in a design department or in research and development
to create new models and new numerical algorithms for more complicated problems
not discussed here. However, even those not destined for such a career are interested in
understanding the fundamentals of numerical simulation. Indeed, many industrial or political
decisions will be taken from now on having faith in calculations or numerical simulations.
It is thus essential that the decision-makers are capable of judging the quality and of the
reliability of the calculations which are presented to them. This course will allow them
to understand the first criteria which guarantee the validity and the relevance of numerical
simulations.

The plan of this course is the following. After a first chapter of introduction to the prin-
cipal ‘classical’ models and to their numerical solution, Chapter 2 is dedicated to the study
of the numerical method of finite differences. These first two chapters allow us to go very
quickly to some essential numerical questions which motivate the theoretical developments
that follow. Chapters 3, 4, and 5 are dedicated to the theoretical solution by the variational
approach of stationary (independent of time) models. They also give the foundation of a
very important numerical method, called the finite element method, which is presented
in detail in Chapter 6. The finite element method is the basis of many pieces of industrial
or academic software. Chapters 7 and 8 discuss the solution of nonstationary problems
(or of evolution in time), from both the theoretical and numerical points of view. If the
first eight chapters are dedicated to numerical analysis, the last three treat optimization.
Chapter 9 presents a series of concrete examples of optimization problems and gives a theory
of existence of solutions to these problems. Chapter 10 derives the (necessary or sufficient)
conditions for optimality of the solutions. These conditions are important as much from the
theoretical as the numerical point of view. They allow us to characterize the optima, and
they are the foundation of the numerical algorithms that we describe. Finally, chapter 11
is an introduction to operational research. After having studied linear programming, we
give an outline of combinatorial optimization methods (that is to say optimization in dis-
crete variables) which are essential for the optimal planning of resources and tasks in all large
companies. Each chapter starts with an introduction which gives the plan and the principal
ideas.

The length of this course should not worry the reader: the course contains numerous
supplementary developments which allow the curious reader ‘to go a little further’ and to
make the link with other works or other disciplines. It is, therefore, more a work of reference
than the exact transcription of a lecture course.

To finish this introduction we give some practical information. As far as possible, this
course is intended to be ‘self-contained’ to avoid frequent references to other works. This
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is particularly sensible for many results from analysis which here are only useful, but not
essential, technical tools. Statement without proof would amount to using them as ‘black
boxes’ which gives them the flavour of an artificial ‘recipe’. As far as possible, we have
therefore included their proof, but more as information and to ‘demystify’ than for the
theoretical interest of the mathematical arguments. In order to distinguish them we use, for all
these difficult passages or those of complementary interest, smaller characters like these. The reader
should therefore consider these passages in small characters as ‘outside of the programme’.
The statements of results or of definitions are in italic characters like these. The exercises
are in sans serif characters like these. The end of a proof is indicated by the character O, while
the end of a remark or of an example is indicated by the character e. An index is available
at the end of the work.

The answers to exercises will be published in French. Most of the computer programs
which implement the numerical methods studied, and which have allowed us to produce the
figures in this work, are available on the website
http://www.cmap.polytechnique.fr/~allaire/course_X_annee2.html
where the reader can download them freely. The finite difference schemes, as well as the finite
element method in one dimension, have been programmed in the language Scilab developed
by INRIA and ENPC, available free on the website
http://wuw.scilab.org
while the results of the finite element method in two dimensions have been obtained with the
help of the program FreeFem++ developed by F. Hecht and O. Pironneau and also available
free on the website
http://www.freefem.org
In addition, most of the two-dimensional figures and all of the three-dimensional figures have
been drawn with the help of graphical program xd3d developed by Frangois Jouve at the
Ecole Polytechnique and also available free on the website
http://www.cmap.polytechnique.fr/~ jouve/xd3d
Let us indicate another web address for the curious reader who wants to know more about
the history of mathematics or the life of some mathematicians cited in this course
http://wuw-history.mcs.st-and.ac.uk/history
The reader who would like to keep up to date with the progress and advances of applied
mathematics would benefit to consult the site of the Société de Mathématiques Appliquées
et Industrielles
http://smai.emath.fr
or that of its American colleague, the Society for Industrial and Applied Mathematics
http://wuw.siam.org

The level of this course is introductory and it does not need any other prerequisites
other than the level of knowledge gained in the first few years of university. We recognize
that it is difficult to show much originality in this subject which is already classical in
the literature. In particular, our course owes much to its predecessors and particularly
to the course by B. Larrouturou, P.-L. Lions, and P.-A. Raviart from which it sometimes
borrows heavily. The author thanks all those who have reread parts of the manuscript,
particularly Frédéric Bonnans, Bruno Després and Bertrand Maury. A special mention is
due to Stéphane Gaubert, who has co-written chapter 11, and also to Olivier Pantz, who has
reread the entire manuscript with great care and who has checked the exercises and written
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the corrections. The author thanks in advance all those who will point out the inevitable
errors or imperfections of this edition, for example, by email to the address
gregoire.allaire@polytechnique.fr

G. Allaire
Paris, July 7, 2005



1 Introduction to
mathematical modelling
and numerical simulation

1.1 General introduction

This chapter is an introduction to two distinct, but closely linked, aspects of applied
mathematics: mathematical modelling and numerical simulation. A mathem-
atical model is a representation or an abstract interpretation of physical reality that is
amenable to analysis and calculation. Numerical simulation allows us to calculate the
solutions of these models on a computer, and therefore to simulate physical reality. In
this book, the models we shall study will be partial differential equations (or PDEs),
that is, differential equations in several variables (time and space, for example).

For the moment we shall put aside a third fundamental aspect of applied mathem-
atics, that is, the mathematical analysis of models to which we shall return in a little
more depth in later chapters. We need, in some way, to both motivate and justify this
necessary intrusion of mathematical analysis. We shall see that the numerical calcula-
tion of the solutions of these physical models sometimes has some unpleasant surprises
which can only be explained by a sound understanding of their mathematical prop-
erties. Once again we recall the fundamental multidisciplinary character of applied
mathematics, and therefore of numerical simulation, which combines mathematics,
computer science, and engineering.

Although most of the problems and applications which motivate applied mathem-
atics are fundamentally nonlinear (see, for example, [12], [27]), we confine ourselves
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in this work to linear problems for simplicity. Likewise, we only consider deterministic
problems, that is, with no random or stochastic components. Finally, in order for this
chapter to be introductory and easily accessible, we shall often be a little imprecise
in our mathematical arguments. The more rigorous reader can be reassured that we
shall return to the concepts introduced in this way more carefully in the following
chapter.

The plan of this chapter is the following. Section 1.2 is devoted to an elementary
example of modelling which leads to the heat flow equation. Section 1.3 is a quick
review of the principal PDEs that we meet in the usual models in mechanics, physics,
or engineering sciences. Section 1.4 is an informal introduction to numerical analysis
and the finite difference method. Finally, in the Section 1.5 we give the definition
of a well-posed problem as well as a (brief) classification of PDEs.

1.2 An example of modelling

Modelling represents a considerable part of the work of an applied mathematician
and requires a thorough knowledge, not only of applied mathematics, but also of the
scientific discipline to which it is applied. In fact, in many cases the mathematical
model may not yet be established, or we must select the pertinent one from among
several possibilities, or we must simplify known models which are too complex. How-
ever, in an introductory presentation of the discipline it is not possible to do justice
to this step of the modelling process: we must begin by learning the basic properties
of applied mathematics! This is why we limit ourselves to describing the derivation
of a well-known classical physical model, and we refer the reader who wishes to know
more to more specialised works.

The model which we shall describe is known as the heat flow equation, or the
diffusion equation.

Let us consider a domain € in N space dimensions (denoted by R, with in general
N = 1,2, or 3) which we assume is occupied by a homogeneous, isotropic material
which conducts heat. We denote the space variable by z, that is a point of €2, and the
time variable by t. The heat sources in Q (possibly nonuniform in time and space) are
represented by a given function f(x,t), while the temperature is an unknown function
6(x,t). The quantity of the heat is proportional to the temperature 6 and is therefore
cf where c is a physical constant (which depends on the material) called the specific
heat. To calculate the temperature 6, we write down the law of conservation of
energy or of heat. In an elementary volume V contained in 2, the variation in time
of the amount of heat is the balance of that produced by the sources and that which
leaves or returns through the element boundaries. In other words,

jt(/chdx>=/VfdﬁC—/8V‘I'ndsv (1.1)

where OV is the boundary of V (with surface element ds), n is the outward unit
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normal from V', and ¢ is the heat flux vector. If we apply Gauss’s theorem we obtain

/ q~nds=/diqux.
v v

Gathering together the different terms in (1.1) and using the fact that the elementary
volume V is independent of time, we deduce the energy conservation equation

a0
S +divg=f (1.2)

which holds at every point € Q and for all time . We recall that the divergence
operator is defined by

N

. Oq; .

divg = Z (’9:;- with ¢ = (q1, ... ,qn) 7.
i=1

We must now link the heat flow to the temperature, by what is called a constitutive
law. In this case, we use Fourier’s law which says that the heat flux is proportional
to the temperature gradient

q=—kVoT (1.3)

where k is a positive constant (which depends on the material) called the thermal
conductivity. Remember that the gradient operator is defined by

T
ve= (20 )
8x1 aJCN

By combining the conservation law (1.2) and the constitutive law (1.3), we obtain an
equation for the temperature 6

00
— — kA0 =
c 8t f7
where A = divV is the Laplacian operator given by
N 92
ro=3"27
i=1 O

This equation is valid in the entire domain 2 and we must add another relation, called
a boundary condition, which describes what happens at the boundary 02 of the
domain, and another relation which describes the initial state of the temperature.
By convention, we choose the instant ¢ = 0 to be the initial time, and we impose an
initial condition

o(t = 0,2) = Oy(z), (1.4)

where 6 is the function giving the initial distribution of the temperature in the domain
Q. The type of boundary condition depends on the physical context. If the domain is
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Figure 1.1. Unit normal vector oriented to the exterior.

surrounded by a region of constant temperature, then, by rescaling the temperature,
the temperature satisfies the Dirichlet boundary condition

O(t,z) =0 for all x € 9 and t > 0. (1.5)

If the domain is assumed to be adiabatic or thermally isolated from the exterior, then
the heat flux across the boundary is zero and the temperature satisfies the Neumann
boundary condition

?(t, z)=n(z) - VO(t,z) =0 forall z € 9Q and ¢t > 0, (1.6)
n

where n is the unit outward normal to Q (see Figure 1.1). An intermediate situation
can happen: the heat flux across the boundary is proportional to the jump in tem-
perature from the exterior to the interior, and the temperature satisfies the Fourier
(or Robin) boundary condition

00

a—(t,x) +af(t,x) =0 forall z €9, and t >0 (1.7)
n

where « is a positive constant. As we must choose a boundary condition (as one

of the steps in the modelling), we shall take the Dirichlet boundary condition (1.5).

Finally, gathering together the equation, the initial value, and the boundary condition

satisfied by the temperature, we obtain the heat equation

c%kaﬂzf for (z,t) € Q x Rf
O(t,z) =0 for (x,t) € 00 x Rf (1.8)

0t =0,z) =0g(x) forxze

Problem (1.8) therefore comprises a PDE equipped with boundary conditions and
an initial value. Because of the boundary conditions, we say that (1.8) is a bound-
ary value problem, but we also say that it is a Cauchy problem because of the
initial value.
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Remark 1.2.1 In this model of heat propagation we must make the physical units
precise: the temperature 6 is expressed in degrees Kelvin (K), the specific heat ¢
in Joules per kilogram per degree Kelvin (J/(kg x K)), the thermal conductivity
(per unit of mass) k in Joules metre squared per kilogramme per degree Kelvin per
second (Jm?/(kg x K x s)). From a mathematical point of view, we shall frequently
neglect these units, and also assume that the constants ¢ and k are equal to 1 (this is
equivalent to making the physical quantities nondimensional). °

Remark 1.2.2 We have mentioned three types of boundary condition, Dirichlet,
Neumann, and Fourier (but there are others) which hold on the entire boundary 0€Q.
Of course, we can easily imagine situations where the boundary conditions are mixed:
Dirichlet on 9Qp, Neumann on 02y, and Fourier on 0Qg, with 0Qp, 9N, 0Qr being
a partition of the boundary 0f. .

Remark 1.2.3 The heat flow equation (1.8) is linear in the sense that its solution
0 depends linearly on the data (f,6y). In physics, this property is often described
in terms of a superposition principle: a linear combination of data (f,6y) leads to a
solution @ which is the same linear combination of solutions corresponding to each
term of the decomposition of data. From a physical point of view, linearity is only
one hypothesis among many. Indeed, for problems with a strong variation in temper-
ature, Fourier’s law is false, and it should be corrected by assuming that the thermal
conductivity k& depends on the temperature 6 and its gradient V6 (which makes the
problem nonlinear). Even worse, for very rapid phenomena (explosions, for example)
it is necessary to abandon the assumption of the proportionality of the heat flux ¢ to
the temperature gradient V0. Indeed, this hypothesis (which initially appears ‘natu-
ral’) leads to the following paradox: the heat propagates with infinite velocity in the
domain 2. We shall see later (see Remark 1.2.9) how to reach this paradox. Let us
remember for the moment that modelling is making hypotheses and describing their
domain of validity. .

Remark 1.2.4 Problem (1.8) is not just a model of heat propagation. In fact it
has a universal character, and we find it in many unrelated phenomena (we simply
change the names of the variables). For example, (1.8) is also known as the diffusion
equation, and models the diffusion or migration of a density or concentration across
the domain ) (imagine a pollutant diffusing in the atmosphere, or a chemical species
migrating in a substrate). In this case, 6 is the concentration or the density in
question, ¢ is the mass flux, k is the diffusivity, and c¢ is the volume density of the
species. Likewise, the conservation law (1.2) is a mass balance, while the constitutive
law (1.3) is called Fick’s law. o

Remark 1.2.5 Problem (1.8) also occurs in finance where it is called the Black—
Scholes model. A variant of (1.8) allows us to find the value of an option to buy (or
call option) a stock, which is initially worth z, for price k at some time in the future 7'
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This value is the solution w of

2
% —ru+ 1/27‘58% + 1/2021'2% =0 for (z,t) e R x (0,7

u(t =T, z) = max(xz — k,0) forz e R

(1.9)

More precisely, u(0, x) is the value at time ¢t = 0 of the call option with exercise price
k at the exercise time 7" > 0, and with value z at ¢ = 0. The volatility is denoted by
o and the interest rate by r. We remark that (1.9) is a final value and not an initial
value problem, but that the sign of the second space derivative is opposite to that in
(1.8). Consequently, after reversing the time, (1.9) is a parabolic equation. °

Numerous variants of the heat equation (1.8) exist, some of which we shall now
explore. Up until now we have assumed that heat propagates in a fixed medium, or
at least a still medium. Let us now assume that it propagates in a moving medium,
for example, a fluid moving with velocity V(z,t) (a vector valued function in RY).
Then, we must now change the constitutive law since the heat flux is the sum of a
diffusive flux (as before) and a convective flux (proportional to the velocity V'), and
proceeding similarly to the arguments above leads us to the convection—diffusion
problem

00 .
cg—&—cV-VH—kAQ:f in Q x Rf
0=0 on 9Q x Rf
0(t=0,2) = 6y(z) in Q

(1.10)

The difference between (1.8) and (1.10) is the appearance of a convection term. We
measure the balance between this new convection term and the diffusion term by a
dimensionless number called the Péclet number, defined by

cVL

k )

where L is a characteristic length of the problem (for example, the diameter of the

domain ). If the Péclet number is very small then the diffusive effects dominate

the convective effects, and model (1.8) is sufficient to describe the phenomenon.

If the Péclet number is neither small nor large (we say that it is the order of unity),

then model (1.10) is more realistic than (1.8). On the other hand, if the Péclet number

is very large, we can simplify (1.10) by removing the diffusion term. We then obtain
the equation known as the advection equation

Pe =

(1.11)

0
c%—FCV-VH:f in Q x RY

0(t,x) =0 for (z,t) € 9Q x R} if V(z)-n(z) <0
Ot =0,2) =6p(x) inQ

(1.12)

We note the difference in the boundary condition of (1.12) with respect to that of
(1.10): we no longer impose that the temperature 6 is zero everywhere on the bound-
ary 0f2 but only on those parts of the boundary where the velocity V is re-entrant.
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We have therefore described three models of heat propagation by convection and
diffusion, (1.8), (1.10), (1.12), which have different regimes of validity depending on
different values of the Péclet number. Of course, the analytical or numerical solution
of these three problems is very different. This is reflected in the current state of
mathematical modelling: there are several competing models and we must choose the
‘best’.

In order to understand better the fundamental differences which exist between
these models, we temporarily restrict ourselves to the case where {2 = R the whole real
line (which rids us of the question of the boundary conditions), where the source term
f is zero, and where the velocity V is constant. We can then explicitly calculate
solutions of these models. For example, (1.10) becomes

08 06 920

Pov® 87 0 R x RF
3t+vé) Von? 0 for (z,t) € R x R]

0(t=0,2) = 6y(x) forz e R

(1.13)

with v = k/c, which has solution

+oo T — N\ 2
O(t,x) = \/4;775/7 0o(y) exp (—(thy)> dy. (1.14)

A solution of (1.8) is easily obtained by setting V' = 0 in the expression (1.14).

Exercise 1.2.1 We assume that the initial condition 6, is continuous and uniformly
bounded in R. Verify that (1.14) is a solution of (1.13).

With the same simplifying hypotheses, the advection equation becomes

00 a0 i
§+V%—O for (z,t) € R x R} (1.15)
0t =0,2) =6p(x) forxzeR
We verify that
0(t,x) = Op(xz — Vi) (1.16)

is a solution of the equation (1.15).

Exercise 1.2.2 We assume that the initial data 6y is differentiable and uniformly
bounded over R. Verify that (1.16) is a solution of (1.15). Show that (1.16) is the
limit of (1.14) as the parameter v tends to zero.

Remark 1.2.6 If we solve the heat flow equation (1.8) on a bounded interval (and
not in the whole space), we can also calculate an explicit solution by using Fourier
analysis (see [4], [38]). This solution would be a little less ‘explicit’ than (1.14)
as it is defined as the sum of an infinite series. We remark that it was precisely
to solve the heat flow equation that Fourier invented the analysis which takes his
name. .
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Remark 1.2.7 The role of time is fundamentally different in equations (1.8) and
(1.12). Indeed, assuming that the source term is zero, f = 0, if we change the sign of
time ¢ and that of the velocity, the advection equation (1.12) is unchanged (when we
change the time we change the current). Conversely, a change in the sign of time in
the heat flow equation (1.8) cannot be compensated by any variation in the sign of
the data. This is obvious in the explicit form of the solution: (1.16) is invariant by
changing the sign of t and V| whereas (1.14) (with V' = 0) decreases in time, indicating
the ‘arrow’ of time. We say that the advection equation is reversible in time, while
the heat flow equation is irreversible in time. This mathematical observation is
confirmed by physical intuition: some phenomena are reversible in time, others are
not (like the diffusion of a drop of milk in a cup of tea). .

Remark 1.2.8 Another fundamental difference between equations (1.8) and (1.12)
lies with the property of invariance with respect to change of scale. Let us
assume that the source term is zero, f = 0. It is easy to see that if 8(x, ) is a solution
of the heat flow equation (1.8), then, for all A > 0, (z/\,t/)\?) is also a solution of
the same equation (for a different initial value). Likewise, assuming that the velocity
V is constant, if #(x, t) is a solution of the advection equation (1.12), then 6(x/A\,t/\)
is also a solution. We see that the scaling of time is not the same in both cases. We
also remark that, in both cases, the equations are invariant under translation in space
and in time. )

Remark 1.2.9 A surprising property (from the physical point of view) of the heat
flow equation (1.8) is that the solution in (x,t) depends on all the initial values in R
(see formula (1.14)). In particular, in the case of (1.13), if the initial data is positive
with compact support, then for all time ¢ > 0 (no matter how small) the solution
is strictly positive over all R: in other words, the heat propagates ‘instantaneously’
to infinity. We say that the heat propagates with an infinite velocity (which
is clearly a limitation of the model). On the other hand, in the advection equation
(1.15) the initial data is convected with velocity V' (see formula (1.16)): therefore
there is a finite velocity of propagation. .

Remark 1.2.10 Thanks to the explicit formulas (1.14) and (1.16), we easily verify
that the solutions of the convection—diffusion equation (1.13) and of the advection
equation (1.15) satisfy the property

Iniﬁ Oo(z) < O(z,t) < max Oo(z) for all (z,t) € R x RY,
TEe EAS

which is called the maximum principle. This property (which is equally important
from the point of view of both mathematics and physics) extends to more general
forms of the convection—diffusion equation (1.10) and of the advection equation (1.12).
We shall study it more carefully later. .
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1.3 Some classical models

In this section we shall quickly describe some classical models. Our goal is to present
the principal classes of PDEs which we shall study later, and to show that these
equations play a very important role in diverse scientific areas. From now on, we
shall nondimensionalize all the variables, which will allow us to set the constants in
the models equal to 1.

1.3.1 The heat flow equation

As we have seen, the heat flow equation appears as a model in many problems in
science and engineering. It is written

%—Au:f in Q x R
ot (1.17)
u= on 9Q x Rf :

u(t=0)=up in Q.

This equation is first order in time and second order in space (the order is that of
the highest partial derivatives). We shall say that this equation is parabolic (see
Section 1.5.2). We have already seen some properties of this equation: irreversibility
in time, propagation with infinite velocity, and the maximum principle.

Exercise 1.3.1 We shall find a property of exponential decrease in time (see formula
(1.14)) of the solution of the heat flow equation (1.17) in a bounded domain. In one space
dimension, we set £2 = (0, 1) and we assume that f = 0. Let u(t, z) be a regular solution
of (1.17). Multiplying the equation by u and integrating with respect to x, establish the

equality
1d v, !
2dt</0 u(t,x)dm)——/o —

Show that every continuously differentiable function v(x) on [0, 1], such that v(0) = 0,
satisfies the Poincaré inequality

/OIUQ(:r)dx</01

From this, deduce the exponential decrease in time of fol u?(t,x) d.

2

2

d
Y dz.

i

1.3.2 The wave equation

The wave equation models propagation of waves or vibration. For example, in two
space dimensions it is a model to study the vibration of a stretched elastic membrane
(like the skin of a drum). In one space dimension, it is also called the vibrating cord
equation. At rest, the membrane occupies a plane domain 2. Under the action of



10 MODELLING AND SIMULATION

Figure 1.2. Displacement of an elastic cord.

a force normal to the plane with intensity f, it deforms and its normal displacement
is denoted by u (see Figure 1.2). We assume that it is fixed at the boundary, which
gives a Dirichlet boundary condition. The wave equation with solution w is given by

0%u )
ﬁ—Au:f in Q x RfF
u=0 on 9Q x Rf
) (1.18)
u(t=0) =ug in
%(t:()) =u; inQ

We note that this equation is second order in time and that we therefore need two
initial conditions for u. We say that this equation is hyperbolic (see Section 1.5.2).

Exercise 1.3.2 We work in N = 1 space dimensions. We assume that the initial data
ug and wuy are regular functions, and that f = 0 with 2 = R. We note that U; is a
primitive of u;. Verify that

1 1
u(t,z) = 3 (uo(x +t) + up(z —1t)) + 3 (Ui(z+t) = Us(z— 1)), (1.19)
is the unique solution of (1.18) in the class of regular functions.

The wave equation shares, with the advection equation (1.12), the important
property of propagation with finite velocity. Indeed, exercise 1.3.3 shows that
the solution at a point (z,t) does not depend on all the initial data but only on the
values in a restricted interval called the domain of dependence (or light cone; see
Figure 1.3). We recall that this property is not shared by the heat flow equation since
it is clear, from formula (1.14), that the solution in (x,t) depends on all the values of
the initial data.

Another property of the wave equation is its invariance under the change of direc-
tion of time. If we change t to —t, the form of the equation does not change. We can
therefore ‘integrate’ the wave equation in the positive or negative time directions in
the same way. We say that the wave equation is reversible in time.
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Exercise 1.3.3 Verify that the solution (1.19) at the point (z,t) only depends on the
values of the initial data up and w; in the segment [z — ¢,z +t]. Verify also that u(—t, )
is a solution of (1.18) in Q x R if we change the sign of the initial velocity u;(x).

(x,2)

x—t X+t X

Figure 1.3. Domain or cone of dependence of the wave equation.

Exercise 1.3.4 We propose showing a principle of conservation of energy for the wave
equation (1.18) without using the explicit formula (1.19). In one space dimension, we set
Q= (0,1) and we assume f = 0. Let u(t,x) be a regular solution of (1.18). Multiplying
the equation by du/dt and integrating with respect to x, establish the energy equality

d /1 2 /1 ou 2
— dx + dr | =0.

ou
—(t
ax ( ? x)

Compare this with what happens for the heat equation.

E(tv :C)

1.3.3 The Laplacian

For certain choices of source term f, the solution of the heat flow equation (1.17)
reaches a steady (or stationary) state, that is, u(¢, z) tends to a limit u.(x) as time
t tends to infinity. Often, it is interesting to calculate this steady state directly. In
this case, for a source term f(x) which is independent of time, we solve an equation
which is second order in space

—Au=f inQ
{ u=0 on 0f), (1.20)

which we call the Laplacian or Laplace’s equation. We say that this equation is elliptic
(see Section 1.5.2). We remark that the Laplacian is also the stationary version of
the wave equation (1.19). The Laplacian also occurs in numerous fields of science
and engineering. For example, (1.20) models the vertical displacement of an elastic
membrane subjected to a normal force f and fixed around its boundary.
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1.3.4 Schrodinger’s equation

Schrédinger’s equation describes the evolution of the wave function w of a particle
subject to a potential V. Recall that u(t,z) is a function of R* x RY with values in
C and that the square of its modulus |u|? is interpreted as the probability that the
particle is found at the point (¢, ). The potential V(z) is a real-valued function. The
wave function is a solution of

0
ia—?—i—Au—Vu:O in RY x Rf
u(t =0) = ug in RY

(1.21)

There are no boundary conditions in (1.21) since the equation holds over the whole of
space (which has no boundary). Nevertheless, we shall see that a ‘reasonable’ choice
of function space in which to look for the solution implies de facto a condition of
decay to infinity of u which can be interpreted as a boundary condition at infinity.

Exercise 1.3.5 We propose to show principles of energy conservation for Schrodinger's
equation (1.21). Let u(¢,z) be a regular solution of (1.21) in one space dimension which
decreases to zero (as does Ju/0x) as |x| — +o0o0. Show that for every differentiable

function v(t) we have
dv_\  19Jv]?
R ((%U) T2 ot

where R denotes the real part and T the complex conjugate of v. Multiplying the equation
by @ and integrating with respect to x, establish the energy equality

[t as = [ fuofa)?a

Multiplying the equation by 0u/0t, show that

/ROgZ(t,x)Q-i-V(x) |u(t,x)|2> dx:4<‘zz)(x)

1.3.5 The Lamé system

2

+V(2) |u0(x)|2> dz.

The Lamé system is a particular case of the linearized stationary elasticity equations
which model deformations of a solid under the assumption of small deformations and
of small displacements (see Section 5.3.1 for further details on the modelling). To
obtain the Lamé system, we assume that the solid is homogeneous and isotropic and
that it is fixed at the boundary. The principal difference from the preceding models
is that here we have a system of equations, that is, several coupled equations. The
solid at rest occupies the domain  of the space RY. Under the action of a force f
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it deforms, and each point « moves to « + u(x). The force f(z) is a vector-valued
function of Q in RY | as is the displacement u(z). This is a solution of

{ —pAu — (p+ NV (dive) = f in Q

u=20 on 0f) (1.22)

where A and p are two constants, the Lamé constants, which are characteristics of the
homogeneous, isotropic material which comprises the solid. For mechanical reasons
these constants satisfy g > 0 and 2p + NA > 0. The Dirichlet boundary condition
for u reflects the fact that the solid is assumed fixed and immovable at its boundary.
9.

The system (1.22) has been written in vector notation. If we denote by f; and
u;, for 1 <4 < N, the components of f and u in the canonical basis of R, (1.22) is

equivalent to
a(di
s — (e N2V e g
Bxi
u; =0 on 0f)
for 1 <i < N. We remark that, if (u+ ) # 0, then the equations for each component
u; are coupled by the divergence term. Obviously, in N = 1 dimension, the Lamé

system has only one equation and reduces to the Laplacian.

1.3.6 The Stokes system

The Stokes system models the flow of a viscous incompressible fluid with small vel-
ocity. We assume that the fluid occupies a domain {2 and that it adheres to the
boundary, that is, its velocity is zero at the boundary (which leads to a Dirichlet
boundary condition). Under the action of a force f(z) (a function of Q in RY), the
velocity u(z) (a vector) and the pressure p(z) (a scalar) are solutions of

Vp—pAu=f in§
divu =0 in O (1.23)
u=0 on OS2

where p > 0 is the fluid viscosity. We note that there are a further N equations
Vp — pAu = f (corresponding to the conservation of momentum), and one other
equation divu = 0 called the incompressibility condition (which corresponds to
conservation of mass). If the space dimension is N = 1, the Stokes system is
uninteresting as we easily see that the velocity is zero and the pressure is a primitive
of the force. On the other hand, in dimensions N > 2, the Stokes system makes
good sense: in particular, there exist nontrivial incompressible velocity fields (take,
for example, a curl).

1.3.7 The plate equations

We consider small elastic deformations of a thin plane plate (which is negligible in
its other dimensions). If we denote by 2 the average surface of the plate, and f(x)
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(a function of © in R) the resultant normal of the forces, then the normal component
of the displacement u(z) (a scalar) is the solution of the thin plate equation

A(Au)=f inQ

u=20 on 0f)
@ =0 on 0f) -
on

where we denote by % = Vu - n with n the outward unit normal vector to 0f2.

We remark that this is a partial differential equation which is fourth order in space
(also called the bi-Laplacian). This is why it is necessary to have two boundary
conditions. These boundary conditions represent the clamping of the plate (there is
neither displacement nor rotation of the edge of the plate).

We remark that it is possible to justify the plate equation (1.24) asymptotically
from the Lamé system (1.22) by letting the thickness of the plate to tend to zero.
This is an example of mathematical modelling.

1.4 Numerical calculation by finite differences

1.4.1 Principles of the method

Apart from some very particular cases, it is impossible to calculate explicitly the solu-
tions of the different models presented above. It is therefore necessary to have recourse
to numerical calculation on a computer to estimate these solutions both qualitatively
and quantitatively. The principle of all methods for the numerical solution of PDEs
is to obtain discrete numerical values (that is, a finite number) which ‘approximate’
(in a suitable sense, to be made precise) the exact solution. In this process we must
be aware of two fundamental points: first, we do not calculate exact solutions but
approximate ones; second, we discretize the problem by representing functions by a
finite number of values, that is, we move from the ‘continuous’ to the ‘discrete’.

There are numerous methods for the numerical approximation of PDEs. We
present one of the oldest and simplest, called the finite difference method (later we
shall see another method, called the finite element method). For simplicity, we limit
ourselves to one space dimension (see Section 2.2.6 for higher dimensions). For the
moment, we shall only consider the practical principles of this method, that is, the
construction of what we call the numerical schemes. We reserve the theoretical
justification of these schemes for Chapter 2, that is, the study of their convergence
(in what way the approximate discrete solutions are close to the exact continuous
solutions).

To discretise the spatio-temporal continuum, we introduce a space step Az > 0
and a time step At > 0 which will be the smallest scales represented by the numerical
method. We define a mesh or discrete coordinates in space and time (see Figure 1.4)

(tn,z;) = (AL, jAz) forn >0, j€Z.
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JAx

Figure 1.4. Finite difference mesh.

We denote by uj the value of the discrete solution at (t,,z;), and u(t,z) the
(unknown) exact solution. The principle of the finite difference method is to replace
the derivatives by finite differences by using Taylor series in which we neglect the
remainders. For example, we approximate the second space derivative (the Laplacian

in one dimension) by

o%u —ul? 4 2u? —ul
— 5zt 25) ® J (Ax)g It (1.25)
where we recall the Taylor formula
0u
—u(t,z — Az) + 2u(t,z) — u(t,z + Az) = —(Aw)2w(t, x)
(1.26)
(Az)* 0*u

D @(t, x) + O((AI)G)

If Az is ‘small’, formula (1.25) is a ‘good’ approximation (it is natural, but not
unique). The formula (1.25) is called centred since it is symmetric in j.
To discretize the convection—diffusion equation

2
8u+V8u 0“u

we must also discretize the convection term. A centred formula gives

ou u? 1 'Uln,1
Ve (tn, ;) ~ | Vi
6:0( ) 2Ax
It only remains to do the same thing for the time derivative. Again we have a choice
between finite difference schemes: centred or one sided. Let us look at three ‘natural’

formulas.
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1. As a first choice, the centred finite difference
du ultt — st
7(tn; in) ~_J )
ot 2At

leads to a scheme which is completely symmetric with respect to n and j (called
the centred scheme or Richardson’s scheme)

u Tt ! ult y —ul —u?_ +2u? —u?
j j TV Jj+1 j—1 +u j—1 J J+1l 0. (1.28)
2At 2Ax (Az)?

Even though it is ‘natural’ this scheme cannot calculate approximate
solutions of the convection—diffusion equation (1.27) (see the numerical exam-
ple of Figure 1.5)! We shall justify the inability of this scheme to approximate
the exact solution in Lemma 2.2.23. For the moment, we shall simply say that
the difficulty comes from the centred character of the finite difference which
approximates the time derivative.

2. A second choice is the one-sided upwind scheme (we go back in time) which
gives the backward Euler scheme

o uﬂ/—-uﬂil
u(tmxj) ~ :
ot At
which leads to
n n—1 n n n n n
uy —uj; U T —ul_ +2ul —ul
B v v v e (129

3. The third choice is the opposite of the preceding: the downwind one-sided finite
difference (we go forward in time; we also talk of the forward Euler scheme)

0 u? Tt —
o by =
ot At
which leads to
n+1 n
Ui — U ul’  —ul —u” 42U — um
J J Jj+1 j—1 j—1 j 41
%4 =0. 1.30
N oAz 7 (Ax)2 (1.30)

The principal difference between these last two schemes is that (1.29) is called
implicit since we must solve a system of linear equations to calculate the values
(u})jez as functions of the preceding values (u?fl) jez, while (1.30) is called explicit
since it immediately gives the values (u;-”l) jez as a function of (u});jez. The shift
of 1 in the index n between the schemes (1.29) and (1.30) is only evident when we

rewrite (1.30) in the form

uf —ui uily —u
|4
N TN (Ax)?

1 n—1 n—1 n—1 n—1 n—
i1 u;—y +2u; Ui _ 0
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In the three schemes which we have defined, there must be initial data to start the
iterations in n: the initial values (uf);ez are defined by, for example, u} = uo(jAz)
where ug is the initial data of the convection—diffusion equation (1.27). We remark
that the ‘bad’ centred scheme (1.28) has an additional difficulty in starting: for n =1
we also have to know the values (u;)jez which, therefore, must be calculated in

another way (for example, by applying one of the two other schemes).
1.4.2 Numerical results for the heat flow equation

HEAT EQUATION, CENTERED SCHEME,
CFL=0.1, 25 TIME STEPS

---- exact solution
—— centered scheme

2 4

14

0

—14

2]

T T T T T T T T T T T T T T T T T

0 8 6 4 2 0 2 4 6 8 10
Figure 1.5. Unstable centred scheme with vAt = 0.1(Ax)2.

We start by making some simple numerical tests in the case where V' = 0 and
v =1, that is, we solve the heat flow equation numerically. As initial condition,
we choose the function

ug(x) = max(1 — z2,0).

To be able to compare the numerical solutions with the exact (1.14), we want to work
on the infinite domain 2 = R, that is, calculate, for each n > 0, an infinite number
of values (uf);ez, but the computer will not allow this as the memory is finite! To
a first approximation, we therefore replace R by the ‘large’ domain Q = (—10,+10)
equipped with Dirichlet boundary conditions. The validity of this approximation is
confirmed by the numerical calculations below. We fix the space step at Az = 0.05:
there are therefore 401 values (U?)—200§j§+200 to calculate. We should remember
that the values u calculated by the computer are subject to rounding errors and are
therefore not the exact values of the difference scheme: nevertheless, in the calcula-
tions presented here, these rounding errors are completely negligible and are in no way
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responsible for the phenomena which we shall observe. On all the figures we show
the exact solution, calculated by the explicit formula (1.14), and the approximate
numerical solution under consideration.

Let us first look at the outcome of the centred scheme (1.28): since as we have
said, this scheme is not able to calculate approximate solutions of the heat flow
equation. Whatever the choice of the time step At, this scheme is unstable, that is
the numerical solution oscillates unboundedly if we decrease the step sizes Ax and
At. This highly characteristic phenomenon (which appears rapidly) is illustrated
by Figure 1.5. We emphasize that whatever the choice of steps At and Az, we
see these oscillations (which are nonphysical). We say that the scheme is uncondi-
tionally unstable. A rigorous justification will be given in the following chapter (see
lemma 2.2.23).

HEAT EQUATION, IMPLICIT SCHEME, CFL=2., 200
TIME STEPS

1.1

----- exact solution

— implicit scheme

0.9

0.7

0.5

0.1

-0.1 — T T T T T T T T T T T T T T
-10 -8 -6 -4 -2 0 2 4 6 8 10

Figure 1.6. Implicit scheme with vAt = 2(Az)?.

Contrary to the preceding scheme, the implicit scheme (1.29) calculates ‘good’
approximate solutions of the heat flow equation whatever the time step At (see
Figure 1.6). In particular, we never see numerical oscillation for any choice of steps
At and Az. We say that the implicit scheme is unconditionally stable.

Let us now consider the explicit scheme (1.30): numerical experiments show that
we obtain numerical oscillations depending on the time step At (see Figure 1.7). The
stability limit is easy to find experimentally: if the choice of steps At and Ax satisfy
the condition

WAL < (Ax)? (1.31)

the scheme is stable, while if (1.31) is not satisfied, then the scheme is unstable. We
say that the explicit scheme is conditionally stable. The stability condition (1.31)
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is one of the simplest but most profound observations in numerical analysis.
It was discovered in 1928 (before the appearance of the first computers!) by Courant,
Friedrichs, and Lewy. It takes the name CFL condition or the Courant,
Friedrichs, Lewy condition.

HEAT EQUATION, EXPLICIT SCHEME, CFL =0.4,
500 TIME STEPS

---- exact solution

explicit scheme

0.9+

0.74

0.5

0.3

0.14

-+
-0 8 -6 4 -2 0 2 4 6 & 10

HEAT EQUATION, EXPLICIT SCHEME, CFL=0.51,
180 TIME STEPS

---- exact solution

explicit scheme

0.8 4

0.4 4

0.0

Figure 1.7. Explicit scheme with vAt = 0.4(Az)? (top) and vAt = 0.51(Az)?
(bottom).

We shall briefly justify this stability condition (a more through analysis will be
carried out in the next chapter). Rewriting the explicit scheme in the form

w1 VAL ., VAL n VAL n
it = (AI)Quj_l + <1 27(Ax)2 ul + 7(Ax)2uj+l' (1.32)
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If the CFL condition is satisfied, then (1.32) shows that u?“ is a convex combination
of the values at the preceding time u7_;,u}, uj (all of the coeflicients on the right-
hand side of (1.32) are positive and their sum is 1). In particular, if the initial data
ug is bounded by two constants m and M such that

mSu?SM for all j € Z,
then a recurrence easily shows that the same inequalities remain true for all time
m < u}L <M forall j€Z and for all n > 0. (1.33)

Property (1.33) prevents the scheme from oscillating unboundedly: it is therefore
stable subject to the CFL condition. Property (1.33) is called a discrete maximum
principle: it is the discrete equivalent of the continuous maximum principle for
exact solutions which we have seen in remark 1.2.10.

Suppose, on the other hand, the CFL condition is not satisfied, that is,

2vAt > (Az)?,

then, for certain initial data the scheme is unstable (it may be stable for certain
‘exceptional’ initial data: for example, if ug = 0!). Let us take the initial data
defined by

u? = (—1)j

which is uniformly bounded. A simple calculation shows that

uf = (-1) (1 — 4(Zi;>n

which tends, in modulus, to infinity as n tends to infinity since 1 —4vAt/(Az)? < —1.
The explicit scheme is therefore unstable if the CFL condition is not satisfied.

Exercise 1.4.1 The aim of this exercise is to show that the implicit scheme (1.29),
with V' = 0, also satisfies the discrete maximum principle. We impose Dirichlet boundary
conditions, that is, formula (1.29) is valid for 1 < j < J and we fix uf = v’ = 0 for
all n € N. Take two constants m < 0 < M such that m < ug-) <M forl1<j<J.
Verify that we can uniquely calculate the u;-’“ as a function of u}. Show that for all time
n > 0 we again have the inequalities m < uj <M for 1 < j < J (without any condition
on At and Az).

If we have illuminated the question of the stability of the explicit scheme a little, we
have not said anything about its convergence, that is, its capacity to approximate the
exact solution. We shall answer this question rigorously in the following chapter. We
remark that stability is a necessary condition for convergence, but it is not sufficient.
We shall be content for the moment with experimentally verifying the convergence
of the scheme, that is, when the space and time steps become smaller and smaller,
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HEAT EQUATION, EXPLICIT SCHEME,
CFL=0.4, FINAL TIME t=1.0

exact solution

04 |

—-=-- explicit scheme, dx=0.1

explicit scheme, dx=0.05

—-—- explicit scheme, dx=0.5

Figure 1.8. Explicit scheme with vAt = 0.4(Ax)? for various values of Ax.

the corresponding numerical solutions converge and their limit is the exact solution
(we can check this as the exact solution is available). In Figure 1.8 we numerically
verify that if we reduce the space step Az (which has values 0.5, 0.1, and 0.05)
and the time step At by keeping the ratio vAt/(Ax)? (the CFL number) constant,
then the numerical solution becomes closer and closer to the exact solution. (The
comparison is carried out at the same final time ¢t = 1, therefore the number of time
steps grows as the time step At decreases.) This process of ‘numerical verification
of convergence’ is very simple and we should never hesitate to use it if nothing
better is available (that is, if the theoretical convergence analysis is impossible or too
difficult).

1.4.3 Numerical results for the advection equation

We shall carry out a second series of numerical experiments on the convection—
diffusion equation (1.27) with a nonzero velocity V= 1. We take the same data
as before and we choose the explicit scheme with vAt = 0.4(Az)?. We look at the
influence of the diffusion constant v (or the inverse of the Péclet number) on the
stability of the scheme. Figure 1.9 shows that the scheme is stable when v = 1,
unstable for v = 0.01, and that for the intermediate value v = 0.1, the scheme
seems stable but the approximate solution is slightly different from the exact solution.
Clearly, the smaller the inverse of the Péclet number v is, the more the convective
term dominates the diffusive term. Consequently, the CFL condition (1.31), obtained
when the velocity V is zero, is less and less valid as v decreases.
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CONVECTION-DIFFUSION EQUATION, 1/PECLET =1,

FINAL TIME =3
1.1
----- exact solution
0.9 4 — explicit scheme
0.7 4
0.5 4
0.3 4
0.1 —/\
-0.1 T T T T T T T T T

-0 -8 -6 4 -2 0 2 4 6 8 10

CONVECTION-DIFFUSION EQUATION, 1/PECLET =0.1,

FINAL TIME=3
1.1

----- exact solution

0.9 explicit scheme

0.7 4

0.5 4

0.3

0.1

-0.1 T T T T T T T T T
-0 -8 -6 -4 -2 0 2 4 6 8 10
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Figure 1.9. Explicit scheme for the convection—diffusion equation with vAt = 0.4(Ax)?
and V =1. At the top, v =1, in the middle v = 0.1, and at the bottom v =0.01.



NUMERICAL CALCULATION BY FINITE DIFFERENCES 23

To understand this phenomenon, we examine the advection equation which
is obtained in the limit ¥ = 0. We remark first that the CFL condition (1.31) is
automatically satisfied when v = 0 (whatever At and Ax), which seems to contradict
the experimental result at the bottom of Figure 1.9.

TRANSPORT EQUATION, FINAL TIME=1
1.9

---- exact solution
centered scheme

1.5 1

1.1 4

0.7 4 ]
0.3 1

0.1 ‘vv

—0.5 1

—
"

-0.9 — - - - - . .
-0 -8 -6 4 -2 0 2 4 6 8 10

Figure 1.10. Explicit centred scheme for the advection equation with At = 0.9Ax,
V=1,v=0.

For the advection equation (that is, (1.27) with v = 0), the explicit scheme (1.30)
may be rewritten
At At
u?“ = ;/A—xug‘_l +uf — ;/A—xu}ﬁrl. (1.34)
This scheme leads to the oscillations in Figure 1.10 under the same experimental
conditions as the bottom of Figure 1.9. We see that u” "' is never (no matter what
At) a convex combination of u}}_;, u}, and u}, ;. Therefore, there cannot be a discrete
maximum principle for this scheme, which is an additional indication of its instability
(a rigorous proof will be given in lemma 2.3.1). This instability occurs because, in
the explicit scheme (1.34), we have chosen to use a centred approximation to the
convective term. We can, however, make this term one-sided as we have done for the
time derivative. Two choices are possible: weighting to the right or left. The sign
of the velocity V is crucial: here we assume that V' > 0 (a symmetric argument is
possible if V' < 0). For V > 0, the weighting to the right is called downwinding: we
obtain
du ujyq —uy

we try to find ‘information’ by following the current. This leads to a ‘disastrous’
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downwind scheme
n+1 n n n
us T — u . —ul
J J j+1 J
v =0 1.35
At + Ax ( )

which is as unstable as the centred scheme. On the other hand, the upwinding
(which is to the left if V' > 0), looks for ‘information’ by going against the current

Ou o e
V%(thr]) ~ V Al'

leading to an explicit upwind scheme

uﬂ""l —um” —yy

J J uj j—1
Vv =0 1.36
NN (1.36)

which gives the results of Figure 1.11. We verify easily that the scheme (1.36) is stable

TRANSPORT EQUATION, FINAL TIME=4
1.1

---- exact solution

— upwind scheme

0.9
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Figure 1.11. Explicit upwind scheme for the advection equation with At = 0.9
Az, V=1.

under a new CFL condition (different from the preceding CFL condition (1.31))
VIAL < Az (1.37)

Indeed, we can rewrite (1.36) in the form

VAt VAt
+1 _ n n
it = xuj_1+<1 ac)uj’
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which shows that, if condition (1.37) is satisfied, u?“ is a convex combination of u}_,

and u7. Consequently, the one-sided upwind scheme (1.36) satisfies a discrete maxi-
mum principle, which implies conditional stability. The idea of upwinded methods
is another major idea in numerical analysis. It is particularly important in all
fluid mechanics problems where it was first discovered, but it appears in many other
models.

The conclusion of this study on the advection equation is that for the convection—
diffusion model with a small diffusion constant v, we must upwind the convective
term and obey the CFL condition (1.37) rather than (1.31). With this price we can

improve the results of Figure 1.9.

Exercise 1.4.2 Show that if (1.37) is not satisfied, the upwind scheme (1.36) for the
advection equation is unstable for the initial data u} = (—1).

Exercise 1.4.3 Write an explicit scheme centred in space for the wave equation (1.18)
in one space dimension and without source term. Specify how to start the iterations in
time. Verify the existence of a discrete cone of dependence analogous to the continuous
one shown in figure 1.3. Deduce that, if this scheme converges, the time and space steps
must satisfy the (CFL-like) condition At < Az.

The conclusions of this section are numerous and will feed the reflections of the
subsequent chapter. First of all, all ‘reasonable’ numerical schemes do not work, far
from it. We meet stability problems (without even considering convergence) which
require us to analyse these schemes: this is the raison d’étre of numerical analy-
sis which reconciles practical objectives and theoretical studies. Finally, the ‘good’
numerical schemes must have a certain number of properties (for example, the dis-
crete maximum principle, or upwinding) which are the expression (at the discrete
level) of the physical properties or the mathematics of the PDE. We cannot there-
fore skimp on a good understanding of the physical modelling and of the
mathematical properties of the models if we want to have good numerical
simulations.

1.5 Remarks on mathematical models

We finish this chapter with a number of definitions which allow the reader to
understand the terms in classical works on numerical analysis.

1.5.1 The idea of a well-posed problem

Definition 1.5.1 We use the term boundary value problem to refer to a PDE
equipped with boundary conditions on the entire boundary of the domain in which it
18 posed.
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For example, the Laplacian (1.20) is a boundary value problem. Conversely, the
ordinary differential equation

dy
{ o= fty) for0o<t<T (1.38)
y(t=0) =1yo

is not a boundary value problem as it is posed on an interval (0,7), with 0 < T' < 400,
it only has ‘boundary’ conditions at ¢t = 0 (and not at t = T).

Definition 1.5.2 We say Cauchy problem to mean a PDE where, for at least one
variable (usually time t), the ‘boundary’ conditions are initial conditions (that is, only
hold at the boundary t = 0, and not att =T).

For example, the ordinary differential equation (1.38) is a Cauchy problem, but the
Laplacian (1.20) is not (no matter which component of the space variable x we make
to play the role of time).

Numerous models are, at the same time, boundary value problems and Cauchy
problems. Thus, the heat flow equation (1.8) is a Cauchy problem with respect to
the time variable ¢t and a boundary value problem with respect to the space variable
2. All the models we shall study in this course belong to one of these two categories
of problem.

The fact that a mathematical model is a Cauchy problem or a boundary value
problem does not automatically imply that it is a ‘good’ model. The expression
good model is not used here in the sense of the physical relevance of the model
and of its results, but in the sense of its mathematical coherence. As we shall see,
this mathematical coherence is a necessary condition before we can consider numerical
simulations and physical interpretations. The mathematician Jacques Hadamard gave
a definition of what is a ‘good’ model, while speaking about well-posed problems
(an ill-posed problem is the opposite of a well-posed problem). We denote by f the
data (the right-hand side, the initial conditions, the domain, etc.), u the solution
sought, and A ‘the operator’ which acts on u. We are using abstract notation, A
denotes simultaneously the PDE and the type of initial or boundary conditions. The
problem is therefore to find u, the solution of

Alw) = f. (1.39)

Definition 1.5.3 We say that problem (1.39) is well-posed if for all data f it has
a unique solution u, and if this solution u depends continuously on the data f.

Let us examine Hadamard’s definition in detail: it contains, in fact, three
conditions for the problem to be well-posed. First, a solution must at least exist:
this is the least we can ask of a model supposed to represent reality! Second, the
solution must be unique: this is more delicate since, while it is clear that, if we want
to predict tomorrow’s weather, it is better to have ‘sun’ or ‘rain’ (with an exclusive
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‘or’) but not both with equal chance, there are other problems which ‘reasonably’
have several or an infinity of solutions. For example, problems involving finding the
best route often have several solutions: to travel from the South to the North Pole
then any meridian will do, likewise, to travel by plane from Paris to New York, your
travel agency sometimes makes you go via Brussels or London, rather than directly,
because it can be more economic. Hadamard excludes this type of problem from his
definition since the multiplicity of solutions means that the model is indeterminate:
to make the final choice between all of those that are best, we use another crite-
rion (which has been ‘forgotten’ until now), for example, the most practical or most
comfortable journey. This is a situation of current interest in applied mathematics:
when a model has many solutions, we must add a selection criterion to obtain the
‘good’ solution (see, for a typical example, problems in gas dynamics [23]). Third,
and this is the least obvious condition a priori, the solution must depend continu-
ously on the data. At first sight, this seems a mathematical fantasy, but it is crucial
from the perspective of numerical approximation. Indeed, numerically calculating
an approximate solution of (1.39) amounts to perturbing the data (when continuous
becomes discrete) and solving (1.39) for the perturbed data. If small perturbations
of the data lead to large perturbations of the solution, there is no chance that the
numerical approximation will be close to reality (or at least to the exact solution).
Consequently, this continuous dependence of the solution on the data is an absolutely
necessary condition for accurate numerical simulations. We note that this condition
is also very important from the physical point of view since measuring apparatus will
not give us absolute precision: if we are unable to distinguish between two close sets
of data which can lead to very different phenomena, the model represented by (1.39)
has no predictive value, and therefore is of almost no practical interest.

We finish by acknowledging that, at this level of generality, the definition (1.5.3) is
a little fuzzy, and that to give it a precise mathematical sense we should say in which
function spaces we put the data or look for the solution, and which norms or topologies
we use for the continuity. It is not uncommon that changing the space (which can
appear anodyne) implies very different properties of existence or uniqueness!

Exercise 1.5.1 The point of this exercise is to show that the Cauchy problem for the
Laplacian is ill-posed. Take a two-dimensional domain 2 = (0,1) x (0, 27). We consider
the following Cauchy problem in 2 and boundary value problem in y

?u  9%u )
_@ — 67:1/2 =0 n Q
u(z,0) = u(z,2m) =0 for0<z <1
u(0,y) =0, %(O,y) = —e Vsin(ny) for0<y<2m

Verify that u(z,y) = (e~V"/n)sin(ny)sh(nz) is a solution. Show that the initial con-
dition and all its derivatives at x = 0 converge uniformly to 0, while, for all z > 0, the
solution u(z,y) and all its derivatives are unbounded as n tends to infinity.
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1.5.2 Classification of PDEs

Definition 1.5.4 The order of a partial differential equation is the order of the highest
derivative in the equation.

For example, the Laplacian (1.20) is a second order equation, while the plate equation
(1.24) is a fourth order equation. We often distinguish between the order with respect to the
time variable t and with respect to the space variable x. Therefore, we say that heat flow
equation (1.8) is first order in time and second order in space; likewise, the wave equation
(1.18) is second order in space-time.

In order to understand the vocabulary often used with PDEs, that is, elliptic,
parabolic, or hyperbolic, we shall briefly classify linear, second order PDEs acting on
real functions of two real variables u(z,y) (we shall not carry out a systematic classification
for all PDEs). Such an equation is written

D%u 82u 82u ou 8u

For simplicity we assume that the coefficients a, b, ¢, d, e, f are constant.

Definition 1.5.5 We say that the equation (1.40) is elliptic if b®> — 4ac < 0, parabolic if
b — 4ac = 0, and hyperbolic if b* — 4ac > 0.

The origin of this vocabulary is in the classification of conic sections, from which
Definition 1.5.5 is copied. Indeed, it is well-known that the second degree equation

ar’ + by +cy’ +dr+ey+ f=0

defines a plane curve which is (except in some degenerate cases) an ellipse if b — 4ac < 0, a
parabola if b> — 4ac = 0, and a hyperbola if b — 4ac > 0.

If we apply Definition 1.5.5 to the various second order models we have stated in this
chapter (replacing the variables (x, y) by the variables (¢, ) in one space dimension), we con-
clude that the heat flow equation is parabolic (as is the convection—diffusion equation),
that the Laplacian is elliptic, and that the wave equation is hyperbolic. A suitable
generalisation of this definition allows us to check that the advection equation is hyper-
bolic, and that the Stokes, elasticity, and plate equations are elliptic. In general, stationary
problems (independent of time) are modelled by elliptic PDEs, while evolution problems are
modelled by parabolic or hyperbolic PDEs.

We shall see later that boundary value problems are well posed for elliptic PDEs, while
problems which are Cauchy in time and boundary value problems in space are well-posed
for parabolic or hyperbolic PDEs. There are therefore important differences in behaviour
between these two types of equation.

Remark 1.5.6 The elliptic, hyperbolic or parabolic character of the equations (1.40) is not
modified by a change of variable. Let (z,y) — (X,Y) be such a change of variable which is
nonsingular, that is, its Jacobian J = XY, — X, Y, is not zero (denoting by Z. the derivative
of Z with respect to z). A simple but tedious calculation shows that (1.40) becomes

9%u 0%u 82u ou ou
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with A = aX? + bX. Xy + cXp, B = 2aX,Ys + b(XaYy + X, Vo) + 2¢X,Y,, C = aY? +
bY,Y, + Y, and we verify that B> — 4AC = J?(b* — 4ac). In particular, a suitable change
of variables allows us to simplify the PDE (1.40) and return it to its ‘canonical’ form. Thus,

any elliptic equation can be reduced to the Laplacian 8‘9—;2 + 88%7 any parabolic equation

to the heat flow equation 3% - 88%7 and any hyperbolic equation to the wave equation
9% 92 °
axZ — av?:

Remark 1.5.7 It is well-known that the general conic equation has a number of degenerate
cases when it no longer describes a cone but a set of lines. The same situation can hold with
the PDE (1.40). For example, the equation % =lwitha=landb=c=d=e=f=0
is not parabolic in two dimensions (even though b — dac = 0) but elliptic in one dimension
(the variable y plays no role here). It is therefore necessary to be careful before deciding on

the type of these ‘degenerate’ equations. °
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2 Finite difference
method

2.1 Introduction

In this chapter we analyse numerical schemes of finite differences. We define the
stability and consistency of a scheme and show that, for linear, constant coeffi-
cient, partial differential equations, stability plus consistency of a scheme implies its
convergence.

The plan of the chapter is the following. Section 2.2 treats the case of the heat
equation introduced in Chapter 1. Section 2.3 generalizes the preceding results to the
case of the wave equation or the advection equation. One of the aims of this chapter
is the construction and analysis of finite differences schemes for much more general
models. The reader should not be afraid of extending the concepts presented here to
his preferred model and to construct original numerical schemes.

We finish this introduction by saying that the finite difference method is one of the
oldest methods of numerical approximation which is still used in applications, such
as wave propagation (seismic or electromagnetic) or compressible fluid mechanics.
For other applications, such as solid mechanics or incompressible fluids, we often
prefer the finite element method. Nevertheless, many concepts in finite differences
are found in other numerical methods. Thus, the numerical schemes of Chapter 8 will
combine finite elements for the space discretization and finite differences for the time
discretization. The generality and simplicity of the finite difference method motivates
our detailed study at the beginning of this work.

31
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2.2 Finite differences for the heat equation

2.2.1 Various examples of schemes

We restrict ourselves to one space dimension and we refer to Section 2.2.6 for the case
of several space dimensions. We consider the heat equation in the bounded domain
(0,1)

ou 0?u
e +
5% Vo 0 for (z,t) € (0,1) x R} (2.1)

u(0,2) = up(z)  for z € (0,1).

To discretize the domain (0,1) x RT, we introduce a space step Az =1/(N +1) >0
(with N a positive integer) and a time step At > 0, and we define the nodes of a
regular mesh

(tn,z;) = (nAt,jAz) forn>0,5¢€{0,1,...,N +1}.

We denote by u? the value of a discrete approximate solution at the point (¢,,x;),
and u(t, ) the exact solution of (2.1). The initial data is discretized by
u? =uo(z;) forje{0,1,...,N+1}

The boundary conditions of (2.1) can be of several types, but their choice is not
involved in the definition of the schemes. Here, we use Dirichlet boundary conditions

u(t,0) = u(t,1) =0 for allt € R}

which imply
uy =uny =0 foralln>0.

Consequently, at each time step we have to calculate the values (u;‘)lgjg ~ which
form a vector of RY. We now give several possible schemes for the heat equation
(2.1). All of them are defined by N equations (at each point z;, 1 < j < N) which
allow us to calculate the N values uj. In Chapter 1 we have already talked of the

explicit scheme

n+l _ . n _an n_ ,n
] uj e uj_y + 2uj Uiy
At (Azx)?

u

=0 (2.2)
forn>0and j € {1,...,N}, and also of the implicit scheme

U n _,n+l +2u?+1 7un+l

n+1
i Y i1 G+l
X TV ()2 =0. (2.3)

It is easy to verify that the implicit scheme (2.3) is well defined, that is, we can

calculate the values u}”l as a function of the u}: in effect, we must invert the square
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tridiagonal matrix of dimension N

1+ 2¢c —c 0
—c 1+2¢c —c

. . with ¢ =
—c 14+2¢ —c
0 —c 1+2¢c
which is easily verified to be positive definite, therefore invertible. By making a convex
combination of (2.2) and (2.3), for 0 < 8 < 1, we obtain the #-scheme

u@+1 —un n+1 + 2un+1 un+1

J i+ L (1-0
A TV (A:v) +( %

_am no__ mn
uj_q 4 2ui —ujy,

(Az)?

=0. (2.5)

We recover the explicit scheme (2.2) if § = 0, and the implicit scheme (2.3) if § = 1.
The #-scheme (2.5) is implicit when 6 # 0. For the value § = 1/2, we obtain the
Crank—Nicolson scheme. Another implicit scheme, called the six point scheme, is
given by

n+1 n 5(un+1 _ n) n+1

u —Uu u u —u”

J+1 J+1 J J + Jj—1 Jj—1
12At 6AL 12At (2.6)
u— "+1 - 2un+1 uyj‘rll + l/_u?_l +2uf Ui, =0
(Am) 2(Ax)? '

Exercise 2.2.1 Show that the scheme (2.6) is nothing more than the #-scheme with
0=1/2— (Ax)?/12vAt.

All the schemes above are called two level since they only involve two time indices.
We can construct multilevel schemes: the most popular have three levels. In addition
to the (unstable) Richardson scheme seen in Chapter 1, we cite the DuFort—Frankel
scheme

n+1 n—1 n+1 n—1 n
YT Tt Y T 2.7)
2At (Az)? ’ '
the Gear scheme
n+1 n n—1 n+1 n+1 n+1
Buip™ — duf + uj +V—u] 1 2u T —ug _0 (2.8)
2At (Az)2 ' '

We have too many schemes! And the list above is not exhaustive! One of the aims
of numerical analysis is to compare and to choose the best schemes following criteria
of accuracy, cost, or robustness.
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Remark 2.2.1 If there is a right-hand side f(¢, ) in the heat equation (2.1), then the

schemes are modified by replacing zero in the right-hand side by a consistent approxi-

mation of f(t,z) at the point (¢,,z;). For example, if we choose the approximation

f(tn,z;), the explicit scheme (2.2) becomes

;‘LH i V*“}Ll +2uj —uj,
At (Ax)?

= f(tmxj)'

Remark 2.2.2 The schemes above are written compactly, that is, they involve a
finite number of values u}. The set of the couples (n', j") which appear in the discrete
equation at the point (n, j) is called the stencil of the scheme. In general, the larger
the stencil, the more costly and difficult it is to program the scheme (partly because
of the ‘boundary effects’, that is, the case where some of the couples (n/, ;') leave the

domain of calculation). .

Remark 2.2.3 We can replace the Dirichlet boundary conditions in (2.1) by Neu-
mann boundary conditions, or by periodic (or other) boundary conditions. We start
by describing two different ways of discretizing Neumann conditions

ou ou

First, we can write

n n n n
uy —u UNy1 — Un
L 0 =0 and N =0

Ax Ax

which allow us to eliminate the values ug and u%;, ; and only to calculate the N values

(u})1<j<n. This discretization of the Neumann condition is only first order. If the

scheme is second order, this causes a loss of accuracy close to the boundary. This is

why we propose another discretization (of second order)

S RO I = Rl
2Ax 2Ax

which is more accurate, but needs us to add 2 ‘fictitious points’ x_; and zny42. We
eliminate the values u” ; and u’y ,, corresponding to these fictitious points, and there
now remains N + 2 values to calculate, that is, (U?)OSjSNJrL

On the other hand, periodic boundary conditions are written

u(t,z +1) =u(t,z) forallze](0,1], t>0.

These are discretized by the equations ug = uR,; for all n > 0, and more generally

n n
Uj = UN41+- *
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2.2.2 Consistency and accuracy

Of course, the formulas of the schemes above are not chosen by accident: they follow
from an approximation of the equation by Taylor expansion as we have explained in
Chapter 1. To formalize this approximation of the partial differential equation by
finite differences, we introduce the ideas of consistency and of accuracy. Although
for the moment we only consider the heat equation (2.1), we shall give a definition of
the consistency which is valid for every partial differential equation which we write
F(u) = 0. We remark that F'(u) is notation for a function of u and its partial
derivatives at every point (¢, x). Generally a finite difference scheme is defined, for all
possible indices n, 7, by the formula

FaAe (W}T;ﬁn}m*gmgmt k*§k§k+) =0 (2.9)

where the integers m™,m™, k™, kT define the width of the stencil of the scheme (see
remark 2.2.2).

Definition 2.2.4 The finite difference scheme (2.9) is called consistent with the par-
tial differential equation F(u) = 0, if, for every sufficiently reqular solution u(t,x) of
this equation, the truncation error of the scheme, defined by

FAt,Ar ({U(t -+ mAt, xr + kAx)}m*SmSm*, Irgkgkﬁ) , (210)

tends to zero, uniformly with respect to (t,x), as At and Ax tend to zero independ-
ently.
Further, we say that the scheme has accuracy of order p in space and order q in

time if the truncation error (2.10) tends to zero as (’)((Am)p + (At)q) when At and
Az tend to zero.

Remark 2.2.5 We must take care with the formula (2.9) since there is a small
ambiguity in the definition of the scheme. Indeed, we can always multiply any for-
mula by a sufficiently high power of At and Az so that the truncation error tends to
zero. This will make any scheme consistent! To avoid this problem, we always assume
that the formula Fa¢ Aaj({u?jrr;f ) = 0 has been written so that, for a regular function
u(t, x) which is not a solution of the equation F(u) = 0, the limit of the truncation
error is not zero. .

Concretely we calculate the truncation error of a scheme by replacing u;f,z" in formula

(2.9) by u(t + mAt, z+kAzx). As an application of the definition 2.2.4, we shall show
the following lemma.

Lemma 2.2.6 The explicit scheme (2.2) is consistent, accurate with order 1 in time
and 2 in space. Further, if we choose to keep the ratio vAt/(Az)? = 1/6 constant,
then this scheme is accurate with order 2 in time and 4 in space.
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Remark 2.2.7 In the second phrase of the statement of lemma 2.2.6 we slightly
modified the definition of the consistency by specifying the ratio of At and Ax as
they tend to zero. This allows us to take advantage of potential cancellation between
terms in the truncation error. In practice, we see such improvements in the accuracy
if we adopt a good relationship between the terms At and Azx. .

Proof. Let v(t,x) be a function of class C®. By Taylor expansion around the point
(t,z), we calculate the truncation error of the scheme (2.2)

v(t + At,x) — v(t, ) n V—v(t, x— Az) + 2v(t,x) —v(t,x + Ax)
At (Ax)?

= (Ut — va) + %Utt - (?;) Vgzoz + O(( ) + (Ax)4>7

where v;, v, denote the partial derivatives of v. If v is a solution of the heat equation
(2.1), we thus easily obtain the consistency as well as accuracy of order 1 in time and
2 in space. If further we assume that vAt/(Ax)? = 1/6, then the terms in At and

(Ax)? cancel since vy = Vtze = V*Vppaz- o
Scheme Truncation error Stability
Explicit (2.2) O(At + (Am)g) Stable in L? and L for
CFL condition 2vAt < (Ax)?
Implicit (2.3) O(At + (m)?) Stable in L? and L
Crank—Nicolson (2.5) O((At)2 + (Aa:)Q) Stable in L?
(with 6 =1/2)
f-scheme (2.5) O(At + (m)?) Stable in L? for CFL
(with 6 #1/2) condition 2(1 — 20)vAt < (Ax)?
Six point scheme (2.6) O((At)2 + (Am)4> Stable in L?
DuFort-Frankel (2.7) O((At/Am)2 + (Am)2) Stable in L? for CFL

condition At/(Az)? bounded
Gear (2.8) O((At)2 + (A:z:)Q) Stable in L?

Table 2.1. Truncation errors and stability of various schemes for the heat equation

Exercise 2.2.2 For each of the schemes of Section 2.2.1, verify that the truncation
error is of the type stated in Table 2.1. (We remark that all these schemes are consistent
except for DuFort—Frankel.)
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2.2.3 Stability and Fourier analysis

In Chapter 1 we introduced the stability of finite differences schemes without giving
a precise definition. We have explained that, numerically, instability is shown by
unbounded oscillations of the numerical solution. It is therefore time to give a math-
ematical definition of stability. For this we need to define a norm for the numerical
solution u™ = (u})1<j<n. We take the classical norms on RN which we scale by the
space step Ax:

N 1/p
[l = [ D Azful|? for 1 <p < +o0, (2.11)
j=1
where the limiting case p = +o0o should be understood in the sense ||u"|, =

mMax)<j<n \u?\ We remark that the norm defined therefore depends on Az through
the weighting but also on the integer N since Az = 1/(N + 1). Thanks to the
weighting by Az, the norm ||u™||, is identical to the norm LP(0, 1) for piecewise con-
stant functions over the subintervals [z}, z;41] of [0,1]. Often, we shall call this the
‘LP norm’. In practice, we most often use the norms corresponding to the values
p = 2,+00.

Definition 2.2.8 A finite difference scheme is called stable for the norm || ||, defined
by (2.11), if there exists a constant K > 0 independent of At and Az (as these values
tend to zero) such that

u™|| < K||u®||  for alln >0, (2.12)

for arbitrary initial data u®.
If (2.12) only hold for steps At and Az defined by certain inequalities, we say that
the scheme is conditionally stable.

Remark 2.2.9 Since all norms are equivalent in R, the hasty reader might believe
that stability with respect to one norm implies stability with respect to all norms.
Unfortunately, this is not true and there exist schemes which are stable with respect to
one norm but not with respect to another (see later the example of the Lax—Wendroff
scheme in exercises 2.3.2 and 2.3.3). In effect, the crucial point in the definition
2.2.8 is that the bound is uniform with respect to Az while the norms (2.11) depend
on Ar. °

Definition 2.2.10 A finite difference scheme is called linear if its formula

n—+m _ co 1 - - n+m
FAt,AI({ujH: ) = 0 is linear with respect to its arguments uiiy

The stability of a two level linear scheme is very easy to interpret. Indeed, by
linearity every two level linear scheme can be written in the condensed form

"t = Au”, (2.13)
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where A is a linear operator (a matrix, called the iteration matrix) from RY into R¥.
For example, for the explicit scheme (2.2) the matrix A becomes

1—-2c c 0
c 1—-2¢c ¢

c 1—2¢ c
0 c 1—2¢c

while for the implicit scheme (2.3) the matrix A is the inverse of the matrix (2.4).
With the help of this iteration matrix, we have u™ = A"u° (take care, the notation
A"™ denotes the nth power of A), and consequently the stability of the scheme is
equivalent to

A < K|[u®] Vn >0, Yu® € RV,

Introducing the subordinate matrix norm (see definition 13.1.1)

M= sup |
u€RN u#£0 Hu”

the stability of the scheme is equivalent to
|A*| < K Vn2>0, (2.15)

which is the same as saying the sequence of the powers of A is bounded.

Stability in the L°° norm

The stability in the L norm is closely linked with the discrete maximum principle
which we have seen in Chapter 1. Let us recall the definition of this principle.

Definition 2.2.11 A finite difference scheme satisfies the discrete maximum
principle if for alln >0 and all 1 < j < N we have

min ( 0, min u? Su}”ﬁmax 0, max u?
0<j<N+1 0<j<N+1

for arbitrary initial data u®.

Remark 2.2.12 In definition 2.2.11 the inequalities take account not only of the
minimum and maximum of u® but also of zero which is the value imposed on the
boundary by the Dirichlet boundary conditions. This is necessary if the initial data
u® does not satisfy the Dirichlet boundary conditions (which is not required), and
superfluous in the complementary case. °

As we have seen in Chapter 1 (see (1.33) and exercise 1.4.1), the discrete maximum
principle allows us to prove the following lemma.
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Lemma 2.2.13 The explicit scheme (2.2) is stable in the L™ norm if and only if
the CFL condition 2vAt < (Ax)? is satisfied. The implicit scheme (2.3) is stable in
the L norm no matter what the time step At and space step Ax (we say that it is
unconditionally stable).

Exercise 2.2.3 Show that the Crank—Nicolson scheme (2.5) (with § = 1/2) is stable in
the L norm if vAt < (Ax)?, and that the DuFort—Frankel scheme (2.7) is stable in the
L% norm if 2vAt < (Az)2.

Stability in the L? norm

Many schemes do not satisfy the discrete maximum principle but are nevertheless
‘good’ schemes. For this, we must verify the stability in a norm other than the L
norm. The L? norm lends itself very well to the study of stability thanks to the very
powerful tool of Fourier analysis which we now present. To do this, we assume from
now on that the boundary conditions for the heat equation are periodic boundary
conditions, which are written u(t,z 4+ 1) = u(t, ) for all € [0,1] and all ¢ > 0. For
numerical schemes, these lead to the equations uf = uf;, for all n > 0, and more
generally uj = uRy ;. We therefore have to calculate N + 1 values uf.

With each vector u" = (u})o<j<n We associate a function u"(z), piecewise con-
stant, periodic with period 1, defined on [0, 1] by

u(z) =ul?

i if Tj—1/2 <T < Tjt1/2

with 2412 = (j + 1/2)Az for 0 < j < N, 2_y/5 = 0, and xx1141/2 = 1. The
function u™(x) belongs to L?(0,1). Now, from Fourier analysis, every function of
L?(0,1) can be decomposed into a Fourier sum (see [4], [35], [38]). More precisely we
have

Z 4" (k) exp(2imkzx), (2.16)
keZ
with 4" fo x) exp(—2imkx) dx and the Plancherel formula
/ |u™(z \de—zm (2.17)

keZ

We remark that even if u™ is a real function, the coefficients 4™ (k) of the Fourier series
are complex. An important property for the Fourier transform of periodic functions is
the following: if we denote by v™(z) = u™(x + Ax), then 0" (k) = 4" (k) exp(2irkAx).

Let us now explain the method using the example of the explicit scheme (2.2).
Under our notation, we can rewrite this scheme, for 0 <z <1,

u" 1 (z) — un(x) N V—u"(m — Az) 4+ 2u"(z) —u"(x + Az) 0.

At (Az)?
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By application of the Fourier transform, this becomes

a" (k) = <1 - (Zi; (—exp(—2imkAz) +2 — exp(2i7rkAx))> " (k).

In other words,

4v At

ﬁ7l+1(k) = A(k)a" (k) = A(k:)n+1ﬂ0(k;) with A(k)=1— (Az)2

(sin(rkAx))?.

For k € Z, the Fourier coefficient 4™ (k) is bounded as n tends to infinity if and only
if the amplification factor satisfies |A(k)| < 1, that is,
2vAt(sin(rkAx))? < (Ax)?. (2.18)

If the CFL condition (1.31), that is, 2vAt < (Az)?, is satisfied, then inequality (2.18)
is true for every Fourier mode k € Z, and by the Plancherel formula we deduce

lu™ 13 = /O jut(@)Pde =Y @ (k)P < ) 1@ (k) = /O [u ()| *dz = [|u°]|3,

kEZ keZ

which is nothing other than the L? stability of the explicit scheme. If the CFL
condition is not satisfied, the scheme is unstable. In effect, it is enough to choose Ax
(possibly sufficiently small) and k& (sufficiently large) and initial data with only one
nonzero Fourier component 4°(kg) # 0 with 7koAx ~ 7/2 (modulo ) in such a way
that |A(ko)| > 1. We have therefore proved the following lemma.

Lemma 2.2.14 The explicit scheme (2.2) is stable in the L*> norm if and only if the
CFL condition 2vAt < (Ax)? is satisfied.

In the same way we shall prove the stability of the implicit scheme.
Lemma 2.2.15 The implicit scheme (2.3) is stable in the L? norm.

Remark 2.2.16 For explicit (2.2) and implicit (2.3) schemes the L? stability con-
dition is the same as that of the L°° stability. This is not always the case for other
schemes. °

Proof. Similar reasoning to that used for the explicit scheme leads, for 0 < z < 1, to

u"t(x) — un(z) n —u"H(z — Az) + 20" (2) —u" T (x4 Ax) 0
At v (Az)? -

and by application of the Fourier transform

vAt

" (k) <1 + Bo)? (—exp(—2irkAzx) +2 — eXp(QiWkAx))) =a" (k).
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In other words,
a" (k) = A(k)a™ (k) = A(k)" a0 (k) with A(k) = (1 + fgf)z(sin(kax)f) .

As |A(k)| < 1 for all Fourier modes k, the Plancherel formula gives us the L? stability
of the scheme. a

Remark 2.2.17 The Fourier analysis relies on the choice of periodic boundary con-
ditions. We can also carry it out if the partial differential equation holds over all
R instead of [0, 1] (we have then to deal with a Fourier integral instead of a Fourier
series). Nevertheless, it is not very realistic to talk about a numerical scheme over
all R since this implies an infinite number of values u at each time step n when a
computer can only treat a finite number of values.

The L? stability can also be proved in the case of Dirichlet boundary condi-
tions. We must then adapt the ideas of Fourier analysis. For example, what replaces
the Fourier transform in this case is the decomposition over a basis of eigenvectors
of the iteration matrix (2.13) which allows us to move from the vector u™ to the
vector u"t1, o
Remark 2.2.18 (Essential from a practical point of view) Let us give a ‘recipe’
for Fourier analysis to prove the L? stability of a scheme. We put Fourier modes into
the scheme

uf = A(k)" exp(2irkz;) with z; = jAx,

and we deduce the value of the amplification factor A(k). Recall that, for the moment,
we restrict ourselves to the scalar case, that is, A(k) is a complex number in C. The
inequality

|A(k)] <1 for all modes k € Z (2.19)

is called the Von Neumann stability condition. If the Von Neumann stability
condition is satisfied (with possibly restrictions on At and Ax), then the scheme is
stable for the L? norm, if not it is unstable.

In general, a stable (and consistent) scheme is convergent (see Section 2.2.4). In
practice, an unstable scheme is totally ‘useless’. In effect, even if we start from initial
data specially designed so that none of the unstable Fourier modes are excited, the
inevitable rounding errors will create nonzero components (although very small) of
the solution in the unstable modes. The exponential increase of the unstable modes
implies that after only a few time steps these ‘small’ modes become ‘enormous’ and
completely pollute the rest of the numerical solution. .

Exercise 2.2.4 Show that the 6-scheme (2.5) is unconditionally stable in the L? norm if
1/2 < 6 <1, and stable under the CFL condition 2(1 — 20)vAt < (Az)?if 0 < 60 < 1/2.

Exercise 2.2.5 Show that the 6-point scheme (2.6) is unconditionally stable in the L?
norm.
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Remark 2.2.19 Some authors use another definition of the stability, which is less restrictive
than definition 2.2.8 but more complex. In this definition the scheme is called stable for the
norm || || if for all time T > 0 there exists a constant K(7T') > 0 independent of At and Az
such that

lu"| < K(D)|u]l  for all 0 < n < T/AL,
whatever the initial data u®. This new definition allows the solution to grow with time as is
the case, for example, for the solution of the equation

ou 0%y

_ +
5 Vagr = U for (t,z) e R™ xR,

which, by changing the unknown v(t,z) = e~ “‘u(t, x), reduces to the heat equation (then
the solution u grows exponentially in time). With such a definition of the stability, the Von
Neumann stability condition becomes the inequality

|A(k)] <14 CAt for all modes k € Z.

For simplicity, we shall take the definition 2.2.8 of the stability. °

2.2.4 Convergence of the schemes

We now have all the tools to prove convergence of the finite differences schemes. The
principal result of this section is the Lax theorem which shows that, for a linear
scheme, consistency and stability implies convergence. The importance of this
result far exceeds the finite difference method. For every numerical method (finite
differences, finite elements, etc.) convergence is shown by combining two arguments:
stability and consistency (their precise definitions change from one method to the
other). From a practical point of view, the Lax theorem is very reassuring: if we
use a consistent scheme (we can construct this generally) and we do not observe
numerical oscillations (that is, it is stable), then the numerical solution is close to the
exact solution (the scheme converges).

Theorem 2.2.20 (Lax) Let u(t,x) be the sufficiently reqular solution of the heat

equation (2.1) (with the appropriate boundary conditions). Let u} be the discrete
numerical solution obtained by a finite difference scheme with the initial data u? =

uo(z;). We assume that the scheme is linear, two level, consistent, and stable for a

norm || ||. Then the scheme is convergent in the sense where
VT >0, lim <Sup ||e"||> =0, (2.20)
At,Az—0 tn<T

with " is the ‘error’ vector defined by its components e = uj — U(tn, ;).
Further, if the scheme has accuracy of order p in space and order q in time, then
for all time T > O there exists a constant Cp > 0 such that

sup |l < CT((Ax)p + (At)q>. (2.21)
tn<T
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Remark 2.2.21 We have not proved the existence and uniqueness of the solution
of the heat equation (2.1) (with Dirichlet or periodic boundary conditions). For the
moment, we therefore make the hypothesis of the existence and uniqueness of such a
solution (as well as its regularity), but we see in Chapter 8 that this result is generally
true. °

Proof. For simplicity, we assume that the boundary conditions are Dirichlet. The
same proof is also true for periodic boundary conditions or for Neumann boundary
conditions (assuming they are discretized with the same order of accuracy as the
scheme). A two level linear scheme can be written in the condensed form (2.13),
that is,

u"tt = Au™,

where A is the iteration matrix (square of size N). Let u be the solution (assumed
n

sufficiently regular) of the heat equation (2.1). We denote by @" = (u})1<j<n with

4 = u(ty, ;). As the scheme is consistent, there exists a vector €” such that

J

"t = AG" + Ate”  with  lim "] =0, (2.22)
At,Az—0

and the convergence of €” is uniform for all time 0 < ¢,, < T'. If the scheme is accurate
with order p in space and order ¢ in time, then ||€"]| < C((Axz)P + (At)?). By setting
e =u} —u(ty,,r;) we obtain by subtraction of (2.22) from (2.13)

et = Ae™ — Ate"

from which, by induction

e = A"’ — ALY AR (2.23)
k=1
Now, the stability of the scheme means that ||u"| = ||A"u®|| < K|[u®| for all initial

data, that is, ||A™|| < K where the constant K does not depend on n. On the other
hand, €® = 0, therefore (2.23) gives

el < ALY A E || < Atk C ((Ax) + (A0)7),

k=1

which gives the inequality (2.21) with the constant C7 = TKC. The proof of (2.20)
is similar. |

Remark 2.2.22 The Lax theorem 2.2.20 is in fact valid for all linear partial differ-
ential equations. It has a converse in the sense that if a two level linear consistent
scheme is convergent then it must be stable. We remark that the rate of convergence
in (2.21) is exactly the accuracy of the scheme. Finally, it is good to note that the
estimate (2.21) is only valid on a bounded time interval [0, 7] but it is independent
of the number of points of discretization N. .
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2.2.5 Multilevel schemes

Up until now we have mainly analysed two level schemes, that is, the schemes which re-
late the values of u™*! only to those of u™. We can easily envisage multilevel schemes,
and in particular we have already introduced some three level schemes where u™*!
depends on u™ and u"~* (like the Richardson, DuFort-Frankel, or Gear schemes). We
shall now study how the previous results generalize to multilevel schemes (we limit
ourselves for sake of clarity to three level schemes).

The definition 2.2.8 of the stability of a scheme is independent of its number of
levels. However, the interpretation of the stability in terms of the iteration matrix
is a little more complicated for a three level linear scheme. Indeed, u”*! depends
linearly on ™ and ™!, therefore, we cannot write the relation (2.13). But, if we set

Un = ( ui“f: > (2.24)

then there exist two matrices of order N, Ay, and As, such that

Urtl = AU™ = ( Af “(1)2 ) un, (2.25)

where the iteration matrix A is therefore of size 2N. As before, U™ = A?U' and the
stability is equivalent to
Ary!
[|A™|| = sup Hil‘l <K Vn>1.
vierey vizo U]

In the same way Fourier analysis extends to three level schemes thanks to vector
notation (2.24). As an example, we prove a result presented in Chapter 1.

Lemma 2.2.23 The centred scheme (1.28) is unstable in the L* norm.
Proof. With the usual notation the scheme (1.28) is written, for z € [0, 1],

ut(z) —un () —u"(x — Az) 4+ 2u"™(z) —u"(x + Azx)
281 v () =0

and by application of the Fourier transform

SUAL

TR o

(sin(rkAz))?a" (k) — a1 (k) = 0.

In other words,

0™ (k) = ( @ (k) ) - ( ~&ep (in(rkAz) 1 )U”ac) — AT (),

1 0
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and U"t1(k) = A(k)"U' (k). Here, A(k) is a matrix of order 2 which for two level
schemes was a scalar. For k € Z, the vector U"(k), and therefore the Fourier coeffi-
cient 4" (k), is bounded as n tends to infinity if and only if the amplification matrix
satisfies

|A(K)"||l2 = sup A"l <K Vn>1, (2.26)
verzuzo  |IU|2

where ||U]|2 is the Euclidean norm in R?. Consequently, if the inequality (2.26) is
true for arbitrary Fourier modes k € Z, by the Plancherel formula we deduce

la (I3 = [a" (k)P < Ky (Ja° (k) + [a' (k)7) =[5 + [lu" 3,

kEZ kEZ

that is, the L? stability of the scheme. Conversely, if there exists ko such that || A(ko)"|
is not bounded as n tends to infinity, then by a suitable choice of the initial data with
a single mode 7° (ko) (like @' (ko)), we obtain the L? instability of the scheme.

As the amplification matrix A(k) is real symmetric, we have the property
IA(K)||2 = p(A(k)) and [|A(k)"||2 = ||A(k)||%, where p(M) denotes the spectral radius
of the matrix M (see lemma 13.1.6). Therefore, the inequality (2.26) is satisfied if
and only if p(A(k)) < 1. The eigenvalues of A(k) are the roots of the second degree
polynomial
SvAt
o

which always has real distinct roots with product —1. Consequently, one of the roots
is (strictly) greater than 1 in modulus, and thus p(A(k)) > 1. Therefore, the centred
scheme is unconditionally unstable in the L? norm. m]

A4 sin(rkAz))*A —1=0

Remark 2.2.24 The Fourier analysis which we have used in the proof of lemma
2.2.23 is a little more complicated in the case of multilevel schemes than in two
level schemes (see remark 2.2.18). When we put Fourier modes into the scheme,

we obtain
u? ! ud
( i > = A(k)" ( ué )exp(%werj)

Uy J

where A(k) is from now on an amplification matrix (and no longer a scalar factor).
We write: Von Neumann stability condition to mean the condition

p(A(k)) <1 for all modes k € Z, (2.27)

where p(A(k)) is the spectral radius of the matrix A(k). Since for an arbitrary matrix
B we have
Bl = p(B) and |[B"[| > p(B)",

it is clear that the Von Neumann stability condition is a necessary condition for L?
stability of the scheme (therefore of its convergence). If the matrix A(k) is normal,
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it satisfies ||A(k)|l2 = p(A(k)) and [|A(k)™||2 = [|A(k)||5 (see lemma 13.1.6), therefore
the Von Neumann condition (2.27) is necessary and sufficient (we had the ‘luck’ in the
proof of lemma 2.2.23 to be in this favourable case). However, if A(k) is not normal,
then in general, the Von Neumann stability condition is not sufficient and we must
make a more delicate analysis of A(k) (and in particular of its diagonalization). e

Remark 2.2.25 The Lax theorem 2.2.20 generalizes without difficulty to multilevel
schemes if we choose the L? norm. The method of proof is unchanged: it uses Fourier
analysis and vector notation (2.24). o

Remark 2.2.26 Everything which we have said about the stability and the conver-
gence of multilevel schemes generalizes immediately to schemes for systems of equa-
tions. In this case, we must also write a vectorial version of the recurrence relation
(2.25) and of the amplification matrix (instead of a scalar factor). .

Exercise 2.2.6 Show that the Gear scheme (2.8) is unconditionally stable and therefore
convergent in the L? norm.

Exercise 2.2.7 Show that the DuFort—Frankel scheme (2.7) is stable in the L? norm
and therefore convergent, if the ratio At/(Axz)? remains bounded as we let At and Az
tend to 0.

2.2.6 The multidimensional case

The finite difference method extends without difficulty to problems in several space
dimensions. Let us consider, for example, the heat equation in two space dimensions
(the case of there or more space dimensions is not more complicated, at least in
theory) in the rectangular domain Q = (0,1) x (0, L) with the Dirichlet boundary
conditions
2 2

%—V%—V%:O for (z,y,t) € Q x R}

u(t =0,2,y) = uo(z,y) for (z,y) € Q

u(t,z,y) =0 for t € RY, (z,y) € 0.

(2.28)

To discretize the domain €, we introduce two space steps Az = 1/(N, + 1) > 0 and
Ay =L/(Ny,+1) >0 (with N, and N, being two positive integers). With the time
step At > 0, we define the nodes of a regular mesh (see Figure 2.1)

(tn,xj,yk) = (nAL, jAz, kAy) forn>0,0<j< N, +1,0<k <N, +1.

We denote by uj, the value of an approximate discrete solution at the point
(tn,z;,yx), and u(t, z,y) the exact solution of (2.28).
The Dirichlet boundary conditions are expressed, for n > 0, as

n —_ n _ no__ n — y
ug =un, 415 =0, Vk, and  wj,=ujy 41 =0, V.
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KAy (6, i)

JAx

Figure 2.1. Rectangular finite difference mesh.

The initial data is discretized by

u(;,k =uo(zj,ye) Vi, k.

The generalization to the two-dimensional case of the explicit scheme is obvious
u Tt — —u” +2u”, —u} —u” +2u”, —ul
gk Jsk y j—1k gk J+1,k +u Jk—1 g,k J,k+1
At (Aa)? )’

=0 (2.29)

forn>0,j€e{l,...,N;} and k € {1,..., N, }. The only notable difference with the
one-dimensional case is the extra severity of the CFL condition.

Exercise 2.2.8 Show that the explicit scheme (2.29) is stable in the L norm (and
that it satisfies the maximum principle) under the CFL condition

VAL n VAL
(Az)?  (Ay)?

1
< -.
-2

We illustrate the explicit scheme (2.29) (to which we add a convection term)
by Figure 2.2 which represents convection—diffusion of a ‘hump’ (the coefficient of
diffusion is 0.01 and the velocity (1.,0.)).

Likewise, we have the implicit scheme

n+1 n n+1 n+1 n+1 n+1 n+l1 ntl
Uik Wk, Tk 2k T e T T 2 T e (2.30)
At (Ax)? (Ay)? o

We remark that the implicit scheme needs, to calculate u™t! as a function of u™,
the solution of a linear system significantly more complicated than that in one space
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VELOCITY=1.00, FINAL TIME=1.50, NUMBER OF TIME STEPS=74
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Figure 2.2. Explicit scheme for the convection—diffusion equation in two dimensions:
initial data (top) and solution (bottom).
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dimension (the situation will be even worse in three dimensions). Recall that in
one dimension, it is sufficient to invert a tridiagonal matrix. We shall see that in
two dimensions the matrix has a less simple structure. The discrete unknown u;L L 1S
indexed by two integers j and k, but in practice we use only one index to store u"
in the form of a vector in the computer. A (simple and efficient) way of putting the
unknowns u? ), into a single vector is to write

n __ n n n n n n
u = (ul)l,...,ul’Ny,um,...,uzyNy,...,uNw,l,...,uNwNy).

Note that we have arranged the unknowns ‘column by column’, but we could equally
well have done it ‘row by row’ by using the j index first instead of the k index (N,
is the number of columns and N, the number of rows). With this convention, the
implicit scheme (2.30) requires the inversion of the matrix, which is ‘block’ symmetric
tridiagonal,

Dy E 0

Ey Dy E

En,—2 Dn,-1 En,—1
0 En,-1 Dn,

where the diagonal blocks D; are square matrices of dimension IV,

1+ 2(cy + ¢z) —cy 0
—cy 14 2(cy +cz) —cy
Dj = ’ : . oL
—cy 14+2(cy+cy) —cy
0 —cy 1+2(cy + ¢z)

with ¢, = vAt/(Az)? and ¢, = vAt/(Ay)?, and the extra-diagonal blocks E; = (E;)*

are square matrices of dimension IV,

—Cy 0 0
0 —c; 0
Ej =
0 —cy 0
0 0 —Cy

In summary, the matrix M is symmetric and pentadiagonal. However, the five diag-
onals are not contiguous, this implies a considerable extra cost to solve a linear system
associated with M (see the appendix on numerical linear algebra and particularly the
remarks 13.1.21 and 13.1.41). The situation will be even worse in three dimensions.



50 FINITE DIFFERENCE METHOD

Exercise 2.2.9 Show that the Peaceman—Rachford scheme

n+1/2 n+1/2 n

1172 +1/2
wiy, Ty Ly —ui Ly +2u Tk T T 205k~ Wn _
Al (Aa:) 2(Ay)? a
G e R | it ot ity
At (Am) (Ay) .

has accuracy of order 2 in space and time and is unconditionally stable in the L? norm
(for periodic boundary conditions in each direction).

Because of the heightened cost of calculation, we often replace the implicit
scheme by a generalization to several space dimensions of the one-dimensional scheme,
obtained by a technique called alternating directions, also called operator splitting,
or splitting. The idea is, instead of solving the two-dimensional equation (2.28), we
solve alternatively the two one-dimensional equations

ou 0%u ou 0%u

— —2v— =0 d ——-2v— =0

ot~ oa? N T
whose average again gives (2.28). For example, by using a Crank—Nicolson scheme
in each direction for a half time step At/2, we obtain an alternating direction
scheme

n+1/2 n+1/2

+1/2 +1/2
Uik Uk Uik H 2 i Ul 20—
At (Ax) 2(Ax)?
u?;gl — uzzl/z N "H -1+ Qu”+1 U?Zil - n+1/2 +2u nH/Q ?Zi/f 0
14 v =
At (Ay) (Ay)
(2.31)

The advantage of this type of scheme is that it is enough, at each half time step, to
invert a ‘one-dimensional’ tridiagonal matrix (therefore an inexpensive calculation).
In three dimensions, it is enough to take three one-third time steps and the properties
of the scheme are unchanged. This scheme is not only stable but also consistent with
the two-dimensional equation (2.28).

Exercise 2.2.10 Show that the alternating direction scheme (2.31) has accuracy of
order 2 in space and time and is unconditionally stable in the L? norm (for periodic
boundary conditions in each direction).

Let us conclude this section with some practical considerations for the finite dif-
ference method. Its principal advantage is its simplicity as well as its computational
implementation. However, it has a certain number of defects which, for many com-
plex problems, leads us to prefer other methods such as the finite element method (see
Chapters 6 and 8). One of the principal limitations of the method is that it only works
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Figure 2.3. Refinement of a finite difference mesh: the encircled zone is that where
we want more accuracy.

for regular, or rectangular, meshes. It is not always easy to discretize an arbitrary
space domain by rectangular meshes! Additionally, it is not possible to locally refine
the mesh to have better accuracy at a particular point of the domain. It is possible
to vary the space step in each direction but this variation is uniform in perpendicular
directions (Az and Ay can change along the = and y axes, respectively, but this vari-
ation is uniform in orthogonal directions; see Figure 2.3). Such a refinement of a finite
difference mesh therefore has effects far outside the zone of interest. Moreover, the
theory and practice of the finite differences become much more complicated when the
coefficients in the partial differential equations are variables and when the problems
are nonlinear.

2.3 Other models

2.3.1 Advection equation

We consider the advection equation in one space dimension in the bounded domain
(0,1) with a constant velocity V' > 0 and with the periodic boundary conditions

ou ou

—_ _ = +

ot "V ox =0 for (z,) € (0,1) xR}

w(t,r+1) =u(t,z) for (z,t) € (0,1) x RS (2.32)
u(0, ) = uo(x) for z € (0,1).

We always discretize space with a step Az = 1/(N + 1) > 0 (N a positive integer)
and the time with At > 0, and we denote by (t,,z;) = (nAt, jAz) for n > 0,j €
{0,1,..., N+1}, u} the value of an approximate discrete solution at the point (,,z;),
and wu(t, z) the exact solution of (2.32). The periodic boundary conditions lead to
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equations uy = ujy; for all n > 0, and more generally u} = uR j° Consequently,
the discrete unknown at each time step is a vector u" = (u})o<j<n € RNFL We
give some possible schemes for the advection equation (2.32). In Chapter 1 we have
already noted the bad numerical behaviour of the explicit centred scheme

ut Tt —

J J
A VT oA

u” o =y
k) (2.33)

for n >0 and j € {0,..., N}. The unstable character of this scheme is confirmed by
the following lemma.

Lemma 2.3.1 The explicit centred scheme (2.33) is consistent with the advection
equation (2.32), accurate with order 1 in time and 2 in space, but unconditionally
unstable in the L? norm.

Proof. With the help of a Taylor expansion around the point (¢,,z;), we easily see
that the scheme is consistent, accurate with order 1 in time and 2 in space. By Fourier
analysis, we study the L? stability. With the notation of Section 2.2.3, the Fourier
components 4" (k) of u" satisfy

At (k) = (1 - ivﬁf sin(27rkAx)) an (k) = A(k)a" (k).

We see that the amplification factor is always greater than 1,

€T

At 2
sin(27rk:Am)> >1,
with strict inequality when 2kAx is not an integer. Therefore the scheme is

unstable. O

We can write an implicit version of the preceding scheme which is stable: it is the
implicit centred scheme

n+1 n n+1 n+1
w; T — Ul Uy 1 — Uy
J J j+1 j—1
=0. 2.34
I v 0 (2.34)

Exercise 2.3.1 Show that the implicit centred scheme (2.34) is consistent with the
advection equation (2.32), accurate with order 1 in time and 2 in space, unconditionally
stable in the L2 norm, and therefore convergent.

If we absolutely must stay centred and explicit, the Lax—Friedrichs scheme

n+l _ . n _ .n n o _
2u; Uy — Uy N Vuj+1

i-1
2AL 2Ax =0 (2.35)

is a scheme which is simple, robust but not very accurate.
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Lemma 2.3.2 The Laxz—Friedrichs scheme (2.35) is stable in the L?> norm under the
CFL condition
|[V|At < Az.

If the ratio At/Ax is held constant as At and Ax tend to zero, it is consistent with the
advection equation (2.32) and accurate with order 1 in space and time. Consequently,
it is conditionally convergent.

Proof. By Fourier analysis we have

a" (k) = (cos(27rkAx) — iVAt

~ Siﬂ(27rkA9£)> a(k) = A(k)a" (k).

The modulus of the amplification factor is given by

VAL
|A(K)|* = cos?(2mkAx) + (A) sin?(2rkAx).
x
We see, therefore, that |A(k)] < 1 for all k if the condition |V|At < Ax is satisfied,
while if not there exist unstable modes k such that |A(k)| > 1. The scheme is therefore
conditionally stable. To study the consistency, we make a Taylor expansion around
(tn, z;) for the solution u:

QU(tn+1, ZEj) — U(tn, $j+1) — U(tn,l'j_l) 4 V’ll,(tn, $j+1) — U(tn,l'j_l) _
2At 2Ax

)2 2 x)4
o (1= o ) sl +0( (802 + 528, 239

(ut + Vux) (tny xj) -

Since the truncation error contains a term in O((Ax)2 / At), the scheme is not con-

sistent if At tends to zero more quickly than (Axz)2. Conversely, it is consistent and
is accurate with order 1 if the ratio A¢/Az is constant. To obtain the convergence
we recall the proof of the Lax Theorem 2.2.20. The error ™ is always bounded by
the truncation error, and therefore

(Az)®
" < AtnKC At |.
"] < Atn ( )+
If we keep the ratio Az/At fixed, the error is therefore bounded by a constant times
At which tends to zero, from which we have the convergence. a

Remark 2.3.3 The Lax—Friedrichs scheme is not (in the strict sense of the definition
2.2.4) consistent. Nevertheless, it is conditionally consistent and convergent. We
must, however, pay attention to the fact that if we take a much smaller time step At
than is permitted by the CFL stability condition, the convergence will be very slow.
In practice, the Lax—Friedrichs scheme is not recommended. °
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An explicit centred scheme which is more accurate is Lax—Wendroff scheme

n+1 n n n 2 n n n
ulmTt — Uiy —uig (V At) uj_y —2u} +ujy,

J J
v 2 (Ar)?

- mz — 0. (2.37)

The derivation is not immediate, we present it in detail. We start by writing an
expansion of order 2 in time of the exact solution

W(tng1,25) = w(tn, ;) + (At)ue(tn, x;) + @utt(tn,xj) + (’)((At)S).

By using the advection equation we replace the time derivatives by space derivatives

(VAt)?

u(tn+1,$j) = u(tn,xj) — (VAt)uz(tn; xj) + 9

tas (b, 25) + O ((AD?).
Finally, we replace the space derivatives by a centred formula of order 2

U(tn, Tjy1) — u(tn, vj-1)

W(tny1, @) = u(ty, xj) — VAL

2Ax
(Vﬁ’” Mhetinsl 2 2“&’;)?) ¥ ullny2m) o((at)? + At(Ax)?).

We recover the Lax—Wendroff scheme by neglecting the third order terms and
replacing u(t,, z;) by u}. We remark that, compared to the previous schemes, we have
‘simultaneously’ discretized the space and time derivatives of the advection equation.
By design, the Lax—Wendroff scheme is accurate with order 2 in time and in space.
We can show that it does not satisfy the discrete maximum principle (see exercise
2.3.3). Conversely, it is stable in the L? norm and therefore convergent under the
CFL condition |V]At < Az.

Exercise 2.3.2 Show that the Lax—Wendroff scheme is stable and convergent in the L?
norm if |V]|At < Ax.

Exercise 2.3.3 Show that the Lax—Friedrichs scheme satisfies the discrete maximum
principle if the CFL condition |V|At < Az is satisfied, while the Lax—Wendroff scheme
does not satisfy it except if VAt/Ax is —1,0, or 1.

Exercise 2.3.4 Show that the Lax-Wendroff scheme (2.37) is the only scheme which
is accurate with order 2 in space and time of the type

T

— n n n
i = ouiy + Bui g,

where «, 3, depend only on VAt/Az.
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As we have already seen in Chapter 1, a fundamental idea to obtain ‘good’ schemes
for the advection equation (2.32) is upwinding. We give the general form of the
upwinded scheme

un+1 )

U ut —ul
V=0 i V0
i
(2.38)
u;H-l _ un ]+1 ’U,? B .
AL +V A =0 if V<o
T

We have already seen in Chapter 1 that the upwinded scheme is stable in the L
norm if the CFL condition, |V]At < Az, is satisfied. As it is consistent and accurate
with order 1 in space and time, it converges in the L° norm from the Lax theorem.
The same result is true in the L? norm with the same CFL condition.

Exercise 2.3.5 Show that the explicit upwinded scheme (2.38) is consistent with the
advection equation (2.32), accurate with order 1 in space and time, stable and convergent
in the L? norm if the CFL condition |V|At < Az is satisfied.

Remark 2.3.4 For nonlinear problems (where the velocity V' itself depends on the
unknown u), and particularly for fluid flow models, the upwinded scheme is clearly
superior to the others. It is the source of many generalizations, much more complex
than the original (see [23]). In particular, even though the original scheme is only of

order 1, it has variants of order 2. °
Scheme Stability Truncation error
Explicit centred (2.33) Unstable O(At + (A:E)Q)

Implicit centred (2.34) L? stable (At + (Ax) )

Lax—Friedrichs (2.35)  L? and L stable for the (At + (Ax) /At)
CFL condition |V|At < Az

Lax—Wendroff (2.37) L? stable for the (9( )
CFL condition |V|At < Az

Upwinded (2.38) L? and L stable for the O(At + Aa:)

CFL condition |V|At < Az

Table 2.2. Summary of properties of various schemes for the advection equation

To compare these various schemes (see Table 2.2) from a practical viewpoint, a
pertinent (though formal) concept is that of the equivalent equation.

Definition 2.3.5 We call the equivalent equation of a scheme the equation ob-
tained by adding the principal part (that is, the term with dominant order) of the
truncation error to the model studied.
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TRANSPORT EQUATION, FINAL TIME =5
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exact solution
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0.660
0.220 +
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Figure 2.4. Influence of the CFL condition on the numerical diffusion of the Lax—
Friedrichs scheme (top) and of the upwinded scheme (bottom).
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All of the schemes which we have seen are consistent. However, if we add the
principal part of the truncation error of a scheme to the equation, then this scheme
is not only consistent with this new ‘equivalent’ equation, but is also strictly more
accurate for this equivalent equation. In other words, the scheme is ‘more consistent’
with the equivalent equation than with the original equation. Let us take the example
of the Lax—Friedrichs scheme (2.35) for the advection equation: from (2.36), the

2 2
principal part of its truncation error is — (gg (1 - ((VAAJ))Q ) Ugz. Consequently, the

equivalent equation of the Lax—Friedrichs scheme is

ou ou  0%u (Az)? (1 (VAt)2>. (2.39)

E—kv%—V@—O with v = SAL T A2
This equivalent equation will give us invaluable information on numerical behaviour of
the scheme. Indeed, the Lax—Friedrichs scheme is a good approximation (of order 2)
of the convection—diffusion equation (2.39) where the coefficient of diffusion v is small
(even zero if the CFL condition is exactly satisfied, that is, Az = |[V|At). We remark
that if the time step is taken to be very small, the coeflicient of diffusion v may be very
large and the scheme is bad as it is too weighted to the diffusion (see Figure 2.4). The
coefficient of diffusion v of the equivalent equation is called numerical diffusion. If
it is large, we say that the scheme is diffusive (or dissipative). The typical behaviour
of a diffusive scheme is its tendency to artificially spread out the initial data in the
course of time. The schemes which are too diffusive are therefore ‘bad’ schemes.

Exercise 2.3.6 Show that the equivalent equation of the upwinded scheme (2.38) is

2
O v Wi~ vian 2

u
ot Oz 2 2 =0

Ox

The upwinded scheme is also diffusive (except if the CFL condition is exactly
satisfied, that is, Ax = |[V|At). In any case, the diffusion coefficient of the equivalent
equation does not tend to infinity as the time step tends to zero (for Az fixed), which
is a clear improvement with respect to the Lax—Friedrichs scheme (see Figure 2.4).
This numerical diffusion effect is illustrated by the Figure 2.4 where we solve the
advection equation on an interval of length 1 with periodic boundary conditions,
sinusoidal initial data, space step Az = 0.01, velocity V = 1 and final time T = 5.
We compare two values of the time step At = 0.9Ax and At = 0.45Az.

Exercise 2.3.7 Show that the equivalent equation of the Lax-Wendroff scheme
(2.37) is

ou n ou . V(Az)? ] (VA2 8%u
ot Ox 6 (Az)2 ) 0x3
As the Lax—Wendroff scheme is accurate with order 2, the equivalent equation does
not contain a diffusion term but a third order term, called dispersive. Let us remark
that the coefficient of this dispersive term is of much smaller order than the coefficient
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of diffusion of the equivalent equations for the diffusive schemes. This is why this
dispersive effect can only, in general, be seen on a nondiffusive scheme. The typical
behaviour of a dispersive scheme is that it produces oscillations when the solution is
discontinuous (see Figure 2.5). In effect, the dispersive term modifies the velocity of
propagation of the plane waves or Fourier modes of the solution (particularly of these
modes with high frequency), whereas a diffusive term only attenuates its amplitude
(see Exercise 2.3.8).

TRANSPORT EQUATION, FINAL TIME= 5
1.100

—— exact solution

--- Lax—Friedrichs scheme
-- - Lax—Wendroff scheme
— - = upwind scheme

0.660 -

0.220

—0.220 -

—0.660 -

-1.100 T T T T T T T T T

TRANSPORT EQUATION, FINAL TIME = 5
1.100

—— exact solution
---Lax—Friedrichs scheme
-- - Lax-Wendroff scheme

0.660 - ,+, |-~ upwind scheme

0.220 -

—0.220 -

—0.660 - N

_1'100 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Figure 2.5. Comparison of the Lax—Friedrichs, Lax—Wendroff, and upwinded schemes
for sinusoidal initial data (top) and square wave (bottom).

To illustrate this, we show calculations made on an interval of length 1 with
periodic boundary conditions, space step Az = 0.01, time step At = 0.9% Az, velocity
V' =1 and final time T = 5. Two types of initial conditions are tested: first a very



OTHER MODELS 99

regular initial condition, a sine wave, then a discontinuous initial condition, a square
wave (see Figure 2.5). The schemes accurate with order 1 are clearly diffusive: they
destroy the solution. The Lax—Wendroff scheme which is accurate with order 2 is
very good for a regular solution but oscillates for the square wave since it is disper-
sive. The concept of the equivalent equation allows us to understand these numerical
phenomena.

Exercise 2.3.8 Take the equation

Ou  Ou _ Pu_ Ou
ot "V or Vo2 Mo

u(t =0,z) = sin(wz + ¢) for z € R,

=0 for (z,t) e R x Rf

with Vv, i, w, ¢ € R. Show that its solution is
u(t,z) = exp(—vw?t)sin (w(z — (V + pw?)t) + ¢)

(we shall assume uniqueness). Deduce that the diffusion attenuates the amplitude of the
solution, while the dispersion modifies the velocity of propagation.

Exercise 2.3.9 Define the ‘leapfrog’ scheme

;H—l _ u;z—l u?Jrl -
+V

2At 2Ax

u -1 _ g

Study the consistency and the truncation error of this scheme. Show by Fourier analysis
that it is stable under the condition CFL |V|At < M Az with M < 1.

Exercise 2.3.10 Define the Crank—Nicolson scheme

+1 +1 +1
uitt —ul +Vu;-l+1 —ujh +Vu?+1—u?_1 0
At 4Ax 1Az ’

Study the consistency and the truncation error of this scheme. Show by Fourier analysis
that it is unconditionally stable.

2.3.2 Wave equation

We consider the wave equation in the bounded domain (0, 1) with periodic boundary
conditions

?u  0*u
- = +
52 92 for (z,t) € (0,1) x R{
u(t,z +1) = u(t,x for (z,t) € (0,1) x Rf
( ) = u(t,z) (z,t) € (0,1) (2.40)
u(t =0,2) = up(z) for z € (0,1)
6u(t =0,7) = u1(2) for x € (0,1).

at
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With the same notation as above, the discrete unknown at each time step is a vector
u” = (u})o<j<n € RN*1. The periodic boundary conditions lead to equations u? =
uRryq for all n > 0, and more generally u} = u} ;. As the boundary conditions
do not fix the value of u at the end of the interval (0,1) (think of the interpretation
in terms of a vibrating cord), the solution u cannot remain bounded in time, which
complicates the study of the stability of the numerical schemes. For example, if ug = 0
and u; = C in (0,1), the solution of (2.40) is u(t,z) = Ct. To eliminate this effect,

we make the hypothesis that the initial velocity is on average zero

/1 ui(x)dz = 0. (2.41)
0

For the wave equation (2.40) the usual scheme is the #-centred scheme: for n > 1
and j € {0,..., N},

u?t — 2u? + u;-“l —u;Lfll + 2u?+1 — !

J 0 j+1
@ " (o) .12)
n n n n—1 n—1 n—1 :
_uj_1+2uj —ujyy —uj4 +2uj —Ujly
+(1—26) (An)? + 6 (Ax)? =0

with 0 < 6 < 1/2. When 6 = 0 we obtain an explicit scheme, while the scheme is
implicit if  # 0. The initial conditions are taken into account by

wul — 0 Tjt1/2
u? =ug(z;) and L —7L = up(z) dz,
J At .

j—1/2

which guarantees that the discrete initial velocity also satisfies the condition (2.41).
As each of the centred finite differences which approximate the second derivatives
in (2.42) is of order 2, the #-centred scheme (2.42) has accuracy of order 2 in space
and time. We remark that this scheme is invariant if we change the sense of time
(which is compatible with the reversibility property in time of the wave equation, see
in Section 1.3.2).

Lemma 2.3.6 If 1/4 < 6 < 1/2, the 0-centred scheme (2.42) is unconditionally
stable in the L? norm. If 0 < 0 < 1/4, it is stable under the CFL condition

At [ M
= T i 1
x< 110’ with 0 < M < 1,

and unstable if At/Ax > 1//1 —46.

Proof. As before, we use Fourier analysis to obtain

"t (k) — 20" (k) + 2" (k) + a(k) (02" (k) + (1 — 20)a" (k) + 02" ' (k)) = 0,
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with
At

2
alk) =4 (m) sin?(rkAx).
This is a three level scheme which we rewrite as

() = ( uu:z]i/;) ) _ ( (2= (1= 20)a(k)/1 + ba(k) a >U"(k)

A(k)U™ (k),

and U"(k) = A(k)"U'(k). The eigenvalues (A1, A2) of the matrix A(k) are the
roots of the second degree polynomial

2 (1-20)a(k)

2
A 1+ 0a(k)

A+1=0.

The discriminant of this equation is

a(k)(4 — (1 —46)a(k))

A== (1+ 6a(k))?

The study of the stability of the scheme is very delicate as A(k) is not a normal matrix
and |[A(k)™|l2 # p(A(k))™, where p(A(k)) = max(|\1],|A2]) is the spectral radius
of A(k). We therefore restrict ourselves to verifying the necessary Von Neumann
stability condition, p(A(k)) < 1 (see remark 2.2.24), and we refer to exercise 2.3.11
for a sufficient condition. If At/Ax > 1/4/1 — 46, a judicious choice of k (such that
sin?(rkAz) ~ 1) leads to A > 0, and in this case the two roots A; and A, are
real, with product equal to 1. One of the two must be strictly greater than 1 in
modulus, p(A(k)) > 1, and the scheme is therefore unstable. If At/Az < 1/y/1—46
orf > i, then A <0 for all k, and the two roots are complex conjugate with modulus
equal to 1. Consequently, p(A(k)) = 1 and the Von Neumann stability condition is
satisfied. |

Exercise 2.3.11 Finish the proof of Lemma 2.3.6 by calculating A(k)™, and show the
stability of the scheme under the CFL condition, thanks to (2.41).

Exercise 2.3.12 We consider the limiting case of the Lemma 2.3.6, that is, At/Axz =
1/v/1—460 with 0 < 6 < 1/4. Show that the f-centred scheme (2.42) is unstable in
this case by verifying that u} = (—1)"*7(2n — 1) is a solution (note that this is ‘weak’
instability since the increase of u™ is linear and nonexponential).

We illustrate these schemes in Figure 2.6 on which we show the results obtained
with the explicit centred scheme and the #-implicit scheme (for § = 0.25). The
calculations are made on an interval of length 1 with periodic boundary conditions,
space step Ax = 0.01, time step At = 0.9 x Az, and final time 7' = 5. The initial
condition ug is a sine wave, while u; is zero.
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WAVE EQUATION, FINAL TIME =5
1.100

—— exact solution
-==-- explicit centered scheme
- - - theta-implicit scheme, theta=0.25

0.660
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—0.220

—0.660
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Figure 2.6. Schemes for the wave equation.

We have seen in exercise 1.3.4 that the wave equation (2.40) satisfies a conservation
of energy property, that is, for all ¢ > 0,
1
ou
dx + /
0

%(t’ :C)

2 2

Ou dz.

7(t’ 1’)

1
E(t) = E(0) with E(t) = /0 >

It is often desirable that a numerical scheme satisfies (exactly or approximately) a
discrete version of this conservation of energy. For the #-scheme we introduce the
discrete energy

N uT.H_l —um 2
Entl = Z 4 J A7 L 4 ane(u™™u™) + Oap, (u T —u T —u™)

Jj=0

with

N
_ U1 — U5\ (Vi1 — Y5

Jj=0

Clearly, E"*! is an approximation, to O(Axz + At), of the exact energy E(t,.1). We
leave it the reader to prove the property of the conservation of discrete energy.

Exercise 2.3.13 Show that the 6-centred scheme (2.42) conserves the discrete energy,
that is, E™ = E! for all n > 0.
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Another way to define the schemes for the wave equation is to start by rewrit-
ing (2.40) as a system of first order equations. Introducing v = du/0t and w = du/0x,
(2.40) is equivalent to

;(2)2(2 é)ax(i) for (x,1) € (0,1) x RY

vt e +1) = v(t,2), w(t,z +1) =w(t,z)  for (z,) € (0,1) xRY 9 43y

w(t=0,z) = %(m) for x € (0,1)
v(t=0,2) = ui(z) for x € (0,1).

We can give a physical or mechanical interpretation of these new variables. If u
models a displacement (of the vibrating cord, for example), then v is a velocity and
w is a deformation. The system of two equations (2.43) occurs as a generalization of
the advection equation. We can therefore define a Lax—Friedrichs-type scheme

1 T —n | —? > 1 < 0 1 > ( —uf )
j g+ T Y- ) 2 Vi1 =1 ) =0, (2.44
2At < 2w§z+1 —wi, —wi 202z \ 1 0 Wiy —wi (2.44)
or one of Lax—Wendroff type
1 T 1 0 1 v — vl
j A j+1 7 Y- 2.45
At ( Py ) 20z < 10 ) ( Wity — Wi ) (245

J
2 n n n
n At 0 1 —vj_q + 20] — vy _o.
oAz \ 1 0 —wh_ | 20— Wl
Exercise 2.3.14 Show that the Lax—Friedrichs scheme (2.44) is stable in the L? norm

under the CFL condition At < Az, and that it is accurate with order 1 in space and time
if the ratio At/Ax is held constant as At and Az tend to zero.

Exercise 2.3.15 Show that the Lax—Wendroff scheme (2.45) is stable in the L? norm
under the CFL condition At < Az, and that it is accurate with order 2 in space and time.

As for the advection equation, a fundamental idea to obtain ‘good’ schemes is
upwinding. However, here we have a system of two equations and it is not clear
which is the velocity, which is what allows us to upwind. In fact, it is sufficient to

diagonalize the matrix
0 1
=(1)

to obtain two decoupled advection equations which are upwinded in different ways
from each other. It is therefore the eigenvalues of the matrix J (1 and —1, in fact)
which play the role of the velocity, and we upwind component by component in the
decomposition in a basis of eigenvectors of this matrix. This type of scheme is used
for hyperbolic systems and, in particular, for gas dynamics (see [23] to which we refer
for more detail).



This page intentionally left blank



3 Variational formulation of
elliptic problems

3.1 Generalities

3.1.1 Introduction

In this chapter we are interested in the mathematical analysis of elliptic partial
differential equations (PDEs) (see definition 1.5.5). In general, these elliptic equa-
tions correspond to stationary physical models, that is, models which are independent
of time. We shall see that boundary value problems are well-posed for these elliptic
PDEs, that is, they have a solution which is unique and depends continuously on the
data. The approach that we shall follow is called the variational approach. First
we should say that the interest of this approach goes far beyond the framework of
elliptic PDEs and even the framework of the ‘pure’ mathematical analysis to which
we restrict ourselves. Indeed, we shall return to this variational approach for prob-
lems of evolution in time (parabolic or hyperbolic PDEs), and it will be crucial for
understanding the finite element method that we develop in Chapter 6. Additionally,
this approach has a very natural physical or mechanical interpretation. The reader
should make the effort to study this variational approach carefully!

In this chapter and the following, the prototype example of elliptic PDEs will be
the Laplacian for which we shall study the following boundary value problem

{ —Au=f inQ

u=20 on 0f) (3.1)

where we impose Dirichlet boundary conditions (we refer to Section 1.3.3 for a pre-
sentation of this model). In (3.1), Q is an open set of the space RY, 9Q is its

65
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boundary, f is a right-hand side data for the problem, and u is the unknown. Of
course, in Chapter 5 we shall give many other examples of elliptic PDEs which can
be studied, thanks to the variational approach.

The plan of this chapter is the following. In Section 3.2 we recall some integration
by parts formulas, called Green’s formulas, then we define the variational for-
mulation. Section 3.3 is dedicated to Lax—Milgram theorem which will be the
essential tool allowing us to show existence and uniqueness of the solutions of the vari-
ational formulation. We shall see that, to apply this theorem, it is inescapable that
we must give up the space C1(2) of continuously differentiable functions and use its
‘generalization’, the Sobolev space H!(Q2).

We conclude this introduction by mentioning other methods to solve PDEs which
are less powerful or more complicated than the variational approach (we refer the
curious, and courageous, reader to the encyclopaedia [14]).

3.1.2 Classical formulation

The ‘classical’ formulation of (3.1), which might appear ‘natural’” at first sight, is to
assume sufficient regularity for the solution u so that equations (3.1) have a meaning
at every point of Q or of 0. First we recall some notation related to spaces of regular
functions.

Definition 3.1.1 Let 2 be an open set of RN, and Q its closure. We denote by C(£2)
(respectively, C(Q)) the space of continuous function in 0 (respectively, in Q). Let
k >0 be an integer. We denote by C*(Q) (respectively, C*(QQ)) the space of functions
k times continuously differentiable in Q (respectively, in Q).

A classical solution (we also say strong solution) of (3.1) is a solution u €
C?(Q)NC(Q), which implies that the right-hand side f must be in C(£2). This classical
formulation, unfortunately, has a number of problems! Without going into detail, we
note that, under the single hypothesis f € C(Q2), there is not in general a solution of
class C? for (3.1) if the dimension of the space is greater than two (N > 2). In fact,
a solution does exist, as we shall see later, but it is not of class C? (it is a little less
regular except if the data f is more regular than C(Q)). The case of a space with
dimension one (N = 1) is particular as it is easy to find classical solutions (see exercise
3.1.1), but we shall, nevertheless, see that, even in this successful case, the classical
formulation is inconvenient.

In what follows, to study (3.1), we shall replace its classical formulation by a
so-called variational formulation, which is much more advantageous.
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3.1.3 The case of a space of one dimension

In one space dimension (N = 1), if @ = (0,1), the boundary value problem (3.1)
becomes P2
_ﬁ =f forO<ax<1
u(0) = u(1) = 0.

This problem is so simple it has an explicit solution!

(3.2)

Exercise 3.1.1 If f is a continuous function in [0, 1], show that (3.2) has a unique
solution in C2([0,1]) given by the formula

mmzxéf@u—@@—AU@mF@@ for z € [0,1]. (3.3)

For the remainder of this section we shall forget the explicit formula (3.3) which does
not have any equivalent for more complicated problems.

In one space dimension, ‘partial differential equation’ loses its meaning as, since
we only have one variable, we can more simply say ‘ordinary differential equation’.
However, equation (3.2) is not a ‘normal’ ordinary differential equation in the sense
that the solution must satisfy conditions ‘at both ends’ rather than an initial condition
at one end of the interval [0,1]. This is exactly the difference between a boundary
value problem (with conditions ‘at both ends’) and a Cauchy problem (with an initial
condition ‘at one end’).

It is, however, interesting to see that, even in one dimension, the classical methods
of ordinary differential equations are not useful to study (3.2) (and are completely
useless in higher dimensions). For a parameter m € R, we consider the Cauchy
problem for the Laplacian with initial data at 0

2
_du =f forO<z<1
dx? (3.4)
du ’

Obviously there is a unique solution of (3.4): it is enough to integrate this linear
equation (or more generally to use the Cauchy—Lipschitz existence theorem). It is
not at all clear, on the other hand, that the solution of (3.4) coincides with that of
(3.2) (if it exists). We ask the question if there exists a parameter m such that the
solution of (3.4) also satisfies u(1) = 0 and therefore is a solution of (3.2). This is the
principle of the shooting method which allows us to solve, both theoretically and
numerically, the boundary value problem (3.2). Iteratively, we predict a value of m
(shooting from the point 0), we integrate the Cauchy problem (3.4) (we calculate the
trajectory of the shot), then depending on the result u(1) we correct the value of m.
In practice, this is not a very effective method which has the major problem that it
cannot be generalized to higher dimensions.

The conclusion is that we need methods specific to boundary value problems which
have nothing to do with those related to Cauchy problems.
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3.2 Variational approach

The principle of the variational approach for the solution of PDEs is to replace the
equation by an equivalent so-called variational formulation obtained by integrating
the equation multiplied by an arbitrary function, called a test function. As we need
to carry out integration by parts when establishing the variational formulation, we
start by giving some essential results on this subject.

3.2.1 Green’s formulas

In this section 2 is an open set of the space RY (which may be bounded or un-
bounded), whose boundary is denoted by 9Q. We also assume that 2 is a regular
open set of class C1. The precise definition of a regular open set is given below in
definition 3.2.5, but it is not necessary to understand this absolutely to follow the rest
of this course. It is enough to know that an open regular set is roughly speaking an
open set whose boundary is a regular hypersurface (a manifold of dimension N — 1),
and this open set is locally situated on one side of its boundary. We then define
the outward normal at the boundary 0 as being the unit vector n = (n;)1<i<n
normal at every point to the tangent plane of () and pointing to the exterior of Q)
(see Figure 1.1). In © C RY we denote by dx the volume measure, or Lebesgue
measure of dimension N. On 02, we denote by ds the surface measure, or Lebesgue
measure of dimension N —1 on the manifold 9. The principal result of this section is
the following theorem (see [4], [38]).

Theorem 3.2.1 (Green’s formula) Let Q2 be a regular open set of class C'. Letw
be a CH(Q) function with bounded support in the closure Q. Then w satisfies Green’s
formula

89@

where n; is the ith component of the unit outward normal to Q.

/Q ou () dx = /8 Qw(:z:)n,;(x)ds, (3.5)

Remark 3.2.2 To say that a regular function w has bounded support in the closed
set ) is the same as saying that it is zero at infinity if the closed set is unbounded.
We also say that the function w has compact support in € (take care: this does not
imply that w is zero on the boundary 99). In particular, the hypothesis of theorem
3.2.1 in connection with the bounded support of the function w in € is pointless if the
open set €2 is bounded. If 2 is unbounded, this hypothesis ensures that the integrals
in (3.5) are finite o

Theorem 3.2.1 has many corollaries which are all immediate consequences of
Green’s formula (3.5). The reader who wants to save his memory need only remember
Green’s formula (3.5)!
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N

Q+

Figure 3.1. Definition of the regularity of an open set.

Corollary 3.2.3 (Integration by parts formula) Let Q2 be a regular open set of
class Cl. Letu and v be two C1(Q) functions with bounded support in the closed set
Q. Then they satisfy the integration by parts formula

/ (@) 2 () do = — / o(@) 2% (2) do + / w@)v(@)ni(z)ds.  (3.6)
0 Ox; Q Ox; o9
Proof. It is enough to take w = uw in theorem 3.2.1. |

Corollary 3.2.4 Let Q) be a regular open set of class Cl. Letu be a function of C?(Q)
and v a function of C*(S2), both with bounded support in the closed set . Then they
satisfy the integration by parts formula

Au()o(z)dz = — [ V(@) - Vo) de+ | 2@)o() ds, (3.7)
/ ki J

a0 on

where Vu = (%) is the gradient vector of u, and g—“ =Vu-n.
TiJ1<i<N "

Proof. We apply corollary 3.2.3 to v and % and we sum in %. O

Definition 3.2.5 We say that an open set 0 of RY is regular of class C* (for an
integer k > 1) if there exist a finite number of open sets (w;)o<i<r such that

G CQ,  Qcu_jw, 00 C UL w;,

and that, for everyi € {1, ..., I} (see Figure 8.1), there exists a bijective mapping ¢;
of class C*, from w; into the set

Q: {y: (yl7yN) ERN_l XR? |y/| < 1) |yN‘ < 1}7
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whose inverse is also of class C*, and such that

qbi(wiﬂQ) = Qm {y = (Z//7ZUN) € RV=1 RayN > 0} = Q+a
$i(windQ) =QNn{y=(y,yn) e RN"I xR,yy = 0}.

Figure 3.2. Two examples of a nonregular open set: open set with a crack on the left,
open set with a cusp on the right.

Remark 3.2.6 Even though Figure 3.1 represents a bounded regular open set, the
definition 3.2.5 also applies to unbounded open sets. Definition 3.2.5 does not only
exclude open sets whose boundary is not a regular surface, but it also excludes open
sets which do not lie locally on one side of their boundary. Figure 3.2 contains two
typical examples of a nonregular open set which give an irremovable singularity, a
crack, and a cusp. These examples are not ‘mathematical inventions’: the cracked
set is used to study crack problems in structural mechanics. We can, nevertheless,
generalize the class of regular open set a little to open sets which are ‘piecewise
regular’, provided that the pieces of the boundary are ‘joined’ by angles different
from either 0 (a cusp) or from 27 (a crack). All of these details are largely outside the
scope of this course, and we refer the reader to remark 4.3.7 for another explanation
of regularity problems. °

Exercise 3.2.1 From Green's formula (3.5) deduce the Stokes formula
/ dive(z)p(x) dz = —/ o(x)-Vo(z)dx +/ o(z) - n(z) ¢(z) ds,
Q Q B
where ¢ is a scalar function of C1(Q) and o a vector valued function of C'(Q), with

bounded supports in the closed set €.

Exercise 3.2.2 In N = 3 dimensions we define the curl of a function of  in R?3,
¢ = (¢1, P2, $3), as the function of Q in R? defined by

U (003 _ 002 061065 06s _ 0%
81‘2 81‘37 81‘3 8.131 ’ 8331 8$2 '

For ¢ and 1, vector valued functions of C1(2), with bounded supports in the closed set
(), deduce Green's formula (3.5)

/QV><¢~@ZJd:r7/Q¢~V><wdx:f/aQ(d)xn)w/)ds.
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3.2.2 Variational formulation

To simplify the presentation, we assume that the open set €2 is bounded and regular,
and that the right-hand side f of (3.1) is continuous on 2. The principal result of
this section is the following proposition.

Proposition 3.2.7 Let u be a function of C%(). Let X be the space defined by
X ={¢ € C'(Q) such that ¢ =0 on 00} .

Then u is a solution of the boundary value problem (3.1) if and only if u belongs to
X and satisfies the equation

/ Vu(z) - Vo(z) dx = / f(z)v(x)dz  for everyv € X. (3.8)
Q Q

Equation (3.8) is called the variational formulation of the boundary value
problem (3.1).

Remark 3.2.8 An immediate consequence of the variational formulation (3.8) is
that it is meaningful if the solution u is only a function of C*(Q), as opposed to
the ‘classical’ formulation (3.1) which requires u to belong to C%(Q). We therefore
already suspect that it is easier to solve (3.8) than (3.1) since it is less demanding on
the regularity of the solution.

In the variational formulation (3.8), the function v is called the test function.
The variational formulation is also sometimes called the weak form of the bound-
ary value problem (3.1). In mechanics, the variational formulation is known as the
‘principle of virtual work’. In physics, we also talk of the balance equation or the
reciprocity formula.

When we take v = u in (3.8), we obtain what is called an energy equality,
which in general expresses the equality between the stored energy in the domain
(the left-hand term of (3.8)) and a potential energy associated with f (the right-hand
term of (3.8)). °

Proof. If u is a solution of the boundary value problem (3.1), we multiply the
equation by v € X and we use the integration by parts formula of corollary 3.2.4.

/ Au(z)v(z) de = —/ Vu(z) - Vo(z) dx + @(x)v(x) ds,
Q Q a0 On
where v = 0 on 9f since v € X, therefore
/ f@v(x)de = | Vu(zx)- Vo(z)dz,
Q Q

which is nothing other than the formula (3.8). Conversely, if u € X satisfies (3.8), by
using the integration by parts formula ‘in reverse’ we obtain

/Q (Au(x) + f(x))v(x) der =0 for every v € X.
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As (Au + f) is a continuous function, thanks to lemma 3.2.9 we conclude that

—Au(z) = f(z) for all z € Q. In addition, since u € X, we recover the
boundary condition v = 0 on 0f2, that is, u is a solution of the boundary value
problem (3.1). O

Lemma 3.2.9 Let Q be an open set of RN. Let g(x) be a continuous function in ).
If for every function ¢ of C*° () with compact support in ), we have

/Q 9(@)6(x) dz = 0,

then the function g is zero in €.

Proof. Assume that there exists a point xg € € such that g(zg) # 0. Without loss
of generality, we can assume that g(zo) > 0 (otherwise we take —g). By continuity,
there exists a small open neighbourhood w C € of g such that g(z) > 0 for all z € w.
Let ¢ be a nonzero positive test function with support in w. We have

| st@ote)de = [ g(wyota) dz o

w

which contradicts the hypothesis on g. Therefore g(z) = 0 for all z € Q. a

Remark 3.2.10 We can rewrite the variational formulation (3.8) in compact nota-
tion: find u € X such that

a(u,v) = L(v) for every v € X,

with
a(u,v) = /QVu(x) -Vo(z) dz

and

L(v) = /Q f(@yo(z) de,

where a(-,-) is a bilinear form on X and L(-) is a linear form on X. It is in this
abstract form that we solve (with some hypotheses) the variational formulation in the
next section. .

The principle idea of the variational approach is to show the existence and
uniqueness of the solution of the variational formulation (3.8), which implies the same
result for the equation (3.1) because of proposition 3.2.7. Indeed, we shall see that
there is a theory, both simple and powerful, for analysing variational formulations.
Nonetheless, this theory only works if the space in which we look for the solution
and in which we take the test functions (in the preceding notation, the space X) is a
Hilbert space, which is not the case for X = {v € C1(Q), v = 0 on 92} equipped with
the ‘natural’ scalar product for this problem. The main difficulty in the application
of the variational approach will therefore be that we must use a space other than X,
that is the Sobolev space H}(2) which is indeed a Hilbert space (see Chapter 4).
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Exercise 3.2.3 In a bounded open set 2 we consider the Laplacian with Neumann
boundary condition

Au=f inQ
gu _ 0 on 99. (3:9)
on

Let u be a function of C?(Q2). Show that u is a solution of the boundary value
problem (3.9) if and only if u satisfies the equation

/ Vu(z) - Vo(z) de = / f(x)v(x)dx for every v € C*(Q). (3.10)
Q Q

Deduce from this that a necessary condition for the existence of a solution in C?(Q) of
(3.9) is that [, f(2)dx = 0.

Exercise 3.2.4 In a bounded open set {2 we consider the plate equation

A(Au)=f inQ

— =0 on 9N
on

We denote by X the space of functions v of C2(f2) such that v and g—fL are zero on 0.
Let u be a function of C*(€2). Show that u is a solution of the boundary value problem
(3.11) if and only if u belongs to X and satisfies the equation

/ Au(z)Av(z) dx = / f(x)v(x)dz for every v € X. (3.12)
Q Q

3.3 Lax—Milgram theory

3.3.1 Abstract framework

We describe an abstract theory to obtain the existence and the uniqueness of the
solution of a variational formulation in a Hilbert space. We denote by V a real
Hilbert space with scalar product (,) and norm || ||. Following remark 3.2.10 we
consider a variational formulation of the type:

find w € V such that a(u,v) = L(v) for every v € V. (3.13)

The hypotheses on a and L are

(1) L(-) is a continuous linear form on V, that is, v — L(v) is linear from V into R
and there exists C' > 0 such that

|L(v)| < Clv|| forallveV;

(2) a(-,-) is a bilinear form on V, that is, w — a(w,v) is a linear form from V into
R for all v € V; and v — a(w,v) is a linear form from V into R for all w € V;
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(3) a(-,-) is continuous, that is, there exists M > 0 such that

la(w,v)] < M||w]| |v]] for all w,v € V; (3.14)

(4) a(-,-) is coercive (or elliptic), that is, there exists v > 0 such that

a(v,v) > v|v||*> forallve V. (3.15)

As we shall see in this section, all the hypotheses above are necessary to solve (3.13).
In particular, the coercivity of a(-,-) is essential.

Theorem 3.3.1 (Lax—Milgram) Let V be a real Hilbert space, L(-) a continuous
linear form on V, a(-,-) a continuous coercive bilinear form on V. Then the vari-
ational formulation (3.13) has a unique solution. Further, this solution depends con-
tinuously on the linear form L.

Proof. For all w € V, the mapping v — a(w,v) is a continuous linear form on V:
consequently, the Riesz representation theorem 12.1.18 implies that there exists an
element of V, denoted A(w), such that

a(w,v) = (A(w),v) forallve V.

Moreover, the bilinearity of a(w,v) obviously implies the linearity of the mapping
w — A(w). Further, by taking v = A(w), the continuity (3.14) of a(w,v) shows that

IAw)II* = a(w, A(w)) < M[wl][|A(w)ll,

that is, [|A(w)|| < M||w]|| and therefore w — A(w) is continuous. Another application
of the Riesz representation theorem 12.1.18 implies that there exists an element of V,
denoted f, such that || f|lv = ||L|lv, and

L(v) = (f,v) forallvelV.
Finally, the variational problem (3.13) is equivalent to:
find u € V such that A(u) = f. (3.16)

To prove the theorem we must therefore show that the operator A is bijective from
V to V (which implies the existence and the uniqueness of u) and that its inverse is
continuous (which proves the continuous dependence of u with respect to L).

The coercivity (3.15) of a(w,v) shows that

vwl? < a(w, w) = (A(w), w) < [[Aw)|l||w],

which gives
vijw| < ||A(w)|] for all w eV, (3.17)
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that is, A is injective. To show that A is surjective, that is, Im(A) = V' (which is not
obvious if V' is infinite dimensional), it is enough to show that Im(A) is closed in V
and that Im(A)* = {0}. Indeed, in this case we see that V = {0}* = (Im(A4)1)+ =
Im(A) = Im(A), which proves that A is surjective. Let A(w,) be a sequence in
Im(A) which converges to b in V. By virtue of (3.17) we have

v|wn — wp” < [|A(wn) — A(wp>||

which tends to zero as n and p tend to infinity. Therefore w,, is a Cauchy sequence
in the Hilbert space V, that is, it converges to a limit w € V. Then, by continuity
of A we deduce that A(w,,) converges to A(w) = b, that is, b € Im(A) and Im(A) is
therefore closed. On the other hand, let v € Im(A)+; the coercivity (3.15) of a(w,v)
implies that

vloll? < a(v,v) = (A@),v) =0,

that is, v = 0 and Im(A)* = {0}, which proves that A is bijective. Let A~! be its
inverse: the inequality (3.17) with w = A~!(v) proves A~! is continuous, therefore
the solution u depends continuously on f. O

Remark 3.3.2 If the Hilbert space V is finite dimensional (which is however never
the case for the applications we shall see), the proof of the Lax—Milgram theorem 3.3.1
simplifies considerably. Indeed, in finite dimensions all linear mappings are continuous
and the injectivity (3.17) of A is equivalent to its invertibility. We see, in this case,
(as in the general case) that the coercivity hypothesis on the bilinear form a(w,v) is
indispensable since it is this that gives the injectivity of A. Finally we remark that,
if V' = RY, a variational formulation is only the statement, (Au,v) = (f,v) for all
v € RV, of a simple linear system Au = f. °

Remark 3.3.3 Another proof (a little less technical but which disguises some of the
essential arguments) of the Lax—Milgram theorem 3.3.1 is the following. We begin as
before until we reach the formulation (3.16) of the problem. To show the existence
and uniqueness of the solution u of (3.16), we introduce an affine mapping 7" from V/
into V, defined by

. v
T(w) =w— ,u(A(w) - f) with p = ek
which we shall show is a strict contraction, which proves the existence and the unique-
ness of u € V such that T'(u) = u (from which we have the result). Indeed, we have

IT() = T2 = o - w — pA@w —w)]?
= [lo = wl? = 21{A(w — w), v — w) + p2| A(v — w)]?
— o — wl|? — 2pa(v — w,v —w) + p2[| A(w — w)|?
< (1= 2w + p2 M) v — w2

< (1= v?/M?)|lv — w||?.
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A variational formulation often has a physical interpretation, in particular if the
bilinear form is symmetric. Indeed in this case, the solution of the variational for-
mulation (3.13) attains the minimum of an energy (very natural in physics or
mechanics).

Proposition 3.3.4 We take the hypotheses of the Lax—Milgram theorem 3.3.1. We
further assume that the bilinear form is symmetric a(w,v) = a(v,w) for allv,w € V.
Let J(v) be the energy defined for v € V be
1
J(v) = 5&(1},1}) — L(v). (3.18)
Let u € V be the unique solution of the variational formulation (3.18). Then u is also
the unique point of the minimum of energy, that is,

J(u) = ilél‘r/l J(v).

Conversely, if u € V is a point giving an energy minimum J(v), then u is the unique
solution of the variational formulation (3.13).

Proof. If u is the solution of the variational formulation (3.13), we can write (thanks
to the symmetry of a)
1 1
Ju+v)=J(u)+ ia(v,v) + a(u,v) — L(v) = J(u) + ga(v, v) > J(u).
As u+ v is arbitrary in V, « minimizes the energy J in V. Conversely, let © € V' be
such that
J(u) = min J(v).

For v € V we define a function j(¢) = J(u+tv) from R into R (it is just a polynomial
of second degree in t). Since t = 0 is a minimum of j, we deduce that j'(0) = 0 which,
by a simple calculation, is exactly the variational formulation (3.13). O

Remark 3.3.5 We see later in Chapter 9 that, when the bilinear form a is symmetric,
there is an argument other than the Lax—Milgram 3.3.1 theorem to prove the existence
and the uniqueness of a solution of (3.13). Indeed, we shall demonstrate directly
the existence of a unique minimum of the energy J(v). By virtue of proposition
3.3.4, this shows the existence and the uniqueness of the solution of the variational
formulation. .

3.3.2 Application to the Laplacian

We now try to apply the Lax—Milgram theorem 3.3.1 to the variational formulation
(3.8) of the Laplacian with Dirichlet boundary conditions. This is written in the form
(3.13) with

a(u,v) = /QVU((E) -Vo(z)dx
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and
L(v) = /Q f(@)o(a) de,

where clearly a(-,-) is a bilinear form, and L(-) a linear form. The space V (called
before as X) is

V={veC'(Q), v=00n00}. (3.19)
As a scalar product on V' we shall choose
(w,v) = / Vw(zx) - Vo(z) dz, (3.20)
Q

which has for associated norm

= ([ |w<x>|2dx)l/2.

We verify easily that (3.20) defines a scalar product on V: the only point which slows
us is the property ||v|| = 0 = v = 0. Indeed, from the equality

/Q |Vo(x)]2dz =0

we deduce that v is a constant on €, and as v = 0 on 9 we have v = 0. The
motivation of the choice of (3.20) as scalar product is above all the fact that the
bilinear form a(-,-) is automatically coercive for (3.20). In addition, we can easily
check that a is continuous. To show that L is continuous, we must rely on the Poincaré
inequality of lemma 3.3.6: we then have

2

[ st < ([ |f<x>|2dx)1/2 (f v<x>|2dx)1/ < ol

where C' is a constant which depends on f but not on v. Therefore, L is continuous
over V. All the of the hypotheses of the Lax—Milgram theorem 3.3.1 seem satisfied,
however, we have missed one which prevents its application: the space V is not a
Hilbert space since it is not complete for the norm induced by (3.20)! This obstruction
does not come so much from the choice of the scalar product as the C! regularity
requirement on functions of the space V. An immediate way, which can be clarified,
to solve the difficulty is to replace V by V, its closure for the scalar product (3.20).
Obviously, we have only moved the problem: what is the space V? The answer will
be given in Chapter 4: V is the Sobolev space Hg({2) whose elements are no longer
regular functions but only measurable. Another difficulty will be to see in what
sense proposition 3.2.7 (which expresses the equivalence between the boundary value
problem (3.1) and its variational formulation (3.8)) remains true when we replace the
space V by V.

We hope that we have therefore convinced the reader of the natural and in-
escapable character of Sobolev spaces in the solution of variational formu-
lations of elliptic PDEs. We finish this chapter with a technical lemma, called the

Poincaré inequality, which we used above.
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Lemma 3.3.6 Let Q be an open set of RN bounded in at least one space direction.
There exists a constant C > 0 such that, for every function v € C1(Q) which is zero

on the boundary 052,
/ |v(x)|?dx < C’/ |Vo(z)|?dz.
Q Q

Proof. The hypothesis on the bounded character of €2 says (after a possible rotation)
that for all z € Q the first component of x; is bounded, —co < a < 7 < b < +00.
Let v be a function of C(Q2) which is zero on 9Q. We can extend it continuously by
zero outside of (v is then a continuous function which is piecewise of class C! in
RY) and write, for = € €,

1 Qv
v(x) = Ern —(t,za, ..., xN)dt,

from which we deduce by the Cauchy—Schwarz inequality
1 Qv 2 b v
2< (a1 — / dt < (b— / —
P < @-a) [ |5 <t-a [ |2
Integrating over €2 we obtain
2

/|v )|?dx < (b—a) 3x1 dtdez,

and permuting the two integrations with rospoct to t and x, we conclude
v

/ fo(a)Pde < (b—a)2/

Q Q

aTcl(ﬂ?)
Exercise 3.3.1 The aim of this exercise is to show that the space V, defined by (3.19)
and equipped with the scalar product (3.20), is not complete. Let € be the open unit
ball in RN, If N = 1, we define

(t Zo, ...7£L'N)

t , L, ...,.’EN)

S < (b a)’ /ﬂ V() 2dz.

O

—x—1 if —l<z<-nl,
up(x) =< (n/2)x®> —1+1/(2n) if —n~ 1<z <nt
z—1 ifnl<z<l.

If N =2, for 0 < a < 1/2, we define
un () = [log(|z|*/2 +n~1)[* — [log(1/2 +n~")|*.
If N >3, for0< (< (N —2)/2, we define

1 1
(lz2 +n=1)8/2 (1 4n-1)8/2

Show that the sequence u,, is Cauchy in V but it does not converge in V' as n tends to
infinity.

un(x) =



4 Sobolev spaces

4.1 Introduction and warning

In this chapter we define Sobolev spaces which are the ‘natural’ spaces of
functions in which to solve variational formulations of partial differential
equations. Physically, Sobolev spaces can be interpreted as spaces of functions
with finite energy. This chapter is the most ‘technical’ of this book and relies in
part on a course of ‘pure’ mathematics. Nevertheless, it is necessary to understand
the results below well to follow the rest of the course, including its more numerical
aspects. In general, it is not necessary to know the proofs of these results (expect for
the most simple and most useful). However, for the convenience of the reader and to
avoid frequent references to other works, we have included most of these proofs. The
interested, or curious, reader will find the key ideas and arguments which will allow
the understanding of the structure and interest of Sobolev spaces. Let us empha-
size again that it is the spirit of these results more than the details of the
proofs which is important here.

The plan of this chapter is the following. As Sobolev spaces are constructed
starting from the idea of a measurable function and from L2, the space of square
integrable functions, Section 4.2 gives several results on this subject. There we also
introduce the idea of weak differentiation. Section 4.3 contains all the definitions
and the results that we need to know about Sobolev spaces for the remainder of the
course. Section 4.4 gives some complementary results for the curious reader. Finally,
Section 4.5 allows the reader who knows the theory of distributions (which is not
necessary here), to make a link between Sobolev spaces and spaces of distributions. At
the end of the chapter Table 4.1 summarizes all the results that are necessary
for what follows.

79
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4.2 Square integrable functions and
weak differentiation

4.2.1 Some results from integration

All the results of this section are detailed in [4], [35]. Let Q be an open set of RY
equipped with the Lebesgue measure. We define by L?(Q2) the space of measurable
functions which are square integrable in ). Under the scalar product

(f.9) = / f(@)g(x) d,

L?(Q) is a Hilbert space (see theorem 3.3.2 of [4]). We denote the corresponding

norm by »
I fllz2) = </Q |f(x)|2dx> .

Recall that measurable functions in (2 are defined almost everywhere in 2: if we
change the values of a measurable function f on a subset of €2 of measure zero, we do
not change the measurable function f. In other words, two measurable functions f
and g are called equal if f(z) = g(z) almost everywhere in , i.e., if there exists E C Q
such that the Lebesgue measure of E is zero and f(z) = g(z) for all x € (Q\ E).

We denote by C°(Q) (or D(Q2)) the space of functions of class C*° with compact
support in €. We remark that the space C°(Q) is not reduced to only the zero
function (this is not obvious!, see [4], [38]). Let us note also that the functions of
Cg°(Q) are zero, as are all their derivatives, on the boundary of Q. We recall the
following density result (see theorem 3.4.3 of [4])

Theorem 4.2.1 The space C°(Q) is dense in L?(S2), that is, for all f € L*(Q) there
exists a sequence fp, € C° () such that

lim ||f = fall2) = 0.
n—-4oo
The following property generalizes lemma 3.2.9.

Corollary 4.2.2 Let us take f € L*(Q). If for every function ¢ € C2°(S2), we have

/ f(@)é(x) dz = 0,
Q

then f(x) =0 almost everywhere in ).

Proof. Let f, € C°(Q2) be the sequence of regular functions which converge to f in
L?() thanks to theorem 4.2.1. We have

n—-+o0o

0= tim_[ @@= [ 1@,

from which we deduce that f(z) = 0 almost everywhere in (. |
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More generally, we can define the spaces LP(Q2) with 1 < p < +oo. For 1 < p < 400,
LP(9) is the space of measurable functions whose pth powers are integrable over Q. Equipped

with the norm
1/p
1 fllzncey = ( / If(w)lpdw> | (4.1)
Q

LP(Q) is a Banach space, that is, a complete normed vector space. For p = 400, L*(Q)
is the space of measurable functions f which are essentially bounded over €2, that is, there
exists a constant C' > 0 such that |f(z)| < C almost everywhere in Q. Equipped with the
norm

[ fllLo= (@) = inf {C € RT such that |f(z)| < C a.e. in Q}, (4.2)

L>(Q) is a Banach space. Recall that, if Q is a bounded open set, then L”(Q) C LY(Q) for
1<g<p<+oo.

4.2.2 Weak differentiation

We first define the concept of the weak derivative in L?(£2). This idea generalizes the
usual differentiation (sometimes called, by contrast, strong differentiation) and is a
particular case of differentiation in the sense of distributions (see Section 4.5 for a
brief summary).

Definition 4.2.3 Let v be a function of L*(2). We say that v is differentiable in
the weak sense in L*(Q) if there exist functions w; € L*(Q), fori € {1,...,N}, such
that, for every function ¢ € C°(Q), we have

| o@ 32w de=- [ wi@stwas

Each w; is called the ith weak partial derivative of v and is written from now on

as Bz;

Definition 4.2.3 is well defined: in particular, the notation w; = g—; is unequivocal
since, from corollary 4.2.2, the functions w; are unique (if they exist). Of course, if
v is differentiable in the usual sense and its partial derivatives belong to L?(Q2), then
the usual and the weak derivatives of v coincide. Now we give a simple and practical

criterion to determine if a function is differentiable in the weak sense.

Lemma 4.2.4 Let v be a function of L?(2). If there exists a constant C > 0 such
that, for every function ¢ € C°(R) and for all indices i € {1,..., N}, we have

[ o015 @) da] < Clolizca, (1.3

then v is differentiable in the weak sense.
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Proof. Let L be the linear form defined by

L) = [ vle) 52 @) de

A priori L(¢) is only defined for ¢ € C2°(2), but thanks to the inequality (4.3), we
can extend L by continuity to all functions of L?() since C°(€2) is dense in L?(Q)
from theorem 4.2.1. In fact, the inequality (4.3) proves that the linear form L is
continuous over L?(2). From the Riesz representation theorem 12.1.18, there exists
a function (—w;) € L?(£2) such that

16) = = [ wilz)o@)da
which proves that v is differentiable in the weak sense in L?((2). O

Exercise 4.2.1 Let us take 2 = (0,1). Show that the function z® is differentiable in
the weak sense in L%(Q) if and only if a > 1/2.

Exercise 4.2.2 Let © be an open bounded set. Show that a continuous function over
€, which is piecewise C, is differentiable in the weak sense in L?(12).

Exercise 4.2.3 Let ) be an open bounded set. Show that a piecewise C'' function
which is not continuous is not differentiable in the weak sense in L?(€2).

We recover a well-known result for the usual derivative.

Proposition 4.2.5 Let v be a function of L?(Q) which is differentiable in the weak
sense and such that all its weak partial derivatives a”‘ , for 1 < i@ < N, are zero.
Then, for every connected component §2, there exists a constant C' such that v(z)=C
almost everywhere in this connected component.

Proof. For all ¢ € C°(9), we have

o B
/Qv(x) oz, (z)dz =0. (4.4)

Let Q =] — £,+¢[Y be an open cube contained in © (with ¢ > 0), and let (t) €
C°(—¥,+L) be such that
+e
/ 6(t)dt = 1.

—L

For every function ¢ € C2°(Q) we define

x; +£
(' z;) = / <H(t) o(x',s)ds — (b(x’,t)) dt,

—£ —£
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with the notation z = (2, x;) for 2’ € RV~ and z; € R. We easily verify that ¢ also
belongs to C°(Q) and that

+4
gz (@20) = 6(@)) | 6(e',5)ds - $(a’ ).

With such a function ¢ the equation (4.4) becomes

+e
/ v(z)p(z)de = / v(z)0(z;) < (', s) ds) dx’ dz;
Q Q -

:/Q¢(x’,s) (/:ev(x’,aji)ﬂ(xi)dxi> da' ds

thanks to the Fubini theorem. As ¢ is arbitrary, by application of corollary 4.2.2 we
deduce
+¢
v(z) = / v(z’,8)0(s) ds,
—t
that is, v does not depend on z; in @. By repeating this argument for all components
x;, we find that v(x) is constant in ). Since any pair of points in the same connected
component of Q can be linked by a chain of such cubes (of variable size) we can
conclude that v(z) is constant in every connected component of Q. a

We can easily generalize the definition of the weak derivative to differential oper-
ators which only involve some (but not all) combinations of partial derivatives. This
is the case, for example, for the divergence of a vector valued function which we shall
use later.

Definition 4.2.6 Let o be a function from Q into RN with all components belonging
to L2(Q) (we say o € L?(Q)N). We say that o has divergence in the weak sense in
L2(Q) if there exists a function w € L?(2) such that, for every function ¢ € C°(£),
we have
/ o(z) - Vo(z)dx = —/ w(x)p(z) dx.
Q Q

The function w is called the weak divergence of o and from mow on will be denoted
as divo.

The justification of definition 4.2.6 is that, if o is a regular function, then a simple
integration by parts (see corollary 3.2.3) shows that we have w = dive. An easy
generalization of this criterion of weak differentiation in lemma 4.2.4 is given by the
following result (whose proof we leave to the reader as an exercise).

Lemma 4.2.7 Let o be a function of L?>(Q)N. If there exists a constant C > 0 such
that, for every function ¢ € C°(Q), we have

< Cl|¢ll L2 (0,

/Qo(:z:) -Vo(z)dx

then o has a divergence in the weak sense.
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Exercise 4.2.4 Let 2 be an open bounded set composed of two open sets €2, and Q5
separated by a surface I' = 9€; N 9€y. Show that a vector function of class C! over
each part 2 and 5 has a weak divergence in LQ(Q) if and only if its normal component
is continuous across the surface I'.

Remark 4.2.8 The idea of weak differentiation and all the results of this subsection extend
to spaces LP(Q) for 1 < p < +o00. Since for p # 2, the space LP() is not a Hilbert space,
the criterion of weak differentiation (4.3) must be replaced by

/Q v(m)g—i(m) dw

and the Riesz representation theorem 12.1.18 is replaced by using the dual L? () of ) (Q)
(see [6]). .

.1 1
S Clollppr ) with » + v =land 1 <p< +oo,

4.3 Definition and principal properties

4.3.1 The space H'(Q)

Definition 4.3.1 Let Q be an open set of RN. The Sobolev space H'(Q) is
defined by

HY(Q) = {v € L3(Q) such thatVie {1,...,N} gv

€ LQ(Q)} , (4.5)

K3
where 3% is the weak partial derivative of v in the sense of definition 4.2.3.

In physics and mechanics the Sobolev space is often called the energy space
in the sense that it is composed of functions with finite energy (that is, the norm
llull 1 (qy is finite). Functions of finite energy can possibly be ‘singular’ which has a
possible physical sense (a concentration or a localized explosion). We shall look with
interest at the explicit examples of exercise 4.3.2 and of lemma 5.2.33.

Proposition 4.3.2 Equipped with the scalar product
(u,v) = / (u(x)v(x) + Vu() - Vv(x))dx (4.6)
Q
and with the norm
1/2
fullney = ([ (o) + (9ut)?) d

the Sobolev space H'(Q) is a Hilbert space.



DEFINITION AND PRINCIPAL PROPERTIES 85

Proof. It is obvious that (4.6) is a scalar product in H(Q). It, therefore, remains
to show that H'(Q) is complete for the associated norm. Let (uy)n>1 be a Cauchy
sequence in H'(2). By definition of the norm H'(Q), (un)n>1 as well as (%’;)nzl
for i € {1,..., N} are Cauchy sequences in L*(Q). As L*(Q) is complete, there exist
limits u and w; such that u,, converges to u and $%= converges to w; in L*(€2). Now,
by definition of the weak derivative of u,, for every function ¢ € C°(Q2), we have

/Q un ()22 () dz = — [ 2" () 6(0) da (4.7)

835,» Q 8171'

Passing to the limit n — +o00 in (4.7), we obtain

[ a3 @) e =~ [ wi(wroto) .

which proves that v is dlfferentlable in the weak sense and that w; is the ith weak
partial derivative of u, 5%. Therefore, u belongs to H'(2) and (uy,),>1 converges to

uin H(Q). a

Exercise 4.3.1 Show that piecewise C", continuous functions, with bounded support
in Q, belong to H*(Q).

In N > 2 dimensions, the functions of H!({2) are in general neither continuous
nor bounded, as the following counterexample shows.

Exercise 4.3.2 Let B be the open unit ball of RV, If N = 2, show that the function
u(r) = |log(|z|/2)|* belongs to H*(B) for 0 < a < 1/2, but is not bounded in the
neighbourhood of the origin. If N > 3, show that the function u(z) = |z|~ belongs to
HY(B) for 0 < 8 < (N —2)/2, but is not bounded in the neighbourhood of the origin.

The space of dimension N = 1 is an ‘exception’ to the noncontinuity of functions
of HY(Q) as we show in the following lemma where, without loss of generality, we
take 2 = (0, 1).

Lemma 4.3.3 For every function v € H(0,1) and for all z,y € [0,1], we have

v(y) = v(x) + /y v'(s) ds. (4.8)

More generally, for all x € [0, 1], the mapping v — v(z), defined from H*(0,1) into R,
is a continuous linear form over H*(0,1). In particular, every function v € H*(0,1)
is continuous over [0, 1].

Proof. Let us take v € H(0,1). We define a function w(z) over [0, 1] by
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This definition has a sense as, by the Cauchy—Schwarz inequality,

/O " (s)ds| < f\/ / (s pds < ¢ / o (s) s < o

In fact, the same argument shows that the function w is continuous over [0, 1]

/ s)ds| < +/|z —y] \v )2ds < /|z — g |v )|2ds.
y

We show that w is differentiable in the weak sense and that w’ = v’. Let ¢ € C2°(0,1).
Denoting by T the triangle T = {(z,s) € R?, 0 < s < 2 < 1}, we have

/01 w(x)¢' (z) de = /01 (/(: v'(s) ds) ¢ (x) do = /TU/(S)¢/($) ds d.

By application of the Fubini theorem, we have

| vee@asis= | 1 ( / o) dw) visds=— [ gl () ds,

and by Cauchy—Schwarz we deduce

w(z) —w(y)| =

< V' llz2 0,018l 22 (0,1

/ ()¢ () do

Therefore, w is differentiable in the weak sense and by the definition of w’ we have

-/ W @)(e) dr = / (@) (z) do = / (s () ds

for all ¢ € C2°(0,1), which implies that w’ = v’. Lemma 4.2.5 tells us that w — v
is equal to a constant almost everywhere in (0, 1), which establishes (4.8). Starting
from (4.8) and by using Cauchy—Schwarz we obtain

(@) < [o)| + vy — 2]y / T (s)2ds < foy)] + 4 / v/ (s)|2ds,

and integrating with respect to y

< / ()| dy + / v/ (s)|2ds
<\/ / |v<y>|2dy+\/ / W(s)ds < Valulla o),

which proves that v — v(z) is a continuous linear form over H'(0, 1). O
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Remark 4.3.4 The assertion that every function of H* (0,1) is continuous may seem, at
first glance, contradictory to the fact that the functions of H'(0,1), are all measurable
functions, only defined almost everywhere (in other words, we can change some point values
of v without changing the function in H* (0,1) and not destroying the continuity of v). To
solve this apparent paradox, we must recall that a function of H'(0,1) is in fact a class of
functions since we identify two functions that are equal almost everywhere. Under these
conditions, the result of lemma 4.3.3 must be understood in the sense that there exists a
representative of the class of functions v € H'(0, 1) which is continuous. .

It is very important in practice to know if regular functions are dense in the
Sobolev space H'(f2). This partly justifies the idea of a Sobolev space which occurs
very simply as the set of regular functions completed by the limits of sequences of
regular functions in the energy norm ||ul| g1 (o). This allows us to prove several prop-
erties easily by establishing them first for regular functions then by using a ‘density’
argument (see, for example, the proofs of theorems 4.3.13 and 4.3.15).

Theorem 4.3.5 (density) If Q is a regular open bounded set of class Ct, oorif Q=
RY, or even if Q =RY, then C(Q) is dense in H'(12).

The proof of theorem 4.3.5 is found in Section 4.4. We recall that the notation Rf
denotes the half-space {z € RV such that 2z > 0}.

Remark 4.3.6 The space C°(Q2) which is dense in H'(Q) is composed of regular
functions of class C* with bounded (or compact) support in the closed set 2. In
particular, if © is bounded, all the functions of C*°(Q) necessarily have bounded
support, and therefore C2°(Q2) = C°°(Q2). We point out that functions of C°(Q) are
not necessarily zero on the boundary of the open set €2, which is what differentiates
this space from C2°(Q) (see remark 3.2.2). Conversely, if © is not bounded, the

C$° () functions are zero ‘at infinity’. .

Remark 4.3.7 The concept of regularity of an open set has been introduced in def-
inition 3.2.5. It is not necessary to know the precise details of this definition of the
regularity of an open set. It is sufficient to know roughly speaking that we need the
boundary of the open set to be a regular surface and that we exclude certain ‘patholo-
gies’ (see remark 3.2.6). When we state a result under a regularity hypothesis on the
open set, this regularity is always necessary (the result fails for certain nonregular
open sets, see the counterexample of exercise 4.3.3). Nevertheless, the regularity
hypothesis in definition 3.2.5 can often be weakened: the membership of a class of
functions C' can be replaced by the membership of the class of Lipschitz functions
(see [14]). Although these details are largely beyond the scope of this course, we make
this remark so that the careful reader does not object when we use such results (where
the regularity hypothesis is necessary) in the case of open sets ‘with corners’ which
appear naturally in all numerical calculations (see the different grids which illustrate
this course). o
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4.3.2 The space H} ()

Let us now define another Sobolev space which is a subspace of H!(Q) and which will
be very useful for problems with Dirichlet boundary conditions.

Definition 4.3.8 Let C2°(Q2) be the space of functions of class C™° with compact
support in . The Sobolev space HE () is defined as the closure of C2°(2) in H ().

We shall see a little later (see corollary 4.3.16) that HE () is in fact the subspace
of H'(2) composed of functions which are zero on the boundary 9 since
this is the case for functions of C°(Q). In general, Hg () is strictly smaller than
H1(Q) since C°(€) is a strict subspace of C2°(Q) (see theorem 4.3.5 and remark
4.3.6). An important exception is the case where Q = RY: in effect, in this case
Q =RY = Q and theorem 4.3.5 shows that C2°(RY) is dense in H*(RY), therefore we
have H}(RY) = H'(RY). This exception is easily understood as the whole space RY
does not have a boundary.

Proposition 4.3.9 Equipped with the scalar product (4.6) of H' (), the Sobolev
space H}(Q) is a Hilbert space.

Proof. By definition Hg () is a closed subspace of H*(£2) (which is a Hilbert space),
therefore it is also a Hilbert space. O

An essential result for the applications of the next chapter is the following

inequality.

Proposition 4.3.10 (Poincaré inequality) Let Q be an open set of RN which is
bounded in at least one space direction. There exists a constant C > 0 such that, for
every function v € H} (),

/Q|v(x)\ dz < C/Q|Vv(ac)| dx. (4.9)

Proof. For functions v € C°(2) we have already proved the Poincaré inequality
(4.9) in lemma 3.3.6. By a density argument the result remains true for every function
v € H (). In effect, as C2°(Q) is dense in H}(Q2) (by definition 4.3.8), there exists
a sequence vy, € C°(9) such that

. 2 . 2 2
nEIJIrlOC v —vnllEn i) = nEToo A (Jv = val® + [V (v = v,)|?) dz = 0.

In particular, we deduce that

lim /\vn|2dx:/|v|2dx and  lim /\an|2dx:/ |Vo|? da.
n— 0o Q Q n——+0o Q Q



DEFINITION AND PRINCIPAL PROPERTIES 89

By applying the lemma 3.3.6, we have

/Q\vn(x)| de < C’/Q |V, (z)|*de. (4.10)

We then pass to the limit n — 400 in each of the two terms of the inequality (4.10)
to obtain the result. This type of ‘density’ argument will be used frequently from
now on. u

Remark 4.3.11 The Poincaré inequality (4.9) is not true for functions of H(Q). In
effect, the constant (nonzero) functions make the term on the right of (4.9) zero but
not the term on the left. The essential hypothesis in the Poincaré inequality is that
the functions of Hg(f2) are zero on the boundary 99 of the open set Q (see remark
4.3.18 for some variants of this hypothesis). o

An important corollary of the Poincaré inequality is the following result which
gives a simpler equivalent norm in H}(Q).

Corollary 4.3.12 Let Q be an open set of R bounded in at least one space direction.

Then the seminorm 1/2
elageor = [ 190t

is a norm over H}(Q) which is equivalent to the usual norm induced by that of H().

Proof. Take v € H{(Q).The first inequality

1/2
g < el = [ (bl + 1901 )
is obvious. On the other hand, the Poincaré inequality of lemma 3.3.6 leads to
ol @y < (€ +1) [ Vo de = (€ + Dlolyy o
which proves that [v|z1 (o) is a norm equivalent to [|v]|f(q). ad

4.3.3 Traces and Green’s formulas

We have seen that, in N > 2 dimensions, the functions of H*(f2) are usually not
continuous (see the counterexample of exercise 4.3.2). Therefore, as for every mea-
surable function, we cannot speak of the pointwise value of a function v € H'(2) but
only ‘almost everywhere’ in 2. In particular, it is not obvious if we can define the
‘boundary value’, or ‘trace’ of v on the boundary 9 since 0f) is a set of measure
zero. Very fortunately for boundary value problems which we study, it is possible to
define the trace vjpq of a function of H'(£2). This essential result, called the trace
theorem, is the following.
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Theorem 4.3.13 (trace) Let Q be an open bounded reqular set of class Ct, or
Q= Rf. We define the trace mapping 7o

HY (Q)NCWQ) — L2(09Q)NC(09) (4.11)
v (V) = vlhg - '

This mapping o is extended by continuity to a continuous linear mapping of H'(Q)
into L*(0SY), again called ~o. In particular, there exists a constant C' > 0 such that,
for every function v € H'(Q), we have

[0l L200) < Cllvllar@)- (4.12)

Remark 4.3.14 Thanks to the trace theorem (4.3.13), we can talk of the value of a
function of H!(Q) on the boundary d€2. This result is remarkable as it is not true for
a function of L?(Q) (see in particular exercise 4.3.4). o

Proof. Let us prove the result for the half-space 2 = Rﬁ\_f ={z € RN, zn > 0}. Let
v e C(RY). With the notation z = (2/, zx), we have

Foo ov
o P = -2 [ oo o)y ) daw,
0

2
) de.
By integration in z’, we deduce

/wal [o(a',0)[* da’ < /M <|v(x)2+ ';;;V(x) 2) dz,

that is, [|v]| L2 arzy) < [[0]l g1 ry)- By the density of C>(RY) in HY(RY'), we therefore
obtain the result.

For an open bounded regular set of class C!, we use an argument involving local
coordinates on the boundary which allows us to reduce it to the case of Q2 = Rf . We
do not detail this argument (which is too technical) which is the same as that used
in the proof of proposition 4.4.2. O

and, by using the inequality 2ab < a? + b2,

/ 2 e / 2 v /
(', 0)]" < [o(@’, 2n)[" + | 5~ (2, an)
0 TN

The trace theorem 4.3.13 allows us to generalize, to functions of H'(£2), the Green’s
formula which has been established for functions of class C! in corollary 3.2.3.

Theorem 4.3.15 (Green’s formula) Let Q be an open bounded regular set of
class C*. If u and v are functions of HY(Q), they satisfy

ov ou
[ @i @de == [ v@Zt@dnt [ a@p@n@ds @)

where n = (n;)1<i<n s the outward unit normal to 0.
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Proof. Recall that the formula (4.13) has been established for functions of class C*
in the corollary 3.2.3. We again use a density argument. By the density of C'°(Q)
in H'(Q) (see theorem 4.3.5), there exist sequences (uy),>1 and (v,),>1 in C(Q)
which converge in H!(€) to u and v, respectively. From Corollary 3.2.3 we have

/ Un%d‘r = *‘/ Un—— 8”” dx +/ UpUnMy; ds. (414)
o 0 Ox; P

We can pass to the limit n — +oo in the first two terms of (4.14) as w, and 0“"

(respectively, v,, and 2 7o) converge to u and a - (respectively, v and 8”,) in L? (Q)
To pass to the limit i 1n the last integral of (4. 143 we use the continuity 10f the trace
mapping o, that is, the inequality (4. 12) which allows us to check that ~o(u,)
(respectively, vo(v,,)) converges to yo(u) (respectively, vo(v)) in L2(9S2). We therefore
obtain the formula (4.13) for functions u and v of H'(). m

As a consequence of the trace theorem 4.3.13 we obtain a very simple characteri-
zation of the space Hi ().

Corollary 4.3.16 Let Q be an open bounded regular set of class C1. The space Hi ()
coincides with the subspace of H'(2) composed of functions which are zero on the
boundary OS.

Proof. As every function of H} () is the limit of a sequence of functions belonging
to C°(€)) which have zero trace, the continuity of the trace mapping ~o implies that
the trace of the limit is also zero. We deduce that H{ (€2) is contained in the subspace
of H'(2) of functions which are zero on the boundary 9. The reciprocal is more
technical and follows from a double procedure of local coordinates (see the proof
of proposition 4.4.2) then of regularization and translation (similar to the proof of
theorem 4.4.1). We refer to [6], [34] for more details. O

Remark 4.3.17 Corollary 4.3.16 confirms that the kernel of the trace mapping g is
exactly H}(Q). A natural, but delicate, question is to characterize the image of ~o.
We shall be content with saying that this image Im(vp) is not equal to L?(992), but a
strict subspace, which is dense in L?(952), composed of ‘more regular’ functions, and
denoted H'/2(9Q). For more details, we refer to [28]. o

Thanks to corollary 4.3.16 we can give another proof of proposition 4.3.10 using
the Poincaré inequality. This new proof is no longer ‘constructive’ but is based on
an argument by contradiction which has the merit that it can be generalized very
easily. In effect, there exist numerous variants of the Poincaré inequality, adapted to
different models of partial differential equations. In view of the importance of this
inequality for what follows, we shall give a proof which is easily adaptable to all the
cases that occur.
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Another proof of proposition 4.3.10. We proceed by contradiction. If there does
not exist a C' > 0 such that, for every function v € HE(Q),

/ |v(x)|?dx < 0/ |Vo(z)|?dz,

this means that there exists a sequence v,, € Hg(£2) such that

1 —/ v () |2d2 > n/ |V, (z)2da. (4.15)

In particular, (4.15) implies that the sequence v,, is bounded in H}(Q2). By an appli-
cation of the Rellich theorem 4.3.21, there exists a subsequence v,,; which converges
in L2(Q). Further, (4.15) shows that the sequence Vv, converges to zero in L?(Q)
(component by component). Consequently, v, is a Cauchy sequence in H} (), which
is a Hilbert space, therefore, it converges in Hg () to a limit v. As we have

1
/ |Vu(z)?dz = lim / |V, (x)]2dr < lim — =0,
Q n—+oo Jq n—+o0o N
we deduce, from lemma 4.2.5, that v is a constant in each connected component of
Q. But as v is zero on the boundary 9 (from corollary 4.3.16), v is identically zero
in all . In addition,

/|v(:r)\2dx: lim /|vn(x)|2dx:1,
Q n=tee Jo

which is a contradiction with the fact that v = 0. O

Remark 4.3.18 The proof by contradiction of proposition 4.3.10 easily generalizes.
We take, for example, the case of an open, bounded connected set 2, which is regu-
lar of class C!, and whose boundary 9} decomposes into two disjoint regular parts
0y and 0Qp whose surface measures are nonzero (see Figure 4.1). We define a
space V by

V = {v € H'(Q) such that v =0 on 0Qp}.

By application of the trace theorem 4.3.13, it is easy to see that V is a closed subspace
of H'(Q2), and therefore is a Hilbert space for the scalar product of H!(Q). As for
H}(Q), the argument by contradiction allows us to prove the existence of a constant
C > 0 such that every function v € V' satisfies the Poincaré inequality (4.9). .

By application of Green’s formula of theorem 4.3.15, we can construct a family
of examples of functions belonging to H'(2). This family of examples will be very
useful to us in what follows to construct finite dimensional subspaces of H' ().

Lemma 4.3.19 Let Q be an open bounded regular set of class C'. Let (wi)i<i<r be
a regular partition of Q, that is, each w; is a regular open set of class C*, w; Nw; =0
ifi # j, and Q = Ul_ ;. Let v be a function whose restriction to each w;, v; = Vjw, »
belongs to H(w;). If v is continuous over Q, then v belongs to H' ().
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20,

I

Figure 4.1. Partition in two disjoint parts of the boundary of an open set.

Proof. Let us calculate the weak derivative of v: for ¢ € C°(Q), by application of
Green’s formula in each w; we have

/Qv(x)aajj(sc)dx :Z/ 8:cj () dzx
:_Z/w g;); dx—l—Z/ x)n(x) ds

ow;

since the integrals on the boundary cancel. In effect, on the part I' = dw; N dwy of
the boundary shared by the two open sets w; and wg, we have n’(x) = —nf(x) and
therefore, by continuity of v and ¢,

/Fvl(x)qb(x)n; (x)ds+ /F vk(x)qb(x)nf(x) ds = 0.

We deduce therefore that v is differentiable in the weak sense and that

ov o 8'Ui
81‘]' Wi N 637]‘ ’
In particular, this implies that v belongs to H((). |

Remark 4.3.20 It is not necessarily easy to decompose a regular open set €2 into a partition
of regular open sets (w;)1<i<s. Fortunately, lemma 4.3.19 remains true if the open sets w;
are only ‘piecewise’ regular . We shall sometimes use this very convenient generalization of
lemma 4.3.19. °
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Figure 4.2. Example of a nonregular open set.

Exercise 4.3.3 The aim of this exercise is to show that the trace theorem 4.3.13 is not
true if the open set  is not regular. Take the open set @ C R? defined by 0 < = < 1
and 0 < y < z" with » > 2 (see Figure 4.2). Take the function v(z) = x®. Show
that v € HY(Q) if and only if 2a + r > 1, while v € L*(99) if and only if 2 > —1.
(We can also show with this same example that the density theorem 4.3.5 and prolongation
proposition 4.4.2 are not true for such an open set.) Conclude the result.

Exercise 4.3.4 The aim of this exercise is to show that we cannot have the idea of
trace for functions of LQ(Q), that is, there does not exist a constant C' > 0 such that,
for every function v € L?(€2), we have

Il vl Iz a0y < CllvllL2(o)-

For simplicity, we choose as the set (2 the unit ball. Construct a sequence of regular
functions in Q equal to 1 on 92 and whose norm in L?(Q) tends to zero. Conclude the
result.

4.3.4 A compactness result

We devote this section to the study of a compactness property known as the Rellich
theorem which will play an essential role in the spectral theory of boundary value
problems (see Chapter 7), which we shall use to solve problems that evolve in time.
Let us recall first of all that, in an infinite dimensional Hilbert space, it is not true
that, from every bounded sequence, we can extract a convergent subsequence (for
what happens in infinite dimensions, see exercise 4.3.5).

Theorem 4.3.21 (Rellich) If Q is an open bounded reqular set of class C*, then for
every bounded sequence of H(Q) we can extract a convergent subsequence in L?(Q)
(we say that the canonical injection of H(Q) into L*() is compact).

Theorem 4.3.21 can be false if the open set 2 is not bounded. For example, if
Q) = RY, the canonical injection of H'(RY) in L?(RY) is not compact. To convince
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ourselves, it is sufficient to consider the sequence u,(z) = u(z 4+ ne) where e is a
nonzero vector and u a function of H*(RY) (we translate u in the direction e). It is
clear that no subsequence of u,, converges in L?(R").

Remark 4.3.22 If we replace H'(Q) by Hg (), then not only does Rellich’s Theo-
rem 4.3.21 remain true, but further it is not necessary to assume that the open set €2
is regular. °

The proof of theorem 4.3.21 is long and delicate (it calls on the Fourier transform,
and Ascoli’s compactness theorem; see, for example, [6], [34]). We shall be content
with giving a simpler proof in N = 1 dimension.

Proof. We take a space of N = 1 dimension and, without loss of generality, we
assume that Q = (0,1). Let (uy),>1 be a bounded sequence of H'(0,1), that is, there
exists K > 0 such that

||UTLHH1(0,1) SK Vnz 1.

From lemma 4.3.3, for all z,y € [0, 1] we have

|un ()] < CK and |up(z) —un(y)| < CK+/|z —y|. (4.16)

(We have applied the Cauchy—Schwarz inequality to (4.8).) Take a (countable)
sequence (zp),>1 of points of [0, 1] which is dense in this interval (for example, the
points of @ N [0,1]). For fixed p, the sequence u,(z,) is bounded in R because of
the first inequality of (4.16). We can therefore extract a subsequence which con-
verges in R. We first apply this procedure to the sequence u,(x1) and we obtain a
subsequence u,,, (x1) which converges in R. Then we extract from this subsequence,
indexed by n1, a new subsequence, indexed by ns, such that w,,(x2) converges in R
(but, of course, we have also up, (1) which converges). By successively extracting a
subsequence from the preceding, by recurrence, we construct a subsequence, indexed
by n,, such that u,,(z,) converges, as does u,,(zx) for 1 < k < p. Obviously, the
subsequences uy,, are increasingly ‘thin’ as p becomes large. To avoid the problem
that nothing remains ‘in the limit’, we use an argument of extraction of a diagonal
sequence. In other words, we extract a last subsequence (called diagonal) from this
set of subsequences, where we choose the first element of the first subsequence u,,,
then the second element of the second u,,, and so on till the pth element of the pth
Un,. The sequence we obtain is denoted by u,, and we see that, for all p > 1, the
sequence Uy, (x,) converges in R.

Now let = € [0,1] and € > 0 (a small parameter). As the sequence (zp),>1 is dense
in [0,1], there exists a point z, such that |z — x,| < e. In addition, since up,(z,)
converges in R as m tends to infinity, there exists mg such that, for all m,m’ > my,
we have |um, (2p) — Um (z,)| < €. Consequently, we obtain

[t (€) =t (2)| - < Jum (2p) = wn ()] + [ (2p) = v ()] + |t (2p) — e ()]

<e+ 20K /e
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which proves that the sequence u,,(x) is Cauchy in R, and therefore converges for
all z € [0,1]. By application of the Lebesgue dominated convergence theorem, we
conclude that the sequence u,, converges in L?(0,1). O

Exercise 4.3.5 Take = (0,1) and u,(z) = sin(27nz). Show that the sequence u,, is
uniformly bounded in L?(Q), but that there does not exist any convergent subsequence.
For this show, thanks to integration by parts, that, for every function ¢ € C°(9), we

have
1

lim up(z)p(x) de =0,
n—-+o0o 0
and we deduce a contradiction if a subsequence of u,, converges in L?(2). Generalize
this counterexample to H'(Q) by considering a primitive of u,,.

4.3.5 The spaces H™ (1)

We can easily generalize the definition 4.3.1 of the Sobolev space H!(Q) to functions
which are m > 0 times differentiable in the weak sense. We start by giving a useful
convention. Let & = (a1,...,ay) be a multi-index, that is, a vector of N compo-
nents which are non-negative integers a; > 0. We denote by |a| = Zfil «; and, for
a function v,

alely

IR

From the definition 4.2.3 of the first weak derivative, we define by recurrence over

m the weak derivative of order m: we say that a function v € L?(Q) is m times

differentiable in the weak sense if all of its weak partial derivatives of order m — 1

are weakly differentiable in the sense of the definition 4.2.3. We remark that, in

the definition of a mixed derivativeé the 0rde2r of differentiation is not important,
o7v o

because of the Schwarz theorem 9292, — o, a”mi, which justifies the notation 9%v

where the order of differentiation is not given.

0%v(x)

Definition 4.3.23 For an integer m > 0, the Sobolev space H™(QY) is defined by
H™(Q) = {v € L*(Q) such that, ¥ o with |a| < m, 0%v € L*(Q)}, (4.17)
where the partial derivative 0“v is taken in the weak sense.

We leave the reader the task of verifying this easy result.

Proposition 4.3.24 FEquipped with the scalar product

(u,v) = / > 0%u(x)0v(x) dx (4.18)

al<m

and with the norm ||ul| gm o) = \/(u,u), the Sobolev space H™(Q) is a Hilbert space.
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The functions of H™(£2) are not always continuous or regular (this depends on m
and on the dimension N), but if m is sufficiently large then every function of H™ ()
is continuous. Let us recall that from lemma 4.3.3, in dimension N = 1, the functions
of H(Q) are continuous. We have the following result which generalizes lemma 4.3.3
to higher dimensions (see lemma 4.4.9 for the simpler proof of a similar result).

Theorem 4.3.25 If Q is an open bounded regular set of class Ct, and if m > N/2,
then H™(Q) is a subspace of the set C(2) of continuous functions over Q.

Remark 4.3.26 By repeated application of the Theorem 4.3.25 to a function and to
its derivatives, we can improve this conclusion. If there exists an integer £ > 0 such
that m — N/2 > k, then H™ () is a subspace of the set C*(Q2) of functions k times
differentiable over €. .

The ‘moral’ of theorem 4.3.25 is that the larger that m becomes, the more the
functions of H™ () are regular, that is differentiable in the usual sense (it is enough
to successively apply theorem 4.3.25 to a function v € H™(Q2) and to its derivatives
9ov € Hm-lel ().

As is the case for H'(Q), the regular functions are dense in H™ () (if at least the
open set 2 is regular; see definition 3.2.5). The proof of the density theorem 4.3.5
generalizes very easily to H™(Q). We do not repeat it and we only state the following
density result.

Theorem 4.3.27 If Q is an open bounded reqular set of class C™, or if Q = Rf,
then C°(Q) is dense in H™(L2).

We can also obtain some trace results and Green’s formulas of higher order for
the space H™(€2). For simplicity, we content ourselves with treating the case m = 2
(which is the only one we use in what follows).

Theorem 4.3.28 Let ) be an open bounded regular set of class C*. We define the
trace mapping v1

H>(Q)NnCY Q) — L2*09)NC09)
Ov (4.19)

ORI
o0

with g—z = Vu -n. This mapping v1 s extended by continuity to a continuous linear
mapping of H?(Q) into L?(0K). In particular, there exists a constant C > 0 such
that, for every function v € H*(), we have

ov
Han < Clvlliey- (4.20)

L2(99)
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Proof. The existence of the trace mapping 1 (and its properties) is a simple conse-
quence of the preceding trace theorem 4.3.13 for the functions of H*(Q). In effect, if
v € H?(Q), then Vv € H*(Q)" and we can therefore define the trace of Vv on 9Q as
a function of L2(92)YN. As the normal is a continuous function bounded over 99, we
deduce that 22 € L2(09). O

Remark 4.3.29 If Q is an open bounded regular set of class C?, we can improve the above
trace theorem 4.3.13. We redefine the trace mapping 7o

H(QNCQ) — HY Q) NCOQ)

4.21
v = ’YO(U):U‘QQ7 ( )

which is prolonged by continuity to a continuous linear mapping of H?(Q2) into H*(9Q). In
other words, the trace vo(v) has tangential derivatives. If Q = Rf, this result is easy enough
to conceive and to prove. In the general case, it is necessary to know how to define a Sobolev
space on a variety (here 9Q2) which is beyond the scope of this course. Nevertheless, this is
not without interest since it allows us to study models of partial differential equations which
‘live’ at the same time in a domain and on its boundary (for example, models of volume and
surface diffusion, or even a model of elasticity in volume coupled with a shell model on the
surface). .

The trace theorem 4.3.28 allows us to generalize to H?()) a Green’s formula
established for functions of class C? in the corollary 3.2.4.

Theorem 4.3.30 Let Q2 be an open bounded reqular set of class C2. If u € H?(S2)
and v € HY(Q), we have

/ Au(z)v(z)de = / Vu(z) - Vo(z) de + . g%(w)v(x) ds. (4.22)

Proof. As (4.22) is true for functions of class C? and the regular functions are
dense in H?(2) and H'(Q), we use a density argument. We refer to the proof of
theorem 4.3.15 for more details. The only new argument here is that we must use the
continuity of the trace mapping 1, that is, the inequality (4.20). m]

4.4 Some useful extra results

This section can be omitted in the first reading.

4.4.1 Proof of the density theorem 4.3.5

We start with the case Q = RY which is the most simple.

Theorem 4.4.1 The space CZ° (RN) of functions of class C*° with compact support in RY
is dense in H'(R™).
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-2n -n n 2n

|
S|—

1
n
Figure 4.3. Regularization functions p,, (left), and truncation functions ¢, (right).

Proof. The proof is made by regularization and truncation. Take p € C¢°(B) (with B
the unit ball) such that p > 0 and fB p(z)dx = 1. We define a ‘regularizing’ sequence
pn(z) = n™¥ p(nz) whose support is contained in the ball of radius 1/n (see Figure 4.3). We
regularize, by convolution, a function v € H'(R™) by defining

vn(z) = v*pn(z) = /N pn(z —y)v(y) dy,

which is of class C°° and such that Vv, = (Vv) * p,. We easily verify that v, (respectively
Vuy,) converges to v (respectively Vo) in L2(RY): it is obvious when v (respectively Vo)
is continuous, and from the density of regular functions in L?(RY) (see theorem 4.2.1) the
result extends to every function of L2 (RN). It only remains to truncate the sequence v, in
order to give it compact support. Let ¢ € C°(RY) such that 0 < ¢ < 1 and {(z) = 1 if
lz| <1, ¢(z) =0if |z] > 2. We set (n(z) = (%) (see Figure 4.3) and we truncate v,, by
defining oy, (z) = vn(z)(n(x). We also easily verify that o, (respectively Vo,) converges to
v (respectively Vv) in L2(RY). O

The density theorem 4.3.5 for a regular open set or for the half-space is an immediate
consequence of the following result combined with the density theorem 4.4.1 in the whole
N
space R™.

Proposition 4.4.2 IfQ is an open bounded regular set of class C*, or if Q = Rf, then there
exists a prolongation operator P of H'(Q) in H*(RYN) which is a continuous linear mapping
such that, for allv € H'(Q),

(1) Pulg=wv,
(2) |1Pvllr2@yy < Cllvllp2q),
(3) 1Pl ny < Clivllm o),
where the constant C' > 0 depends only on 2.

Proof. First, we prove the result for @ = RY. We denote x = (2/,2n) with 2’ =

(x1,...,xn-1). Take v € H*(RY). We define

| v, zN) ifeny >0
Po(z) = { v(z',—zn) ifzn <O.
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We verify then that, for 1 <i < N —1,

0 , .
9P T;(ac,aczv) ifxy >0
Oz; 0= Ov (', —zn) ifzy <0
87.% y TAN N b
and that
ov , , .
(z',znN) ifxy >0
TN v ’

~n (', —zn) ifzn<O.

These equations are obvious if v is a regular function, but need justification when v is only
weakly differentiable. Here, we shall not detail the (easy) arguments which justify these
equations (in particular we must use the symmetry under reflection of Puv ; see [34] for the
details). We therefore deduce the desired properties for the prolongation operator P with
the constant C' = v/2 (in the case Q = RY).

If Q is an open bounded regular set of class C!, we use a ‘local coordinate’ argument to
return to the case Q@ = RY. By using the notation of the definition 3.2.5 of a regular open
set, there exists a finite covering of € by open sets (w;)o<i<s. We then introduce a ‘partition
of unity’ associated with this covering, that is, functions (6;)o<i<r of C°(R™) such that

I
0; € C(wy), 0<6;(x) <1, Zei(z) =1in Q.

=0

(The existence of such a partition of unity is classical: see Theorem 3.2.9 in [4].) We shall
define Pv in the form

I
Pv = Z Pi(ei’l)),
1=0

where each operator P; is defined locally in w;. As fpv has compact support in 2, we define
Py(6ov) as the extension of 6pv by zero outside of Q. For every ¢ € {1,...,1}, denoting
by ¢; the mapping which transforms w; into a reference domain @ (see definition 3.2.5 and
Figure 4.4), we set

w; = (v) o (¢;1|Q+) withQt = Q NRY.

This function w; belongs to H*(QT) and is zero in a neighbourhood of Q" NRY. If we
extend by 0 in RY \ QT, we obtain a function @; € H'(RY). We can then extend w; by
reflection to obtain a function Pw; € H'(R") (we use the prolongation operator P that we
have just constructed for Rf ). We return to w; and we set

Pl(eﬂj) = (P?I}l) o (;51

By the C! regularity of ¢; and of its inverse, we obtain the desired properties for P; and
therefore P. O

Remark 4.4.3 The ‘local coordinate’ argument used above is very classical and is used in
many proofs. As it is technical, we sometimes use it without giving more details. )
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Figure 4.4. Local coordinates of a regular open set.

4.4.2 The space H(div)

We introduce another space, intermediate between L*(Q) and H'(Q), for vector valued
functions. This space is very useful in certain applications (see, for example, remark 5.2.15).

Definition 4.4.4 The space H(div) is defined by
H(div) = {a e L2(Q)N such that dive € L2(Q)} ) (4.23)
where divo is the weak divergence of o in the sense of the definition 4.2.6.

We easily verify that it is a Hilbert space (the proof is left to the reader as an exercise).

Proposition 4.4.5 Equipped with the scalar product
(o,7) = / (o(z) - 7(z) + divo(x)divr(z)) dz (4.24)
Q

and with the norm ||o|| g aiv) = \/(0,0), the space H(div) is a Hilbert space.

As for the Sobolev spaces, we can prove a density result for regular functions (we omit
the proof which is similar to that of theorem 4.3.5).

Theorem 4.4.6 If ) is an open bounded reqular set of class C*, or if @ = RY, then C2°(Q)N
is dense in H(div).

One of the interests in the space H (div) is that it allows us to prove a trace theorem and
a Green’s formula with even less regularity than in the Sobolev space H'(Q2). In effect, if o
belongs to H(div), we only ‘control’ a single combination of its partial derivatives (and not
all as in H'(Q)), but we can nevertheless give a meaning to the normal trace o - n on 9.

We start by recalling that o denotes the trace mapping of H'(Q) into L*(0Q) (see the
trace theorem 4.3.13) and that Im(yo) = H/?(8Q) which is a dense subspace in L?(9)
(see remark 4.3.17). We can equip H'/?(92) with the following norm

0]l gr1/2 0y = Inf {[|]lz1 () such that yo(¢) = v}
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which makes it a Banach space (and even a Hilbert space). We then define H~/2(99) as
the dual of H/2(9Q).

Theorem 4.4.7 (divergence formula) Let Q be an open bounded regular set of class C*.
We define the ‘normal trace’ mapping yn

H(div)nC(Q) — H Y*0Q)nC(00Q)
o= (oi)icicsn  — (o) = (0-1)|sq

where n = (ni)1<i<n 1S the outward unit normal to 0. This mapping vn is extended
by continuity to a continuous linear mapping from H(div) into H™Y?(8Q). Further, if
o € H(div) and ¢ € H'(Q), we have

/ divog dz + / o-Védr = (0-n,%(P))g-1/2 g1/2(s0)- (4.25)
Q

Q

Proof. If Q is a regular open set of class C!, exercise 3.2.1 gives the following integration
by parts formula, called the divergence formula,

/ divog dr + / o-Vodr = / o -neds, (4.26)
Q Q EY)

for regular functions o and ¢. We remark happily that the ‘unpleasant’ term on the right in
(4.25) is none other than the usual ‘pleasant’ boundary integral in (4.26). We can see easily
that the two terms on the left of (4.26) have a meaning for ¢ € H'(Q) and ¢ € H(div).
Then, by the density of regular functions in H*(Q) and H(div), the terms on the left of
(4.26) are extended by continuity and the term on the right appears as a continuous linear
form over the image of the trace mapping Im(vo), denoted Hl/g(ﬁQ). Such a linear form is
written exactly as in the formula (4.25) and the normal trace 7, (o) is therefore well-defined
as an element of H~'/2(99). O

We can, of course, also define the equivalent of H}(Q) for the space H(div). We define
the subspace Ho(div) of H(div) as the closure of Cg°(€2) in H(div). This is again a Hilbert
space which is interpreted (if the open set is regular) as the subspace of functions of H (div)
whose normal trace is zero.

4.4.3 The spaces W™P(Q)

More generally, we can define spaces WP (Q) for an integer m > 0 and for a real 1 < p <
+o00. These spaces are constructed on the Banach space LP(2) (see (4.1) and (4.2)). As
we have said in remark 4.2.8, the idea of the weak derivative extends to LP(Q2). We can
therefore give the following definition.

Definition 4.4.8 For every integer m > 0, the Sobolev space W™?(Q) is defined by
W™P(Q) = {v € L*(Q) such that, Vo with |a| < m, 0% € L*(Q)}, (4.27)

where the partial derivative 0%v is taken in the weak sense.
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Equipped with the norm
1/p

lullwme@) = | > 0%l

la|<m

we verify that W™ P(Q) is a Banach space. These spaces are particularly important for
nonlinear problems (that we do not consider here, see, for example, [18] [27]), but also for
linear problems because of the celebrated Sobolev inequalities. We state them without
proof. If © is a regular open set, or if @ =RY or Q = ]Rf, then

ifp<N W'(Q)CLYQ) Vqe[l,p*] with 1/p* =1/p—1/N
ifp=N W"P(Q)cC LIQ) Vg€ [1,+o0] (4.28)
ifp>N WhHP(Q) C C(Q),

with continuous injection, that is, W'#(Q2) C E which means that there exists a constant C
such that, for all u € WP(Q),

lulle < Cllullwir )

The particular case p = 1 and m = N is remarkable as we can very simply prove a
Sobolev type inequality.

Lemma 4.4.9 The space WN’l(RN) is injected continuously into the space of continuously
bounded functions over RY, denoted C,(RY), and for all u € W™ (RY) we have

llull poo mavy < llullwya ey (4.29)
Proof. Let u € C°(R™). For z = (x1,...,2n), we have
D= [ [ o,
from which we deduce
Ny

[l oo (rivy < ”mHLl(RN) < lullwwa ey

Now C°(RY) is dense in W™'(RY) (this is proved like the density theorem 4.4.1 for
H'(R™)). Therefore, by density we obtain the inequality (4.29) for all v € W™ (RY). In
addition, the closure of C2°(RY) for the norm of L>(R") is exactly Cy(RY) (in fact, these
two spaces have the same norm). Therefore, (4.29) implies that the functions of W1 (R™)
are continuous and bounded. O

4.4.4 Duality

Recall that the dual V' of a Hilbert space V is the set of continuous linear forms over V.
By application of the Riesz representation theorem 12.1.18, the dual of L*(Q) is identical
to L?(9) itself. We can also define the dual of a Sobolev space. In fact, the dual of Hg ()
plays a particular role in what follows.
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Definition 4.4.10 The dual of the Sobolev space Hg(Q) is called H™*(Q). We denote by

(L,gb)H_l,Hé(Q) = L(¢) the duality pairing between H(Q) and its dual for all continuous
linear forms L € H™'(Q) and every function ¢ € Hg ().

We can characterize this dual H~'(Q). We have the following result (see [6]).

Proposition 4.4.11 The space H™ () is characterized by

N
—1 . o 81]7;
H™ (@) = {f = o + Eﬂ o

In other words, every continuous linear form over Hy (), denoted by L € H™Y(Q), is written

for all ¢ € H5(Q)
N
¢
L( :/ -3 022 )4
(®) Q(Uo ;v 8@-) x

with vo,v1,...,vN € L?(Q).

with vo,v1,...,UN € LQ(Q)} .

Thanks to the space H () we can define a new idea of differentiation for the functions
of L*(Q) (more weak than the weak derivative of the definition 4.2.3). Faced with this
influx of notions of differentiation, we reassure the uneasy reader by saying that they are all
versions of differentiation in the sense of distributions (it is precisely one of the purposes of
the theory of distributions to unify these various types of differentiation).

Lemma 4.4.12 Take v € L*(Q). For 1 <1i < N, we can define a continuous linear form
2o in H=Y(Q) by the formula

ox;
811 > / (9d> 1
, =— [ w dr Y ¢ € Hy(Q), 4.30
(50 B E  eLEEC (4.30)
which satisfies
v
P — < .
H 0z llg—1) — ollz2)

If v € HY(Q), then the continuous linear form % coincides with the weak derivative in

L*(Q) of v.

Proof. We verify easily that the right-hand side of (4.30) is a continuous linear form over
H{ (). Consequently, there exists an element L; € H~'(Q) such that

[0
Li(¢) = —/ﬂvaxi dz.

We also verify easily that the mapping v — L; is continuous and linear from LQ(Q) into
H™(Q), and that it prolongs the usual differentiation of the regular functions v (or the weak
differentiation for v € H*(Q)). Consequently, we can extend, by continuity, differentiation

to every function of L*(Q) and denote L; = 88;. . O
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Remark 4.4.13 Thanks to the Riesz representation theorem we know that we can identify
the dual of a Hilbert space with itself. However, in practice we never identify H~!(Q) and
H}(Q). In effect, we have defined H} () as a strict (but dense) subspace of L*(Q). Now we
have already decided to identify L?(Q) (equipped with the usual scalar product) and its dual
(it is only a convention but it is universal), therefore we cannot further identify H () and
H} () (with another scalar product). The correct (and usual) situation is therefore

HYQ) C L2(Q) = (L2(Q))l cHY(Q),

where the inclusions are strict. °

4.5 Link with distributions

All of the ideas introduced in this chapter have a link with the theory of distributions (see [4],
[38]). Strictly speaking, we do not need the theory of distributions to define Sobolev spaces
and solve boundary value problems (historically, distributions, as a mathematical theory,
appeared after Sobolev spaces and the variational approach for solving partial differential
equations). However, the theory of distributions is a unifying framework for all these spaces,
and those readers who understand this theory will not fail to ask what are the links between
this theory and the one we have described. As for the readers unfamiliar with this theory,
they can legitimately wonder about the ideas at the base of the theory of distributions. It is
to satisfy this double curiosity that we have written this section which is a (very) brief and
sketchy summary of the theory of distributions.

Let Q be an open set of R™Y. We denote by C°(Q) (or D(Q)) the space of functions of
class C*° with compact support in Q. We equip C:°(2) with a ‘pseudo-topology’, that is,
we define a notion of convergence in Cg°(€2). We say that a sequence (¢, )n>1 of CZ°(Q)
converges to ¢ € C°(Q) if

(1) the support of ¢, remains in a compact set K of Q,
(2) for all multi-indices o, 9“¢, converges uniformly in K to 90%¢.

The space of distributions D’'() is the ‘dual’ of D(Q), that is, the space of ‘continuous’
linear forms over D(§2). The quotation marks are used as there is not a norm defined over
D(£2), but simply a notion of convergence. Nevertheless, we can precisely define D’ () whose
elements are called distributions.

Definition 4.5.1 A distribution T € D'(Q2) is a linear form over D(Q) which satisfies

lim T(¢n) =T(¢)

n—-+oo

for every sequence (¢pn)n>1 of C°(Q) which converges to ¢ € C°(Q) in the sense defined
abowve.

We denote by (T, ¢) = T(¢) the duality pairing between a distribution T' € D’(2) and a
function ¢ € D(R): this duality pairing ‘generalizes’ the usual integral fQ T¢dzx. In effect,
we verify that if f is a function (which is locally integrable in ), then we can define a
distribution T by

<Tf7¢> = / fodx.
Q
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Consequently, we identify the function and the associated distribution Ty = f.
We can also give D’'(€2) an idea of convergence: we say that a sequence T, € D'(Q)
converges in the sense of distributions to T' € D'(Q) if, for all ¢ € D(Q),

n—-+4oo
This convergence in the sense of distributions is an extremely weak (or not very demanding)
convergence as it corresponds to an integral, or ‘average’ convergence.
Let us now define differentiation in the sense of distributions: if T € D'(Q), we

define 377:- € D'(Q) by

oT o
sy =T Vo € D(Q).
<8a:¢ ¢> < 8mi> ¢ (@)

We verify that, effectively, the derivative OT/dx; is a distribution, that is, distributions
are infinitely differentiable! This is one of the most important properties of distributions.
We verify also that if f is a function which is differentiable in the classical sense, then its

derivative in the sense of distributions coincides with its usual derivative.

Of course, we recognize in weak differentiation in the sense of definition 4.2.3 a particular
case of differentiation in the sense of distributions. Further, all the spaces LP(Q2) or the
Sobolev spaces H™ () are subspaces of the space of distributions D’(€2). In particular, we
verify that convergence in these spaces implies convergence in the sense of distributions (but
the converse is false). Finally, the equations in the variational formulations (which we have
interpreted as equations almost everywhere) again imply, more simply and more generally,
equations in the sense of distributions.
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Lemma 4.2.4

(weak differentiation)

u € L?(Q) is differentiable in the weak sense if, Vi,

0
/Ua(b dr| < Ol¢llr2) Vo e ()
Q 0%

Proposition 4.3.2

H'(Q) is a Hilbert space for the scalar
product (u,v) = / (Vu - Vo + uv) dz
Q

Theorem 4.3.5
(density theorem)

C>(Q) is dense in H(2)

Proposition 4.3.10
(Poincaré inequality)

Vu € HE(Q) (Q bounded)
lullz2(0) < ClIVullL2(a)

Theorem 4.3.13
(trace theorem)

u — U)pn 1S a continuous mapping
of H'(Q) into L?(99)

Theorem 4.3.15

(Green’s formula)

Vu,v € HY(Q)

u@v dx:—/vau dx—l—/ uvn; ds
o Oz o Oz o0

Corollary 4.3.16
(characterization of H{(£2))

HZ () is the subspace of functions of H!()
which are zero on 0f)

Theorem 4.3.21
(Rellich theorem)

The injection of H(2) in L?() is compact
(© bounded and regular)

Theorem 4.3.30

(Green’s formula)

Vu € H*(Q),ve HY(Q)

/vAuda::—/Vu~Vvdx+/ %vds
Q Q a0 On

Table 4.1. Principal results on Sobolev spaces which must be known
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5 Mathematical study of
elliptic problems

5.1 Introduction

In this chapter we shall finish the mathematical analysis of elliptic partial differential
equations (PDEs) which was started in chapter 3. To show that boundary value
problems are well-posed for these elliptic PDEs, that is, they have a solution, which is
unique, and depends continuously on the data, we follow the variational approach
presented in Chapter 3 and we use the Sobolev spaces introduced in Chapter 4.

The plan of this chapter is the following. In Section 5.2 we explain in detail
the functioning of the variational approach for the Laplacian with various types of
boundary condition. We show existence and uniqueness results for the solu-
tions. We also show that these solutions minimize an energy and satisfy a number
of qualitative properties which are very natural and important from the point of
view of applications (maximum principle, regularity). Section 5.3 follows the same
programme but for other, more complicated, models like that of linear elasticity or
of the Stokes equations. If the existence and uniqueness theory is very simple as
in the preceding case, it is not the same for all of the qualitative properties

5.2 Study of the Laplacian

5.2.1 Dirichlet boundary conditions

We consider the following boundary value problem

—Au=f inQ
{ u=0 on 0N (5.1)

109
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where € is an open bounded set of the space R, and f is the right-hand side of the
equation which belongs to the space L?(Q2). The variational approach to study (5.1)
is composed of three stages which we detail.

Stage 1: Establishment of a variational formulation

In the first stage we must propose a variational formulation of the boundary value
problem (5.1), that is, we must find a bilinear form a(-,-), a linear form L(-), and a
Hilbert space V such that (5.1) is equivalent to:

Find w € V' such that a(u,v) = L(v) forallv e V. (5.2)

The aim of this first stage is only to find the variational formulation (5.2); we shall
verify the precise equivalence with (5.1) later in the course of the third stage.

To find the variational formulation we multiply equation (5.1) by a regular test
function v and we integrate by parts. This calculation is mainly formal in the sense
that we assume the existence and regularity of the solution w so that all the calcu-
lations carried out are allowable. With the help of Green’s formula (4.22) (see also
(3.7)) we find

/fvdxz—/Auvdmz/Vu-Vvdx—/ %vds. (5.3)
Q Q Q o0 On

As u must satisfy a Dirichlet boundary condition, © = 0 on 052, we choose a Hilbert
space V' such that every function v € V also satisfies v = 0 on 0f2. In this case, the
equation (5.3) becomes

/ Vu(z) - Vo(z) de = / f(x)v(z) de. (5.4)
Q Q

In order that the term on the left of (5.4) has a meaning it is sufficient that Vu and

Vo belong to L?(Q) (component by component), and in order that the term on the

right of (5.4) also has a meaning it is sufficient that v belongs to L?(Q) (we have

assumed that f € L?(Q)). Consequently, a reasonable choice for the Hilbert space is

V = H}(Q), the subspace of H'(Q2) whose elements are zero on the boundary 9.
To conclude, the proposed variational formulation for (5.1) is:

find w € H} () such that /

Vu~Vvdz:/fvdx Yo € Hy(Q). (5.5)
Q Q

Obviously, we have made some choices to arrive at (5.5); other choices would have
led us to other possible variational formulations. The justification of (5.5) is there-
fore carried out a posteriori. The next stage consists of verifying that (5.5) has a
unique solution, then the third stage that the solution of (5.5) is also a solution of
the boundary value problem (5.1) (in a sense to be made precise).
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Stage 2: Solution of the variational formulation

In this second stage we verify that the variational formulation (5.5) has a unique
solution. For this we use the Lax—Milgram theorem 3.3.1 whose hypotheses we check
with the notation

a(u,v) = /QVU(I) -Vu(x)dr and L(v) = /Qf(x)v(x) dx.

We easily see by using the Cauchy—Schwarz inequality that a is a continuous bilinear
form over H}(Q) and that L is a continuous linear form over H}(Q2). Further, from
the Poincaré inequality (see corollary 4.3.12; we here use the bounded character of
the open set ), the bilinear form a is coercive, that is, there exists v > 0 such that

a(v,v) = /Q |Vo(x)2dz > V|\v||%{é(9) Yo € Hi(Q).

As H}(Q) is a Hilbert space (see proposition 4.3.9), all the hypotheses of the Lax—
Milgram theorem 3.3.1 are satisfied and we can therefore conclude that there exists
a unique solution u € H}(Q) of the variational formulation (5.5).

Remark 5.2.1 We see later in Chapter 9 that, in the present case, since the bilinear
form a is symmetric, there exists an argument other than the Lax—Milgram theorem
to reach the conclusion. In effect, the solution of the variational formulation is, in
this case, the unique minimum of the energy defined by

J(v) = 1a(v,u) — L(v) Yve Hi(Q)

2
(see proposition 5.2.7). Consequently, if we prove that J has a unique minimum, we
have therefore obtained the solution of the variational formulation. .

Stage 3: Equivalence with the equation

The third stage (the last and most delicate) consists of verifying that if we solve the
variational formulation (5.5) we have solved the boundary value problem (5.1), and
making precise in what sense the solution of (5.5) is also a solution of (5.1). In other
words, it is a question of interpreting the variational formulation and of returning
to the equation. For this we use the same integrations by parts which led to the
variational formulation, but in the opposite sense, and justify them carefully.

This justification is very easy if we assume that the solution u of the variational
formulation (5.5) is regular (more precisely if u € H?(2)) and that the open set
is also regular, which we do initially. In effect, it is enough to use Green’s formula
(4.22) which yields, for v € Hg (),

/ Vu-Vudr = —/ vAudx
Q Q
as v = 0 on the boundary 9€2. We then deduce

/ (Au+ flode=0 Vve Cr(Q),
Q
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which implies, from corollary 4.2.2, that —Au = f in L?(9), and we have the equation
—Au = f almost everywhere in . (5.6)

Further, if  is a regular open bounded set of class C!, then the trace theorem 4.3.13
(or more precisely its corollary 4.3.16) confirms that every function of Hj(2) has a
trace on 9§ which is zero in L?(Q2). We deduce, in particular, that

u = 0 almost everywhere on 9§ (5.7)

We have therefore recovered the equation and the boundary conditions of (5.1).

If we no longer assume that the solution « of (5.5) and the open set 2 are regular,
we must work harder (we can no longer use Green’s formula (4.22) which needs
u € H?(Q)). We denote o = Vu which is a vector valued function in L*(Q)". By the
Cauchy—Schwarz inequality, we deduce from the variational formulation (5.5) that,

for all v € HL(Q),
/O"VUd[L‘ z‘/ fvdx
Q Q

Since C2°(Q) C H(Q), (5.8) is none other than the criterion for existence of a weak
divergence of o in L?(f2) (see definition 4.2.6 and lemma 4.2.7) which satisfies, for all

v e CX(Q),
/U-Vvdxz—/divavdx.
Q Q

We therefore deduce that
/ (dive + flvde =0 Vv e C&(Q),
Q

< Olvllz2@)- (5.8)

which implies, from corollary 4.2.2, that —dive = f in L?(Q2). Consequently, dive =
Awu belongs to L2(Q) (recall that divV = A), and we recover the equation (5.6). We
recover the boundary conditions (5.7) as before if the open set 2 is regular of class
Cl. If Q is not regular, then we cannot use the trace theorem 4.3.13 to obtain (5.7).
Nevertheless, the simple fact of belonging to H} (€2) is a generalization of the Dirichlet
boundary condition for a nonregular open set, and we continue to write formally that
u =0 on 0f.
To conclude we have proved the following result.

Theorem 5.2.2 Let Q be an open bounded set of RY. Take f € L*(Q)). There exists
a unique solution u € Hg(Q) of the variational formulation (5.5). Further, u satisfies

—Au = f almost everywhere in Q@ and u € Hy(S). (5.9)

If we assume further that ) is reqular of class C*, then u is a solution of the boundary
value problem (5.1) in the sense that

—Au = f almost everywhere in Q, u =0 almost everywhere on 9N2.
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We call the solution u € H} () of the variational formulation (5.5) the variational
solution of the boundary value problem (5.1). By a convenient abuse of language, we
shall say that the unique solution u € Hj () of the variational formulation
(5.5) is the unique solution of the boundary value problem (5.1). This use
is justified by theorem 5.2.2.

The variational solution of (5.1) only satisfies the equation and the boundary
conditions a priori in a ‘weak’ sense, that is, almost everywhere (or even worse for
the boundary condition if the open set is not regular). We then talk of a weak
solution as opposed to the strong solutions that we could have hoped to obtain in
the classical formulation of (5.1) (see section 3.1.2). Likewise, we sometimes call the
variational formulation the weak formulation of the equation.

Remark 5.2.3 In fact, the weak solution may be a strong solution if the right-hand
side f is more regular. In other words, the equation and the boundary conditions
of (5.1) may be satisfied in a classical sense, that is, for all z € Q, and all x €
09, respectively. This is what we call a regularity result for the solution (see later
corollary 5.2.27). .

Remark 5.2.4 We must understand the exact meaning of the expression A in equa-
tion (5.9) of theorem 5.2.2. For an arbitrary function v of HZ(£2) we have not given
(even a weak) meaning to its Laplacian Av. Conversely, for the solution u € H}(Q)
of the variational formulation (5.5), we have shown that Au belongs to L?(). °

For the boundary value problem (5.1) to be well-posed (in the sense of Hadamard,;
see definition 1.5.3), we must, in addition to existence and uniqueness of the solution,
show that the solution depends continuously on the data. This is an immediate
consequence of the Lax—Milgram theorem 3.3.1 but we shall present a new statement
and a new proof.

Proposition 5.2.5 Let 2 be an open bounded set of RN, and let f € L?(2). The
mapping which takes f € L?(Q) to the unique solution u € Hg () of the variational
formulation of (5.1) is linear and continuous from L*(Q) into HY(Q). In particular,
there exists a constant C' > 0 such that, for all f € L*(Q), we have

[ull @) < Cllfllz20)- (5.10)

Remark 5.2.6 The inequality (5.10) is what we call an energy estimate. It guar-
antees that the energy of the solution is controlled by that of the data. Energy
estimates are very natural from a physical viewpoint and very useful from a mathe-
matical viewpoint. .

Proof. The linearity of f — u is obvious. To obtain the continuity we take v = u in
the variational formulation (5.5)

/|Vu|2dx:/fudx.
Q Q
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We obtain an upper bound on the term on the right with the help of the Cauchy—
Schwarz inequality, and a lower bound on that on the left by the coercivity of the
bilinear form

V||UH§11(Q) < ||fHL2(Q)||UHL2(Q) < ||f||L2(Q)||u||H1(Q)7

from which we deduce the result. O

We have already said that the variational formulation often has a physical inter-
pretation (this is, for example, the principle of virtual work in mechanics). In fact, the
solution of the variational formulation (5.5) attains the minimum of an energy (very
natural in physics or mechanics). The following result is an immediate application of
proposition 3.3.4.

Proposition 5.2.7 Let J(v) be the energy defined for v € H}(Q) by

1
J(v) = §/Q|Vv|2da:—/gfvdx. (5.11)

Let uw € H} () be the unique solution of the variational formulation (5.5). Then u is
also the unique minimum of the energy, that is,

J(u) = min J(v).
R

Conversely, if w € H}(Q) is a minimum of the energy J(v), then u is the unique
solution of the variational formulation (5.5).

Remark 5.2.8 Proposition 5.2.7 relies crucially on the fact that the bilinear form
of the variational formulation is symmetric. If this is not the case, the solution of
the variational formulation does not minimize the energy (see the counterexample of
exercise 5.2.3).

Often the physical origin of Laplacian is in fact the search for minima of the energy
J(v). Tt is remarkable that this minimization problem needs the solution u to have
less regularity than the partial differential equation (only one derivative allows us
to define J(u) while we need two for Au). This observation confirms the ‘natural’
character of the variational formulation to analyse a PDE. .

Exercise 5.2.1 With the help of the variational approach show the existence and unique-
ness of the solution of

{ ~Aut+u=f inQ (5.12)

u=>0 on 0f)

where  is an arbitrary open set of the space R, and f € L?(f2). Show in particular that
the addition of a term of order zero to the Laplacian allows us to ignore the hypothesis
that Q is bounded.
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Exercise 5.2.2 Let Q be an open bounded set of R"V. With the help of the variational
approach show the existence and uniqueness of the solution of the following convection—
diffusion problem

(5.13)

V-Vu—Au=f inQ
u=0 on 0N

where f € L?() and V is a regular vector valued function such that divV = 0 in €.

Exercise 5.2.3 We take the notation and hypotheses of exercise 5.2.2. Show that every
v € HL(Q) satisfies

/vV'Vvdaczo.
Q

Show that the solution of the variational formulation of the convection—diffusion problem
does not minimize the energy

J(v):%/Q(|Vv|2+vV-Vv)dx—/ﬂfvdx,

in H}(Q) .

The ‘uniqueness’ part of theorem 5.2.2 is useful to show some symmetry properties
as the following exercise indicates.

Exercise 5.2.4 We consider again the boundary value problem (5.1). We assume that
the open set 2 is symmetric with respect to the hyperplane x = 0; likewise for the
data f (thatis, f(«/,zn) = f(2',—2xn)). Show that the solution of (5.1) has the
same symmetry. Show that (5.1) is equivalent to a boundary value problem posed over
Qt =QnN{zy > 0} with a Neumann boundary condition on QN {zy = 0}.

Remark 5.2.9 Until now we have assumed that the right-hand side f of (5.1) belongs
to L?(Q), but many of the results remain true if we only assume that f € H~1(Q)
(a less regular space of ‘functions’). The two first stages remain identical if we replace
the usual integral [, fv dx by the duality pairing (f, U)H_17H5(Q) (in particular, L(v) is
still a continuous linear form over Hi()). In the third stage, the equation —Au = f
no longer holds in the sense of the equality between the elements of H~1(Q) (nor
almost everywhere in ).

This mathematical refinement can correspond to a pertinent physical model. Take
as an example the case of a right-hand side concentrated on a hypersurface rather than
distributed over all of Q. Let I" be a regular hypersurface (a manifold of dimension
N —1) included in ©. To model a concentrated source term over I, we take f € L?(I)
and we define f € H~1(Q) by

<faU>H*1,Hg(Q) :/Ffvd&

which is a continuous linear form over H{ (£2) thanks to the trace theorem 4.3.13. o
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Remark 5.2.10 In (5.1) we have considered ‘homogeneous’, that is, zero, Dirichlet
boundary conditions but we can also treat the case of nonhomogeneous boundary
conditions. Consider the boundary value problem

{ —Au=f inQ (5.14)

U = ug on 01,

where uq is the trace over 9Q of a function of H'(f2), (again denoted by wug). To
analyse (5.14) we set u = ug + 1, and we look for the solution of

{ —Ai=f=f+Au inQ

=0 on ON. (5.15)

Following remark 5.2.9 we can solve (5.15) by the variational approach as f belongs
to H=1(2). In effect,

(f,v)HflyHé(Q):/fvd:cf/Vu()'Vvdac
Q Q

is a continuous linear form over H}(Q). .

5.2.2 Neumann boundary conditions

We consider the following boundary value problem

{ —Au+u=f inQ

g—z =g on 0f2 (5.16)

where ) is an open set (not necessarily bounded) of the space RY, f € L?(Q) and
g € L*(092). The equation (5.16) is a variant of the Laplacian where we have added
a term of order zero to avoid (in the first instance) a difficulty that we will deal with
later in theorem 5.2.18. The variational approach to studying (5.16) is appreciably
different from that presented in the preceding section in the treatment of the boundary
conditions. This is why we again detail the three stages of the approach.

Stage 1: Establishment of a variational formulation

To find the variational formulation we multiply equation (5.16) by a regular test
function v and we integrate by parts assuming that the solution u is sufficiently
regular so that all the calculations are valid. Green’s formula (4.22) (see also (3.7))
gives

F)o(z) de = / (—Au(z) + u(z)) v(z) dz
Q Q

ou

o %(x)v(x) ds (5.17)

_ /Q (Vu(z) - Vo(@) + u(z)v(z)) de —

= / (Vu(z) - Vo(z) + u(z)v(x)) do — / g(x)v(x)ds.
Q

o0
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We have used the Neumann boundary conditions in (5.17) and it is not necessary
to include this in the choice of Hilbert space V. For the first term and the two last
terms of (5.17) to have a meaning it is sufficient to take V = H'(Q) (we use the trace
theorem 4.3.13 to justify the boundary integral).

In conclusion, the variational formulation proposed for (5.16) is: find v € H'(Q)
such that

/(Vu~Vv+uv)d:v:/ gvder/fvd:c Yo e HY(Q). (5.18)
Q G19) Q

The following stages justify the choice of (5.18).

Remark 5.2.11 The principal difference between the variational formulation (5.18)
for Neumann boundary conditions and (5.5) for Dirichlet boundary conditions is that
the Dirichlet condition is included in the choice of the space while the Neumann
condition appears in the linear form but not in the space. The Dirichlet condition is
called essential (or explicit) since it is forced by the space, while the Neumann
condition is called natural (or implicit) since it comes from the integration by parts
which leads to the variational formulation. °

Stage 2: Solution of the variational formulation

In this second stage we verify that the variational formulation (5.18) has a unique
solution. For this we use the Lax—Milgram theorem 3.3.1 whose hypotheses we verify
with the notation

a(u,v):/Q(Vu-Vv—i—uv)dx and L(v):/ngvds—i—/ﬂfvdx‘

By using the Cauchy—Schwarz inequality and with the help of the trace theorem
4.3.13, we clearly see that a is a continuous bilinear form over H'(2) and that L is
a continuous linear form over H!(Q2). In addition, the bilinear form a is obviously
coercive (this is why we have added a term of order zero to the Laplacian) since

a(v,v) = ||v||?{1(9) Yo e HY(Q).

As H(Q) is a Hilbert space (see proposition 4.3.2), all the hypotheses of the Lax—
Milgram theorem 3.3.1 are satisfied and we can therefore conclude that there exists
a unique solution u € H!(Q) of the variational formulation (5.18).

Remark 5.2.12 To analyse the boundary value problem (5.16) in the case where
g = 0, we might be tempted to include the Neumann boundary condition in the
Hilbert space V. It is not possible to choose V = {v € Hl(Q),% = 0 on 00}
since, for a function v € H(Q), g—fL does not have a meaning over 952. In effect, Vv is
only a function of L2(2) (component by component) and we know there is no idea of a

trace 9 for the functions of L?(Q2). We could choose V = {v € H*(Q), % =0 on 00}



118 ELLIPTIC PROBLEMS

which is a closed subspace of H?(Q) from the trace theorem 4.3.28. But with this
last choice a new difficulty emerges: the bilinear form a is not coercive over V and
we cannot apply the Lax—Milgram theorem. There is therefore no way of taking into
account the Neumann boundary conditions in the choice of the Hilbert space. )

Stage 3: Equivalence with the equation.

We now interpret the variational formulation (5.18) to verify that we have solved
the boundary value problem (5.16), in a sense to be made precise. We shall assume
that the data are regular (see remark 5.2.15 if this is not the case). More precisely
we shall assume that we are in the position to apply the following regularity lemma
(see Section 5.2.4 for similar results).

Lemma 5.2.13 Let Q be an open set regular of class C* of RN. Take f € L?(2)
and let g be the trace over OQ of a function of H*(Y). Then the solution u of the
variational formulation (5.18) belongs to H?().

Thanks to lemma 5.2.13 we can use the Green’s formula of theorem 4.3.30

/ Au(z)v(z) de = f/ Vu(z) - Vo(z)dx +/ a—u(x)v(az) ds. (5.19)
Q Q o0 On

which is valid for v € H?(Q2) and v € H'(Q2). Recall that the boundary integral in
(5.19) has a meaning because of the trace theorem 4.3.28 which confirms that for
u € H?(Q) the normal derivative % has a meaning in L?(992). We deduce then from
(5.18) and (5.19) that, for all v € H(Q),

/Q(Au—u—l—f)vdm:/(m< —g:f)vds. (5.20)

If we take v € C°(Q) C HY(Q) in (5.20), the boundary term disappears and we
deduce, from corollary 4.2.2, that Au—u-+f = 0 in L?(£2), therefore almost everywhere
in . Consequently, the left-hand side of (5.20) is zero, therefore

/ (—gu)vds:o Yo e HY(Q).
o0 n

Now the image of H*(2) by the trace mapping is dense in L?(99) (see remark 4.3.17),
which implies that g — % =0 in L?(99), and therefore almost everywhere on 9. In

conclusion, we have proved the following result.

Theorem 5.2.14 Let Q be an open set regular of class C* of RN. Take f € L?(£2)
and let g be the trace over OQ of a function of H*(2). There exists a unique solution
u € HY(Q) of the variational formulation (5.18). Further, u belongs to H*(Q) and is
the solution of (5.16) in the sense of

0
—Au+u = f almost everywhere in €, au _ g almost everywhere over 0S).

on
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Exercise 5.2.5 Show that the unique solution u € H'() of the variational formulation
(5.18) satisfies the following energy estimate

lullzr) < C (1 fllL2@) + ll9llL200)) »
where C' > 0 is a constant which does not depend on u, f and g.

As in the preceding section, in practice (and when the context does not lead to
confusion) we say that the unique solution u € H'(Q) of the variational formulation
(5.18) is the unique weak solution of the boundary value problem (5.16).

Remark 5.2.15 (delicate) When the open set 2 is not regular and g is only a function of
L?(09), we have also proved the existence of a unique solution u € H*(Q) of the variational
formulation (5.18). To show that this solution satisfies the equation —Au + v = f almost
everywhere in (), we must use an argument which is a little more complicated. Denoting by
o =Vu e L*(Q)Y, we deduce from (5.18) that, for all v € C$°(Q),

/U-Vvdx /uvdm /fvdm
Q Q Q

which is none other than the criterion for the existence of a weak divergence of o in L*(Q)
(see definition 4.2.6 and the lemma 4.2.7). We therefore have dive € L*(Q) and

< + < CllvllLze

/ (divo —u+ flvde =0 Voe CX(Q),
Q

which implies, from corollary 4.2.2, that —dive = —Au = f —u in L*().

We can also recover the Neumann boundary conditions, in a very weak sense, if the open
set (but not g) is regular. To do this we use the space H(div) introduced in section 4.4.2 and
defined by H(div) = {U € L*(Q)" such that dive € LQ(Q)} . Theorem 4.4.7 confirms that,

if © is an open set regular of class C', we have the following integration by parts formula

/ divevdz + / o-Vvodr =(0-n,0)y-1/2 y1/250) (5.21)
Q Q

for v € H*(Q) and ¢ € H(div). The term on the right of (5.21) denotes the duality pairing
between H'/2(9Q) and its dual, denoted H~'/2(9Q). If o and v are regular functions, the
‘bad’ term is only the usual boundary integral fm vo - nds. If not, formula (5.21) gives a
meaning to o - n over A (as an element of the dual H~/2(8Q)) for o € H(div).

If we apply this result to the solution of (5.18) (with ¢ = Vu), we deduce that the
Neumann boundary condition is satisfied as an equation between elements of the dual
H™Y2(99) (as g € L?(0Q) ¢ HY/%(89)). This argument is reasonably complicated, and
in practice we shall be content with saying that the variational formulation contains a gen-
eralization of the Neumann boundary conditions, and in practice we shall continue to write
formally that %Z = g on Q. °

As in the preceding subsection, we can show that the solution of (5.16) minimizes
an energy. We remark that, if ¢ = 0, then the energy (5.22) is the same as that of
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(5.11), defined for the Laplacian with Dirichlet boundary conditions. Nevertheless,
their minima are in general not the same as we minimize over two different spaces,
that is, Hi(2) and H'(Q). The following proposition is an immediate application of
proposition 3.3.4.

Proposition 5.2.16 Let J(v) be the energy defined for v € H*(Q) by

J(v) = %/Q(\VU|2+IU|2) dx—/vadm—/Bngds. (5.22)

Let u € HY(Q) be the unique solution of the variational formulation (5.18). Then u
is also the unique minimum of the energy, that is,

J(u) = in J(v).
()= min, J0)

Conversely, if u € HY(Q) is a minimum of the energy J(v), then u is the unique
solution of the variational formulation (5.18).

Exercise 5.2.6 We assume that © is a regular open bounded set of class C!. With the
help of the variational approach, show the existence and uniqueness of the solution of the
Laplacian with a Fourier boundary condition

—Au=f in Q
{gz—l—u:g on 052 (5.23)

where f € L?(Q) and g is the trace over 99 of a function of H'(Q2). We shall show the
following inequality (which generalizes the Poincaré inequality)

[vllrz) < C (IIvll200) + [[VV[lr20)) Vv € HY(Q).

Exercise 5.2.7 We assume that €2 is an open bounded connected set. With the help
of the variational approach show the existence and uniqueness of the solution of the
Laplacian with mixed boundary conditions

—Au=f inQ
gu =0 on 0Oy (5.24)
u=20 on 99 p

where f € L?(2), and (0Qn,0Qp) is a partition of I such that the surface measures
of 9Qy and 9N p are nonzero (see Figure 4.1). (Use remark 4.3.18.)

We return now to a true Laplacian operator (without the addition of a term of
order zero as in (5.16)) and we consider the boundary value problem

—Au=f in{
{ g—g =g on 0f) (5.25)
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where  is an open bounded connected set of the space RN, f € L2(2) and
g € L2(09). The new difficulty in (5.25) with respect to (5.16) is that there only
exists a solution if the data f and g satisfy a compatibility condition. In effect, it
is easy to see that if there exists a solution u € H?(2), then integrating the equation
over € (or using Green’s formula (4.22)) we must have

/Qf(x) de + /{m g(x) ds = 0. (5.26)

We remark also that if u is a solution then u 4+ C, with C' € R, is also a solution. In
fact, (5.26) is a necessary and sufficient condition for the existence of a solution in
H'(Q), unique up to the addition of an arbitrary constant. We remark that, if the
open set 2 is not connected, then we must write (5.26) for each connected component
of 0 and the uniqueness of the solution holds up to the addition of an arbitrary
constant in each connected component (with these modifications all the results which
follow remain valid).

Remark 5.2.17 Physically, the compatibility condition (5.26) is interpreted as an
equilibrium condition: f corresponds to a volume source and g a flux entering
at the boundary. So that there exists a stationary or equilibrium state (that is, a
solution of (5.25)), these two terms must balance exactly. Likewise, the uniqueness
‘up to a constant’ corresponds to the absence of a reference scale on which to measure
the values of u (like for temperature, for example). .

Theorem 5.2.18 Let Q be a reqular open bounded connected set of class C* of RY.
Take f € L*(Q) and g € L*(09Q) which satisfy the compatibility condition (5.26).
There exists a weak solution u € HY(Q) of (5.25), unique up to an additive constant.

Proof. To find the variational formulation we proceed as for equation (5.16). A
similar calculation leads to

/Vu-Vvdx:/ gvds—|—/fvdsc
Q o0 Q

for every regular test function v. To give a meaning to all the terms of this equation,
we could choose H'(€2) as the Hilbert space V, but we could not show the coercivity
of the bilinear form. This difficulty is intimately linked with the fact that, if u is a
solution, then u + C' is also a solution. To avoid this disadvantage, we work only with
functions of average zero. In other words, we set

V= {v c H(9), /Qv(x) do = o}

and the variational formulation of (5.25) is:

find v € V such that /

Vu-Vvdx:/
Q

guvds —|—/ fvdx Vv eV. (5.27)
o9 Q
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We can equally choose the quotient space V = H'(2)/R (the elements of H*(Q)/R
are the classes of functions of H'(£2) equal up to a constant).

To be able to apply the Lax—Milgram theorem to the variational formulation
(5.27), the only delicate hypothesis to verify is the coercivity of the bilinear form.
This is obtained thanks to a generalization of the Poincaré inequality, known as the
Poincaré-Wirtinger inequality: if 2 is bounded and connected, there exists a constant
C > 0 such that, for all v € H}(Q),

B Jovdx
- Jodx

The inequality (5.28) is proved by contradiction like the second proof of proposition
4.3.10 (we leave this as an exercise to the reader). As m(v) =0 for all v € V', (5.28)
implies that [|Vv| z2(q) is a norm in V, equivalent to the usual norm [|v| g1 (q), and
therefore that the bilinear form is coercive over V.

Finally, to show that the unique solution of (5.27) is a solution of the boundary
value problem (5.25), we proceed as we did in the proof of theorem 5.2.14. We thus
obtain for all v € V,

lv —m(v)|[r20) < C||V|lL2) with m(v) (5.28)

/Q(Au + fude = /OQ <g = ;Z) vds. (5.29)

However, for w € H'(Q), the function v = w —m(w) belongs to V. By choosing such
a function in (5.29), and rearranging the terms and using the compatibility condition
(5.26) as well as the equation [, Audx = [, 9% ds, we deduce from (5.29)

/gz(Au—i—f)wd;v:/(aQ( —g::)wds Yw € HY(Q).

We can therefore conclude as usual that wu satisfies the boundary value
problem (5.25). a

Exercise 5.2.8 Show the Poincaré-Wirtinger inequality (5.28).

Exercise 5.2.9 We assume that 2 is a regular open bounded connected set. Take
f € L?(Q). We consider the following variational formulation: find u € H'(Q) such that

/QVu.Wd:c+</Qudx> (/dex> :/vadx Vo e HY(Q).

Show the existence and uniqueness of the solution of this variational formulation. Which
boundary value problem have we solved? In particular, if we assume that fﬂfdx =0,
which problem already studied have we recovered?
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5.2.3 Variable coeflicients

In the two preceding sections we have considered boundary value problems for the
Laplacian operator. We can easily generalize the results obtained to more general
operators, so-called second order elliptic with variable coefficients. This type of
problem arises from the modelling of heterogeneous media. If we return to the ex-
ample of the conduction of heat (detailed in Chapter 1), in a heterogeneous medium
the conductivity k(z) is a function which varies across the domain. In this case,
we consider the boundary value problem

{ —div(kVu) = f inQ

u=20 on 0N (5.30)

where  is an open bounded set of the space RY, and f € L?(Q). Of course, if
k(x) = 1, we recover the Laplacian. It is easy to generalize theorem 5.2.2.

Proposition 5.2.19 Let 0 be an open bounded set of RN. Let f € L*(Q). We
assume that the coefficient k(x) is a measurable function and that there exist two
strictly positive constants 0 < k= < k* such that

0 < k™ <k(z) <k' almost everywhere x € Q. (5.31)
Then, there exists a unique (weak) solution u € HE(Q) of (5.50).

Proof. To find the variational formulation we multiply the equation (5.39) by a test
function v and we integrate by parts using Green’s formula of exercise 3.2.1

/Qdiva(x)v(x) dx = — /Q o(z) - Vu(z)dr + /fm o(x) -n(z)v(x)ds,

with ¢ = kVu. To take account of the Dirichlet boundary conditions we choose
H}(Q) as the Hilbert space, and we find the variational formulation of (5.30):

find v € HE () such that /

kVu - Vodr = / fvdr Vv e Hi(Q). (5.32)
Q Q

Thanks to hypothesis (5.31) we know that the bilinear form of (5.32) is continuous

/ kVu-Vuvdzx
Q

< kY| Vaul 20 IVl 22 (0)»

and that it is coercive
/ kEVu - Vudr > k:f/ |Vu|?de > vl g1 (q),
Q Q

with v > 0 thanks to the Poincaré inequality. We can therefore apply the Lax—
Milgram theorem, which proves the existence and uniqueness of the solution of the
variational formulation (5.32). To show that this variational solution is also a solution
of the boundary value problem (5.30), we proceed as in the proof of theorem 5.2.2. O
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Remark 5.2.20 It is very important to write the equation (5.30) in divergence form:
we could a priori also write it

—div(kVu) = —kAu — Vk - Vu,

but this last form only has a meaning if the coefficient k is differentiable. Conversely,
the equation (5.30) has a meaning even if k is discontinuous. .

In fact, when the equation (5.30) is in divergence form, its interpretation ‘in the
weak sense’ contains more information than its classical statement. More precisely, the
idea of weak divergence implicitly contains what we call the transmission boundary
conditions between two subdomains occupied by two materials of different conduc-
tivity. We consider an example where (1,€s) is a partition of Q over which k(x) is
piecewise constant

k(z) =k >0 forxeQy,i=12 (5.33)

We denote by T' = 9Q; N 92 the interface (assumed regular and included in )
between Q1 and Qy (see Figure 5.1), and u; = u)q, the restriction of the solution
u to €;.

Q

Figure 5.1. Interface between two subdomains and transmission condition.

Lemma 5.2.21 Under the hypothesis (5.33) the problem (5.30) is equivalent to

—kZAUZ = f m th 1= ].7 2,
up =0 on 0,
UL = Uso on T, (5.34)

k1Vui -n =koVus-n onl.

The two last lines of (5.34) are called transmission boundary conditions on the
interface I'.

Proof. If u € H}(Q) is a solution of (5.30), by application of the trace theorem
4.3.13, we must have u; = us on I'. If we set ¢ = kVu and o; = Ol = k;Vu; its
restriction to §2;, we know that o, as well as its divergence, belong to L?(€2). Then,
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from theorem 4.4.7, the normal component ¢ - n has a meaning on I' and we must
have o1 -n =03 -nonI.

Conversely, we construct a variational formulation of (5.34) to show that it has a
unique solution which coincides with the solution u of (5.30). We look for u; € H*(£2;)
and we multiply each equation in Q; by the same test function v € H(Q). By
integrating by parts and summing we obtain

0 0
Vui-Vo dx—|—/ Vus-Vou dx+/ (klul + k2u2> vds = / fuodz+ fudz.
(oN) (o2 r ony ons 0 Qs
(5.35)
Since ny = —no the integral on the interface I' disappears because of the transmission

boundary conditions. On the other hand, if u is defined as u; in €27 and us in s,
the transmission condition u; = us on I' implies that u € H'(Q) from lemma 4.3.19.
Consequently, (5.35) is nothing other than the variational formulation (5.32). a

Exercise 5.2.10 Let €2 be an open bounded set and K a compact connected set of
RY included in Q (we assume that Q\ K is regular). Take f € L%*(2). We consider
a conduction problem in  where K is a perfect conductor, that is, the unknown u
(the temperature or the electrical potential, for example) is constant in K (this constant
is also unknown). We assume that there is no source term in K. This problem is
modelled by

—Au=f in Q\ K

u=0C on 0K
@ds:o on 0K

aKaTL

u=20 on 99,

where C' is an unknown constant to be determined. Find a variational formulation of this
boundary value problem and show the existence and uniqueness of a solution (u,C).

We can again generalize the above to more general operators with tensorial coefficients
A(z) = (aij(7)),<; j<n- We assume that the matrix A is uniformly positive definite over Q2
(or coercive, or elliptic), that is, there exists a constant « > 0 such that, almost everywhere
in Q,

N
A@)E €= ai(2)8€; > algl* forall € € RY, (5.36)

i,j=1

and that it is uniformly bounded, that is, there exists a constant 8 > 0 such that, almost
everywhere in €,
|A(z)€] < B¢ for all € € RY. (5.37)

We then define the operator

N
~div(AV:) = - ) 81 (a,-j(m)ézj) , (5.38)
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and we consider the boundary value problem

u=20 on 0f2. (5.39)

{ —div(AVu) = f in Q,
Several physical motivations lead to models of the type of (5.39). In the example of heat
conduction, an anisotropic medium (where the conductivity is not the same in all directions)
is characterized by a symmetric conductivity matrix A(z) (not proportional to the identity).
The case of matrices A(x) which are nonsymmetric corresponds, for example, to taking
account of a convection effect. In effect, if we decompose A = A° + A® into its symmetric
part A° = (A + A")/2 and its antisymmetric part A* = (A — A")/2, a simple calculation
shows that

N
—div(AVu) = —div(A°Vu) + V - Vu  with Vj(z Z% aﬂx ) (),
i=1

where V is interpreted as a convection velocity.

Exercise 5.2.11 Show under the hypotheses (5.36) and (5.37) that (5.39) has a unique (weak)
solution u € Hg(Q) if f € L*(Q).

We can replace the Dirichlet boundary condition in (5.39) by a Neumann boundary
condition which, for the operator (5.38), is written

ou

87’LA

N
= (A(m)vu> n = Z aij(m)g—;jm =0 on 09,

4,j=1

where ai—“A is the so-called conormal derivative of u associated with the operator (5.38). This
Neumann condition is very natural from the point of view of physics since, if we introduce
the flux 0 = AVu, it implies that the normal component of the flux is zero on the boundary
o -n =0 over 9.

Exercise 5.2.12 For f € L*(Q), g € L*(99), show the existence and uniqueness of the
solution of

—div(AVu) +u=f inQQ,
— =y on 99).

5.2.4 Qualitative properties

In this section we study some qualitative properties of solutions of the Laplacian with
Dirichlet boundary conditions. In all this section,  is an open bounded set of RY
and f € L*(Q). Theorem 5.2.2 gives a unique solution u € H}(Q) of

—Au=f inQ
{ u=20 on Jf). (5.40)
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Maximum principle

We start by recovering this property discovered in Chapter 1 (thanks to some ex-
plicit formulas in N = 1 dimension; see remark 1.2.10) and exploited numerically in
Chapter 2.

Theorem 5.2.22 (maximum principle) If f > 0 almost everywhere in 2, then
u > 0 almost everywhere in €.

Remark 5.2.23 The maximum principle does nothing but express a property which
is perfectly natural from the point of view of physics: for example, in the context
of the stationary heat flow equation, if we have a heat source (f > 0), the interior
temperature is always greater than the boundary temperature (v > 0). The maxi-
mum principle remains true if we replace the Laplacian by the more general operator
(5.38) with variable coefficients in L>(€2) or even if we consider the problem (5.16)
with Neumann boundary conditions. The validity of the maximum principle is funda-
mentally linked to the ‘scalar’ character of the equation (that is, the unknown u has
values in R). This maximum principle will generally fail if the unknown w is vector
valued (for example, for the elasticity system (5.56)). .

Proof. We use the variational formulation (5.5) of (5.40) with v = v~ = min(u, 0)
which belongs to HE () from lemma 5.2.24 (since u = u™ + u~). We have

/ fu dzr = / Vu-Vu dr = / ly<oVu - Vudr = / |Vu~|?dz > 0. (5.41)
Q Q Q Q

But 4~ <0 and f > 0 almost everywhere in Q. Consequently, all the terms of (5.41)
are zero, and as u~ € H}(Q) we deduce that u~ = 0, that is, u > 0 almost everywhere
in Q. O

Lemma 5.2.24 Ifv € H}(Q), then vt = max(v,0) belongs to H}(Q) and
Vot = 1,50Vv almost everywhere in ),

where 1,50(x) is the function which equals 1 where v(x) > 0 and 0 elsewhere.

Remark 5.2.25 The proof of lemma 5.2.24 is long and technical (it can be omitted
in the first reading). We explain, nevertheless, why this proof is not simple, and
in particular why we cannot use lemma 4.3.19 which says that a function defined
‘piecewise’, which belongs to H' in each subdomain and is continuous in the interfaces
between the subdomains, does actually belong to H' in the whole domain. In effect,
we would apply lemma 4.3.19 to v on the subdomain v > 0 and to 0 on the subdomain
v < 0, and we should be done. The problem is that, in general, the boundary of these
two subdomains (defined by v = 0) is not regular (in the sense of definition 3.2.5)
even if v is a regular function. .
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Proof. We show first that, if v € Hg(Q) and if G(¢) is a function from R into R, of class
C*' such that G(0) = 0 and G'(t) is bounded over R, then G(v) € H}(Q) and V(G(v)) =
G'(v)Vu. By definition of Hg (), there exists a sequence of functions v, € C2°(Q) which
converges to v in the norm of Hl(Q) (in particular, for a subsequence, v, and Vv, converge
almost everywhere in Q to v and Vv respectively ; see corollary 3.3.3 of [4]). We have

G(wn) - Gv)| < (stgﬂgm’(t)) [ow — o], (5.42)

therefore G(v,) converge to G(v) in L*(2). On the other hand, for 1 <i < N,

0G (vn) ,, OV . ’ ov / Ov, Ov
—_— — n) — t -— - . A4
= (v) T < |G (vn) = G'(v) 50|+ i:ﬂgm()\ 52~ Ba; (5.43)
As |G (vn) — | | converges almost everywhere to 0 (for a subsequence) and is

bounded above by 2 (sup |G (t)] 811- | which belongs to L?(£2), by application of the Lebesgue
dominated convergence theorem (see [4], [35], [38]) this sequence of functions converges to 0
in L?(Q). The last term in (5.43) also converges to 0 in L?*(Q), therefore G(vy,) is a Cauchy
sequence in Hg () which is a Hilbert space: it converges to a limit w € Hg(Q). By identi-
fication of the limits, we find that w = G(v) in L*(Q) and that £ = G'(v) 2% in L*(€),
from which we have the result.

We shall now approximate the function ¢ — max(¢,0) by a sequence of functions G (t)
of the type above to show that v belongs to Hg (). Let G(t) be a function of C*(R) such
that

G(t):Oiftg%, 0<G'(t) <1 if%gtﬁl, G't)y=1if1<t

We define G (t) = G(nt)/n for n > 1, and we know by the arguments above that G (v) €
Hg(Q) and Lﬂ) =G, (v) x"z On the other hand, we are satisfied that

1
|G (v) — ™| < sup|Gn(t) —tT| < =,
teR n

therefore G, (v) converges to v in L*(Q). We have also, for all 1 <i < N,

ov

9Gn (v) dv o
(9931'

6.1‘2' - 1v>0 (91'1 = |G{n(’U) - U>0|

I

v
< locw<i/n
83@1’ 0<v<1/

and as lo<y<1/n converges to 0 almost everywhere, the Lebesgue dominated convergence

theorem proves that %;@) converges to 1U>068% in L2 (©2). We then deduce, as before, that
G (v) converges to v¥ in H§(Q) and that Vo' = 1,50Vo. O

Exercise 5.2.13 Show that the (nonlinear) mapping v — v+ is continuous from L?()
into itself, and also from H'(Q) into itself (use the fact that Vu = 0 almost everywhere
on the set u~1(0)).
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Regularity

We now show that the solution of an elliptic boundary value problem is more regular
than proved if the data is more regular than necessary.

Theorem 5.2.26 (regularity) Take an integer m > 0. Let Q be an open bounded
set of RN of class C™2. Let f € H™(Q). Then, the unique solution u € H}(Q) of
(5.40) belongs to H™2(Q). Further, the mapping f — w is linear and continuous
from H™(Q) into H™+2(Q), that is, there exists a constant C > 0 such that

lull rm+2(q)y < Cll fllzm0)-

By immediate application of the regularity theorem 5.2.26 and of the theorem
4.3.25 (on the continuity of functions of H™(2)), we obtain as a corollary the result
stated before in remark 5.2.3, that the weak solutions of elliptic PDEs are in fact
strong (or classical) solutions if the data is regular.

Corollary 5.2.27 If Q is an open bounded set of RN of class C™+2, if f € H™(Q),
and if m > N/2, then the variational solution u € HZ () of (5.40) is a strong solution
since it belongs to C%(Q).

In particular, if Q is an open bounded set of RN of class C*, and if f € C*°(%),
then the solution u € H(Q) of (5.40) is also in C*°(Q).

Remark 5.2.28 It is important to understand the effect of these regularity results.
Assuming that Aw, which is a particular combination of some second derivatives of
u, belongs to a certain function space, we deduce that all the second derivatives of u
belong to this same space! Of course, all these regularity results are obvious in N = 1
dimensions since the Laplacian coincides with the second derivative and therefore the
equation directly gives the regularity of this second derivative. °

Remark 5.2.29 The regularity theorem 5.2.26 and its corollary 5.2.27 remain valid
for Neumann boundary conditions. It generalizes also to the case of elliptic operators
with variable coefficients (as in Section 5.2.3). In this last case, we must add to the
usual hypothesis of coercivity of the coefficients, the hypothesis that the coefficients
are of class O™ in Q (when Q is bounded regular of class C"™*2 and that f € H™()).

We shall not prove the regularity theorem 5.2.26 in all its generality but only in a
particular case which is more simple (we shall explain in remark 5.2.32 how to pass from the
particular case to the general case). We take Q = RY, and for f € L*(R") we consider the
problem

—Au+u=f inR"Y (5.44)

There are no explicit boundary conditions in (5.44) as there is no boundary. Nevertheless,
the behaviour at infinity of the solution is a kind of boundary condition. By taking f in
L*(R™) we have chosen an implicit boundary condition which is to look for u in H*(RY),
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that is, in a certain sense, u(z) ‘tends to zero’ at infinity so that the integral fRN |u|*dz
converges. A variational formulation of (5.44) is: find v € H'(R"™) such that

/ (Vu - Vo + uv) d:c:/ fvdz Yove H'(RY). (5.45)
RN RN

A direct application of the Lax—Milgram theorem 3.3.1 proves that there exists a unique
solution u € H*(R™) of (5.45). Finally, by identical reasoning to that already done in this
chapter, show that this solution of the variational formulation is also a solution of the PDE
(5.44). We can now state the regularity result.

Proposition 5.2.30 If f € L*(RY), then the solution w € H*(RY) of (5.44) belongs to
H2*RY). Likewise, if f € H™(RY) (with m > 0), then u belongs to H™T?(RY).

Proof. The essential ingredient of the proof is the ‘method of translation’. For h € RY,
h # 0, we define a difference quotient

v(z + h) —v(x)

Dpv(x) = ]

which belongs to H'(RY) if v € H*(R"). We easily see that V(Dxv) = Dj,(Vv) and that,
for v, ¢ € L*(RY), we have a ‘discrete integration by parts formula’

/RN (Dyv)¢p dz = /RN v(D_n¢) da.

Other properties of the quotient Dy v are given in lemma 5.2.31. In the variational formula-
tion (5.45) we take v = D_p(Dpu), and applying the rules above we obtain,

/ (IV(Dnu)|* + |Dpul?) do = / fD_n(Dpu) dz.
RN RN
We deduce the upper bound
HDhuH?{l(RN) < Hf”L?(RN)HD*h(Dhu)”LQ(RN)'
Now, by application of (5.48), we have also
ID—n(Dru)llp2@ny < IV(Dru)llp2@yy < 1Dnwllm @y

Therefore, we have || Dpull g1 rnvy < [|fl| 2wy, and in particular, for 1 <4 < N,

H Ju
h 8931

< A lpzenys
L2(RN)
which implies, from lemma 5.2.31 below, that % belongs to H'(R™), that is, u € H?(RY).
Suppose now that f € H'(RY). We show that 2% is the unique solution in H'(R") of
of

—Aui+u; = 2= i RY. (5.46)
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If this is true, by application of the preceding part of the proof, we deduce that % belongs

to H*(R™), that is, u € H3(RY) as seen. We write the variational formulation (5.45) with
¢ € CZ(RY)

/RN (v vgi

Asu € H*(RY) and f € H'(R"), we can integrate by parts to obtain

ou _ of
/RN (Vﬁ ) dz = / Bmz(b x (5.47)

which, by density, remains true for all ¢ € H*(RY). We establish that (5.47) is the variational

formulation of (5.46). Consequently, 2 = u; is the unique solution in H"(RY) of (5.46).
The case f € H™(RY) = u € H™2(RY) is proved by induction on m as we have done

for m =1. O

ox;

Lemma 5.2.31 Forv e L*(RY), h € RY, h # 0, we define a difference quotient

Dnol(z) = W c I2RY).
Ifv e H'(RY), we have the estimate
| Drvll L2y < VO] L2 ®ay)- (5.48)

Conversely, let v € L*(RN): if there exists a constant C, such that, for all h # 0, we have
HDhUHLQ(RN) <, (5.49)
then v € H'(RY) and |le - Vol 2@y < C for every unit vector e € RY.
Proof. We prove (5.48) first of all. For v € C°(RY), we write
)
Dpov(z) = / — - Vu(x + th) dt,
o |hl
which is bounded above by

| Dpo(z / |Vo(x + th)]? dt.

Integrating in z it becomes

1 1
1D, < / / (Voo + )P e < / 10l gy = [ V0] 2gam).
0 R 0

By density, the estimate (5.48) is true for every function of H*(R™).
Now let v € L*(RY) which satisfies the estimate (5.49). We deduce that, for all ¢ €

o (RY),
/ Duvidz| < Cllé| s
]RN
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Now, by discrete integration by parts, we have

/RN (Dyv)pdz = /}RN v(D_1g) da,

and, since ¢ is regular, if we set h = te with e € R, e # 0, we have

lim D_po(z) = —e - Vo(z).

t—0

Consequently, we deduce that, for 1 <i < N and all ¢ € C2°(R"Y), we have

/ v% dx
RN aml

which is nothing other than the definition of v belonging to H*(R") (see definition 4.3.1).
O

< Cloll2@ny,

Remark 5.2.32 (delicate) Let us now explain how we pass from the case treated in propo-
sition 5.2.30 (with Q@ = RY) to the general case of theorem 5.2.26. We use an argument of
local coordinates and a partition of unity as in the proof of proposition 4.4.2. Following the
notation of definition 3.2.5 of a regular open set (see also Figure 4.4), there exists a finite
covering of €2 by open sets (w;)o<i<s and a partition of unity (6;)o<i<s such that

0; € CZ(wi),  0<6;(x) <1, D bi@=1 inQ.

The open set wg is in the interior of Q (in fact Wy C Q) while the other open sets w;, for
i > 1, cover the boundary 9Q. Let u € Hg () be the unique solution of (5.40). To show
the regularity of u = Zf:o 0;u, we shall show the regularity of each of the terms 6;u. For
the term Opu we talk of the interior regularity of u. It is immediate that 6pu is the unique
solution in H'(RY) of

—A(Bou) + bou = fo in RY,

with fo = 0o(f — u) — 2V6y - Vu — uAby which belongs to L*(RY). By application of
proposition 5.2.30 we deduce therefore that fou € H2(R™). This allows us to improve
the regularity of fo, and by successive application of proposition 5.2.30 we conclude that
f € H™(Q) implies that fou € H™ (). To show the regularity of the other terms 6;u
for ¢ > 1, we must initially ‘rectify’ the boundary to reduce it to the case ) = Rf. We
must therefore show a result of the same type as proposition 5.2.30 but for 2 = Rf . This
is a little more delicate because when rectifying the boundary by local coordinates we have
to change the coefficients of the elliptic operator (the Laplacian becomes an operator with
variable coefficients as in Section 5.2.3): we refer to [6] for the details. To summarize, it is
enough that we have the regularity in all the space and in a half-space to prove the regularity
in a regular open bounded set. o
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Figure 5.2. Angular sector 2 with angle © (smaller or larger than 7).

Example of singularity

Let us now see an example of singular solutions, that is, solutions which are nonreg-
ular. We consider a problem posed in an open nonregular set for which the regularity
theorem 5.2.26 and its corollary 5.2.27 are false. In particular, even if weak solutions
exist (that is, belonging to the Sobolev space H'(Q)) they are not strong solutions
(that is, twice differentiable) for this problem. We work in N = 2 space dimensions,
and we consider an angular sector €2 defined in radial coordinates by (see Figure 5.2)

Q= {(r,0) such that 0 <r < Rand 0 < 6 < O}

with 0 < R < 400 and 0 < © < 27 (recall that 1 = rcosf and xo = rsinf).
We denote by I'y the part of the boundary of 2 where r = R, I'1 where 8 = 0,
and T's where § = ©. This open set {2 has three ‘corners’, but only the origin (the
corner between the boundaries I'y and I'y) can cause problems for the regularity in
the examples below. Physically, the case of an angle ©® < 7 is representative of a tip
effect, while the case © > 7 corresponds to a notch (or a fissure if © = 27).

For an integer k > 1, we study the following two boundary value problems

—Au=0 in Q
u=cos (%) onTy (5.50)
% =0 on Fl @] FQ

and
—Au=0 in Q
u = sin (kgg) on I'y (5.51)
u = O on Fl U F2

We could study the regularity of the solutions of (5.50) and (5.51) in terms of whether
or not they belong to the Sobolev spaces H™(f2), but, for simplicity and to keep an
obvious physical meaning in our results, we shall simply be interested in the behaviour
of the gradient Vu in a neighbourhood of the origin. From the viewpoint of physics
or mechanics, this gradient corresponds to a heat flux, an electric field, or a stress
field: it is important to know if this quantity is continuously bounded or not at the
origin.



134 ELLIPTIC PROBLEMS

Lemma 5.2.33 There exists a unique weak solution of (5.50) in H(S2), given by the

formula
7\ kT/© kw6
u(r,0) = (E) cos (®> . (5.52)
Likewise, there exists a unique weak solution of (5.51) in H*(SY), given by the formula
r\k7/© [ km0
u(r,0) = (E) sin <®) . (5.53)

In the two cases, if k =1 and m < ©, then the gradient Vu is not bounded at the
origin, while if k > 2 or m > ©, then the gradient Vu is continuous at the origin.

Remark 5.2.34 When we impose more general Dirichlet data in problems (5.50)
and (5.51), we can decompose them into a Fourier series in 6 on 'y and apply lemma
5.2.33 to each term of the series (nevertheless, this Dirichlet data on I'y must be
compatible with the boundary conditions on I'y and T'y). We deduce that, if © < 7,
then the solutions of (5.50) and (5.51) are always regular no matter what the Dirichlet
data on I'g. Conversely, if © > , the solutions of (5.50) and (5.51) may be singular.

Physically, we interpret this regularity result by saying that a notch (0 > )
causes a singularity, as opposed to a point (0 < 7). In this case, it is sometimes
necessary to re-examine the modelling since a heat flux, electric field, or a stress field
which is infinite at the origin does not have a physical sense. Two approximations in
the model may be at the origin of this nonphysical singularity: on the one hand, an
angle is never ‘perfect’ but often a little ‘rounded’, on the other hand, when Vu is very
large, we leave the domain of validity of the linear equations that we are studying
(typically, a constitutive law such as Fourier’s law (1.3) becomes nonlinear as the
thermal conductivity is itself a function of Vu). In any event, a regularity result gives
important results on the limits of application of the model.

In the case where © = 27, the open set €2 is a cracked domain and lemma 5.2.33
has a very important mechanical interpretation if problems (5.50) and (5.51) model
the antiplane shearing of a cylinder with base Q (see exercise 5.3.7). In this case, the
coefficient of the term of order k = 1 in the Fourier series (which leads to the singular
behaviour at the origin) is called the stress intensity factor which is often used in
models of crack propagation or rupture (see, for example, [26]). .

Remark 5.2.35 The singular solutions given by lemma 5.2.33 are not only theo-
retical counterexamples: they can be shown numerically (see Figure 6.18). We also
add that these singular solutions are a source of difficulty for numerical methods (see
remark 6.3.15) which confirms the interest in their study. .

Remark 5.2.36 We can also consider the case of Dirichlet boundary conditions on
I'; and Neumann on I's (in this case, we must take u = sin(’;—g) on I'gp). The only

difference relates to the case km = © for which the gradient Vu is bounded but not
continuous at the origin. In particular, we find that for £k = 1 and 7 = O, although



STUDY OF THE LAPLACIAN 135

there is no corner, the solution is singular. This is due to the change of boundary
conditions on a regular part of the boundary. .

Proof. We limit ourselves to treating the problem (5.50) with Neumann boundary
conditions in the corner (the other problem (5.51) is treated exactly in the same way).
We start by ‘lifting’ the nonhomogeneous boundary conditions by defining a function
up € H'(Q)) whose trace on the boundary coincides with these boundary conditions.

We can easily check that
2
ug(r,0) = % cos (kg@)

is satisfactory, that is, u = ug + v where v is the solution of a homogeneous problem

—Av=Aug in
v=0 on I'y (5.54)
=0 on Ty UT,.

We remark that this lifting is possible since the data on I'y is compatible with the
boundary conditions on I'; and 'y, that is, in this case its derivative in 6 (that is, its
normal derivative) is zero for @ = 0 or ©. As Aug belongs to L?((2), there exists a
unique solution of (5.54) in H!(Q), and consequently (5.50) also has a unique solution
in H'(Q). We verify that (5.52) is precisely this unique solution. Recall that

9?%¢ L1 19 1 0%

Ad(r,0) = orz " ror | r2002°

A simple calculation shows that

2 T ™
(e ra) (7= (5) = ()™

therefore (5.52) is also a solution of (5.50). We also see easily that (5.52) belongs to
H(Q). Finally, the formula for the gradient in radial coordinates in the basis (e, ep)

09, 100
o T e

Vu—(i)(kﬂ/e)_lki cos k6 er — sin k6 e
“\R o o) o)

which, clearly, is not bounded at the origin if 0 < k7 < © and is continuous at the
origin if k7 > ©. The limiting case km = © also corresponds to a continuous gradient
since in fact u = 21! O

Vo(r,0) =

gives us
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5.3 Solution of other models

5.3.1 System of linearized elasticity

We apply the variational approach to the solution of the system of linearized elasticity
equations. We start by describing the mechanical model which we have seen in a
particular case in Chapter 1. These equations model the deformations of a solid under
the hypothesis of small deformations and small displacements (this hypothesis allows
us to obtain linear equations; from which we have the name linear elasticity, see for
example, [36]). We consider the stationary elasticity equations, that is, independent
of time. Let Q be an open bounded set of RY. Let a force f(z) be a function from
Q) into RY. The unknown u (the displacement) is also a function from €2 into R¥.
The mechanical modelling uses the deformation tensor, denoted by e(u), which is a
function with values in the set of symmetric matrices

1 1 /0u; Ou;
e(u) = = (Vu+ (Vu)' :( L+ ]> ;
2( ) 2 (%cj (“)xz 1<i,j<N

as well as the stress tensor o (another function with values in the set of symmetric
matrices) which is related to e(u) by Hooke’s law

o =2ue(u) + Atr(e(u)) I

where A\ and p are the Lamé coefficients of the homogeneous isotropic material which
occupies 2. For thermodynamic reasons the Lamé coefficients satisfy

w>0 and 2u+ N> 0.
We add, to this constitutive law, the balance of forces in the solid
—dive = f in
where, by definition, the divergence of ¢ is the vector of components
N 9o
dive = Z 87;]
J=1 1<i<N

Using the fact that tr(e(u)) = divu, we deduce the equations for 1 <4i < N

N
-y % (u (aui + a“j) n )\(divu)éiJ) — fiinQ (5.55)
j=1 """

89@ 8%

with f; and u;, for 1 <4 < N, the components of f and u in the canonical basis of RY.
By adding a Dirichlet boundary condition, and by using vector notation, the boundary
value problem is

(5.56)

{ —div (2ue(u) + Atr(e(u)) ) = f inQ
u=20 on 0fL.
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We can state and prove a first existence and uniqueness result for the system of linear
elasticity.

Theorem 5.3.1 Let Q be an open bounded set of RN . Let f € L2(Q)N. There exists
a unique (weak) solution u € H}(Q)N of (5.56).

Proof. To find the variational formulation we multiply each equation (5.55) by a
test function v; (which is zero on the boundary 9 to take account of the Dirichlet
boundary conditions) and we integrate by parts to obtain

N
Bui E)uj 8vi . 8’Ui
d Ad dr = 10; d.
[)N;(@xj+5xi)3xj “/Q R /Qf” v

We sum these equations, for i going from 1 to N, in order to obtain the divergence

of the function v = (vy, ...,vy) and to simplify the first integral as
N N
Ou; . Ouj\ Ov; 1 Ou;  Ouy Ov;  Ov,
= — = 2 : .
igl <6xj + 8371‘) or; 2 lgz:l <8xj + 8gji> <8xj * o, e(u) - e(v)

Choosing H} ()N as the Hilbert space, we obtain the variational formulation: find
u € HE(Q)N such that

/ 2pe(u) - e(v) dz +/ Adivudive de = / frvde Vo€ Hi(QV. (5.57)
Q Q Q

We easily see that each term of (5.57) has a meaning.

To be able to apply the Lax—Milgram theorem 3.3.1 to the variational formulation
(5.57), the only delicate hypothesis to verify is the coercivity of the bilinear form. We
proceed in three stages. First, we show that

/2u|e(v)\2dx+/ )\|divv|2dx21// le(v)|*dz,
Q Q Q

with v = min(2y, (2 + NX)) > 0. For this, we use an algebraic inequality: if we
denote by A- B = E%Zl ai;b;; the usual scalar product of symmetric matrices, we
can decompose every real symmetric matrix A in the form

1 1
A= A%+ A" with A = A — —trAl and A" = — trAl,
N N
in such a way that A?- A" =0 and |A|? = |A9|? + |A"|?. We then have
2u| A2 4+ A(trA)? = 2u| A% 4+ (2u + NN)|A"? > v] A2

with v = min(2u, (2u + NX)), which gives the result for A = e(u). The fact that
we assume v > 0 is not a problem: the mechanical and thermodynamical arguments
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which lead to the inequalities ¢ > 0 and (24 NA) > 0 are exactly the same. Second,
we use Korn’s inequality (or a simple case of this inequality, see lemma 5.3.2) which
gives a constant C' > 0 such that

/ le(v)2der > c/ IVo[2da
Q Q

for all v € H} ()N, Third, we use the Poincaré inequality (component by component,
see proposition 4.3.10) which gives a constant C' > 0 such that, for all v € H}(Q)V,

/|U\2dm§0/ |Vo|2dz.
Q Q

In summary, these three inequalities lead to the coercivity

/2,u|e(v)|2dx+/ )\|divv|2dx20||vH%{1(Q).
Q Q

The Lax—Milgram theorem 3.3.1 therefore gives the existence and uniqueness of the
solution of the variational formulation (5.57). Finally, to show that the unique solution
of (5.57) is also a solution of the boundary value problem (5.56), we proceed as in the
proof of the theorem 5.2.2 for the Laplacian. O

Lemma 5.3.2 Let Q be an open set of RN . For every function v € H ()N, we have

V0]l 22 (0) < V2[le(v)] L2 (@) (5.58)

Proof. Take v € C°(Q)". By integration by parts we obtain

2/ le(v)|?dx = / |Vo|?dx +/ Vv - (Vo)lde = [ |Vv|?dx —|—/ |dive|de.
Q Q Q o Q
By density of C2°(£2) in H{(£2), we deduce (5.58). O

Exercise 5.3.1 Show that the mapping of L2(Q)" into HZ ()", which maps each f
into a u, the unique weak solution of (5.56), is linear and continuous.

The analysis of the boundary value problem (5.56) with Dirichlet boundary con-
ditions on all the boundary 92 is a little misleading in its simplicity. In effect, to
introduce other boundary conditions (for example, Neumann) on part of the bound-
ary, the proof of the coercivity of the variational formulation becomes much more
difficult since we must replace the elementary inequality of lemma 5.3.2 by its gener-
alization, which is more technical, called Korn’s inequality (see lemma 5.3.3 below).
Recall that we cannot, in general, be content with a Dirichlet condition on the whole
of the boundary 92 since it means that the solid is fixed and immobile on its bound-
ary. In practice, all the boundary is not fixed and often a part of the boundary is free
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to move, or surface forces are applied to another part. These two cases are modelled
by Neumann boundary conditions which are written here

on = g on 04, (5.59)

where g is a vector valued function. The Neumann condition (5.59) is interpreted by
saying that g is a force applied on the boundary. If g = 0, we say that no force is
applied and the boundary can move without restriction: we say that the boundary is
free.

We shall now consider the elasticity system with mixed boundary conditions (a
mixture of Dirichlet and of Neumann), that is,

—div (2ue(u) + Atr(e(u)) ) = f  in Q
u=0 on I0p (5.60)
on =g on aQN7

where (0Qy,00p) is a partition of 92 such that the surface measures of 90y and
00 p are nonzero (see Figure 4.1). The analysis of this new boundary value problem
is more complicated than in the case of Dirichlet boundary condition: we must use
Korn’s inequality below.

Lemma 5.3.3 (Korn’s inequality) Let Q be a regular open bounded set of class C*
of RN. There exists a constant C > 0 such that, for every function v € H'(Q)Y,
we have

1/2
Il < € (Iole@ + le@)3m) - (5.61)

The inequality (5.61) is not banal: in effect, its left-hand side contains all the
partial derivatives of v and its right-hand side involves only certain linear combinations
of partial derivatives. As the inverse of (5.61) is obvious, we deduce that the two
sides of (5.61) are equivalent norms. The proof of the lemma 5.3.3 is complicated and
is outside the scope of this course (see, for example, [15]). We remark that we have
proved Korn’s inequality (5.61) when v belongs to HZ ()Y, In effect, in this case a
combination of lemma 5.3.2 and of the Poincaré inequality (for an open bounded set)
gives the inequality (5.61).

The mechanical interpretation of Korn’s inequality is the following. The elastic
energy, proportional to the norm of the deformation tensor e(u) in L?(Q), controls
the norm of the displacement u in H'(Q)Y, with the addition of the norm of u in
L?(2). As we shall see in exercise 5.3.2, this last addition is to take account of the
rigid body motion, that is, the displacement u which is nonzero but with elastic
energy zero.

Exercise 5.3.2 Let © be an open connected set of RY. Let the set R be the ‘rigid
motions’ of () defined by

R = {v(z) = b+ Mz with b € RV, M = —M" an antisymmetric matrix }. (5.62)
Show that v € H*(Q)" satisfies e(v) = 0 in Q if and only if v € R.
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We can now state a second existence and uniqueness result for the system of linear
elasticity with mixed boundary conditions.

Theorem 5.3.4 Let Q be a reqular open bounded connected set of class C* of RN .
Let f € L2(Q)N and g € L2(00N)N. We define the space

V={ve H' Q)N such thatv=0 on 9Qp}. (5.63)

There exists a unique (weak) solution w € V of (5.60) which depends linearly and
continuously on the data f and g.

Proof. The variational formulation of (5.60) is obtained as in the proof of the theorem
5.3.1. The space V, defined by (5.63), contains the Dirichlet boundary condition on
9Qp and is a Hilbert space as a closed subspace of H(Q)" (by application of the
trace theorem 4.3.13). We then obtain the variational formulation: find u € V' such
that

/2,ue(u)~e(v)dm+/Adivudivvdmz/f-vd:v+/ g-vds YveV. (5.64)
Q Q Q 90N

To be able to apply the Lax—Milgram theorem 3.3.1 to the variational formulation
(5.64), the only delicate hypothesis to be verified is once again the coercivity of the
bilinear form. In other words, we must show that there exists a constant C' > 0 such
that, for every function v € V', we have

ol ) < Clle(v)llz2 () (5.65)

First, we note that [e(v)||z2(q) is a norm over V. The only point to be verified which
should delay us is that |[e(v)][z2() = 0 implies that v = 0. Suppose therefore that
lle(v)lz2(p) = 0: then exercise 5.3.2 shows that v is a rigid displacement, that is,
v(x) = b+ Mx with M = —M*. We easily check that, if M # 0, then the points z,
solutions of b+ Mz = 0, form a line in R? and a point in R?. Now v(z) = 0 on 9Qp,
which has nonzero surface measure, therefore M = 0 and b = 0. Let us now show
(5.65) by contradiction (see remark 4.3.18). If (5.65) is false, there exists a sequence
v, € V such that
vnllri@) =1 > nlle(va)|220)-

In particular, the sequence e(v,) tends to 0 in L2(Q)N". On the other hand, as v,
is bounded in H'(Q)", by application of the Rellich theorem 4.3.21, there exists a

subsequence v,,» which converges in L?(2)"V. Korn’s inequality in lemma 5.3.3 implies
that

lvnr = vy 1 () < Cllvw = vplliz(q) + lle(on) = e(vp) 172 (q)
from which we deduce that the sequence v, is Cauchy in H'(Q)", and therefore

converges to a limit v, which satisfies [le(veo)|r2(0) = 0. As this is a norm we
deduce that the limit is zero, ve, = 0, which is a contradiction with the fact that

an’”Hl(Q) = 1.
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The interpretation of the variational formulation (5.64) to recover the equation
(5.60) is similar to that we have made in the proof of the theorem 5.2.14 on the
Laplacian with Neumann boundary conditions. Finally, the mapping (f,g) — u is
linear. To show that it is continuous from L?(Q)N x L?(0Q)" into H'(Q)", we take
v = u in the variational formulation (5.64). By using the coercivity of the bilinear
form and by bounding the linear form above, we obtain the energy estimate

Cllulli oy < Il lullz20) + 19l L2 0oy l1ull 2 20 - (5.66)

Thanks to the Poincaré inequality and to the trace theorem, we can bound the term
on the right of (5.66) above by C' (HfHLZ(Q) + ||g||L2(39N)) l|lull g1 2y, which proves the
continuity. m]

Remark 5.3.5 For the elasticity system with Dirichlet (or Neumann) boundary con-
ditions, we have the same regularity results as with the Laplacian (see theorem 5.2.26).
Conversely, as opposed to the Laplacian, there is no maximum principle for the elas-
ticity system (as for most systems of several equations). We give a numerical coun-
terexample in Figure 5.3: in the absence of forces, f = 0, the boundary conditions
are Neumann on the top and bottom faces of the domain, and Dirichlet with « = 0
on the right and u = e; on the left. This amounts to stretching the domain therefore
leading to a vertical displacement which changes sign. .

Figure 5.3. Numerical counterexample for the maximum principle in elasticity. On
the left, the domain is at rest, and on the right, the domain deforms where the arrows
represent the displacement (its vertical component changes sign).

We have already said that the variational formulation is nothing other than the
principle of virtual work in mechanics. Following this analogy, the space V is the
space of kinematically admissible displacements v, and the space of symmetric
tensors o € L? (Q)N2, such that —dive = f in Q and on = g on 09 is that of tensors
of statically admissible stress tensors. As for the Laplacian, the solution of the
variational formulation (5.64) attains the minimum of a mechanical energy defined
for v € V by

1

J(v) = 5/0 (2ule(v)]* + Aldivo|®) da — /Q frvdr — /me g-vds. (5.67)

In mechanical terms, J(v) is the sum of the energy of deformation

1
3 / (2ule(v)|” + Aldivo|?) dx
Q
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and of the potential energy of exterior forces (or work of exterior forces up to

a given sign)
—/f-vdx—/ g-vds.
Q 00N

Exercise 5.3.3 Show that u € V is the unique solution of the variational formulation
(5.64), if and only if u attains the minimum over V of the energy J(v) defined by (5.67).
(Hint: as a starting point we can take proposition 3.3.4).

Exercise 5.3.4 Let Q be an open bounded connected set of RY. We consider the
elasticity system with the Neumann condition (5.59) over all the boundary 9. Show
that the equilibrium condition

/f-(Mx—i—b)da:—i—/ g-(Mz+b)ds=0 VYbeRYN, VM =-M'eRVN
Q o

is a necessary and sufficient condition for existence and uniqueness of a solution in H*(Q)V

(the uniqueness being obtained up to the addition of a given ‘rigid body motion’, see
(5.62)).

Remark 5.3.6 When the Lamé coeflicients are constant and the boundary condi-
tions are Dirichlet and homogeneous, the elasticity equations may be rearranged to
give the Lamé system (presented in Chapter 1)

—pAu — (p+ ANV(dive) = f  in Q
{ u=0 on 0f). (5.68)
The advantage of (5.68) with respect to (5.56) is that the tensor e(u) has disappeared
and that we can therefore do without Korn’s inequality. We should, however, draw
attention to the fact that (5.68) is no longer equivalent to (5.56) if the Lamé coefficients
depend on z or if we have Neumann conditions on a part of the boundary. From a
mechanical point of view, the only correct model in this case is (5.56). .

Exercise 5.3.5 We assume that () is an open bounded set of R and that f € L?(Q)".
Show the existence and uniqueness of the solution of (5.68) in H ()" without using
Korn's inequality. Verify that we can weaken the hypotheses of positivity on the Lamé
coefficients by assuming only that x4 > 0 and 2u + A > 0.

Exercise 5.3.6 Verify the equivalence of (5.68) and (5.56) if A and u are constants.
Show that (5.68) and (5.56) are no longer equivalent if A and u are (regular) functions,
even if we replace the vector equation (5.68) by

—div(pVu) — V((p + A)divu) = f in Q.
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In a very particular case, called the problem of antiplane shearing, the system
of linear elasticity simplifies considerably as it reduces to the solution of a boundary
value problem for the Laplacian. This example therefore allows us to make a direct
link between the elasticity equations and the Laplacian, which explains why the results
for the two models are very similar overall. This particular case of antiplane shearing
is studied in the following exercise.

Exercise 5.3.7 The aim of this exercice is to find a particular solution of the system of
linear elasticity in the case of an antiplane shearing force. We consider a homogeneous
cylindrical domain € of length L > 0 and with section w, where w is a connected regular
open bounded set of RV ~! (the Lamé coefficients A and j are constants). In other words,
Q=wx(0,L), and for z € €, we denote x = (z/,xy) with 0 < 2y < L and 2’ € w.
We consider the following boundary value problem

—div (2pe(u) + Atr(e(u))I) =0 in Q

on=g on dw x (0, L)
u=0 onw x {0,L} (5-69)
(on)-n=0 onw x {0,L}

where we have used the notation, for a vector v = (vq, ...,un), v = (v/,vn) with

v’ € R¥=1 and vy € R. We assume that the surface force g is of the ‘antiplane shearing’
type , thatis ¢’ = (g1, -..,9n—1) = 0 and gy only depends on a’.

Show that the unique solution of (5.69) is given by u = (0, ...,0,ux) where uy(z’)
is the solution of the following Laplacian

dun __

—A'uy=0 inw
gt =gn  on dw

where A’ is the Laplacian in the variable 2/ € RV~

Exercise 5.3.8 Generalize exercise 5.3.7 to the case of a lateral boundary condition of
the type
w'=0 and (on)-ey=gn  on dw x (0,L).

Exercise 5.3.9 With the help of the variational approach show the existence and unique-
ness of the solution of the plate equation

A(Au)=f inQ

— =0 on 9f)
on

where f € L?(Q). Hint: we notice that, if u € H3(Q), then % € H}(Q) and

/ |Au|dx =

83: 83:]

lj_
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We admit the following regularity result: if w € L?(2) and f € L?*(Q) satisfy for all

v ECX(N)
—/wAvda:z/fvdz,
Q Q

then (fw) € H?(2) whatever the function § € C°(1Q).

5.3.2 Stokes equations

We apply the variational approach to the solution of the system of Stokes equations.
Let Q be a connected open bounded set of RY. Let a force f(x), be a function from 2
into RYN. There are two unknowns: the velocity u which is a vector function, and the
pressure p which is a scalar function. In vector notation, the boundary value problem
considered is

Vp—pAu=f in§

divu =0 in Q (5.71)

u=0 on Of)

where p > 0 is the viscosity of the fluid. The second equation of (5.71) is the in-
compressibility constraint for the fluid, while the first is the balance of forces. The
Dirichlet boundary conditions model the adherence of the fluid to the walls.

Remark 5.3.7 The Stokes problem (5.71) is a simplified model of the flow of a
viscous incompressible fluid (in a stationary regime). In effect, the ‘real’ equations
for the movement of such a fluid are the stationary Navier—Stokes equations (see, for
example, [39])

(u-VYu+Vp—pAu=f inQ

divu =0 in (5.72)

u=20 on 0f).

When the velocity of the fluid u is small, the nonlinear term (u - V)u, being quadratic
in u, becomes negligible. We then obtain the Stokes equations. We must therefore be
aware that the domain of validity of this model is limited by this hypothesis of small
velocity. °

Theorem 5.3.8 Let 0 be a reqular open bounded connected set of class C' of
RN, Take f € L2(Q)N. There exists a unique (weak) solution u € H}(Q)N and
p € L2(Q)/R of (5.71) (the pressure is unique up to an additive constant in Q).

Proof. To find the variational formulation we multiply each equation of the system
(5.71) by a test function v; (which is zero on the boundary 0f2 to take account of the
Dirichlet boundary conditions), we integrate by parts and we sum for ¢ going from 1
to N (to obtain the divergence of the function v = (v, ..., vN))

/uVu-Vde—/pdivvdx:/f-vdx,
Q Q Q
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with the notation Vu-Vov = ZZ]\LI Vu;-Vv;. Taking into account the incompressibility
condition divu = 0, we choose as the Hilbert space the following subspace of Hg(Q)V

V = {ve Hj()" such that divo = 0 a.e. in Q}, (5.73)

which is a Hilbert space as a closed subspace of Hg (€2)". We then find the variational
formulation:

find u € V such that /uVu-Vvdx:/f-vdeveV, (5.74)
Q Q

in which the pressure has disappeared! We see easily that each term of (5.74) has a
meaning.

The application of the Lax—Milgram theorem to the variational formulation (5.74)
poses no problem. In particular, the coercivity of the bilinear form is obvious in
H} ()N (thanks to the Poincaré inequality) therefore in V' which is a subspace of
HY(Q)Y.

The most delicate point here is to show that the unique solution of (5.74) is a
solution of the boundary value problem (5.71). Let us explain the difficulty while
assuming temporarily that u is regular, that is belongs to H2(Q)". By integration
by parts, (5.74) implies that

/(uAu—i—f)-vdx:OVveV,
Q

but we cannot deduce that (uAu + f) = 0 since the orthogonal complement of V' in
L2(Q)V is not empty! In effect, we see easily that if ¢ is a regular function, then, for

all v € V| we have
/V(i)'vdm:—/(bdivvdmzo,
Q Q

that is the orthogonal complement of V' contains at least all the gradients. In fact
de Rham’s theorem 5.3.9 tells us that the orthogonal complement of V' coincides
exactly with the space of gradients.

Thanks to de Rham’s theorem 5.3.9 we can finish as follows. We set

L(v)z/,uVu-Vvdx— f-vdz,
Q Q

which is a continuous linear form over H}(Q)" and zero over V. Consequently, there
exists p € L?(f), unique up to a given constant, such that

L(v) = / pdivedz Vv € HY(Q)V.
Q
If we set 0 = Vu — pI which belongs to L2(Q)"N", we therefore have

/U~Vvd:17 ‘/fmd:c
Q Q

< CllvllL2 (s
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which proves that o has a weak divergence in L?(2)", and we have —dive = f.
Consequently, we deduce that

Vp — pAu = f almost everywhere in 2. (5.75)
On the other hand, as u € V, divu is zero in L?(£2), this implies
divu = 0 almost everywhere in €.

Likewise, the boundary conditions are interpreted by the trace theorem and we obtain
u = 0 almost everywhere on 0f). a

We now state the very profound and difficult result which allows us to recover the
pressure from the variational formulation (5.74) of the Stokes system where it has
disappeared! Its proof is far beyond the framework of this course (note in passing
that it is not easy to find in the literature an ‘elementary’ and self-contained proof;
see nevertheless [21]).

Theorem 5.3.9 (Rham) Let Q be a reqular open bounded connected set of class C*
of RN, Let L be a continuous linear form over H}(Q)N. Then L is zero on V if and
only if there exists a function p € L*(Q) such that

L(v) = / pdivodz Vv e HHQ)V. (5.76)
Q
Further p is unique up to a given additive constant.

Remark 5.3.10 For Stokes as for the Laplacian or for elasticity we can also define
Neumann boundary conditions which are written

'UETZ —pn=g ondf, (5.77)
where g is a (vector valued) function of L#(0Q)N. As for elasticity, the Neumann
condition (5.77) is interpreted by saying that g is a force applied on the boundary. e

Remark 5.3.11 For the Stokes system (5.71) we have the same regularity results as
for the Laplacian or the system of linear elasticity (see theorem 5.2.26). Conversely,
the Stokes equations being a system of several equations, there is no maximum prin-
ciple (this is the same situation as for the elasticity system). Physically, because of
the incompressibility condition of the fluid we understand this very well. In effect,
if we study a Stokes flow in a duct with a pronounced narrowing, as the flux is con-
stant across a section, the velocity of the fluid is necessarily higher in the narrow part
than at the entrance or exit (which violates the maximum principle in the absence of
exterior forces). .
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As for the elasticity system there exists a principle of minimization of the energy
(called viscous dissipation) for the Stokes equations.

Exercise 5.3.10 Let V be the space velocity field with zero divergence defined by (5.73).
Let J(v) be the energy defined for v € V' by

J(v):%/QMVdex—/Qf-vdx. (5.78)

Let u € V be the unique solution of the variational formulation (5.74). Show that u is also
the unique point of minimum of the energy, that is, J(u) = min,ecy J(v). Conversely,
show that, if u € V is a minimum point of the energy J(v), then u is the unique solution
of the variational formulation (5.74).

In the following exercise we shall see that in certain very particular cases the
Stokes equations reduce to the Laplacian.

Exercise 5.3.11 The aim of this exercise is to find a particular solution of the Stokes
equations in a rectangular channel with uniform section, called the Poiseuille profile. Take
Q =wx(0,L) where L > 0 is the length of the channel and w its section, a regular open
bounded connected set of RV =1, For z € €, we denote z = (2, xx) with 0 < x5 < L
and 2’ € w. We consider the following boundary value problem

Vp — pAu =10 in Q
divu =0 in Q
u=0 on dw x (0, L)
ou (5.79)
pnfyg—n:pon on w x {0}
u

PR pig s = pLn onw x {L}

where py and pr are two constant pressures. Show that the unique solution of (5.79)
is p(z) = po + % (pL — po), and u = (0, ...,0,un) where uy is the solution of the
following Laplacian
{ —pA'uy = —(pr —po)/L  inw
uy =0 on Jw

where A’ is the Laplacian in the variable 2/ € RV~

Exercise 5.3.12 Generalize exercise 5.3.11 to the <case of Navier-Stokes
equations (5.72).
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6 Finite element method

6.1 Variational approximation

6.1.1 Introduction

In this chapter, we present the method of finite elements which is the numerical
method of choice for the calculation of solutions of elliptic boundary value problems,
but is also used for parabolic or hyperbolic problems as we shall see. The principle of
this method comes directly from the variational approach that we have studied in
detail in the preceding chapters.

The idea at the base of the finite element method is to replace the Hilbert space
V' on which we pose the variational formulation by a subspace V}, of finite dimension.
The ‘approximate’ problem posed over V}, reduces to the simple solution of a linear
system, whose matrix is called the stiffness matrix. In addition, we can choose the
construction of V4, in such a way that the subspace V}, is a good approximation of V'
and that the solution uy, in V}, of the variational formulation is ‘close’ to the exact
solution u in V.

Historically, the first premises of the finite element method have been proposed by
the mathematician Richard Courant (without using this name) in the 1940s, but it
was mechanical engineers who have developed, popularized, and proved the efficiency
of this method in the 1950s and 1960s (as well as giving it its actual name). After these
first practical successes, mathematicians have then considerably developed the theo-
retical foundations of the method and proposed significant improvements. This is in
any case a good example of interdisciplinary cooperation where the joint efforts of en-
gineers and applied mathematicians have made immense progress in numerical simu-
lation (not neglecting the even more spectacular advances in the power of computers).

The plan of this chapter is the following. In the rest of this section we detail
the process of internal variational approximation. Section 6.2 presents finite
elements in one space dimension where, without betraying the general ideas valid in
higher dimensions, the technical aspects are much simpler. We discuss some practical
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aspects (assembly of the stiffness matrix, quadrature formulas, etc.) as much as the
theoretical (convergence of the method, interpolation and error estimation). Section
6.3 is dedicated to finite elements in higher dimensions (N > 2). We introduce the
concepts of the mesh (triangular or quadrilateral) and of degrees of freedom which
will allow us to construct several families of finite element methods. We then look at
the practical and theoretical aspects already discussed in N = 1 dimension.

Let us finish this introduction by saying that as well as the finite difference and
finite element methods, which are the only ones discussed in this course, there exist
other numerical methods for the solution of partial differential equations like the
finite volume method, the boundary element method, the spectral method, the Fourier
method, etc. (see the encyclopaedias [10], [14]). For more details on the finite element
method we refer to [5], [9], [17], [21], [32], [34] (see also [33], [13], [29] for practical
aspects of computer programming).

6.1.2 General internal approximation

We again consider the general framework of the variational formalism introduced in
Chapter 3. Given a Hilbert space V, a continuous and coercive bilinear form a(u,v),
and a continuous linear form L(v), we consider the variational formulation:

find u € V such that a(u,v) = L(v) Vv eV, (6.1)

which we know has a unique solution by the Lax-Milgram theorem 3.3.1. The
internal approximation of (6.1) consists of replacing the Hilbert space V by a
finite dimensional subspace V},, that is to look for the solution of:

find up, € V3, such that a(up,vp) = L(vp) Yop € V. (6.2)

The solution of the internal approximation (6.2) is easy as we show in the following
lemma.

Lemma 6.1.1 Let V be a real Hilbert space, and Vy, a finite dimensional subspace.
Let a(u,v) be a continuous and coercive bilinear form over V', and L(v) a continuous
linear form over V. Then the internal approzimation (6.2) has a unique solution.
In addition, this solution can be obtained by solving a linear system with a positive
definite matriz (and symmetric if a(u,v) is symmetric).

Proof. The existence and uniqueness of uy, € V, the solution of (6.2), follows from
the Lax—Milgram theorem 3.3.1 applied to V},. To put the problem in a simpler form,
we introduce a basis (¢;)1<j<n, of Vi. Ifup, = ;V;"l uj¢;, weset Up, = (u1, ..., un,)
the vector in RM* of coordinates of uj. Problem (6.2) is equivalent to:

Np,
find U, € RV such that a | Y w;jdj, ¢i | = L(¢) V1<i< Ny,

j=1
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which can be written in the form of a linear system
KrUp = by, (6.3)
with, for 1 <i,5 < Np,

(Kn)ij = aloj, ¢i), (bn)i = L(¢s)-

The coercivity of the bilinear form a(u,v) implies the positive definite character of
the matrix /Cp,, and therefore its invertibility. In effect, for every vector U, € RM»,
we have )
Np,
KnUn-Un > v |y wis|| >ClUL* with C >0,

Jj=1

since all norms are equivalent in finite dimensions (|- | denotes the Euclidean norm in
RA®). Likewise, the symmetry of a(u,v) implies that of Kj,. In engineering applica-
tions the matrix ICj, is called the stiffness matrix. O

We shall now compare the error caused by replacing the space V by its subspace
V1. More precisely, we shall bound the difference ||[u — up|| where w is the solution in
V of (6.1) and uy, that in V}, of (6.2). Let us first make some notation precise: we
denote by v > 0 the coercivity constant and M > 0 the continuity constant of the
bilinear form a(u, v) which satisfy

a(u,w) > vljul? VueV,
lalu,0)] < Mlul o] Vu,ve V.

The following lemma, due to Jean Céa, shows that the distance between the exact
solution v and the approximate solution u is bounded uniformly with respect to
the subspace V}, by the distance between u and V.

Lemma 6.1.2 (Céa) We use the hypotheses of lemma 6.1.1. Let u be the solution
of (6.1) and uy, that of (6.2). We have

M
e —unl| < - inf fju—on]. (6.4)

Proof. Because V;, C V, we deduce, by subtraction of the variational formulations
(6.1) and (6.2), that
alu —up,wp) =0 Yw, € V.

By choosing wy;, = up — vy, we obtain
v|ju— uhH2 <a(u—up,u—up) =alu—up,u—uvy) < Mlu—up||lu—ovnl,

from which we deduce (6.4). ]
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Exercise 6.1.1 In the framework of Céa’s lemma 6.1.2, prove that, if the bilinear form
a(u,v) is symmetric, then we improve (6.4) to

M
— <4/— inf — .
Ju— il < 4/~ it Jlu— ol

Hint: use the fact that the solution wy, of (6.2) also attains the minimum of an energy.

Finally, to prove the convergence of this variational approximation, we give a last
general lemma. Recall that in the notation Vj, the parameter h > 0 does not have a
practical meaning. Nevertheless, we shall assume that it is in the limit A — 0 that
the internal approximation (6.2) ‘converges’ to the variational formulation (6.1).

Lemma 6.1.3 We use the hypotheses of lemma 6.1.1. We assume that there exists
a subspace V C V which is dense in V and a mapping r, from V into V3, (called an
interpolation operator) such that

}llir% lv—rr(@®)||=0 VYoveV. (6.5)
Then the method of internal variational approximation converges, that is,

’1112%) |lu —up| = 0. (6.6)

Proof. Take ¢ > 0. By density of V, there exists v € V such that |[u —v|| < e In
addition, there exists an hg > 0 (depending on €) such that, for this element v € V,
we have

lv—rr(@)|| <e Vh<hg.

From lemma 6.1.2, we have
lu —unll < Cllu = rr@)]| < C(lu—vl + [lv—ra(v)]]) < 2Ce,

from which we deduce the result. O

The strategy indicated by lemmas 6.1.1, 6.1.2, and 6.1.3 above is now clear. To
obtain a numerical approximation of the exact solution of the variational
problem (6.1), we must introduce a finite dimensional space V}, then solve a
simple linear system associated with the internal variational approximation
(6.2). Nevertheless, the choice of V;, is not obvious. It must satisfy two criteria:

1. We must construct an interpolation operator rp, from V into Vj, satisfying (6.5)
(where typically V is a space of regular functions).

2. The solution of the linear system KU, = by must be economical (in practice
these linear systems are very large).

The finite element method consists precisely of providing such ‘good’ spaces as Vj,.
Before entering into the details, we shall say something about the Galerkin method
which appears in this framework.
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6.1.3 Galerkin method

The Galerkin method has been a precursor of the finite element method. Even though
it does not have any numerical interest in general, it is very useful from a theoret-
ical point of view (notably for the study of nonlinear problems). It appears in the
framework of the internal variational approximation described above.

We assume that the Hilbert space V is separable and infinite dimensional, which
implies, by proposition 12.1.15, that there exists a Hilbertian basis (e;);>1 of V. We
then choose V as the subspace generated by this Hilbertian basis (generated by a
finite linear combination) which is dense in V. By setting h = 1/n, we define V}, as
the finite dimensional subspace generated by (eq, ...,e,). Finally, the interpolation
operator 7y, is simply the orthogonal projection over Vj, (which is here defined in all
of V and not only in V).

All the hypotheses of lemmas 6.1.1, 6.1.2, and 6.1.3 are therefore satisfied and we
deduce that the approximate solution uj converges to the exact solution u. Recall
that uy, is calculated by solving the linear system KU, = by, where Uy, is the vector
in R™ of coordinates of uj in the basis (eq, ..., ep).

Despite its usefulness in the theoretical framework developed above, the Galerkin
method is not helpful from a numerical point of view. In effect, the matrix IC;, that
we obtain is generally ‘full’, that is, all the coefficients are nonzero in general, and
‘ill-conditioned’, that is, the numerical solution of the linear system will be unstable
and so very semnsitive to rounding errors on the computer. From this point of view,
the finite element method is much more powerful and far preferable to the Galerkin
method.

6.1.4 Finite element method (general principles)

The principle of the finite element method is to construct internal approximation
spaces Vj, from the usual functional spaces H* (), H3 (), H2(2), ..., whose defini-
tion is based on the geometrical concept of a mesh of the domain 2. A mesh is a
tessellation of the space by very simple elementary volumes: triangles, tetrahedra,
parallelopipeds (see, for example, Figure 6.7). We shall later give a precise definition
of a mesh in the framework of the finite element method.

In this context the parameter h of V}, corresponds to the maximum size of the
mesh or the cells which comprise the mesh. Typically a basis of V}, will be composed
of functions whose support is localized in one or few elements. This will have two
important consequences: on the one hand, in the limit A — 0, the space V}, will be
more and more ‘large’ and will approach little by little the entire space V', and on
the other hand, the stiffness matrix K, of the linear system (6.3) will be sparse,
that is, most of its coefficients will be zero (which will limit the cost of the numerical
solution).

The finite element method is one of the most effective and most popular methods of
numerically solving boundary value problems. It is the basis of innumerable industrial
software packages.
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6.2 Finite elements in N = 1 dimension

To simplify the exposition, we start by presenting the finite element method in one
space dimension. Without loss of generality we choose the domain Q =]0,1[. In one
dimension a mesh is simply composed of a collection of points (x;)o<;j<n+1 (as for the
finite difference method, see Chapter 1) such that

ro=0<21 < -+ <2xp <Tpg1 = 1.

The mesh will be called uniform if the points z; are equidistant, that is,

1

The points z; are also called the vertices or nodes of the mesh. For simplicity we
consider, for the moment, the following model problem

= f in]0,1]
{ w(0) = u(1) = 0, (6.7)

which we know has a unique solution in HZ(Q) if f € L*(Q) (see Chapter 5). In all
that follows, we denote by P the set of polynomials, with real coefficients, of one real
variable with degree less than or equal to k.

6.2.1 P, finite elements

The P; finite element method uses the discrete space of globally continuous functions
which are affine on each element

Vi ={v e C([0,1]) such that v ’[Ij@jﬂ] ePyforall0<j<n}, (6.8)
and on its subspace
Von ={v €V}, such that v(0) = v(1) =0}. (6.9)

The Py finite element method is then simply the method of internal variational

approximation of Section 6.1.2 applied to the spaces V}, or Vy, defined by (6.8) or (6.9).
We can represent the functions of Vi, or Vyy, which are piecewise affine, with the

help of very simple basis functions. We introduce the ‘hat function’ ¢ defined by

_ =2 iffz[ <L,
(’5(”5)_{0 if |2 > 1.

If the mesh is uniform, for 0 < j < n+1 we define the basis functions (see Figure 6.1)

i) =0 (252). (6.10)
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I

Xo= 0 X1 X2 xj Xn Xpp1 = 1

Figure 6.1. Mesh of © =]0,1[ and P; finite element basis functions.

Lemma 6.2.1 The space V},, defined by (6.8), is a subspace of H'(0,1) of dimension
n + 2, and every function vy, € Vj is defined uniquely by its values at the vertices
(zj)o<i<n+1
n+1
vn(z) =Y va(a;)é;(x) Vo € [0,1].

=0

Likewise, Vo, defined by (6.9), is a subspace of H}(0,1) of dimension n, and every
function vy, € Vo, is defined uniquely by its values at the vertices (z;)1<j<n

vp () = th(fﬂj)%(z) Vo € [0,1].

Proof. Let us recall that by virtue of lemma 4.3.19, the continuous functions which
are piecewise of class C! belong to H'(Q). Therefore, Vj, and Vp;, are subspaces of
H'(0,1). The rest of the proof is immediate by remarking that ¢;(z;) = &;;, where
d;; is the Kronecker delta which is 1 if ¢ = j and 0 otherwise (see Figure 6.1). o

Remark 6.2.2 The basis (¢,), defined by (6.10), allows us to characterize a function
of V}, by its values at the nodes of the mesh. In this case we talk of Lagrange finite
elements. We see later in Section 6.2.5 that we can introduce other spaces V}, for
which a function will be characterized, not only by its values, but also by the values
of its derivative. We talk then of Hermite finite elements. Here, as the functions
are locally Py, we say that the space V},, defined by (6.8), is the space of Lagrange
finite elements of order 1.

This example of P; finite elements again makes it possible to understand the
interest in the variational formulation. In effect, the functions of V}, are not twice
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differentiable on the segment [0, 1] and this is not enough to solve, even approximately,
the equation (6.7) (in fact, the second derivative of a function of V;, is a sum of Dirac
masses at the nodes of the mesh!). On the contrary, it is perfectly legitimate to
use functions of V}, in the variational formulation (6.2) which only requires a single
derivative. °

Let us now describe the practical solution of the Dirichlet problem (6.7) by the
P, finite element method. The variational formulation (6.2) of the internal approxi-
mation here becomes:

1 1
find uy, € Vpy, such that / up, (z)vy,(z) de = / f(@)vp(z)dz Yo, € Vo (6.11)
0 0

We decompose uy, in the basis of (¢;)1<;j<n and we take v, = ¢; which gives
n 1 1
S unles) [ $@)ila)do= [ f@)oi(z) da,
j=1 0 0

By denoting Un = (un(2;)) ;< <ps bn = (fol f@)pi() dx) e and by introducing
—/= 1<i<n

the stiffness matrix

1
K = ( | @i dx)

the variational formulation in Vg, reduces to solving in R™ the linear system
K:hUh = bh.

As the basis functions ¢; have a ‘small’ support, the intersection of supports of ¢;
and ¢; is often empty and most of the coeflicients of K, are zero. A simple calculation

shows that
—ht ifj=i-1

1 -1 ep - .
/ / ) 2h ifj=1
| o@et@an=3 20 T
0 otherwise
and the matrix ICj, is tridiagonal
2 -1 0
-1 2 -1
Kn=nht : (6.12)
-1 2 -1
0 -1 2

To obtain the right-hand side by, we must calculate the integrals

(bh)i = /IHI f(z)qbz(:c) dr if1<i<n.

i—1
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The exact evaluation of the right-hand side b, can be difficult or impossible if the
function f is complicated. In practice, we use quadrature formulas (or numerical
integration formulas) which give an approximation of the integrals b,. For example,
we can use the ‘midpoint’ formula

1 Tit1 x; x;
7/ zp(x)dxz¢<l+1+z>,
LTit1l — Li Jg, 2
or the ‘trapezium’ formula

! /I+ U(x) de ~

Tit1 — Tj

(Y(it1) +¥(xi)),

DN =

i

or even

[ sede s (ot + et + So (25

Tiy1 — Ty

The first two formulas are exact for the affine functions 1, and the third is exact for
second degree polynomials (which give an exact calculation of by, if f € V4). If the
function 1 is arbitrary but regular, then these formulas are simply approximations
with a remainder of the order of O(h?), of O(h?), and of O(h®) respectively.

The solution of the linear system ICp,Uj, = by, is the most costly part of the method
in terms of the calculation time. This is why we present in an appendix in Section 13.1
some powerful methods for the solution. Recall that the matrix K is necessarily
invertible by application of lemma 6.1.1.

Remark 6.2.3 The stiffness matrix Kp is very similar to matrices already met in
the study of finite difference methods. In fact, hK; is the limit of the matrix
(2.14) (multiplied by 1/c) of the implicit scheme for the solution of the heat equa-
tion when the time step tends to infinity. We see in exercise 6.2.3 that this is not
a coincidence. °

Neumann problem The implementation of the IP; finite element method for the
following Neumann problem is very similar

{ —u" +au= fin]0,1] (6.13)

' (0) = a,u/(1) = 3.
Recall that (6.13) has a unique solution in H*(Q) if f € L?(Q), a,3 € R, and

a € L*(Q) such that a(x) > a9 > 0 a.e. in Q (see Chapter 5). The variational
formulation (6.2) of the internal approximation here becomes: find up € V4, such that

/ (up (2)vh () + a(z)un(x)on(2)) do = / f(@)on(x) dr — avy(0) + Bup (1),
0 0
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for all v, € V3. By decomposing uj in the basis of (¢;)o<j<nt1, the variational
formulation in V}, reduces to solving in R™*2 the linear system

KnUp, = b,

with U, = (uh(acj))0<j<n+l, and a new stiffness matrix

K = (/ (¢)(@)0/(2) + a(2)6;(2)i(x)) du

)

>0§i,j§n+1

and
b;”ffo di(x)dx if 1 <i<mn,
(bn) O*fo bo(z) dx —
bh n+1 fo ¢n+1 )de—‘rﬂ

When a(x) is not a constant function, it is also necessary in practice to use quadrature
formulae to evaluate the coefficients of the matrix Kp, (as we have done in the preceding
example for the right-hand side by,).

Exercise 6.2.1 Apply the IP; finite element method to the problem

{ —u”=f in]0,1]
u(0) = a,u(l) = 3,

Verify that the nonhomogeneous Dirichlet boundary conditions appear in the right-hand
side of the linear system which results from this.

Exercise 6.2.2 We take again the Neumann problem (6.13) assuming that the function
a(xz) = 0in Q. Show that the matrix of the linear system of the P; finite element method
is singular. Show that we can, nevertheless, solve the linear system if the data satisfy the

compatibility condition
1
/ f(@)de =a— 0.
0

Compare this result with theorem 5.2.18.

Exercise 6.2.3 Apply the finite difference method (see Chapter 2) to the Dirichlet prob-
lem (6.7). Verify that with a second order centred scheme, we obtain a linear system to
solve with the same matrix K5 (up to a multiplicative coefficient) but with a different
right-hand side by,. Repeat the question for the Neumann problem (6.13).

Exercise 6.2.4 We consider (n+2) (aligned) point masses situated at the points z; =
j/(n+1) for 0 < j < n+1 and linked by springs of the same stiffness k > 0. To each
point mass, we apply a longitudinal force f;. In the hypothesis of small (longitudinal)
displacements, write the total energy of the system that we must minimize (we shall
discuss the case of free or fixed extremities). Interpret the search for the position of
equilibrium of the system in terms of finite elements.
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6.2.2 Convergence and error estimation

To prove the convergence of the Py finite element method in one space dimension we
follow the steps outlined in Section 6.1.2. We first of all define an interpolation
operator 7, (as in lemma 6.1.3).

Definition 6.2.4 The Py interpolation operator is the linear mapping r, from
HY(0,1) into V}, defined, for allv € H'(0,1), by

n+1

(rav) () = Y v(x;)é;(x).

Jj=0

This definition has a meaning since, by virtue of lemma 4.3.3, the functions of
H'(0,1) are continuous and their point values are therefore well defined. The inter-
polant r,v of a function v is simply the function which is piecewise affine and coincides
with v on the vertices of the mesh z; (see Figure 6.2). Let us remark that in one
space dimension the interpolant is defined for every function of H'(0, 1), and not only
for regular functions of H*(0,1) (which will be the case in higher dimensions).

]

X=0 X2 Anel =
Figure 6.2. P; interpolation of a function of H'(0,1).
The convergence of the Py finite element method relies on the following lemma.

Lemma 6.2.5 (interpolation) Let rj, be the Py interpolation operator. For every
v e HY(0,1), it satisfies
}Lig}) lv =780 1 0,1) = 0.

Moreover, if v € H?(0,1), then there exists a constant C independent of h such that
v —=rnvllmr01) < Chllv" || L2(0,1)-

We temporarily delay the proof of this lemma to immediately state the principal
result of this section which establishes the convergence of the finite element method
Py for the Dirichlet problem.
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Theorem 6.2.6 Let u € H}(0,1) and uy, € Vo, be the solutions of (6.7) and (6.11),
respectively. Then, the finite element method Py converges, that is,

lim [[u = wn|110,1) = 0- (6.14)

Moreover, if u € H?*(0,1) (which is true if f € L*(0,1)), then there exists a constant
C independent of h such that

w —unllzr0,1) < Chllu”|| 20,1y = Chll fllL2(0,1)- (6.15)

Remark 6.2.7 The first conclusion (6.14) of theorem 6.2.6 is also true if the right-
hand side f belongs only to H~!(0,1). The estimate (6.15) indicates the rate of
convergence of the IP; finite element method. As this upper bound is proportional to
h, we say that the P; finite element method converges linearly.

Let us remark that the convergence theorem 6.2.6 is valid when the stiffness matrix
K, and the right-hand side b, are evaluated exactly. However, the P; finite element
method also converges when we use adequate quadrature formulas to calculate Cp
and by, (see [34]). .

Remark 6.2.8 We prove theorem 6.2.6 in the case of a uniform mesh, that is, with
points x; equidistant in the segment [0, 1] (in other words, ;41 —x; = h). The result
can, nevertheless, be generalized to nonuniform but regular meshes (in the sense of
definition 6.3.11), and in this case, h is the maximum distance between two points:
h = maxogj<n (Tt — 7;)- .

Remark 6.2.9 We can make an analogy between the convergence of a finite element
method and the convergence of a finite difference method. Recall that, from the Lax
theorem 2.2.20, the convergence of a finite difference scheme follows from its stability
and its consistency. Let us indicate what the (formal) equivalents of these ingredients
are in the context of finite elements. The role of consistency for finite elements is
played by the interpolation property of lemma 6.2.5, while the role of the stability
is taken by the coercivity property of the bilinear form which assures the (stable)
solution of every internal approximation. °

Proof. Lemma 6.2.5 allows us to apply the convergence result of lemma 6.1.3
which immediately implies (6.14). To obtain (6.15), we bound the estimate of Céa’s
lemma 6.1.2
v — vl < C Helg, v = vnlle0,1) < Cllw — raull g (0,1),
Vh h

and the proof is finished thanks to lemma 6.2.5. a

We now give the proof of lemma 6.2.5 in the form of two other technical lemmas.
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Lemma 6.2.10 There exists a constant C independent of h such that, for all v €
H?(0,1),
[ = rollL2(0,1) < CR?[[0"| L2(0,1), (6.16)
and
10" = (rnv) | 22(0,1) < CRI[V" | L2(0,1)- (6.17)

Proof. Take v € C*°([0,1]). By definition, the interpolant r,v is an affine function
and, for all x €]z, z;11[, we have

o) = male) = o(a) = (ofay) 4 LI )

Tj+1 = Ty

T o Tj+1

= / o' () dt — u/ o' (t) dt
x; Tj+1 — Ty z;
(6.18)
= (z—a)V(zj +0z) — (z — 2;)V'(x; + 0;)
T;+0,
— (r—uy) / V(1) dt,
z;+0;

by application of the finite growth formula with 0 <60, <z —2z; and 0 < 8; < h. We
deduce by using the Cauchy—Schwarz inequality

|wm—mwmfsﬁ</%“Wwwﬁ SW/MHW%Wm. (6.19)

j i
Integrating (6.19) with respect to = over the interval [x;, z;41], we obtain
Tjt1 ) Tjt
/ lo(z) — rao(@)? dz < b / " (4)|2dt,
xj Zj

which, by summation in j, gives exactly (6.16). By density, this result is also true for
all v € H?(0,1). The proof of (6.17) is similar: for v € C*°([0,1]) and z €]z;, z;41]
we write

V) = () () = o) - SO [ () — )

1 [Tt [
= f/ / v (y) dy dt.
h’ Zj t

Squaring this inequality, applying Cauchy—Schwarz twice, and summing in j we obtain
(6.17), which is also valid for all v € H?(0,1) by density. O

Lemma 6.2.11 There exists a constant C' independent of h such that, for all v €
HY0,1),
[rnolla0,) < Cllvllao,1)s (6.20)
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and
||U - ThUHL?(O,l) S ChHUIHLQ(O,l)- (6.21)

Moreover, for all v € H'(0,1), we have

lim [[v/ = (ms0) [l 22(0,1) = 0. (6.22)

Proof. The proofs of (6.20) and (6.21) are in the same spirit as those of the preceding
lemma. Take v € H'(0,1). First of all we have,

Iravllzzn < max frav(@)] < max [o(@)] < Cllollm o),

by virtue of lemma 4.3.3. On the other hand, since r,v is affine, and thanks to the
property (4.8) of lemma 4.3.3 which confirms that v is the primitive of v/, we have

Tj+1 o(zj41) — vlz; )
[ oy = ) Zvles)

h

1 Tjt1 ? Tjt1 )
= 5 / v'(z) dw S/ [v'(z)]” dx,

J

J

by Cauchy—Schwarz, this, by summation in j, leads to (6.20). To obtain (6.21) we
take the second equation of (6.18) from which we deduce

Tj+1
o) — rrv()] < 2/ ' (1) dt.

z;
By squaring, using Cauchy—Schwarz, integrating with respect to x, then summing
over j, we obtain (6.21).

Let us move on to the proof of (6.22). Take e > 0. As C°°([0,1]) is dense in
H(0,1), for all v € H'(0, 1) there exists ¢ € C°°([0, 1]) such that
v = ¢l z2(0,1) < e

Now ry, is a linear mapping which satisfies (6.20), therefore we deduce

[(rhv)" = (red) 2 0,0) < Clv" = @' |l L2(0,1) < Ce.

The choice of ¢ and of € being fixed, we deduce from (6.17) applied to ¢ that, for h
sufficiently small,

16" = (ra®)lL2(0,1) < €.
Consequently, summing these last three inequalities we obtain
10" = (rav)[lL2(0,1) < (10" = &'l[L2 + (|6 = (ra@)[lz2 + |(rav)” — (rh@) |12 < Ce,
which implies (6.22). m|

Exercise 6.2.5 Prove the equivalent of the convergence theorem 6.2.6 for the Neumann
problem (6.13).
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6.2.3 P, finite elements
The Py finite element method uses the discrete space
Vi, = {v € C([0,1]) such that v [y, ,,,,) € P2 forall 0 <j <n}, (6.23)
and its subspace
Vor = {v € V}, such that v(0) = v(1) = 0}. (6.24)

The Py finite element method is the method of internal variational approximation of
Section 6.1.2 applied to these spaces V}, or Vy,. These are composed of continuous,
piecewise quadratic functions that we can represent with the help of very simple basis
functions.

q/j+l/2

Y

Xt Xz Y Kz Xl
Figure 6.3. Basis functions for Py finite elements.

Let us introduce first of all the midpoints of the segments [z;,z,11] defined by
Tjy1/2 =Tj + h/2 for 0 < j < n. We also define two ‘reference’ functions

I+z)(1+22) if —1<z<0,
) =4 (1—-z)(1—2z) if0<az<1,
0 if |z| > 1,

and )
[ 1—-4x if x| <1/2,
l(z) = { 0 if 2] > 1/2.

If the mesh is uniform, for 0 < j < n+1 we define the basis functions (see Figure 6.3)

m—xj

wj(x):¢( 5 ) 0<j<n+l, and ¢j+1/2(m):¢<

L= Tjt1/2

h

); 0<j<n.

Lemma 6.2.12 The space Vj,, defined by (6.23), is a subspace of H'(0,1) of dimen-
sion 2n+3, and every function v, € Vy, is defined uniquely by its values at the vertices
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(zj)o<j<ny1 and at the midpoints (x;41/2)o<j<n

n+1 n

on(@) = wn(@;)v; (@) + Y vn(@j1/2)85412(x) Vo €[0,1].
§=0

Jj=0

Likewise, Vo, defined by (6.24), is a subspace of H}(0,1) of dimension 2n + 1, and
every function vy, € Vo, is defined uniquely by its values at the vertices (x;)1<j<n and
at the midpoints (x;41/2)0<j<n

op(z) = th(l‘j)%(ﬂﬁ) + > on(@i1/2) i1 2(z) Vo e [0, 1).

Jj=0

Remark 6.2.13 Here again, V}, is a space of Lagrange finite elements (cf. remark
6.2.2). As the functions are locally P5, we say that the space V},, defined by (6.23), is
the space of the Lagrange finite elements of order 2. °

Proof. By application of lemma 4.3.19 Vj, and Vg, are subspaces of H*(0,1). Their
dimension and the proposed bases are easily found by remarking that v, (x;) = d;j,
1/)j+1/2($i+1/2) = 51‘7, d)J (Ii+1/2) = O, ¢j+1/2(xi) =0 (see Figure 63) O

Let us now describe the practical solution of the Dirichlet problem (6.7) by the
P, finite element method. The variational formulation (6.2) of the internal approxi-
mation reduces to solving in R2"*! the linear system

KnUy, = by,. (6.25)

To make this linear system explicit, it is convenient to change the indices denoting
from now on the points (1,2, 1,232, %2, ..., Tpy1/2) in the form (z/2)1<k<2ns1,

and the basis (V1 /2,¢1,%3/2, V2, ..., ¥nt1/2) of Vou in the form (¢y/2)1<k<2nt1. In
this basis, U, € R?"*! is the vector of the coordinates of the approximate solution

uyp, which satisfies

2n+1

uh(:t) = Z (Uh)k/gwk/g(.%') with (Uh)k/2 = uh(xk/2)7 (6.26)
k=1

and we have

1 1
Kn = </0 Vg2 (@)Y 2 () dm>1§k,l§2n+17 bn = (/0 f(@)r/2(x) dx) reheomin

The basis functions /o have a ‘small’ support, and most of the coefficients of Ky
are therefore zero. A simple calculation shows that the stiffness matrix K, is here
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pentadiagonal
16/3 —8/3 0
-8/3 14/3 -8/3 1/3 0
0 -8/3 16/3 —8/3 0
1/3 -8/3 14/3 -8/3 1/3
Kn=nh"' ) . . :

0 —8/3 16/3 —8)3 0
0 1/3 —8/3 14/3 —8/3
0 -8/3 16/3

Let us remark that this matrix is more ‘full’ than that obtained by the IP; finite element
method, and therefore that the solution of the linear system will be more costly in
calculation time. To evaluate the right-hand side b, we use the same quadrature
formulas (or numerical integration formulas) presented in the P; method.

Theorem 6.2.14 Letu € HE(0,1) and uy, € Vo, be the solutions of (6.7) and (6.25)—
(6.26), respectively. Then, the Py finite element method converges, that is,

;ILI%) Hu — uhHHl(O,l) = 0.

Moreover, if u € H*(0,1) (which is true if f € H*(0,1)), then there exists a constant
C independent of h such that

lw—wnllm0,1) < Ch?||[u"” || £2(0,1)-

Exercise 6.2.6 Generalizing the preceding arguments, prove theorem 6.2.14.

Theorem 6.2.14 shows the principal advantage of P, finite elements: if the solution
is regular, then the convergence of the method is quadratic (the rate of convergence
is proportional to h?) while the convergence for P; finite elements is only linear (pro-
portional to h). Of course, this advantage has a price: there are twice as many
unknowns (exactly 2n + 1 instead of n for P finite elements) therefore the matrix
is twice as large, also the matrix has five nonzero diagonals instead of three in the
P, case. Let us remark that if the solution is not regular (u € H?(0,1)) there is no
theoretical (or practical) advantage in the use of Py finite elements rather than P;.

6.2.4 Qualitative properties

We know that the solution of a Dirichlet problem satisfies the maximum principle (see
theorem 5.2.22). It is important to know if this property is conserved by the internal
variational approximation.

Proposition 6.2.15 (discrete maximum principle) We assume that f>0 almost
everywhere in |0, 1[. Then, the solution uy, of the variational approximation (6.11) by
the Py finite element method satisfies up, > 0 in [0, 1].
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Proof. Let up, be the solution of (6.11). From lemma 6.2.1, we have
n
un(@) =Y un(w;)d;(),
j=1

where the functions ¢; are the basis functions of the [Py finite elements in V4, and
Un = (un(z;))1<j<n is the solution of the linear system

KnUp = by. (6.27)

The functions ¢; are the ‘hat’ functions (see Figure 6.1) which are non negative: it
is sufficient therefore to show that all the components of the vector Uy, = (Ui)lgjgn
are non negative to prove that the function uy, is non negative on [0,1]. Recall that,
setting U = U™ = 0, the linear system (6.27) is equivalent to

Ui 42U — U = b, forall 1 < j <n. (6.28)

Let U,{O = min; U,Z be the smallest component of Uj: if there are several small
components, we choose the one with the smallest index jy. If jo = 0, then U }JL >UP =0
for all 7, which is the result sought. If jo > 1, then U,Zo <U) =0, and as U =0
we deduce that jo < m. Since bﬁ;/ = fol fvjdx > 0 by the hypothesis on f, we can
deduce the relation (6.28) for jy

(U}Jl'o _ U}Zo—l) + (Uio _ U’Jl'o-‘rl) >0,

which is a contradiction with the (strict) minimal character of Uf;“. Consequently,
the IP; finite element method satisfies the discrete maximum principle. O

We have proved in the preceding sections the theoretical convergence results. We
can verify the predicted rates of convergence numerically by solving the
Dirichlet problem (6.7) by the finite element with meshes of distinct size. Let us
consider the following example

{ (f)(l +a)u) + (L +cos(mz))u=f for0<z<1 (6.29)

) =u(1)=0

with f(z) = —7 cos(mz) + sin(rx)(1 + cos(rz) + 72(1 + x)), whose exact solution is

u(x) = sin(mz). The ideal would be to calculate the exact error ||u — up||g1(0,1), but
this needs us to make a precise calculation of the integrals, which is not easy if the
solution u is complicated. In practice (and this is what we do here) we are happy
to calculate the error projected into Vj,, that is, we calculate ||r(u —un)||g1(0,1) (We
also say that we use the discrete norm in V},). The interest of this approach is that
we can exactly calculate the integrals since rp, (v — up) = rpu — up, € V3, (this reduces
to not taking account of the interpolation errors between H'(0,1) and V3,). We draw
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this discrete error |74 (u — up)||g10,1) as a function of the mesh size h. When the
solution is regular, theorem 6.2.6 predicts linear convergence (in h) of the error in the
PP; finite element method, while theorem 6.2.14 predicts quadratic convergence (in h?)
of the error in the Py finite element method. In the case of example (6.29) we draw
this error for different values of h in Figure 6.4 (in logarithmic scale). The crosses
and the circles correspond to the results of the calculation, the lines are the lines of
reference corresponding to the functions h? and k3, respectively. Let us remark that
the use of a logarithmic scale allows us to visualize the rates of convergence as the
slope of the logarithm of the error as a function of the logarithm of h. We observe
therefore a phenomenon of superconvergence, that is, the finite elements converge
more rapidly than was proved by the theory: the error is h? for the P; method and
h3 for the Py. This gain is due to the uniformity of the mesh and to the choice of the
discrete norm in V.

1078 -

107

T T
1073 1072 107! 10°

Figure 6.4. Case of a regular solution: example (6.29). Discrete H! norm of the error
as a function of the size h of the mesh (the crosses correspond to P; finite elements,
the circles to [Py finite elements, the lines are the graphs of h — h? and h — h?).

If the solution is not regular, we always have convergence but with a weaker rate
than is predicted in the regular case by the theorems 6.2.6 and 6.2.14. To obtain a
nonregular solution, we take a right-hand side in H~1(0,1) which does no belong to
L?(0,1). In one space dimension we can therefore take a Dirac mass. Let us consider
therefore the example

_’/: —
{ U 6r —2+01, forO<z<l1 (6.30)

u(0) =u(l) =0
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with &;/o s the Dirac mass at the point x = 1/2, whose exact solution is u(z) =
1/2 — |z —1/2] + 2%(1 — ).

We draw the error |7, (u — up)||z1(0,1) as a function of h in Figure 6.5 (in loga-
rithmic scale). The crosses and the circles correspond to the results of the calculation
(P; or Py respectively), the lines are of the lines of reference corresponding to the
functions VA and h respectively. We see that the P; and Py finite elements converge
at the same rate proportional to v/h, which is less than the rate of h (or even h?)
predicted in the regular case. In particular, there is no interest in using Py finite
elements, rather than P, in such a case.

100 -

10—1 -

10—2 -

1073 T T 1
1073 1072 107! 100

Figure 6.5. Case of a nonregular solution: example (6.30). Discrete H! norm of the
error as a function of the mesh size h (the crosses correspond to P; finite elements,
the circles to P, finite elements, the lines are the graphs of h — v/h and h — h).

To calculate the error in Figures 6.4 and 6.5 we have used an exact solution. How-
ever, if this is not known, we can replace it by the approximate solution obtained
with the finest mesh (assumed to be the most ‘converged’). This numerical con-
vergence procedure can also be implemented for those methods for which we do not
have a convergence theorem. This is often the only ‘heuristic’ way to verify if an
algorithm converges and at what rate with respect to the refinement of the mesh.

6.2.5 Hermite finite elements

After having defined P; and P finite elements, the reader can easily imagine how to
generalize and define P, finite elements with & € N*. These finite elements, called
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Lagrange, use basis functions which are only continuous but not continuously dif-
ferentiable. However, it is clear that the polynomials in P35 can be connected in a
continuously differentiable way. In this case the values of the derivatives will also
be used to characterize the functions (see remark 6.2.2). We therefore introduce the
method of P3 Hermite finite elements which are defined on the discrete space

Vi = {v e C'([0,1]) such that v|j,,,,,) €Psforall0<j<n}. (6.31)

We must pay attention to the fact that in the definition (6.31) of V}, we ask for the
functions to belong to C'([0,1]), and not only to C([0,1]). This is the difference
between Hermite and Lagrange finite elements respectively.

A

1

Y

Xj Xjr1

Figure 6.6. The basis functions of P3 Hermite finite elements.

We can represent the functions of V}, with the help of very simple basis functions.
We define two ‘reference’ functions

(1+2)%(1—-2x) if —1<x<0,

dr)=<¢ (1—2)?)(1+2z) f0<z<I,
0 if x| > 1,
and
r(l+2)? if —1<2<0,
P(xr)={ z(1—-2)? f0<z<l,
0 if |z| > 1.

If the mesh is uniform, for 0 < j < n+ 1 we define the basis functions (see Figure 6.6)

r — Iy

@(a:)ng(x_hxj) for0<j<mn+1, wj(x):w< ) for0<j<n+1.

Lemma 6.2.16 The space Vj,, defined by (6.31), is a subspace of H'(0,1) of dimen-
sion 2(n + 2). Bvery function vy, of Vj, is defined uniquely by its values and those
of its derivative at the vertices (xj)o<j<n+1, and we have for all x € [0, 1]

n+1 n+1

on(@) = on(x;)d;(x) + Z(Uh)'(f'fj)#)j(f) (6.32)

=0
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Proof. The functions of Vj, being of class C', it is a subspace of H'(0,1). We verify
easily that the (¢;,%,) form a basis of V}, by remarking that ¢,(x;) = d;;, ¥,(x;) =0,
(b; (l’z) =0, ﬂ); (IIL) = (Sij (see Figure 66) O

We can use the space V}, (or at least its subspace of functions which are zero at
0 and 1) to solve the Dirichlet problem (6.7), but this is not the most current use of
V4. In practice we use V}, to solve the plate equation (see (5.70) and Chapter 1),
or beams in N = 1 dimension,

o =f in]0,1]
{ uw(0) = u(l) =4/ (0) = /(1) =0, (6.33)

which has a unique solution u € HZ(0,1) if f € L?(0,1). In effect, V}, is not only
a subspace of H'(0,1), but is also a subspace of H?(0,1) (this is not the case for
Lagrange finite elements). To solve (6.33) we shall need the subspace

Vor. = {v € V}, such that v(0) = v(1) =2'(0) =v'(1) = 0}. (6.34)

Lemma 6.2.17 The space V3, and its subspace Vo, defined by (6.34), are subspaces
of H*(0,1), and of HZ(0,1) respectively, of dimensions 2(n +2), and 2n respectively.
Every function vy, of Vo, is defined uniquely by its values and those of its derivative
at the vertices (xj)1<;j<n, and we have for all x € [0,1]

n

th zj)pj(x Z () (2

Proof. Take v, € Vj: it is of class C! over [0,1] and piecewise C2. Therefore, its
derivative v}, being continuous and piecewise C*', belongs to H'(0,1) (by virtue of
lemma 4.3.19). Consequently, vy, is an element of H2(0,1). The rest of the lemma is
similar to lemma 6.2.16 O

Let us now describe briefly the practical solution of the plate equation (6.33) by
the P3 Hermite finite element method. The variational formulation of the internal
approximation is

1 1
find wuy, € Vo, such that / uy (x)vy) (x) do = / f(@)op(z)dz Yo, € Von. (6.35)
0 0

We decompose uy in the basis of (¢;,%;)1<j<n and we denote by Up= (un(x;),

uy,(75)), <., the vector of its coordinates in this basis. The variational formulation
<j<n

(6.35) reduces to solving in R?" a linear system

KnUp, = by,

Exercise 6.2.7 Explicitly calculate the stiffness matrix K}, for (6.35).
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6.3 Finite elements in N > 2 dimensions

We now place ourselves in N > 2 space dimensions (in practice N = 2,3). To
simplify the exposition, certain results will only be proved in N = 2 dimensions, but
they extend to N = 3 dimensions (with the cost, sometimes, of important technical
and practical complications).

We consider the model Dirichlet problem

u=20 on 0, (6.36)

{ —Au=f inQ

which we know has a unique solution in H} (), if f € L?(2) (see Chapter 5).

In all that follows we shall assume that the domain € is a polyhedral (polygonal if
N = 2), that is, Q is a finite union of polyhedra of R™. Let us recall that a polyhedron
is a finite intersection of half-spaces of RY and that the parts of its boundary which
belong to a single hyperplane are called its faces. The reason for this hypothesis is
that it is only possible to mesh exactly such open sets. We shall describe later what
happens for general domains bounded by ‘curves’ (see remark 6.3.18).

6.3.1 Triangular finite elements

We start with the definition of a mesh of the domain by triangles in N = 2
dimensions and by tetrahedra in N = 3 dimensions. We group the triangles and the
tetrahedra in the more general family of N-simplices. We call the N-simplex K of
RY the convex envelope of (N + 1) points (a;)1<j<n+1 of RV, called the vertices of
K. Of course, a 2-simplex is simply a triangle and a 3-simplex a tetrahedron (see
Figure 6.9). We say that the N-simplex K is nondegenerate if the points (a;)1<j<n1
do not belong to the same hyperplane of RV (the triangle or the tetrahedron is not
‘flat’). If we denote by (a; j)1<i<n the coordinates of the vector a;, the nondegeneracy
condition on K is that the matrix

ay1 41,2 ce- A1 N+41
az,1 G232 c.. G2 N41
A=1 : (6.37)
an1 aN2 ... QN,N+1
1 1 |

is invertible (which we shall always assume in what follows). An N-simplex has as
many faces as vertices, which are themselves (N — 1)-simplices.

Definition 6.3.1 Let 2 be an open connected polyhedron of RY. A triangular mesh
or a triangulation of Q is a set T;, of (nondegenerate) N-simplices (K;)i1<i<n which
satisfies

1. K; cQ and Q= U?ZIKZ'.
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Figure 6.7. Example of triangular mesh in N = 2 dimensions.

2. The intersection K; N K; of two distinct N-simplices is an m-simplex, with
0 <m < N — 1, whose vertices are also vertices of K; and K. (In N =2
dimensions, the intersection of two triangles is either empty, or reduced to a
common verter, or an entire common edge; in N = 3 dimensions, the inter-
section of two tetrahedra is empty, or a common vertex, or an entire common
edge, or an entire common face.)

The vertices or nodes of the mesh 7y, are the vertices of these N -simplices K; which
compose it. By convention, the parameter h denotes the maximum diameter of the
N-simplices K;.

It is clear that definition 6.3.1 can only be applied to a polyhedral open set and
not to an arbitrary open set. Definition 6.3.1 contains a certain number of restrictions
on the mesh: in this case, we often talk of a conforming mesh. An example of a
conforming mesh is given in Figure 6.7, while Figure 6.8 gives some of the situations
forbidden by definition 6.3.1.

4

Figure 6.8. Examples of forbidden situations for a triangular mesh.
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Remark 6.3.2 We shall not say anything about the algorithms for constructing a
triangular mesh. We shall be content with saying that, if it is relatively easy to mesh
plane domains (there are many free pieces of software which allow us to do this), it
is complicated to mesh three-dimensional domains. We refer the interested reader to
the work [20] for this subject. o

Exercise 6.3.1 Let 7;, be a mesh of Q for © a simply connected open polygonal set of
R2. We denote by n; the number of triangles of 7}, n. the number of faces or sides
of the triangles (a common side of two triangles is only counted once), ns the number of
vertices of the mesh, and ng, the number of interior vertices of the mesh (which are not
on 99Q). Prove the Euler relations, n; + ns = n. + 1 and 3n; + ns = 2n. + ngs.

In an N-simplex K it is easy to use barycentric coordinates instead of the usual
Cartesian coordinates. Recall that, if K is a nondegenerate N-simplex with vertices
(aj)1<j<N+1, the barycentric coordinates (\;)i1<j<n+41 of ¢ € RY are defined by

N+1 N+1
=1, > aijd=mz, forl1<i<N, (6.38)
j=1 j=1

which have a unique solution because the matrix A, defined by (6.37), is invertible.
Let us remark that A; are affine functions of . We then verify that

K:{xGRNsuchthat)\j(x)ZO for1§j§N+1},

and that the (N + 1) faces of K are the intersections of K and the hyperplanes
Aj(z) =0,1<j <N +1. We can then define a set of points of K which will play a
particular role in what follows: for every integer &k > 1 we call the lattice of order
k the set

1 -1
Zk:{xeKsuchthat /\j(x)e{(),k,...,kk,l} forlgjgN}. (6.39)

For k =1 ), is the set of vertices of K, and for k =2 ), is the set of the vertices
and the midpoints of the edges linking two nodes (see Figure 6.9). In the general
case, Xy, is a finite set of points (0;)1<j<n,-

We now define the set P, of polynomials with real coefficients from RY into R of
degree less than or equal to k, that is, all p € P are written in the form

= 1 iIN s o

p(z) = Z iy a2y with o = (21, -+, 2N).
i1 ,iN 20
it iy <k

The interest in the idea of a lattice X of an N-simplex K is that it allows us to
characterize all the polynomials of P (we say that ¥ is unisolvant for Py).
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2] E2 23

Figure 6.9. Lattice of order 1, 2, and 3 for a triangle (top) and a tetrahedron (bottom).
The circles represent the points of the lattice.

Lemma 6.3.3 Let K be an N-simplex. For an integer k > 1, let ¥y be the lattice
of order k, defined by (6.39), whose points are denoted (0j)1<j<n,- Then, every
polynomial of Py, is uniquely determined by its values at the points (0;)1<j<n,- In
other words, there exists a basis (¥)1<j<n, of Pr such that

V(o) =65 1<4, j <ny.
Proof. The cardinality of ¥; and the dimension of P, coincide

|
card(Ek) = dlm(]P’k) = %
(the proof is left as an exercise, at least for kK = 1,2). Since the mapping which takes
every polynomial of P, into its values on the lattice X is linear, it is sufficient to show
that it is injective to show that it is bijective. Take therefore a polynomial p € Py
which is zero on ;. We show, by induction on the dimension N, that p is identically
zero on RYN. For N = 1, it is clear that a polynomial of degree k which is zero at
(k + 1) distinct points is zero. Let us assume the result is true to order N — 1. As
x depends linearly on the barycentric coordinates (\;(x))1<j<n+1, we can define a
polynomial ¢(\) = p(x) of degree greater than k in the variable A € RV 1. If we fix a
coordinate A; in the set {0,1/k, ..., (k—1)/k,1} and we set A = (X', };), we obtain
a polynomial ¢;(\") = ¢()\) which depends on N — 1 independent variables (because
we have the relation Z;\f:ﬁl Aj = 1) and which is zero on the section of the lattice Xy
corresponding to the fixed value of A;. As this section is also the lattice of order k of a
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(N —1)-simplex in the fixed hyperplane A;, we can apply the induction hypothesis and
deduce that ¢; = 0. In other words, the factor \j(A; —1/k)---(A; —(k—1)/k)(\; —1)
divides ¢, which is a contradiction with the fact that the degree of ¢()) is less than
or equal to k, except if ¢ = 0, which is the result sought. O

Lemma 6.3.4 Let K and K' be two N-simplices having a common face T = 0K N
OK'. Take an integer k > 1. Then, their lattices of order k, ¥y, and X}, coincide
on this face I'. Moreover, given px and pg: two polynomials of Py, the function v
defined by
_ [ k(@) ifrekK
vie) = { pr(x) ifzeK

is continuous on K UK', if and only if px and px+ have values which coincide at the
points of the lattice on the common face T'.

Proof. It is clear that the restriction to a face of K of its lattice of order Xj is
also a lattice of order k£ in the hyperplane containing this face, which only depends
on the vertices of this face. Consequently, the lattices X and X coincide on their
common face I'. If the polynomials px and pg coincide at the points of X NT', then
by application of lemma 6.3.3 they are equal on I', which proves the continuity of v.

O

In practice, we mostly use the polynomials of degree 1 or 2. In this case we have
the following characterizations of P; and Py in an N-simplex K.

Exercise 6.3.2 Let K be an N-simplex with vertices (a;)1<;j<n+1. Show that every
polynomial p € P; is in the form

N+1
p(x) = Z p(aj)A;(z),

where the (\;(x))1<j<n+1 are the barycentric coordinates of z € RY.

Exercise 6.3.3 Let K be an N-simplex with vertices (a;)i<j<n+1. We define the
midpoints (a;;/)1<j<js<n+1 of the edges of K by their barycentric coordinates

1
27
Verify that X5 is precisely composed of the vertices and of the midpoints of the edges
and that every polynomial p € Py is in the form

Ajlajj) = Ajr(azy) = Mi(ajj) =0 forl#3,5".

N+1
p@) =Y pla)j(@) 2N (@) = 1)+ Y dplag)hi (@) (),
Jj=1 1<j<j’<N+1

where the (\;(x))1<j<n+1 are the barycentric coordinates of z € RY.
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We now have all the tools to define the P, finite element method.

Definition 6.3.5 Given a mesh T, of an open connected polyhedral set €, the Py,
finite element method, or Lagrange triangular finite elements of order k, asso-
ciated with this mesh, is defined by the discrete space

Vi, = {v € C(Q) such that v

ki €Py for all K; € Ty} (6.40)

We call the nodes of the degrees of freedom the set of points (4;)1<i<n,, of the
lattice of order k of each of the N-simplices K; € T,. We only count once the points
which coincide and ng; is the number of degrees of freedom of the Py finite element
method. We call the degrees of freedom of a function v € V), the set of the values
of v at these vertices (4;)1<i<ng - We also define the subspace Vo, by

Vor = {v € V}, such that v =10 on 0Q}. (6.41)

When k = 1 the vertices of these degrees of freedom coincide with the vertices of
the mesh. When k£ = 2 these vertices are composed on the one hand of the vertices
of the mesh and on the other hand of the midpoints of the edges linking two vertices.

Remark 6.3.6 The name ‘Lagrange finite elements’ corresponds to the finite elem-
ents whose degrees of freedom are point values of the functions of the space V},. We
can define other types of finite elements, for example, Hermite finite elements (see
Section 6.2.5) for which the degrees of freedom are the point values of the function
and of its derivatives. .

Proposition 6.3.7 The space Vj,, defined by (6.40), is a subspace of H'(2) whose
dimension is finite, equal to the number of degrees of freedom. Moreover, there exists
a basis of Vi, (¢i)1<i<n,, defined by

¢i(a;) =05 1<4,j <ng,

such that

ndi

v(@) =Y v(a:)¢i().

i=1

Proof. The elements of V},, being regular over each mesh K; and continuous over
Q, belong to H*(Q) (see lemma 4.3.19). Thanks to lemma 6.3.4 the elements of V},
are exactly obtained by assembling on each K; € 7} the polynomials of P, which
coincide with the degrees of freedom of the faces (which proves in passing that V}, is
not reduced to the constant functions). Finally, by assembling the bases (¢;)1<j<n, of
Py, on each mesh K; (provided by lemma 6.3.3) we obtain the stated basis (¢;)1<i<ny,
of V. O

Remark 6.3.8 We obtain a similar result for the subspace Vg, defined by (6.41),
which is a subspace of H}(Q) of finite dimension equal to the number of interior
degrees of freedom (we do not count the vertices on the boundary 052). .



FINITE ELEMENTS IN N > 2 DIMENSIONS 177

Exercise 6.3.4 Let 7;, be a mesh of ) for Q, a simply connected polygonal open set
of R%2. We denote by n; the number of triangles of 7},, n. the number of faces or sides
of the triangles (a side common to two triangles is only counted once), ng the number of
vertices of the mesh, and ngs the number of interior vertices of the mesh. Show that the
dimensions of the spaces V}, and Vj, are

k(k—1) k(k+1)
2

dith = D)

ng +kns —k+1, dimVy, = ng — kng +k+ 1.

Let us now describe the practical solution of the Dirichlet problem (6.36) by
the Py finite element method. The variational formulation (6.2) of the internal
approximation becomes:

find up € Vo, such that / Vuy, - Vop dx = / fop dx Yoy, € Vgy,. (6.42)
Q Q

We decompose uy, in the basis of (¢;)1<j<n,, and we take v, = ¢; which gives

ndi

Zuh(aj)/ Vo;-Vidr = / foide.
j=1 @ Q
By denoting U, = (U’h(a’j))1<j<ndl’ b = ([ [ dx)1<i<ndl, and by introducing the

stiffness matrix
K = (/ V¢j~v¢idx> ,
Q2 1<, j<na

the variational formulation in Vj;, reduces to solving in R™< the linear system
IChUh = bh.

As the basis functions ¢; have a ‘small’ support around the node @; (see Figure 6.10),
the intersection of the supports of ¢; and ¢; is often empty and most of the coefficients
of ICj, are zero. We say that the matrix IC;, is sparse.

To calculate the coefficients of Kp, we can use the following exact integration
formula. We denote by (A;(x))1<i<n+1 the barycentric coordinates of the point under
consideration x of an N-simplex K. For every aq, ...,ant1 € N, we have

Oél!"~OéN+1!N!
(a1 + -+ +ans1 + NI

/ AL()* - Ang (2) ¥V de = Volume(K) (6.43)
K

To calculate the right-hand side by, (and possibly the matrix &},), we use the quadra-
ture formulas (or numerical integration formulas) which give an approximation of
the integrals on each N-simplex K; € 7;,. For example, if K is an N-simplex with
vertices (a;)1<i<n+1, the following formulas generalize the ‘midpoint’ and the ‘trapez-
ium’ formulas in one dimension:

/K Y(x) dx =~ Volume(K )y (ao), (6.44)
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Figure 6.10. P; basis in N = 2 dimensions.

with ap = (N + 1)1 Zf\gl a;, the barycentre of K, and

__ Volume(K) o

/K da)dr = IS ula) (6.45)

As was shown in exercises 6.3.6 and 6.3.8, these formulas are exact for affine functions
and are therefore approximations of order 2 in A for regular functions.

The construction of the matrix K, is called matrix assembly. The computer
implementation of this stage of the calculation can be very complicated, but its cost
in terms of time of calculation is low. This is not the case for the solution of the
linear system Cp U}, = by, which is the most costly stage of the method in calcula-
tion time (and in memory storage). In particular, the three-dimensional calculations
are currently very expensive when we use fine meshes. Exercise 6.3.11 allows us to
calculate this. Happily, the stiffness matrix K is sparse (that is, most of its elem-
ents are zero), which allows us to minimize the calculations (for more details see the
solution algorithms for linear systems in the Section 13.1 of the appendix). Recall
that the matrix Ky, is necessarily invertible by application of lemma 6.1.1 and that it
is symmetric.

Exercise 6.3.5 Prove the formula (6.43) in N = 2 dimensions.
Exercise 6.3.6 Show that the formulas (6.44) and (6.45) are exact for ¢ € P;.

Exercise 6.3.7 Let K be a triangle of R? with vertices (ai)1<i<3 and with barycentre
ag. Let (aij)1<i<j<3 be the midpoints of the segments with ends a;,a;. Show that the
quadrature formula

Area(K
[ vwae~ 255 S pa)

1<i<j<3
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is exact for ¢ € Py, while the formula

3

[ vrde M5 (33 wten 48 T blan) + 27600

60 i=1 1<i<j<3
is exact for ¢ € P3.

Exercise 6.3.8 Let (b;)1<;<s be the points of an N-simplex K and (w;)1<;<r be real
weights. Take a quadrature formula

I
/ Y(x) dz ~ Volume(K) Zwizb(bi)
K i=1

which is exact for » € P;. Show that, for a regular function 1, we have

1 . I . -
Volume(K)/Kw(I) x—;wiw( i) + O(hFH),

where h is the diameter of K.

1 5 2
8 N 6
4 7 3

Figure 6.11. Example of mesh and of classification of the vertices.

Exercise 6.3.9 We consider the square 2 =] —1, +1[?> meshed as in Figure 6.11. Calcu-
late the stiffness matrix IC, of P; finite elements applied to the Laplacian with Neumann
boundary conditions (use the symmetries of the mesh).

Exercise 6.3.10 Apply the P; finite element method to the Dirichlet problem (6.36) in
the square Q =0, 1[> with the uniform triangular mesh of Figure 6.12. Show that the
stiffness matrix /Cj, is the same matrix than that we would obtain by application of the
finite difference method (up to a multiplicative factor h?), but that the right-hand side
by, is different.

Exercise 6.3.11 We reuse the notation of exercise 6.3.10. We denote by n the number
of points of the mesh on a side of the square (assumed to be the same for each side).
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Figure 6.12. Uniform triangular mesh of a square.

We number the vertices of the mesh (or the degrees of freedom) ‘line by line’. Show that
the P; finite element stiffness matrix C;, has size of the order of n? and bandwidth of the
order of 2n (for large n).

Show that the same method and the same type of mesh for the cube © =)0, 1[3 leads
to a matrix whose size is of the order of n® and bandwidth of the order of 2n? (where n
is the number of vertices along an edge of the cube Q).

Remark 6.3.9 As we show in the example of exercise 6.3.10, the way of numbering
the vertices of these degrees of freedom (or equivalently the basis functions) has an
influence on the sparse structure of the matrix Kp, that is, on the position of its
nonzero elements. As explained in Section 13.1 (see, for example, lemma 13.1.4),
this sparse structure of the matrix has a large influence on the performance of the
solution of the linear system KUy = by,. For example, if we solve this linear system
by a ‘Gaussian elimination’ method, it is advantageous to choose a numbering which
groups the nonzero elements close to the diagonal. °

Remark 6.3.10 To simplify the analysis (and also the implementation) we can use
an affine transformation to reduce every N-simplex K of the mesh 7}, to a ‘reference’
N-simplex K. By this simple change of variable, all the calculations are reduced to
calculations on Kj. In practice, we often choose

N
KO:{xERNsuchthat ingl,xiEOforlgigN}, (6.46)

i=1

and we see easily that every N-simplex K is the image, by an affine transformation,
of Ky. In effect, the barycentric coordinates, defined by (6.38) are the same for K and
Ky and, by denoting A = (\;)1<j<n+1, & = (,1) the point under consideration in K,
Zo = (x, 1) this point in Ky, we have AX = Z, and AgA = T, where the matrices A
and Ay are defined by (6.37) and invertible. We therefore deduce that # = AA; "%,
that is, there exists a matrix B, invertible of order N, and a vector b € RY such that
r = Bxg + b. °

The following exercise shows that the P; finite element method satisfies the max-
imum principle.
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Figure 6.13. Triangular mesh finer than that of figure 6.7.

Exercise 6.3.12 We say that a real square matrix B = (b;;)1<i j<n is an M-matrix if,
for all 4,

bii>0; Zbik>o’ bwgo V]#Z
k=1

Show that every M-matrix is invertible and that all the coefficients of its inverse are
positive or zero.

Exercise 6.3.13 We work in N = 2 dimensions. Let u; be the approximate solution
of the Dirichlet problem (6.36) obtained by the IP; finite element method. We assume
that all the angles of the triangles K; € 7}, are less than or equal to w/2. Show that
up(x) > 0in Qif f(z) > 0in Q. Hint: we shall show that, for all ¢ > 0, K;, + €l is an
M-matrix, where K, is the stiffness matrix.

There is obviously no difficulty to extend the Py, finite element method to problems
other than (6.36).

Exercise 6.3.14 Apply the P, finite element method to the elasticity system (5.56).
Show in particular that the stiffness matrix K, is in this case of order Nngy where N is
the space dimensions and ng; is the number of vertex degrees of freedom.

Exercise 6.3.15 Make explicit the stiffness matrix /C;, obtained by application of the
Py, finite element method to the Neumann problem

Gu on 99, (647)

{ —Au+au=f inQ
on Y

with f € L%(Q), g € L*(99), and a € L>°(Q) such that a(z) > ap > 0 a.e. in Q.
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Figure 6.14. Source term f in the equation (6.36).

Exercise 6.3.16 Show that the stiffness matrix KC;, obtained by application of the Py
finite element method to the convection—diffusion problem of exercise 5.2.2 is invertible
but not symmetric.

Exercise 6.3.17 We propose to solve numerically the plate equation (5.70) by a
(Hermite) finite element method in N = 2 dimensions. For a triangular mesh 7;, we
introduce the discrete space

Vi, = {v € C'(Q) such that v

k; € P5 for all K; G’Th}.

Show that every polynomial p € PP5 is characterized uniquely on a triangle K by the
following 21 real values

op(b;) .

= j=1,2,3, (6.48)
where (a1, az2,a3) are the vertices of K, (by,ba,bs) the middle of the sides of K, and
Op(bj)/On denotes the derivative which is normal to the side of b;. Show that V}, is a
subspace of H?({)) whose elements v are uniquely characterized by the values (6.48) for
each vertex and edge midpoint of the mesh. Deduce from this a finite element method
(the Argyris method) to solve (5.70).

pla;),  Vpla;), VVp(a;),

We finish this section by illustrating it with a numerical result obtained by the
P; finite element method applied to the Dirichlet problem (6.36). The right-hand
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.37826
.309347
.240434
.171521
.102608
.033695
.964782
.895869
.826956
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.55705

.429198
.301345
.173492
.04564

.917788
.789935
. 662082
.53423

.406378
.278525
.150672
.02282

.8949675
.767115
.6392625
.51141

.3835575
.255705
.1278525

Figure 6.15. Approximate solution uy of the diffusion equation (6.36) for the coarse
mesh of figure 6.7 (top) and for the fine mesh of figure 6.13 (bottom).
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Figure 6.16. Approximate solution uy of the convection—diffusion equation (5.13).

side is given by Figure 6.14. We can interpret this problem as the modelling of
the diffusion in the atmosphere of a pollutant emitted by a localized source. The
domain of calculation represents a region around the source (the vertical direction is
‘averaged’ and absent from the calculation) and we assume that the concentration is
zero on the boundary. We have used the ‘coarse’ mesh of Figure 6.7, and the ‘fine’
mesh of Figure 6.13. The corresponding results are shown in Figure 6.15. We remark
that the maximum value of the numerical solution uy, is higher for the fine mesh than
for the coarse mesh (the scales are not the same). This is a manifestation of the fact
that the step h of the coarse mesh is not small enough for the approximate solution
up, to have converged to the exact solution. If we add, as well as the diffusion, a
convection effect (modelling a constant wind in the horizontal direction, see (5.13)),
we can see the plume effect produced on the concentration in Figure 6.16 (obtained
with the fine mesh). The maximal value of the solution is smaller in the presence of a
convection term, this correspond to the physical intuition that the wind ‘dilutes’ the
higher concentrations of pollutant.

6.3.2 Convergence and error estimation

We prove the convergence of P finite element methods for the Dirichlet problem
(6.36). We emphasize that this is only for a model problem, and that these methods
converge for other problems, such as Neumann (6.47) problems. We shall need some
geometric hypotheses on the quality of the mesh. For every N-simplex K we introduce
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two geometric parameters: the diameter diam(K) and the diameter of the largest
ball contained in K p(K) (see Figure 6.17),

i K)= — K)= 2r).
diam(K) = max |z —y[,  p(K)= max (2r)
Of course, we always have diam(K)/p(K) > 1. This ratio is larger when K is ‘flat-

tened’: it is a measure of the degeneracy of K. In practice, as in theory, we must
avoid the use of N-simplices K which are too flat.

N

Figure 6.17. diam(K) and p(K) for a triangle K.

Definition 6.3.11 Let (73),-, be a sequence of meshes of Q. We say that it is a
sequence of regular meshes if

1. the sequence h = maxg,cT, diam(K;) tends to 0,

2. there exists a constant C' such that, for all h > 0 and all K € Ty,

diam(K)
= =C (6.49)

Remark 6.3.12 In N = 2 dimensions the condition (6.49) is equivalent to the fol-
lowing condition on the angles of the triangle K: there exists a minimum angle 6y > 0
which is a lower bound (uniformly in &) for all the angles of every K € 7;,. We empha-
size the fact that condition (6.49) is as important in practice as for the convergence
analysis which follows. °

We can now state the principal result of this section which states the convergence
of the P, finite element method and which gives an estimate of the rate of convergence
if the solution is regular.

Theorem 6.3.13 Let (T1,),,-, be a sequence of regular meshes of Q. Let u € H(S2) be
the solution of the Dirichlet problem (6.36), and up € Vyy,, its internal approzimation
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(6.42) by the Py, finite element method. Then the Py finite element method converges,
that is,
}1111,% ||u — UhHHl(Q) =0. (650)

Moreover, if u € H**Y(Q) and if k +1 > N/2, then we have the error estimate
[u = unl| 1@y < CRF|lull grs (o), (6.51)
where C' is a constant independent of h and of u.

Remark 6.3.14 Theorem 6.3.13 in fact applies to all Lagrange finite element
methods (for example, the rectangular finite elements of Section 6.3.3). In effect,
the only argument used is the construction of an interpolation operator based on the
characterization of the functions of V}, by their values at the vertices of the degrees
of freedom, which is always possible for Lagrange finite elements (see remark 6.3.6).
Let us remark that, for the physically pertinent cases N = 2 or N = 3, the condition
k+1> N/2 is always satisfied as k > 1. .

Remark 6.3.15 The error estimate (6.51) of theorem 6.3.13 is only true if the exact
solution wu is regular, which is not always the case. If w is not regular, we find
in practice that the convergence is slower (see Figure 6.5 in one space dimension).
On the other hand, the convergence (6.50), which is in the ‘energy’ space, does not
imply the point convergence of uy, or of its derivatives. Figure 6.18 illustrates this
fact for the Dirichlet problem (6.36) with f = 1 and a ‘reentrant corner’ where the
solution is singular (see lemma 5.2.33). Numerically, the modulus of the gradient
of uy, increases to infinity in the corner as h tends to zero (the maximum of |Vuy|
becomes 0.92 for the mesh on the left with 1187 vertices, 1.18 for the mesh in the
middle with 4606 vertices, and 1.50 for that on the right with 18572 vertices) °

Figure 6.18. Modulus of the gradient of u;, for three meshes (increasingly fine from
left to right).

The proof of theorem 6.3.13 rests on the following definition of an interpolation
operator r, and on the interpolation result of proposition 6.3.16. Let us recall that
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we have denoted by (G;)1<i<n, the family of the vertices of the degrees of freedom
and (¢i)i1<i<ng, the basis of Vo, of the Py finite element method (see proposition
6.3.7). For every continuous function v, we define its interpolant

ndi

rpu(z) = Zv(&z)qﬁz(m) (6.52)

i=1

The principal difference with the study made in N = 1 dimension is that as the
functions of H(Q) are not continuous when N > 2, the interpolation operator ry, is
not defined on H'(Q) (the point values of a function of H(£2) do not a priori have
a meaning). Nevertheless, and this is the reason for the hypothesis k + 1 > N/2,
r,, is well defined on H**!(Q) because the functions of H**1(Q2) are continuous
(H*1(Q) € C(Q) from theorem 4.3.25).

Proposition 6.3.16 Let (71,),, be a sequence of regular meshes of Q2. We assume

that k41 > N/2. Then, for allv € H*TY(Q) the interpolant rpv is well defined, and
there exists a constant C, independent of h and of v, such that

||'U — ThUHHl(Q) S Chk||’U||Hk+1(Q) (653)

Assuming, for the moment, proposition 6.3.16, we can conclude as for the conver-
gence of the Py, finite element method.

Proof of theorem 6.3.13. We apply the abstract framework of section 6.1.2. To
show (6.50) we use lemma 6.1.3 with V = C°(Q) which is dense in HJ (). As
C(Q) c H*1(Q), the estimate (6.53) of proposition 6.3.16 allows us to verify the
hypothesis (6.5) of lemma 6.1.3 (for regular functions we do not need the condition
k+ 1> N/2 in the Proposition 6.3.16).

To obtain the error estimate (6.51) we use Céa’s lemma 6.1.2 which told us that

Hu — Uh”Hl(Q) S C inf ||u — 'Uh”Hl(Q) S CHU - ’I"hUHHl(Q),
v €EVon

if 7,u belongs to H'(Q). By application of proposition 6.3.16 to u we obtain
(6.51). O

Remark 6.3.17 The theorem 6.3.13 is valid when wuj, is the exact solution of the internal
approximation (6.42) in Vop,. This means exactly calculating all the integrals occurring in the
matrix /Cp and the right-hand side by. In practice, we do not evaluate them exactly because
we use numerical integration. Nevertheless, if we use ‘reasonable’ quadrature formulas, the
P, finite element method converges (see [34]). In particular, if the quadrature formula used
to calculate the integrals on an N-simplex K is exact for polynomials of Poi_2, then the error
estimate (6.51) is always valid (where uyp is the discrete solution calculated with numerical
integration). For example, for P; finite elements we can use the quadrature formulas (6.44)
or (6.45) without loss of accuracy or rate of convergence. °
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Figure 6.19. Approximation by a polyhedral domain €} of a regular open set 2.

Remark 6.3.18 Let us indicate briefly what happens when the domain €2 is not polyhedral
(but sufficiently regular). We start by approximating Q by a polyhedral domain € which
we mesh by 7, (see Figure 6.19). We can choose Q5 and its mesh (with A the maximum
diameter of the elements) in such a way that there exists a constant C' (which only depends
on the curvature of ) satisfying

dist(99, 0Q,) < ChZ.

We call up, the solution of the variational approximation in the space Vj, associated with
the mesh 75, and the Py finite element. In general, even if we choose Q) C 2, V}, is not a
subspace of the Sobolev space V' in which we look for the exact solution u (for example, if the
boundary conditions are Neumann), which seriously complicates the analysis. Nevertheless,
in N = 2 dimensions we can show (see [34]) that, for P; finite elements, if v € H?(f2), then
we always have

lu —unllgi(n,) < Chllullgz(q), (6.54)

while, for PP, finite elements, if u € H**1(Q), then we only have
lu = wnll g,y < CRY?||ull s gy (6.55)

Consequently, this method is satisfactory for IP; finite elements, since the convergence (6.54)
is of the same order as (6.51), but disappointing and nonoptimal for Pj finite elements
with & > 2. We can fix this situation by introducing ‘isoparametric finite elements’: they
work by meshing the part of {2 near to the boundary by ‘curves’ obtained by deformation
of standard N-simplices (this deformation is a generalization of the affine transformation
introduced in remark 6.3.10). For example, in N = 2 dimensions we often use a polynomial
transformation of degree 2 which deforms a reference triangle into a ‘triangle’ whose sides
are arcs of a parabola. This allows a better approximation of the boundary 92 by 9. We
can then prove an optimal error estimate of the same order as (6.51) (see [9], [34]). .

We pass now to the proof of proposition 6.3.16 which can be omitted in first reading. It
works by the construction of a local interpolation operator in each element of the mesh. Let
K be an N-simplex of lattice of order k, ¥;. We define the interpolation operator rg, for
every continuous function v on K,

rgv = p € Pk such that p(z) = v(z) Vz € Zk. (6.56)
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Form lemma 6.3.3 we know that every polynomial of P is uniquely determined by its values
at the points of Xx: consequently, (6.56) defines rx as a (linear) mapping.

Lemma 6.3.19 (Bramble—Hilbert) We assume that k +1 > N/2. The interpolation
operator T is linear and continuous from H*TY(K) into H*TY(K), and there exists a con-
stant C(K) such that, for all v € H**'(K) we have

o = rcell s ey < COO Nl ey, (6.57)

where || gri1 (g is the semi-norm defined by

Wl = Y [ 10%de = [[ollFme ey — [0l3ek ey
la|=k+1 Y K

Proof. For k +1 > N/2 theorem 4.3.25 means that H*"!(K) C C(K), therefore the point
values of the functions of H**1(K) are well defined as continuous linear forms. Consequently,
rirv is a polynomial whose coefficients depend linearly and continuously on v € H kH(K ),
in any space H™(K) with m € N. We deduce that rx is linear and continuous in H**!(K).
Let us now prove the inequality

HUHH’“+1(K) < C(K) (|U|H’v+1(K) + HTKU||H’“+1(K)) ) (6.58)

proceeding by contradiction (as we have already done for other inequalities ; see, for example,
the proof (4.15) of the Poincaré inequality). There therefore exists a sequence v, € H**(K)
such that

1= H’UnHHkJrl(K) >n ("Un|Hk+1(K) + HTKUnHHkJrl(K)) . (6.59)

The left-hand term of (6.59) implies that the sequence v, is bounded in H**!(K). By
application of Rellich’s theorem 4.3.21, there exists a subsequence v, which converges in
H*(K). The right-hand term of (6.59) implies that the sequence of derivatives d*v,,, for
every multi-index |a| = k + 1, converges to zero in L? (K). Consequently, v,/ converges in
H*'(K) to a limit v which satisfies (by passing to the limit in (6.59))

|U|Hk+1(K> = 0, HTKUHH’“+1(K) =0. (660)

The first equation of (6.60) shows that v € P because K is connected (by repeated applica-
tion of proposition 4.2.5). By the definition (6.56) of rx we have rxv = v for v € Px. The
second equation of (6.60) shows therefore that rxv = v = 0, which is a contradiction with
the limit of the left-hand term of (6.59). To obtain (6.57) we apply (6.58) to (v — rxv) by
remarking that rx (v—rxv) = 0 and that |[v—7xv|gr+1x) = [v|gr+1 (k) since the derivatives
of order k + 1 of a polynomial of P, are zero. O

The disadvantage of the Bramble-Hilbert lemma 6.3.19 is that the constant in the
inequality (6.57) depends on K in a nonexplicit way. We make this dependence precise
in the following lemma.

Lemma 6.3.20 We assume that k+1 > N/2 and that diam(K) < 1. There ezxists a constant
C independent of K such that, for all v € H*"'(K) we have

diam(K))*+?
H’U — T'K’U“Hl(K) < C%"ﬂ[_ﬂcﬁ»l(}() (661)
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Proof. We use remark 6.3.10 which confirms that every N-simplex K is the image by an
affine transformation of the reference N-simplex Ko, defined by (6.46). In other words, there
exists an invertible matrix B and a vector b (depending on K) such that, for all z € K, there
exists xo € Ko satisfying

x = Bxo +b. (6.62)

To obtain (6.61), we start from the inequality (6.57) established on Ko and we apply the
change of variable (6.62). This allows us to find the dependence with respect to K of the
constant in this inequality. We shall not give the details of this calculation but simply
indicate the principal stages (the reader can consult [34]). The Jacobian of the change of
variable being det(B), and the derivatives in K being obtained from the derivatives in Ko
by composition with B~1, there exists a constant C, independent of K, such that, for every
regular function v(z) with vo(z0) = v(Bzg + b), we have

CIIB|I" [ det(B)| ™2 [v] g )

|”0|H1(K0) e .
CIB™H [ det(B)? [vol gt (s -

|v|Hl(K)

INIA

We therefore deduce from (6.57)

k _
|U*7"KU\H1(K) < C”BH;i”B 1|||’U‘H’€+1(K)
o —rivllegg < ClIBI ol g i)
In addition, we easily verify that
) < T gy < demKo)
p(Ko) p(K)
Combining these results we obtain (6.61). O

Proof of proposition 6.3.16. By construction, if v € H’“H(Q)7 its interpolant rpv
restricted to the N-simplex K is simply rxv. Consequently,

2 2
o —ravline = > v —revling:
KiE'Th

We apply the upper bound (6.61) to each element K; (with the same constant C' for all),
and as the mesh is regular the inequality (6.49) allows us to uniformly bound the ratio
diam(K;)/p(K;). We deduce

2 2k 2 2k, 112
flv— rthHl(Q) <Ch E |U|H’€+1(K7;) <Ch HU”HHl(Q)
K, €T,

which is the desired result. ]

Exercise 6.3.18 Show that for a sequence of regular meshes, and for P, finite elements,
the interpolation operator 1, satisfies in N = 2 or 3 dimensions

v = rpvll L2y < CR||v]lg2(0).-
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6.3.3 Rectangular finite elements

If the domain 2 is rectangular (that is,  is a polyhedral open set whose faces are
perpendicular to the axes), we can mesh by rectangles (see Figure 6.20) and use an
adapted finite element method. We shall define the Lagrange finite elements (that is,
whose degrees of freedom are point values of functions), called Q, finite elements. Let
us start by defining an N-rectangle K of RY as the (nondegenerate) block Hf\il [l;, L)
with —oo < I; < L; < +00. We denote by (a;)1<;<on the vertices of K.

T A

=

Figure 6.20. Example of a rectangular mesh in NV = 2 dimensions.

Definition 6.3.21 Let §2 be a polyhedral connected open set of RY. A rectangular
mesh of Q is a set T, of (nondegenerate) N-rectangles (K;)1<i<n which satisfies

1. Ki C ﬁ andﬁ = U?ZlKh

2. the intersection K; N K; of two distinct N -rectangles is an m-rectangle, with
0 < m < N — 1, whose vertices are also vertices of K; and K;. (In N = 2
dimensions, the intersection of two rectangles is either empty, or a common
vertex, or an entire common face.)

The vertices or nodes of the mesh I, are the vertices of the N-rectangles K;. By
convention, the parameter h denotes the mazimum diameter of the N -rectangles K.

We define the set Qj, of polynomials with real coefficients from R” into R of degree
less than or equal to k with respect to each variable, that is, for all p € Q;, written
in the form

p(z) = E Qi g @2y withe = (24, ..., 2N).
0<iy <k, ... 0<in<k

Let us remark that the total degree of p can be greater than k, which differentiates
the space Qy from Py.
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Figure 6.21. Lattice of order 1, 2, and 3 for a rectangle (the circles represent the
points of the lattice).

For every integer k > 1 we define the lattice of order k of the N-rectangle K as
the set

xj—lj

1 k—1
Zk:{wEKsuchthat G{O,k,...,k,l} forlgjgN}. (6.63)

il
For k£ = 1 this is the set of the vertices of K, and for £k = 2 and N = 2 of the
vertices, of the midpoints of the edges linking two vertices, and of the barycentre (see
Figure 6.21).

The lattice ¥j of an N-rectangle K is unisolvant for Qj, that is, we can charac-
terize all the polynomials of Q.

Lemma 6.3.22 Let K be an N-rectangle. Take an integer k > 1. Then, every
polynomial of Qy is uniquely determined by its values at the points of the lattice of
order k, Xy, defined by (6.63).

Proof. We verify that the cardinality of ¥; and the dimension of Qj coincide
card(Z;) = dim(Q) = (k + 1)V,

Since the mapping which, for every polynomial of Q, gives its values on the lattice
Yk is linear, it is sufficient to show a basis of Qi whose elements are 1 at a point of
the lattice and 0 elsewhere to prove the result. Let z* be a point of X}, defined by

[ .
i _ M with 0 < pu; <k, Vje{l,...,N}.
Li—1, &

We define the polynomial p € Qp by

N )
p(x):H H k(xj'_lj),_Z(le_lj) with ¢ = (21, ..., ZN).



FINITE ELEMENTS IN N > 2 DIMENSIONS 193

We verify easily that p(z*) = 1 while p is zero on all the other points of ¥, which is
the desired result. a

As in the triangular case we have the following continuity condition across a face
(we leave the proof, similar to that of lemma 6.3.4, to the reader).

Lemma 6.3.23 Let K and K' be two N -rectangles having a common face T' = K N
OK'. Let k > 1 be an integer. Then, their lattice of order k Xi and X}, coincide on

this face T'. Moreover, given px and pg:, two polynomials of Qy, the function v is
defined by

| pr(x) ifrxeK
v ={ oe) ek

is continuous on KU K', if and only if px and px+ have values which coincide at the
points of the lattice on the common face T'.

In practice, we mostly use the spaces Q; and Qs. Figure 6.22 shows a function
of Q; in N = 2 dimensions (we can verify that the functions of Q; are not piecewise
affine like those of Py).

Figure 6.22. Function of Q; in IV = 2 dimensions.

Exercise 6.3.19 Let K = [0,1]2 be the unit cube in N = 2 dimensions with vertices
at = (0,0), a®> = (1,0), a® = (1,1), a* = (0,1). We define 23 =1 — 21, 24 = 1 — 2,
and 7 as the value of 4 modulo 4. Verify that the basis functions of Q; are

pi(7) = vqzras for 1 <i <4,
and that those of Q5 are

Py(x) = 16z1220324.
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Remark 6.3.24 In practice, we sometimes replace the Qs finite element by another
finite element which is more simple, and just as effective, denoted by Q3. In N = 2
dimensions, the Q3 finite element is defined by the 8 basis functions (p;)i1<i<s of
exercise 6.3.19 (we have removed the last, pg). We verify that the degrees of freedom
of Q5 are the vertices and the middle of the edges of the rectangle (but not its
barycentre). In N = 3 dimensions, the Q3 finite element is defined by its degrees of
freedom which are the 8 vertices and the 12 middles of the edges of the cube (there
are no degrees of freedom in the interior). .

Definition 6.3.25 Given a rectangular mesh T, of an open set 2, the Qi finite
element method is defined by the discrete space

Vi, = {v € C(Q) such that v|k, € Qy for all K; € Tp} . (6.64)

The nodes of these degrees of freedom are the set of the points (4;)1<i<ng of the
lattice of order k of each of the N-rectangles K; € Ty,.

As in the triangular case, definition 6.3.25 has a meaning, thanks to the following
proposition (whose proof we shall leave to the reader as an exercise).

Proposition 6.3.26 The space V},, defined by (6.64), is a subspace of H'(Q) whose
dimension is the number of degrees of freedom ng;. Moreover, there exists a basis of
Vi (¢i)1<i<na defined by

¢ia;) =05 1<, j < na,

such that

ndi
v(@) =Y v(ay)¢i().
i=1
As the Q finite elements are Lagrange finite elements, we can prove the same
convergence results as for the method of Py finite elements. We shall allow the reader
to verify that the proof of theorem 6.3.13 applies ‘mutatis mutandis’ to the following
theorem (the definition 6.3.11 of regular meshes is easily extended to rectangular
meshes).

Theorem 6.3.27 Let (74),,-, be a sequence of regular rectangular meshes of Q0. Let
u € HY(Q) be the exact solution of the Dirichlet problem (6.36), and uy, € Vop, the
approzimate solution by the Qy finite element method. Then the finite element method
Qg converges, that is,

%li% ||u - uhHHl(Q) =0.

Moreover, if u € H*1(Q) and if k + 1 > N/2, then we have the error estimate
lu —up |z (o) < Chk||u||H’“+1(Q)v

where C' is a constant independent of h and of u.
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Remark 6.3.28 We can generalize the concept of a rectangular mesh and of Qj finite
elements a little by using the concept of affine transformation. We say N-parallelotope to
mean the image by an affine mapping F of the unit cube [0, 1]N (a 2-parallelotope is a
parallelogram). We verify that an N-parallelotope with 2N faces, parallel in pairs, and that
its lattice is the image of the lattice of the unit cube. We can then mesh a domain by
N-parallelotopes and define a finite element method based on the image F(Qg), in each
N-parallelotope, of the space Qk for the unit cube (in general F(Qx) # Qi). We can also
use more complicated (nonaffine) transformations: this is the isoparametric finite element
method (see the remark 6.3.18 on this subject). For example, in N = 2 dimensions, the
use of transformations Q; allows us to mesh a domain with arbitrary quadrilaterals (with
nonparallel faces). For more details, we refer to [34]. .

Remark 6.3.29 We can also mesh a part of 2 by N-simplices, and another by N-rectangles
and construct a finite element method which is a mixture of the two types P, and Q. For
more details, we again refer to [34]. .

Remark 6.3.30 We can define finite elements intermediate between Pr and Qx in N = 3
dimensions, called ‘prismatic finite elements of order k’. Assume that Q@ = wx]0, L[ with w
an open set of R, We mesh w by triangles T}, and ]0, L[ by segments [z;, zj+1]. We then
define the prisms of R*® as the product T} x [zj, zj+1], with which we mesh Q. We then
construct basis functions intermediate between those of Pr and Qx on these prisms. For
more details, we refer to [34]. .

6.3.4 Finite elements for the Stokes problem

The generalization of the finite element method to systems of partial differential equa-
tions (like the system of linear elasticity) does not pose particular problems. This is
not the case for the system of Stokes equations (5.71) because of the incompressibility
condition on the fluid (or zero divergence condition on the velocity). The consider-
able practical importance of numerical simulations in incompressible fluid mechanics
justifies the fact that we shall briefly discuss this particular case (and also allows us to
show that numerical analysis is not always the long tranquil river we might imagine
from reading this text).

Recall that, in a connected bounded domain © C R¥, in the presence of exterior
forces f(x), and for boundary conditions which describe the adherence of the fluid to
the boundary, the Stokes equations are written

Vp—pAu=f in

divu =0 in Q (6.65)
u=20 on 0N

where p > 0 is the viscosity of the fluid. In the Section 5.3.2 we have proposed as a
variational formulation of (6.65)

Find u € V such that /uVu-Vvdx:/f-vdac YveV, (6.66)
Q Q
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where V is the Hilbert space defined by
V ={ve Hj(Q)" such that divv = 0 a.e. in Q}. (6.67)

As V contains the incompressibility constraint dive = 0, it is very difficult in practice
to construct internal variational approximations of (6.66) as we have justified here.
More precisely, the difficulty is to define simply (explicitly) a subspace V}, of V' of
finite dimension whose elements are written using the basis functions of Py or Qy
finite elements. For example, if 7, = (K;)i<i<n is a triangular mesh of the open
connected polyhedral set €2, we can define

Vi, = {v € C(Q)" such that divo =01in Q, v

K, €PY forall K; € Tp,},

but it is not clear that V}, is not ‘too small’ and how we can characterize its elements
in terms of degrees of freedom. In particular, the condition dive = 0 in the definition
of V}, mixes all the components of v, which makes it very difficult and complicated to
characterize an explicit basis of V},. We therefore do not use the variational formula-
tion (6.67) to define a finite element method.

In practice, we introduce another variational formulation of the Stokes equations
which consists of not forcing the incompressibility in the definition of the space and
keeping the pressure as an unknown in the variational formulation. By multiplying
the first equation of (6.65) by a test function v € H}(Q)"N and the second equation
by another test function ¢ € L?(2), we obtain after integration by parts: find (u, p) €
HY ()N x L2(Q)/R such that

/uVu~Vvd:r—/pdivvdx:/f-vdw
Q Q Q

/ qdivu dx = 0,
Q

for all (v,q) € H ()N x L%(Q)/R. A supplementary interest in (6.68) is that the
pressure is not eliminated as in (6.66). It will therefore be possible to calculate this
(physically important) variable with (6.68). We leave the following result to the reader
to verify as an exercise.

(6.68)

Lemma 6.3.31 Take (u,p) € HY(Q)N x L%(Q)/R. The couple (u,p) is the solution
of (6.68) if and only if it is the solution (weak, in the sense of theorem 5.5.8) of the
Stokes equations (6.65).

It is then easy to construct an internal variational approximation of (6.68). We
introduce the discrete spaces

Von = {v € C(Q)" such that v|x, € Py for all K; € 7; and v =0 on 00},
Qn = {q € C(Q)/R such that q|x, € Py for all K; € T},
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so that Vo, x Qp, is a subspace of H} (Q)N x L?(Q)/R of finite dimension. The internal
variational approximation of (6.68) is simply

/ uNVup - Vop dx — / prdivu, de = / fopdr
Q Q Q

/ qndivuy dx = 0,
Q

(6.69)

for all (vp, qn) € Von X Qp. Let us explain how to solve (6.69) in practice. Denoting by
ny the dimension of Vj;, and ng that of Qj, we introduce the basis (¢;)1<j<n, of Von
and the basis (¢j)1<j<n, of Qn constructed with the finite element basis functions
(see Proposition 6.3.7). We decompose up, and pp, in these bases

up(z) = Zuh(&j)%(fﬁ), pu(x) = Zuh(@})%(w),

Denoting by Uy, = (un(@;)), <<y, and P, = (ph(d;-))lgjgw, we obtain the following

(5 G)(R)=(%) o

where Bj} is the adjoint (or transposed) matrix of By, b, = (fQ I o dx)1<i<nv, and

Ah = (/J/ V¢l : V¢j dl‘) 5 By = (—/ widiV(bj dx) .
Q 1<ij<ny Q 1<i<ng, 1<j<ny

Things become complicated when we need to know if we can always solve the linear
system (6.70) uniquely. Let us remark that the matrix A, is symmetric positive
definite of order ny, that the matrix B, is rectangular of size ng x ny, and that, if
the global matrix of (6.70) is symmetric of order ny + ng, it is not positive definite.
Nevertheless, we have the following result.

linear system

Lemma 6.3.32 The linear system (6.70) always has a solution (Up, Pp) in R™ X
R"™@. The vector Uy, is unique, while Py, is unique up to the addition of an element of
KerB;y.

Proof. Since (KerBy,)t = ImB;, it is easy to see that (6.70) is equivalent to
find U, € KerBy, such that A, Uy, - Wy, = by, - Wy, for all W, € KerBy,.

It is then sufficient to apply the Lax—Milgram theorem 3.3.1 to obtain the existence
and uniqueness of Uy, in KerB),. Consequently, (6.70) has at least a solution (Up, P)
in R™ x R"@. As U must belong to KerBy, it is unique in R™V. In addition, we
easily verify that P, is unique up to the addition of an element of KerB5;. O
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The complication is that the kernel KerBj is never reduced to the zero vector and
it can sometimes be very ‘large’. Everything depends on the choice of the orders k
and k' of the finite elements for the velocity and for the pressure.

Lemma 6.3.33 The kernel KerBj, contains at least the vector I of R"? all of whose
components are equal to 1. In other words, the discrete pressure py, is at best defined
up to a constant.

Proof. Take r, € Q and wy, € V. By definition

Wh . B;’;Rh = BhWh . Rh = / rhdivwh dx.
Q

Now 7, = 1 always belongs to @y, and since

/divwhdx:/ wp, -nds =0
Q o0

for all wy, € Vo, we deduce that R, = I = (1, ...,1) belongs to KerB;. O
0 -1 +1 0
-1 +1 0 -1
+1 0 -1 +1
0 -1 +1 0

Figure 6.23. Unstable mode of the pressure on a uniform triangular mesh (P; finite
elements for the velocity and the pressure).

Lemma 6.3.34 When k =2 and k' = 1 (Ps finite elements for the velocity and Py
for the pressure), the kernel KerBj: has dimension one, generated by the vector T (in
other words, the discrete pressure py, is unique up to a constant).

When k =k =1 (P; finite elements for the velocity and the pressure), the kernel
KerBj is in general of dimension strictly larger than one (in other words, the discrete
pressure py, is not unique, even up to a constant).

Proof. Take r, € @, and wy, € Vy,. By definition

Wh . BZRh = B}LW}L . Rh = / rhdivwh dr = —/ VT}L * Wh dx.
Q Q
When k = 2 and k' = 1, the gradient Vry, is constant in each element K;, therefore,

n

Vry - wp de = Z Virn(K;) - / wy, dx.

Q py K;
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Now the quadrature formula of exercise 6.3.7 tells us that, for w, € P,

K|
/Kwhda:— N—|—1/2th ai;)

where the (a;;) are the N(N + 1)/2 midpoints of the edges linking the vertices a;
and a; of K. Rearranging the sum over these midpoints (which are common to two
elements), we obtain

| K| ||
dx = i —_— K)+ ——— K)|.
/V”‘ e azwhaj ( &z E T e )
Taking wp which is 1 at the midpoint a;; and 0 elsewhere, we deduce that
Wy, - B Rj, =0 implies that

\K1|Vrh(Kz) + |Kj|Vrh(Kj) =0. (671)

The function 7 therefore has a gradient with constant direction but whose orientation
changes sense from one element to the other. Since rj belongs to P; and is continuous
over ), its tangential gradient is continuous at the interface between two elements.
Consequently, it is zero, and the only possibility in (6.71) is that the gradient of ry, is
zero everywhere, that is, 7y is a constant function. In conclusion, we have shown that
Wi - By Ry, = 0 for all W), implies that R}, is proportional to I, which is the result
sought.

Let us give a counterexample in two space dimensions when k = k/ = 1. We take
again the uniform triangular mesh of the square  =]0,1[% (see Figure 6.12). We
define the function pg € Qp, with &' = 1, by its values —1,0,+1 at the three vertices
of each triangle K; (see Figure 6.23). By definition, we have

B}LWh . Rh = / rhdivwh dx.
Q

But as wy, is piecewise affine on each element K;, its divergence is constant in each

K; and we have
/ rpdivwy, doe = Z divwh(Ki)/ T, dx
Q K;

i=1
which is zero for 7, = py because fK podx = l 1' (0+1—1) =0. Consequently, pg
generates a new vector of KerBj, as well as 1. o

In practice, if the dimension of KerB} is strictly larger than one, the cor-
responding finite element method is unusable. In effect, if dim(KerB;}) > 1,
the numerical calculation of the solutions of the linear system (6.70) lead to numerical
oscillations of the pressure: the algorithm cannot choose between several discrete pres-
sures P, whose difference belongs to KerBj;. We say that the method is unstable.
We remark precisely that the element py in the proof of lemma 6.3.34 is interpreted
as an oscillation of the pressure on the scale of the mesh. If dim(KerBj) = 1, we
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easily eliminate the indeterminacy of the discrete pressure Pj, by imposing a value
at a node, or by specifying its average on the domain 2. In each case, there is no
indeterminacy of the velocity Uy which is defined uniquely. For more details on finite
element methods in fluid mechanics, we refer to [32].

We have not discussed, for the moment, the practical solution of the linear system
(6.70). For this we use Uzawa’s algorithm, from the theory of the optimization, which
we shall see in Chapter 10. It is a very beautiful example of the interaction between
numerical analysis and optimization. Let us briefly explain the principal idea (to
which we return in detail in Chapter 10). We know that the Stokes equations are
equivalent to a problem of minimization of an energy (see exercise 5.3.10). We see
that, in the same way, the solution of the linear system (6.70) is equivalent to the
following minimization

1
J(Up) = i J (Vi ith J(Vi) = =Ap Vi - Vi — by, - V.
(Un) th%lgrBh(i)Wl (Vi) 5 AnVh - Vi = b - Vi
Uzawa’s algorithm allows us to solve exactly this minimization problem with
constraints.

Due to the cost of calculation, we very rarely use the Py finite element method
for the velocity and P; for the pressure. We prefer another method, called P; /bubble
for the velocity and P for the pressure. This is a Py finite element method for the velo-
city and the pressure in which we enrich the space Vj of the velocities by adding to
its basis, for each element and for each component in RY, a bubble function defined
as the product A (z)--- An41(x), where the \j(z) are the barycentric coordinates of
2 in the element K;. As this bubble function is zero on the boundary of K; and
positive in the interior, we associate it with a degree of freedom at the barycentre of
the element. This method is stable as the following exercise shows.

Exercise 6.3.20 Show that for the finite element method which is ; /bubble for the
velocity and IP; for the pressure we have dim(KerBj) = 1.

The pressure instabilities are not restricted to finite element methods. There
are also finite difference methods which have the same kind of disadvantage, as the
following exercise shows.

Exercise 6.3.21 We consider the Stokes equations (6.65) in N = 1 dimension (this
model has no interest since its explicit solution is w = 0 and p is a primitive of f, but
it allows us to understand the discretization problems). For Q = (0,1), we consider the
mesh of points z; = jh with h =1/(n+1) and 0 < j < n+ 1. We define the centred
finite difference method (of order 2) as the following

/JL*’LLJ+1+2’2U/]'7U]'—1 + pj+1271pj—1 _ f(xg) for 1 <j<n

HHSHSL = () for1<j<n

Ug = Un+1 = 0.
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Show that this system of algebraic equations is ill-posed, and in particular that the pressure
(p;) is defined up to the addition of a constant or of a multiple of a pressure defined by
the components (1,0, 1,0, ..., 1,0).

Remark 6.3.35 The idea of the variational formulation (6.68) extends without prob-
lem to the Laplacian or to any elliptic operator. To solve

—div (AVu)=f inQ
u=20 on 0f),

by setting 0 = AVu, we introduce the variational formulation

—/divavdx:/fvdx
Q Q

/ A lo rdx —l—/ udivr dz = 0,

Q Q

for all (v,7) € L?(Q) x H(div). The finite element method which follows is different
from those that have been described in this chapter. It is called the mixed finite
element method. .

6.3.5 Visualization of the numerical results

In this section we quickly say several words on the visualization of the results
obtained by the finite element method. The figures below have been drawn with
the help of the (free) graphical software xd3d.

Figure 6.24. Isovalues in a cross section of a three-dimensional diffusion problem.
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The visualization of the results for a scalar problem (where the unknown has
values in R) is simple enough. In N = 2 dimensions we can draw the isovalues and/or
shade the intensity, as we can see in Figures 6.15 and 6.16. We must, nevertheless,
pay attention to the scales of values as Figure 6.15 proves where the two drawings
(corresponding to the same problem on two distinct meshes) are apparently compar-
able but the scales of reference are very different. In N = 3 dimensions, we draw the
isosurfaces (surfaces where the unknown is constant) or use cross sections.

i

A

Figure 6.25. Isosurfaces for a three-dimensional diffusion (values decreasing from left
to right).

As an example, we consider a diffusion problem in a concentration space (a pol-
lutant, for example) emitted by a source localized on the ground (the base of the
cube). We solve, by the Q; finite element method, the Dirichlet problem (6.36) with
a zero right-hand side and Dirichlet boundary conditions everywhere except in the
base of the cube. At the centre of the base we impose the ‘nonhomogeneuous’ Dirich-
let boundary condition © = 1, and on the rest of the base a Neumann boundary
condition. Figure 6.24 represents the values of u in a cross section, and Figure 6.25
those of the isosurfaces of wu.

The visualization of the results for a vectorial problem (where the unknown has
values in RY) is different. Let us take, for example, the case of the elasticity system
(see Section 5.3.1). We can draw the arrows representing the vector calculated, but
this type of image is difficult to read and to interpret. It is better to draw the ‘deform-
ation’ of the domain by using the physical interpretation of the solution (in N = two
or three dimensions). Recall that the unknown vector u(z) is the displacement of the
point x under the action of the exerted forces: consequently, the corresponding point
in the deformed domain is = + u(x). We illustrate these two ways to represent the
results on the example of a beam fixed at its left vertical boundary (Dirichlet boundary
conditions) and free on the other boundaries (Neumann boundary conditions) subject
to its own weight (the force f is a constant vertical vector); see Figure 6.26. The
advantage of drawing the deformed configuration is that we can superimpose the
drawing of another scalar such as the norm of the tensor of the constraints.



FINITE ELEMENTS IN N > 2 DIMENSIONS 203

Figure 6.26. From left to right, displacement, deformed configuration, and norm of
the stress tensor (the higher values are darker) in a fixed beam subject to its own
weight.
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7 Eigenvalue problems

7.1 Motivation and examples

7.1.1 Introduction

This chapter is dedicated to the spectral theory of partial differential equations, that
is, to the study of eigenvalues and eigenfunctions of these equations. The motivation
of this study is twofold. On the one hand, this will allow us to study particular
solutions, which are oscillations in time (or vibrations), of the evolution problems
associated with these equations. On the other hand, we shall deduce a general method
for solving these evolution problems which we shall implement in Chapter 8.

Let us first give an example of an eigenvalue problem for the Laplacian with
Dirichlet boundary conditions. If € is a bounded open set of RY we look for couples
(A, u) € R x H} (), with u # 0, which are solutions of

—Au=Xu in
{ u=20 on 0f). (7.1)

The real number A is called the eigenvalue, and the function u(z) the eigenmode or
eigenfunction. The set of eigenvalues is called the spectrum of (7.1). We can make
the analogy between (7.1) and the simpler problem of determining the eigenvalues
and eigenvectors of a matrix A of order n,

Au = Au  with (A\,u) € R x R", (7.2)

confirming that the operator —A is an infinite dimensional ‘generalization’ of a finite
dimensional matrix A. The solution of (7.1) will be useful when solving evolu-
tion problems, either parabolic or hyperbolic, associated with the Laplacian, that
is, the heat flow equation (7.5) or the wave equation (7.7). Nevertheless, the solu-
tions of (7.1) also have a clear physical interpretation, for example, as eigenmodes of
vibration.

The plan of this chapter is the following. After having motivated the eigenvalue
problem (7.1) more thoroughly, we shall develop in Section 7.2 an abstract spectral
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theory in Hilbert spaces. The aim of this section is to generalize to infinite dimensions
the well-known result in finite dimensions which says that every real symmetric matrix
is diagonalizable in an orthonormal basis. This section relies in part on a course in
‘pure’ mathematics, and we insist on the fact that it is the spirit of the results rather
than the detail of the proofs that is important here. We apply this spectral theory to
elliptic PDEs in Section 7.3. In particular, we show that the spectral problem (7.1)
has a countably infinite number of solutions. Finally, Section 7.4 is dedicated
to questions of numerical approximation of the eigenvalues and eigenfunctions of
a PDE. In particular, we introduce the notion of the mass matrix M which supple-
ments that of the stiffness matrix &, and we show that the approximate eigenvalues
of (7.1) are calculated as the eigenvalues of the system Ku = AMu, which confirms
the analogy between (7.1) and its discrete version (7.2).

7.1.2 Solution of nonstationary problems

Before launching into the abstract developments of the next section, let us show how
the solution of an eigenvalue problem allows us also to solve an evolution problem.
For this, we shall make an analogy with the solution of differential systems in finite
dimensions. In what follows A denotes a real symmetric positive definite matrix of
order n. We denote by Ay its eigenvalues and ry its eigenvectors, 1 < k < n, such
that A?"k = )\k’f’k.

We start with a first order differential system

ou

— +Au=0 fort>0

8t+ U ort > (7.3)
u(t = 0) = up,

where u(t) is a function of class C' from RT into R", and uy € R™. It is well
known that (7.3) has a unique solution obtained by diagonalizing the matrix A. More
precisely, the initial data decomposes in the form ug = >, _, ulry, which gives

u(t) = Z ule Mty

k=1

n

A second example is the second order differential system

2
%—i—Au:O fort >0

u(t = 0) = uyo, (7.4)
0

ai;(tz()) = uy,

where u(t) is a function of class C? from RT into R", and ug,u; € RY. By decom-
posing the initial data in the form ug = ZZ:1 ugrk and u; = 22:1 u,lcrk, (7.4) has a
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unique solution

u(t) = i (ug cos (mt) + \T/L)% sin (\/gt)> Tk-

It is clear from these two examples that knowing the spectrum of the matrix A allows
us to solve the evolution problems (7.3) and (7.4). These examples are representative
of the path that we shall follow in the remainder of this chapter. We shall replace the
matrix A by the operator —A, the space R" by the Hilbert space L?(2), and we shall
‘diagonalize’ the Laplacian to solve the heat flow equation or the wave equation.

In order to be convinced that (7.1) is the ‘good’ formulation of the eigenvalue
problem for the Laplacian, we can use an argument of ‘separation of variables’ in the
heat flow equation or the wave equation which we describe formally. In the absence of
a source term, and by ‘forgetting’ (temporarily) the initial condition and the boundary
conditions, we look for a solution u of these equations which is written in the form

u(z,t) = ¢(t)u(z),

that is, we separate the time and space variables. If u is the solution of the heat flow
equation

ou

we find (at least formally) that
gt _ Au(a) _
o@t)  u(x)

where A\ € R is a constant independent of ¢ and of x. We deduce that ¢(t) = e=**
and that u must be the solution of the eigenvalue problem

—Au = Au (7.6)

with suitable boundary conditions.
Likewise, if u is the solution of the wave equation

2
%Tl; — Au=0, (7.7)

we find that
¢"(t) _ Au(z)
o(t)  u(x)
where A € R is a constant. This time we deduce that, if A > 0 (which will indeed
be the case), then ¢(t) = acos(v/At) 4 bsin(v/At) and u must again be a solution of
(7.6). Let us remark that, if the behaviour in space of the solution u is the same for
the heat flow equation and for the wave equation, it is not the same for its behaviour
in time: it oscillates in time for the waves and decreases exponentially in time (as
A > 0) for the heat.
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Remark 7.1.1 We shall see that the wave equation has solutions which oscillate
periodically in time of the type

—iwt

u(z,t) = e "“u(z),

where w = v/X is the frequency of the oscillations and u(x) is their amplitude. This is
a general characteristic of linear hyperbolic PDEs. These oscillating solutions have an
obvious physical meaning which is independent of the general solution of a hyperbolic
evolution equation. They typically model vibrations (for example, elastic) or waves
(for example, electromagnetic), and they occur generally in the absence of a source
term and after a time which allows us to ‘forget’ the initial condition. °

Exercise 7.1.1 Take Q = R¥. Show that u(x) = exp(ik - z) is a solution of (7.6) if
|k|> = X. Such a solution is called a plane wave.

Let us take another example, that is, the Schrodinger equation from quantum
mechanics (see Chapter 1).

Exercise 7.1.2 Let V(z) be a regular potential. Show that, if u(z,t) = e"™“'u(x) is a
solution of

i%‘t‘+Au—Vu:0 in RY x Rf, (7.8)
then u(z) is a solution of

—Au+Vu=wu inRY. (7.9)

We recover the same type of spectral problem as (7.6), with the addition of a
zero order term. For the Schrodinger equation the eigenvalue w is interpreted as an
energy. The smallest possible value of this energy corresponds to the energy of the
fundamental state of the system described by (7.8). The other, larger, values give
the energies of the excited states. Under ‘reasonable’ conditions on the potential V,
these energy levels are discrete and countably infinite (which is consistent with the
physical idea of quanta).

Exercise 7.1.3 Take V(z) = Az - x with A a real symmetric positive definite matrix.
Show that u(z) = exp(—A'/2z - x/2) is a solution of (7.9) if w = tr(A'/2). Such a
solution is called a fundamental state.

7.2 Spectral theory

In this section we introduce an abstract spectral theory in Hilbert spaces (see for
example, [25]). The ultimate aim of the developments which follow is to generalize to
infinite dimensions the well-known result in finite dimensions which says that every
real symmetric matrix is diagonalizable in an orthonormal basis. In first reading we
can assume all the results of this section.
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7.2.1 Generalities

In all that follows V' denotes a real Hilbert space equipped with a scalar product
(2,9).

Definition 7.2.1 Let A be a continuous linear mapping from V into V. An
eigenvalue of A is a real number A € R such that there exists a nonzero element
x € V which satisfies Az = Ax. Such a vector x is called the eigenvector associated
with the eigenvalue \.

Theorem 7.2.2 Let A be a continuous linear mapping from V into V. There exists
a unique continuous linear mapping A* from V into V, called the adjoint, such that

(Az,y) = (x,A™y) Va,ycV.

Proof. For y € V fixed, let L € V' be the continuous linear form defined by
L(z) = (Az,y). By application of the Riesz theorem 12.1.18, there exists a unique
z € V such that L(z) = (z,z). We then define the mapping A* from V into V
which, to each y associates the corresponding z. We easily verify that A* is linear
and continuous, and we have L(z) = (Az,y) = (x, A*y). O

Definition 7.2.3 Let A be a continuous linear mapping from V into V.. We say that
A is self-adjoint if it coincides with its adjoint, that is A* = A.

Definition 7.2.4 Let A be a continuous linear mapping from V into V.. We say that
A is positive definite if (Ax,x) > 0 for every nonzero x € V.

We know that in finite dimensions all self-adjoint linear mappings are diagonal-
izable in an orthonormal basis. We shall see that in infinite dimensions this result
generalizes to continuous self-adjoint linear mappings which are in addition com-
pact. Let us now introduce the ideas which allow us to define the compactness of a
continuous linear mapping.

Definition 7.2.5 A subset K C V is called compact if, for every sequence (un)n>1
of elements of K, we can extract a subsequence u, which converges in K.

A subset K C V is called relatively compact if, for every sequence (un)n>1 of
elements of K, we can extract a subsequence u, which converges in V.

It is well known that, if V' is finite dimensional, then the compact subsets of V' are
the closed bounded sets. Unfortunately, this result is no longer true in infinite dimen-
sions. In effect, a compact subset is always closed and bounded but the reciprocal is
not true as the following lemma shows.

Lemma 7.2.6 In an infinite dimensional Hilbert space V', the closed unit ball is never
compact.
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Proof. As the space is infinite dimensional, we can construct, by the Gram—Schmidt
procedure, an infinite orthonormal sequence (ey,),>1. This sequence belongs to the
closed unit ball. In addition, for n # p we have

len — ep||2 = Hen||2 + ||€pH2 - 2<en7€p> =2,

which proves that no subsequence of e, is a Cauchy sequence. O

Definition 7.2.7 Let V and W be two Hilbert spaces and A a continuous linear
mapping from V into W. We say that A is compact if the image under A of the unit
ball of V' is relatively compact in W.

Equivalently, a continuous linear mapping A is compact if, for every bounded
sequence x, of V, we can extract a subsequence such that Az, converges in W. If
W or V is finite dimensional, then every continuous linear mapping is compact. This
is no longer true if W and V are infinite dimensional, as the following exercise shows.

Exercise 7.2.1 Show that the identity mapping I in an infinite dimensional Hilbert
space V is never compact (use lemma 7.2.6).

Exercise 7.2.2 Let {5 be the Hilbert space of real sequences © = (x;);>1 such that
Yo |@i|* < 400, equipped with the scalar product (z,y) = >, z;y;. Let (a;);>1 be
a bounded sequence of real numbers, |a;| < C' < 400 for all ¢ > 1. We define the linear
mapping A by Az = (a;x;);>1. Verify that A is continuous. Show that A is compact if
and only if lim; | a; = 0.

Exercise 7.2.3 Let U, V, and W be three infinite dimensional Hilbert spaces, A a
continuous linear mapping from V into W, and B a continuous linear mapping from U
into V. Show that the mapping AB is compact if A or B is compact. Deduce that a
continuous compact linear mapping is never invertible with continuous inverse in infinite
dimensions.

7.2.2 Spectral decomposition of a compact operator

The principal result of this section is the following.

Theorem 7.2.8 LetV be a real infinite dimensional Hilbert space and A a continuous
linear mapping which is positive definite, self-adjoint, and compact from V into V.
Then the eigenvalues of A form a sequence (Ai)rk>1 of strictly positive real numbers
which tend to 0, and there exists a Hilbertian basis (ux)r>1 of V' formed of eigenvectors
of A, with

Aup = M\pug for k > 1.
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Remark 7.2.9 As a consequence of theorem 7.2.8, and with the same notation, we
obtain the spectral decomposition of every element v € V'

—+o0 +oo
o= uue  with o> =37 (0, up)?
k=1 k=1

Exercise 7.2.4 We reuse the notation and the hypotheses of theorem 7.2.8. Show that,
for v € V, the equation Au = v has a unique solution w € V' if and only if v satisfies

Z|vuk < 400.

When the linear mapping A is not compact theorem 7.2.8 is false as the following
exercise shows.

Exercise 7.2.5 Take V = L%(0,1) and A the linear mapping from V into V defined
by (Af)(z) = (2% + 1) f(x). Verify that A is continuous, positive definite, self-adjoint
but not compact. Show that A does not have eigenvalues. Check also that (A — A1) is
invertible with continuous inverse if and only if A ¢ [1,2].

To prove theorem 7.2.8 we need two preliminary lemmas.

Lemma 7.2.10 Let V be a real Hilbert space (not containing only the zero vector) and A a
continuous self-adjoint compact linear mapping from V into V.. We define

m= inf {Au, u) and M = sup (A, u)
ueV\{0} (u,u) wevifo} (U, )
Then, | Al = max(|m/|,|M|), and either m or M is an eigenvalue of A.

Proof. We easily see that |(Au,u)| < ||Al|||lu||?, therefore max(|m|,|M]|) < ||A||. On the
other hand, as A is self-adjoint, we obtain for all u,v € V

4(Au,v) = (A(u+v),(u+v)) — (A(u —v), (u—v))
< Mlju+||* = mllu —o|?
< max(|ml, [M]) (|lu+ o||* + lu —v[|*)
< 2max(|m/, |M]) (|[ul® + [|0]1?) -

Now, [|All = supy,=juj=1{Au, v) since [|Aul| = sup,—;(Au,v). We therefore deduce that
Al < max(|m|,|M|), from where we have the equality between these two terms.

In addition, as m < M, one of the following two cases holds: ||A|| = M >0, or ||A|| = —m
with m < 0. Let us consider the case ||A|| = M > 0 (the other case ||A|| = —m is completely
symmetric on replacing A by —A). Let (un)n>1 be a sequence of unit vectors of V' such that

lim (Aun,un) =M and  [lun] = 1.

n—-+oo
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Since A is compact, there exists a subsequence such that Awu,s converges in V' to a limit v.
On the other hand, we have

(Atn, un) < [|Aun | < [JA] = M,
from which we deduce that lim, 4o ||Aun|| = M, that is, ||v|]| = M. Finally, since
Aty — Mup ||> = || Awn||® + M? — 2M (At un),

we obtain lim,— oo |[Aun — Mu,|| = 0. For the subsequence n', this implies that w,,
converges to v/M (at least, if M # 0 ; the case M = 0 is trivial since it implies that A = 0).
By continuity of A, we therefore deduce that Au, also converges to Av/M (in addition to
v). The uniqueness of the limit shows that Av/M = v, that is, v is an eigenvector (nonzero
as ||v]] = M # 0) associated with the eigenvalue M. O

Lemma 7.2.11 Let V be a Hilbert space and A a continuous compact linear mapping from
V into V. For every real number § > 0, there only exists a finite number of eigenvalues
outside of the interval | — 8, +48[, and the subspace of eigenvectors associated with each of
these eigenvalues is finite dimensional.

Proof. Let us show that we cannot have an infinite number of linearly independent elements
of V which are eigenvectors of A for the eigenvalues X such that |A| > 6 > 0. We proceed by
contradiction. Assume therefore that there exists an infinite sequence (ux)r>1 of elements
of V, which are linearly independent, and a sequence of eigenvalues (Ax)r>1 such that

Aur = M\pur  and ‘)\k| >¢ forall k>1.

We denote by Ej the vector subspace generated by the family (u1,us,...,ur). As Ex_1 is
strictly included in Ej, there exists a unit vector vy € Ej which is orthogonal to Er_1. As
[Ak| > 9§, the sequence vi/Ax is bounded in V, and, since A is compact, we can extract a
subsequence such that Avgs /Ag converges in V. However, for j < k we can write

A’Uk A’U]' Vk A'Uj

—_— - = A-\D)— — —. 7.10

YRl vk + ( #Dy Y (7.10)
Now, we easily verify that AEy, C Ej and that (A — Ax I)Ex C Ex—1, therefore the two last
terms on the right of (7.10) belong to Fx_1. As vy is orthogonal to Fx_1, we deduce from
(7.10)

Avk AU i
~ = || = el =1,
Ak Aj
which is a contradiction with the convergence of the subsequence Avys /Ax. O

Proof of theorem 7.2.8. Lemma 7.2.10 shows that the set of the eigenvalues of A is not
empty, while lemma 7.2.11 shows that this set is either finite, or countably infinite with 0
as the only accumulation point. In addition, as A is positive definite, all the eigenvalues are
strictly positive. Let us denote by (Ax) the eigenvalues of A and Vi, = Ker(A — AxI) the
associated eigensubspace (lemma 7.2.11 also tells us that each V4 is finite dimensional). We
remark that the eigensubspaces Vi, are pairwise orthogonal: indeed, if vy € Vi and v; € Vj
with k # j, then, as A is self-adjoint, we have

(Avk, v5) = Mok, v5) = vk, Avj) = Aj(vk, v;),
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from which we deduce that (v, v;) = 0 since Ax # Aj. Let W be the adherence in V' of the
union of the Vi

K
W = {ue V, dK > 1 such that u:Zuk, ug € Vk}.
i=1
We easily construct a Hilbertian basis of W by a union of the orthonormal bases of each
Vi (each is finite dimensional and they are mutually orthogonal). Let us show that W =V

(which will also prove that the sequence (Ax) is infinite since V is infinite dimensional). We
introduce the orthogonal complement of W defined by

W = {u € V such that (u,v) =0 Vv e W}.

As W is stable under A (AW C W), we see that W+ is also stable under A because (Au, v) =
(u, Av) = 0 if u € W+ and v € W. We can therefore define the restriction of A to W= which
is also a continuous self-adjoint compact linear mapping. By application of lemma 7.2.10, if
W+ £ {0}, this restriction also has an eigenvalue and an eigenvector u € W= which are also
an eigenvalue and eigenvector of A. This is a contradiction with the fact that, by definition,
W already contains all the eigenvectors of A and that W N W+ = {0}. Consequently, we
must have W= = {0}, and since W is closed we deduce that W = {0} = V. O

Remark 7.2.12 The proof of theorem 7.2.8 is still valid if A is not positive definite with the
following restrictions: the eigenvalues are not necessarily positive, the nonzero eigenvalues
can be of finite number, and KerA (the eigensubspace associated with the zero eigenvalue)
can be infinite dimensional. °

7.3 Eigenvalues of an elliptic problem

7.3.1 Variational problem

We return to the variational framework introduced in Chapter 3. The interest of this
general framework is that it will be applied to many different models. In a Hilbert
space V we counsider a bilinear form a(-,-), which is symmetric, continuous and
coercive, that is, a(w,v) = a(v,w), and there exists M > 0 and v > 0 such that

la(w,v)| < M|w|lv ||v|lvy  for all w,v € V

and
a(v,v) > v|ul|}  forallve V.

To be able to apply the results of the preceding section, we introduce a new ingredient,
that is, another Hilbert space H. We make the following fundamental hypothesis

(7.11)

V C H with compact injection
V is dense in H.

By ‘compact injection” we mean that the inclusion operator Z, which for each v € V
gives Zv = v € H is continuous and compact (see definition 7.2.7). In other words,
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the hypothesis (7.11) implies that from every bounded sequence of V' we can extract
a convergent subsequence in H. The spaces H and V' do not have the same scalar
product, and we denote them by (-,-) g and (-, )y to avoid confusion.

We consider the following variational eigenvalue problem (or spectral problem):
find A € R and u € V'\ {0} such that

a(u,v) = Mu,v)y Vv eV. (7.12)

We will say that A is an eigenvalue of the variational problem (7.12) (or of the bilinear
form a) and that u is the associated eigenvector.

Remark 7.3.1 Under hypothesis (7.11) the spaces H and V' can never have the same
scalar product. Otherwise they would be equal since V is dense in H. But this is
impossible because then the injection from V into H will be the identity which is not
compact (see exercise 7.2.1). .

Let us immediately give a typical concrete example of such a situation. For an
open bounded set Q, we set V = H}(Q), H = L?*(2), and the symmetric bilinear
form is defined by

a(u,v) = / Vu - Vudz.
Q

As C°(Q) is dense both in H}(Q2) and L?(2), and thanks to the Rellich theorem
4.3.21, the hypothesis (7.11) is satisfied, and we have seen in Chapter 5 that this
bilinear form a is continuous and coercive over V. By a simple integration by parts,
we easily see that (7.12) is equivalent to

—Au=M>u in
u=20 on 09,

that is, A and u are an eigenvalue and an eigenfunction of the Laplacian.
The solutions of (7.12) are given by the following result.

Theorem 7.3.2 Let V and H be two real infinite dimensional Hilbert spaces. We
assume that V. C H with compact injection and that V is dense in H. Let a(-,-)
be a symmetric bilinear form which is continuous and coercive over V. Then the
eigenvalues of (7.12) form an increasing sequence (Ag)k>1 of real positive numbers
which tend to infinity, and there exists a Hilbertian basis of H (uy)r>1 of associated
etgenvectors, that is,

up €V and  a(ug,v) = A\p(ug, v) g YveV.
Further, (ur/v/Ak)k>1 is a Hilbertian basis of V' for the scalar product a (-,-).
Proof. For f € H, we solve the variational problem

find w € V such that a(u,v) = (f,v) g for every function v € V. (7.13)
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It is easy to verify the hypotheses of the Lax—Milgram theorem 3.3.1 for (7.13) which
therefore has a unique solution v € V. We define a linear mapping A from H into V'
which for each f gives the solution u = Af. In other words, the linear mapping A is
defined by

Af €V such that a(Af,v) = (f,v)g for all v € V. (7.14)

By taking v = Af in (7.14), we obtain
VA < alAf, Af) = (f, A < IflallAflle < ClfllullAflyv

because the injection operator Z from V into H is continuous. Consequently, the
linear mapping A is continuous from H into V. We now define a linear mapping
A =7TA from H into H, which is continuous. As 7 is compact, the product A is also
compact (see exercise 7.2.3). To show that A is self-adjoint, we take v = Ag in (7.14)
and we obtain, for all f,g € H,

because of the symmetry of a, which proves that A is self-adjoint positive definite in
H. We can therefore apply theorem 7.2.8 to the operator A which satisfies all the
hypotheses. There exists a decreasing sequence (jix)r>1 of real positive numbers which
tend to 0, and there exists a Hilbertian basis (ux)r>1 of H composed of eigenvectors
of A, with

Aug = prug,  for k> 1.

Let us remark that, by this equality, the eigenvectors u; belong not only to H but
also to V. Let us now return to the eigenvalue problem (7.12) which can be written

a(u,v) = Mu,v) g = Aa(Au,v) Yo eV,
because of the definition (7.14), that is, a(u — AAu, v) = 0, therefore,
u = MAu = Mu.

Consequently, the eigenvalues (A;)r>1 of the variational problem (7.12) are exactly
the inverses of the eigenvalues (ug)r>1 of A, and their eigenvectors are the same.

We set 1
A =— and v, = Mk
Lk Ak

By construction, the eigenvectors uy, form a Hilbertian basis of H. We verify that

(uk,uj) o (Ug, uj) i — b4,

a(vg,v;) = Y Tk)\j

and as the orthogonal complement of (vg)y>1 in V is contained in the orthogonal
complement of (ug)r>1 in H (which is reduced to the zero vector), we deduce that
the (vg)g>1 form a Hilbertian basis of V' for the scalar product a(u, v). ]
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Remark 7.3.3 We insist on the fact that the operator A, defined by (7.14), is the
solution operator of the variational formulation, that is, it is to some extent the
inverse of the bilinear form a. It is for this reason that the eigenvalues A\, of the
variational formulation are the inverses of the eigenvalues uy of A. For example, in
finite dimensions the bilinear form is written a(u,v) = Ku - v and we have A = K1,
Likewise, for the Laplacian we have A = (—A)~! (only the inverse of the Laplacian
is compact, not the Laplacian itself ; see exercise 7.2.3). In fact, it is the increase in
regularity of the solution of the Laplacian with respect to the right-hand side which
is the source of the compactness of the operator (—A)~!. .

Exercise 7.3.1 Prove a variant of theorem 7.3.2 where we replace the coercivity hypoth-
esis on the bilinear form a(-,-) by the weaker hypothesis that there exists two positive
constants 7 > 0 and v > 0 such that

a(v,v) +nl|vl|F > v|v|3  forallv e V.
(In this case, the eigenvalues (A\g)r>1 are not strictly positive, but only satisfy Ay +n > 0.)

In passing, we give a very useful characterization of the eigenvalues of the vari-
ational problem (7.12), called the minimax principle or the Courant—Fisher
condition. For this we introduce the Rayleigh quotient defined, for each function
v eV \ {0}, by
a(v,v)

B =Tz,

Proposition 7.3.4 (Courant—Fisher) Let V and H be two real infinite dimen-
stonal Hilbert spaces. We assume that V. C H with compact injection and that V is
dense in H. Let a(-,-) be a bilinear form which is symmetric continuous and coercive
over V. For k > 0 we denote by & the set of the vector subspaces of dimension k of
V. We denote by (Ag)k>1 the increasing sequence of eigenvalues of the variational
problem (7.12). Then, for all k > 1, the kth eigenvalue is given by

A = min< max R(v)) max < min R(v)). (7.15)

Wee, \veWw\{0} WeEn_1 \veWL\{0}
In particular, the first eigenvalue satisfies

A\ = min R 7.16
1= Jin (v), (7.16)

and every minimum in (7.16) is an eigenvector associated with \;.

Proof. Let (uy)i>1 be the Hilbertian basis of H formed by the eigenvectors of
(7.12). From theorem 7.2.8, (ux/v/Ax)r>1 is a Hilbertian basis of V. We can therefore
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characterize the spaces H and V by their spectral decomposition (see remark 7.2.9)
—+o00 “+o0
H = {U =Y g, [Pl =) ai < +OO} ;
k=1 k=1
+oo +oo
V= {v = Zakuk, lvll3 = Z)\kai < —|—oo} .
k=1 k=1

We remark in passing that, as the eigenvalues A\j are bounded below by A; > 0, this
characterization shows that V is a subspace of H. We can then rewrite the Rayleigh
quotient

which immediately proves the result for the first eigenvalue. We introduce the
subspace Wy, € & generated by (u1,us,...,ur). We have

k 2 +oo 2
i Yo% e o2
R(’U) = 2217]2] Yo e Wk and R(U) = % Yo e Wk}—l?

from which we deduce

A= max R(v)= min R(v).
veEWL\{0} veW \{0}
Let W be an arbitrary subspace in £;. As W has dimension k and Wj,_1 has dimension
k — 1, the intersection W N WL ;| is not reduced to {0}. Consequently,

max  R(v) > max R(v) > min R(v)> min  R(v) = Ap,
veW\{0} veWnwi \{0} veWnwi \{0} veW \{0}

which proves the first equality in (7.15). Likewise, if W is a subspace of ;_1, then
W+ N Wy is not reduced to {0}, and

min ~ R(v) < min (v) < max R(v) < max R(v) = g,
veWL\{0} veEW-LNW\{0} veEW-L-NWi\{0} veWL\{0}
which proves the second equality in (7.15). Let u now be a minimum in (7.16). For
v € V, we introduce the function f(t) = R(u + tv) of a real variable ¢ € R which has
a minimum at t = 0. Consequently, its derivative is zero at t = 0. By taking account
of the fact that f(0) = A1, a simple calculation shows that

(u,v) — A1{u,v) g

lullF

F/(0) =2°

Since v is arbitrary in V, the condition f’(0) = 0 is none other that the variational
formulation (7.12), that is, u is an eigenvector associated with the eigenvalue A;. O
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7.3.2 Eigenvalues of the Laplacian

We can immediately apply theorem 7.2.8 to the variational formulation of the Lapla-
cian with Dirichlet boundary conditions, which gives us the following result.

Theorem 7.3.5 Let Q be a reqular open bounded set, of class C*, of RN. There exists
an increasing sequence (Ay)k>1 of real positive numbers which tend to infinity, and
there exists a Hilbertian basis of L*(Q) (ug)k>1, such that each uy, belongs to HE(Q)
and satisfies

{ —Aup = A\gu, a.e. in (7.17)

up =0 a.e. on OS).

Proof. For the Laplacian with Dirichlet boundary conditions, we choose V' = H}(Q),
H = L*(2), and the symmetric bilinear form is defined by

a(u,v) = / Vu - Vudez,
Q
and the scalar product over L?(2) is

(u,v)Hz/uvda:.
Q

We easily verify the hypotheses of theorem 7.2.8. Thanks to the Rellich theorem
4.3.21, V is compactly included in H. As C°(Q) is dense both in H and in V, V is
dense in H. Finally, we have seen in Chapter 5 that the bilinear form « is continuous
and coercive over V. Consequently, there exists an increasing sequence (Ag)r>1 of
real positive numbers which tend to infinity, and there exists a Hilbertian basis of
L%(Q) (uk)k>1, such that uy € H}(Q) and

/Vuk»Vvdx:)\k/ukvdx Vo € Hi (Q).
Q Q

By a simple integration by parts (of the same type that we used in the proof of theorem
5.2.2) we obtain (7.17). Let us remark that we only use the regularity of Q to be able
to apply the trace theorem 4.3.13 and to give a meaning ‘almost everywhere’ to the
Dirichlet boundary condition. ]

Remark 7.3.6 The hypothesis that the open set €2 is bounded is absolutely funda-
mental in theorem 7.3.5. If it is not satisfied, the Rellich theorem 4.3.21 (about the
compact injection of H'(Q) into L?(2)) is in general false, and we can show that
theorem 7.3.5 no longer holds. In fact, it may be that there exists an (uncountably)
infinite number of ‘generalized’ eigenvalues in the sense that the eigenfunctions do
not belong to L2(€2). In the light of exercise 7.1.1 the reader can consider the case of
the Laplacian in 2 = RY. )
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Exercise 7.3.2 In N =1 dimension, we consider €2 =]0, 1[. Explicitly calculate all the
eigenvalues and eigenfunctions of the Laplacian with Dirichlet boundary conditions (7.17).
With the help of the spectral decomposition of this problem (see remark 7.2.9), show that
the series

—+oo
Z ay sin(kmx)
k=1

converges in L?(0,1) if and only if 3 7% a? < +oo, and in H'(0,1) if and only if
2 k%a} < +oo.

Exercise 7.3.3 We consider a parallelepiped 2 =]0, L1[x]0, La[X - - - x]0, Lx[, where
(L; > 0)1<i<n are positive constants. Explicitly calculate all the eigenvalues and the
eigenfunctions of the Laplacian with Dirichlet boundary conditions (7.17).

Theorem 7.3.5 easily generalizes to the case of other boundary conditions. We
leave the reader the task of proving the following corollary.

Corollary 7.3.7 Let 2 be a regular open bounded set of RN whose boundary 0
decomposes into two disjoint regular parts OQn and OQp (see Figure 4.1). There
exists an increasing sequence (Ag)g>1 of real positive or zero numbers which tend to
infinity, and there exists a Hilbertian basis of L*(Q) (uk)k>1, such that each uy, belongs
to HY(Q) and satisfies

—Auk = Akuk n Q

ur =0 on OQp
%:O on 0Qy.
on

Remark 7.3.8 In the case of a purely Neumann boundary condition, that is, 0Qp =
(), the bilinear form is no longer coercive over H'(2). To prove corollary 7.3.7 we must
then use exercise 7.3.1. °

Exercise 7.3.4 We consider again an open parallelepiped € as in exercise 7.3.3.
Explicitly calculate all the eigenvalues and eigenfunctions of the Laplacian with Neumann
boundary conditions on the entire boundary 9f2.

The characterization of the eigenvalues by the Courant—Fisher principle is often
very useful, as the following exercise shows.

Exercise 7.3.5 Use again the notation and hypotheses of theorem 7.3.5. Show that the
best (that is, the smallest) constant C' in the Poincaré inequality (see proposition 4.3.10)
is exactly the first eigenvalue \; of (7.17).

We can also show that the eigenfunctions of the Laplacian, with Dirichlet or
Neumann boundary conditions, are regular.
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Proposition 7.3.9 Let 2 be a regular open bounded set of class C*°. Then the
eigenfunctions which are solutions of (7.17) belong to C*°(Q).

Proof. Let uy be the kth eigenfunction in Hg(2) from (7.17). We can think of uy
being a solution of the following boundary value problem

—Auk = fk in Q
up =0 on 012,

with fi = Agug. As fp belongs to H'(Q), by application of the regularity theorem
5.2.26 we deduce that the solution u; belongs to H?(2). But in fact the right-hand
side fj is more regular which allows us again to increase the regularity of ug. By
an easy recurrence we thus show that uy belongs to H™ () for every m > 1. From
theorem 4.3.25 on the continuity of H™ () functions (see also remark 4.3.26), we
deduce that uy, therefore belongs to C*°(Q). m

We now prove a very important qualitative result with regard to the first
eigenvalue.

Theorem 7.3.10 (Krein—Rutman) We again take the notation and the hypoth-
eses of theorem 7.3.5. We assume that the open set ) is connected. Then the first
eigenvalue Ny is simple (that is, the corresponding eigensubspace has dimension 1)
and the first eigenvector can be chosen positive almost everywhere in €.

Remark 7.3.11 The Krein—Rutman theorem 7.3.10 is specific to the case of ‘scalar’
equations (that is, the unknown wu has values in R). This result is in general false
if the unknown wu is vector valued (see later the example of the elasticity system).
The reason for this difference between the scalar and vector case is that this theo-
rem relies on the maximum principle (see theorem 5.2.22) which is only valid in the
scalar case. °

Proof. Let u € H(£2) be a nonzero eigenvector associated with the first eigenvalue
A1. From lemma 5.2.24 we know that u™ = max(u,0) belongs to Hg(Q) and Vu™ =

lus>oVu (likewise for v~ = min(u,0)). Consequently, the function |u| = u* — u~
belongs to H} () and we have V|u| = sign(u)Vu. Due to the Courant—Fisher propo-
sition 7.3.4 we have
Vo|%d
A1 = min {R(v) = W} ,
veHL(Q)\{0} Jo v3dx

and every minimum point is an eigenvector. Now A\; = R(u) = R(Ju|), therefore |u]
is also an eigenvector associated with \;. As ™ and u~ are linear combinations of u
and |u|, they are eigenfunctions associated with A;.

In fact, we can show that u is not annihilated in € thanks to the ‘strong’ maximum
principle which says that, if w € C%(f) satisfies

—Aw>0 in and w=0 on JR,
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then either w =0 in Q, or w > 0 in . We apply this result to 4™ and u~ (which are
regular because of proposition 7.3.9) which cannot both be nonzero, therefore one of
the two is zero. Let us now suppose that the eigensubspace associated with A; has
dimension strictly greater than 1. We can then find two orthogonal eigenfunctions u,

and us, that is,
/ uius dr = 0,
Q

which is impossible since they have constant sign, and are nonzero. ]

Exercise 7.3.6 Let €2 be a regular connected open bounded set. Show that the first
eigenvalue of the Laplacian in © with Neumann boundary condition is zero and that it is
simple.

Remark 7.3.12 The results of this section generalize without difficulty to general
second order elliptic operators, that is, to the following eigenvalue problem

—div(AVu) = Au in Q
u=>0 on 0

where A(x) is a symmetric coercive matrix (see Section 5.2.3). .

7.3.3 Other models

The extension of the results of the preceding section to elliptic partial differential
equations which are more complicated than the Laplacian does not pose any new
conceptual problems. We briefly describe this generalization for two significant ex-
amples: the linearized elasticity system and the Stokes equations.

The equations (5.56) of linear elasticity describe the stationary regime of the
following dynamic equations (very similar to the wave equation)

Pu '
PaE div (2pe(u) + Atr(e(w)I) = f in @ x Rf (7.18)
w=0 on 99 x R},

where p > 0 is the volume density of the material and e(u) = (Vu + (w)t)/z We

recall that the Lamé coefficients of the material satisfy x> 0 and 2p + NA > 0. In
the absence of exterior forces f (and not taking account of possible initial conditions)
we can also look for solutions of (7.18) oscillating in time like those we have described
for the wave equation in Section 7.1.2. This leads to looking for the solutions (¢, u)
of the following eigenvalue problem

{ —div (2ue(u) + Atr(e(u))I) =lu  in Q

where ¢ = w? is the square of the frequency of vibration (we have changed the notation
of the eigenvalue to avoid confusion with the Lamé coefficient A). In mechanics, the
eigenfunction u is also called the eigenmode of vibration.
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Following the method applied above to the Laplacian we can prove the following

result (we leave the details to the reader as an exercise).

Proposition 7.3.13 Let Q be a reqular open bounded set of class C' of RN. There
exists an increasing sequence (€r)r>1 of real positive numbers which tend to infinity,

and there exists a Hilbertian basis of L2(Q)N (ug)r>1, such that each uy belongs to

SN and satisfies

mn
a.e. on OS2.
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Figure 7.1. The four first eigenmodes of a ‘tower’ in elasticity.

The regularity result on the eigenfunctions wuy of proposition 7.3.9 also extends
easily to the case of elasticity and to the problem (7.19). Conversely, theorem 7.3.10
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on the simplicity of the first eigenvalue and the positivity of the first eigenfunction
is in general false (as is the maximum principle). For example, we calculate by Q;
finite elements the four first eigenmodes of a ‘tower’” where the base is fixed (Dirichlet
boundary conditions) and the other boundaries are free (Neumann boundary con-
dition). The two first modes correspond to the same eigenvalue (they are indepen-
dent but symmetric by rotation through 90° around the z-axis) (see Figure 7.1 and
Table 7.1). The first eigenvalue is therefore ‘double’.

Eigenmode 1 2 3 4
Eigenvalue 102.54 102.54 1885.2 2961.2

Table 7.1. Eigenvalues corresponding to the eigenmodes of Figure 7.1

We now consider the Stokes equations (5.71) which are a stationary version of
a parabolic evolution problem (see later (8.2)). To solve this evolution problem it
will be interesting to use the eigenvalues and eigenfunctions (A, u,p) of the following
problem
Vp—pAu=Au in )
divu =0 in Q (7.20)
u=0 on 0,

where p > 0 is the viscosity, u the velocity, and p the pressure of the fluid. By following
the method applied above to the Laplacian, the reader can solve the following exercise.

Exercise 7.3.7 Let Q be a regular connected open bounded set of class C' of RY. Show
that there exists an increasing sequence (Ag)i>1 of real positive numbers which tend to
infinity, and a Hilbertian basis (uy)r>1 of the subspace of L%(Q)" of the functions with
zero divergence, such that each uj belongs to H}(Q)Y, and there exists a family of
pressures pj, € L2(£2) which satisfy

Vpr — pAup, = Apur,  a.e. in §)
divup =0 a.e. in Q)
u =0 a.e. on O0f).

The regularity result on the eigenfunctions of proposition 7.3.9 also extends easily
to the case of the Stokes equations (7.20). Conversely, theorem 7.3.10 on the simplicity
of the first eigenvalue and the positivity of the first eigenfunction is in general false
(as is the maximum principle).

Exercise 7.3.8 We consider the eigenvalue problem for the Schrodinger equation with
a quadratic potential a(z) = Az - x where A is a symmetric positive definite matrix (a
model of the harmonic oscillator)

~Au+au=>u inRY, (7.21)
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We define the spaces H = L?(RY) and
V = {ve H'(RY) such that |z|v(z) € L*(R")}.

Show that V' is a Hilbert space for the scalar product

(u,v)y = Vu(z) - Vo(z) dx —|—/ |z|?u(x)v(x) dr,

and that the injection from V into H is compact. Deduce that there exists an increas-
ing sequence (Ag)r>1 of real positive numbers which tend to infinity and a Hilbertian
basis of L2(R™) (uy)r>1 which are the eigenvalues and the eigenfunctions of (7.21).
Explicitly calculate its eigenvalues and eigenfunctions (we shall look for wy in the form
pr(z) exp(—Ax - £/2) where py is a polynomial of degree k — 1). Interpret the results
physically.
Exercise 7.3.9 Let  be a regular open bounded set of R"Y. We consider the vibration
problem for the plate equation with clamping boundary condition

A(Au) =Au inQ

0

2 u=0 on 0f).

on
Show that there exists an increasing sequence (\i)r>1 of positive eigenvalues which tend

to infinity and a Hilbertian basis in L?((2) of eigenfunctions (uy)r>1 which belong to
HZ(Q).

7.4 Numerical methods

7.4.1 Discretization by finite elements

We shall consider an internal approximation of the variational formulation introduced
in Section 7.3.1. Given a subspace V}, of the finite dimensional Hilbert space V', we
look for the solution (Ap,up) € R x Vj, of

a(u;“vh) = )\h<uh7vh>H Yo, € V. (722)

Typically, V}, is a finite element space like those introduced in definitions 6.3.5 and
6.3.25, and H is the space L?(2). The solution of the internal approximation (7.22)
is easy as the following lemma shows.

Lemma 7.4.1 We take the hypotheses of theorem 7.3.2. Then the eigenvalues of
(7.22) form a finite increasing sequence

O< A <--- < )\'ﬂdl with ng, = dith,

and there ezists a basis of Vi, which is orthonormal in H, (ugp)i1<k<n, of associated
etgenvectors, that is,

Uk, h S V}“ and a(uk,h,vh) = )\k<uk7h,vh>H V'Uh S Vh.
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Proof. This can be considered as an obvious variant of theorem 7.3.2 (up to the
difference that in finite dimensions there exist a finite number of eigenvalues). Never-
theless, we give a different proof, which is purely algebraic, which corresponds more
closely to the steps followed in practice. Let (¢;)1<i<n,, be a basis of V}, (for example,
the finite element basis functions, see proposition 6.3.7). We look for uy, a solution of
(7.22) in the form

ndi

up(z) =Y Ul'¢i(x).
i=1

Introducing the mass matrix M;, defined by

(Mn)ij = (bi,bj)n 1<, j < na,
and the stiffness matrix /C;, defined by

(Kn)ij = alds,0;) 1<, j <na,
the problem (7.22) is equivalent to finding (Ap, Up) € R x R™ the solution of

KnUp = ApMpU},. (7.23)

The names ‘mass and stiffness matrices’ come from applications in solid mechanics.
Let us remark that, in the case where V}, is a finite element space, the stiffness matrix
KCp, is exactly the same matrix that we met in chapter 6 in the application of the
finite element method to elliptic problems. We verify immediately that the matrices
M, and K}, are symmetric and positive definite. The system (7.23) is a ‘generalised’
matrix eigenvalue problem. The simultaneous reduction theorem (see, for example,
[24]) confirms that there exists an invertible matrix P}, such that

Mh = PhP;:, and ICh = Ph dlag()\k)P;:

Consequently, the solutions of (7.23) are the eigenvalues (Ar) and the eigenvectors
(Uk,n)1<k<ng which are the column vectors of (P;)~!. These column vectors, there-
fore, form a basis, which is orthogonal for K; and orthonormal for M; (we shall
briefly indicate in remark 7.4.3 how to calculate this basis). Finally, the vectors Uy p
are simply the vectors of the coordinates in the basis (¢;)1<i<n,, of the functions uy p
which form an orthonormal basis of V}, for the scalar product of H. a

Remark 7.4.2 In lemma 7.4.1 we have used the hypotheses of theorem 7.3.2: in
particular, the bilinear form a(u,v) is assumed symmetric. We see the importance
of this hypothesis in the proof. In effect, if it is not symmetric, we would not know if
the system (7.23) is diagonalizable, that is, if there exist solutions of the eigenvalue
problem (7.22). .

The application of lemma 7.4.1 to the variational approximation by finite elements
of the Dirichlet problem (7.17) is straightforward. We take V = Hg(Q2), H = L*(Q),
and the discrete space Vo, of definition 6.3.5 (recall that Vo, contains the Dirichlet
boundary conditions).
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Exercise 7.4.1 We consider the eigenvalue problem in N = 1 dimension

{—uZ:/\kuk for0 <z <1
uk(O) = uk(l) = O

We propose to calculate the mass matrix for the IP; finite element method. Using the
notation of Section 6.2. Show that the mass matrix My, is given by

2/3 1/6 0
1/6 2/3 1/6
Mh:h ' . )
1/6 2/3 1/6
0 1/6 2/3

and that its eigenvalues are

Me(Mp) = = (24 cos(kmh))  for 1 <k <n.

wl =

Show that, if we use the quadrature formula (6.45), then we find that M;, = k1. In this
last case, calculate the eigenvalues of the discrete spectral problem.

Remark 7.4.3 To calculate the eigenvalues and eigenvectors of the spectral matrix
problem (7.23) we must, in general, start by calculating the Cholesky factorization of
the mass matrix My, = L, L}, to reduce it to the classical case

Iﬁhf]h = )\hﬁh with K;h = ﬁ;llch(£2)_1 and 0}, = L3 Uy,

for which we have algorithms to calculate the eigenvalues and eigenvectors. We refer
to Section 13.2 for more details about these algorithms: let us only say that this is
the most expensive step in calculation time.

We can avoid the construction of the matrix K, and make the Cholesky factoriza-
tion of M}, less expensive if we use a quadrature formula to evaluate the coefficients
of the matrix M, which makes it diagonal. This numerical integration procedure is
called mass lumping, or condensation, and is frequently used. For example, if we
use the quadrature formula (6.45) (which only uses the values of a function at the
nodes to calculate an integral), we easily see that the mass matrix Mj, obtained is
diagonal (see exercise 7.4.1). .

We see in the following section that only the first discrete eigenvalues ),
(the smallest) are correct approximations to the exact eigenvalues Ay (likewise for the
eigenvectors). We must therefore pay attention to the fact that the last eigenvalues
(the largest) of the discrete problem (7.23) do not have any physical significance! Con-
sequently, if we are interested in the thousandth eigenvalue of the Dirichlet problem
(7.17), we must use a sufficiently fine mesh of the domain © so that the dimension of
the finite element space V}, is much greater than a thousand.
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We illustrate this section by the calculation of the six first eigenmodes of vibration
of a drum (modelled as a circular membrane fixed at its boundary). We therefore solve
the Dirichlet problem (7.17) in a disc of radius 1. We use a PP finite element method.
The results are presented in Figure 7.2 and Table 7.2. We remark that the first
eigenvalue is simple while the second and the third are ‘doubles’.

Eigenmode 1 2 3 4 ) 6
Eigenvalue 5.78 14.69 14.69 26.42 26.42 30.53

Table 7.2. Eigenvalues corresponding to the eigenmodes of Figure 7.2.

7.4.2 Convergence and error estimates

In this section, we restrict ourselves to stating a convergence result for the Py tri-
angular finite element method for the calculation of eigenvalues and eigenvectors of
the Dirichlet problem (7.17). It is clear that this result generalizes easily to other
problems and to other types of finite elements.

Theorem 7.4.4 Let (Tx),- be a sequence of regular triangular meshes of Q. Let Vop,
be the subspace of H}(Q), defined by the Py finite element method, with dimension ng;.
Let (A, u;) € Rx HE(Q), fori > 1, be the eigenvalues and eigenvectors (orthonormal
in L2(Q)) of the Dirichlet problem (6.36), arranged in increasing order

O< A <A< S S A1

Let
0< )\l,h S AQ,h S e S Andl,hv

be the eigenvalues of the variational approximation (7.22) in V. For every fized
1 > 1, we have

There exists a family of eigenvectors (w; p)1<i<ny Of (7.22) in Von such that, if A; is
a simple eigenvalue, we have

}lllil%) Hu1 — 'LL/L"}LHHI(Q) =0. (725)

Further, if the subspace generated by (uy, . .., u;) is included in H*1(Q) and if k+1 >
N/2, then we have the error estimate

IXi — Ain| < Cih%F, (7.26)
where C; does not depend on h, and if \; is a simple eigenvalue, we have

i = winll o) < Cik. (7.27)
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Figure 7.2. The six first eigenmodes of a drum.
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Remark 7.4.5 The constant C; in (7.26) or (7.27) tends to +o00 as i — +o00, which
means that there is no guarantee that the larger discrete eigenvalues (for example,
Ang k) approximate the exact eigenvalues A;.

The order of convergence of the eigenvalues is twice that of the convergence of
the eigenvectors. This is a general phenomenon in the approximation of self-adjoint
spectral operators which we shall see again in the numerical algorithms of Section 13.2
(see proposition 13.2.1).

The convergence of the eigenvectors can only be obtained if the corresponding
eigenvalue is simple. In effect, if the eigenvalue J); is multiple, the sequence of approxi-
mate eigenvectors u; j cannot converge and have several accumulation points which
are different linear combinations of the eigenvectors of the eigensubspace associated
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8 Evolution problems

8.1 Motivation and examples

8.1.1 Introduction

This chapter is dedicated to the mathematical and numerical analysis of problems
of evolution in time (in the preceding chapters we have studied stationary problems
without a time variable). More precisely we shall analyse two different types of partial
differential equations: parabolic, and hyperbolic. The typical example of a parabolic
equation is the heat flow equation which we will study in detail (but our analysis
extends to more complicated models like the time-dependent Stokes equations). The
prototype of a hyperbolic equation is the wave equation on which we shall concen-
trate (but once more our analysis extends to more complicated models like the elas-
todynamic equations or the electromagnetic equations). More generally, the approach
developed here extends to many other evolution problems, not necessarily parabolic
or hyperbolic, like, for example, the Schrédinger equation in quantum mechanics.

The plan of this chapter is the following. The remainder of this section is dedicated
to some questions linked to modelling. In Sections 8.2 and 8.3 we prove the existence
and uniqueness of the solution of the heat flow equation or of the wave equation by
again using the concept of variational formulation. As we have seen in Section 7.1.2,
we use the Hilbertian bases of eigenfunctions constructed in Chapter 7. We shall
also use the idea of energy estimates which express a physical balance of energy
and partly justifies the spaces used by the theory. In Sections 8.4 and 8.5 we shall
study some qualitative properties of the solutions. Let us point out immediately
that, while the existence and uniqueness results are very similar for the heat flow
equation and the wave equation, their qualitative properties are, conversely,
very different. We also see that, while some of these qualitative properties agree
with physical intuition (like the maximum principle for heat flow, and conservation
of energy for the waves), others are more surprising, and for this reason particularly
interesting (like the ‘infinite’ speed of propagation of heat, and the reversibility in
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time of the waves). All these results will be proved for an equation posed in a bounded
domain. Nevertheless, we shall say a few words about the situation when the equation
is posed in the whole space R¥: in this case, we can obtain an explicit formula for
the solution by using a Green’s function.

Sections 8.6 and 8.7 are dedicated to the numerical solution of the heat flow and
wave equations. We have already explored the finite difference method for these prob-
lems (see Chapters 1 and 2). We shall concentrate on the use of the finite element
method in this context. More precisely, as is mostly done, we use finite elements for
the spatial discretization, but finite differences for the temporal discretization.

8.1.2 Modelling and examples of parabolic equations

Let us quickly present the principal parabolic problems that we shall study in this
chapter, by saying some words about their physical or mechanical origin. The
archetype of these models is the heat flow equation whose physical origin has
already been discussed in Chapter 1. Let Q be an open bounded set of RY with
boundary 0f2. For Dirichlet boundary conditions this model is written

% _ Au=f mOxRF
ot
u=0 on 9Q x Rf (8.1)

u(x,0) = ug(x) for z € Q.

The boundary value problem (8.1) models the evolution of the temperature u(z,t)
in a thermally conducting body occupying the domain 2. The distribution of the
initial temperature, at ¢ = 0, is given by the function ug. On the boundary 052 of the
body, the temperature is maintained at a constant value, and used as the reference
value (this is the homogeneous Dirichlet condition u(x,t) = 0 on 9Q x R, ). The heat
sources are modelled by the given function f = f(z,t). Let us note that the variables
z € Q and t € Ry play very different roles in (8.1) since it is a partial differential
equation of first order in ¢ and second order in z (the Laplacian only acts on the
spatial variable).

Let us mention that there exist other physical origins of system (8.1). For example,
(8.1) also models the diffusion of a concentration u in the domain 2, or the evolution
of the pressure field u of a fluid flowing in a porous medium (Darcy flow), or even
Brownian motion in the domain 2.

We can, of course, associate others boundary conditions with the heat flow equa-
tion (for example, a homogeneous Neumann condition if the wall of the body € is
adiabatic).

A first obvious generalization of the heat flow equation is obtained when we replace
the Laplacian by a more general second order elliptic operator (see Section 5.2.3).
This generalization is met, for example, if we study the propagation of heat in a
nonhomogeneous material or in the presence of a convective effect. A second (less
obvious) generalization concerns the system of time-dependent Stokes equations that
we have quickly stated in the preceding chapter. Denoting by u the velocity and p
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the pressure of a viscous fluid subject to the force f, this system is written

0

ai;Jrvp—uAu:f in Q x RY

divu =0 in Q x Rf (8.2)
u=0 on 9Q x RF

u(z,t =0) = ug(x) in Q

where p > 0 is the viscosity of the fluid. Let us recall that the homogeneous
Dirichlet boundary condition models the adherence of the fluid to the boundary of
Q (see Chapter 1), and that the Stokes system is only valid for slow velocities (see
remark 5.3.7). Most of the results that we see in this chapter generalize to such models.

8.1.3 Modelling and examples of hyperbolic equations

Let us quickly present the two principal hyperbolic models that we shall study in this
chapter. The first model is the wave equation whose physical origin has already
been discussed in Chapter 1. Let € be an open bounded set of RY with boundary
09). For Dirichlet boundary conditions this model is written

0?u .

2 Au=f in Q x R}

u=0 on 9Q x Rf

u(t =0) = up(x) in (83)
Ou .

a(t:()) =wuy(z) in

The boundary value problem (8.3) models, for example, the propagation in time of
the vertical displacement of an elastic membrane, or the amplitude of an electric field
with constant direction. The unknown u(t, ) is a scalar function here.

The second model is the elastodynamic model which is the time dependent
version of the linearized elasticity equations (see Chapters 1 and 5). By applying the
fundamental principle of dynamics, the acceleration being the second time derivative
of the displacement, we obtain an evolution problem which is second order in time
(8.3). Nevertheless, an important difference from (8.3) is that the unknown u(t, ) is
from now on a vector valued function in RY. More precisely, if we denote by f(t,z)
the (vector) resultant of the exterior forces, the displacement u(t, x) is the solution of

“u —div (2ue(u) + Mtr(e(u))I) = f  in Q x RF

P o

u=0 on 00 x R} -
u(t = 0) = uo(z) in © (8.4)
) .

a—?(t =0) = uy(2) in Q,

where ug is the initial displacement, u; the initial velocity, and e(u) = (Vu+(Vu)*)/2
the deformation tensor. Assuming that the material which occupies §2 is homogeneous
and isotropic, its density is constant p > 0, as are its Lamé coefficients which satisfy
pu>0and 2+ NX > 0.
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Remark 8.1.1 We can add a term which is first order in time to the equations (8.3)
and (8.4), which gives

0%u Ju

— — —Au= in Q x R,

oz ot ! *

When the coefficient 7 is positive, this first order term corresponds to a braking force
proportional to the velocity. We also say that it is a damping term. We then talk of
the damped wave equation. °

Remark 8.1.2 There are other physical models which lead to hyperbolic partial
differential equations. However, every hyperbolic model is not necessarily a second
order evolution problem. This is notably the case for the linearized Euler equations in
acoustics, or Maxwell’s equations in electromagnetism, which are systems of hyper-
bolic equations which are only first order in time. The ideas contained in this chapter
extend to these problems, but the different order in time changes the presentation.

[ ]

8.2 Existence and uniqueness in the parabolic case

We shall follow a path similar in spirit to that which guided us in Chapter 5 to establish
the existence and uniqueness of the solution of an elliptic problem. This path breaks
into three steps: first, to establish a variational formulation (Section 8.2.1), second,
to prove the existence and uniqueness of the solution of this variational formulation
by using a Hilbertian basis of eigenfunctions (Section 8.2.2), third, to show that this
solution satisfies the boundary value problem studied (Section 8.2.3).

8.2.1 Variational formulation

The idea is to write a variational formulation which resembles a first order ordinary
differential equation, similar to (7.3). For this we multiply the heat flow equation
(8.1) by a test function v(x) which does not depend on time ¢. Because of the boundary
condition we shall demand that v is zero on the boundary of the open set §2, which
will allow us to carry out a simple integration by parts (without boundary term). For
the moment, this calculation is formal. We therefore obtain

ou
/Qa(x,t)v(x)der/QVu(z,t)~Vv(x)d:r:/gf(x,t)v(x)dx. (8.5)

Since neither €2 nor v(x) vary with time ¢, we can rewrite this equation in the form

d
7 /Q u(z, t)v(x) de + /Q Vu(z,t) - Vo(z)dr = /Qf(x,t)v(x) dz.
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Exploiting the fact that the variables x and ¢ play very different roles, we separate
these variables by considering from now on the solution u(¢,z) as a function of time
t with values in a space of functions defined over Q (likewise for f(¢,x)). More
precisely, if we are given a final time T > 0 (possibly equal to +00), it is considered
that u is defined by

uw:]0,T[ — H)
t = ),

and we continue to use the notation u(z,t) for the value u(t) (z). The choice of the
space Hg(f2) is obviously dictated by the nature of the problem and can vary from
one model to another. Generally it is the space which is suitable for the variational
formulation of the associated stationary problem. Likewise, the source term f is from
now on considered as a function of ¢ with values in L?(2).

We then introduce the scalar product of L?(Q) and the bilinear form a(w,v)
defined by

(w,v) 20 :/Qw(z)v(:c)d:v and a(w,v):/QVw(x)~Vv(:c)d:z:.

By choosing the test function in the space Hg(£2), we can then put (8.5) into the form
of an ordinary differential equation in ¢. We thus obtain the following variational
formulation: find u(t), a function of |0, T'[, with values in H{(£2) such that

%<U(t),'[}>L2(Q) +a(ut),v) = (f(t),v)r2@ VYoveH)(Q), 0<t<T,

u(t =0) = up.

(8.6)

There are several points to be made clear in the variational formulation (8.6) in order
to give it a precise mathematical meaning: what is the regularity in time of f and w,
and what meaning do we give to the derivative in time? In particular, it is absolutely
necessary that w(t) is continuous at ¢ = 0 to give a correct meaning to the initial
data ug.

For this we need to introduce a family of functional spaces of functions of ¢ with
values in the spaces of functions of x.

Definition 8.2.1 Let X be a Hilbert space, or more generally, a Banach space defined
over Q (typically, X = L?(), H}(Q), or C(Q)). Take a final time 0 < T < +o00.
For an integer k > 0, we denote by C*([0,T]; X) the space of functions k times
continuously differentiable in [0,T] belonging to X. If we denote the norm in X by
|vllx, it is classical (see [28]) that C*([0,T); X) is a Banach space for the norm

s o = 3 ( sup (t)HX>.

= \0<t<T




236 EVOLUTION PROBLEMS

We denote by L*(]0,T[; X) the space of functions of |0, T[ in X such that the function
t — ||v(t)]|lx is measurable and square integrable, that is, to say that

T
ol 2oz = / ()| dt < +oo.

Equipped with this norm L?(]0,T[; X) is also a Banach space. Further, if X is a
Hilbert space, then L2(]0,T[; X) is a Hilbert space for the scalar product

T
(u,v) 20,7 X) :/0 (u(t),v(t)) xdt.

Remark 8.2.2 If X is the space L?(Q), then L2(]0,T[; L?(2)) identifies with the
space L2(]0, T[x(Q) since, by the Fubini theorem, we have

T
)72 (10, T[L2()) / </ lu(t) )dt:/o /Q\v(x,t)|2da:dt=||UH%2(]0’T[XQ).

For 1 < p < 400, we can generalize definition 8.2.1 by introducing the Banach
space LP(]0,T[; X) of functions of ]0,7[ in X such that the function ¢t — |jv(t)|x is
measurable and has integrable pth power. °

In what follows, we shall take the source term f in the space L*(]0,T[; L(£2)),
and we shall look for the solution u in the energy space L2(]0,T[; H}(Q)) N
C([0,T); L?>(2)). This choice may appear arbitrary, but it will be justified, not
only by the proof of the existence of a solution for the variational formulation (8.6),
but also by its link with the energy estimates (see exercise 8.2.1). Let us note
already that, as the functions of this space are continuous in time with values in
L?(), the initial condition has a meaning.

Finally, the time derivative in the variational formulation (8.6) must be taken in a
weak sense since a priori the function ¢ — (u(t),v)12(q) does not belong to L?(0,T)
(see lemma 4.4.12 for a precise definition of this idea of derivative). Very fortunately
if there exists a solution of (8.6), then the equality in (8.6) tells us that this time
derivative is all the more classical since it belongs to L2(]0, T’[).

8.2.2 A general result

To prove the existence and uniqueness of the solution of the variational formulation
(8.6), we return to the general framework introduced in Section 7.3. We shall therefore
be able to ‘diagonalize’ the Laplacian operator and to reduce the problem to the
solution of a family of simple first order ordinary differential equations. We therefore
introduce two Hilbert spaces V and H such that V' C H with dense and compact
injection (see (7.11) and the explanation which follows). Typically we will have V =
H}(Q) and H = L2(Q).
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Theorem 8.2.3 Let V and H be two Hilbert spaces such that V- C H with compact
injection and V is dense in H. Let a(u,v) be a symmetric bilinear form which is
continuous and coercive in V. Take a final time T > 0, initial data ug € H, and a
source term f € L2(J0,T[; H). Then the problem

d
a(u(t),v),q +a(u(t),v) ={(f(t),v)g YveV, 0<t<T, ©7)
u(t = 0) = uy,

(where the equation of (8.7) holds in the weak sense in ]0,T[) has a unique solution
u € L?(J0,T[;V)NC([0,T); H). Further, there exists a constant C > 0 (which only
depends on ) such that

lull Lz2qo,7ivy + llulleqormy < C (luolle + 11| L2qo,rim)) - (8.8)

Remark 8.2.4 The energy estimate (8.8) proves that the solution of (8.7) depends
continuously on the data, and therefore the parabolic problem (8.7) is well-posed in
the sense of Hadamard. .

Remark 8.2.5 In theorem 8.2.3 we can weaken the coercivity hypothesis on the
symmetric bilinear form a(u,v) (as we have already proposed in exercise 7.3.1). We
obtain the same conclusions by assuming only that there exist two positive constants
v > 0 and n > 0 such that

a(v,v) +nlvl|l3 > v|v|i  forallve V.

In effect, if we make a change of the unknown function u(t) = e"w(t), we see that
(8.7) is equivalent to

%(w(t),v)H +a(w(t),v) +n{w(t),v)g = (f{t),v)g YveV, 0<t<T,

’LU(t = 0) = Ug,

where the bilinear form a(w, v) +n{w, v) g is coercive over V. This weaker hypothesis
is useful, for example, in the solution of exercise 8.2.4. °

Proof. The proof is divided into two steps. In the first step, by assuming the
existence of a solution u, we obtain an explicit formula for u in the form of a series
obtained by spectral decomposition of the spaces H and V. In particular, this formula
proves the uniqueness of the solution. In the second step, we prove that this series
converges in the spaces L2(]0,T[; V) and C([0,T); H), and that the sum is a solution
of (8.7).

Step 1. Let us assume that u € L2(]0,T[;V) N C([0,T); H) is a solution of (8.7).
The hypotheses allow us to apply theorem 7.3.2 to the solution of the problem to
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the eigenvalues associated with the symmetric bilinear form a(u,v). Consequently,
there exists a Hilbertian basis (ux)r>1 of H composed of eigenvectors of (7.12)

up €V oand  a(ug,v) = Mg {ug, v) g VoveV.
We define
ag(t) = (u(t), uk) m, o = (uo, ) m, Br(t) = (f(t), ur)m-

Since u € L2(]0,T[; V)N C([0,T); H) and f € L*(]0,T[; H), we deduce that ay(t) €
C([0,7)) and Bi(t) € L*(]0,T[). As (ug)r>1 is a Hilbertian basis of H, we have

“+o0
t)=> ar(tyu,
k=1

and choosing v = uy, in (8.7) we obtain

day,
Sk zvak =B in]0,T
7 KOk = B 10, T (8.9)
ag(t=0) = al.
We immediately verify that the unique solution of (8.9) is
t
ag(t) = afe At +/ Br(s)e ™ (==)ds  for t >0,
0
which gives an explicit formula for the solution u (which is therefore unique).
Step 2. We shall prove that the series
+00 t
Z (oz?e)‘jt +/ 6j(3)e)‘f(ts)ds) U (8.10)
j=1 0

converges in L2(]0,T[; V) N C([0,T]; H) and that its sum, denoted u(t) is a solution
of (8.7). Let us consider the partial sum of order k of this series

k t
F(t) = Z <oz?e>‘jt + [ B (s)e)‘j(ts)ds) uj. (8.11)
= 0

Clearly w* belongs to C([0,T]; H) since each a;(t) is continuous. Let us show that
the sequence w* is Cauchy in C([0,T]; H). For | > k, by using the orthonormality of
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the eigenfunctions u;, we have

l
wh(t) —w* @) ||y < aQe_AJ'tu ﬁ e Ni(t=s) ds u;
J j
j=k+1 j= k+1
) 1/2
< Z |Oé?|2€72)\7t </ ﬂj 7)\ (t—s) )
j=k+1 j=k+1
) 1/2 1/2
<[ Sr] (X o [ e
j=k+1 Jj= k+1
) 1/2 1/2
e I Z/ Bi()ds |
j=k+1 j=k+1

since the sequence of the eigenvalues ()\;) is increasing and strictly positive. Asuy € H
and f € L?(]0,T[; H) we have

+oo +oo T
luold =3 109 < 400, 1 1egoimn =3 / 18;(s)2ds < +oo,
j=1 j=1

which implies that the sequence w”(t) is Cauchy in H. More precisely, we deduce
that the sequence w* satisfies

lim ( sup |jw' —wk||H> =0,
k,l—+oc0 \o<t<T

that is to say that it is Cauchy in C'([0,7; H).

Let us show that the sequence w* is also Cauchy in L2(]0,T[; V). We equip V
with the scalar product a(u,v) (equivalent to the usual scalar product because of the
coercivity of a). For [ > k we have

l
[ () = w* (O} = alw!(t) = w* (), w'(t) = () = D Nlay(t)

j=h+1

l l t 2
<2 ) AjlafPeNi 42 YN (/0 /Bj(s)e)‘j(ts)ds)

j=k+1 j=k+1

Now, by application of the Cauchy—Schwarz inequality we have

t 2 t t
(/ Bj(s)e’\f(ts)ds> < |5]—(s)|2e}‘j(ts)d$> (/ e’\j(ts)ds>
0 0 0
L[5 (o) 2e-2t= >
. (/0 1,(s) e ds ) .

IN

IA
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Additionally, by the Fubini theorem

T T T
/ ( /t|ﬁj(s>|2w<”>ds>dt / 18;(s)|? ( / w<ts>dt> ds
0 0 s

<% [ e

Consequently, we deduce that

T
/0uwl(w—w’“(tm%dt< St Z /m] )[2ds,

j=k+1 Jj= k+1

which implies that the sequence w* satisfies

T

; Ly o ROV (12, 08 —
odm [t @) = wt @) e =0,

that is to say it is Cauchy in L*(]0,T[; V).
As the two spaces C([0, T|; H) and L2(]0, T[; V) are complete, the Cauchy sequence

w® converges and we can define its limit u

khﬁ? w” = in C([0,T); H) N L*(]0, T[; V).

In particular, as w* (0) converges to ug in H, we deduce the desired initial condition,
u(0) = wp (which is an equality between functions of H). On the other hand, it is
clear that u(t), as the sum of the series (8.10) satisfies the variational formulation
(8.7) for every test function v = uy. Since (ug/v/Ax) is a Hilbertian basis of V, u(t)
therefore satisfies the variational formulation (8.7) for all v € V| that is to say that
u(t) is the solution of (8.7).

To obtain the energy estimate (8.8), it is enough to remark that we have proved
the bounds

1
lw' (£) = w* @)l < Iluollz + \/2—||f||L2 0,73 H)

and
T 22
/o ' (8) = w* Ol dt < lwollzr + 111122 0.7

By taking £ = 0 and making [ tend to infinity, we immediately obtain the desired
estimate. O

Remark 8.2.6 (delicate) For the reader enthused by mathematical rigour, we return to
the meaning of the time derivative in the variational formulation (8.7). In light of the spaces
in which we look for the solution u(t), the function ¢t — (u(t),v)n is not differentiable in the
classical sense: it only belongs to L*(0,T) and to C[0,T]. We can, nevertheless, define its
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derivative in the weak sense of lemma 4.4.12 (or in the sense of distributions). More precisely,
4 (u(t),v)n is defined as an element of H~'(0,7) (that is, to say a continuous linear form
over Hy(0,T)) by the formula

d T d

(& tuie) vy 000 —— [ woouf0a voe o).
dt H-1,H}(0,T) o dt

Consequently, to say that the equation (8.7) holds in the weak sense in ]0, T is equivalent

to saying that

- [ gt [t e = [ g0.omom

for all v € V and all ¢ € C£°(]0, T[) since C2°(]0,T[) is dense in Hg(0,T). To conclude, let

us reassure the reader: if u is a solution of (8.7), then, by (8.7), the derivative < (u(t),v)n

belongs to L?(0,T) and we can therefore say that (8.7) holds almost everywhere in 0, T[. o

8.2.3 Applications

We now apply the abstract result of theorem 8.2.3 to the heat flow equation, and we
prove that this variational approach allows us to solve the original partial differential
equation.

Theorem 8.2.7 Let () be a reqular open bounded set of RN . Take a final time T > 0,
initial data ug € L?(2), and a source term f € L*(J0,T[; L*(Q?)). Then the heat flow

equation

@_Au:f a.e. in Qx]0,T][
315— (8.12)
w=0 a.e. on ONx]0,T

u(z,0) =up(xz) a.e in Q.

has a unique solution u € L*(]0,T[; H} ()N C([0,T); L3(Y)). Further, there exists a
constant C' > 0 (which only depends on ) such that, for all t € [0,T),

/Qu(m7t)2dac+/0t/ﬂ|Vu(x7s)|2dxds <C (/Q uo(x)zdm—i—/ot/ﬂf(x,s)2dxds> .

(8.13)

Proof. We apply theorem 8.2.3 to the variational formulation (8.6) of the heat
flow equation (8.12): its hypotheses are easily verified with H = L?(Q) and V =
H}(2) (in particular, as Q is bounded the Rellich theorem 4.3.21 confirms that the
injection from H into V is compact). It remains to show that the unique solution
u € L2(]0,T[; HY(Q))NC([0,T]; L*()) of this variational formulation is also a solution
of (8.12). First, the Dirichlet boundary condition is recovered by application of the
trace theorem 4.3.13 to u(t) € HE(Q) for almost all ¢ €]0, T[, and the initial condition
is justified by the continuity of u(t) at ¢ = 0 (as a function with values in L?(Q)).
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If the solution u is sufficiently regular (for example, if %t‘ and Awu belong to

L?(]0, T[x ), which is true from proposition 8.4.6), by integration by parts, the vari-
ational formulation (8.6) is equivalent to

/ <?;:—Au—f>vdx:0, (8.14)

for every function v(z) € H}(Q) and almost all time ¢ €]0,T[. Consequently, we
deduce from (8.14) that

ou .

— —Au—f=0 ae in]0,T[xQ.

ot
If the solution u is not more regular than u € L*(]0,T[; H} (2)) N C([0,T); L*(2)), we still
obtain this equality but the justification is slightly more delicate. In accordance with re-
mark 8.2.6 the precise meaning of (8.6) is

T T
/ / uv— dx dt + / / Vu - Voo drdt = / / fvpdxdt (8.15)
0o Ja 0o Ja

for every function v(z) € C(Q) and ¢(t) € CL(]0,T[). A classical result from analysis
tells us that the set of linear combinations of products of such functions v(z)$(t) is dense in
C2(]0, T[xQ). Denote by o = (u, —Vu) the vector valued function in RV ! whose divergence
in ‘space-time’ is $* — Au. The identity (8.15) tells us that this divergence has a weak mean-
ing (see deﬁmtlon 4 2.6) and is equal to the function f which belongs to L*(]0,T[; L*(£2)),
from where we have the equality almost everywhere in |0, T[x€. We must, however, note
well that we have shown that the difference 2 — Awu belongs to L?(]0,T[; L?(f2)), but not

ot
each term individually. ]

Remark 8.2.8 The energy estimate (8.13) shows that the norm of the solution
in the energy space is controlled by the norm of the data. It should be noted that
this norm does not always correspond to the ‘true’ physical energy (in the case of
heat flow the thermal energy is proportional to fQ u(t,x) dx). The inequality (8.13)
has been obtained as a consequence of (8.8), which hides its origin and its physical
interpretation. The following exercises allow us to obtain equation (8.13) directly
starting from the heat flow equation (8.12) by using an energy equality which
does nothing but express a physical balance. In particular, these estimates or energy
equalities justify the choice of the space L?(]0,T[; H}(Q)) N C([0,T]; L*(£2)) in which
to look for the solutions since this is precisely the energy space, that is, to say the
space of minimum regularity in which the energy equalities have a meaning. )

Exercise 8.2.1 We assume that the hypotheses of theorem 8.2.7 are verified.

1. By assuming that the solution u of (8.12) is regular enough in |0, T[x {2, show that,
for all t € [0,T], we have the following energy equality
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t
1/1L(yc,1f)2dx+/ /|Vu(x,s)|2dmds
2 Ja 0 Jo

_ ;/Quo(a:)Qd:L‘—&-/Ot/ﬂf(;v,s)u(x,s) da ds. (8.16)

2. Prove the following property, called ‘Gronwall's lemma’: if z is a continuous function
of [0,77 in R such that

2(t) < a—i—b/tz(s)ds vVt e [0,T],
0

where a, b are two nonnegative constants, then

2(t) < ae®® Vit eo,T].

3. By applying Gronwall's lemma with z(t) = 3 [, u(z,t)*dz, deduce from (8.16)
that, for all ¢t € [0, 7],

t
1/u(x,t)zdz:+/ / \Vu(z, s)|*dx ds
2 Ja 0 Ja

< %t (/Quo(:z:)zdz+/0T/Qf(x,s)2dxds>. (8.17)

Exercise 8.2.2 In the light of (8.13), where the constant C' is independent of T', we
see that the term e’ is certainly not optimal in the bound (8.17). This estimate can be
improved by reasoning in the following way, with a variant of Gronwall's lemma.

1. Let a € RT and g € L?(]0, ) be such that g > 0. Show that, if z(t) is continuous
from[0, 7] into R and satisfies

2(t) < a+2/0 g(s)\/z(s)ds Yt el0,T],

then z(t) < (\/54- Atg(s)ds> Vte[0,T].

2. Deduce from (8.16) that, for all ¢ € [0,T],

t
/u(x,t)2dx+2/ /|Vu(x,s)|2dxds
Q 0o Jo

. (( [weras)”™ s ([ f(x,sydx)”f. 19
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The energy equality (8.16) is not the only one possible for the heat flow equation
as the following exercise shows.

Exercise 8.2.3 We assume that the hypotheses of theorem 8.2.7 are verified, that uy €
H}(Q), and that the solution u of (8.12) is sufficiently regular in ]0, 7[x€2. Show that,
for all t € [0, 7], we have the following energy equality

t
1/ |Vu(x7t)|2dx+/ /
2 Ja 0 Jo

- %/Q|Vuo(:c)|2d$+/o /Qf(m,s)gq;(x,s) dz ds. (8.19)

ou

2
s (z,s)| dxds

Of course, the existence theorem 8.2.7 generalizes easily to the case of other bound-
ary conditions or of a general elliptic operator as the following exercises show.

Exercise 8.2.4 Let Q be a regular open bounded set of R". Take a final time 7' > 0,
initial data up € L?(Q), and a source term f € L2(]0,T[; L?(Q2)). With the help of
remark 8.2.5 show that the heat flow equation with Neumann boundary condition

%fAu:f in 2x]0,T
Ou =0 on 90 x]0, T (8.20)
on

u(z,0) = up(x) in

has a unique solution u € L2(]0,T[; H*(Q)) N C([0,T]; L*(12)).

Exercise 8.2.5 Let (2 be a regular open bounded set of RV, Let A(z) be a function of
Q in the set of the real symmetric matrices such that there exist two constants 3 > a > 0
satisfying

BIEP > A@)E-€ > af¢f) VEERY, ae zeQ

Take a final time T > 0, initial data up € L?(f2), and a source term f € L?(]0, T[; L()).
Show that the boundary value problem

% —div(A(x)Vu) = f in Qx]0,T]|
u=0 on 90x]0, T
u(x,0) = up(z) in Q,

has a unique solution v € L2(]0,T[; H*(Q2)) N C([0,T]; L*(Q)).

We can extend theorem 8.2.7 to the time-dependent Stokes equations.
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Theorem 8.2.9 Let Q) be a regular open bounded connected set of RY. Take a final
time T > 0, initial data ug € L*(Q)N such that divug = 0 in Q, and a source term
f € L%]0,T[; L*(Q)N. Then the time-dependent Stokes equations

%Jer—uAu:f in Qx]0, T
divu =0 in Q2x]0,T| (8.21)
u=0 on 00x]0, T

u(z,t =0) = ug(z) in Q
have a unique solution u € L2()0,T[; H3 ()N N C([0,T]; L?(Q))N.

Proof. To obtain a variational formulation of (8.21) we combine the arguments of
Section 8.2.1 and of the proof of theorem 5.3.8. We introduce the Hilbert spaces
V= {v € Hy ()" such that dive = 0 a.e. in Q} ,

and
H= {v e L*()" such that divo = 0 a.e. in Q} ,

where H is a closed subspace of H(div) that we can also define as the adherence of V in
L2(Q)N (see Section 4.4.2). We obtain the following variational formulation

4 u(t) -vde+p [ Vu(t) Vvde = | f(t)-vde VYveV, 0<t<T,
dt Jq Q Q

u(t = 0) = uo,

(8.22)

where the equation in (8.22) holds in the weak sense in ]0,7'[. We apply theorem 8.2.3 to this
variational formulation (8.22) (its hypotheses are easily verified) and we obtain the existence
and uniqueness of its solution uw € L2(]0, T[; H3 ()N n C([0, T); L*(Q))™.

All the difficulty lies in the proof that this solution of (8.22) is also a solution of (8.21).
The Dirichlet boundary condition is recovered by application of the trace theorem 4.3.13 to
u(t) € Hy(Q)Y for almost all ¢ €]0, T[, and the initial condition is justified by the continuity
of u(t) at t = 0 since ug € H.

To recover the equation, we proceed as in the proof of theorem 8.2.7. If the solution w is
sufficiently regular, we obtain

/ (% —,uAu—f) cvdz =0 (8.23)
Q

for almost all ¢ €]0,T[, and arbitrary v(z) € C}(Q)" such that dive = 0 in Q. As for the
stationary Stokes problem (see Section 5.3.2), we must deduce from (8.23) the existence of a
function p(¢, z) such that the equation (8.21) holds. We must then use Rham’s theorem 5.3.9
(or at least one of its variants) which confirms that ‘the orthogonal complement to the vectors
with zero divergence is the set of the gradients’. This analytical point is quite delicate (even
more so if the solution u is not regular) and we shall simply admit the existence of such a
pressure p without even making clear to which space it belongs. m|

Remark 8.2.10 Let us briefly mention that there exist other approaches than that
used here (and that we can describe as a spectral approach) to obtain the existence
and uniqueness of solutions of evolution problems. There exists a purely variational
theory (see [28]) as well as a semigroup theory (see [6]). These theories are a little
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more complicated, but more powerful since in particular they allow us to ignore the
hypotheses on the bounded character of the open set and on the symmetry of the
bilinear form of the variational formulation. .

8.3 Existence and uniqueness in the hyperbolic case

As in the previous section we follow the same path in three steps. First (Section 8.3.1),
we establish a variational formulation, second (Section 8.3.2), we prove the existence
and uniqueness of the solution of this variational formulation by using a Hilbertian
basis of eigenfunctions, third (Section 8.2.3), we show that this variational solution
satisfies the boundary value problem.

8.3.1 Variational formulation

The idea is to write a variational formulation which resembles a second order
ordinary differential equation, similar to (7.4). We therefore multiply the wave
equation (8.3) by a test function v(z) which does not depend on time ¢. Because
of the boundary condition we demand that this v is zero on the boundary of the open
set Q. A formal calculation leads to

d2

pTE] Qu(x,t)v(m)dx—l—/QVu(a:,t)-Vv(a;)da::/ﬂf(x,t)v(x)dw. (8.24)

It is clear that the ‘natural’ space for the test function v is H (). We then introduce
the scalar product of L?(Q2) and the bilinear form a(w,v) defined by

(w,v) 20 :/Qw(x)v(a:) dx and a(w,v):/QVw(a:)-Vv(x) dzx.

Take a final time 7' > 0 (possibly equal to +oc0), and a source term f €
L2(]0,T[; L*(2)). We are also given initial conditions ug € HZ(2) and u; € L*(Q).
The variational formulation deduced from (8.24) is therefore: find a solution w in
C([0,T); HY(Q)) N CL([0,T]; L*()) such that

j—;w(t),v}m(m ;ii-ua (u(t),v) = <f(t),v>L2(Q) Yo e H&(Q), 0<t<T, (5.25)
u(t = 0) = up, E(t: )=y

The initial data have a meaning in (8.25) thanks to the choice of the energy space
C([0,T); HY(Q)) N C*([0,T]; L*(2)) for the solution u. We shall justify this choice a
little more by establishing its links with the energy equalities.

Finally, the time derivative in the variational formulation (8.25) must be taken in
the weak sense since a priori the function t — (u(t),v)2(q) is only once differentiable
in time since it belongs to C'(0,T) (see lemma 4.4.12 and remark 8.2.6 for more
detail).
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8.3.2 A general result

To prove the existence and uniqueness of the solution of the variational formulation
8.25), we return again to the general framework of Section 7.3 to ‘diagonalize’ the
Laplacian operator and we are reduced to the solution of a family of simple second
order ordinary differential equations. Let V and H be two Hilbert spaces such that
V C H with dense and compact injection (typically V = H}(Q) and H = L*(Q)).

Theorem 8.3.1 Let V and H two Hilbert spaces such that V. C H with compact
injection and V is dense in H. Let a(u,v) be a symmetric bilinear form which is
continuous and coercive in V. Take a final time T > 0, initial data (ug,u1) € V x H,
and a source term f € L?(]0,T[; H). Then the problem

P ) ) +a(ult)0) = (FO.0) YoeV, 0<i<T,
di ) (8.26)
u(t = 0) = uo, d—?(t:O):ul,

(where the equation of (8.26) holds in the weak sense in |0,T[) has a unique solution
u e C([0,T); V)N CY[0,T); H). Further, there exists a constant C > 0 (which only
depends on 2 and on T') such that

lulleo, vy + luller o,y < C (luollv + lualla + 1 FlLzqo,rpm)) - (8.27)

Remark 8.3.2 The energy estimate (8.27) proves that the solution of (8.26)
depends continuously on the data, and therefore that the hyperbolic problem (8.26)
is well-posed in the sense of Hadamard. Proposition 8.3.5 will give an important
physical interpretation of a particular case of this energy estimate. °

Remark 8.3.3 As in the parabolic case (see remark 8.2.5), we can weaken the
hypothesis of theorem 8.3.1 on the coercivity of the symmetric bilinear form a(u,v).
We obtain the same conclusions by assuming only that there exist two positive
constants v > 0 and n > 0 such that

a(v,v) +nllvl|F > v} forallve V.
The change of unknown u(t) = eV w(t) transforms the equation of (8.26) into

), b + 2375 0(0), )1+ a ((0), )+ wlw(®) v = (F0), b, (329)

where the bilinear form a(w,v) + n{w,v) g is coercive over V. The equation (8.28)
is a damped wave equation (see remark 8.1.1). It is then sufficient to generalize
theorem 8.3.1 to such equations (which is easy even though we do not do it here). e
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Proof. The proofis very similar to that of theorem 8.2.3, so we do not include as much
detail. In the first step, we show that every solution u is a series of eigenfunctions. In
the second step, we prove the convergence of this series in the spaces C([0,T]; V') and
C([0,T]; H).

Step 1. Let us assume that u € C([0,T]; V) N CL([0,T]; H) is a solution of (8.26).
We introduce the Hilbertian basis (ux)r>1 of H composed of the eigenfunctions of
the variational formulation (7.12) which satisfy

up €V oand  a(ug,v) = Mg {ug, v) g VoveV.

—+oo

We write u(t) = Zak(t)uk with a(t) = (u(t), uk) . By choosing v = uy, in (8.26),
k=1

and denoting by Bk (t) = (f(t),ur)m, af = (ug, ur)m, and af = (u1,ux) g, we obtain

d2
— —‘r Arar = 0Br in]0,T]
dt ” (8.29)
ar(t =0) = af, dT’“(t:O):a,ﬁ.

(Note the possible confusion in the notation: the initial data u; has nothing to do
with the eigenfunction uy for k& = 1.) Setting wy = /Ag, the unique solution of
(8.29) is

1 1t
ag(t) = ad cos(wyt) + L sin(wit) + — | Br(s) sin(wg(t — 3))ds, (8.30)
Wk WE Jo

which gives an explicit formula for the solution u (which is therefore unique).
Step 2. To prove that the series

+o00 1
Z (a? cos(w;t) + z] sin(w;t) / B;(s)sin(w;(t — s))ds ) (8.31)

j=1

converges in C([0,T);V) N CY([0,T]; H), we shall show that the sequence w® =
Z§:1 a;(t)u; of the partial sums of this series is Cauchy. In V' we consider the scalar
product a(u,v) for which the family (u;) is orthogonal. By the orthogonality of (u;)
in H and in V (see theorem 7.3.2), we obtain, for [ > k, and for all time ¢,

2 l
=) (A s (1)]* +

H  j=k41

a(wl—w ’LU H w—w

Now, multiplying (8.29) by day/dt and integrating in time, we obtain

doj do‘ﬂ

o (t) ( )ds.

+)\ la; (t) |oz1| + A |on| +2/ Bj(s
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From formula (8.30) we infer that

doy

t
o (t)‘ <ol + ol + [ 18;e)ds

Combining these two results we deduce

doy

2 t
2 2
0]+ A oy (0 < 2[ad[* + 23, [l +2t/0 18;(s)|Pds. (8.32)

Asug € V,uy € H and f € L?(]0,T[; H), we have

—+o0 400
[uoll$r = aluo,uo) =Y Ajlafl* < 400, JuallFr = lajf* < +oo,
Jj=1 Jj=1

+oo T
Hf”%?(]O,T[;H) = Z/o 1B(s)|?ds < +o0,
=1

which implies that the series, whose general term is the right-hand side of (8.32), is
convergent, that is, to say that the sequence w* satisfies
2
= ()7
H

in other words, it is Cauchy in C*([0,7]; H) and in C([0,7]; V). Since these spaces
are complete, the Cauchy sequence w” converges and we can define its limit w. In
particular, as (w*(0), %(O)) converges to (ug,u1) in V' x H, we obtain the desired
initial conditions. On the other hand, it is clear that wu(t), as the sum of the series
(8.31) satisfies the variational formulation (8.26) for each test function v = wug. As
(ur/v/Ax) is a Hilbertian basis of V, u(t) therefore satisfies the variational formulation
(8.26) for all v € V, that is, to say that u(t) is the solution we seek of (8.26).

Additionally, we have in fact shown that

lim max <|wl(t) —wk@)||3 + Hjt(wl(t) —wk(t))

k,l—400 0<t<T

2
< C (Jluolly + llea I + T2 0,710 ) -
H

a(w' — wk w —wk)—l—Ht(w —wh)

and the energy estimate (8.27) is then easily obtained by taking k¥ = 0 and letting [
tend to infinity. O

8.3.3 Applications

We now apply the abstract result of theorem 8.3.1 to the wave equation, and we
prove that this variational approach allows us to solve the original partial differential
equation.
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Theorem 8.3.4 Let ) be a regular open bounded set of RY, and take a final time
T > 0. We consider initial data (ug,u1) € H}(Q) x L*(Q) and a source term f €
L2(]0,T[; L*(Q)). Then the wave equation

9%u )

@0— Au=f a.e. in K;;]O],g“[T[

u = a.e. on %0,

u(z,0) = uo(z) a.e. in § (8.33)
ou

E(.ﬁ,O) =wui(x) a.e in Q.
has a unique solution u € C([0,T); H}(Q)) N CY([0,T]; L3(Y)). Further, there exists
a constant C' > 0 (which only depends on Q and on T) such that, for all t € [0,T],

o ([5ie

gc(/Q (|u1(x)\2+\w0(x)|2) dm+/0t/ﬂ|f(x,s)|2dxds). (8.34)

Proof. We apply theorem 8.3.1 to the variational formulation (8.25) of the wave
equation obtained in Section 8.3.1 (its hypotheses are easily verified with H = L?(Q)
and V = H}(Q)). It remains to show that the unique solution v € C([0,T]; H}(Q)) N
C([0,T]; L*(Q)) of this variational formulation is also a solution of (8.33). First
of all, the Dirichlet boundary conditions are recovered by application of the trace
theorem 4.3.13 to u(t) € H}(Q) for all t € [0,77], and the initial condition is justified
by the continuity of u(t) at t = 0 as a function with values in H}(Q) and of du/dt(t)
at t = 0 as a function with values in L?(Q).

If the solution u is sufficiently regular, by integration by parts the variational
formulation (8.25) is equivalent to

2
/<88;;Auf>vdx0,
Q

for all v(z) € C}(Q) and almost all ¢t €]0,T[. We therefore deduce the equation
in (8.33). If the solution u is not more regular than is given by theorem 8.3.1,
we still obtain the equation ‘almost everywhere’, by taking the arguments of the
proof of theorem 8.2.7 (which we do not detail). We denote by o = (%%, —Vu) the
function with vector values in RY*!, and we can show that it has a weak diver-

g(—;rzce) )in ‘space-time’ which is exactly ‘?9277; — Awu which therefore belongs to L?(]0, T'[;
L(§2)). |

In the absence of forces, f = 0, we can improve the energy estimate (8.34) and
obtain a property of conservation of total energy which is very important from
the point of view of applications. The total energy is here the sum of two terms:
on the one hand the kinetic energy |%|2 and on the other hand the mechanical
energy |Vul?.

2
+ |Vu(z, t)|2> dx
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Proposition 8.3.5 We use the hypotheses of theorem 8.3.4 with f = 0. The solution
of the wave equation (8.33) satisfies, for all t € [0,T], the conservation of energy
equation

I

Proof. By taking the proof of theorem 8.3.1 with f = 0, that is to say Ox = 0, we
deduce directly from (8.29) that the energy of the harmonic oscillator is conserved,
that is to say that

2

ou
5t — (z,t)

+ |Vu(x,t)|2> do = /Q (\ul(x)\2+ |Vu0(x)|2) dz. (8.35)

doy

0 ATy = ol ol

which gives the equality (rather than the inequality)

l k l

a(w’ — wk wh — wk) + !

w—w

- 3 P

Jj=k+1

ol

and (8.35) is obtained by taking k = 0 and letting ! tend to infinity. If the solution u
is regular, we can prove (8.35) more directly by multiplying the wave equation (8.33)
by %1; and integrating by parts (see exercise 8.3.1). O

We now return to the energy estimate (8.34) in the general case f # 0. The
following exercise shows how (8.34) can be obtained directly starting from (8.33)
with the help of a similar argument to that of proposition 8.3.5 which establishes an
energy equality which does nothing but express a physical balance. In particular,
these estimates or energy equalities justify the choice of the space C([0, T]; Hi (22))¥N N
CH([0,T); L2(Q))Y where we look for the solutions since this is precisely the energy
space that is to say the space of minimum regularity in which the energy equalities
have a meaning.

Exercise 8.3.1 We assume that the hypotheses of theorem 8.3.4 are verified.

1. By assuming that the solution u of (8.33) is regular enough in |0, T[x {2, show that,
for all ¢ € [0,T], we have the following energy equality

ou
ot

/u1 dx+/|Vuo )| d:z:+2/ /f:z:s (x,s)dzds.

—(z,t)

d:17+/\Vuxt)| dx
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2. Deduce that there exists a constant C'(T") (independent of the data other than T)
such that

J

ou
a(xat)

<o) (/Qul(a:)Qdm—&-/QVuo(a:)|2dx+/ot Qf(x,s)2d1;ds>.

2
da:—l—/ \Vu(z,t)|* dz
Q

3. Show that there exists a constant C' (independent of all data including T') such that

J

ou
E(xv t)

<C /Qul(x)2d:z:+/Q|Vuo(x)|2dx+ (/Ot (/Qf(:z:,s)2d:z:>1/2ds>2

Other conserved quantities exist as is shown in the following exercise.

2
dx + / \Vu(z,t)|* dz
Q

Exercise 8.3.2 We assume that the hypotheses of theorem 8.3.4 are verified, that the
source term is zero, f = 0, and that the solution u of (8.33) is regular in [0, 7] x Q. Show
that, for every integer m > 1, we have

2

> dr = 0.

d 0Mu
dt Jo \ | Ot™
Of course, existence theorem 8.3.4 generalizes easily to the case of other bound-

ary conditions (for example, Neumann), or to the case of operators other than the
Laplacian like

2 oy
‘ atm—l

32
a—;; —div (A(x)Vu) = f.

The following is an exercise to generalize this result to the elastodynamic equations.

Exercise 8.3.3 Let ) be a regular open bounded connected set of RV, Take the initial
data (ug,u1) € HE(Q)N x L2(Q)N, and a source term f € L?(]0,T[; L2(22))™. Show
that there exists a unique solution u € C([0,T]; Hi (Q))N N C([0,T]; L*(Q))N of

2u
PaE div (2pe(u) + Atr(e(w))I) = f in 2x]0,T7,
u=0 on 90x]0,T7,
u(t =0) = up(x) in £, (8.36)
%(tzO) = uy (x) in €.

(As usual, the Lamé coefficients satisfy > 0 and 2y + NA > 0.)
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By assuming that the solution w is sufficiently regular, show that, for all t € [0, T], we
have the following energy equality

2,

u A .9
5 dx+u/| )| dx+2/(d1vu) dx

/\ul\Zdaz+M/| e(up)] dac—f—)\/ (divug) dx+/ /f —dxds

Deduce an energy estimate.

Remark 8.3.6 As for parabolic problems, the ‘spectral’ approach used here to obtain
the existence and uniqueness of hyperbolic partial differential equations is not the only
one possible. Let us cite the purely variational theory of [28] and also the semigroup
theory (see [6]). These theories are a little more complicated, but more powerful since
in particular we do not need the hypotheses on the bounded character of the open set
Q and on the symmetry of the bilinear form a(u,v) of the variational formulation. e

8.4 Qualitative properties in the parabolic case

We now examine the principal qualitative properties of the solution of the heat flow
equation, notably the properties of regularity, asymptotic behaviour for large values
of ¢, and the maximum principle.

8.4.1 Asymptotic behaviour

We study the behaviour of the solution of the heat flow equation for large time, that
is to say when t tends to +00. We shall verify that, agreeing with physical intuition,
if the right-hand side f(z) is independent of time ¢, then the solution of the heat flow
equation tends asymptotically to the (stationary) solution of the Laplacian. We start
by examining the case of the homogeneous heat flow equation.

Proposition 8.4.1 Let Q be a regular open bounded set of RN. Take ug € L?(Q)
and u the solution of the problem

% Au in |0, 4-00[x 2
ot
u(z,t) =0 on )0, +00[x O (8.37)

u(z,0) =up(z) in Q.
Then, u(t) converges to zero in L?(2) as t tends to +oo

i [[u(t)] 2o = 0. (8.38)
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Proof. We return to the proof of theorem 8.2.3 in the case f = 0, that is to say
O = 0. We easily see that the partial sum satisfies

l
' (t) = (OlF = D lafPe >,
J=k+1

with H = L?(f2), which leads, by taking k = 0 and [ = +o0, and by bounding, to
lu@®lIF < lluollfre™**
which tends to zero as t tends to infinity as Ay > 0. ]
The case of a nonzero right-hand side, independent of time, is a simple exercise

that we leave to the reader.

Exercise 8.4.1 We use the hypotheses of proposition 8.4.1. Let f(x) € L?(f) and
u(t, x) the solution of

%—Au:f in 10, +oo[x
u(z,t) =0 on |0, +o0[x 0}

u(z,0) =up(z) in Q.
Let v(z) € HE () be the solution of

—Av=f inQ
v=0 on 0.

ShOW that limt_>+oo ||’LL(.’,E, t) — ’U(I’)”L2(Q) = 0

We can in fact specify the conclusion of proposition 8.4.1 as the following exercise
shows whose interpretation is the following

u(t,x) ~ (/ Ul dz) e My (z)  ast — +oo,
Q

where uj () is the first (normalized) eigenfunction of the Laplacian 7.17. Asymptot-
ically, all the solutions of the homogeneous heat flow equation decrease exponentially
in time with the same spatial profile which is given by u; (no matter what the initial
data).

Exercise 8.4.2 We use the hypotheses of proposition 8.4.1. Show that there exists a
positive constant C such that

[u®) — afe ™ uy || p2(0) < Ce™™" VE>1, withal = / uouq dx, (8.39)
Q

where )\ denotes the kth eigenvalue of the Laplacian with Dirichlet boundary condition.
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8.4.2 The maximum principle

For the heat flow equation, the maximum principle takes a form close to that we have
stated in theorem 5.2.22 for the Laplacian.

Proposition 8.4.2 Let Q be a regular open bounded set of RN, and take a final
time T > 0. Take ug € L?(Q), f € L*(]0,T[; L*(2)), and u € C([0,T]; L*(2)) N
L2(J0,T[; H(Q)) the unique solution of (8.12). If f > 0 almost everywhere in
10,T[xQ and ug > 0 almost everywhere in Q, then u > 0 almost everywhere in
10, T[x Q2.

Proof. Take v~ = min(u,0) which belongs to L?(]0,T[; Hi(£2)) from lemma 5.2.24
and which satisfies, for 0 <t < T,

/ Vu(t) - Vu~ (t)dr = / |Vu~ (t)|* d. (8.40)
Q Q

An argument similar to that which allowed us to prove (8.40) shows that, if % €
£2(10,T[; L2(Q)), then

[ %(t)u—(t)dx _ %% (/Q u_(t)|2dx) . (8.41)

We admit that the identity (8.41) remains true even if % does not belong to
L2(]0,T[; L*(2)). Consequently, by taking v = u~ in the variational formulation
(8.6) of the heat flow equation we obtain

%% (/Q |u|2dac)+/QVu2dx/qudx,

which gives by integration in time

t t
}/ |u_(t)|2d:r+/ /|Vu_|2dxds:/ /fu_ dwds—i—l/ |u™(0)|* da.
2 Ja 0o Ja 0o Ja 2 Ja

As 4= (0) = (ug)~ = 0 we deduce

1 t
L @) da +/ V|2 dz ds < 0,
2 Q 0 Q

that is to say that v~ = 0 almost everywhere in |0, T[x €. ad

As in the elliptic case, the maximum principle given by proposition 8.4.2 con-
forms to physical intuition. In the framework of the model of heat flow described in
Chapter 1, if the initial temperature ug(z) is at every point larger than the value 0
at which we maintain the temperature on the boundary 92 and if the source term is
positive (corresponding to a heating effect), then it is clear that the temperature is
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positive at every point and at every instant. We have only checked that the math-
ematical model reproduces this intuitive property.

It is good to realize that these results can also be stated in several equivalent
forms. We can, for example, compare two solutions of (8.12): if ug < g in Q and
f<fin 10, T[xQ, and if u and @ denote the solutions of (8.12) corresponding to the
data (ug, f) and (o, f) respectively, then we have u < @ in |0, T[xQ.

The two following exercises illustrate some interesting applications of the max-

imum principle.

Exercise 8.4.3 Let () be a regular open bounded set of RYY. We denote by u; the first
eigenfunction of the Laplacian in Q with Dirichlet conditions, and by A; the associated
eigenvalue. We recall that we can choose u; > 0 in © (see the Krein—Rutman theorem
7.3.10) and we also have du;/On > 0 on 9Q. Take f =0, ug € L*(Q) and u the unique
solution (assumed regular) of (8.12).

Take € > 0. Show that the we can find a positive constant K such that

—Kuy(x) <u(x,e) < Kui(z) Vae, (8.42)
and deduce that there exists a positive constant C' such that

max [u(z,t)| < Ce ™! Vi >e (8.43)
zeQ

Exercise 8.4.4 Let 2 be a regular open bounded set of RY. Take ug € L*®(1),
feL®®RYxQ),and u € C([0,7]; L2(R2)) N L2(]0, T[; HL(Q)) the unique solution of
(8.12). Show that

D2
]l oo (m+ x) < lluollze (o) + ﬁ”f||L°°(R+><Q)a (8.44)

where D = sup, ,cq |z — y| is the diameter of 2. First consider the easy case where
f =0, then, in the general case, use the function ¢ € H}(Q) such that —Ay =1 in €.

8.4.3 Propagation at infinite velocity

We have already mentioned in remark 1.2.9 this surprising property of the heat flow
equation: the heat propagates at infinite velocity! This result follows from a strong
maximum principle that we now state without proof. We verify it more easily when
the domain () is the entire space RY (see Section 8.4.5).

Proposition 8.4.3 Let Q be a reqular open bounded set of class C?> of RN . Take a
final time T > 0. With ug € L*(Q) and u the unique solution in C([0,T]; L*(2)) N
L2(]0,T[; HX(Q)) of the problem

%—Auzo in 10, T[xQ

u(z,t) =0 on 10, T[x00

u(z,0) = up(x) in Q.



QUALITATIVE PROPERTIES IN THE PARABOLIC CASE 257

We further assume that ug(x) > 0 almost everywhere in @ and that ug is not identi-
cally zero. Then, for all time ¢ > 0, we have

u(z,e) >0 Vrel. (8.45)

Inequality (8.45) is strict which is remarkable (we already had a weaker inequality
from the maximum principle of proposition 8.4.2). In effect, if ug has compact support
in Q and if we look at a point = € Q outside of the support of ug, we find that
u(z,€) > 0 although initially ug(z) = 0. In other words, in the framework of the
modelling of the temperature evolution, even if the point x is initially cold (uq(z) = 0)
and very far from the initial hot part (the support of wg), it becomes immediately
hot as for all time ¢ = e (even very small) we have u(z,e) > 0. Therefore the
heat propagates at infinite velocity since its effect is immediate even at a great
distance! This is clearly a fault of the mathematical model as we know that nothing
can propagate more quickly than the velocity of light (in fact it is the Fourier law (1.3)
which is wrong). This is a model, qualitatively and quantitatively correct in many
regards, as we have shown in several preceding results, which conforms to physical
intuition, but this is only an idealized model of reality.

Remark 8.4.4 The same property of ‘propagation at infinite velocity’ can also be
observed for the Stokes equations (8.2). In this framework, we are perhaps less sur-
prised by this paradox if we realize that the incompressibility hypothesis of a fluid
implies that the velocity of sound is infinite. In other words, by using the approxi-
mation of incompressibility, we implicitly introduced in the model of the possibility
of propagation of the information at infinite velocity. .

8.4.4 Regularity and regularizing effect

In the elliptic case we have seen that the regularity of the solution is directly linked
to that of the data. In the parabolic case, the situation is different since, if the source
term is zero (f = 0), there exists a regularizing effect on the initial condition:
surprisingly, even if the initial data ug is not very regular, the solution immediately
becomes very regular.

Proposition 8.4.5 Let Q be a reqular open bounded set of class C* of RN, and take
a final time T > 0. Take ug € L?(Y), and u the unique solution in C([0,T]; L*(Q)) N
L*(]0,T[; H5 () of

0

T Au=0  in]0,T[xQ

of 8.46
u(z,t) =0 on 10, T[x 9 (8.46)

u(z,0) = up(x) in Q.
Then, for all € > 0, u is of class C* in x and t in Q x [¢, T].

Outline of proof. Rather than a rigorous (and quite technical, see exercise 8.4.5)
proof we propose a formal calculation which shows the essential idea behind this
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regularity result (the proof is easier in the case = RY | see exercise 8.4.9). For k > 1
we denote by v = % and we (formally) differentiate the heat flow equation (8.46) k

times with respect to time to obtain

%—szo in 0, T[xQ
v(z,t) =0 on |0, T[x0Q (8.47)
v(z,0) = @(O xz) inQ

’ otk > ’

which is again a heat flow equation. If %%(O,x) belongs to L2(f2), we apply the
existence and uniqueness theorem 8.2.7 to (8.47) which tells us that v belongs to
L2(]0,T[; H(Q)) N C([0,T]; L*(2)). In particular, u is regular in time. On the other
hand, by equality, v = (A)*¥u belongs to the same space. By elliptic regularity (see
theorem 5.2.26) we deduce that u is regular in space. The more delicate point in order
to be able to give a meaning to this formal reasoning is that the initial data of (8.47)
is not very regular. It is for this reason that the regularity of w is only valid for the
time ¢t > € > 0. U

In the presence of source terms, the same reasoning as that of the proof of
proposition 8.4.5 allows us to recover a more classical regularity result which is not
unconnected to the energy equality (8.19) (in effect, the space to which u will belong
is that which gives a meaning to (8.19)).

Proposition 8.4.6 Let Q be a reqular open bounded set of RN, and take a final time
T > 0. For a source term f € L*(0,T[; L?()) and regular initial data ug € H}(S2),
we consider the unique solution u € L*(]0,T[; H} () N C([0,T]; L*(Q)) of the heat
flow equation (8.12). Then, this solution is more reqular in the sense that % €
L2(J0, T[; L3(2)) and u € L2()0, T[; HA(Q)) N C([0, T]: H3 ().

Remark 8.4.7 We can of course ‘increase’ regularity and find that the solution u of the
heat flow equation (8.12) is as regular as we want, provided that the data uo and f are also
regular (see [6]). However, if we want the solution u to be regular from the initial instant, the
data uo and f must satisfy compatibility conditions. Thus, in proposition 8.4.6 it is necessary
that the initial condition ug satisfies the Dirichlet boundary condition (which has not been
necessary for the existence of a solution in theorem 8.2.7). The other compatibility conditions
are obtained by remarking that the successive derivatives of u with respect to time t are also
solutions of the heat flow equation with Dirichlet boundary conditions. For example, the
initial condition for the first derivative is 2%(0) = f(0) + Auo. So that % is regular, this
initial data must therefore satisfy the Dirichlet boundary condition f(0) + Auo = 0 on 0%,
which is a compatibility condition between uo and f. °

Exercise 8.4.5 (difficult) Prove proposition 8.4.5 rigorously. For this we shall introduce, for
every integer m > 0, the space
W2™(Q) ={ve H™(Q), v=Av="---A"""v =0 on 99}, (8.48)

which we equip with the norm HUH12/V2m(Q) = fQ |(A)™v|? dz. Show it is equivalent to the norm

of H?>™ (). Revisit the proof of theorem 8.2.3 by showing that the sequence (wy) of the partial
sums is Cauchy in C*([e, T], W™ (Q)).



QUALITATIVE PROPERTIES IN THE PARABOLIC CASE 259

8.4.5 Heat equation in the entire space

To finish this section, we briefly indicate how to solve the heat flow equation posed in the
whole space RY. Let us recall that the spectral approach followed in this chapter is limited to
the case of open bounded sets (this limitation is in fact artificial and absolutely unnecessary
to establish the existence and uniqueness of the solution of a parabolic equation). Let us con-
sider the homogeneous heat flow equation in the entire space RY, equipped with initial data

(8.49)

% —Au=0 in]O,+oo[xRN
u(z,0) = ug(z) in RV,

The following classical result shows that the solution of the problem (8.49) is given explicitly
as the convolution of the initial data uo with a Gaussian whose standard deviation grows

like v/t.

Theorem 8.4.8 We assume that ug € L*(RY). Then problem (8.49) has a unique solution
u € C(RT, L2(RM)) n CH (R, LA(RY)), given by

o —lz—y|?/at
u(z,t) = )™z /RN uo(y)e Y dy. (8.50)

Proof. For ¢t > 0, we introduce the Fourier transform of u(¢) (see [4]), that is to say of the
function x — u(z,t), defined by

~ 1 ik-x
U(k,t) = W /[RN u(l‘,t)e k dx,

for k € RN. If w € C(RY, LA*(RY)) N C*(RT; L*(RY)) satisfies (8.49), we can apply the
Fourier transform to the two equations (8.49) to obtain

@ € C(RT, L2(RM)) n C* (R, LA(RY))
% +kPa=0 forkeRN, t>0, (8.51)
a(k,0) = to(k) for k€ RY,

where do(k) = (1/(2r)N/?) fRN uo(x)e *dx is the Fourier transform of uo. The system
(8.51) is easily solved since we have a differential equation for each value of k. We obtain

a(k,t) = do(k)e ¥ for (k,t) € RY x RY,

and it is easy to deduce (8.50) by inverse Fourier transform (since this transformation changes
a convolution product to a simple product). m]

Remark 8.4.9 The use of the Fourier transform allows us to ‘diagonalize’ the heat flow
equation (8.49) and to reduce the problem to the solution of a simple ordinary differential
equation (8.51). This method is therefore very similar, in spirit, to the spectral approach
used before and which also relies on a diagonalization argument. In others terms, |k|? and
e'*® are interpreted as eigenvalues and eigenfunctions of the Laplacian in RY. Let us remark
that the larger the Fourier mode |k|, the faster is the exponential decrease in time of 4(k,t):
this more rapid damping for small wavelengths (k large) is linked to the regularizing effect
of the heat equation see exercise 8.4.9 below). .
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Remark 8.4.10 The result (8.50) can be interpreted in terms of a Green’s function. By set-
ting G(z,t) = (1/(27rt)1\'/2)67‘“”‘2/4t7 we write (8.50) in the form wu(t) = G(t) *uo, that is to say

u(z,t) = /N G(z — y, t)uo(y) dy.

The Green’s function is the elementary solution of the heat flow equation in R x R. This
means that the we can verify that

%—AG:O in ]0, 4-00[x RN
G(z,0) = o(z) in RY.
in the sense of distributions, where dp is the Dirac mass at the origin. This point of view

can also be developed in a bounded domain and leads to a method of solution for parabolic
equations different from the ‘spectral’ approach followed here. .

The following exercise allows us to solve the nonhomogeneous heat flow equation.

Exercise 8.4.6 For uo € L*(RY) and t > 0, we denote by S(t)uo the function given by the
right-hand side of (8.50). Verify that S(t) is a continuous linear operator from L?(RY) into
L*(RY). By setting S(0) = I (the identity of L*(RY)), verify that (S(t)):>0 is a semigroup of
operators which depend continuously on ¢, that is to say that they satisfy S(t +t') = S(¢)S(t')
for t,t' > 0. Let f € C*(RT; L*(RY)). Show that the problem

8U _ . N
{ % Au=f in 10, +oo[xR

u(x,0) = uo(zx) in RY,
has a unique solution u € C(R*; L2(RY)) N C*(R}; L2(RY)), given by
t
u(t) = S(t)uo + / S(t—s)f(s)ds,
0

that is to say

Jz—y? dy ! a—y|?/4A(t—s) dyds
ety = [ ot [ et
. @z ) Lo @t — )N/

The explicit formula (8.50) allows us to recover easily, for problem (8.49) posed in the
whole space, the qualitative properties studied before. This is the object of the following
exercises where we shall denote by w the solution (8.50) of the problem (8.49), with the
initial data uo € L*(R™).

Exercise 8.4.7 (energy equality) Show that, for all T > 0,

T
1/ u(m,T)Qdaz—i—/ / \Vu(x,t)|2dxdt=l/ uo(z)? d.
2 Jgn o JrN 2 Jgn
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Exercise 8.4.8 (maximum principle) Show that, if uo€L® (RY), then u(t)cL>°(R") and
Hu(t)HLOO(]RN) S ”uO”Loo(RN) Vt > 0.

Show that, if ugp > 0 almost everywhere in RY, then w > 0in RY x R*.
Exercise 8.4.9 (regularizing effect) Show that v € C*(RY x RY).

Exercise 8.4.10 (asymptotic behaviour) Show that
lim w(z,t) =0 VYt>0 and lim wu(z,t)=0 VoeR".

|| — 400 t——+o0

Exercise 8.4.11 (infinite speed of propagation) Show that, if ug > 0 and uo # 0, then
u(z,t) >0 in RY x RY.

8.5 Qualitative properties in the hyperbolic case

8.5.1 Reversibility in time

We now examine the principal qualitative properties of the solution of the wave equa-
tion, which are very different from those of the solution of the heat flow equation.
The most striking property, already stated in Chapter 1, is the reversibility in time
of this equation.

Proposition 8.5.1 Let Q be a reqular open bounded set of RN, and take a final time
T > 0. Take (vo,v1) € HE(Q) x L?(Q), and a source term f € L?(]0,T[; L*(Q)).

Then the retrograde wave equation (integrating backwards in time starting from T')

9%v _

w*AU:f a.e. in Qx]0,T]|

v=_0 a.e. on 00x]0,T| 250
v(z,T) = vo(x) a.e. in (8.52)
%(x,T) =vi(x) a.e inf

has a unique solution v € C([0,T]; H}(Q)) N CH([0,T]; L*(Q)). Further, if u(t,z) is
the solution of the wave equation (8.3) and if vo(z) = u(x,T) in HE(Q) and v1(x) =
%(m,T) in L*(Q), then we have v(t,z) = u(t, ).

Proof. We make the change of unknown w(x,t) = v(x,T —t) and (8.52) becomes a
‘progressive’ wave equation with initial data at ¢ = 0 like the ‘usual’ equation (8.3)
(as the time derivative is second order, there is no change in sign in the equation
after this change of unknown). Applying theorem 8.3.4 (8.52) therefore has a unique
solution. If vo(x) = u(z,T) and vy (z) = ‘Z—”j(x,T), the solution u(t, x) of (8.3) is also
a solution of (8.52). By uniqueness we deduce v(t,z) = u(t, x). O

The reversibility in time of the wave equation has numerous consequences. The
most important is that there is no regularizing effect for the wave equation as
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opposed to the case of the heat equation. Indeed, if this was the case, changing the
sense of time like in proposition 8.5.1, we would obtain a contradictory ‘deregulariz-
ing’ effect (the solution will be less regular than that at the final time 7', which is
not possible since the regularizing effect must also apply). Consequently, there is
neither gain nor loss of regularity for the solution of the wave equation with
respect to the initial data. We can at most affirm that, as in the elliptic case, the
regularity of the solution of the wave equation is directly linked to that of the data.

Proposition 8.5.2 Let Q be a regular open bounded set of RN. Take a final time T > 0,
initial data uo € H(Q) N H?(Q) and w1 € H§(Q), a source term f € L*(]0,T[; L3(Q)),
and u € C([0,T); Hy(Q))NCH([0,T]; L*(Q)) the unique solution of the wave equation (8.33).
Then, u belongs to C([0,T]; H () N H*(Q)) N C*([0,T]; Hi(Q)) N C3([0,T); L*()).

We will assume proposition 8.5.2 which is similar to proposition 8.4.6 that we have
proved earlier. We can of course ‘increase’ regularity starting from this result and find that
the solution w of the wave equation (8.33) is as regular as we want, provided that the data
up, u1 and f also are (with possible compatibility conditions on the data, see remark 8.4.7).

8.5.2 Asymptotic behaviour and equipartition of energy

There is no maximum principle for the wave equation. In the absence of a source
term (f = 0), even if the initial velocity is zero (u; = 0) and if the initial data is
positive (ug > 0), the solution u can change sign in the course of time. This absence
of maximum principle agrees with physical intuition. Let us imagine a cord or an
elastic membrane: if we initially deform it in a position above its plane of rest, it will
vibrate going alternately above and below this plane (in other words u changes sign).
Mathematically, this counterexample can be written simply in the following form. Let
w(z) be the first eigenfunction of the Laplacian in a connected bounded domain 2
with Dirichlet boundary condition. From theorem 7.3.10, we can normalize w so that
w(r) >0 in Q. Denoting by A\ = w? the first eigenvalue associated with w, it is easy
to verify that u(t,x) = cos(wt)w(x) changes sign in the course of time while being
the unique solution in C ([0, T]; H(2))NCL([0, T]; L*()) of the wave equation (8.33)
without source term and with the initial data

u(z,0) = w(x), @(x,O) =0 in Q.
ot

There is therefore no asymptotic behaviour in large time for the wave equa-
tion in a bounded domain. In other words, even if the source term f does not depend
on time, the solution u does not converge to a stationary limit as the time ¢ tends
to infinity. In particular, if f = 0, the influence of the initial conditions is the same
at all time since the energy is conserved and does not decrease (see exercise 8.3.1).
The same counterexample u(t,x) = cos(wt)w(x) allows us to see that there is no
stationary limit of the oscillations which continue without damping.

This is obviously not the case for the damped wave equation (8.53) as the following
exercise shows.
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Exercise 8.5.1 Let n > 0. We consider the damped wave equation

ig+ﬁ;—Au—f in Q x RF

u=20 on 90 x RF

u(xz,0) = up(x) in Q (8.53)
a@t (2,0) = uy(x) in Q.

We assume that u is a sufficiently regular solution of (8.53) and that f is zero after a
finite time. Show, with the help of Gronwall's lemma (see exercise 8.3.1), that u and %%
decrease exponentially to zero as time ¢ tends to infinity.

Proposition 8.3.5 has established a property of conservation of total energy in the
absence of a source term. A more precise result, called equipartition of energy,
confirms that the total energy divides equally into kinetic energy and mechanical
energy, asymptotically for large time.

Exercise 8.5.2 Let u(t,z) be the solution, assumed to be sufficiently regular, of the
wave equation (8.33). In the absence of a source term, show that

dr = lim 7//|V I da = EO,
t—+oo t
with Ej the initial energy.

%:/mme+/meﬁm
Q Q

For this we shall multiply the equation (8.33) by u and integrate by parts.

8.5.3 Finite velocity of propagation

One last important property of the wave equation is propagation at finite velocity.
We have already seen in Chapter 1 (in N = 1 dimension and in the entire space
Q = R) that there exists a light cone (or domain of dependence) which con-
tains all the information on the solution of the wave equation (see Figure 1.3).
More precisely, the solution u in (¢,x) only depends on the values of the ini-
tial data wp and w; on the segment [z — ¢,x + t]. We deduce that if the ini-
tial data have compact support K = [Kin, ksup] C R, then the solution at time
t has compact support in [kins — ¢, ksup + t]. In physical terms this says that the
initial perturbations propagate at finite velocity bounded by 1. This situation is
again very different from what happens for the heat flow equation (compare with
proposition 8.4.3). The following exercise allows us to generalize this discussion to
N =2, 3 dimensions.

Exercise 8.5.3 We consider the wave equation in the entire space RY
82

—Au=0 in RY x R

(x 0) = up(x) inz eRY (8.54)

ou B . N
at(ch) ui(z) inzeRY,
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with initial data (ug,u1) which is regular with compact support. Show that the solution
u(t,x) can be put in the form

w(z,t) = (Muy)(z,t) + (8(]\;;0)) (z,t),

where M is an averaging operator defined by

+t
N =1, (Mv)(at) = %/ o(z — €)de,

—t

N =2, (Mo)(@,t) = — vE =9 4

T g VRGP
=3 @) =g [ ole -9

where ds(&) is the surface measure of the sphere. Deduce that the solution w in (¢, )
depends only on the values of the initial data ug and wu; on the ball |z| < t. (To know
how to find the expressions above for the operator M, we refer to Chapter VII of [38].)

Exercise 8.5.4 We consider the wave equation (8.54) in a domain Q@ C R¥ with
Dirichlet or Neumann (homogeneous), boundary conditions and initial data (ug, u1) which
is regular with compact support in 2. Verify that there exists a time T > 0 such that on
the interval [0, T] the solution is again given by the formulas of exercise 8.5.3.

The following exercise displays the essential difference between N = 2 and 3 space
dimensions.

Exercise 8.5.5 (musical application) Assuming that sound propagates according to
the wave equation, show that it is not possible to listen to (audible) music in a world with
N = 2 space dimensions, but that this is (very happily) possible in N = 3 dimensions.

8.6 Numerical methods in the parabolic case

In this section, we show how the finite element method (presented in Chapter 6)
adapts to the numerical solution of the heat flow equation: we use finite elements for
the spatial discretization, and finite differences for the temporal discretization.

8.6.1 Semidiscretization in space

We discretize the variational formulation (8.6) of the heat equation (8.1) in space
only. For this, as in the case of elliptic problems, we construct an internal variational
approximation by introducing a subspace Vg, of H} (€2), of finite dimension. Typically,
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Vor, will be a subspace of P, or Qj, finite elements) on a triangular (or rectangular)
mesh as made precise in the definitions 6.3.5 and 6.3.25.

The semidiscretization of (8.6) is therefore the following variational approximation:
find wp(t) a function of |0, T with values in Vp, such that

d
7 {un(t),vn)r2() + a(un(t), vn) = (f(t), vn)r2) Von € Von, 0<t<T,

uh(t = 0) = uo_,h

(8.55)

where ug 5, € Vpp, is an approximation of the initial data ug. This method of approxi-
mation is also known as the ‘method of lines’.

We can adapt the abstract framework of theorem 8.2.3 to show that (8.55) has a
unique solution, but it is much more simple to verify that (8.55) is in fact a system
of ordinary differential equations with constant coefficients from where we can
easily calculate a unique solution. Practically, to solve (8.55) we introduce a basis
(¢i)1<i<ng of Von (typically, a finite element basis), and we look for u(t) in the form

ndi

un(t) =Y UMb)és, (8.56)

with U" = (U")1<i<n,, the vector of the coordinates of uy,. It is important to note that
in (8.56) the basis functions ¢; do not depend on time and that only the coordinates
Ul(t) are functions of time ¢. Likewise, we set

ndi

0,h
Uo,h:E U, s,
i=1

and (8.55) becomes, for all 1 <14 < ng,

Ndi dUh Nndi
Z<¢ja¢i>L‘2(Q) (;(t) + Za(cﬁj,@)Uih(t) = (f(t), bi)L2(0)
j=1 j=1

Ul(t=0)=0U"
Introducing (as in the proof of lemma 7.4.1) the mass matrix M, defined by

(Mn)ij = (bi, 05)2) 1 <4, j <na,

and the stiffness matrix k), defined by

(Kn)ij = alpi, ¢5) 1<, j<ng,

the variational approximation (8.55) is equivalent to the linear system of ordinary
differential equations with constant coefficients
M @(t) + KU ) =b"(t), 0<t<T
Mt 4 S ’ (8.57)
Ut =0) =U%
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with b(t) = (f(t), ¢i)r2(q)- The existence and the uniqueness, as well as an explicit
formula, of the solution of (8.57) is obtained classically by simple simultaneous diag-
onalization of M, and K} (see Section 7.4.1 on this subject). As it is difficult and
costly to diagonalize (8.57), in practice we solve (8.57) numerically by discretization
and time stepping. There exist numerous classical methods for numerical calculation
of the solutions of ordinary differential equations. We see some of these in the follow-
ing section. Before that, we state a convergence result of the ‘semidiscrete’ solutions
of (8.55) to the exact solution of (8.6).

Proposition 8.6.1 Let (71),, be a sequence of regular triangular meshes of 2. Let Vop be
the subspace of Hg (), defined by the Py, finite element method, of dimension na. Take f(t) €
L*(]0,T[; L*(Q)), wo € H5(Q), and w € L*(]0,T[; H5(Q)) N C([0,T]; L*(R)), the unique
solution of the heat flow equation (8.12). Let un be the unique solution of the variational
approzimation (8.55) in Vo If limp—o ||uo,n — uo||L2(m =0, then we have

li - . =1 — . =0.
hlg})HU uhHLQ(]O,T[,H(l)(Q)) h{{%”“ Uh||c<[o,T],L2(Q)>

The proof of proposition 8.6.1 is similar to that of the preceding results on variational
approximation. It can be found in the work [34]. We can also obtain error estimates and
explicit rates of convergence, but this would involve too much.

8.6.2 Total discretization in space-time

After having discretized the heat flow equation in space by a finite element method,
we finish the discretization of the problem by using finite differences in time.
Concretely, we use finite differences schemes to solve the system of ordinary differential
equations (8.57) resulting from the semidiscretization in space. We shall therefore
revisit many schemes already studied in Chapter 2 as well as the notions such as
stability or the order of precision. To simplify the notation, we rewrite the system
(8.57) without mentioning the dependence on the parameter h of the spatial mesh

dU
M= (1) + KU (1) = b(1)

Ut =0)=0°

(8.58)

To simplify the analysis we shall assume that b(t) is continuous on [0, T]. We break
the time interval [0, 7] into ng intervals or timesteps At = T'/ng and we set

tn, =nAt 0<n <nyg.

We denote by U™ the approximation of U(t,) calculated by a scheme. To calculate
the approximate solutions of (8.58) numerically, the simplest and most frequently
used scheme is the f-scheme (see (2.5))

Un+1 —_yn

M—F(—+K (OU™ + (1= 0)U™) = 0b(tnt1) + (1 — 0)b(ty,). (8.59)
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When 6 = 0, we call (8.59) an explicit scheme, and when 6 = 1, an implicit
scheme, and for § = 1/2, the Crank—Nicolson scheme. We can rewrite (8.59) in
the form

(M + ALK U™ = (M — (1 — O)ALK)U™ + At(0b(tns1) + (1 — 0)b(t,)).  (8.60)

Let us remark that in general the matrix M is not diagonal, and therefore, even for
the explicit scheme, it is necessary to solve a linear system to calculate U™*! as a
function of U™, and of the right-hand side b (except if we use a numerical integration
formula which makes M diagonal, see remark 7.4.3). Obviously, we can construct
many schemes inspired from those in Chapter 2. Let us cite an example of a scheme
with three time levels, the Gear scheme,

U™t —4Un 4+ U
M 2A1

These schemes are, of course, consistent (see definition 2.2.4) and we can easily analyse
their precision (with respect to the time variable).

+ KU = b(tyy1). (8.61)

Exercise 8.6.1 Show that the Crank—Nicolson scheme and the Gear scheme are second
order (in time), while the #-scheme for 6 # 1/2 is first order.

Remark 8.6.2 It is possible to construct a finite element method in space and in
time, but this is not of interest except in the case where the domain Q(t) varies as a
function of time. °

We now give a definition of the stability of these schemes which is a variant of
definition 2.2.8.

Definition 8.6.3 A finite difference scheme for (8.58) is called stable if
MU - U< C forall0 <n<ng=T/At,

where the constant C' > 0 is independent of At and of the dimension of the system ng
(therefore of the mesh size h), but can depend on the initial data U°, on the right-hand
stde b, and on T

Remark 8.6.4 The choice of the norm v MU - U in definition 8.6.3 is explained by
the fact that MU - U = [, |u|*dz with u € Vo, a function of the coordinates U in
the chosen basis of Vyp, (M is positive definite). Let us recall that, in definition 2.2.8
of stability in the sense of the finite differences, we weighted the Euclidean norm of
U by Ax to recover the link with the norm of u in L?(Q). o

Lemma 8.6.5 If 1/2 < 0 < 1, the 0-scheme (8.59) is unconditionally stable, while,
if 0 <0 < 1/2, it is stable under the CFL condition

2
1—26°
where the A; are the eigenvalues of KU = AMU (see (7.23)).

max \; At < (8.62)
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Remark 8.6.6 We do not immediately recognize in (8.62) the usual CFL (Courant—
Friedrichs-Lewy) condition At < Ch? for the heat equation (see Section 2.2.3). In
fact, we can show that, if the mesh 7 is uniformly regular in the sense where every
element contains a ball of radius Ch (with C' > 0 independent of the element), then
we effectively have max; \; = O(h™2). We suggest that the reader verifies this fact
in N = 1 dimension as exercise 8.6.4 below. In practice we do not use the #-scheme
for # < 1/2 since the stability condition (8.62) is much too severe: it needs the use of
very small timesteps which makes the calculation much too costly. °

Proof. We rewrite the scheme (8.60) in the orthonormal basis for M and orthogonal
for K (see the proof of lemma 7.4.1)

(I+ 60Atdiag(\))U" L = (1 — (1 — 0)Atdiag(\;))U" + Atb"™, (8.63)
with M = PP* K = Pdiag(\;)P*, U" = P*U", and 0" = P~ (0b(tpy1) + (1 —

0)b(t,)). We deduce from (8.63) that the components U of U™ satisfy the following
equation:

- - At n -
n __ AT 770 Nk—1 nfk
07 = (0" 07+ gz, 2000 (8.64)
with
1= (1 —=0)AtA;
P T R 0AL,

In this basis the stability condition is |[U"|| o = ||[U"|] < C. Consequently, a necessary
and sufficient condition for stability is |p;| < 1 for all ¢, which is none other than the
condition (8.62) if 0 < 6 < 1/2, and which is always satisfied if 6 > 1/2. O

Remark 8.6.7 It is clear in the estimate (8.64) that the larger the value of 6, the
smaller the coefficient in front of the term l;?*k. In fact, this property corresponds
to an exponential damping by the scheme of the contributions from the source term.
Consequently, even if for every value 1/2 < 6 < 1 the f-scheme is stable, its maximum
stability is attained for § = 1 (the numerical errors decay). This is why the implicit
scheme is more robust and often used for ‘stiff’ problems even though it is less precise
than the Crank—Nicolson scheme. )

Remark 8.6.8 The system of ordinary differential equations (8.58) is called ‘stiff’
since its solutions involve terms of the type exp(—A;t), which evolve on very different
time scales (let us recall that min; \; = O(1) and max; \; = O(h~?)). There exist
other numerical integration methods for ordinary differential equations which are more
powerful and more complicated than the #-scheme. We cite the Runge-Kutta methods
(see, for example, the Chapter XX of [14]). Nevertheless, there is a compromise to
be struck between the use of a numerical integration method in time which is robust,
but expensive, and the (very important) size of the systems to be solved (let us recall
that the size is proportional to the number of elements). )
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We can use the variational character of the discretization by finite elements which
has led to (8.58) to show the unconditional stability of the f-scheme in another way.

Exercise 8.6.2 We consider the #-scheme (8.59) with 1/2 < 6 < 1. We denote by
lU|lm = VMU -U. Prove the following discrete equivalent of the energy inequality
(8.17)

no T
U3+ ALY _KU™-U" < C (UOII% +/O ||f(t)||iz(g)dt+@(1)> :

n=0

For this, we will take the scalar product of (8.59) with U = AU™t! 4 (1 — 6)U™.
Exercise 8.6.3 Show that the Gear scheme (8.61) is unconditionally stable.

Exercise 8.6.4 We solve the heat flow equation (8.12) in N = 1 dimension by P finite
elements and the explicit scheme in time. We use a quadrature formula which makes the
matrix M diagonal (see remark 7.4.3 and exercise 7.4.1). We recall that the matrix K is
given by (6.12) and that we have calculated its eigenvalues in exercise 13.1.3. Show that
in this case the CFL condition (8.62) is of the type At < ChZ.

Finally, we can state a convergence result for this method of discretization that we will
not prove (the proof of proposition 8.6.9 is in the spirit of the preceding proofs). For more
details, as well as error estimates and explicit rates of convergence, we refer to [34].

Proposition 8.6.9 Let u be the ‘sufficiently reqular’ solution of the heat equation (8.12).
Let (Tn)),5¢ be a sequence of regular triangular meshes of Q0. Let Vor be the subspace of
H} (), defined by the Py finite element method. Let (At) be a sequence of timesteps which
tends to zero. Let uy € Von, be the function whose coordinates U™ in the finite element basis
of Vo are calculated by the 0-scheme. If limy o uy = uo in L?(Q), and if h and At tend to
0, respecting the stability condition (8.62), then we have

hﬂg}gltﬁoogg;o [u(tn) — unllL2 @) = 0.

To finish we illustrate this by taking the example of Section 6.3 on the diffusion in
the atmosphere of a pollutant emitted by a localized source (see the mesh in Figure 6.7
and the right-hand side f in Figure 6.14). The initial data wug is taken zero in the
domain. Figure 8.1 presents the results at 4 different times. As the source term is
independent of time, the solution converges towards a stationary regime as the time
tends to infinity.

8.7 Numerical methods in the hyperbolic case

The numerical methods to solve the wave equation are very similar (in principle, but
not always in practice) to those that we have seen for the heat equation.
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Figure 8.1. Concentration at time t =1, 2, 3, 5.

8.7.1 Semidiscretization in space

We discretize in space only the variational formulation (8.25) of the wave equation
(8.3). For this, we construct an internal variational approximation by introducing a
subspace Vpy, of H (), of finite dimension (typically, a finite element subspace). The
semidiscretization of (8.25) is therefore the following variational approximation: find
up(t) a function of |0, T with values in Vpp, such that

d2
@@Lh(t), vh>L2(Q)+(I (uh(t), Uh) :<f(t), Uh>L2(Q) Yo € Vor, 0<t<T,

o (8.65)
up(t = 0) = ug p, a—;(t =0)=u

where ug,, € Vor, and uy 5 € Vo, are approximations of the initial data ug and u.

To show that (8.65) has a unique solution and the practical way to calculate it,
we introduce a basis (¢;)1<i<n,, of Vor, (which does not depend on time), and we look
for up,(t) in the form

ndl

un(t) = UL ()i,
i=1
with U" = (U")1<i<n,, the vector of the coordinates of uy. By setting
ndi ndi

ug,p = ZUR%, Uy = ZUil’h@, by (t) = (f(t), di) 2 (9, 1 <i<na,

i=1 i=1
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the variational approximation (8.65) is equivalent to the linear system of second order
ordinary differential equations with constant coefficients

d2Uh
My ——(t) + K UMt) = b (t), 0<t<T,
dt2
- (8.66)
Uh(t=0)=0%", —(t=0)= uth,

where we again find the mass matrix M, and stiffness matrix K}, as for the heat
flow equation

(Mn)ij = (bis 0j)12)s  (Kn)ij = aldi, ¢5) 1 <i, j<na.

The existence and uniqueness, as well as an explicit formula, of the solution of (8.66)
is easily obtained by simple simultaneous diagonalization of the matrices M}y and
Kr. As it is difficult and costly to diagonalize (8.66), in practice we solve (8.66)
numerically by discretization and time stepping.

Exercise 8.7.1 Write the linear system of ordinary differential equations obtained by
semidiscretization of the damped wave equation (8.53).

8.7.2 Total discretization in space-time

We use a method of finite differences in time to solve the system of ordinary
differential equations (8.66). To simplify the notation, we rewrite the system (8.66)
without mentioning the spatial dependence on h

M%(t) +KU(t) = b(t)
w (8.67)
Ut=0)=Up, —(t=0)=U,

where we assume that b(t) is continuous on [0,T]. We break the time interval [0, T
into ng timesteps At = T/ng, we set t, = nAt 0 < n < ng, and we denote by U™
the approximation of U(t,) calculated by a scheme. For 0 < # < 1/2 we propose the
f-scheme

Un+1 —_oun + Un—l
(At)?
= Ob(tps1) + (1 — 20)b(ty) + Ob(tn_1). (8.68)

+ K (U™ + (1=20)U™ + 60U 1)

When 6 = 0, we call (8.68) an explicit scheme (it is only truly explicit if the mass
matrix M is diagonal). To start the scheme we must know U° and U!, which we
obtain, thanks to the initial conditions

Ut -u°

U°=0U, and i

U;.
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A more frequently used scheme, as it is more general, is the Newmark scheme.
To solve the ‘damped’ system

42U dU
() +C= () + KU () = b(1)

M dt

we approximate U(t), dU/dt(t), d*U/dt?(t) by three sequences U™, U™, U™
MU L U™ 4 KU = b(t, 1)
Ut = U™ AU 4 (1 - 8)T™) (8.69)
: At)? 5
Uyttt — gn L AU™ + % (29[]""'1 + (1 - 29)U”)

with0<d<land 0<6 < 1/2."When the damping matrix is zero (C = 0), we can
eliminate the sequences U™ and U", and (8.69) is equivalent to

grtt —2un + Un! a1, (1 1 1
n - _2 n _ n
M (a0)? +IC(6U +<2+5 0>U +<2 6+0)U )

= 0b(tn41) + (; +60— 29) b(tn) + (; -0+ 9) b(tn_1). (8.70)

Let us remark that for 6 = 1/2 the Newmark scheme becomes the 6-scheme. In
practice, the larger of §, the more dissipative and robust the scheme (the numerical
errors decay more quickly), even if it is less accurate.

Exercise 8.7.2 Show that the Newmark scheme is first order (in time) for 6 # 1/2,
second order for 6 = 1/2 and 6 # 1/12, and fourth order if § = 1/2 and 6 = 1/12 (we
limit ourselves to the equation without damping).

We study the stability of these schemes in the sense of definition 8.6.3. To avoid
difficult calculation, we shall be content with studying the Von Neumann necessary
stability condition (see remark 2.2.24). The following result is in the same spirit as
lemma 2.3.6.

Lemma 8.7.1 We consider the Newmark scheme (8.70). If 6 < 1/2, it is always
unstable. Let us assume from now on that § > 1/2. The Von Neumann necessary
stability condition is always satisfied if 6 < 20 < 1, while, if 0 < 20 < & it is only
satisfied under the CFL condition

2

< m, (871)

max \; (At)?

where the \; are the eigenvalues of KU = AMU (see (7.23)).
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Remark 8.7.2 We do not recognize the usual CFL (Courant-Friedrichs-Lewy) con-
dition immediately in (8.71) for the wave equation (see lemma 2.3.6). In fact, we
can show that, if the mesh 7}, is uniformly regular in the sense where every element
contains a ball of radius Ch (with C' > 0 independent of the element), then we have
effectively max; \; = O(h™?). The reader has checked this fact in N = 1 dimension in
exercise 8.6.4. Conversely to the parabolic case, the CFL condition (8.71) is not too
severe since we can take the timesteps At of the order of the space step h. However,
since we must invert a linear system (to be able to calculate U"*! as a function of
U™, U"1, and of the right-hand side), there is no additional cost in using the New-
mark scheme for values of & and 6 such that it is unconditionally stable. The only
interesting case for a stable scheme under the CFL condition is the case where it is
explicit, that is to say that there is no linear system to solve at each timestep. In
effect, an explicit scheme needs very few operations per timestep and therefore leads
to less costly calculations. The only possibility for the Newmark scheme (8.70) to be
explicit is that # = 0 and that the mass matrix M is diagonal thanks to a numerical
integration formula (see remark 7.4.3). This explicit scheme is often used in practice
with 6 = 1/2. .

Proof. It is very similar to that of lemma 8.6.5 but with the technical complications
which recall lemma 2.3.6. We decompose U™ and the right-hand side of (8.70) in the
basis orthonormal for M and orthogonal for K. Consequently, (8.70) is equivalent,
component by component, to

n+l _ o17n n—1
U; U7+ U <6)Ui”+1 + (; +6— 29> Ur + (; 5+ 0> Ui"_l) = b7,

(At)?

(8.72)
with the obvious notation (the )\; are the eigenvalues of the matrix system KV, =
AiMV;).  As the scheme (8.72) is three level (see Section 2.2.5), we introduce an
iteration matrix A; such that

urtt ur (At)? b . [ an aiz
(Ui" >_A(U"1)+1+0)\i(At)2 0 with A; = 10 ;

— X(AD2((1/2) + 6 — 26) L A(ADA((1/2) — 5+ )
1+ 0 (At)?2 b 2T 1+ 0X(AL)2 '

ail =

We deduce that

Uyt (U o X by "
(Uf ):Ai(U())U 1+0)\ ZAP( ) (8.73)

The Von Neumann necessary stability condition is thus p(A;) < 1. We therefore
calculate the eigenvalues of A; which are the roots of the following polynomial in p

p—anp—aiz=0
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whose discriminant is

L —INA0? 4 XA (((1/2) +6)° - 49)
- (1+0):(AL)2)2 '

We verify easily that the roots of this polynomial have modulus less than or equal to
1 if and only if we are in one of the two following cases: either A < 0 and a2 > —1,
or A>0and 1—ajs > |a11]- A tedious but simple calculation leads to the condition
(8.71) (see if necessary the theorem 6, section 3, chapter XX in [14]). |

Exercise 8.7.3 We consider the limit case of lemma 8.7.1, that is to say § = 1/2
and \; (At)?2 = 4/(1 — 46). Show that the Newmark scheme is unstable in this case by
showing that

(-2 -1 n_( 1 ntl n
a= (75 ) e e (7))

remark that this is a ‘weak’ instability since the growth of A} is linear and not exponential.

Remark 8.7.3 In the absence of a source term the solutions of the system of ordinary
differential equations (8.67) are oscillating functions of the type cos(w;t), with w? = \;.
As the numerical integration schemes of (8.67) have the tendency to damp these
oscillations a little (we say that they are diffusive or dissipative; see the discussion
after definition 2.3.5), we can prefer another method of solution of (8.67) based on
a decomposition of the solution into the eigenvectors V; of the matrix system KV; =
AiMV;. We look for the solution U(t) of (8.67) in the form

Ut)=>_ xi(t)Vi,
i€l
where I is a collection of indices of eigenmodes chosen to represent the solution cor-
rectly, and z;(t) is the solution of a scalar ordinary differential equation
d2!Ei
dt?

that we can integrate easily, quickly, and precisely by the numerical method of choice.
This method, called superposition of modes, is often used in vibration mechanics.
It has the advantage of being not very dissipative, that is to say the oscillations are
damped very little. Of course, the quality of the results depends in a large part on
the choice of the modes in the decomposition, a choice often motivated by physical
considerations. °

Finally, we can state a convergence result for this method of discretization that we shall
not prove (the proof of proposition 8.7.4 is in the spirit of the preceding proofs). For more
detail, as well as error estimates and explicit rates of convergence, we refer to [34].
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Proposition 8.7.4 Let u be the ‘sufficiently reqular’ solution of the wave equation (8.33).
Let (Tn)),5 be a sequence of regular triangular meshes of ). Let Von be the subspace of
HY(Q), defined by the Py finite element method. Let (At) be a sequence of timesteps which
tend to zero. Let ujy € Von be the function whose coordinates U™ in the finite element basis
of Von, are calculated by the Newmark scheme. If limy_o u% = ug in LQ(Q), limp o u,ll = u1
in L*(Q), and if h and At tend to 0 respecting the stability condition (8.71), then we have
i omax lutn) = uhllz2@) = 0.

To finish, we illustrate this by simulating the propagation of a spherical wave in
a square cavity with a reflecting boundary. We therefore solve the wave equation in
=0, 1[> with a Neumann boundary condition, a zero initial velocity and an initial
displacement with compact support and spherical symmetry centred on the point
(0.3,0.4). In Figure 8.2 we trace the modulus of the deformation Vu at the initial
instant and at five later instants (this type of image, called a Schlieren diagram,
represents what we would see in a real experiment).
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Figure 8.2. Modulus at time ¢ = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 of |Vu].



9 Introduction to
optimization

9.1 Motivation and examples

9.1.1 Introduction

Optimization is a very old subject which has shown a resurgence since the appearance
of computers and whose methods are applied in numerous domains: economics, man-
agement, planning, logistics, robotics, optimal design, engineering, signal process-
ing, etc. Optimization is also a vast subject which touches on calculus of variations,
operations research (optimization of management or decision processes), and optimal
control. We will only mention these subjects since we would need complete notes for
each of them if we want to treat them thoroughly.

In a certain way, optimization can be seen as a discipline independent of the numer-
ical analysis of partial differential equations that we have studied in the preceding
chapters. However, the interactions between these two disciplines are numerous and
fertile and it is much more natural to deal with them in the same course. Indeed, after
the modelling step from a physical phenomenon or an industrial system (possibly
with the help of partial differential equations), and after the numerical simula-
tion step, the work of the applied mathematician (who may be an engineer or re-
searcher) is not finished: it is often necessary to change the system to improve
certain aspects of it. This third step is that of optimization, that is to say that of
the minimization (or the maximization) of a function which depends on the solution of
the model.

In what follows we shall therefore mix examples of optimization problems where
the models have a very different nature. In the simplest case, the model will be a simple
algebraic equation and it will be a question of optimizing a function defined on a finite
dimensional space (say R™). Typically, this is the most frequent situation in operations
research. A second category of problems corresponds to the case where the function
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to optimize depends on the solution of an ordinary differential equation (in other
words, this function is defined on an infinite dimensional space, say C[0,7]). We
then talk of optimal command, and the applications are numerous in robotics. The
third and last category corresponds to the optimization of functions of the solution
of a partial differential equation. This then involves the theory of optimal control of
distributed systems which has numerous applications, for example, in optimal design
or for the stabilization of mechanical structures. The next section displays several typ-
ical examples of these optimization problems. Let us remark that these categories are
not hermetically sealed since after spatial and/or temporal discretization an ordinary
or partial differential equation leads to a system of algebraic equations.

We can also separate optimization into two large branches of very different
methods depending on whether the variables are continuous or discrete. Typically,
if we minimize a function f(z) with z € R™, we have continuous optimization,
while if z € Z™ we have combinatorial optimization or discrete optimization. In
spite of appearances, continuous optimization is often ‘easier’ than discrete optimiza-
tion since we can use the idea of a derivative which is very useful from the theoretical
as well as algorithmic point of view. Combinatorial optimization is natural and essen-
tial in many problems in operations research. This is a domain where, beside rigorous
theoretical results, there are numerous ‘heuristic’ methods essential to obtaining good
algorithmic performance.

To finish this brief introduction we describe the plan of the remainder. This chapter
will principally consider the question of existence and uniqueness in continuous opti-
mization, whether it is in finite or infinite dimensions. In particular, we see the crucial
role of the convexity in obtaining existence results in infinite dimensions. Chapter
10 will develop the optimality conditions and the numerical algorithms which fol-
low. Chapter 11 comprises an introduction to the methods of operations research,
including linear programming and combinatorial methods. For more detail on opti-
mization we refer the reader to the works [3], [8], [11], [30], [16], [19], [31].

9.1.2 Examples

We shall review several typical optimization problems, of unequal practical or theoret-
ical importance, but which allow us to explore the different ‘branches’ of optimization.

Let us start with several examples in operations research, that is to say in
optimization of the management or allocation of resources.

Example 9.1.1 (transport problem) This is an example of linear programming.
The aim is to optimize the delivery of goods (a classical problem in logistics). We
have M warehouses, indexed by 1 <+¢ < M, each one with a stock level s;. We must
deliver to N customers, indexed by 1 < j < N, who have each ordered a quantity
r;. The unit cost of transport between warehouse ¢ and customer j is given by c¢;;.
The decision variables are the quantities v;; of goods leaving the warehouse 7 to the
customer j. We want to minimize the cost of transport while satisfying the orders of
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the customers (we assume that ZZ 1 5i > Ejvzl r;). In other words, we want to solve

1nf Z Z CijVij

(vig) 1=1j5=1

under the constraints of stock limits and customer satisfaction
UZ]'Z(L Zvij§3i7 Zvij:rj for1§z§M7 ].SJSN

This problem is a particular case of a transport problem. °

Example 9.1.2 (assignment problem) This is an example of combinatorial op-
timization or optimization in integer variables. Imagine yourself to be the head of
a marriage agency. Take N women, indexed by 1 < ¢ < N, and N men, indexed
by 1 < 57 < N. If the woman ¢ and the man j are suitable to be married their
suitability variable a;; is 1; if not it is 0. Let us remain classical: only heterosexual
marriages are allowed and polygamy is not admitted. (We shall see in Section 11.3.7
that this hypothesis of monogamy is not necessary!) The aim is to maximize the
number of marriages between these N women and N men. In other words, we look
for a permutation o in the set of permutations Sy of {1, ..., N} which realizes the
maximum of

max E Qa
O'ESN i)

A variant consists of assigning values of a;; between 0 and 1. This type of problem
is called an assignment problem (it occurs in more serious industrial contexts such
as the assignment of crews and aeroplanes in an airline company). Although it is
not necessarily the best way to pose the problem, we can write it in a form close
to example 9.1.1. The decision variables are denoted as v;; which are 1 if there is a
marriage between the woman ¢ and the man j and 0 otherwise. We want to maximize

N N
sup E E A5V
(i) \ =1 j=1

under the constraints
N M
vi; = 0or 1, Zvijgl, Zvijgl for1 <i, j<N.

We might believe that the assignment problem is simple since as there are a finite
number of possibilities it is ‘sufficient’ to enumerate them to find the optimum. This
is of course a delusion, since the characteristic of combinatorial problems is their
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very large number of possible combinations, which in practice prevents an exhaustive
enumeration. Nevertheless, for this problem there exist efficient solution techniques,
see Section 11.3.7). .

Example 9.1.3 (knapsack problem) A classical problem is the knapsack prob-
lem. Take n objects with respective weight p1,...,p, € R, and respective utility
Uy, ..., U, € R, and P € R a maximal weight that we want to carry. We set z; = 1 if
we put the ith object in the knapsack, and x; = 0 otherwise. We want to maximize
the utility of the knapsack under the weight constraint:

max TiU;.
e )
1<i<n
1<icn TiPiS P T
Again the difficulty for this is that the optimization variables x; are discrete (see

exercise 11.4.5 for a solution method). o

Figure 9.1. Route for a travelling salesman in example 9.1.4.

Example 9.1.4 (travelling salesman problem) A celebrated example in com-
binatorial optimization is the problem of the travelling salesman. A salesman must
visit n towns successively and return to his point of departure in a minimum time.
We denote by t;; the time to travel between the town ¢ and the town j (possibly
different from t;;). We then draw the oriented graph of the n towns linked by arcs
weighted by the (¢;;) (see Figure 9.1). We must then find a cycle in this graph which
passes once and once only through all the towns. It is possible to cast this problem as
a linear programming problem in integer variables (see Section 11.6.1 for a solution
to the method). .

Example 9.1.5 (path of minimum cost) Take an oriented graph G = (N, A),
where A is the set of nodes and A C N x A is a set of arcs linking these nodes.
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We associate with each arc (k,m) € A a cost w(k, m). We fix a node as the origin i
and a node as the destination j. The problem of the minimum cost path consists of
finding a path of the graph going from ¢ to j in an arbitrary number of steps which has
total minimum cost. In other words, we look for a sequence of nodes i = ¢y, ..., 0y = j
such that (¢,,4,41) € Aforallr=0,1,...,7—1and w({y,l1) + - +w(lp_1, lr) is
minimal.

When the nodes are towns, so that A is the set of direct routes from one town
to the other, and w(k,m) is the distance between the towns k and m, we recover
the classical problem of the shortest path. In spite of its combinatorial aspect, this
problem is easy to solve even when it is large. .

Here is a very simple algebraic example which comes, for example, from the finite
element discretization of the Stokes equations (see Section 6.3.4).

Example 9.1.6 (quadratic optimization with linear constraints) Let A be a
square matrix of order n, which is symmetric and positive definite. Let B be a rect-
angular matrix of size m x n. Let b be a vector of R”. We want to solve the problem

1
inf =—Az-xz—b-xp.
rellr(lerB {J(.’Il) 2 v b -'17}

The constraint of belonging to KerB makes this minimization nonobvious (see
Section 10.2.2 for its solution). .

Another simple algebraic example is that of the Rayleigh quotient which allows
us to calculate the eigenvalues and eigenvectors of a symmetric matrix.

Example 9.1.7 (first eigenvalue) Let A be a square matrix of order n, which is
symmetric. We want to characterize and calculate the solutions of

inf Ax - x,

mn
z€R™,||z||=1

where ||z|| is the Euclidean norm of x. We see that they are the eigenvectors of A
associated with its smallest eigenvalue (cf. Section 10.2.2). .

Let us consider a classical example in economics.

Example 9.1.8 (household consumption) We consider a household which con-
sumes n types of goods whose prices form a vector p € R’. The available income is
a real number b > 0, and the choices for consumption are assumed to be modelled
by a utility function u(z) from R’} into R (increasing and concave), which measures
the benefit that the household gains from the consumption of the quantity = of n
goods. The consumption of the household will be the vector z* which will realize the
maximum of

max  u(x),
z€RY ,z-p<b
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that is to say which maximizes the utility under a maximal budget constraint (see
Section 10.3.2 for the solution). .

Let us pass to an example of optimization of a system modelled by an ordinary
differential equation, that is to say to a problem of optimal command.

Example 9.1.9 (optimal command) We consider a linear differential system with
quadratic criterion. The aim is to guide a robot (or a spacecraft, a vehicle, etc.) so
that it follows a predefined trajectory ‘as closely as possible’. The state of the robot
at the moment ¢ is represented by a function y(¢) with values in RY (typically, the
position and the velocity). We act on the robot through a command v(t) with values
in RM (typically, the engine power, the direction of the wheels, etc.). In the presence
of forces f(t) € RY the laws of mechanics lead to a system of ordinary differential
equations (assumed linear for simplicity)

dy

—=A B f <t<L<T

7 y+Bv+f for0<t< 9.1)
y(0) =wo

where yo € RY is the initial state of the system, A and B are two constant matrices
of respective dimensions N x N and N x M. We denote by z(t) a ‘target’ trajectory
and zr a final ‘target’ position. To approximate these targets as well as possible and
to minimize the cost of the control, we introduce three symmetric positive matrices
R,Q,D where only R is further assumed to be positive definite. We then define a
quadratic criterion

T T
J(v):/o Rv(t)-v(t)dt+/0 Qly—2)(t)-(y—2)(t)dt+ D (y(T) — zr) - (y(T) — 21) .

Let us remark that the function y(¢) depends on the variable v through (9.1). As the
admissible commands are possibly limited (the power of a motor is often bounded . . .),
we introduce a convex closed nonempty set K of R which represents the set of
admissible commands. The problem is therefore to solve

inf J(v).
v(t)eK, 0<t<T

It will be necessary, of course, to specify in which function spaces we minimize J(v)
and we define the solution y of (9.1) (see Section 10.4.2 for the solution). .

Example 9.1.10 (minimization of a mechanical energy) We want to minimize
the mechanical energy of a membrane or the electrostatic energy of a conductor. We
refer to Chapters 1 and 5 for more detail on the modelling and the mathematical
notation. Let Q be an open bounded set of RY and take f € L?(Q2). From proposition
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5.2.7, to solve the Dirichlet problem for the Laplacian, we must minimize the energy
J(v) defined for v € H}(Q) by

J(v) = %/Q|Vv|2dm—/ﬂfvd;v.

In other words, we want to solve

inf J(v).
veglé(ﬂ) (U)

We can pose the same problem for more complicated equations than the Laplacian
such as the Stokes equations. According to exercise 5.3.10, the solution of the Stokes
equations is equivalent to the minimization

inf {J(v)zu/|Vv|2dx—/f-vdx}.
veH} (Q)Nsuch that dive=0 2 Jo Q

We remark that there is an ‘incompressibility’ constraint in this minimization, and
that the pressure is absent from the energy. We see that these two facts are closely
linked. °

Let us now give an example from the calculus of variations. Historically, this is
one of the oldest problems in optimization, solved by Zénodore around two centuries
before our era and whose complete proof is due to Weierstrass towards the end of the
nineteenth century.

Example 9.1.11 (the Didon problem) Virgil recounts in the Aeneid that when
the queen Didon founded the city of Carthage, all the land that was allocated was
‘as much land as could be enclosed by the skin of an ox’. She then cut this skin
into fine strips and encircled the future city situated beside the sea. The question was
therefore to find the greatest area possible bounded by a line (the shore) with given
fixed boundary length. The answer is of course a half disc (see exercise 10.2.10). In
slightly simplified mathematical terms, the problem is to find the plane curve of fixed
length | > 0 which encloses, with the segment linking its two ends, the maximum
area. In other words, we solve

£
Sup/ y(z) dz,
0
with the constraints
€
£>0, y(0) =0, / V14 y(x)2de =1,
0

where ¢ is the end of the segment and y(z) the position of the curve above the point
x of the segment. .
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Let us now come to the optimization of a distributed system, that is to say one
modelled by a partial differential equation.

Example 9.1.12 (control of a membrane) We consider an elastic membrane,
fixed at its boundary, and deformed under the action of a force f. As we have
seen in Section 1.3.3, this problem is modelled by

—Au=f+v inQ
u=~0 on 0f),

where u is the vertical displacement of the membrane and v is a control force available
to us. This control is typically a piezoelectric actuator which acts on a part w of the
domain 2 with a limited intensity. We therefore define the set of admissible controls

K = {v(z) such that vmin(2) < v(z) < Upax(z) D w and v =01in O\ w},

where vpin and vpax are two given functions. We look for the control which gives
the displacement u as close as possible to a desired displacement ug, and which has a
moderate cost. We therefore define a criterion

1
J(v) = 5/9 (Ju — uo|* + ¢|v]?) da,

with ¢ > 0. The control problem is written

inf .

)
We must still, of course, specify the choice of function spaces for v and the other data
of this problem (see Section 10.4.3 for the solution). .

9.1.3 Definitions and notation

Optimization has a particular vocabulary: let us introduce some classical notation
and definitions. We consider principally some minimization problems (knowing that
it is enough to change the sign to obtain a maximization problem).

First of all, the space in which the problem lies, denoted as V, is assumed to
be a normed vector space, that is to say equipped with a norm denoted by |v||. In
Section 9.1.4 V will be the space R, while in the following section V will be a real
Hilbert space (we could equally well consider the more general case of a Banach space,
that is to say a complete normed vector space). We also have a subset K C V' where
we will look for the solution: we say that K is the set of admissible elements of
the problem, or that K defines the constraints imposed on the problem. Finally,
the criterion, or the cost function, or the objective function, to be minimized,
denoted by J, is a function defined over K with values in R. The problem studied
will therefore be denoted as

vel}l{lvaJ(v). (9.2)
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When we use the notation inf for a minimization problem, this indicates that we do
not know a priori, if the minimum value is attained, that is to say if there exists
v € K such that

J@) = inf J(v).

veEKCV
If we want to indicate that the minimum value is attained, we prefer the notation

in J
'UEHIKIEV (0)7

but this is not a universal convention (though extremely widespread). For the maxi-
mization problems, the notation sup and max replace inf and min, respectively. Let
us specify some basic definitions.

Definition 9.1.1 We say that u is a local minimum (or minimum point) of J over
K if and only if

veK and >0, YwekK, |v—ul<d= JWw) > J(u).
We say that u is a global minimum (or minimum point) of J over K if and only if

wue K and J)>J(u) Vv e K.

Definition 9.1.2 We say infimum of J over K (or, more usually, minimum value),
and which we denote by (9.2), to mean the upper bound in R of the constants which
bound J below on K. If J is not bounded below K, then the infimum is —oo. If K is
empty, by convention, the infimum is +oco.

A minimizing sequence of J in K is a sequence (u™)pen such that

v €K Vn and lim J(u") = inf J(v).
n—+00 veK

By the very definition of the infimum of J over K there always exist minimizing

sequences.

9.1.4 Optimization in finite dimensions

Let us interest ourselves now in the question of the existence of minima for
optimization problems posed in finite dimensions. We shall assume in this section
(without loss of generality) that V = RY provided with the usual scalar product
u-v= Zf\; u;v; and with the Euclidean norm |[ul| = v/u - u.

A general result guaranteeing the existence of a minimum is the following.

Theorem 9.1.3 (existence of a minimum in finite dimensions) Let K be a
closed nonempty set of RV, and J a continuous function over K with values in R
satisfying the property, called ‘infinite at infinity’,

V(u™)n>0 a sequence in K, hIE |u™|| = 400 = lirf Ju") =4o00. (9.3)
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Then there exists at least one minimum point of J over K. Further, from every min-
imizing sequence of J over K we can extract a subsequence converging to a minimum
point over K.

Proof. Let (u™) be a minimizing sequence of J over K. Condition (9.3) implies that
u™ is bounded since J(u™) is a sequence of bounded reals. Therefore, there exists a
subsequence (u"*) which converges to a point u of RY. But u € K since K is closed,
and J(u™) converges to J(u) by continuity, from which J(u) = inf,ecx J(v) according
to definition 9.1.2. ad

Remark 9.1.4 Let us note that property (9.3), which assures that every minimiz-
ing sequence of J over K is bounded, is automatically satisfied if K is bounded.
When the set K is not bounded, this condition means that, in K, J is infinite at
infinity. °

Exercise 9.1.1 Show by example that the fact that K is closed or that J is continuous
is in general necessary for the existence of a minimum. Give an example of a continuous
function which is bounded below from R into R and which does not have a minimum
over R.

Exercise 9.1.2 Show that we can replace the property ‘infinite at infinity’ (9.3) by the

weaker condition

z;lg( J(v) < REI-EOO (||Ulﬁ12fR J(v))'

Exercise 9.1.3 Show that we can replace the continuity of J by the lower semi-
continuity of J defined by

V(u™)n>0 a sequence in K, lim «" =u = liminf J(u"™) > J(u).
- n—+00 n—+00

Exercise 9.1.4 Show that there exists a minimum for examples 9.1.1, 9.1.6, and 9.1.7.

Exercise 9.1.5 Let a and b be two real numbers with 0 < a < b, and for n € N*, let
P,, be the set of polynomials P of degree less than or equal to n such that P(0) = 1.
For P € Py, we denote ||P|| = max,¢[q5 |P(x)].

1. Show that the problem

inf ||P 9.4
Jnt P (94)

has a solution.
2. We recall that the Chebyshev polynomials T,,(X) are defined by the relations
To(X)=1 Ti(X)=X, Thp1(X)=2XT,(X)—-Th_1(X).

Show that the degree of T, is equal to n and that for all § € R, T,,(cosf) =
cos(nf). Deduce the existence of n+1 real numbers {§ = 1>&P>E0 > -+ > &8 =
—1 such that T, (£2) = (—=1)* for 0 < k < n and that max_1<,<1 [T, (z)| = 1.
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3. Show that the unique solution of (9.4) is the polynomial

1 (b+a)/2_x>_

PE) = F o ajo—a) ( - a2

9.2 Existence of a minimum in infinite dimensions

9.2.1 Examples of nonexistence

This section is dedicated to two examples showing that the existence of a minimum
in infinite dimensions is not absolutely guaranteed by conditions like those used
in the statement of theorem 9.1.3. This difficulty is closely linked to the fact that in
infinite dimensions the closed bounded sets are not compact!

Example 9.2.1 Take the Hilbert space (of infinite dimensions) of square summable
sequences in R

+oo
6H(R) = {x = (x;);>1 such that fo < —l—oo} ,

i=1

equipped with the scalar product (z,y) = Zj;olo x;y;. We consider the function J
defined over ¢5(R) by

2 <X g2
J@) = (=) =1)"+>_ -+
i=1
Taking K = ¢5(R), we consider the problem

inf J(z), 9.5
st 7 (@) (9-5)

for which we shall show that there does not exist a minimum point. We verify first

of all that
< inf J(x)) =0.
z€l2(R)

Let us introduce the sequence z™ in £2(R) defined by =} = §;,, for all ¢ > 1. We verify
easily that

J(@")=—=—0 when n— +oo.
n

As J is positive, we deduce that z” is a minimizing sequence and that the minimum
value is zero. However, it is evident that there does not exist any T € ¢5(R) such that
J(Z) = 0. Consequently, there does not exist a minimum point for (9.5). We see in
this example that the minimizing sequence z™ is not compact in ¢2(R) (although it is
bounded). .
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Here now is a model example which is not without similarity to the energy mini-
mization problems that we have met in the solution of partial differential equations
(see, for example, proposition 5.2.7). In spite of its simplified character, this example
is very representative of realistic and practical problems in minimization of phase
change energy in material science.

Example 9.2.2 We consider the Sobolev space V = H'(0, 1) equipped with the norm
1/2

lv]| = (fol (v'(z)? + v(2)?) dx) (which is an infinite dimensional Hilbert space, see

Chapter 4). We set K =V and, for 1 > h > 0, we consider

1
(o) = [ ((0@] =02+ of@)?) e
0
The mapping J is continuous over V, and the condition (9.3) is satisfied as
lvl®
2

1 1
1
Jn(v) = ||v||* - 2h/ |v' (z)|dz 4+ h? > ||v]|* — 5/ v (2)%dx — h? > h? .
0 0
Let us show that
Inf Jy(v) =0, (9.6)

which will imply that there does not exist a minimum of J; over V: in effect, if (9.6)
holds and if u was a minimum of J, over V, we should have Jj,(u) = 0, from which
u=0 and |v'| = h > 0 (almost everywhere) over (0, 1), which is impossible.

hin

0 kin 1
Figure 9.2. Minimizing sequence u" for example 9.2.2.

To obtain (9.6), we construct a minimizing sequence (u™) defined for n > 1 by

k k 2k +1
h(z — =) if —<z< 2+ ,
u"(z) = n n n for0<k<n-—1,
k+1 2k +1 k+1
N T e Y gy
n 2n n

as Figure 9.2 shows. We easily see that 4™ € V and the derivative (u™)'(x) only takes
two values: +h and —h. Consequently, Jp, (u") = fol u™(x)?dx = h?/4n, which proves
(9.6), that is to say that Jj does not have a minimum point over V. And yet, if h = 0,
it is clear that Jy has a unique minimum point v = 0! °
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Exercise 9.2.1 Modify the preceding construction to show that there are no more min-
ima of J over C*[0,1].

In the light of these counterexamples, let us examine the difficulty which occurs
in infinite dimensions and under what hypotheses we can hope to obtain an existence
result for a minimization problem posed in an infinite dimensional Hilbert space.

Let V be a vector space with norm ||v||. Let J be a function defined on subset K
of V with values in R, satisfying the condition (9.3) (infinite at infinity). Then, every
minimizing sequence (u™) of the problem

Ulél}f{ J(v) (9.7)
is bounded. In finite dimensions (if V' = R"), we finish easily as in Section 9.1.4 by
using the compactness of closed bounded sets (and assuming that K is closed and
that J is continuous or lower semicontinuous). Unfortunately, such a result is false
in infinite dimensions, as we have just noted. Generally we can finish if the triplet
(V, K, J) satisfies the following condition: for every sequence (u"),>1 in K such that
Sup,en |lu™]| < 400 we have

nEI-lr-loo J(W") =4 < +00 = Ju € K such that J(u) < {. (9.8)
Thus, under conditions (9.3) and (9.8), problem (9.7) has a solution.

Unfortunately, condition (9.8) is not useful since it is not verifiable in general! We
can however verify it for a particular class of problems, which are very important in
theory and in practice: convex minimization problems. As we see in Section 9.2.3,
if V' is a Hilbert space, K a convex closed set of V, and J a continuous convex
function over K, then (9.8) holds and problem (9.7) has a solution. The motivations
to introduce these conditions are, on the one hand, that the convexity hypotheses are
often natural in many applications, and on the other hand, that it is a rare class of
problems for which the theory is sufficiently general and complete. But this does
not mean that these conditions are the only ones which ensure the existence of a
minimum! Nevertheless, outside of the convex framework developed in the following
sections, difficulties of the type that we have met in the preceding counterexamples
can occur.

9.2.2 Convex analysis

In everything that follows, we shall assume that V is a Hilbert space equipped with
a scalar product (u,v) and with associated norm ||v||. Let us recall that a set K is
convex if it contains all the segments linking any two of its points (see definition
12.1.9). Let us give some properties of convex functions.

Definition 9.2.1 We say that a function J defined over a nonempty convex set K €
V' with values in R is convex over K if and only if

JOu+(1—-0)w)<0J(u)+ (1-0)J(v) VuveK, VOe0,1]. (9.9)
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Further, J is called strictly convez if the inequality (9.9) is strict when u # v and
6 €]0,1].

Remark 9.2.2 If J is a mapping defined over K with values in R, we call the epi-
graph of J the set Epi(J) = {(A\,v) € Rx K, A > J(v)}. Then J is convex if and
only if Epi(J) is a convex set of R x V. °

Exercise 9.2.2 Let J; and J> be two convex functions over V, A > 0, and ¢ a convex
increasing function on an interval of R containing the set J; (V). Show that J; + Js,
max(J1, J2), AJ1, and @ o J; are convex.

Exercise 9.2.3 Let (L;);c; be a family (possibly infinite) of affine functions over V.
Show that sup,c; L; is convex on V. Conversely, let J be a continuous convex function
on V. Show that J is equal to sup; ; L; where the functions L; are affine.

For convex functions there is no difference between local and global minima as the
following elementary result shows.

Proposition 9.2.3 If J is a convez function on a convex set K, every local minimum
point of J over K is a global minimum and the set of minimum points is a convex set
(possibly empty).

If further J is strictly convex, then there exists at most one minimum point.

Proof. Let u be a local minimum of J over K. From definition 9.1.1, we can write
36>0,VweK, |w—-ull<d= Jw)>Ju). (9.10)

Take v € K. For 6 €]0, 1] sufficiently small, wy = v + (1 — 0)u satisfies ||wyg —ul| < &
and wyg € K as K is convex. Therefore, J(wg) > J(u) according to (9.10), and the
convexity of J implies that J(u) < J(wg) < 0J(v) 4+ (1 — 0)J(u), which shows that
J(u) < J(v), that is to say that u is a global minimum over K.

On the other hand, if u; and ug are two minima and if 8 € [0,1], then w =
Oui + (1 — )usy is a minimum as w € K and

inf J(0) < J(w) < 0J(m) + (1= 0)J () = inf J(v).

The same argument with 6 €]0, 1] shows that, if J is strictly convex, then necessarily
Ul = Usg. O

In what follows we shall use the idea of ‘strong convexity’ which is more restrict-
ive than strict convexity.

Definition 9.2.4 We say that a function J defined over a convex set K is strongly
convex if and only if there exists a > 0 such that

u—+wv J(u)+J(v)7gu7v2
J( )g - oll? . (9.11)

2 2 8

We say also in this case that J is a-convex.
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In definition 9.2.4, the strong convexity of J is only tested for convex combinations
of weight # = 1/2. This is not a restriction for continuous functions as the following
exercise shows.

Exercise 9.2.4 If J is continuous and a-convex, show that, for all 8 € [0, 1],

af(1—0)

J(u+ (1= 0)v) < 0J(u) + (1= 6)J (v) = =

|u —v||?. (9.12)

Exercise 9.2.5 Let A be a symmetric matrix of order N and take b € RY. For 2 € RY,

we set J(z) = 1 Az-z—b-z. Show that J is convex if and only if A is positive semidefinite,
and that J is strictly convex if and only if A is positive definite. In this last case, show

that J is also strongly convex and find the best constant «.

Exercise 9.2.6 Let Q be an open set of RY and H'(Q) the associated Sobolev space
(see definition 4.3.1). Take the function J defined over Q) by

1

J(v) = 3 /Q (IVv(z)]* + v()?) do — A f(z)v(z) dz,

with f € L?(Q). Show that J is strongly convex over H!(Q).

The following result will be essential to obtain an existence result for a minimum
in infinite dimensions. In particular, it allows us to conclude that a function J which
is strongly convex and continuous over a convex closed nonempty set K is ‘infinite at
infinity’ in K, that is to say satisfies the property (9.3).

Proposition 9.2.5 If J is convex and continuous over a convex closed nonempty set
K, then there exists a linear continuous form L € V' and a constant 6 € R such that

J(w) > Lv)+46 VYveK. (9.13)

If further J is strongly convex over K, then there exist two constants vy > 0 and § € R
such that
J(v) > Allv]]* =6 VveK. (9.14)

Proof. Let us prove (9.13) first of all. If J is convex and continuous (or simply lower
semicontinuous) over a convex closed nonempty set K, then its epigraph Epi(J)
(defined in remark 9.2.2) is a convex closed nonempty set. Take vy € K and A\g <
J(vg). As (Mo, v0) ¢ Epi(J), we deduce from theorem 12.1.19, of the separation of a
point and of a convex set, the existence of a, 8 € R and of a continuous linear form
L € V' such that

BN+ L(v) > a > BAo+ L(vg) Y (A v) € Epi(J) . (9.15)

As, for v fixed, we can take \ arbitrarily large in the left-hand side of (9.15), it is clear
that 8 > 0; further, as we can take v = vy in the left-hand side of (9.15), § cannot be
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zero. We therefore have 8 > 0 and we deduce from (9.15) that J(v) + L(v)/8 > o/
for all v € K, which proves (9.13).

Let us now prove (9.14). Again take vy € K fixed. For every v € K, (9.11) and
(9.13) imply that

J() = J(vo) v+ v
>
2 + 2 4 2

L(v) + L(vg)
2

)+ Sho—wl? 2 + 8~ wl +4
We deduce o o
J(U) > *HU”Q - §<’U7’U0> + L(U) + Clv

with C1 = (a/4)|Jvo||? + L(vo) — J(vo) + 26. From the Cauchy—Schwarz inequality
applied to (v,vg) and the continuity of L, that is, |L(v)| < ||L|lv/||v] (see definition
12.1.17), we have

o allvol| o
50) 2§10l = (12l + L) ol 402 i - c,

for C € R well chosen. O

Let us finish this section with an agreeable property of convex functions: ‘proper’
convex functions (that is to say which do not take the value +00) are continuous.

Exercise 9.2.7 Take vy € V and let J be a convex function bounded above over an
open ball of centre vg. Show that J is bounded below and continuous over this ball.

9.2.3 Existence results

We can now state a first existence result for the minimum in the particular case where
J is strongly convex (a-convex).

Theorem 9.2.6 (existence of a minimum, strongly convex case) Let K be a
convez closed nonempty set of a Hilbert V. and J an a-convex continuous function
over K. Then, there exists a unique minimum u of J over K and we have

v —ul? < %[J(v) — J(u)] VvéeEK. (9.16)

In particular, every minimizing sequence of J over the set K converges to u.

Proof. Let (u™) be a minimizing sequence of J over K. From (9.14), J is bounded
below over K and, for n,m € N the property (9.11) of strong convexity implies that

“hﬂ—umW+J(

u” + u'™
8

5 — inf J(v)

veEK

veEK

< % <J(u") — vig{ J(v)> +% <J(um) — inf J(v)> )
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which shows that the sequence (u™) is Cauchy, and therefore converges to a limit u,
which is necessarily a minimum of J over K as J is continuous and K closed. The
uniqueness of the minimum point has been shown in proposition 9.2.3. Finally, if
veK, (ut+wv)/2 € K since K is convex, from which, thanks to (9.11),

Jw) I (u+v> L J0) = J()

2 2 ’

Exercise 9.2.8 Show that theorem 9.2.6 applies to example 9.1.10 (use the Poincaré
inequality in Hg(Q)).

Exercise 9.2.9 Generalize exercise 9.2.8 to the different models met in Chapter 5:
Laplacian with Neumann boundary conditions (see proposition 5.2.16), elasticity (see
exercise 5.3.3), Stokes (see exercise 5.3.10).

It is possible to generalize theorem 9.2.6 to the case of functions J which are only
convex (and not strongly convex). However, while much of the proof of theorem 9.2.6
is elementary, much of the following theorem is delicate. It relies in particular on the
idea of weak convergence that we can consider as ‘supplementary’ in the framework
of this course.

Theorem 9.2.7 (existence of a minimum, convex case) Let K be a convex
closed nonempty set of a Hilbert space V, and J a continuous convez function over
K, which is ‘infinite at infinity’ in K, that is to say which satisfies condition (9.3),
that is,

Y(u™)p>o a sequence in K,  lim ||u"] = +o0o = lim J(u") = +o0.
= n—-+o00 n—-+oo
Then there exists a minimum of J over K.

Remark 9.2.8 Theorem 9.2.7 gives the existence of a minimum like the preceding
theorem 9.2.6, but says nothing about the uniqueness or the error estimate (9.16). We
remark in passing that (9.16) will be very useful for the study of numerical minimiza-
tion algorithms since it gives an estimate of the rate of convergence of a minimizing
sequence (u") to the minimum point wu. o

Remark 9.2.9 The theorem 9.2.7 remains true if we simply assume that V is a
reflexive Banach space (that is, that the dual of V' is V). .

We indicate briefly how we can prove theorem 9.2.7 in the case of a separable Hilbert
space (that is to say which has a countable Hilbertian basis, see proposition 12.1.15). We
define the idea of weak convergence in V.
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Definition 9.2.10 We say that a sequence (u™) of V' converges weakly to u € V if

VoeV, lim (u",v) = (u,v).

n——+oo

Let (e');>1 be a Hilbertian basis of V. If we denote by ul’ = (u™,e’) the components
in this basis of a sequence u", which is uniformly bounded in V, it is easy to verify that
the definition 9.2.10 of the weak convergence is equivalent to convergence of all the
sequences of components (u;),>1 for i > 1.

As its name indicates, weak convergence is a ‘weaker’ idea than the usual convergence in
V, as limp— 4o ||u™ — ul| = 0 implies that u™ converges weakly to u. Conversely, in infinite
dimensions there exist sequences which converge weakly but not in the usual sense (which
we sometimes call ‘strong convergence’ in contrast). For example, the sequence u™ = e”
converges weakly to zero, but not strongly since it has constant norm equal to 1. The interest
in weak convergence comes from the following result.

Lemma 9.2.11 From every sequence u™ bounded in V' we can extract a subsequence which
converges weakly.

Proof. As the sequence u" is bounded, each sequence of a component u;j is bounded in
R. For each 4, there therefore exists a subsequence, denoted u;?, which converges to a limit
u;. By a process of diagonal extraction of sequences we then obtain a common subsequence
n' such that, for all 1, u?/ converges to u;. This proves that u converges weakly to u (we
verify that u € V). O

If we say ‘closed half-space’ of V' to mean every set of the form {v € V, L(v) < a}, where
L is a continuous linear form not identically zero over V and o € R, we can conveniently
characterize closed convex sets.

Lemma 9.2.12 A closed convex set K of V is the intersection of the closed half-spaces
which contain K.

Proof. It is clear that K is included in the intersection of the closed half-spaces which
contain it. Conversely, assume that there exists a point uo of this intersection which does
not belong to K. We can then apply the theorem 12.1.19 of separation of a point and of a
convex set and therefore construct a closed half-space which contains K but not ug. This is
a contradiction with the definition of ug, therefore ug € K. O

Lemma 9.2.13 Let K be a convez closed nonempty set of V. Then K is closed for weak
convergence.

Further, if J is conver and lower semicontinuous over K (see exercise 9.1.8 for this
idea), then J is also lower semicontinuous over K for weak convergence.

Proof. By definition, if u™ converges weakly to u, then L(u™) converges to L(u). Conse-
quently, a closed half-space of V' is closed for weak convergence. Lemma 9.2.12 allows us to
reach the same conclusion for K.

From the hypotheses on J, the set Epi(J) (defined in remark 9.2.2) is a convex closed set
of Rx V, therefore it is also closed for weak convergence. We then easily deduce the following
result: if the sequence (v™) tends weakly to v in K, then liminf, 4. J(v™) > J(v). O
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We now have all the ingredients to finish.
Proof of theorem 9.2.7. From (9.3), every minimizing sequence (u") is bounded. We
then deduce from lemma 9.2.11 that there exists a subsequence (u"

a limit u € V. But, according to lemma 9.2.13, v € K and

) converging weakly to

J(u) < limkinf J(u"*) = inf J(v).

veEK

The point u is therefore a minimum of u over K. ]
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10 Optimality conditions and
algorithms

10.1 Generalities

10.1.1 Introduction

In Chapter 9 we were interested in questions of existence of a minimum in optimiza-
tion problems. In this chapter, we shall obtain necessary and sometimes sufficient
conditions for minimality. The objective is in a certain way much more practical,
since these optimality conditions will be more often used to try to calculate a min-
imum (sometimes even without having shown its existence!). The general idea of
optimality conditions is the same as writing that the derivative must be zero, when
we calculate the extremum of a function over R.

These conditions will therefore be expressed with the help of the first derivative
(conditions of order 1) or second derivative (conditions of order 2). Above all we will
obtain necessary conditions for optimality, but the use of the second derivative or the
introduction of convexity hypotheses will also allow us to obtain sufficient conditions,
and to distinguish between minima and maxima.

These optimality conditions generalize the following elementary remark: if xg is a
local minimum point of J on the interval [a,b] C R (J being a differentiable function
on [a,b]), then we have

J'(x9) >0 ifxg=a, J'(x0) =0 if zg €]a, b, J'(20) <0 ifxg=0.

Even if it is well known to the reader, let us recall the proof of this remark: if zq €
[a, b, we can choose x = xo + h with a small positive h > 0, and write J(z) > J(xo),
from which J(zg) + hJ'(zo) + o(h) > J(xg), which gives J'(z¢) > 0 dividing by h
and letting h tend to 0. Likewise we obtain J'(x¢) < 0 if 29 €]a,b] by considering
x = x9 — h. Let us also remark (this is the second order condition) that if ¢ €]a, b]

297
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and if J' is differentiable at x¢, we then have J”(zo) > 0 (in effect, we have J(zo) +
(h?/2)J" (z0) 4+ o(h?) > J(z0) for h small enough).

The strategy to obtain and to prove the minimality conditions is therefore clear:
we take account of constraints (z € [a, b] in the example above) to test the minimality
of zy in particular directions which respect the constraints (zo + h with A > 0 if
xo € [a,b], o — h with h > 0 if 2y €]a,b]): we shall talk of admissible directions.
We then use the definition of the derivative (and the second order Taylor formulas)
to conclude. This is exactly what we shall do in what follows!

The plan of this chapter is the following. The remainder of this section is dedicated
to making some notation precise and to recalling the elementary ideas of differentiabil-
ity. Section 10.2 gives the form of the necessary optimality conditions in two essential
cases: when the set of constraints is convex we obtain a Euler inequality; when it
involves equality or inequality constraints, we obtain an equation using Lagrange
multipliers. Section 10.3 is dedicated to the Kuhn—Tucker theorem which says
that, under certain convexity hypotheses, the necessary conditions for optimality are
also sufficient. We also give a brief outline of the theory of duality. Section 10.4
explores three applications of optimization to systems modelled by ordinary or partial
differential equations. Finally, Section 10.5 treats numerical optimization algo-
rithms. We principally study the gradient algorithms which are the most important
in practice.

10.1.2 Differentiability

From now on (and we shall not systematically point this out any more), we assume
that V' is a real Hilbert space, and that J is a continuous function with values in R.
The scalar product in V' is always denoted (u,v) and the associated norm |ju]|.

Let us start by introducing the idea of a first derivative of J since we shall need this
to write optimality conditions. When there are several variables (that is to say if the
space V is not R), the ‘good’ theoretical idea of differentiability, called differentiability
in the sense of Fréchet, is given by the following definition.

Definition 10.1.1 We say that the function J, defined on a neighbourhood of ue'V
with values in R, is differentiable in the sense of Fréchet at u if there exists a contin-
uous linear form on V, L € V', such that

Ju+w) = J(u)+ L(w) + o(w), with lim Jo(w)] = 0. (10.1)

w=0|[uw]]

We call L the derivative (or the differential, or the gradient) of J at u and we denote
L=J(u).

Remark 10.1.2 Definition 10.1.1 is in fact valid if V' is only a Banach space (we do
not use the scalar product in (10.1)). However, if V' is a Hilbert space, we can specify
the relation (10.1) by identifying V' and its dual V’ thanks to the Riesz representation
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theorem 12.1.18. In effect, there exists a unique p € V such that (p,w) = L(w),
therefore (10.1) becomes

T+ w) = J(u) + (pw) + o(w), with Tim 120 _ g (10.2)

w=0 [Jwl|

We also sometimes write p = J'(u), which can lead to confusion. Formula (10.2) is
often more ‘natural’ than (10.1), notably if V' =R" or V = L?(Q). Conversely, there
may by a slightly more delicate interpretation for more ‘complicated’ Hilbert spaces
such as V = H(Q) (see exercise 10.1.5). o

In most applications, it is often sufficient to determine the continuous linear form
L =J(u) € V' as we do not need the explicit expression of p = J'(u) € V when V'
is identified with V. In practice, it is easier to find the explicit expression for L than
that for p, as the following exercises show.

Exercise 10.1.1 Show that (10.1) implies the continuity of J at u. Show also that, if
L1, Lo satisfies
>
{ J(u+w) > J(u) 4+ Ly (w) + o(w), (10.3)

J(u+w) < J(u) + La(w) + o(w),
then J is differentiable and Ly = Ly = J'(u).

Exercise 10.1.2 (essential!) Let a be a continuous symmetric bilinear form over V' x

V. Let L be a continuous linear form over V. We set J(u) = $a(u,u) — L(u). Show

that J is differentiable over V' and that (J'(u),w) = a(u, w) — L(w) for all u,w € V.

Exercise 10.1.3 Let A be an N x N symmetric matrix and b € RN, For z € RY, we
set J(z) = 1Az -z —b-x. Show that J is differentiable and that J'(z) = Az — b for all
xr e RN,

Exercise 10.1.4 We return to exercise 10.1.2 with V' = L?(2) (€2 being an open set of
RY), a(u,v) = [uvdz, and L(u) = [, fudz with f € L*(Q). By identifying V and
V', show that J'(u) = u — f.

Exercise 10.1.5 We return to exercise 10.1.2 with V = H}(Q) (Q being an open set
of R™) that we equip with the scalar product

(u,v) = /Q (Vu - Vv + wv) dz.

We set a(u,v) = [, Vu-Vvdz, and L(u) = [, fudz with f € L*(Q). Show (at least
formally) that J'(u) = —Au — f in V' = H=*(Q). Show that, if we identify V and V”,
then J'(u) = uo where ug is the unique solution in Hg(£2) of

—Augtuyg=—-Au—f inQ
ug =0 on 90f)
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Exercise 10.1.6 Let ) be a bounded open set of RY (we can restrict ourselves to the
case where N = 1 with  =]0,1[). Let L = L(p,t,z) be a continuous function over
RY x R x Q, differentiable with respect to p and ¢ on this set, with partial derivatives

‘g—]LQ and % which are Lipschitzian over this set. We set V = H}(Q) and J(v) =

/ L(Vv(z),v(z), z)dz.
Q

1. Show that J is differentiable over H{ () and that

(J'(u),w) = /Q (?}é(VU(I),u(x),x) -Vw(z) + E;?(Vu(x),u(x),x)w(x)) dx.

2. If N =1 and Q =]0,1[, show that, if u € H}(0,1) satisfies J'(u) = 0, then u

satisfies 4 (0L, oL, 0 o4
- (ap(u (gc),u(m)w)) - E(u (z),u(z),z) =0, (10.4)

almost everywhere in the interval 0, 1].

3. If L does not depend on z (that is, L = L(p,t)) and if u € C?(]0, 1[) is a solution
of the differential equation (10.4), show that the quantity

0L

L(u’(m), u(m)) —u'(x) o (u’(x), u(x))

is constant on the interval [0, 1].

Remark 10.1.3 There exist other ideas of differentiability, weaker than in the sense
of Fréchet. For example, we often meet the following definition. We say that the
function J, defined on a neighbourhood of u € V' with values in R, is differentiable in
the sense of Gateaux at u if there exists L € V' such that

YweV. lim J(u+ dw) — J(u)

Jlim ; = L(w). (10.5)

The interest in this idea is that the verification of (10.5) is easier than that of (10.1).
However, if a function is differentiable in the sense of Fréchet then it is also in the
sense of Gateaux, the converse is false, even in finite dimensions, as the following
example shows in R?

76

=22 428 for (z,y) # (0,0), J(0,0) = 0.

J(z,y) =

We shall, in what follows, say that a function is differentiable when it is in the sense
of Fréchet, unless we explicitly mention otherwise. )

Let us now examine the basic properties of convex differentiable functions.
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Proposition 10.1.4 Let J be a differentiable mapping from V into R. The following
assertions are equivalent

J is convex over 'V, (10.6)
J(w) > J(u) + (J'(u),v—u) Yu,veV, (10.7)
(J'(u) = J' (v),u—2v) >0 VYu,veV. (10.8)

Proposition 10.1.5 Let J be a differentiable mapping from V into R and a > 0.
The assertions following are equivalent

J is a-convex over 'V, (10.9)
J(0) > J(u) + (J'(u), v — u) + %Hv —ul? VuweV, (10.10)
(J'(u) = J (v),u —v) > allu—v||*> Yu,veV. (10.11)

Remark 10.1.6 Conditions (10.10) and (10.7) have a simple geometrical interpret-
ation. They signify that the convex function J(v) is always above its tangent plane at
u (considered as an affine function of v). Conditions (10.11) and (10.8) are coercivity
hypotheses. In particular, if J(u) = 1a(u,u) — L(u) with a a symmetric continuous
bilinear form over V' and L a continuous linear form over V', then exercise 10.1.2 shows

that (10.11) is exactly the definition of the coercivity of a. .

Proof. It is enough to prove proposition 10.1.5 by observing that the case a = 0
gives proposition 10.1.4. Let us show that (10.9) implies (10.10). As J is a-convex,
we easily see (by recurrence) that, for all &k > 1,

1 1 1 1 e} 1
J((l—%)u—i—%v) < (1— 2k> J(u)—i—Q—kJ(v)—W (1—2k> |u —v]|?,

from which

ok [J (u + 2ik(v - u)) - J(u)] < J(v) — J(u) — % (1 - 21k) l[u — o2

By letting &k tend to 400, we find (10.10). To obtain (10.11) it is enough to add
(10.10) to itself swapping u and v.

Let us show that (10.11) implies (10.9). For u,v € V and t € R, we set p(t) =
J(u+t(v —u)). Then ¢ is differentiable and therefore continuous on R, and ¢’ (t) =
(J'(u+t(v—u)),v—u), so that, from (10.11)

Ot)— ' (s) > alt—s)|v—ul|? if t>s. (10.12)

Take 0 €]0,1[. By integrating the inequality (10.12) from ¢ = 6 to t = 1 and from
s =0 to s = 6, we obtain

af(l1—0
0(1) + (1 0)p(0) — p(0) > 00

that is to say (10.9). m

lv —ull?,
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Exercise 10.1.7 Show that a function J which is differentiable over V is strictly convex
if and only if

J(v) > J(u) + (J'(u),v —u) Vu,ve€V with u#wv,

or
(J'(u) — J'(v),u—v) >0 Vu,veV with u#wv.

Let us finish this section by defining the second derivative of J. Let us remark
first of all that it is very easy to generalize the definition 10.1.1 of differentiability to
the case of a function f defined over V with values in another Hilbert space W (and
not only in R). We shall say that f is differentiable (in the sense of Fréchet) at u if
there exists a continuous linear mapping L from V into W such that

Flutw) = fu) + D(w) + o(w), with Tim 12N _ o (10.13)

w=0 ]|

We call L = f'(u) the differential of f at u. Definition (10.13) is useful to define the
derivative of f(u) = J’'(u) which is a mapping from V into its dual V.

Definition 10.1.7 Let J be a function from V into R. We say that J is twice
differentiable at w € V if J is differentiable in a neighbourhood of u and if its derivative
J'(u) is differentiable at u. We denote by J"(u) the second derivative of J at u which
satisfies

J'(u+w) = J'(u) + J"(v)w+ o(w) with lim |o|(w||)| =
w— w

Defined like this the second derivative is difficult to evaluate in practice as J" (u)w
is an element of V'. Happily, by making it act on v € V we obtain a continuous bilinear
form over V x V which we shall denote J” (u)(w,v) instead of (J”(u)w)v. We leave
the reader the task of proving the following elementary result.

Lemma 10.1.8 If J is a twice differentiable function from V into R, it satisfies

o([lwl[*)
[[wl|*

J(u+tw) = J(u)JrJ'(u)er%J”(u)(w,w)+0(||w||2), with lim0 =0, (10.14)

where J"(u) is identified with a continuous bilinear form over V x V.

In practice this is the J” (u)(w,w) that we calculate.

Exercise 10.1.8 Let a be a continuous symmetric bilinear form over V' x V. Let L be
a continuous linear form over V. We set J(u) = 3a(u,u) — L(u). Show that .J is twice
differentiable over V' and that J” (u)(v,w) = a(v,w) for all u,v,w € V. Apply this result

to the examples of exercises 10.1.3, 10.1.4, and 10.1.5.
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When J is twice differentiable we recover the usual convexity condition: if the
second derivative is positive, then the function is convex.

Exercise 10.1.9 Show that if J is twice differentiable over V' the conditions of prop-
ositions 10.1.4 and 10.1.5 are respectively equivalent to

J"(u)(w,w) >0 and J"(u)(w,w) > allw|*  Yu,weV. (10.15)

10.2 Optimality conditions

10.2.1 Euler inequalities and convex constraints

We start by formulating the minimality conditions when the set of constraints K is
convex, where things are more simple (we always assume that K is closed, nonempty,
and that J is continuous over an open set containing K). The essential idea of the
result which follows is that, for all v € K, we can test the optimality of u in the
‘admissible direction’ (v — u) as u+ h(v —u) € K if h € [0,1].

Theorem 10.2.1 (Euler inequality, convex case) Let u € K with K convez.
We assume that J is differentiable at w. If u is a local minimum point of J over
K, then

(J'(u),v—u)y >0 VveK. (10.16)

If w € K satisfies (10.16) and if J is convex, then u is a global minimum of J
over K.

Remark 10.2.2 We call (10.16) a ‘Euler inequality’. This is a necessary condition
for optimality which becomes necessary and sufficient if J is convex. We must
also remark that, in two important cases, (10.16) reduces simply to the Euler
equation J'(u) = 0. Initially, if K = V, v — u produces the whole of V' when v
produces the whole of V, and therefore (10.16) implies J'(u) = 0. On the other hand,
if v is in the interior of K, the same conclusion holds. °

Proof. For v € K and h €]0,1], u+ h(v —u) € K, and therefore
Ju+h(v—u))—J(u)

> 0. 10.17

- > (10.17)

We deduce (10.16) letting h tend to 0. The second assertion of the theorem follows
immediately from (10.7). o

Exercise 10.2.1 Let K be a convex closed nonempty set of V. For x € V', we look for
the projection zx € K of x over K (see theorem 12.1.10)

o — 2 cll = min ff =y

Show that the necessary and sufficient condition (10.16) reduces exactly to (12.1).
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Exercise 10.2.2 Let A be a real matrix of order p x n and b € RP. We consider the
‘least-squares’ problem

inf ||Az —b|%

TR

Show that this problem always has a solution and write the corresponding Euler equation.

Exercise 10.2.3 We return to example 9.1.6

1
inf J(x)==zAx-x—b-
xellr(lerB { (!IJ) 2 v 517}
with A a square symmetric matrix of order n, and B of size m x n (m < n). Show that
there exists a unique solution if A is positive definite. Show that every minimum point
T € R” satisfies

AT —b=B*p withp e R™.

Exercise 10.2.4 We return to example 9.1.10. Show that the Euler equation satisfied
by the minimum point u € HE(Q) of

1
inf <Jw) == [ |Vv|*d —/ d
veglé(m{ ) 2/Q| ofde qu x}

is precisely the variational formulation

/Vu~Vvdz:/fvdx Yo € Hy(Q).
Q Q

(We therefore recover a result of proposition 5.2.7.)

Exercise 10.2.5 Let K be a convex closed nonempty set of V, let a be a symmetric
continuous bilinear coercive form over V', and let L be a continuous linear form over V.
Show that J(v) = 1a(v,v) — L(v) has a unique minimum point in K, denoted as u.
Show that w is also the unique solution of the problem (called a variational inequality)

ue K and a(u,v—u)>Lv—u) YveK.

Exercise 10.2.6 Let J; and Jy be two continuous convex functions over a nonempty
closed convex set K C V. We assume that J; is only differentiable. Show that u € K is
a minimum of J; + Js if and only if

(Ji(u),v —u) + Jo(v) — Ja(u) >0 Vo € K.

The following remarks, which are simple applications of theorem 10.2.1, will give
us the intuition for the idea of a ‘Lagrange multiplier’ which will be developed in the
following section.
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Remark 10.2.3 Let us examine the particular case where K is a closed affine sub-
space of V. We therefore assume that K = ug + P, where ug € V and where P is a
closed vector subspace of V. Then, when v describes K, v —u is an arbitrary element
of P so that (10.16) is equivalent to

(J'(u),w)y =0 YweP,

that is to say J'(u) € P*. In particular, if PP is a finite intersection of hyperplanes,
that is to say if
P={veV, {(aj,v)=0 forl1<i< M},

where a1, ...,a,, are given in V, then (the reader will verify that) P+ is the vec-
tor space generated by the family (a;)1<i<m. The optimality condition is therefore
written in the form:

M
weK and IN,... Ay ER, J(u)+ > Na; =0, (10.18)
1=1

and the real numbers \; are called Lagrange multipliers. We see in theorem 10.2.8
their more general and fundamental role. .

Remark 10.2.4 Let us now suppose that K is a closed convex cone, which means
that K is a convex closed set such that Av € K for all v € K and all A > 0. By taking
v =0 then v = 2u in (10.16), we obtain
(J'(u),u) = 0. (10.19)
Consequently, (10.16) implies that
(J'(u),w) >0 VweK. (10.20)
In fact, (10.16) is equivalent to (10.19) and (10.20). In the case where

K={veV, (a,v)<0 forl1<i<M},

where aq,...,ap are given in V', the Farkas lemma 10.2.17 (see below) shows that
M
weK and I, A =0, J(w)+ ) Nai =0, (10.21)
i=1

and the equality (10.19) shows that A; = 0 if {(a;,u) < 0. The nonnegative real
numbers \; are again called Lagrange multipliers. We see in theorem 10.2.15 their
more general and fundamental role. °

Let us finish this section by giving a second order optimality condition.
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Proposition 10.2.5 We assume that K =V and that J is twice differentiable at u.
If u is a local minimum point of J, then

J'(w)=0 and J'(u)(w,w)>0 YweV. (10.22)
Conversely, if, for all v in a neighbourhood of u,

J'(uw)y=0 and J"(v)(w,w)>0 YweV, (10.23)
then u is a local minimum of J.

Proof. If u is a local minimum point, we already know that J'(u) = 0 and formula
(10.14) gives us (10.22). Conversely, if u satisfies (10.23), we write a second order
Taylor expansion (in the neighbourhood of zero) with exact remainder for the function
o(t) = J(u+tw) with ¢t € R and we deduce easily that u is a local minimum of J (see
definition 9.1.1). O

10.2.2 Lagrange multipliers

We shall now try to write the minimality conditions when the set K is not convex.
More precisely, we shall study sets K defined by equality constraints or inequality
constraints (or both at the same time). We start with a general remark about
admissible directions.

Definition 10.2.6 At every point v € K, the set

weV,I") e KN, I(E) e (RN,
limy, oo ™ = v, limy, 400 €™ =0, lim,, 400 (V" —0)/e" =w

K(v) = {

is called the cone of admissible directions at the point v.

In more visual terms, we can also say that K (v) is the set of all the vectors which
are tangents at v with a curve contained in K and passing through v (if K is a regular
variety, K (v) is simply the tangent space to K at v). In other words, K (v) is the set
of all the possible directions of variations starting from v which remain infinitesimally
in K.

By setting w™ = (v — v)/e™, we can also say equivalently that w € K(v) if and
only if there exists a sequence w™ in V' and a sequence £ in R such that

lim w" = w, lim " =0, and v+c"w" €K Vn.
n—-+o0o n—-+o0o

It is easy to verify that the set K (v) (which could well be reduced to {0}!) is a cone:
Aw € K(v) for all w € K(v) and all A > 0.

Exercise 10.2.7 Show that K(v) is a closed cone and that K(v) = V if v is interior
to K. Give an example where K (v) is reduced to {0}.
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The interest in the cone of admissible directions lies in the following result, which
gives a necessary optimality condition. The proof, which is very simple, is left to
the reader.

Proposition 10.2.7 (Euler inequality, general case) Let u be a local minimum
of J over K. If J is differentiable at u, we have

(J'(u),w) >0 Vwe K(u).

We shall now make precise the necessary condition of proposition 10.2.7 in the
case where K is given by equality or inequality constraints. The results that we
will obtain generalize those of remarks 10.2.3 and 10.2.4.

Equality constraints

In this first case we assume that K is given by
K={veV, F(v)=0}, (10.24)

where F(v) = (Fy(v), ..., Fy(v)) is a mapping from V into RM | with M > 1. The
necessary optimality condition then takes the following form.

Theorem 10.2.8 Take u € K where K is given by (10.24). We assume that J is
differentiable at uw € K and that the functions F;(1 < i < M) are continuously differ-
entiable in a neighbourhood of u. We further assume that the vectors (Fi’(u))KKM
are linearly independent. Then, if u is a local minimum of J over K, there exist

A, ..., A € R, called Lagrange multipliers, such that
M
J'(u) + Y AF](u) = 0. (10.25)
i=1

Proof. As the vectors (Fl’ (u))1 <;< are linearly independent, the implicit function

theorem allows us to show that

Ku)={weV, (F/(u,w)=0 fori=1,...,M}, (10.26)
or equivalently
M
K(u) = ﬂ A (10.27)

We shall not detail the proof of (10.26) which is a classical result of differential calculus
(in fact, K(u) is the tangent space to the variety K at the point u). As K(u)
is a vector space, we can successively take w and —w in proposition 10.2.7, which
leads to

M
('), w) =0 Ywe V[Fw)",
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that is to say that J'(u) is generated by (Fi’(u))1<i<M (
multipliers are defined uniquely). Another proof (which is more geometrical) is pro-
posed in the proof of proposition 10.2.11. O

let us note that the Lagrange

Remark 10.2.9 When the vectors (F/(u)), .,
that we are in a regular case. In the opposite case, we talk of a nonregular case
and the conclusion of theorem 10.2.8 is false as the following example shows.

Let us take V. = R, M = 1, F(v) = v?, J(v) = v, from which K = {0},
u=0, F'(u) = 0: we therefore have a nonregular case. As J'(u) = 1, (10.25) does
not hold. °

are linearly independent, we say

To fully understand the range of theorem 10.2.8, we apply it to example 9.1.6

x€ KerB

min {J(w):;Ax-x—bwv},

where A is symmetric positive definite of order n, and B of size m x n with m < n.
We denote by (b;)i<i<m the m rows of B. In this problem there are therefore m
constraints b;-x = 0. If the range of B is m, the (b;) are independent and we can apply
the conclusion (10.25) (if not, the constraints are either redundant, or contradictory).
There therefore exists a Lagrange multiplier p € R™ such that a minimum point =
satisfies

AT — b= szbz = B*p
i=1
If A is invertible and if B has range m, we deduce the value of T: we have T =
A71(b+ B*p), and as BT = 0 we obtain

p=—(BA'B") ' BA and w=a"'(1-B"(BAT'BY) ' BAT )b,

In particular, we have thus proved that the Lagrange multiplier p is unique if B has
range m. If this is not the case, we know that there exists a solution of BA~!B*p =
—BA~1b, p, which is only unique up to the addition of a vector in the kernel of B*.
We therefore recover the result of exercise 10.2.3.

Exercise 10.2.8 Generalize the results above for this variant of example 9.1.6

ériiilc{J(x):;Ax-az—b-x},

where ¢ € R™ is a given vector.

Exercise 10.2.9 Apply theorem 10.2.8 to example 9.1.7 and deduce that the mini-
mum points of J over the unit sphere are eigenvectors of A associated with the smallest
eigenvalue.
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Exercise 10.2.10 By using the preceding results and those of exercise 10.1.6, show that
the solution of Didon's problem (example 9.1.11) is necessarily an arc of a circle.

Exercise 10.2.11 We study the first eigenvalue of the Laplacian in a bounded domain
Q (see Section 7.3). For this we introduce the minimization problem over K = {v €

HY(Q), fvPde — 1)
min {J@) _ /Q |Vv|2d1:} .

Show that this problem has a minimum (we shall show that K is compact for the min-
imizing sequences with the help of Rellich’s theorem 4.3.21). Write the Euler equation
for this problem and deduce that the value of the minimum is the first eigenvalue and
that the minimum points are the associated eigenvectors.

Exercise 10.2.12 Let A be an n X n symmetric positive definite matrix and b € R™
nonzero.

1. Show that the problems

sup b-z and sup b-x
Ax-z<1 Azx-z=1
are equivalents and that they have a solution. Use the theorem 10.2.8 to calculate
this solution and show that it is unique.

2. We introduce a partial order in the set of symmetric positive definite matrices of
order n by saying that A > B if and only if Az -a > Bx -z for all x € R™. Deduce
from the question above that, if A > B, then B~! > A~1.

Exercise 10.2.13 In the kinetic theory of gas, the molecules of gas are represented at
every point of the space by a distribution function f(v) depending on the microscopic
velocity v € RY. The macroscopic quantities, like the density of the gas p, its velocity u,
and its temperature T, are recovered thanks to the moments of the function f(v)

N

1 1
P:/RN f(v) dv, Pu:/RNvf(v)dv, 5pﬂ2+5pT:§/1RN |v|2f(v)dv. (10.28)

Boltzmann introduced the kinetic entropy H(f) defined by

()= [ 5w)log (7)) dv.

Show that H is strictly convex over the space of measurable functions f(v) > 0 such that
H(f) < 400. We minimize H over this space under the moment constraints moment
(10.28), and we will find that there exists a unique minimum point M (v). Show that this
minimum point is a Maxwellian defined by

M(v) =

P o ol
2nT)N/2 o7 )
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Remark 10.2.10 It is useful to introduce the function £ defined over V x RM by

M
L(v, p) = J(v) + Z piki(v) = J(v) + p- F(v)

that we call the Lagrangian of the minimization problem of J over K. If u € K is
a local minimum of J over K, theorem 10.2.8 then tells us that, in the regular case,
there exists a A € RM such that

oL oL

—(u,A\) =0, —(u,A\)=0

8’0 (u7 ) ) a,u (U/, ) 9
since %(u,/\) =F(u) =0ifu e K and %(u, A) = J'(uw) + AF'(u) = 0 from (10.25).
We can therefore write the constraint and the optimality condition as the annihilation
of the gradient (the stationarity) of the Lagrangian. .

We now give a necessary second order optimality condition.

Proposition 10.2.11 We take the hypotheses of theorem 10.2.8 and we assume that
the functions J and Fy, ..., Fyr are twice continuously differentiable and that the vec-
tors (Fi’(u))KKM are linearly independent. Let A € R be the Lagrange multiplier
defined by theorem 10.2.8. Then every local minimum u of J over K satisfies

M M
<J”(u) + Z/\zeH(U)> (w,w) >0 Ywe K(u) = ﬂ [F! (u)]" . (10.29)

Proof. Let us suppose that there exists an admissible function of class C2, that is
to say a function ¢ — wu(t) of [0,1] in V such that «(0) = w and F(u(t)) = 0 for
all ¢ € [0,1]. By definition, the derivative u’(0) belongs to the cone of admissible
directions K (u). We set
Jt)=J(u®) and fi(t) = F;(u(t)) for1<i< M.
By differentiating we obtain
J@) = (J (u®)),d'(t)) and [f/(t) = (F/(u(t)),d(t)) for 1 <i< M,

and

7' = T (w®) (a8, u' (1) + (T (ult)), u" (1))

@) = F/(u@®) (W' (), (t) + (F] (u(t)),u"(t)) for1<i< M.

As f;(t) = 0 for all t and since 0 is a minimum of j(¢), we deduce j'(0) = 0, 5”(0) > 0,
and f/(0) = f//(0) = 0. The conditions f/(0) = 0 tell us that u'(0) is orthogonal to
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the subspace generated by (FZ’ (u)) which is equal to K(u) when this family

1<i<ar (
is linearly independent), while j/(0) = 0 means that J'(u) is orthogonal to u’(0). If
u’'(0) describes all of K(u) when we vary the admissible functions, we deduce that
J'(u) and the F!(u) belongs to the same subspace (the orthogonal space of K (u)).
We therefore recover the first order condition: there exists A € RM such that

M
J'(u) + Y NiF (u) =0. (10.30)
i=1
Conditions f//(0) = 0 imply that

M
0= 3 ns(FY () (w (0),/(0)) + (F (). " (0)))

while j”(0) > 0 gives
J" (u) (' (0),u(0)) + (J'(u),u”(0)) > 0.

Thanks to (10.30) we can eliminate the first derivatives and «”(0) to obtain (by
summing the two last equations)

M
<Z NF! (u) + J”(U)> (v'(0),4(0)) >0,

which is none other than (10.29) when «'(0) generates K (u).

The existence of such admissible functions u(t) and the fact that the set of
u’(0) describes the entire cone of admissible directions K (u) is a consequence of the
implicit function theorem that we can apply thanks to the hypothesis that the family
(F{(u)), <<y is linearly independent (we leave the technical details to the courageous

reader see Chapter 9 in [19]). O

Exercise 10.2.14 Calculate the second order necessary optimality condition for the
examples 9.1.6 and 9.1.7.
Inequality constraints

In this second case we assume that K is given by
K={veV, Fiv)<0 forl<i<M}, (10.31)

where FY, ..., F)y; are always functions from V into R. When we want to determine
the cone of admissible directions K (v), the situation is a little more complicated than
before as all the constraints in (10.31) do not play the same role depending on the
point v where we calculate K (v). In effect, if F;(v) < 0, it is clear that, for e sufficiently
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small, we will also have F;(v+ ew) < 0 (we say that the constraint ¢ is inactive at v).
If F;(v) = 0 for certain indices 4, it is not clear that we can find a vector w € V such
that, for e > 0 sufficiently small, (v+ ew) satisfies all the constraints in (10.31). It will
therefore be necessary to impose supplementary conditions on the constraints, called
constraint qualifications. Roughly speaking, these conditions will guarantee that
we can make ‘variations’ around a point v in order to test its optimality. There exist
different types of constraint qualification (more or less sophisticated and general).
We shall give a definition whose principle is to look at the linearized problem if it is
possible to make variations respecting the linearized constraints. These ‘calculus of
variations’ considerations motivate the following definitions.

Definition 10.2.12 Take u € K. The set I(u) = {i € {1,..., M}, F;(u) =0} is
called the set of active constraints at u.

Definition 10.2.13 We say that the constraints (10.31) are qualified at v € K if
and only if there exists a direction W € V' such that we have for all i € 1(u)

either (F!(u),w) <0,

(10.32)
or (Fl(u),w)=0, andF; is affine.

Remark 10.2.14 The direction w is in some way a ‘re-entrant direction’ since we
deduce from (10.32) that u 4+ ew € K for all € > 0 sufficiently small. Of course, if all
the functions F; are affine, we can take w = 0 and the constraints are automatically
qualified. The reasoning for distinguishing the affine constraints in Definition 10.2.13
is justified not only because those are qualified under less strict conditions, but above
all because of the importance of affine constraints in applications (as we see in the
examples of Chapter 9). .

We can then state the necessary optimality conditions over the set (10.31).

Theorem 10.2.15 We assume that K is given by (10.31), that the functions J and
Fy, ..., Fy oare differentiable at u and that the constraints are qualified at w. Then,
if w is a local minimum of J over K, there exist \1,..., Ay > 0, called Lagrange
multipliers, such that

M
J(w)+ Y NF/(w)=0, \=>0, X\=0ifFi(u)<0 Vie{l,...,M}. (10.33)
i=1
Remark 10.2.16 We can rewrite the condition (10.33) in the following form
M
J'(u)+ > XNiF/(u) =0, A>0, \-F(u) =0,
i=1

where A > 0 means that each of the components of the vector A = (A1, ..., A\p) is
positive, since, for every index ¢ € {1,..., M}, we have either F;(u) =0, or \; = 0.
The fact that A - F'(u) = 0 is called the condition of complementary variations. .
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Proof. Let us consider first of all the set
Ku)={weV, (Fl(u),w)<0 Viel(u)}. (10.34)

3

(We can show that K (u) is none other than the cone K (u) of admissible directions).
Let w be an admissible direction satisfying (10.32), w € K(u), and take a real number
d > 0. We shall show that u + e(w + dw) € K for every real number £ > 0 which is
small enough. We must examine three important cases.

1. If i ¢ I(u), we have F;(u) < 0 and Fj(u + ¢(w + 6w)) < 0 by continuity if ¢ is
small enough.

2. If i € I(u) and (F!(u),w) < 0, then
Fi(u+e(w+ow)) = F;i(u)+e(F(u),w+ dw) + o(e)
< e§(F!(u),w) + o(e), (10.35)
from which we have F;(u + e(w + 6w)) < 0 for € > 0 small enough.
3. Finally, if ¢ € I(u) and (F}(u),w) = 0, then F; is affine and

Fi(u+¢e(w + 0w)) = Fi(u) + e(F} (u), w + dw) = e(F/(u),w) <0. (10.36)

Finally, if u is a local minimum of J over K, we deduce from above that
(J'(w),w+0w) >0 Ywe K(u), VR

This implies that (J'(u),w) > 0 Yw € K(u) and we finish the proof thanks to the
Farkas lemma 10.2.17 below. o

Lemma 10.2.17 (Farkas) Let aq,...,an be fixved elements of V.. We consider the
sets

lCz{vEV, (ai,v) <0 forlSiSM},
and
M
IC:{UGV, TN A 20, v=—Y )\iai}.
i=1
Then for every p € V, we have the implication
(pyw) >0Vwe K = pek.

(The reciprocal being obvious, it is in fact an equivalence.)
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Proof. Let us start by showing that K is closed. Since this property is obvious when
M = 1, we proceed by recurrence and assume that it is true when the number of
vectors a; is less than M.

Let us suppose first that the vectors (a;)1<i<a are linearly independent. Let
(v") = (f Zf\il /\?ai) be a sequence of elements of K (therefore with A\ > 0 ViV n),
convergent towards a limit v € V. Then it is clear that each sequence (A?) converges
in Ry to a limit A; > 0 (for 1 < i < M) since the vectors (a;)i1<i<m form a basis
of the space that they generate. We therefore have v = — Zi\il Xia; € K, which
is therefore closed.

If the vectors (a;)1<i<am are linearly dependent, there exists a relation of the form
Zij\il uia; = 0, and we can assume that at least one of the coefficients p; is strictly
positive. Then let v = — vail A;a; be an element of K. For all ¢ < 0, we can also
write v = — Efvil (X\i + tpi)a;, and we can choose ¢t < 0 so that

XNi+tu, >0Vie{l,...,M} and Fige{l,...,M}, N\ +tu;, =0.

This reasoning shows that

M
K= {vev,aAl,...,AMz(L v=-3" )\iai}. (10.37)
io=1 i#io

By our recurrence hypothesis, each of the sets appearing in the right-hand side of
(10.37) is closed, and it is therefore the same for K.

Let us now reason by contradiction: let us assume that (p,w) > 0 Vw € K and
that p ¢ K. We can then use theorem 12.1.19 of the separation of a point and a
convex set to separate p and K which is closed and, obviously, convex and nonempty.
Therefore there exist w # 0 in V' and « € R such that

(p,w) < o < (w,v) Yovek. (10.38)

But then, we must have o < 0 since 0 € I@; on the other hand, for alli € {1,..., M} we
can choose, in (10.38), v = —Aa; with A arbitrarily large, which shows that (w, a;) < 0.
We therefore obtain that w € K and that (p, w) < a < 0, which is impossible. O

Exercise 10.2.15 Let A be a symmetric positive definite matrix of order n, and B a
matrix of size m x n with m < n and of range m. We consider the minimization problem

min {J(z);Az~xb'z},

zeR™, Bx<c

Apply theorem 10.2.15 to obtain the existence of a Lagrange multiplier p € R™ such that
a minimum point T satisfies

AT —b+ B*p=0, p>0, p- (BT —c¢)=0.
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Exercise 10.2.16 Let f € L*(Q2) be a function defined over a bounded open set .
For € > 0 we consider the following regularization problem

min /|Vu|2d:1c.
wEHG(Q), lu—fllp2@)<e /o

Show that this problem has a unique solution u.. Show that, whether u. = f, or u. = 0,
or there exists A > 0 such that wu. is the solution of

—Aue+Mue — f) =0 in Q,
u. =0 on 0N).

Equality and inequality constraints

We can of course mix the two types of constraints. We therefore assume that K is
given by

K={veV, G =0 F()<O0}, (10.39)

where G(v) = (G1(v),...,Gny(v)) and F(v) = (Fi(v),...,Fym(v)) are two
mappings from V into RY and RM. In this new context, we must give an
adequate definition of the qualification of constraints. We always denote by
I(u)={ie{l,..., M}, F;(u) =0} the set of active inequality constraints at u € K.

Definition 10.2.18 We say that the constraints (10.39) are qualified at u € K
if and only if the vectors (Gg(u))KKN are linearly independent and there exists a

direction W € ﬂf;l (G (u)] * such that we have for alli € I(u)

(F!(u),w) < 0. (10.40)

3

We can then state the necessary optimality conditions over the set (10.39).

Theorem 10.2.19 Take u € K where K is given by (10.39). We assume that J
and F are differentiable at u, that G is differentiable in a neighbourhood of w, and
that the constraints are qualified at u (in the sense of definition 10.2.18). Then, if
u is a local minimum of J over K, there exist Lagrange multipliers u,...,un, and
Ay, A 2> 0, such that

N M
T () + Y wGi(u) + Y NF/(u) =0, A>0, F(u)<0, A\-F(u)=0. (10.41)
=1 =1

The proof of theorem 10.2.19 is a simple adaptation of that of theorems 10.2.8
and 10.2.15, which we leave to the reader as an exercise.
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Other forms of qualification conditions

Qualification conditions are sufficient conditions which are ‘geometrical’: they allow
us to make internal variations in the set K starting from a point u € K. The qualifi-
cation condition of definition 10.2.13 is general enough (though far from being neces-
sary), but sometimes difficult to verify in applications. This is why the remarks which
follow give simpler (therefore easier to verify in practice) but less general qualification
conditions (that is, less often satisfied).

Remark 10.2.20 In the case of inequality constraints, we can take as a starting point
the regular case (introduced in remark 10.2.9 for the equality constraints) in order
to give a very simple condition which implies the qualification condition of definition
10.2.13. In effect, for u € K the inactive constraints do not ‘play’ and only the active
constraints ¢ € I(u) are taken into account which are just the equality constraints at
this point! We can then easily check the following condition (which says that u is a
regular point for the equality constraints F;(u) = 0 for ¢ € I(u))

(Fy

7

(u))iel(u) is a linearly independent family, (10.42)

which implies (10.32), that is to say that the constraints are qualified. In effect,
it is enough to take W = 37, ;) iFj(u) such that (Fj(u),w) = —1 for all
j € I(u) (the existence of coefficients «; follows from the invertibility of the ma-
trix ((F}(u), F}(u)))i;. 1t is clear however that (10.32) does not imply (10.42). .

K2

Remark 10.2.21 In the case of combined equality and inequality constraints, we
can also start from the regular case to give a simpler condition which implies the
qualification condition of definition 10.2.18. This ‘strong’ (that is to say less often
satisfied) qualification condition is

(G; (u))lgigN U (Fi’(u))iel(u) is a linearly independent family. (10.43)

We can easily check that (10.43) implies (10.40), that is to say the constraints are
qualified. .

Remark 10.2.22 Returning to the case of inequality constraints, which we assume
to be convex, another possible qualification condition is the following. We assume
that there exists ¥ € V such that we have, for all i € {1,..., M},

the functions F; are convex and,
either F;(v) <0, (10.44)
or F;(t)=0 and F; is affine.

The hypothesis (10.44) implies that the constraints are qualified on u € K in the sense
of definition 10.2.13. In effect, if ¢ € I(u) and if F;(7) < 0, then, from the condition
of convexity (10.7)

(F/(u),v —u) = F;(u) + (F/(u),v — u) < F;(v) <O0.

2 ?
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On the other hand, if ¢ € I(u) and if F;(7) = 0, then F; is affine and

(Fi(u),v —u) = F;(v) — Fi(u) =0,

K2

and definition 10.2.13 of qualification of constraints is satisfied with w = 7 — w. The
advantage of hypothesis (10.44) is that we neither need to know the minimum point
u nor calculate the derivatives of the functions Fi, ..., Fi;. °

10.3 Saddle point, Kuhn—Tucker theorem, duality

We have seen in remark 10.2.10 how it is possible to interpret the couple (u, \) (min-
imum point, Lagrange multiplier) as a stationary point of the Lagrangian £. We
shall, in this section, make precise the nature of this stationary point as a saddle
point and show how this formulation allows us to characterize a minimum (we shall
see that, under certain hypotheses, the necessary conditions of stationarity of the
Lagrangian are also sufficient). We shall briefly explore the duality theory which
follows from this.

In addition to the theoretical interest of this characterization, its practical interest
from the point of view of numerical algorithms will be illustrated in Section 10.5. Let
us finally point out that the concept of saddle point plays a fundamental role in game
theory.

10.3.1 Saddle point

Abstractly, V' and @ are two real Hilbert spaces, a Lagrangian £ is a mapping of V' x @
(or of a part U x P of V x @) into R. In the framework of theorem 10.2.8 (equality
constraints), we had U = K, P = Q = RM and L(v, q) = J(v)+q-F(v). The situation
is a little different in the framework of theorem 10.2.15 (inequality constraints), where
we had U = K, Q =R P = (R.)™ and again L(v,q) = J(v) +q- F(v).

Let us now give the definition of a saddle point.

Definition 10.3.1 We say that (u,p) € U x P is a saddle point of L over U X P if
VgeP L(u,q) < L(u,p) < L(v,p) YveUl. (10.45)

The following result shows the link between this notion of saddle point and the min-
imization problems with equality constraints (10.24) or inequality constraints (10.31)
studied in the preceding section. For simplicity, we shall again use inequality between
vectors, sometimes writing ¢ > 0 instead of ¢ € (R, )M.

Proposition 10.3.2 We assume that the functions J, Fy, ..., Fa; are continuous over
V, and that the set K is defined by (10.24) or (10.31). We denote by P = RM in
the case of equality constraints (10.24) and P = (Ry)M in the case of inequality
constraints (10.31). Let U be an open set of V' containing K. For (v,q) € U x P, we
set L(v,q) = J(v) +q- F(v).
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Let (u,p) be a saddle point of L over U x P. Then u € K and u is a global

minimum of J over K. Further, if J and F,..., Far are differentiable at u, we have
M

J'(u) + Y piF(u) = 0. (10.46)
i=1

Proof. Let us write the saddle point condition
VgeP Ju)+q-Flu)<Ju)+p-Flu) <Jw)+p-Flv) VveU  (10.47)

Let us examine first the case of equality constraints. Since P = RM, the
first inequality in (10.47) shows that F(u) = 0, that is, v € K. Then
J(w) < J(w)+p-F(v) VveU, which shows (by taking v € K) that u is a global
minimum of J over K.

In the case of inequality constraints, we have P = (R, )™ and the first inequality
of (10.47) shows now that F'(u) < 0 and that p- F(u) = 0. This proves again that
u € K, and allows us to deduce easily from the second inequality that u is a global
minimum of J over K.

Finally, if J and Fi,..., Fy; are differentiable at u, the second inequality of
(10.47) shows that w is a minimum point without constraint of J 4+ p - F' in the
open set U, which implies that the derivative is zero at u, J'(u) + p - F'(u) = 0
(cf. remark 10.2.2). O

10.3.2 The Kuhn—Tucker theorem

We return to the minimization problem under inequality constraints for which the set
K is given by (10.31), that is to say

K={veV, F{) <0 forl1<i<m}. (10.48)

Theorem 10.2.15 has given a necessary condition for optimality. In this section we
shall see that this condition is also sufficient if the constraints and the cost function
are convex. In effect, proposition 10.3.2 says that, if (u,p) is a saddle point of the
Lagrangian, then u realizes the minimum of J over K. For a convex minimization
problem with convex inequality constraints, we shall establish a reciprocal of this
result, that is to say that, if u realizes the minimum of J over K, then there exists
p € (Ry)M such that (u, p) is a saddle point of the Lagrangian. We assume from now
on that J, Fy,..., Fis are convex and continuous over V.

Remark 10.3.3 As J, Fy,..., Fi are convex and continuous, K is convex and closed
and the existence of a global minimum of J over K is assured by theorem 9.2.7
when K is nonempty and that the condition (9.3) (we say ‘infinite at infinity’) is
satisfied. .

The Kuhn—Tucker theorem (also sometimes called the theorem of Karush, Kuhn,
and Tucker) confirms that, in the convex case, the necessary optimality condition of
theorem 10.2.15 is in fact a necessary and sufficient condition.
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Theorem 10.3.4 (Kuhn—Tucker) We assume that the functions J, Fy, ..., Fy are
convez, continuous over V. and differentiable over the set K (10.48). We introduce
the associated Lagrangian L

L(v,q) =JW)+q-Fv) Y(v,q) €V x (Ry)M.

Letu € K be a point of K where the constraints are qualified in the sense of definition
10.2.18. Then w is a global minimum of J over K if and only if there exists p € (R )M
such that (u, p) is a saddle point of the Lagrangian L over V x (R)M or, equivalently,
such that

M
F(u) <0, p>0, p-F(u)=0, J'(u)+ Y piF/(u)=0. (10.49)
=1

Proof. If v is a minimum of J over K, we can apply theorem 10.2.15, which exactly
gives the optimality condition (10.49), from which we easily deduce that (u,p) is a
saddle point of £ over V x (R )™ (by using the fact that J(v) +p- F(v) is convex).
Conversely, if (u,p) is a saddle point, we have already shown in proposition 10.3.2
that v is a global minimum of J over K. O

Remark 10.3.5 The Kuhn—Tucker theorem 10.3.4 is only applied to inequality con-
straints, and not to equality constraints, in general. However, it is good to remark
that affine equality constraints Av = b can be written in the form of inequality
constraints (affine therefore convex) Av —b < 0 and b — Av < 0. This allows us
to apply the Kuhn—Tucker theorem 10.3.4 to the minimization problem with affine
equality constraints. .

The following exercise allows us to interpret the Lagrange multipliers p; as the
sensitivity of the minimal value of J to variations of the constraints F;: in economics,
these coefficients measure prices or marginal costs, in mechanics forces corresponding
to kinematic constraints, etc.

Exercise 10.3.1 We consider the perturbed optimization problem

inf J(v), (10.50)

Fi(v)<ui, 1<i<m

with uq,...,u;, € R. We use the hypotheses of the Kuhn—Tucker theorem 10.3.4. We
denote by m*(u) the minimal value of the perturbed problem (10.50).

1. Show that if p is the Lagrange multiplier for the nonperturbed problem (that is to
say (10.50) with u = 0), then

m*(u) > m*(0) — pu. (10.51)
2. Deduce from (10.51) that if w — m*(u) is differentiable, then

om*
~ou (0).

Interpret this result (cf. example 9.1.8 in economics).

pi =
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10.3.3 Duality

Let us give a brief outline of the duality theory for the optimization problems. We shall
apply it to the convex minimization problem with the inequality constraints in the preceding
subsection. We have associated with this minimization problem a problem of finding a saddle
point (u,p) for the Lagrangian L(v,q) = J(v) + ¢ - F(v). But we shall see that, to the
existence of a saddle point (u,p) of the Lagrangian, we can inversely associate not one but
two optimization problems (more precisely, a minimization problem and a maximization
problem), which will be called duals of one another. We will then explain using two simple
examples how the introduction of the dual problem can be useful for the solution of the
original problem, called the primal problem (as opposed to the dual).
Let us return for the moment to the general framework of definition 10.3.1.

Definition 10.3.6 Let V and Q be two real Hilbert spaces, and L a Lagrangian defined over
a subset U x P of V x Q. We assume that there ezists a saddle point (u,p) of L over U x P

VgeP L(u,q) < L(u,p) <L(v,p) YveU. (10.52)
ForveU and q € P, let us set
J(w)=supL(v,q)  G(q) = inf L(v,q). (10.53)
qeP velU

We call the primal problem the minimization problem

inf J(v), (10.54)
veU

and the dual problem the maximization problem
sup G(q). (10.55)
qeP

Remark 10.3.7 Of course, without supplementary hypotheses, it can happen that
J(v) = +oo for certain values of v or that G(¢) = —oo for certain values of q. But the
assumed existence of the saddle point (u, p) in definition 10.3.6 assures us that the domains
of J and G (that is, the sets {v € U, J(v) < 400} and {q € P, G(¢) > —oo} over which these
functions are well defined) are not empty, since (10.52) shows that J(u) = G(p) = L(u, p).
The primal and dual problems therefore have a meaning. The following result shows that
these two problems are closely linked to the saddle point (u, p). °

Theorem 10.3.8 (duality) The couple (u,p) is a saddle point of L over U x P if and
only if
J(u) = min J (v) = max G(q) = G(p). (10.56)

velU qeP

Remark 10.3.9 By the definition (10.53) of J and G, (10.56) is equivalent to

J(u) = min (sup L(v, q)) = max (inf L(v, q)) =G(p). (10.57)
veU \ 4eP qeP \veU

If the sup and the inf are attained in (10.57) (that is to say that we can write max and min,

respectively), we then see that (10.57) gives the possibility of changing the order of the min

and of the max applied to the Lagrangian £. This fact (which is false if £ does not have a

saddle point) explains the name minimax which is often given to a saddle point. )
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Proof. Let (u,p) be a saddle point of £ over U x P. Let us denote by £L* = L(u,p). For
v € U, it is clear from (10.53) that J(v) > L(v,p), from which J(v) > £* from (10.52).
As J(u) = L, this shows that J(u) = inf,ey J(v) = L*. We show in the same way that
G(p) =supyepGla) = L7

Conversely, let us assume that (10.56) holds and set £* = J(u). Definition (10.53) of J
shows that

L(u,q) < J(u)=L" Vqe P (10.58)
Likewise, we also have:

L(v,p) 2 G(p) =L" VYveU, (10.59)
and we deduce easily from (10.58) to (10.59) that £(u,p) = £*, which shows that (u,p) is a
saddle point. m]

Remark 10.3.10 Likewise if the Lagrangian £ does not have a saddle point over U x P,
we still have the following elementary inequality, called weak duality

inf (sup ll(v,q)) > sup (inf ll(v,q)) . (10.60)

velU qeP qeP velU
In effect, for all v € U and q € P, L(v,q) > infycy L(v',q), therefore sup,ep L£(v,q) >
Sup,ep infyr ey L(v',q), and since this is true for all v € V, infyev sup,ep L£(v,q) >

sup,c p infyr e L(v', q), which gives (10.60). The (positive) difference between the two mem-
bers of the inequality (10.60) is called the duality gap. °

Exercise 10.3.2 Give an example of a Lagrangian for which the inequality (10.60) is strict
with its two members finite.

Exercise 10.3.3 Let U (respectively P) be a convex compact nonempty subset of V' (respect-
ively @). We assume that the Lagrangian is such that v — £(v,q) is convex over U for all
g € P, and ¢ — L(v,q) is concave over P for all v € U. Show then the existence of a saddle
point of £ over U x P.

Application

We apply this duality result to the preceding problem of convex minimization with convex
inequality constraints.
J(v) (10.61)

inf
veV, F(v)<0

with J and F = (Fi,..., Fam) convex over V. We introduce the Lagrangian
L(v,q)=J()+q-Fv) Y(v,q) €V x (R)M.
In this framework, we easily see that, for all v € V,

J(v) if F(v) <0
J() = sup E(v,q)z{ ) )= (10.62)

qe(®R )M +o0o otherwise,

which shows that the primal problem inf,cv J(v) is exactly the original problem (10.61)! On
the other hand, the function G(q) of the dual problem is well defined by (10.53), as (10.53)
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is here a convex minimization problem. Further, G(gq) is a concave function since it is the
infimum of affine functions (see exercise 9.2.3). Consequently, the dual problem

sup  G(q),

qe(Ry)M

is a simpler concave maximization problem than the primal problem (10.61) since the
constraints are linear! This characteristic is notably exploited in some numerical algorithms
(cf. Uzawa’s algorithm). A simple combination of the Kuhn—Tucker 10.3.4 and duality 10.3.8
theorems gives us the following result.

Corollary 10.3.11 We assume that the functions J, Fi,...,Fy are convex and differen-
tiable over V. Take u € V such that F(u) < 0 and the constraints are qualified at u in
the sense of definition 10.2.13. Then, if u is a global minimum of J over V', there exists
p € (R)M such that

1. p is a global mazimum of G over (R)™,
2. (u,p) is a saddle point of the Lagrangian £ over V x (Ry)M,
3. (u,p) €V x (Ry)M satisfies the necessary and sufficient optimality condition

F(u) <0, p>0, p-F(u) =0, J(u)+p-F'(u)=0. (10.63)

The most current application of corollary 10.3.11 is the following. Let us suppose that
the dual problem of maximization is easier to solve than the primal problem (this is the
case in general since its constraints are more simple). Then to calculate the solution u of
the primal problem we proceed in two steps. First, we calculate the solution p of the dual
problem. Second, we say that (u,p) is a saddle point of the Lagrangian, that is to say that
we calculate u, the solution of the minimization problem without constraint

min L(v,p).
Let us make precise that with the hypotheses made there is no a priori uniqueness of the
solutions for all these problems. Let us also make precise that to obtain the existence of the
minimum w in corollary 10.3.11 it is enough to add a hypothesis of strong convexity or of
infinite behaviour at infinity on J.

Remark 10.3.12 To illustrate corollary 10.3.11 and the interest in duality, we consider a
quadratic minimization problem in R with affine inequality constraints

1

min {J(v) = 7AU-v7b-v}, (10.64)
vERN | F(v)=Bv—c<0 2

where A is an N x N symmetric positive definite matrix, b € RY, B an M x N matrix, and

c € RM. The Lagrangian is given by

L(v,q) = %Av w—b-v4q-(Bv—c) Y(v,q) € RY x (Ry)M. (10.65)

We have already carried out, in (10.62), the calculation of J, and said that the primal
problem is exactly (10.64). Let us now examine the dual problem. For ¢ € (Ry)™, the
problem

min L(v,
Jnin £(v,9)
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has a unique solution since v — L(v, q) is a strongly convex function. This solution satisfies
‘g—f(v, q)=Av—b+B*q=0,let v = A" (b— B*q). We therefore obtain

G(g) = L(A™ (b - B q),q),

and the dual problem is finally written

sup (—%q -BA™'B*q+ (BA 'b—c¢)-q— %A*lb . b) . (10.66)

q>0

Admittedly, the functional to be maximized in (10.66) does not have a particularly sympa-
thetic allure. It is again a problem with quadratic functional and affine constraints. However,
corollary 10.3.11 assures us that it has a solution. We can see besides that this solution is
not inevitably unique (except if the matrix B has range M since the matrix BA~'B* is then
positive definite). But the important advantage of the dual problem (10.66) comes from the
fact that the constraints (¢ > 0) are expressed in a particularly simple form, simpler than for
the primal problem; and we see in Section 10.5.3 that this advantage can be used to develop
a computational algorithm for the solution of the primal problem. °

Let us finish with an entertaining exercise which shows the relation between saddle point
or minimax problems and game theory.

Exercise 10.3.4 Take a rectangular matrix

1 0 4 2 3 5

-3 2 -1 2 =5 2

A= -4 2 -2 0 -1 2
-2 4 -1 6 -2 2

-1 2 -6 3 -1 1

We assume that one of the two players chooses a line %, the other a column j, without one knowing
the choice of the other. When their choices are revealed, the gain (or the loss, depending on
the sign) of the first player is determined by the coefficient a;; of the matrix A (the other player
receiving or paying —a;;). Show that the optimal strategy to minimize the risk leads to a minimax
problem that we shall solve. Is the game fair for this matrix A?

10.4 Applications

In this section we shall study some applications of the results of the preceding sections.
Let us point out that another application, linear programming, will be treated in the next
chapter because of its importance in operations research.

10.4.1 Dual or complementary energy

In Chapter 5 we have seen that the solution of the following boundary value problem

—Au=f inQ
{ u=20 on 052, (10.67)
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where Q is a bounded open set of RY and f € L*(Q), is equivalent to the minimization of

an energy
min { /|Vv\ dw—/fvda:} (10.68)
veEH}(Q)

(see proposition 5.2.7). We have seen in exercise 9.2.8 that (10.68) has a unique minimum
and, in exercise 10.2.4, that its Euler equation is the varlatlonal formulation of (10.67).
The physical significance of the energy (10.68) is obvious. For example, if (10.67) models
the deformation of an elastic membrane (u is the normal displacement under the action of
forces f), the solution is the displacement which minimizes the sum of the elastic energy
of deformation and of the potential energy of the exterior forces. We propose to show that
the duality theory allows us to associate with (10.67) a second minimization principle
bringing into play an energy, called a complementary (or dual) energy in mechanics, whose
physical significance is just as important as that of (10.68).

We shall introduce a Lagrangian associated with the primal energy (10.68) although this
one does not have constraints. To do this we introduce an intermediate variable e € L?(Q)™
and a constraint e = Vv. Then (10.68) is equivalent to

. 1
min {J(v,e)—/ |e|2dm/fvd:r}.
veH} (@), eeL2(@)N 2 /g Q
e=Vuv

We introduce an intermediate Lagrangian for this problem
M(e,v,7) = J(v,e) +/ 7 (Vv —e)dz,
Q

with a Lagrange multiplier 7 € L*(Q)". We now eliminate e to obtain the Lagrangian sought

L(v,7)= min M(e,v,7).

ecL2(Q)N

As e — M(e,v,T) is strongly convex, there exists a unique minimum point, and an easy
calculation shows that

[,(U,T)Z—%/ |T|2dm—/fvdm+/7'-Vvdm. (10.69)
Q Q Q

We easily see that the primal problem associated with the Lagrangian (10.69) is (10.68)

( max ﬁ(vﬂ')):J(v),

TEL2(Q)N
and that the dual problem is
1 |7]?dz  if —divr = f in Q
( min_ £(v, T)) =G(r) = 2 T = (10.70)
veH, () —00 otherwise.

We can now state the principal result.
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Theorem 10.4.1 There exists a unique saddle point (u,o) of the Lagrangian L(v,T) over
H3(Q) x L2 ()N

L(u,0) = max min L(v,7) = min max L(v,T).
T€L2<Q)N UeHé(Q) UEHé(Q) TGLQ(Q)N

In other words, u is the unique minimum point of J(v) in Hg(Q), o is the unique mazimum
point of G() in L*(Q)V,

J(u)= min J(v) = G(r) = G(o),
(u) ,Jnin (v) Lo (1) =G(o)

and they are linked by the relation o = Vu.

Remark 10.4.2 The dual problem (10.70) has a clear physical interpretation. As
max G(7) = —min(—G(7)), it minimizes the (complementary) energy of mechanical con-
straints é fQ \T|2dx in the set of statically admissible stress fields, that is to say satisfying
the equilibrium of forces —divr = f in Q. In this dual formulation, the displacement v
appears as the Lagrange multiplier of the equilibrium constraint —divr = f. Another con-
sequence of theorem 10.4.1 is that we always have G(7) < J(v) which allows us to obtain
bounds over the primal or dual energies. Let us remark that we also have

1
J(u) =G(o) = 7/ fudz
2 Ja
which is none other than half of the work of the exterior forces. °

Proof. The proof could be an immediate consequence of corollary 10.3.11 (by remarking
that an affine equality constraint is written as two opposed affine inequalities) if this theorem
was not restricted (here) to a finite number of constraints. Now, in the dual problem (10.70)
there are an infinite number of constraints since the constraint —divr = f holds for almost
all points x € . Nevertheless, the result is true and it is easy to see why. In effect, by
construction we have

G(1) < L(v,7) < J(v),

and we know that the primal and dual problems have a unique minimum point v and o,
respectively. Now, as u is a solution of (10.67), a simple integration by parts shows that

J(u):%/|Vu|2d1’—/fud1’:—%/|Vu|2d:c:—%/fudz.
Q Q Q Q

If we define 0 = Vu, we deduce from (10.67) that —dive = f, and we therefore obtain
G(r) < J(u) = G(o),

that is to say that ¢ is the maximum point of G, therefore (u,o) is the saddle point of
L(v,T). O
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10.4.2 Optimal command

Here we solve example 9.1.9 of a problem of optimal command called the linear-quadratic
system. We consider the linear differential system whose unknown (the state of the system)
y(t) has values in RY

dy

=A B for0 <t<T

{ g = Ayt Botf for (10.71)
y(0) = yo

where yo € RY is the initial state of the system, f(t) € RY is a source term, v(t) € RM is

the command that allows us to act over the system, and A and B are two constant matrices

of dimensions N x N and N x M, respectively.

We want to choose the command v to minimize a quadratic criterion

s =3 [ R v0ar+ 5 [ Q=0 (= 0 D D) ) (D) ),

where z(t) is a ‘target’ trajectory, zr is a final ‘target’ position, and R, @, D three symmetric
positive matrices one of which namely R is assumed positive definite. Let us remark that
the function y(¢) depends on the variable v through (10.71).

To be able to apply the preceding optimization results, we choose to look for v in
the Hilbert space L?(]0,T[;R™) of functions of ]0,7[ in R™ which are square integrable.
(The ‘more natural’ space of continuous functions is unfortunately not a Hilbert space.) To
take account of possible constraints on the command, we introduce a convex closed nonempty
set K of R™ which represents the set of admissible commands. The minimization problem
is therefore

inf J(v). (10.72)
v(t)€L2(]0,T[;K)

Let us start by verifying that the system (10.71) is well-posed.

Lemma 10.4.3 We assume that f(t ) L*(jo,T [ Ny and v(t) € L*(0,T[; K). Then
(10.71) has a unique solution y(t) € H*(]0,T[;RY) which is, moreover, continuous over
[0,77].

Proof. This existence and uniqueness result is well known if f and v are continuous. It is
no more difficult in the framework of L?. We use the explicit representation formula of the
solution

y(t) = exp(tA)yo + / exp ((t — s)A) (Bv+ f)(s)ds

which allows us to verify the existence and uniqueness of y in H'(]0, T[; R"). Lemma 4.3.3
tells us finally that y is continuous over [0,7]. ad

We can then show the existence and uniqueness of the optimal command.

Proposition 10.4.4 There exists a unique u € L*(]0, T[; K) which minimizes (10.72). This
optimal command v is characterized by

; QW — 2) - (Yo — yu)dt +/O Ru - (v —wu)dt (10.73)
+D(yu(T) — 21) - (yo(T) — yu(T)) > 0,
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for all v € L*(]0,T[; K), where y, denotes the solution of (10.71) associated with the com-
mand v.

Proof. We start by remarking that v — y is an affine function. In effect, by the linearity
of (10.71) we have y, = 9, + ¥, where 7, is a solution of

di
90(0) =0

{dyu:Agv+Bu for0 <t<T (10.74)

and g is a solution of

dt

9(0) = yo
It is clear that § does not depend on v and v — j, is continuous and linear from L?(]0, T[; K)
into H'(]0, T[;RY). Consequently, v — J(v) is a positive quadratic function of v (more
precisely, the sum of a quadratic form and an affine function), therefore J is convex, and
also strongly convex since the matrix R is positive definite. As L?(]0,T[; K) is a convex
closed nonempty set, theorem 9.2.6 allows us to conclude the existence and uniqueness of
the minimum point u of (10.72). On the other hand, the necessary and sufficient optimality
condition of theorem 10.2.1 is {J'(u),v — u) > 0. To calculate the gradient, the surest and
simplest method is to calculate

{dy:Agj-&—f for 0<t<T

i Lt ew) = J(w) (J' (w), w).

e—0 €
As J(v) is quadratic the calculation is very simple since yy+ew = Yu + €Jw. We easily obtain
(10.73) by remarking that yu — Yo = Ju — Go- a

Remark 10.4.5 By making explicit the optimality condition of (10.72) we have in fact
calculated the gradient J'(w) for all w € L?]0,T[ (and not only for the minimum u), which
is useful for numerical methods for minimization (see section 10.5). We have obtained

/ J (w)v dt = / Rw-vdt+ / QYw — 2) - Judt + D(yw(T) — 2z7) - §(T),  (10.75)

where v is an arbitrary function of L?]0,T7. .

The necessary and sufficient optimality condition (10.73) is in fact not exploitable! In
effect, to test the optimality of w it is necessary for each test function v to calculate the
corresponding state y,. Another way to see this difficulty is the impossibility of obtaining
an explicit expression for J'(u) starting from (10.75). To circumvent this difficulty we have
recourse to the idea of an adjoint state which is one of the most profound ideas in the
theory of optimal control. Let us show how to proceed using the example studied in this
subsection (we shall give the general idea in remark 10.4.8 below). For the problem (10.72)
we defined the adjoint state p as the unique solution of

dt
p(T) = D(y(T) — 2r)

{dp__A*p_Q(y_z) for 0<¢<T (10.76)
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where y is the solution of (10.71) for the command u. The name adjoint state comes from
the fact that it is the adjoint matrix A* which appears in (10.76). The interest in the adjoint
state is that it allows us to obtain an explicit expression for J'(u).

Theorem 10.4.6 The derivative of J at u is given by
J'(u) = B*p + Ru. (10.77)

In particular, the necessary and sufficient optimality condition of the problem (10.72) is

/T (B*p+Ru)-(v—u)dt>0 YoveL*]0,T[;K). (10.78)

Remark 10.4.7 Formula (10.77) generalizes for all w € L?]0,T[in J'(w) = B*p+ Rw, even
if it means calculating p by (10.76) by using the state y corresponding to the command w.
Theorem 10.4.6 gives an explicit expression for the gradient at the cost of the supplementary
solution of the adjoint system (10.76). This is a fundamental difference with the formula
(10.75) which, for each test function v, needs the solution of the system (10.71) with the
command v. °

Proof. Let p be the solution of (10.76) and ¢, that of (10.74). The idea is to multiply
(10.76) by @, and (10.74) by p, to integrate by parts and to compare the results. More
precisely, we calculate the following quantity in two different ways. First, by integrating and
by taking account of the initial conditions §,(0) = 0 and p(T") = D(y(T) — zr), we have

T _
dp . dyy _
/ (—p Yo t+p- Y ) dt = D(y(T) — zr) - §u(T). (10.79)
o \dt dt
On the other hand, by using the equations we obtain

T
/ ((cjlzt) Go+p- dy”) dt = / Qly—2) - o dt +/ Buv - pdt. (10.80)
0 0

We deduce, from the equality between (10.79) and (10.80), a simplification of the expression
(10.75) of the derivative

T T T
/ J (w)vdt = / Ru - vdt + / Bv - pdt,
0 0 0

which gives the results (10.77) and (10.78). O

Remark 10.4.8 How can we guess the problem (10.76) which defines the adjoint state in
order to simplify the expression of J'(v)? Once again, the main idea is the introduction of a
Lagrangian associated with the minimization problem (10.72). We consider the equation of
state (10.71) as a constraint between two independent variables v and y and we define the
Lagrangian as the sum of J(v) and of the equation of state multiplied by p, that is to say

£(v,.p) :/ Rt dt+/ Q- 2)(1) - (v - 2)(D)dt

+D (y(T) — zr) - (y(T) — 27 +/ p- +Ay+Bv+f)
—p(0) - (¥(0) — yo),
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where p is the Lagrange multiplier for the constraint (10.71) between v and y. Formally, the
optimality conditions of (10.72) are obtained by saying that the Lagrangian is stationary,
that is to say that

oL 0L oL

ov 9y Op
The first derivative gives the optimality condition (10.77), the second gives the equation
satisfied by the adjoint state p, and the third the equation satisfied by the state y. Let us
insist on the fact that this calculation is purely formal, but that in general it gives the ‘good’
equation of the adjoint state. °

Starting from theorem 10.4.6 we can obtain some qualitative properties of the solution
y and of the optimal command wu (see exercise 10.4.1), and construct a numerical method
to minimize (10.72) by a gradient type algorithm. In the absence of constraints on the
command, that is to say if K = R, we can even go further in the analysis and find
a ‘law of command’ which gives the adjoint state p (and therefore the optimal command
u = —R™'B*p because of (10.78)).

Proposition 10.4.9 We assume that K = R™, f =0, 2 =0, and zr = 0. We choose the
optimal command u = —R *B*P. Let P(t) be the matriz valued (of order N) function of
[0, T) which is the unique solution of

dt
P(T)=D

dP * —1 *
— =—-A"P- PA+ PB B"P — <t<T
{ + R Q for0<t< (10.81)

Then P(t) is symmetric positive for all t € [0,T] and we have p(t) = P(t)y(t).

Proof. For all t € [0,T], the mapping which, for yo € RY, gives (y,p)(t) is clearly linear.
It is injective from exercise 10.4.1. Consequently, as yo varies the relation between y(¢) and
p(t) is linear, and there exists a matrix P(¢) of order N such that p(t) = P(¢)y(t). By
differentiating this expression and by using the equations (10.71) and (10.76), we obtain

dP

dty—fA Py— PAy+ PBR 'B*Py—Qy

for all y(t) (which is arbitrary since yo is). We deduce the equation in (10.81). We obtain
the final condition P(T) = D since p(T') = Dy(T) and y(T) is arbitrary in RY. We have the
uniqueness of the solution of (10.81). O

Exercise 10.4.1 We assume that K = RM, f=0,2z=0, and zr = 0. Show that, for all
t € [0, 7], the optimal solution satisfies

p(t) - y(t) = Dy(T / Quls) - y(s)ds + / BB p(s) - B'p(s) ds.

Deduce that if there exists o € [0, 7] such that y(to) = 0, then y(t) = p(¢t) = 0 for all t € [0, T7.
Interpret this result.
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Exercise 10.4.2 Obtain the equivalent of proposition 10.4.4 and of theorem 10.4.6 for the
parabolic system

%—Ay:v—i—f in 10, T[x$2
y=0 on 0, T[x 992
y(0) = yo in Q

where yo € L*(Q), f € L?(]0, T[xQ), v € L*(]0,T[xQ) is the command, and we minimize

T T
inf J(v):/ /detdm—&—/ /|y—z|2dtdm+/ |y(T) — zr|*dz,
veL2(J0,7[x Q) o Ja o Ja 0

where z € L?(]0, T[xQ) and 27 € L*(Q).

Exercise 10.4.3 Generalize the preceding exercise to the wave equation.

10.4.3 Optimization of distributed systems

We solve here an example 9.1.12 of the control of an elastic membrane deformed by
an exterior force f and which has a fixed shape. The behaviour of the membrane is
modelled by

(10.82)

—Au=f+v inQ
u=0 on 0f),

where u is the vertical displacement of the membrane and v is a control force which will be
the optimization variable. We are given an open set w C €2 over which the control acts and
two limiting functions vmin < Umax in L? (w). In all that follows we assume that the functions
of L?(w) are extended by zero in 2\ w. We then define the set of admissible controls

K= {v € L?(w) such that vmin(z) < 0(2) < Umax(z) in w and v =0 in Q\ w} . (10.83)

If f € L?(R), theorem 5.2.2 tells us that there exists a unique solution u € Hj(Q). We want
to control the membrane so that it adopts a displacement ug € L?(€2). We define a cost
function
1
J(v) = 3 / (|u —uo|® + c|’U\2) dz, (10.84)
Q
where u is the solution of (10.82) (and therefore depends on v) and ¢ > 0. The optimization

problem is written
inf J(v) . (10.85)

veEK

Proposition 10.4.10 There exists a unique optimal controlv € K for the problem (10.85).

Proof. We remark that the function v — wu is affine from L?(2) into H (). Consequently,
J(v) is a positive quadratic function of v, therefore it is convex. It is likewise strongly
convex since J(v) > c||v\|2LQ(Q>. On the other hand, K is a convex closed nonempty set of
LQ(Q). Consequently, theorem 9.2.6 allows us to conclude the existence and uniqueness of
the minimum point of (10.85). O
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To obtain a necessary optimality condition which is exploitable, we introduce, as in
Section 10.4.2, an adjoint state p defined as the unique solution in Hg () of

{ —Ap=u—up in

p=20 on 0. (10.86)

Proposition 10.4.11 The cost function J(v) is differentiable over K and we have
J'(w)y=p+cv,

where p (which depends onv) is given by (10.86). Consequently, the necessary and sufficient
optimality condition for the optimal control U is

—“AT=f+7T inQ, uE HHQ), (10.87)
—“AF=T—uo inQ, Ppe HQ), (10.88)
_ p
v = HWP[Utx)itx(l)7Umax(z)] (_E) ) (1089)

where 1, is the characteristic function of w (that is to say which is 1 in w and 0 in Q\ w)
and Pl (),0max ()] S the orthogonal projection operator over the segment [Umin (), Vmax ()]

defined by Pl (),0max (@)W = Min (vmax(az), max (vmin(:c), w(az)))

Proof. As in proposition 10.4.4, the simplest and surest method to calculate the gradient is

limw = / J (v)wdz .

e—0 €

As J(v) is quadratic the calculation is very simple and we obtain

/Q J' (v)w da = /Q ((u — 1)t + cow) da,

where i, is given by

(10.90)

—AlUy =w 1in
Uy =0 on 0.

To simplify the expression of the gradient we use the adjoint state: we multiply (10.90) by
p and (10.86) by 4, and we integrate by parts

/Vp-Vﬂwdx:/(u—uo)ﬁwdac
Q Q

Vi - Vpdr = / wp dx
Q Q

By comparison of these two equalities we deduce that

/J/(U)wdxz/(p—&—cv)wda:,

from which we obtain the expression for the gradient. The necessary and sufficient optimality
condition given by theorem 10.2.1 is

/(ﬁ—l—cﬂ) (w=7)de >0 YweK. (10.91)



332 OPTIMALITY CONDITIONS AND ALGORITHMS

By taking w equal to U everywhere except over a small ball in w, then letting the radius of
this ball tend to zero, we can ‘localize’ (10.91) at (almost) every point z of w

(ﬁ(w) + cﬁ(:r)) (w(w) - E(az)) >0 Vw(z) € [Vmin(z), Umax(z)].

This last condition is only the definition of T(z) as the orthogonal projection of —p(x)/c on
the segment [Umin (), Vmax ()] (see theorem 12.1.10). Finally, we obtain (10.89) by remarking
that the support of the functions of K is restricted to w. a

Remark 10.4.12 As in remark 10.4.8 we explain how to find the form of (10.86) which
defines the adjoint state. We introduce the Lagrangian associated with the minimization
problem (10.85) under the constraint that the equation of state (10.82) (which links the two
independent variables v and u) satisfies

1

L(v,u,p) = 3 / (|u —uol® + c\v|2) dz + / p(Au+ f 4 v)dx,
Q Q

where p is the Lagrange multiplier for the constraint (10.82) between v and u. Formally,

the optimality conditions are obtained by saying that the Lagrangian is stationary, that is

to say that

oc _oc_oc _
v Ou  Op
The first derivative gives the optimality condition (10.89), the second gives the equation
satisfied by the adjoint state p, and the third the equation satisfied by the state wu. )

10.5 Numerical algorithms

10.5.1 Introduction

The object of this section is to present and analyse some algorithms which allow us to
calculate, or more exactly to approximate the solution of the optimization problems
studied above. All the algorithms studied here are used effectively in practice to solve
concrete optimization problems by computer.

These algorithms are also all of an iterative nature: starting from a given initial
u®, each method constructs a sequence (u" ),y which we shall show converges, under
certain hypotheses, to the solution u of the optimization problem considered. After
having shown the convergence of these algorithms (that is to say, the convergence
of the sequence (u™) to u whatever the choice of the initial data u°), we shall also say
a word about their rate of convergence.

In all of this section we assume that the objective function J to be minimized
is a-convex and differentiable. This hypothesis of a-convexity is rather strong, but
we see later that it is crucial for the proofs of convergence of the algorithms. The
application of the algorithms presented here to the minimization of convex functions
which are not strongly convex can present some small difficulties, without mention-
ing the great difficulties which appear when we want to approximate the minimum
of a nonconvex function! Typically, these algorithms cannot converge and oscillate
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between several minimum points, or worse they converge to a local minimum, very
far from a global minimum (in the nonconvex case, cf. proposition 9.2.3).

Remark 10.5.1 We limit ourselves to deterministic algorithms and we say nothing of
stochastic algorithms (simulated annealing, genetic algorithms, etc.). Besides the fact
that their analysis calls on probability theory (which we do not discuss in this course),
their use is very different. To put it simply, let us say that deterministic algorithms
are the most efficient for the minimization of convex functions, while stochastic algo-
rithms allow us to approximate global (not only local) minima of nonconvex functions
(for a higher cost, however, in practice). .

10.5.2 Gradient algorithms (case without constraints)

Let us start by studying the practical solution of optimization problems in the absence
of constraints. Let J be a function which is a-convex and differentiable defined over
the real Hilbert space V', we consider the problem without constraint
inf J(v). 10.92
Inf J(v) (10.92)
From theorem 9.2.6 there exists a unique solution u, characterized by remark 10.2.2

by the Euler equation
J'(u) = 0.

Gradient algorithm with optimal step

The gradient algorithm consists of ‘moving’ from an iterate u™ by following the line
of greatest slope associated with the cost function J(v). The direction of descent
corresponding to this line of greatest slope from u™ is given by the gradient J'(u™).
In effect, if we look for u™*! in the form

n+1

" =u" — g™, (10.93)

with g™ > 0 small and w™ a unit vector in V, it is with the choice of direction
wy, = J'(u™)/]|J' (u™)|| that we can hope to find the smallest value of J(u"*!) (in the
absence of other information such as higher derivatives or previous iterates).

This simple remark leads us, among the methods (10.93) which are called ‘methods
of descent’, to the gradient algorithm with optimal step, in which we solve a
succession of minimization problems with one real variable (even if V' is not finite
dimensional). Starting from an arbitrary u° in V, we construct the sequence (u")
defined by

un—i—l =" — MTL J/(un)’ (1094)

where u™ € R is chosen at each step such that
J(u" ) = inf J(u" — pJ'(u")). 10.95
(™) = inf J(u" —pJ' (") (10.95)

This algorithm converges as the following result shows.
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Theorem 10.5.2 We assume that J is a-convex and differentiable and that J' is
Lipschitzian over all bounded sets of V', that is to say that

VM >0, 3Cy >0, ||| +]w]|<M = ||J(v)—J(w)] <Culv—w|. (10.96)

Then the gradient algorithm with optimal step converges: for any u®, the sequence
(u™) defined by (10.94) and (10.95) converges to the solution u of (10.92).

Proof. The function f(p) = J(u™ — pJ'(u™)) is strongly convex and differentiable
over R (if J'(u™) # 0; otherwise, we have already converged, u™ = u!). The minimiza-
tion problem (10.95) therefore has a unique solution, characterized by the condition
f'(p) = 0, which is also written

(J' (w1, J'(u™)) = 0. (10.97)

This shows that two consecutive ‘directions of descent’ are orthogonal.
Since (10.97) implies that (J/(u"™1), 4"t — u™) = 0, we deduce from the
a-convexity of J that

J(un) _ J(un+1) > %Hun _ un+1||2. (1098)

Since the sequence J(u") is decreasing and bounded below (by J(u)), it converges
and the inequality (10.98) shows that u"*! — " tends to 0. On the other hand,
the a-convexity of J and the fact that the sequence J(u™) is bounded show that the
sequence (u™) is bounded: there exists a constant M such that

[u™] < M.

Writing (10.96) for v = u™ and w = u"*! and using (10.97), we easily see that
|7 (u™)| < Car||u™ Tt —u™||, which shows that J’(u™) tends to 0. The a-convexity of
J then gives

alu —ull® < (J'(u") = J'(w),u" —w) = (J' ("), 0" =) < [T (@] o =l
which implies a|u™ — ul| < ||J'(u™)]], from which we deduce the convergence of the

algorithm. O

Remark 10.5.3 It is useful to note the practical interest of the last inequality of this
proof: besides the proof of convergence, it gives is an easily calculable upper bound
on the error u™ — u. °
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Gradient algorithm with fixed step

The gradient algorithm with fixed step comnsists simply of the construction of a
sequence u" defined by
u"t =" — p J (U™, (10.99)

where p is a fixed positive parameter. This method is therefore simpler than the
gradient algorithm with optimal step, since at each step we save the cost of calculating
the solution of (10.95). The following result shows under what hypotheses we can
choose the parameter p to ensure the convergence.

Theorem 10.5.4 We assume that J is a-convex and differentiable and that J' is
Lipschitzian over V', that is to say that there exists a constant C > 0 such that

| J'(v) = J'(w)|| < Cllv—w| VYv,weV. (10.100)

Then, if 0 < p < 2a/C?, the gradient algorithm with fized step converges: for any
u®, the sequence (u™) defined by (10.95) converges to the solution u of (10.92).

Proof. Let usset v™ = u” —u. As J'(u) = 0, we have v" ! = v™ — p(J'(u™) — J'(u)),
from which it becomes

n n n n n 2
[P = )P = 20 (™) = I (u), u” = )+ ]| S () = T ()
(10.101)
< (1=2ap+C??) 0",

from (10.100) and the a-convexity. If 0 < u < 2a/C?, it is easy to see that 1 —2au +
C?u?% €]0,1], and the convergence is deduced from (10.101). a

Remark 10.5.5 A simple adaptation of the preceding proof, left to the reader as an
exercise, allows us to show convergence by replacing (10.100) by the weaker hypothesis
(10.96). We must also note that, for the gradient algorithm with fixed step, compared
to the gradient algorithm with optimal step, the sequence J(u™) is not necessarily
monotone. )

Remark 10.5.6 Numerous other descent algorithms of the type (10.93) exist that
we have not described here. In particular, in this class of algorithms, we meet the
conjugate gradient method in which the direction of descent w™ depends not only
on the gradient J'(u™) but also on the directions of descent used in the preceding
iterations. We present this method in Section 13.1.5, for the particular case of a
quadratic functional of the type %Aaz -x—b-x. .

Remark 10.5.7 How do we choose between the two gradient algorithms we have just
seen, and more generally between the different methods of numerical minimization
which exist? A first criterion is the cost of each iteration. For example, as we have
said, each iteration of the gradient algorithm with fixed step is less expensive than
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an iteration of gradient algorithm with optimal step. Obviously, if we start from the
same iterate u”, an iteration of the gradient algorithm with optimal step decreases
the cost function more than an iteration of the gradient algorithm with fixed step.
We arrive therefore at the second criterion, often more important, which is that of the
rate of convergence of the algorithm, which fixes the number of iterations necessary
to make the error ||u™ — u|| less than a tolerance e fixed a priori.

For example, the inequality (10.101) shows that the convergence of the gradient
algorithm with fixed step is at least geometrical, since

u™ —ul| < A"Ju’ —u|  with v =+/1-2au+ u2C2.

This remark leads, subject to a more careful analysis, to preferring the parameter p
to be the median value a/C? in the interval ]0, 20/ C? [, which minimizes ~. In fact,
we can show that the convergence of the two algorithms studied above is effectively
geometrical in certain particular cases (which means that the quantity ||u™ — /"
has a finite limit, strictly between 0 and 1, when n tends to +00). °

Exercise 10.5.1 For V = R? and J(x,y) = ax? + by? with a,b > 0, show that the
gradient algorithm with optimal step converges in one iteration if a = b or if 2%y° = 0,
and that the convergence is geometrical in the other cases. Study also the convergence
of the gradient algorithm with fixed step: for which values of the parameter 1 do we have
convergence, for what value is it the most rapid?

10.5.3 Gradient algorithms (case with constraints)

We now study the solution of optimization problems with constraints

Ulglf( J(v), (10.102)

where J is a function which is a-convex and differentiable defined over K, a convex
closed nonempty subset of the real Hilbert space V. Theorem 9.2.6 ensures the
existence and uniqueness of the solution w of (10.102), characterized from theorem
10.2.1 by the condition

(J'(u),v—u)y >0 VveK. (10.103)

According to the algorithms studied below, we will sometimes need to state supple-
mentary hypotheses over the set K.
Gradient algorithm with fixed step and projection

The gradient algorithm with fixed step adapts to problem (10.102) with constraints
starting from the following remark. For all real x> 0, (10.103) is written

(u—(u—pJ'(w),v—u) >0 VoveK. (10.104)
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Let us denote by Py the projection operator over the convex set K, defined in
theorem 12.1.10 (see remark 12.1.11). Then, from this theorem, (10.104) is none other
than the characterization of u as the orthogonal projection of v — pJ’(u) over K. In
other words,

u=Pg(u—pJ' (u) Yu>D0. (10.105)

It is easy to see that (10.105) is in fact equivalent to (10.103), and therefore charac-
terizes the solution u of (10.102). The gradient algorithm with fixed step and
projection algorithm (or more simply projected gradient) is then defined by the
iteration

uth = Py (u™ — pJ' (u)), (10.106)

where p is a fixed positive parameter.

Theorem 10.5.8 We assume that J is a-convex, differentiable and that J' is Lips-
chitzian over V' (of constant C, see (10.100)). Then, if 0 < pu < 2a/C?, the gradient
algorithm with fized step and projection converges: for any u® € K, the sequence (u™)
defined by (10.106) converges to the solution u of (10.102).

Proof. The proof reuses that of theorem 10.5.4 by observing that the proof of (10.101)
shows more generally that the mapping v — v — pJ'(v) is strictly contracting when
0 < p < 2a/C?, that is to say that

Iy €01, |[[(v—pt' () = (w = pJ' (W)]| <7llv - wl.

Since the projection Pk is weakly contracting from (12.2), the mapping v — Pk (U —

pJ'(v)) is strictly contracting, which proves the convergence of the sequence (u™)
defined by (10.106) to the solution u of (10.102). O

Exercise 10.5.2 Take V = RY and K = {z € R" such that vazl x; = 1}. Make
explicit the orthogonal projection operator Pk and interpret formula (10.106) in this case
in terms of Lagrange multipliers.

Uzawa’s Algorithm

The preceding result shows that the gradient algorithm with fixed step and projection
is applicable to a large class of convex optimization problems with constraints. But
this conclusion is largely deluding from the practical point of view, since the projection
operator Pk is not explicitly known in general: the projection of an element v € V
over an arbitrary convex closed set of V' may be very difficult to determine!
An important exception concerns, in finite dimensions (for V = RM), the subsets
K of the form
M
K =[] la:, bi] (10.107)

=1
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(with possibly a; = —oo or b; = 400 for certain indices ). In effect, it is then easy
to see that, if x = (x1,22,...,23) € RM y = Px(x) has components
y; = min (max (a;, x;),b;) for 1 <i < M, (10.108)

in other words, it is enough just to ‘truncate’ the components of x. This simple
property, together with the remarks about the duality stated in section 10.3, will
lead us to a new algorithm. In effect, even if the primal problem involves a set K
of admissible solutions over which the projection Px cannot be explicitly given, the
dual problem will frequently be posed over a set of the form (10.107), typically over
(R)M. In this case, the dual problem may be solved by the gradient method with
fixed step and projection, and the solution of the primal problem can then be obtained
by solving a minimization problem without constraint. These remarks are the basis
of Uzawa’s algorithm, which is in fact a method of looking for a saddle point.
Let us consider the convex minimization problem

inf 10.1
F(lf)go‘](“)’ (10.109)

where .J is a convex functional defined over V and F a convex function of V over RM
Under the hypotheses of the Kuhn-Tucker theorem 10.3.4, the solution of (10.109)
reduces to finding a saddle point (u,p) of the Lagrangian

L(v,q) =J(v) +q- F(v), (10.110)
over V x (Ry)M. Starting from the definition 10.3.1 of the saddle point
Vge R)M L(u,q) < Llu,p) < L(v,p) YveV, (10.111)

we deduce that (p —q) - F(u) > 0 for all ¢ € (R;)M, from which we take, for all real
>0,
(=) (p— (p+nuF(u)) <0 Vge (Ry)Y,

which, from (12.1), shows that

p:PRg(p—i-,uF(u)) V>0, (10.112)

Psz denotes the projection of RM over (R, )M.

In view of this property and of the second inequality in (10.111), we can introduce
Uzawa’s algorithm: starting from an arbitrary element p° € (R, ), we construct
the sequences (u") and (p™) determined by the iterations

L(u®,p") = inf L(v,p"),
(10.113)
P = Paar (0" + p (u)),

1 being a fixed positive parameter.
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Theorem 10.5.9 We assume that J is a-convex and differentiable, that F is convex
and Lipschitzian from V into RM | that is to say that there exists a constant C such
that

IF(v) = P(w)]| < Cllo—wl| Yv,weV, (10.114)

and that there exists a saddle point (u,p) of the Lagrangian (10.110) over V x (R )M.
Then, if 0 < p < 2a/C?, Uzawa’s algorithm converges: for any initial element p°,
the sequence (u™) defined by (10.113) converges to the solution u of problem (10.109).

Proof. Let us recall first that the existence of a solution u of (10.109) follows from
that of the saddle point (u,p) (see proposition 10.3.2), then that its uniqueness is a
consequence of the a-convexity of J. Likewise, p™ being fixed, the minimization prob-
lem in (10.113) has a unique solution u™. From exercise 10.2.6, the Euler inequalities
satisfied by v and u™ are written

(J'(u),v —u) +p- (Fv) — F(u)) >0 YveV, (10.115)
(J'(u™),v—u™) +p" - (F(v) = F(u")) >0 YveV. (10.116)
Taking successively v = «™ in (10.115) and v = u in (10.116) and adding, we obtain
(J'(u) = J' ("), u"™ —u) + (p = p") - (F(u") = F(u)) >0,
from which by using the a-convexity of J and by setting r™ = p™ —p

" (F(u") — F(u) < —allu™ —u)®. (10.117)

On the other hand, the projection P]Rf being weakly contracting from (12.2), by
subtracting (10.112) from (10.113) we obtain

I < ™ + u(F (™) = F(u)]),

or
[P < Y12 4 2™ - (F(u™) = Fw)) + p?[|F(u") = F(u)||*.

Using (10.114) and (10.117), this becomes
[P < (" )P+ (C2p? = 2pa) [Ju™ — ul®.
If 0 < pu < 2a/C?, we can find 8 > 0 such that C%u? — 2ua < —/3, from which
Blla™ —ul® < [l * — [l (10.118)

This shows that the sequence ||r™||? is decreasing: the right-hand side of (10.118)
therefore tends to 0, which implies that u™ tends to w. O

Thus, Uzawa’s algorithm allows us to approximate the solution of (10.109) by re-
placing this problem with constraints by a sequence of minimization problems without
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constraints (10.113). At each iteration, the calculation of p™ is elementary, since we
have simply
Pt = max (p + pF;(u™),0) for 1 <i< M,

from (10.108). We must also note that theorem 10.5.9 says nothing about the con-
vergence of the sequence (p™). In fact, this convergence is not ensured under the
hypotheses of the theorem, which also does not ensure the uniqueness of the element
p € (Ry)M such that (u,p) is a saddle point (see remark 10.3.12 and exercise 10.5.3).
We have to make the link between Uzawa’s algorithm and duality theory, as we
have already stated. Let us recall first that the dual problem of (10.109) is written

sup G(q), (10.119)
q>0
where, by definition
G(q) = inf £(v,q), (10.120)

and that the Lagrange multiplier p is a solution of the dual problem (10.119). In
fact, under quite general hypotheses, we can show that G is differentiable and that
the gradient G'(g) is precisely equal to F'(uq), where uq is the unique solution of the
minimization problem (10.120). In effect, formally we have

G(q) = J(uq) +q- Fl(ug),
and differentiating with respect to ¢
G'(q) = Fluq) + (J'(ug) + - F'(uq)) ug = F(ug),

because of the optimality condition for u,. We then see that Uzawa’s algorithm
is none other than the gradient algorithm with fixed step and projection
applied to the dual problem since the second equation of (10.113) can be written
pntl = P]Rf (p™ + pG’(p™)) (the change of sign with respect to (10.106) comes from
the fact that the dual problem (10.119) is a problem of maximization and not of
minimization). The reader will verify this assertion very easily in the particular case
studied in the following exercise.

Exercise 10.5.3 Apply Uzawa's algorithm to the problem of remark 10.3.12 (quadratic
functional and affine constraints in finite dimensions). If the matrix B has range M, which
assures the uniqueness of p from remark 10.3.12, show that the sequence p™ converges
to p.

Penalization of constraints

We conclude this subsection by briefly describing another way to approximate a
minimization problem with constraints by a sequence of minimization problems
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without constraints; this is the procedure of penalization of constraints. We avoid
talking here of a ‘method’ or an ‘algorithm’ since penalization of the constraints is
not, properly speaking, a method. The solution of the problems without constraints
that we shall construct must be done with the help of the algorithms of Section 10.5.2.
This solution can raise some difficulties, since the ‘penalized’ problem (10.122) is often
‘Il conditioned’ (see Section 13.1.2).

For simplicity we shall take the case where V = R, and we again consider the
convex minimization problem

F(lil)fgo J(v), (10.121)

where J is a continuous convex function from RY into R and F a continuous convex
function from RY into RM.

For € > 0, we then introduce the problem without constraints

LM
inf (.](11) + - Z [max (F;(v), O)]2> ) (10.122)

RN
ve i=1

where the constraints F;(v) < 0 are ‘penalized’. We can then state the following
result, which shows that, for ¢ small, the problem (10.122) ‘approximates well’ the
problem (10.121).

Proposition 10.5.10 We assume that J is continuous, strictly convez, and is infin-
ite at infinity, that the functions F; are convex and continuous for 1 < i < M, and
that the set

K={veR" F@<0 Vie{l,...,M}}

is nonempty. Denoting by u the unique solution of (10.121) and, for e > 0, u. the
unique solution of (10.122), we then have

?g(l) Ue = U.
Proof. As the set K is convex and closed, the existence and uniqueness of u follows
from theorem 9.1.3 and from the strict convexity of J. Further, the function G(v) =
2?11 [max (F;(v),0)]? is continuous and convex since the function from R into R
which to each x associates max (z,0)? is convex and increasing. We deduce that
the functional J.(v) = J(v) + e 1G(v) is strictly convex, continuous, and is infinite
at infinity since G(v) > 0, which implies the existence and uniqueness of u.. As
G(u) =0, we can write

< Je(u) = J(u). (10.123)

This shows that
J(ue) < Je(ue) < J(uw), (10.124)
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and therefore that u. is bounded from the ‘infinite at infinity’ condition. We can
therefore extract from the family (u.) a sequence (u,, ) which converges to a limit w,
when e, tends to 0. We then have 0 < G(u, ) < er(J(u) — J(ue,)) from (10.123).
Passing to the limit, we obtain G(u.) = 0, which shows that u, € K. As (10.124)
implies that J(u.) < J(u), we then have u, = u, which concludes the proof, all the
extracted sequences (u,, ) converge to the same limit . a

Exercise 10.5.4 In addition to the hypotheses of proposition 10.5.10, we assume that
the functions J and Fi,..., F) are continuously differentiable. We denote by I(u) the
set of active constraints at u, and we assume that the constraints are qualified at w in the
sense of definition 10.2.13. Finally, we assume that the vectors (F{(u))iel(u) are linearly
independent, which ensures the uniqueness of the Lagrange multipliers A1, ..., Ay such
that J'(u) + Zf\il XNiF!(u) =0, with A\; = 0if ¢ ¢ I(u). Show then that, for each index
ie{l,...,M}
lim 2maX (Fi(ue),0)| = ;.

e—0 | e

Remark 10.5.11 We see in Section 11.2.3 another method of penalization by the
introduction of ‘barrier’ functions. °

10.5.4 Newton’s method

We work in finite dimensions V' = RY. We shall explain the principle of Newton’s
method to find the zeroes or roots of a function F of class C? from RY into RY. Let
u be a simple zero of F' that is to say that

F(u)=0 and F'(u) an invertible matrix.
A Taylor formula in the neighbourhood of v gives us
F(u) = F(v) + F'(v)(u—v) 4+ O (|lu—v|?),

that is to say
u=v—(F'(v)" Fv)+ 0 (|lv—u?).

Newton’s method consists of iteratively solving this equation neglecting the remainder.
For an initial choice u° € RY, we calculate

u™tt =y — (F'(u™)) " F(u™) for n > 0. (10.125)

Let us recall that we do not calculate the inverse of the matrix F(u™) in (10.125) but
that we solve a linear system by one of the methods described in Section 13.1. From
the point of view of optimization, Newton’s method is interpreted in the following
way. Let J be a function of class C® from RY into R, and let u be a local minimum
of J. If we set F = J', we can apply the preceding method to solve the necessary
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optimality condition J'(u) = 0. However, we can also see Newton’s method as a
minimization method. Because of the Taylor expansion

J(w) = Jw)+J'(v) - (w—v)+ %J”(v)(w —v) - (w—v)+ O (|Jw—v[*), (10.126)

we can approximate J(w) in the neighbourhood of v by a quadratic function. New-
ton’s method consists then of minimizing this approximation and iterating. The
minimum of the quadratic part of the right-hand side of (10.126) is given by
w = v — (J'(v))"" J'(v) if the matrix J”(v) is positive definite. We then recover
the iterative formula (10.125).

The principal advantage of Newton’s method is its convergence which is more
rapid than the preceding methods.

Proposition 10.5.12 Let F be a function of class C? from RN into RY, and u a
simple zero of F' (that is, F(u) = 0 and F'(u) is invertible). There exists a real € > 0
such that, if u® is close to u in the sense where |[u—u®|| < €, Newton’s method defined
by (10.125) converges, that is to say that the sequence (u™) converges to u, and there
exists a constant C > 0 such that

[u™™t —u| < C|ju™ — ul?. (10.127)

Proof. By continuity of F’ there exists € > 0 such that F” is invertible at every point
of the ball with centre u and radius e. Let us assume that u™ lies near to u, in the
sense that ||u — u"|| < e, therefore F'(u™) is invertible. As F(u) = 0, we deduce from
(10.125)

Wt =" —u— (F'(u") (Fu™) — F(u))

which, by Taylor expansion around ", becomes
u = (F (@) O (Jlu” = ul?) .

As |lu —u™|| <€, we deduce that there exists a constant C' > 0 (independent of n and
linked to the modulus of continuity of F” and F"” over the ball of centre u and radius
€) such that

[u™ ™ — || < Ofju™ — ul?. (10.128)

If € is sufficiently small so that Ce < 1, we deduce from (10.128) that u"*! remains
in the ball of centre u and radius e. This allows us to verify, by recurrence, the
hypothesis that |u — u™|| < e for all n > 0, and we have the conclusion. O

Remark 10.5.13 Of course, we must remember that each iteration of Newton’s
method (10.125) needs the solution of a linear system, which is costly. Further,
the rapid (‘quadratic’) convergence given by (10.127) only holds if F is of class C?,
and if u° is quite close to u, which are more restrictive hypotheses than those we have
used up until now. Effectively, even in a very simple case in R, Newton’s method
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can diverge for certain initial data u®; we must also note that the quadratic con-
vergence (10.127) only happens in the neighbourhood of a simple zero, as is seen in
the application of Newton’s method to the function F(z) = ||z||? in RY, for which
the convergence is only geometrical. In addition, if we apply Newton’s method to
the minimization of a function J as explained above, it may be that the method con-
verges to a maximum or a saddle point of J, and does not tend to a minimum, since it
only looks for the zeros of J'. Newton’s method is therefore not better in all ways to
the preceding algorithms, but the property of local quadratic convergence (10.127),
however, makes it particularly interesting. °

Remark 10.5.14 A major drawback of Newton’s method is the need to know the Hessian
J"(v) (or the derivative matrix F'(v)). When the problem is very large or if J is not
easily twice differentiable, we can modify Newton’s method to avoid the calculation of this
matrix J”(v) = F'(v). The methods, called quasi-Newton, propose iteratively calculating
an approximation S™ of (F'(u™))~". We replace the formula (10.125) by

uw" Tt =" — S"F(u") forn>0.
In general, we calculate S™ by a recurrence formula of the type
Sn+1 _ Sn + Cn
where C™ is a matrix of rank 1 which depends on v™,u™!, F(u™), F(u™"!), chosen so that

S™ — (F'(u™))™* converges to 0. For more details about these quasi-Newton methods we
refer to [3] and [30]. .

We can adapt Newton’s method to the minimization of a function J with equality
constraints. Let J be a function of class C? from RY into R, G = (G4, ... ,Gy) a
function of class C® from RY into RM (with M < N), and let u be a local minimum of

i J(v). 10.129
'UG]RNI,ann(v):O (U) ( )

If the vectors (G (u), ... ,G%,(u)) are linearly independent, the necessary optimality
condition of theorem 10.2.8 is

M
J'(u)+ > XiGi(u) =0, Gi(u)=01<i< M. (10.130)
=1

where the A1, ..., Ay € R are the Lagrange multipliers. We can then solve the system
(10.130) of (N + M) equations with (N + M) unknowns (u, \) € RN*M by a Newton
method. We therefore set

F(u,\) = < g((g)) A G ) 5

whose matrix derivative is

/ _( W)+ A G (w) (G(u)”
F(u,A)—( ' () 0 )

We can then apply the Newton algorithm (10.125) to this function F'(u, ) if the
matrix F’(u, A) is invertible. We shall see that this condition is ‘natural’ in the sense
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that it corresponds to a slightly stronger version of the second order optimality con-
dition of proposition 10.2.11. The matrix F'(u, ) is invertible if it is injective. Let
(w, p) be an element of its kernel

J"(wWw~+ A G"(w)w 4+ (G'(u)*n=0
Gilu)-w=0 for1<i<M

We deduce that

M
w € KerG'(u) = ﬂ KerGj(u) and (J"(u)+ A-G"(u))w € Im(G'(u))*.
i=1

Now Im(G’(u))* = [KerG’(u)]t. Consequently, if we assume that
(J"(u) + X G"(uw)) (w,w) >0 Ywe KerG'(u), w#0, (10.131)

the matrix F’(u, \) is invertible. We remark that (10.131) is the strict inequality in
the second order optimality condition of proposition 10.2.11. It is therefore natural
to make the hypothesis (10.131) which allows us to use the Newton algorithm. We
can therefore prove the convergence of this method (see [3]).

It is interesting to interpret this algorithm as a minimization method. We intro-
duce the Lagrangian L(v,u) = J(v) + p - G(v), its derivatives with respect to v, L',
and L"”, and we verify that the equation

(N = (@A) (F (@A) F (" A"

"+l ig a minimum point of the quadratic problem

is the optimality condition so that
with affine constraints
min Q" (w), (10.132)
weRN
G(un)+G/ (u™)- (w—u™)=0

with
Q" (w) = <E(U"7 A") A L (u", A7) - (w = u") + %ﬁ"(unv A)(w —u™) - (w— U”)> ;

and A\"T! is the Lagrange multiplier associated with the minimum point of (10.132).
We remark that in (10.132) we have made a Taylor expansion of order two at w of the
Lagrangian L(w, A™) and we have linearized the constraint G(w) around the point u™.

Remark 10.5.15 In (10.132) we have used a quadratic approximation of the
Lagrangian and not of the function J. We could try the following iterative method
for the solution of the quadratic approximation with affine constraints

min (J(v) +J'(v) - (w—v)+ %J”(v)(w —v) - (w— v)) . (10.133)
()46 () -(w—v)=0

Unfortunately, the method based on (10.133) cannot converge! In particular, it is not
obvious that the Hessian J”(v) is positive definite over the space of constraints (it
is the Hessian of the Lagrangian which is positive as is affirmed by the second order
optimality condition of proposition 10.2.11). °
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11 Methods of operational
research

(Written in collaboration with Stéphane Gaubert)

11.1 Introduction

In this chapter, we present several tools from OR (operational research). In OR, the
word ‘operational’ was initially used in its proper sense: OR was born, mainly, from
planning problems which arose during the Second World War and shortly after. Thus
G. Dantzig, the inventor of the simplex algorithm, was an adviser for the American
airforce, and the planning of the Berlin airlift in 1948 is a famous application of linear
programming (see [31] for more detail). Since then the domain has been considerably
developed and civilized. The problems of OR abound in industry and the service
sector: we can cite, for example, timetabling problems (for aircrews, for the employ-
ees of a call centre, etc.), routing of vehicles, networks, siting of warehouses, stock
management, workshop scheduling, etc. OR borrows tools from many scientific fields:
continuous optimization and combinatorial optimization, but also from discrete math-
ematics and in particular from graph theory; from computing, on the one hand via
complexity theory, which allows us to identify ‘easy’ problems, which are solvable in
polynomial time in the size of the problem, from difficult problems, and on the other
hand via constraint programming, or ‘CP’ (which allows us to enumerate the solutions
intelligently). Some questions in OR are also linked to probability theory (for exam-
ple, to understand stochastic optimization algorithms such as simulated annealing),
to computing or game theory (for dynamical decision problems). A significant part of
the activity in OR is linked to the practice (modelling, heuristics, etc.). Our intention
in this chapter is not to present OR, but rather to consider a mathematical part of the
field, combinatorial optimization, which has strong ties to the continuous optimization
treated in the preceding chapters: the most efficient methods for the exact solution
of combinatorial problems are often based on convex programming, and in return,

347
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considering discrete problems and objects (problems of flows, assignment problems
extreme points of polyhedra, electrical networks, Laplacians of graphs, etc.), often
allow better understanding of the analogues of these problems and objects which
occur in analysis.

In this chapter we shall present five important methods. Linear programming,
which will be the subject of Section 11.2, will allow us to solve efficiently continuous
optimization problems where the constraints and the criterion are expressed linearly,
which is very common in OR. Sometimes, it is essential to find an integer solution.
We shall see in Section 11.3, with the help of the idea of an integer polyhedron,
that this can be done without increasing the complexity in certain special cases, which
includes the important class of flow problems. Section 11.4 presents another method,
dynamic programming, which is naturally adapted to problems of shortest path,
and which is also useful in more difficult combinatorial problems. Section 11.5 gives
an example of a greedy algorithm: greedy algorithms are only optimal for very
particular problems, but they are often useful to produce heuristics. We shall see
finally in Section 11.6, that when the preceding tools cannot be applied directly, it is
often possible to obtain an optimal solution by separation and evaluation (‘branch
and bound’), that is, by a tree search combined with an approximation of the problem.

11.2 Linear programming

We have not yet said anything about example 9.1.1 which is typical of a very large
class of problems, called linear programming problems. Because of the practical
importance of these problems we shall now devote a whole section to their study.

11.2.1 Definitions and properties

We want to solve the following linear programming problem,

inf c-x, (11.1)
zeRnsuch that Az=b, >0

where A is a matrix of size mxn, b € R™, ¢ € R™, and the constraint > 0 means that
all the components of = are positive or zero. In everything that follows we shall assume
that m < n and that the range of A is exactly m. In effect, if rg(A) < m, certain rows
of A are linked and two possibilities arise: either the constraints (corresponding to
these rows) are incompatible, or they are redundant and we can therefore eliminate
the extra rows.

Problem (11.1) seems to be a particular case of linear programming since the
inequality constraints are only of the type x > 0. This is not the case, and every
linear programming problem of the type

inf c-x.
zeRmsuch that Az>b, A’z=b’
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can be put into the standard form (11.1) by rescaling the data. In effect, let us
remark first of all that the equality constraints A’z = o’ are obviously equivalent to
the inequality constraints A’z < b and A’x > b’. We can therefore restrict ourselves
to the following case (which only contains inequality constraints)

inf c- . (11.2)
z€Rnsuch that Az>b

In (11.2) we can replace the inequality constraint by introducing new variables, called
slack variables, A € R™. The inequality constraint Az > b is then equivalent to
Az = b+ X with A > 0. Thus (11.2) is equivalent to

inf c-x. (11.3)
(z,\)€R(m+m)guch that Az=b+X, \>0

Finally, if we decompose each component of x into its positive and negative parts,
that is if we set x = 27 — 2~ with 27 = max(0,z) and = = —min(0, z), we obtain
that (11.2) is equivalent to

inf c-(xt —a7). (11.4)

(z+,z—,2)ER@n+m)guch that Azt —Az—=b+X, 2+>0,2—>0,A>0

which is in the standard form (but with more variables). There is therefore no loss of
generality in studying the standard linear programming problem (11.1).

A3

X2

X1

Figure 11.1. Admissible set for example (11.5).

We have already given a concrete motivation to linear programming at the
beginning of Chapter 9 (see example 9.1.1). Let us consider for the moment a



350 CHAPTER 11. METHODS OF OPERATIONAL RESEARCH

simple example which will allows us to understand some essential aspects of linear
programming
min 1 +4xo + 223 . (11.5)
21>0,00>0,23>0
2z 4w9+3w3=6
On Figure 11.1 we have traced the set of (21, x2, z3) which satisfies the constraints: a
plane triangle 7. This is a closed compact set of R3, therefore the continuous function
T1 + 4o + 223 attains its minimum that we denote M. To determine this minimum
we can consider the family of parallel planes x; + 4x5 + 2x3 = ¢ parameterized by
c. By increasing the value of ¢ starting from —oo, we ‘sweep’ the space R? until we
reach the triangle T, and the minimum M is attained when the plane ‘touches’ this
triangle. In other words, every minimum point of (11.5) is on the boundary of the
triangle 7. Another way to see this is to say that the function z; + 422 + 2x3 has
a nonzero gradient in T therefore its extrema are found on the boundary of T'. For
example (11.5), the (unique) minimum point is the vertex (0,3,0) of T. We shall
see that this is a general fact: a minimum point (if it exists) can always be found at
one of the vertices of the geometrical set of vectors x which satisfy the constraints.
It is ‘enough’ then to enumerate all the vertices in order to find the minimum: it is
exactly this that is (in an intelligent way) the simplex algorithm that we see in the
next section.
To establish this property generally for the standard linear programming prob-
lem (11.1), we need some definitions which allow us to specify the vocabulary.

Definition 11.2.1 The set Xaq of vectors of R™ which satisfy the constraints of
(11.1), that is

Xaa = {z € R" such that Az =b, z >0},

is called the set of admissible solutions. We say verter or extremal point of X.q
for every point T € X,q which cannot be decomposed into a (nontrivial) convex com-
bination of two other points of Xaq, that is, if there exist y,z € Xaq and 0 €]0, 1] such
that T =0y + (1 — 0)z, theny = z = T.

Remark 11.2.2 The vocabulary of optimization is misleading for neophytes. We say
(admissible) solution for a vector which satisfies the constraints. Conversely, a vector
which attains the minimum of (11.1) is called the optimal solution (or minimum
point). .

We easily verify that the set X,q is a a polyhedron (possibly empty). (Let us
recall that a polyhedron is a finite intersection of halfspaces of R™.) Its extreme points
are therefore the vertices of this polyhedron. When X,4 is empty, by convention we
note that

inf c-x = +4o0.
zeR7such that Az=b, >0
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Lemma 11.2.3 There exists at least one optimal solution (or minimum point) of the
standard linear programming problem (11.1) if and only if the minimum value is finite

—00 < inf c-x < 4o00.
zeRmsuch that Az=b, 2>0

Proof. Let (z¥);>1 be a minimizing sequence of (11.1). We introduce the matrix A

defined by
C*
A= ( < )

The sequence Az" belongs to the following cone
i=1

where the A; are the columns of the matrix A. From the Farkas lemma 10.2.17 the
cone C is closed, which implies that

lim Axk:<z0>60,

k—-+4o00 b

therefore there exists T > 0 such that

and the minimum is attained at . O

Definition 11.2.4 We say basis associated with (11.1) for a basis of R™ composed
of m columns of A. We denote this basis by B which is a submatriz of A, which is
square of order m and invertible. After permutation of its columns we can write A in
the form (B, N) where N is a matriz of size m X (n —m). In the same way we can
decompose x into (xp,xN) so that we have

Ax = Bxg + Nxpy.
The components of the vector xp are called basic variables and those of xn nonbasic
variables. A basic solution is a vector x € X,q such that xn = 0. If moreover one

of the components of xp is zero, we say that the basic solution is degenerate.

The idea of a basic solution corresponds to that of a vertex of X,4.

Lemma 11.2.5 The vertices of the polyhedron X.q are exactly the basic solutions.
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Proof. If v € X.q is a basic solution, in a certain basis of R" we have z =
(1, ..., Zm,0, ...,0) and there exists a basis (b1, ...,bm) of R™ such that Z:’;l xib; = b.
Let us assume that there exists 0 < 0 < 1 and y,z € Xaq such that x = 0y + (1 — 0)=.
Necessarily, the n — m last components of y and z are zero and, as y and z belong to X.4,
we have Z:il y:b; = b and Z:il zib; = b. By uniqueness of the decomposition in a basis,
we deduce that x = y = z, and therefore x is a vertex of Xaq.

Conversely, if x is a vertex of Xaq, we denote by k£ the number of its nonzero components,
and after a possible rearrangement we have b = Zle x;a; where the (a;) are the columns
of A. To show that z is a basic solution it is enough to prove that the family (a1, ..., ax)
is linearly independent in R™ (we obtain a basis B by supplementing this family). Let us

assume that this is not the case: there then exists y # 0 such that Zle yia; = 0 and

(Yk+1, ---,yn) = 0. As the components (z1, ..., xx) are strictly positive, there exists € > 0
such that (z + ey) € Xaq and (z — €y) € Xaq. The fact that z = (x + €y)/2 + (x — ey)/2
contradicts the extremal character of x, therefore = is a basic solution. O

The following fundamental result tells us that it is sufficient to look for an optimal
solution among the vertices of the polyhedron X,q.

Proposition 11.2.6 If there exists an optimal solution of the standard linear pro-
gramming problem (11.1), then there exists an optimal basic solution.

Proof. The proof is very similar to that of lemma 11.2.5. Let € X,q be an optimal
solution of (11.1). We denote by k the number of its nonzero components, and after
a possible rearrangement we have

k
b= E T;ia4,
i=1

where the (a;) are the columns of A. If the family (aq, ..., ax) is linearly independent
in R™ then x is an optimal basic solution. If (aq, ..., ax) is linearly dependent, then
there exists y # 0 such that

k
Zyiai =0 and (Yk41s---,Yn) =0.
i=1

As the components (21, ...,x) are strictly positive, there exists e > 0 such that
(r + ey) € Xaq. As z is a minimum point, we must have

c-xz<c-(z+tey),

that is ¢ -y = 0. We then define a family of points z. = = + ey parameterized by e.
Starting from the value € = 0, if we increase or decrease € we stay in the set X,q up to
a value ep beyond which the constraint z. >0 is violated. In other words, z., € Xu4
has more than (k — 1) nonzero components and is an optimal solution. We then
repeat the preceding argument with z = z., and a family of (k — 1) columns (a;). By
decreasing the size of this family, we will finally obtain a linearly independent family
and a basic optimal solution. O
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Remark 11.2.7 By applying proposition 11.2.6 when ¢ = 0 (every admissible solu-
tion is then optimal), we see thanks to lemma 11.2.5 that as soon as X,q is nonempty,
Xaa has at least one vertex. This property does not hold for general polyhedra (con-
sider a half-plane of R?). o

Exercise 11.2.1 Solve the following linear programming problem

max x1 + 2xo

2120,22>0

under the constraints
—3(E1 + 2.’E2 S 2
-1 + 279 < 4
xr1 + o < 5

In practice, the number of vertices of the polyhedron X,4 is gigantic as they can
be exponential with respect to the number of variables. We verify this in an example
in the following exercise.

Exercise 11.2.2 Show that we can choose the matrix A of size m x n and the vector
b € R™ in such a way that X,q is the unit cube [0,1]"™ in the affine subspace of

dimension n — m defined by Az = b. Deduce that the number of vertices of X,q is then
on—m,

11.2.2 The simplex algorithm

The simplex algorithm was introduced by G. Dantzig in the 1940s. It consists of
visiting the vertices of the polyhedron of admissible solutions until we find an optimal
solution (which is guaranteed if the linear programming problem has an optimal
solution). The simplex algorithm is not content with enumerating all the vertices, it
decreases the value of the function ¢ - x passing from one vertex to the next.

We consider the standard linear programming problem (11.1). Let us recall that
a vertex (or basic solution) of the set of admissible solutions X,q is characterized by
a basis B (m linearly independent columns of A). After permutation of its columns,
we can write

A=(B,N) and z=(zp,zn),

so that we have Ax = Bxp + Nzy. All admissible solutions can be written zg =
B Y(b— Nzy) >0 and zy > 0. The vertex associated with B is defined (if it exists)
by Ty =0 and Zg = B~'b > 0. If we also decompose ¢ = (cp,cy) in this basis, then
we can compare the cost of an arbitrary admissible solution x with that of the basic
solution T. We easily see that ¢- 7 < ¢z if and only if

CB-B_leCB~B_1(b—N(EN)+CN'IN. (116)

We deduce the following optimality condition.
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Proposition 11.2.8 Let us assume that the basic solution associated with B is non-
degenerate, that is, B~'b > 0. A necessary and sufficient condition so that this basic
solution associated with B is optimal is that

CN ZCN—N*(Bil)*CB > 0. (11.7)
The vector ¢n is called the vector of reduced costs.

Proof. Let T be a nondegenerate basic solution associated with B. If ¢y > 0, then
for every admissible solutions x we have

c-xr—c-T=c¢cy-axny >0,

since zy > 0. Thus the condition (11.7) is sufficient for T to be optimal. Con-
versely, let us assume that there exists a component i of ¢y which is strictly neg-
ative, (¢y -e;) <0. For e > 0 we then define a vector z(e) by zn(€) = ee; and
xp(€) = B71(b — Nxzn(€)). By construction Az(e) = b and, as B~1b > 0, for suffi-
ciently small values of € we have x(e) > 0, therefore z(€) € X,q. On the other hand,
2(0) =T and, as € > 0, we have

c-xz(e) =c-z(0)+e(Cn-e) <c-T,
which shows that T is not optimal. Thus the condition (11.7) is necessary. o

Remark 11.2.9 In the framework of proposition 11.2.8, if the basic solution is
degenerate, condition (11.7) remains sufficient but is no longer necessary. .

We deduce from proposition 11.2.8 a practical method to decrease the value of the
cost function ¢ - z starting from a basic solution T (nondegenerate and nonoptimal).
As T is nonoptimal, there exists a component of the reduced cost vector éy such that
¢n - e; < 0. We then define x(e) as above. Since the cost decreases linearly with e, it
is beneficial to take the largest possible value of € such that we remain in X,q. This
is the principle of the simplex algorithm that we now present.

The simplex algorithm

e Initialization (phase I): We look for an initial basis B° such that the associated
basic solution z° is admissible

oo (P50

e Iterations (phase II): at step k > 0, we have a basis B* and an admissible
basic solution z*. We calculate the reduced cost &k = &k — (Nk)*(kal)*c’B.
If ¢k > 0, then z* is optimal and the algorithm is finished. Otherwise, there
exists a nonbasis variable with index ¢ such that (éy - e;) < 0, and we denote
by a; the corresponding column of A. We set

2 (e) = (2 (e), 2% ()  with 2% (e) = ees, a(e) = (BF) (b — eas).
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— Either we can choose € > 0 as large as we want with z%(e) € X,q. In this
case, the minimum of the linear programming problem is —oo.

— Or there exists a maximal value €* and an index j such that the jth com-
ponent of z¥(e*) is zero. We thus obtain a new basis B¥*! deduced from
B* by replacing its jth column by the column a;. The new admissible
basic solution z**! has a cost less than or equal to that of a*.

There are a certain number of practical points still to be specified in the simplex
algorithm. We quickly review them.

Degeneracy and cycling

We always have ¢ - 21 < ¢ - 2% but we can have equality if the admissible basic
solution z* is degenerate, in which case we can find €* = 0 (if it is not degenerate, the
proof of proposition 11.2.8 guarantees a strict inequality). We have therefore changed
the basis without improving the cost: this is the phenomenon of cycling which can
prevent the convergence of the algorithm. There are ways of stopping this, but in
practice cycling never occurs.

In the absence of cycling, the simplex algorithm traverses a subset of vertices of X,q
(strictly) diminishing the cost. As there are a finite number of vertices, the algorithm
must necessarily find an optimal vertex with minimal cost. We have therefore proved
the following result.

Lemma 11.2.10 If all admissible basic solutions x* produced by the simplex algo-
rithm are nondegenerate, then the algorithm converges in a finite number of steps.

A priori the number of iterations of the simplex algorithm can be as large as the
number of vertices (which is exponential with respect to the number of variables n; see
exercise 11.2.2). Although there exist (academic) examples where this is effectively the
case, in practice this algorithm converges in a number of steps which is a polynomial
function of n.

Choice of the change of basis

If there are many components of the reduced cost vector &k, which are strictly negative,
we must make a choice in the algorithm. Many strategies are possible, but in general
we choose the most negative.

Initialization

How do we find a basic admissible solution at the initialization? (Let us recall that the
condition of admissibility zp = B~1b > 0 is not obvious in general.) We could know
one because of the structure of the problem. For example, for the problem (11.4)
which has m slack variables, —1I,, is a basis of the ‘global’ matrix of the equality
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constraints of (11.4). If b < 0, the vector (2%, \°) = (0, —b) is then a basic admissible
solution for (11.4).
In the general case, we introduce a new variable y € R™, a new cost vector k > 0,
and a new linear programming problem
Izglf;zoc-x—khy (11.8)
Axty=b
where we have already multiplied all the equality constraints corresponding to the
negative components of b by —1 so that b > 0. The vector (2°,4°) = (0,b) is a
basic admissible solution for this problem. If there exists an admissible solution of
the original linear programming problem (11.1) and if the minimum of (11.1) is not
—00, then the optimal solutions of (11.8) must satisfy y = 0. By applying the simplex
algorithm to (11.8), we find a basic admissible solution for (11.1) if one exists. If none
exists (that is, if X,q = 0), we detect this as the minimum of (11.8) is attained by a
vector (x,y) with y # 0. Obviously, to quickly find an admissible solution for (11.1)
it is in our interest to choose k very large with respect to c.

Inversion of the basis

As we have described it, the simplex algorithm needs the inversion of B* at each step,
which can be very costly for large problems (with many constraints since the order of
B*¥ is equal to the number of constraints). We can use the fact that B! only differs
from B* by one column to develop a better strategy. In effect, if it is the jth column
which changes, we have

1 Il
: 0
1
BFtl — BFEF  with EF = 1y ,
|
0 :
Iy 1
and EF is easy to invert
1 —I
: 0
1 =l
1 J
Ek —1 —— 1
(B =1
—liy1 1
0 :
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We therefore use the formula, in a factorized form,
(Bk)fl _ (Ekfl)fl(Ek72)71 . (EO)fl(BO)fl.
Exercise 11.2.3 Solve, by the simplex algorithm, the linear programming problem

min T, + 229
2120, 2220, 320, 420, x5>0

under the constraints
—3x1 + 2x9 + 23 =2

7$1+21’2+l‘4:4
ZL’1+£L’2+£L’5:5

Exercise 11.2.4 Solve, by the simplex algorithm, the linear programming problem

min  2x; — T2
120, 220

under the constraints 21 + 22 < 1 and x5 — 21 < 1/2.

Exercise 11.2.5 Solve, by the simplex algorithm, the linear programming problem

min 3.’)33 — T4
2120, 2220, 320, £42>0

under the constraints
1 —3x3+ 314 =6
To — 8xs3 +4xy =4

11.2.3 Interior point algorithms

Since the work by Khachian and Karmarkar at the beginning of the 1980s, a new
class of algorithms, called interior point algorithms, have emerged to solve linear
programming problems. The name of this class of algorithms comes from the fact
that it is the opposite of the simplex method (which, traversing the vertices, remains
on the boundary of the polyhedron X,4). These interior point algorithms evolve in
the interior of X,4 and only reach the boundary on convergence. We shall describe
here one of these algorithms that we also call the central trajectory algorithm.
There are two new ideas in this method: first, we penalize certain constraints with
the help of potentials or ‘barrier’ functions; second, we use a Newton method to go
from one iterate to the following.
Let us describe this method for the standard linear programming problem

inf c-x. (11.9)
z€Rmsuch that Az=b, >0

We define a logarithmic potential for x > 0

m(x) = —Zlogxi. (11.10)
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For a penalization parameter p > 0, we introduce the strictly convex problem

min m(x)+c- x. 11.11
zeR7such that Az=b, z>0M ( ) ( )

Let us remark that in practice the constraint = > 0 is not important as it is never
active: when we minimize (11.11) we cannot ‘approach’ the boundary of > 0 as we
would ‘explode’ the potential 7(z) to +o0.

The principle of the central trajectory algorithm is to minimize (11.11) by a
Newton method for smaller and smaller values of p. In effect, when p tends to
zero, the penalized problem (11.11) tends to the linear programming problem (11.9).

Exercise 11.2.6 Show that, if X,q is bounded and nonempty, (11.11) has a unique
optimal solution z*. Write the optimality conditions and deduce that, if (11.9) has a
unique optimal solution 2, then 2* converges to 2° when y tends to zero.

11.2.4 Duality

The theory of duality (already stated in Section 10.3.3) is very useful in linear pro-
gramming. Let us again consider the standard linear programming problem that we
shall call primal (as opposed to dual)

inf c-x, (11.12)
z€R™ such that Az=b, 2>0

where A is a matrix of size m x n, b € R™, and ¢ € R". For p € R™, we introduce
the Lagrangian of (11.12)

L(z,p)=c-x+p-(b— Azx), (11.13)

where we have only ‘dualized’ the equality constraints. We introduce the associated
dual function
G(p) = min L(z, p),
x>0

which, after calculation, becomes

_fpb fAP—c<O
o) = { —oo  otherwise. (11.14)

The dual problem of (11.12) is therefore

sup p-b. (11.15)
peR™ such that A*p—c<0

The space of admissible solutions of the dual problem (11.15) is denoted by

P.qa = {p € R™ such that A"p —c¢ < 0}.
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Let us recall that the space of admissible solutions of (11.12) is
Xaa = {z € R" such that Az =b, x > 0}.

The linear programming problems (11.12) and (11.15) are called duals. The interest
in this idea comes from the following result which is a particular case of the duality
theorem 10.3.11.

Theorem 11.2.11 If (11.12) or (11.15) has an optimal finite value, then there exists
T € Xaa an optimal solution of (11.12) and D € P.q an optimal solution of (11.15)
which satisfy

< min c~o:)—c~z—p- —< max p-b)
zeR™ such that Az=b, 2>0 peR™ such that A*p—c<0

(11.16)
Further, T and D are optimal solutions of (11.12) and (11.15) if and only if they
satisfy the Kuhn—Tucker optimality conditions

AT =b, >0, A'p—c<0, T-(c—A'p)=0. (11.17)

If (11.12) or (11.15) has an optimal infinite value, then the set of admissible solutions
of the other problem is empty.

Remark 11.2.12 An immediate consequence of the duality theorem 11.2.11 is that,
if v € X,q and p € P,q are two admissible solutions of (11.12) and (11.15), respect-
ively, they satisfy

c-x>b-p.

Likewise, if T € X,q and p € P,q satisfy
c-T=b-D

then T is an optimal solution of (11.12) and p of (11.15). These two properties allow
us easily to find bounds for the optimal values of (11.12) and (11.15), and to test if a
couple (Z,Dp) is optimal. °

Proof. Let us assume that X,q and P,q are nonempty. Take x € X,q and p € P.g.
As z > 0 and A*p < ¢, we have

cx>A"p-x=p-Ar=p-b

since Az = b. In particular, this inequality implies that the optimal values of the
two problems, primal and dual, are finite, therefore they have optimal solutions as
a consequence of lemma 11.2.3. The equality (11.16) and the optimality condition
(11.17) are then a consequence of the duality theorem 10.3.11.

Let us assume now that one of the two problems, primal or dual, has an optimal
finite value. To fix ideas, let us assume that it is the dual problem (a symmetric
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argument works for the primal problem). Then, lemma 11.2.3 tells us that there exists
an optimal solution p of (11.15). If X,4 is nonempty, we are reduced to the preceding
situation which finishes the proof. Let us show therefore that X,q is nonempty by
again using the Farkas lemma 10.2.17. For p € R™, we introduce the vectors of R™*1

() o= (2)

We verify that l~)~f7 =b-p—>b-p <0, for every p € Pyq. On the other hand, the
condition p € P,q can be rewritten

peC = {;3 e R™*! such that ppq =1, A*p < 0} with A = ( _’i* > .
As b-p < 0 for every p € C, the Farkas lemma 10.2.17 tells us that there exists 7 € R"
such that Z > 0 and b = A%, that is, & € X.q which is therefore not empty.
Finally, let us assume that the optimal value of the primal problem (11.12) is —oo.
If P,q is nonempty, for every x € X,q and every p € P,q, we have c-x > b-p. By

taking a minimizing sequence in X,q we obtain b-p = —o0, which is absurd. Thus P,q
is empty. A similar argument shows that, if the optimal value of (11.12) is infinite,
then X,q is empty. O

The interest in duality to solve the linear programming problem (11.12) is multiple.
On the one hand, depending on the algorithm chosen, it can be easier to solve the dual
problem (11.15) (which has m variables and n inequality constraints) that the primal
problem (11.12) (which has n variables, m equality constraints, and n inequality
constraints). On the other hand, we can construct very efficient numerical algorithms
for the solution of (11.12) which use the two forms, primal and dual, of the linear,
programming problem.

Exercise 11.2.7 Use duality to solve ‘by hand' (and without calculation!) the linear
programming problem

min 8x1 + 929 + 4x3 + 624
2120, 2220, 2320, 420

under the constraints
4z + 2o + 23 + 214 2> 1
T+ 3To + 223 + x4 > 1

Exercise 11.2.8 Find the dual problem of (11.12) when we also dualize the constraint
x > 0, that is, when we introduce the Lagrangian

L(z,p,q)=c-z+p-(b—Azx)—q-x

with ¢ € R™ such that ¢ > 0. Compare with (11.15) and interpret the new dual variable
q. Deduce from this that there is no interest in also ‘dualizing’ the constraint z > 0.
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Exercise 11.2.9 Verify that the dual problem of (11.15) is again (11.12).

Exercise 11.2.10 Take v € R”, ¢ € R", A a matrix of size m x n and b € R™. We
consider the linear programming problem
inf c-v. (11.18)

v>0
Av<b

Show that the dual problem can be put in the following form, with ¢ € R™

sup b-q. (11.19)
q>0
A*g<ec
Let v and ¢ be admissible solutions of (11.18) and (11.19), respectively. Show that v and
q are optimal solutions if, and only if,

(c—A*¢)-v=0 and (b— Ac)-q. (11.20)

The two equalities of (11.20) are called complementary slack conditions (primal
and dual, respectively). Generalize to the case where the primal problem also includes
equality constraints.

11.3 Integer polyhedra

We have until now treated problems of continuous optimization: the function to
be minimized was differentiable, and the set of admissible solutions was defined by the
intersection of a finite number of inequality constraints, likewise differentiable. Com-
binatorial optimization, conversely, treats problems for which the set of admissible
solutions is discrete. Thus, in the case of the assignment problem which was the
object of example 9.1.2, the set of admissible solutions was the set of permutations
of n elements. The difficulty of combinatorial problems is on the one hand, that we
cannot enumerate the set of admissible solutions, which is too large (with cardinality
n!in the case of the assignment problem), and on the other hand, that the discrete na-
ture of the space of solutions does not allow us to write optimality conditions directly
with the help of the differential calculus.

We shall, however, see in the rest of this chapter that, despite appearances, the
methods of continuous optimization are useful in combinatorial optimization. Let us
consider the typical combinatorial problem

sup c-zx, (11.21)
zEPNZ"
where P is a polyhedron of R™, that is, an intersection of a finite number of half-spaces,
and ¢ € R". The formulation (11.21) shows the difference between a combinatorial
problem and a continuous problem: if we ignore the integer constraint in (11.21), we
obtain

supc-z, (11.22)
zEP
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which is a linear programming problem, sometimes qualified as a relaxed continuous
version of (11.21). (Generally, we talk of a relaxed problem, when we ignore certain
constraints.) Relaxed problem (11.22) can be effectively treated by the methods of the
preceding sections: all the difficulty in (11.21) comes from the fact that we restrict
ourselves to the integer points of the polyhedron P (by integer point, we mean
a point with integer coordinates). We shall now characterize the case where the
solution of the discrete problem (11.21) is equivalent to that of its continuous relaxed
version (11.22). These cases, which can seem exceptional, are in fact very important
in practice, as they appear naturally in a certain number of concrete combinatorial
problems: shortest path, assignment, and more generally flow problems with minimum
cost.

11.3.1 Extreme points of compact convex sets

The idea which will allow us to link combinatorial problems and discrete problems is
that of extremal point, an idea already seen in definition 11.2.1: an extremal point
of a convex set K is a point x such that x = (y+2)/2 and y, z € K implies y = z = x.
We denote by extr K the set of extremal points of K. Let us recall also that if X is
a subset of R™, we say convex envelope of X, and we say co X, for the smallest
convex set containing X, which we verify is equal to the set of barycentres of a finite
number of elements of X. The closed convex envelope of X, denoted by ¢o X, is
the smallest convex closed set containing X. It is equal to the closure of co X. The
following result is fundamental.

Theorem 11.3.1 (Minkowski) A compact convezx set of R™ is the convex envelope
of the set of its extremal points.

This theorem confirms therefore that K = coextr K when K is a convex compact
set of R™. A fortiori, K = coextr K since K is closed. The proof of the Minkowski
theorem relies on the idea of a hyperplane of support, introduced in the appendix on
Hilbert spaces: an affine hyperplane H = {y € R" | ¢y = «a}, with ¢ € R", ¢ # 0,
and « € R is a hyperplane of support of a convex set K, at the point x € K, if
a=c-x<c-y, for every y € K. We will use the following observation.

Lemma 11.3.2 If H is a hyperplane of support of a convex set K C R"™, then every
extremal point of H N K is an extremal point of K.

Proof. Take H ={y e R" | ¢c-y =a} withc € R*, ¢ # 0, and o € R, a
hyperplane of support of K. If x = (y + 2)/2 with y,z € K, and if x € K N H,
we have « = ¢ -2 = (¢c-y+c¢-2)/2, and as a < ¢c-y and o < ¢ - 2, we must
have a = ¢y = ¢ z, therefore y,z € K N H. If we assume that x is an extremal
point of K N H, we therefore have * = y = 2, which shows that x is an extremal
point of K. o

Proof of the Minkowski theorem 11.3.1. We suppose obviously that K # ()
(otherwise, the result is trivial). Let us recall that the dimension of a nonempty
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convex set is by definition the dimension of the affine space which it generates. We
shall prove the theorem by induction on the dimension of K. Replacing R™ by an
affine subspace, we can assume that K has dimension n. If n = 0, K is reduced to a
point, and the theorem is satisfied. Let us assume therefore that the theorem is proved
for compact convex sets of dimension at most n — 1, and let us show that every point
x of K is a barycentre of a finite number of extremal points of K. If x is a boundary
point of K, corollary 12.1.20 gives a hyperplane of support H of K at x. As K N H
is a compact convex set of dimension at most n — 1, by the induction hypothesis, x is
a barycentre of a finite number of extremal points of K N H, which are also extremal
points of K according to lemma 11.3.2. Let us now take an arbitrary point z of K,
and let D be an affine line passing through z. The set D N K is a segment of the
form [y, z], where the points y, z are boundary points of K. From before, y and z are
barycentres of a finite number of extremal points of K. As x is itself a barycentre of
y and z, the theorem is proved. O

Remark 11.3.3 The Minkowski theorem is a particular case in finite dimensions of a result
from functional analysis, the Krein—-Milman theorem, which says that a compact convex set
is a closed convex envelope of the set of extremal points (this result, which is a consequence
of the Hahn—Banach theorem, holds in very general spaces and in particular in the Banach
spaces). We note that in infinite dimensions, it is the closed convex envelope, and not the
convex envelope, which occurs in the statement of the theorem. °

We now apply the Minkowski theorem to the problem of combinatorial optimiza-
tion (11.21). In this case, the cost function J(z) = c- x is linear, but it will be clearer
to consider more generally the maximization of convex functions, which has very
different properties from the minimization of convex functions treated in Chapters 9
and 10. We also consider an arbitrary set X, instead of P NZ".

Proposition 11.3.4 (maximization of a convex function) For every convex func-
tion J:R™ — R, and for every subset X C R™,

sup J(z) = sup J(z)= sup J(z) , (11.23)
zeX r€co X xrEco X
and if X is bounded,
sup J(z) = sup J(x) . (11.24)
rzeX xrEextrco X

Proof. If y € coX, we can write y = > |, iz, with z; € X, oy > 0,
and 3, ;o a; = 1. Since J is convex, we have J(y) < >0 ;o a;J(x;) <
maxi<;<k J(T;) < sup,ex J(z), and since this is true for every y € coX, we
have sup,c., x J(z) < sup,ex J(x). In addition, for every z € c0 X, we can write
2z = limg_ o0 Yk, With yi € co X. As a convex function R™ — R must be continuous (cf.
exercise 9.2.7) we have J(z) = limy_,00 J(yx) < SUPgceo x J (), and since this is true
for every z € €@ X, we have sup gz x J(¢) < Supyeco x J (). The other inequalities

being trivial, we have shown (11.23). When X is bounded, ¢6 X which is also bounded,
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is compact. From the Minkowski theorem 11.3.1, €0 X = coextrco X, and by applying

(11'23)7 SUP g cextreo X J(m) = SUPgzecoextrco X J(m) = SUPgzeco x J(l‘) = SUPgzex J($)7
which proves (11.24). m|

Proposition 11.3.4 suggests to us to consider the convex envelope of the admissible
set X = PN Z" of our initial problem (11.21).

Definition 11.3.5 We say integer envelope of a polyhedron P C R", for the con-
vex envelope of the set of integer points of P, which we denote by P, = co (P NZ").

The term ‘integer envelope’ is traditional but misleading: usually, an envelope is a
larger object, whereas here P, C P.

Corollary 11.3.6 If J:R™ — R s convex, and if P C R" is a polyhedron, then

sup J(x)= sup J(z). (11.25)

xePNZ™ r€EP,

Thus, we can always replace the discrete problem (11.21) by a problem whose admis-
sible set is convex. When J is linear, the problem on the right of (11.25) is a classical
linear programming problem: we have thus concentrated the difficulty in the calcula-
tion, or the approximation, of the polyhedron P.. There is a case where everything
becomes easy.

Definition 11.3.7 We say that a polyhedron P is an integer polyhedron
if P=P,.

We shall now give sufficient (precise) conditions so that a polyhedron is integral.

11.3.2 Totally unimodular matrices

An arbitrary polyhedron can be written
P={xeR"| Az < b} (11.26)

with A € R™*™ and b € R™. It should be noted that such a polyhedron is more
general than the polyhedron X,q of admissible solutions of the standard linear pro-
gramming problem (cf. definition 11.2.1): indeed, X,q is by definition included in the
positive cone of R™, and we have besides already noted that X,q, if it is nonempty, al-
ways has extremal points which is not the case for an arbitrary polyhedron (cf. remark
11.2.7). The characterization of extremal points of X,q (lemma 11.2.5) extends, how-
ever, in the following way.

Lemma 11.3.8 An extremal point of the polyhedron P defined by (11.26) must be a
solution of a system A'x =V, where A’ is an invertible submatriz composed of n rows
of A, and V' is the vector composed of the corresponding rows of b.
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Proof. Let z be an extremal point of P, and take I(z) ={1<i<m| A4; -z =0b;}
(the set of active constraints at z), where A; denotes the ith row of A. If the family
{Ai}ier(a), does not have rank n, we can find a nonzero vector y such that 4;-y =0
for every i € I(z). As x is the middle of the points x — ey and = + ey, which are
elements of P if € is small enough, we contradict the extremality of x. Thus, we can
find a subset I’ C I(x) of cardinality n such that the n x n matrix whose rows are
A;, with 7 € I, is invertible. The system A; - x = b;,1 € I’, then characterizes z. O

Lemma 11.3.8 shows in particular that a polyhedron only has a finite number of
extremal points.

Exercise 11.3.1 Show conversely that if x is a point of P satisfying A’z = b/, with A’
and I’ as in lemma 11.3.8, then z is an extremal point.

Lemma 11.3.8 suggests studying the case where the solution of a linear system is
an integer.

Proposition 11.3.9 Let A € Z™*™ be an invertible matriz. The following assertions
are equivalent:

(1) detA ==+1;
(2) for every b € Z"™, we have A~b € Z™.

Proof. The implication (1)=-(2) follows immediately from Cramer’s formulas.
Conversely, let us assume that A satisfies assertion 11.3.9. Let us show first that A~!
has integer coefficients. By taking b as the ith vector of the canonical basis of R™, we
see that the ith column of A=!, which coincides with A~'b, has integer coefficients.
As this is true for every 1 < i < n, we have A~! € Z"*". Thus detA~! € Z, and
1 = detAdetA~! shows that detA divides 1, that is, detA = £1. O

Definition 11.3.10 We say that a matrix A € Z™*™ is unimodular when detA =
+1, and that a matriz B € Z™*" is totally unimodular when every square subma-
triz extracted from B has determinant +1 or 0.

By taking 1 x 1 submatrices, we see in particular that the coefficients of a totally
unimodular matrix must be £1 or 0. The introduction of totally unimodular matrices
is justified by the following result.

Corollary 11.3.11 (optimality of integer solutions) Let D € Z™*" be a totally
unimodular matriz, f € (Z U {+o00})™, f' € (Z U {—00})™, g € (ZU {+00})", and
9 € (ZU{—o0})™. Then, the extremal points of the polyhedron

Q={zeR"| ff<Dz<f ¢ <x<g} (11.27)
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must be integer. In particular, if Q is bounded, we have Q = Q., and for every convex
function J of R™ in R, we have

sup J(z) = sup J(z) . (11.28)
zeQ reQNL™

Proof. We can write
Q={xeR"| Ax <b} , (11.29)

where b is a finite integer vector and A is a matrix where each row is either of the
form £D;, with D; an arbitrary row of D, or of the form +e;, where e; is the jth
vector of the canonical basis of R", for an arbitrary index 1 < j < n.

We first show that A is totally unimodular. Let M be a k x k submatrix extracted
from A. Let us show by induction over k that detM € {£1,0}. If k = 1, this follows
immediately from the total unimodularity of D. Let us now assume that the result is
proved for all square submatrices of A with dimension at most k& — 1, and let us prove
it for M. If M contains a row equal to a vector +e;, we expand detM with respect to
this row, and by induction, the result is proved. If M contains two rows equal up to a
given sign, detM = 0, and the result is again proved. Otherwise, M coincides, up to
a change of sign of some row, with a submatrix of D, and as D is totally unimodular,
detM € {£1,0}, which finishes the proof of the total unimodularity of A.

As @ is given by (11.29), with b an integer and A totally unimodular, it follows
from lemma 11.3.8 and from proposition 11.3.9 that the extremal points of @, if they
exist, are integer.

If we suppose besides that @ is bounded, @ is compact, and from the Minkowski
theorem 11.3.1, Q = coextr@. As extr@ is composed of integer vectors, Q. =
co(QNZ™) D coextr@ = @, and in addition the inclusion Q. C @ is trivial. The
equality (11.28) is then obtained by applying corollary 11.3.6. m|

Exercise 11.3.2 We shall establish the reciprocal of corollary 11.3.11. Let us start by
examining the special case of the polyhedron X,q = {x € R" | Az = b, = > 0} of
admissible solutions of the standard linear programming problem, with A € Z™*" with
range m. Show that the two following properties are equivalent:

(1) for every b € Z™, the extremal points of X,.q are integer;
(2) all the m x m submatrices of A have determinant £1 or 0.

Let now D € Z™*"™, and let us consider @ = {x € R" | Dz <b, x > 0} . Deduce from
the equivalence above the equivalence of the following two properties (Hoffman—Kruskal
theorem):

(3) for every b € Z™, the extremal points of Q are integer;

(4) D is totally unimodular.
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Remark 11.3.12 We will note that corollary 11.3.11 does not set any condition on
J, except the convexity. In particular, if J(x) = ¢ -« is linear, the integer character
of the optimal solutions is not directly linked to the integer character of the cost
vector c. )

Remark 11.3.13 The corollary 11.3.11 does not say that all the optimal solutions
are integer. Moreover, when J is linear, it cannot be thus unless the optimal solution
is unique, as every barycentre of optimal solutions of a linear programming problem
is an optimal solution. °

Remark 11.3.14 The condition that @ is bounded is not necessary to ensure that
@ = Q. in corollary 11.3.11: we limit ourselves to bounded polyhedra, which are
sufficient in practice to model most of the combinatorial problems, to simplify the
exposition. See [37] for more detail. o

There exist numerous results on totally unimodular matrices. We restrict ourselves
here to giving a very useful sufficient condition.

Proposition 11.3.15 (Poincaré) If A is a matriz with coefficients £1 or 0, with
at most one coefficient 1 per column, and at most one coefficient —1 per column, then
A is totally unimodular.

Proof. As the property that A satisfies pass to the submatrices, it is enough to see
that if A is square, detA € {£1,0}. If A has a zero column, detA = 0. If A has a
column with only one nonzero coefficient, we expand the determinant with respect to
this column, and we conclude by induction that detA € {+1,0}. It only remains to
consider the case where each column of A has exactly one coefficient 1 and exactly
one coefficient —1: then, each column has zero sum, therefore detA = 0. o

We apply proposition 11.3.15 to flow problems in the following section. Let us give
for the moment as an exercise a case where we can calculate the total unimodularity
by hand.

Exercise 11.3.3 (covering problem) A telephone call centre has a load curve: ¢, is
the number of clients being serviced at the discrete moment ¢t € {1,...,T}. A certain
number of client advisers respond to the calls. We simplify the problem by assuming that
all the calls are of the same type. We shall assume that there are k possible shifts, the shift
i being characterized by an interval [ay, 3], with 1 < o; < 3; < T, which amounts to
ignoring breaks. We denote by S; the salary of a client adviser working from the moment
«; to the moment ;. We set u;y = 1 if a; <t < 3;, and u;z = 0 otherwise. Justify the
problem

inf Z z;S; . (11.30)

z € NF -
1<i<k
Zlgigkmi“it >cy, V1<t T
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Show that the set of admissible solutions of this problem can be written as the set of
integer points of a polyhedron of the form (11.27), where the matrix D is a matrix of
intervals, that is, a matrix with coefficients 0, 1 such that the 1s appear consecutively in
a column. Show that a matrix of intervals is totally unimodular. Conclude.

11.3.3 Flow problems

Before defining flow problems, let us consider an oriented graph G = (N, A): N is the
set of nodes, and A C N x N is the set of arcs. An arc going from node 7 to node j
is thus noted (7,7). We equip each arc (i, j) € A with a capacity u;; € Ry U {400}
and a cost ¢;; € R. (The ‘u’ in u;; is for ‘upper bound’.) We also take, at each node
of the graph, an entrant flow b; € R (if b; < 0, it is an exiting flow, algebraically). We
say flow for a function x € R4, (i, j) — w5, satisfying the Kirchoff law

JEN,(j,i)EA JEN,(i,5)EA
and the positivity constraint
0<uz;, V(GjeA. (11.32)

By summing (11.31), we see that a necessary condition for the existence of a flow is
that the sum of the entrant flows is zero

> bi=0. (11.33)

iEN

We always assume that the condition (11.33) is satisfied. A flow is called admissible
if it satisfies the capacity constraints

Tij Suij, V(i j) €A . (11.34)

Definition 11.3.16 We say flow problem with minimum cost for the linear
programming problem

min Y c;ja;; under the constraints (11.31),(11.32), (11.34). (11.35)
(i,5)eA

The flow problem with minimum cost has many important subproblems, such as the
transport problem of example 9.1.1, or the assignment problem of example 9.1.2.

Exercise 11.3.4 Make explicit the flow problem with minimum cost corresponding to
the transport problem of example 9.1.1. (We will draw the graph.)

A particular fundamental case of the flow problem with minimum cost is the
problem of maximal flow, or more properly the flow problem, which only concerns
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the capacities (and not the costs). It will be convenient to assume that G has two
distinct nodes, s and p, called respectively source and sink, such that s has no
predecessor ({i € N | (i,s) € A} = (), and p has no successor ({i € N'| (p,i) €
A} = 0). Let v € R;. We say admissible flow from s to p with value v for a
solution z of (11.31), (11.32), (11.34), with

v ifi=s,
b= —v ifi=p,

0 otherwise.

Definition 11.3.17 The maximal flow problem consists of finding an admissible
flow from s to p of maximal value.

Exercise 11.3.5 Show that the maximal flow problem is effectively a particular case of
the flow problem with minimal cost. (Hint: add an arc to the graph appearing in the
definition of the maximal flow problem.)

In practice, we often look for integer solutions of a flow problem: for example, for
the transport problem of example 9.1.1, the goods to be delivered could be parcels, and
to deliver a half-parcel is meaningless. It is therefore natural to ask if a flow problem
with minimum cost automatically has optimal integer solutions. Before applying
corollary 11.3.11, let us note that the Kirchoff law (11.31) can be written Az = b,
where the matrix A € RV*4 called the incidence matrix of G, is defined by

~1 ifi=Fk,
Aigr =91 ifi=j,

0 otherwise.

The matrix A is well defined, except in the degenerate case where the graph has a loop,

that is, an arc (4, k) such that j = k. A flow circulating on a loop has a contribution

which is simple in the Kirchoff law (11.31), and there is no loss of generality to assume

that the graph does not have a loop, which we shall do in the rest of the section.
We can now write the set of admissible flows

{zeRA| Az =b, 0 <z <u} . (11.36)

Proposition 11.3.18 The incidence matriz of a graph is totally unimodular.

Proof. This is an immediate consequence of proposition 11.3.15. O

Corollary 11.3.19 (optimality of integer flows) If the entrant flows b; are inte-
ger, and if the capacities u;; are integer or infinite, then, the extremal points of the
set (11.86) of admissible solutions of a flow problem with minimal cost are integer.
In particular, if the set of admissible flows is bounded and nonempty, there exists an
optimal integer flow.
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Proof. This is an immediate consequence of corollary 11.3.11 and of proposition
11.3.18. O

Exercise 11.3.6 Show that the covering problem (exercise 11.3.3) can be modelled by
a flow problem with minimum cost, and thus recover the conclusion of exercise 11.3.3.

Exercise 11.3.7 Take again the assignment problem, introduced in example 9.1.2. We
always consider n boys and n girls, but here, a;; is a real number which represents
the happiness of the couple (i,7), and we look for a permutation o € S,,, the optimal
solution of

max Qig(i) - (11.37)

oeS, -
1<i<n

1. Show that this problem is equivalent to the integer linear problem

max Z Qi Tij, (1138)
xEB,NL X" —
1<i,j<n
where B,, denotes the set of bistochastic matrices, that is, the set of real matrices x =
(x;) of size n x n such that

Vie{l,...,n}, 1 = > i,

1<k<n

Vie{l,...,n}, 1 = > ay,

1<k<n
V’i,jE{l,...,n}, 0 < Tij

2. Show that the problem (11.38) is an integer flow problem with minimum cost (we shall
draw the graph). Deduce that the polyhedron B, is an integer. What can we conclude
as to the difficulty of the assignment problem?

3. Deduce from above that every bistochastic matrix is the barycentre of a finite number
of permutation matrices (this theorem is due to Birkhoff).

4. Deduce from the above that if at a ball, there are n boys and n girls, each boy having
been presented to r girls, and each girl having been presented to r boys, with » > 1, it
is possible to form n dance couples so that the dancers of each couple have already been
presented to each other (this theorem is due to Konig).

Exercise 11.3.8 This exercise presents an algorithm which is fundamental in the theory
of the flows, due to Ford and Fulkerson. We consider the maximal flow problem from
a source s to a sink p in a graph G = (N, A) (see definition 11.3.17). For simplicity,
we shall assume that each of the capacities u;; do not take the value +oo. For every
I,J C N, and for every z = (z,;;) € R4, we set 2(I,J) = Doier, jeu, (i.j)eaTij. We say
that a partition of A into two subsets S and S is a cut separating s from p if s € S and
p € S, and we say that u(S, S) is the capacity of this cut.
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1. Show that for every cut (S,S5) separating s from p, and for every admissible flow x
from s to p with value v,

2(S,8) —z(5,9) =v .

Deduce that the value of every admissible flow from s to p is bounded above by the
capacity of each cut separating s from p.

2. Given an admissible flow x from s to p, we define the residual graph G,.(z) =
(N, A(x)) where A, (z) denotes the set of couples (i, ;) such that either (i,j) € A
and z;; < w;j, or (j,i) € A and xj; > 0. Show that if there exists a path v from s to
p in the residual graph G,.(z), it is possible to construct a new admissible flow z’ from
s to p with value strictly greater than z, by modifying only the values z;; when (4, j) or
(4, 7) is an arc of the path ~. Notice besides that if x is integer and if the capacities are
integer, we can choose z’ integer.

3. We suppose now that there is no path from s to p in G.(x). Let S be the set of
accessible nodes since s is in G.(z), and S the complement of S is in A/. Show that
(S, S) is a cut separating s from p whose capacity is equal to the value of the flow x.

4. Conclude that the maximal value of the flow from s to p is equal to the minimal
capacity of a cut separating s from p. (This is the ‘max-flow min-cut’ theorem of Ford
and Fulkerson.)

5. Deduce an algorithm allowing us, when the capacities are integers, to calculate a
maximal flow from s to p in a time O(v*|A]), where v* is the maximal value of a flow
from s to p, and |A| is the number of arcs.

Remark 11.3.20 We recognize in the ‘max-flow min-cut’ theorem of Ford and Fulk-
erson (Question 4 of exercise 11.3.8) a particular case of the duality theorem in linear
programming. The reader will be able to write the dual of the problem of maximal
value flow, and thus recover the Ford—Fulkerson theorem. °

Remark 11.3.21 The Ford-Fulkerson algorithm, presented in exercise 11.3.8, is only the
simplest of the flow algorithms. A variant of this algorithm, the Edmonds—Karp algorithm,
(also due to Dinits), can be implemented in a time O(nm?) independent of the integer
character of the capacities, where n = |A/| denotes the number of nodes, and m = |A|
denotes the number of arcs. This refinement consists very simply of selecting, at each step
of the Ford—Fulkerson algorithm, the shortest path from s to p, that is, the path from s to p
which has the smallest number of arcs. There also exists a very different flow algorithm, the
‘preflow-push’ algorithm of Goldberg and Tarjan (1986), which has a time of execution of the
order of O(n?m). All these ideas generalize to the case of the flow problem with minimum
cost. See [1] for the state of the art. .

11.4 Dynamic programming and shortest
path problems

Dynamic programming, developed by R. Bellman in the 1950s, is a very general
method which is applied to decision problems in time (such as optimal control,
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except that the time variable is sometimes disguised). For each problem the question
is that of identifying a good idea of a state. With each state we associate an optimal
value starting from this state, and the dynamic programming equation links the value
of a state at a given moment to those states which are available at the following mo-
ment. (Dynamic programming is exactly to optimization what the Markovian point
of view is to probability theory.)

11.4.1 Bellman’s optimality principle

Dynamic programming is based on the Bellman optimality principle, which can be
stated very simply in the particular case of the shortest path problem: if the shortest
path from a town A to a town B passes through a town C, then the subpath going
from A to C is again the shortest path from A to C. Denoting by dxy the distance
from X to Y, we obtain

dap :mgn(dAC+ch), (11.39)

where the min is taken on the set of the towns C through which we can pass going from
A to B. The equation (11.39) is a particular case of a dynamic programming equation,
or the Bellman equation, it will allow us to calculate d recursively knowing that
dxy is known when X and Y are neighbouring towns. The idea of a state appears
here naturally: we set ourselves the problem of calculating d4pg, where A and B are
two fixed towns, and we see that it is useful to tabulate the distances dop (or dac)
for all the intermediate towns C. The details of the calculation must of course be
fixed to give a true algorithm: it is this that we shall do in the two subsections which
follow. First of all we treat a simpler version of the problem, where the time appears
explicitly, in Section 11.4.2, then return to the shortest path problem, under a more
general form, in Section 11.4.3.

11.4.2 Finite horizon problem

Let us consider a small problem of an economic nature, which merits the name of a
problem of discrete optimal control at finite horizon. Let G = (N, A) be an oriented
graph, equipped with weights ¢ : A — R, which we interpret as a cost. Let us recall
that a path is a sequence of nodes linked consecutively by arcs, and that a path whose
first and last node coincide is called a circuit. The cost of a path is by definition
the sum of the costs of its arcs. Let us fix an integer T (the horizon), and an initial
node i € N'. We want to calculate the total cost starting from 4 to the horizon T' that
we denote

vl = min Cloty + -+ Cop_y tr- (11.40)

(Lo, ..., 0r) path
0o=1

The function i — v¥

T which we can represent by a vector v7 € (R U {+oo})V, is
traditionally called the function value (at horizon T'). We agree by writing (11.40)
that min) = +oo, which reduces to writing v = 400 when there are no paths of

length T starting from 4 in the graph. Another special case is T' = 0: the paths which
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appear in (11.40) are then of length zero. We agree that for every vertex of the graph,
there is a circuit of length zero passing through this vertex, and their cost is zero. In
particular, v{ = 0.

A naive evaluation of (11.40) consists of enumerating all the paths of length T,
whose number increases exponentially with 7. Dynamic programming will allow us
to factorize this calculation, and thus carry it out in polynomial time (the notion of
polynomial time is defined in remark 11.6.6).

The idea for calculating v} is to vary the horizon and the initial state, by calcu-
lating v}, for every 0 <t < T and k € N. In effect, we can write for every i € N, and
t>1,

t . t—1
= - : 11.41
i keNI,n(g}c)eA(c wFu) ( )

v = 0. (11.42)
The equation (11.41) follows from the Bellman optimality principle: the optimal cost
starting from ¢, in ¢ steps, is obtained by choosing the first movement ¢ — k, in such
a way as to minimize the cost of this first movement, that is, ¢; ; plus the optimal
cost starting from k with horizon ¢ — 1. The initial condition (11.42) is trivial: if
nothing remains to be done we pay nothing. We shall write the dynamic programming
equation, or Bellman equation, adapted to our problem: it allows us to calculate
by induction the sequence of vectors v%,v!,... € (RU {—|—oo})N.

It is easy to solve more general problems by modifying (11.42). Let us consider,
for example, the new value function

T .
v; = min c e 4c 11.43
4 (o, ... JT_) path 00,01 T + Cop_y o T d)@Tv ( )

[(]:’L

where ¢ € (R U {400})" is a vector representing a penalty associated with the final
state. When ¢ = 0, we recover (11.40). When ¢ is the indicator function of a vertex
j €N, that is,

/0 ifk=j
O = { 400 otherwise, (11.44)

(11.43) forces us to finish in the state j, and v! then gives the minimal cost in T
steps to go from 4 to j. The function value (11.43) always satisfies (11.41), with the
new initial condition for the Bellman equation

=6 . (11.45)

This is the moment to remark that the time T which occurs in the Bellman equation
(11.41), (11.45) flows in an inverse sense from the physical time which occurs
in the trajectories (11.43): in our modelling, T is the time which remains, also a
penalty on the terminal state of the trajectory ({g,...,¢r) leads to changing the
initial condition of the Bellman equation. We say that the Bellman equation is a
retrograde equation. This inversion of time is inherent in decision problems: it is
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often only at a bad end that we understand that we did not need to play at the
beginning.

The interest in the Bellman equation (11.41) is that v* can be calculated starting
from v~ in time O(JA] + |N|), where |A| and |N] denote respectively the number
of arcs and the number of nodes, see remark 11.4.1 for more detail. Thus, v can be
calculated in time O(T(|A| + |N])), compared with, for example, the time O(|N|pT)
of a naive algorithm enumerating the paths of length 7" in a graph where each vertex
has exactly p successors. We very simply obtain, on the other hand, an optimal path
from the Bellman equation (11.41), (11.45): we set £y = 4, then we choose ¢; realizing
the minimum in (11.41), that is, UZ) = Cpo0, + va;l, and more generally ¢,1 such
that ’Ug:‘_v‘ = Cl, 0 T vz‘:f_l. By construction, vl = cpy 0, + 0+ Corytr + Dp
which shows that (4o, ..., ¢r) is an optimal path for the problem (11.43).

Example 11.4.1 To illustrate the above, let us consider the case of a taxi driver
cruising in the imaginary town represented in Figure 11.2. The town is formed of
three zones, H, a posh district, A an airport, and B a suburb (from where the driver
usually returns empty). The taxi driver wants to make T runs, starting from H, and
maximize the total gain, which is the sum of the gains of the runs ¢, and of a bonus,
¢, expressing a preference for the final state of the last run. We have represented the
gains of the runs on the arcs, and the bonuses by the exiting arcs. The bonus —oo
at B means that the taxi does not want to finish its journey at B. We will assume
in addition that the taxi has the ability to choose its runs. As this is a maximization
problem, the dynamic programming equation is written with max instead of min, and
—oo instead of 4-o00:

vl = max(3+0l 10 +05 1)

vy = max(12 4+l 7T+

vl = max(—5 -+l -3+t
v =0, v =2, vy = —o0 .

Let us now calculate the optimal strategy of the taxi at horizon 2 starting from
H. Tt is enough to evaluate

v = max(3+0,10+2) =12 (11.46)
vy = max(12+0,7+ —oco) =12 (11.47)
v = max(—5+0,-3+2)=-1 (11.48)
v} = max(3+ 12,10 + 12) = 22, (11.49)

where we have underlined the terms which realize the maximum. We deduce that the
optimal gain, 22, is obtained by first realizing the max in (11.49) (we go first from H
to A), then realizing the max in (11.47) (we return from A to H). .
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Figure 11.2. A very deterministic taxi driver.

Remark 11.4.1 A classical way to code a graph G = (N, A) with n = |[N| nodes and

= |A| arcs equipped with cost ¢, consists of defining three vectors: a vectorh € {1,...,n}™
(for ‘head’), a vector t € {1,...,n}™ (for ‘tail’), as well as a vector of real numbers, c € R™.
This representation reduces to numbering the arcs of A from 1 to m, by saying that the arc
(¢,7) € A which has the number k going from hy = i to tx = j, and has a cost ¢, = ¢ ;.
The graph therefore occupies a space in memory of O(n + m). We easily see that with the
graph coded like this, it is possible to calculate v* starting from v*~! by using (11.41), in
time O(n + m). .

11.4.3 Minimum cost path, or optimal stopping, problem

Let us now consider the problem of the minimum cost path which, given two
vertices i and j, consists of finding a path of arbitrary length going from i to j and
with minimum cost. This is a generalization of the shortest path problem already
stated in Section 11.4.1: as opposed to the case of distances, we do not assume
here that the costs are positive. By exploiting the preceding notation, we must now
calculate

v~:1nfv inf Cooty + F Cop o+ O 11.50
CTTEN T (o, bp) path 08 T T ( )
TEN, bo=1i

where the vector ¢ penalizing a final state other than j is given by (11.44). We can
also consider an arbitrary penalty ¢ € (R U {+00})", which does not change the
results. We will note that v; now has values in R = RU {00} (the sums on the right
of (11.50) can be 400, in addition, it is possible that these sums are not bounded
below, as we consider for arbitrarily long paths). The function value v satisfies the
new Bellman equation

v; = min (¢, (cip +vk)), VieN. (11.51)

min
keN, (i,k)eA

By comparison with (11.41), the presence of a supplementary term in the min gives
the possibility of stopping in any state k with the final penalty ¢, which in the special
case (11.44), prevents us from stopping elsewhere than j.
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We must now show that the system (11.51) allows us to calculate the function
value. Let us recall that we call a maximal solution of an equation a solution which
bounds all the others above.

Theorem 11.4.2 The function value v defined by (11.50) is the mazimal solution of
the Bellman equation (11.51).

Proof. We have already shown that v satisfies (11.51). Let v’ € RV be an arbitrary
solution of (11.51). Let us show that v’ < v. Let ({y,...,¢r) be an arbitrary path
starting from 4. As v’ satisfies (11.51), we can write v, < cg, 0., + v, for every
0<r<T-1,and vj < ¢¢. By combining these inequalities,

/
v; < Cloey + "+ Cop g + ¢€T

and by taking the infimum over all the paths ({p,...,¢r) starting from 4, v; < v;.
Thus v" < v, which shows that v is a maximal solution of (11.51). ad

Exercise 11.4.1 Show that the Bellman equation (11.51) can have many finite solu-
tions. (Hint: consider a graph with a single vertex.)

Exercise 11.4.2 We say that the graph is coaccessible for ¢ if for every node ¢ of the
graph, there exists a path from ¢ to a node j such that ¢; # 4+00. We shall show that
if the graph does not have a circuit of negative cost and is coaccessible for ¢, then the
Bellman equation (11.51) has a unique finite solution, equal to v. For this, we consider
v € RV a solution of the Bellman equation (11.51). We introduce the continuation set

_ S . ) /
C={ieN| ¢;> kENI,IET}C)EA(C%k +vp)},

and we choose for each i € C' a node 7(3) such that
V; = Cin(i) + U;(iy

We thus define a mapping m: C — A. Show that for arbitrary i € C, there exists an
integer k such that the kth iterate 7% (i), does not belong to C. Conclude that v/ > v.

We can rewrite (11.51) as a fixed point equation v = f(v), with an obvious defin-
ition of f : RY — RV. Also theorem 11.4.2 suggests calculating v with the help
of a fixed point algorithm. To decide about the convergence of fixed point methods,
we often refer to contraction arguments. Here, the convergence analysis will rather
use the ordering. We equip RY with the usual partial order, defined component
by component, and for this order, the mapping f :  — f(x) is increasing. Since
f(¢) < ¢, an immediate recurrence shows that f"t1(¢) < f7(¢), for every r > 0.
The sequence {f"(¢)}r>0 which decreases must converge to a vector v’ € RV. (The
reader will note here that we allow the value —oo for the coefficients of v'.) We have
f(v") =’ by continuity of f. On the other hand, if v is an arbitrary fixed point of f,
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we have trivially v” < ¢, therefore since f is increasing, v = f"(v") < f7(¢), for
every r > 0, therefore by taking the infimum on the » > 0, v/ < v/, therefore v’ is
the largest fixed point of f. Since from theorem 11.4.2, the function value is also the
largest fixed point of f, we shall show the following result.

Theorem 11.4.3 (value iteration) The sequence {f"(¢)}r>0 decreases to the
function value v defined by (11.50).

More generally, given a dynamic programming operator f of which we want to calculate
a fixed point, the algorithm consists of constructing a sequence f7"(¢), either starting from
an arbitrary supersolution ¢ (we say that ¢ is a supersolution of the fixed point equation
z = f(x) if f(¢) < ¢), or starting from an arbitrary subsolution ¢ (defined by reversing
the inequality) is called value iteration. For general dynamic programming problems,
particularly in stochastic control, a Newton type method, called policy iteration (see, for
example, D. Bertsekas, Dynamic Programming and Optimal Control, Vol. T and II, Athena
Sci., Belmont, MA, 1995), is often more rapid. The interest in value iteration is its simplicity.
In the deterministic case, we have convergence in finite time for value iteration.

Exercise 11.4.3 (convergence in finite time) Show that if G does not have circuits of
strictly negative cost, then fW‘_l(qﬁ) = v. If conversely G has a circuit of strictly negative cost,
and if G is coaccessible for ¢ (see exercise 11.4.2 for this idea) then fVI(¢) < fFVI=1(¢).

Exercise 11.4.3 suggests implementing the value iteration algorithm as follows. We cal-
culate by induction the sequence by satisfying at each step if z,, = x,_1, in which case x, = v
and we stop (the interest in this test is that the time of convergence is often much smaller
than |N| — 1). In the worst case, we arrive at » = |N/| and we stop then: we know that
there exists a circuit of strictly negative cost. In practice, we rarely program this value iter-
ation algorithm, but rather the following variant of Gauss—Seidel, called the Ford—Bellman
algorithm, which updates as soon as possible all the coordinates in the value iteration. It is
faster to program this variant than to describe it.

Algorithm 11.4.4 (Ford—Bellman) Take G = (N, A) and ¢ : A — R, with variables:
ve(RU {—|—oo})N, b Boolean, r integer, i,k € N.

Initialization: v < 0, b < true; for every i € N, v; «— ¢;.
As long as r < |N| and b make:

b «— false;

r—r+1

for every i € N and for every (i, k) € A, if cix + vi < vi, let v; — ¢k + vk and
b « true.

If r < |N|, v is the solution, if r = |N|, there exists a circuit of strictly negative cost.

In order to illustrate the value iteration, let us revisit the problem of the taxi driver rep-
resented in Figure 11.2, and we will be interested in the value of the paths of maximum
gain and arbitrary length starting from H. As there is a circuit of gain which is strictly
positive (going from H to A, and returning, which pays 22), our driver may find it beneficial
to make an infinite number of runs, and we have in particular vy = +00. In order to tackle
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a problem which is less degenerate, let us, for example, take a tax of 11 from the price of
each run. The operator f defined starting from (11.51) becomes

[f(x)lg = max(0,—8+zmy,—1+x4)
[f(z)]a = max(2,14+zy,—4+zB)
[f(x)p = max(—16+zy,—14+z4) .
The value iteration consists of calculating z° = ¢, z* = f(z), ..., let

2 = ¢=1(0,2,+c0)

ry = max(0,-8+0,-14+2)=1

zy = max(2,140,—4+ —o0) =2

tp = max(—16+0,—14 +2) = —12

22 = z'= v, stop,

and by considering the arg max, we see that it is optimal to stop when we are at A, and if
we are at B or H, we must go to A.

Exercise 11.4.4 How can we complete the Ford—Bellman algorithm to construct a circuit of
negative cost?

Remark 11.4.5 There exist many variants of the Ford—Bellman algorithm, which differ in
the order in which we traverse the nodes 7 and the arcs (i, k) in the loop of the algorithm
11.4.4: we will find the generic term ‘label correcting algorithms’ in the literature. The
algorithms in this family, and in particular the Ford—Bellman algorithm, are among the
quickest for calculating paths of minimum cost, in the case of an oriented graph which has
circuits (of positive or zero cost) and whose costs can be negative. In two special cases,
we can do much better than Ford—Bellman. When the graph G does not have a circuit, we
make a topological order, that is, we equip the vertices with a total order <, such that if
there is a path from ¢ to j, then ¢ < j. Often, the nodes are already naturally ordered (for
example, by increasing time) and if they are not, we can find such an order in linear time;
see, for example, [1] for more detail. (We say that an algorithm is in linear time if the time
of execution is bounded by a constant times the size of the data, which is the best we can
hope, see remark 11.6.6 for more detail on the idea of calculation time.) Once the nodes are
ordered, it is enough to start v at 400, and to make once and only once the substitution
v; «— min(¢;, mingen, (i,k)eA Ci,k + Vi) for each i, by traversing the 4 in decreasing order, to
obtain the function value, which takes a linear time. Another particular remarkable case is
that where the costs are positive or zero: in this case, we can employ a (greedy) algorithm
(cf. section 11.5), called the Moore-Dijsktra algorithm, see, for example, [1]. .

Exercise 11.4.5 We return to example 9.1.3, that is the classical knapsack problem. We
assume here that the weights are integer. We therefore take n objects with respective weights
P1,...,0n € N, and respective utilities u1,...,un, € R, and we denote by P € N the maximal
weights that we can carry. We set x; = 1 if we put the ith object in the knapsack, and z; = 0
otherwise. We want to maximize the utility of the knapsack under the weight constraint

max > wius. (11.52)

z € {0,1}"

lgignripzfp -
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For this, we consider, for every 1 <t <mn and 0 < Q < P, the problem

max Z Tili, (11.53)
z € {0,1} 1<i<t
1<i<y TiPi <Q

where we denote by v{, the optimal value. We denote by v* = (v5)o<q<p.

1. Express v’ as a function of v~ with the help of a dynamic programming equation.

2. Deduce an algorithm to solve (11.52). What is the time of execution of the algorithm?
3. Apply the algorithm to the following example:

max 8x1 + 2x2 + 9x3. (11.54)
z € {0,1}3
2x1 + 3x2 + 5x3 < 6

Exercise 11.4.6 (minimum cost path with time constraint) Let G = (N, .A) be an
oriented graph, equipped with two valuations, ¢ € RA, a cost, and 7 € NA, a time, and
¢ € (RU{+00})" a final penalty. We fix a source node s and a date limit 7' € N, and we look
for a path (Lo, ..., %) of arbitrary length, starting from s (that is, £o = s), such that the total
gain cey 00+ -+ Ce,y 1,6 + Pr,,, IS minimal, under the constraint of respecting the date limit 7T,
that is, under the constraint 74y, + -+ 7¢,,_;,0,, < T. We shall assume that there is a circuit
whose arcs have zero time. Formulate a dynamic programming algorithm to solve this problem.
Application: find by dynamic programming the minimum cost path from node 1 to node 6, in
time at most 10, for the example (11.6.2) which will be treated later by Lagrangian relaxation.

Exercise 11.4.7 Let us consider a theatre lover, who goes in July for one day to see parts of
the Avignon festival. The festival has many hundreds of pieces. Each piece is characterized by
a single place in the town (a theatre), and a unique time in the day (for example, 16:00-17:30).
We also know the time that is necessary to go from one theatre to another. By reading the
programme before going to the festival, our spectator assigns to each piece an expected pleasure,
measured on a scale from 0 to 5. His aim is to see in the day a sequence of pieces, so to maximize
the sum of the expected pleasures for the different pieces chosen. Show that this problem can
be reduced to a minimal cost path in a graph without circuits, and that it can be solved in a
time which is quadratic in the number of pieces of the festival (we will neglect time needed for
meals).

Exercise 11.4.8 We can imagine that, on the planet Mars, the extraterrestrials teach the
children to count with the addition (a,b) — a @ b = min(a, b), and the multiplication (a,b) —
a®b = a+b (we borrow this joke from V.P. Maslov, Operational methods, MiR, Moscow, 1976).
The corresponding algebraic structure, (R U {400}, ®, ®) is called the minplus semiring. It
satisfies the same axioms as rings, except that addition, instead of being a group law, satisfies
a® a = a. For our Martians, the Bellman equation associated with the problem at finite horizon
(11.41) is none other than a minplus matrix product

T T—1
v; :@Mi,k®vk ,
keN

with M; . = ¢, if (i,k) € A, and M; = 400 otherwise. The Martians, which use the same
matrix notation as us, but in the minplus semiring, write very simply,

vt = Muwvi—1 and P MTqb,
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As for the Bellman equation (11.51), they write it
v=Mv®¢ . (11.55)

Show that the minimum cost of a path of length ¢ going from i to k is given by (M*); . Show
that the maximal solution of (11.55) is equal to v = M*$, where M* = M° O M o M>* @ -- .
Thus recover theorem 11.4.2. Show that if G does not have a circuit of negative (or zero) cost,
limr—oo MT = 400 (the matrix all whose coefficients are equal to 4+00). Thus recover the
uniqueness result of exercise 11.4.2.

Exercise 11.4.9 Let us say finite Markovian game for a game with two players, ‘white’, and
‘black’, who in turn move a token on a finite graph, starting from an initial position (it is white
who starts). Certain vertices of the graph are final: when the token is in this vertex, we know
that white has won, or black has won, or it is a draw. Can we model chess or draughts by such
a game? We assume that the game always finishes. Write a dynamic programming equation
expressing the value of a position for white. (Hint: this equation will use, at the same time, both
min and max.) Deduce that of the three following assertions, only one is true: white can always
win; black can always win; white and black can always be forced to draw.

Remark 11.4.6 Having arrived at this point, the reader could have the impression that
everything can be solved by dynamic programming. This is almost true and dynamic
programming is a powerful tool, except that, just like Markovian methods in probability,
dynamic programming is subject to what we call the ‘curse of dimensionality’: in the case
of truly difficult problems, the necessary state space can be very large (think of the game of
chess). .

11.5 Greedy algorithms

11.5.1 General points about greedy methods

We say that an algorithm to minimize a criterion is greedy, if it constructs an
admissible solution by taking a sequence of decisions, where we take the best decision
at each step according to a local criterion, and never reconsidering the preceding
decisions. When the admissible solutions thus obtained are suboptimal, we talk of a
greedy heuristic. For example, if we have a certain number of parcels of various
sizes to put in containers, and if we want to minimize the number of containers used
(this is a version of the ‘packing’ problem), we can imagine a method which consist
of arranging the parcels as a function of their volume, and putting the parcels in the
containers starting with the largest: this is a typical example of a greedy heuristic.
The interest in greedy heuristics is that they are often very simple to implement.
Their defect is obviously their myopia, thus the difficulty of evaluating how far their
solution is from the optimum. There is however a particular class of problems for
which a greedy method gives an optimal solution (see remark 11.5.5). We will be
content with presenting, in the paragraph which follows, a fundamental example of a
greedy algorithm giving an optimal solution.
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11.5.2 Kruskal’s algorithm for the minimum
spanning tree problem

We are now interested in a nonoriented graph. Let us denote by V the set of vertices
and £ the set of edges, which is a subset of the set of the pairs of two elements of
V. We therefore have {i,j} € £ if there is an edge linking the vertices i and j. Let
us note that to distinguish the nonoriented case from the oriented case, we speak of
vertices and edges, instead of nodes and arcs for an oriented graph.

A (nonoriented) graph is called connected if two arbitrary vertices can be linked
by a path. An arbitrary (nonoriented) graph can be decomposed into connected
components, which are by definition the equivalence classes for the relation R such
that ¢Rj if there is a path linking ¢ and j. We say forest for a (nonoriented) graph
without a circuit. A tree is a connected forest. We say that a subgraph G’ covers
a graph G if each vertex of G is an extremity of at least one edge of G'. Given a
(nonoriented) connected graph G = (V, &), whose edges are equipped with a cost
function &€ — R, {3, j} — ¢;;, the problem of the minimum spanning tree consists
of finding a covering tree 7 whose cost

E Cij,

{i,j}eT

is minimum. This optimization problem is met, for example, in cabling problems,
when we want to connect electrically a set of points to each other by minimizing the
length of wire.

The Kruskal algorithm constructs a sequence of forests. We start from the forest
comprising all the vertices and no edge. At each step, we choose to add to the forest,
among all the edges whose addition does not create a circuit, that whose cost is
minimum. The algorithm finishes when the forest is a covering tree.

Theorem 11.5.1 IfG = (V, &) is a (nonoriented) connected graph, equipped with an
arbitrary cost function ¢ : £ — R, the Kruskal algorithm gives a minimum spanning
tree.

Before showing theorem 11.5.1, we state a very elementary property of covering trees,
whose verification is left to the reader as an exercise.

Lemma 11.5.2 (exchange lemma) If 7 is a covering tree of a graph G, and if i
and j are two vertices of G, there exists a unique path of T linking i to j. Moreover,
if {i,7} is an edge of G which does not belong to T, we again obtain a covering tree
if we replace an arbitrary edge of the path of T linking i to j by {i,j}.

We can now state the optimality condition.

Lemma 11.5.3 Let G and ¢ be as in theorem 11.5.1, and let T be a tree covering G.
The following assertions are equivalent.
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(1) T has minimum cost;

(2) for each edge {i,j} which is not in T, the unique path of T linking i and j is
formed of edges each with cost less than or equal to c;;;

(8) for each edge {r,s} of T, for every connected component C of the graph obtained
by removing {r, s} from T, and for every edge {i,j} with exactly one end in C,
Crs < Cij-

Proof. The implication (not 2)=(not 1) follows from the exchange lemma 11.5.2: if
{i,j} is an edge which is not in 7, and if {r, s} is an edge of the unique path of 7
linking 7 and j, such that ¢;; < ¢, we obtain by using {7, j} in place of {r,s} in 7 a
new covering tree of cost strictly less than that of 7.

Let us show now (not 3)=-(not 2). Let us remark first of all that the graph
obtained by removing {r, s} from 7 has exactly two connected components, C' and
C =V \C. Let us assume that we have an edge {i,j} with i € C and j € C, such
that ¢;; < ¢ys. The unique path linking ¢ to j in 7 must contain {r, s}, which shows
that condition (2) is not satisfied.

Let us show finally (3)=-(1). Let 7 be a tree satisfying (3), and let 7’ be a tree
of optimal cost, that we can choose such that the number of common edges between
7T and 7’ is maximal. We shall show that 7 = 7’. In the opposite case, we can
find an edge {r,s} in 7 and not in 7’. The graph obtained by adding {r,s} to
T’ contains a circuit, C, containing the edge {r,s}. Let us now consider the two
connected components C and C of the graph obtained by removing {r, s} from 7. As
the circuit C already contains an edge linking C to C, that is {r, s}, it must contain
another edge, {i,j}, linking C' and C. The graph 7" obtained by replacing {i,j}
by {r,s} in 7’ is again a covering tree, from the exchange lemma, and condition (3)
shows that the cost of 7" is less than or equal to that of 7’. Thus, 7" is again a
covering tree of minimum cost, and as 7" has, in common with 7, one edge more
than 77, we contradict the maximality hypothesis in the definition of 7/, We have
shown 7/ =T. |

Proof of theorem 11.5.1. It is immediate that the Kruskal algorithm, applied
to a connected graph, finishes with a covering tree. This tree satisfies assertion 2 of
lemma 11.5.3. O

Remark 11.5.4 It is possible to implement the Kruskal algorithm in time O(|€]|log€&])
where |€| is the number of edges of the graph, see [11]. .

Remark 11.5.5 The optimality of greedy methods is always due to strong properties of
structure. For example, the reader has already met a greedy algorithm in linear algebra:
we can view the problem consisting of constructing a basis of a finite dimensional vector
space E as an optimization problem, consisting of maximizing the cardinality of a linearly
independent family of £. The algorithm which starts from an empty family, and at each
step, adds to the family an arbitrary vector of £ which is not a linear combination of the
vectors already in the family, is a greedy algorithm (which gives an optimal solution, that is,
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a basis). The proof that the method works is based on a simple result of linear algebra, the
exchange lemma, readers will already have noticed the analogy with lemma 11.5.2 above.
More generally, the properties which allow us to show that the greedy algorithm is correct
have been studied in the framework of the theory of the matroids and antimatroids, see
particularly [11]. °

11.6 Separation and relaxation of
combinatorial problems

In the solution of an OR problem, one of the first tasks is to recognize if an efficient
exact method (path algorithm, flow algorithm, greedy algorithm, etc.) is applicable.
What can we do, however, when even with good modelling, polynomial methods can-
not be applied? We can of course revert to particular heuristics, or to metaheuristics
such as simulated annealing or tabu search, see remark 11.6.7. In the spirit of this
course, we concentrate on the exact methods, based on mathematical programming
and tree searches, which allow us to prove the optimality of the solution found, or at
least, to measure the variation from the optimum.

11.6.1 Separation and evaluation (branch and bound)

Let us consider the very general combinatorial problem

min J(x), (11.56)

with X finite (but large), and J : X — R. In the method of separation and evaluation
(or commonly ‘branch and bound’), the separation consists of representing the set X
of the admissible solutions by the leaves of a tree, which we will explore. The internal
nodes of the tree represent the partial decisions (corresponding to fixing some decision
variables, but not all), the node at the root represents an initial situation, at which
we have made no decisions. The evaluation is concerned, for each internal node s of
the tree, with the conditional cost

. /
U(S) o s’ is a leaf whichIgl(Iilcsccndant from s J(S ) (1157)
(The word ‘descendant’ has the genealogical meaning, that is, we orient the tree with
the root at the top, and the leaves at the bottom.) The calculation of this conditional
cost at s is often as hard as that of the initial problem (11.56) (in particular, when s
is the root, (11.57) coincides with (11.56)), this is why we shall simplify the problem
(11.57), by allowing ourselves the introduction of a lower bound b(s) of the conditional
cost at s:
b(s) < w(s), (11.58)

that we will have to define for every internal node of the tree.
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Statement of the separation and evaluation algorithm

The separation and evaluation algorithm consists of exploring the nodes of the tree,
starting from the root. During the exploration, we remember m, the minimal cost
of the solutions already found, therefore of the corresponding solution. We initialize
the algorithm with m = +00. When we visit an internal node s of the graph for the
first time, we evaluate the bound b(s). If b(s) > m, we do not explore the daughter
branches of the node s, since the cost of the leaves there is not better than the cost
of the best solution already found, and we go back up to the father node of s in order
to continue the exploration of the tree (we can visualize this by saying that we cut
the branch of the tree from the node s). If conversely b(s) < m, it is possible that
the branch starting from s contains a better solution m: in this case we continue the
exploration of the tree, going to the daughter nodes of s. When we arrive at a leaf of
the tree which represents an admissible solution € X of (11.56), it only remains to
calculate the value J(z): if J(z) < m, the best solution found is x, we therefore set
m = J(x), and we remember x instead of the old best solution. We then continue the
exploration of the tree by returning to the father node of the current leaf.

The algorithm visits each leaf at most once. The worst case is that where the
bound b never allows us to cut a branch: the algorithm reduces in this case to listing
all the admissible solutions of (11.56).

Illustration: example of the travelling salesman

Before detailing the method, let us consider the travelling salesman problem, already
stated in example 9.1.4. We shall here treat the nonoriented version of the travel-
ling salesman problem, which considers a complete nonoriented graph G = (V,€)
(complete means that £ is formed of all the pairs of vertices of V). We will take
V ={1,...,n}, with n = |V|. We associate with each pair of vertices {i,j} a time
that we denote by t;; (which is an abbreviation for ty; ;1, we therefore have ¢;; = tj;
since the graph is nonoriented). The aim is to find a circuit, that is, a sequence of
vertices {1, ..., /¢, comprising each vertex of G once and only once, and such that the
total time

ooy Ftoses + -+l (11.59)

is a minimum.

By using the invariance of the criterion (11.59) by cyclic permutation, we can
always suppose that we start from the vertex 1, or #; = 1. The circuit is then specified
uniquely by the sequence /s, ...,¢,_1. The separation of the problem reduces to
organizing the choice of a circuit in a sequence of decisions. For example, we can
consider the choice of £5 € V\ {¢1} as a first decision, the choice of £3 € V\ {{1, 2} as
a second decision, and so on up to £,_1. An internal vertex of the tree of separation
will therefore correspond to a subsequence (1 = ¢y, 05, ..., 4;), with k < n — 2, which
we shall call a ‘partial circuit’. It will bound below the conditional cost (11.57), that
is, bound the total time of the circuits which start with ¢q,...,¢;. We can give, for
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example, the naive bound

bi(ly,... 0 = ¢ L/ i te,
(01, k) 010yt e e, +jev\{?1171.1_1_’£k71} 0o T
min e + n—k—Q( min t-m). 11.60
meV\{la,....0 } ot ) j7m€vl\igl ..... 0y 7 ( )
7 m

In effect, the time of the circuit (11.59) is the sum of the time of the partial circuit
(€1,0a,...,0k), that is tg, ¢, + -+ + te,_,¢,, Plus the time of the edge {¢k, £r41}, that
we have bounded below by the first min in (11.60), plus the time of the edge {¢,, ¢1},
that we bound symmetrically by the second min in (11.60), and finally, the time of
the path (lg41,...,£¢,). As this path is of length n — k — 2 and does not contain any
vertex of {{1,...,¢;}, we can bound its time below by the last min in (11.60), which
shows that by (01, ..., 0;) <v(ly,...,lk).

Let us now apply the separation and evaluation algorithm, with the bound by,
to a small example of a travelling salesman. Let us consider the town to be like
Manhattan represented in Figure 11.3. We shall take the set V = {1,...,5} whose
elements correspondent to the points represented on the picture, with coordinates
P, = (0,0), P, = (3,0), P = (1,1), P, = (3,2), and P5 = (0,3) (the frame of
reference is towards the East and the South), and ¢;; will represent the journey time
from the point P; to the point P;, that is, the norm || P; — P;j|}1.

1 2

5

Figure 11.3. A travelling salesman in Manhattan.

The course through the corresponding tree is represented on Figure 11.4. We start
from the node (1), which corresponds to an empty partial circuit starting from the
point 1 of the town. The first step of the algorithm consists of choosing the following
point of the town that we shall visit, which can be 2, 3, 4, or 5. Let us choose,
for example, the point 2, which brings us to node (1,2) that we have represented
on the left of the tree, with the partial circuit to which it corresponds. As we have
no admissible solutions for the moment, m = +oo, and as the test b;(1,2) < m is
automatically satisfied, we do not calculate b1(1,2). Let us follow the path deeper:
we arrive at node (1,2,3) (we have again represented the partial circuit), then to
node (1,2,3,4), which is a leaf, since it uniquely determines the admissible solutions
x=(1,2,3,4,5), with time m = 16. The complete circuit thus obtained is represented
at the leaf. Having arrived at a leaf, the search returns to the father node, to go back
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down to the following leaf, which represents the solution (1,2,3,5,4), with time 18
worse than m. The next new node explored is (1,2,4), and we calculate b1(1,2,4) =
13 < m: we therefore explore the first daughter of (1,2,4), which gives the solution
x = (1,2,4,5,3), with time 14, which is better than m: we therefore set m = 14. The
other daughter of (1,2,4) gives another solution with time 14, (1,2,4,3,5). The next
new node visited is (1,2,5), with b1(1,2,5) = 17 > m: we therefore cut the subtree
starting from (1,2,5), and the next new node is (1,3). We leave the reader to finish
the calculation, and to show thus that « = (1,2,4,5,3) is a circuit whose time 14 is
optimal.

€]

(1,2) (1,3),b,=12 (1,4) (1,5)

1,2,3) (1,2,4),b,=13 (1,2,5),b,=17

= =

16 18 14 14
x=(1,2,3,4,5),m=16x=(1,2,4,5,3), m= 14

Figure 11.4. Part of the separation and evaluation tree, for the travelling salesman
problem of Figure 11.3.

Remark 11.6.1 The travelling salesman problem in Manhattan is a particular case
of the travelling salesman metric, in which ¢;; is the distance from ¢ to j for a certain
metric, here, that of the norm | -||;. A classical application of the travelling salesman
metric is the manufacturing of printed circuits, if we consider the case of a machine
having to drill a sequence of holes (according to the type of tool, we obtain a travelling
salesman problem for the Euclidean norm, for the norm || - ||, etc.). The travelling
salesman problem is a classical example of an NP-difficult problem (see remark 11.6.6).
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The importance of the quality of the bound

The reader may believe that the bound b; is reasonable, but let us see how the
algorithm behaves when we increase the number of vertices of the graph. We have
programmed the above algorithm, and solved similar instances of the travelling sales-
man in Manhattan, but by varying the number n of vertices. Here is a typical set
of results, giving the number of nodes of the tree of separation and evaluation, as a
function of n:

n |5 6 7 8 9 10 11 12 13 14 15

tree ‘ 10 20 51 805 2175 10598 58414 199276 499887 1250530 3598585

The case n = 15 already takes a minute on a normal PC. We have just seen what we
call a combinatorial explosion.

Retrospectively, the coarse character of the bound b; appears: when n—k is large,
it is bad to bound the length of the complementary partial circuit of (¢1,...,%)
by (n — k — 2) time the minimum of the time of the edges between the remaining
vertices, this reduces to multiplying an error by a term of order n. We see here
that in a separation and evaluation algorithm, it is essential to have a bound which
sufficiently captures the ‘physics’ of the problem.

The 1-tree bound for the travelling salesman

Let us give a first example of such a bound for the nonoriented travelling salesman.
Given a partial circuit (41, la,...,0) of G, with k < n — 2, let us construct the graph
G’ induced by the subset of vertices V' = V\ {{1, ..., }, that is, the graph of the set
of vertices V' and of the set of edges £ = {{i,j} € £ | i,j € V'}. Let us denote by
ac(G’) the minimum cost of a covering tree G'. (Let us recall that the idea of covering
tree has been defined in Section 11.5, where we have also seen that a covering tree of
minimum cost is calculated in time O(|€]log |€]) by the Kruskal algorithm.) We have
the following lower bound

ba(ly, ..., ¢ = et i to,
o(l1, ... ly) TV SRR R TN +jeV\{?11,l.I.l.,zk_1} 0
min tme, +ac(G). (11.61)

meV\{la,...,0n}

In the special case where the partial circuit is of length zero, let £ = 1, we can refine
the bound by very slightly by noting that in this case, the edges {1, 2} and {fx, ¢1}
of the circuit must be distinct (assuming that the graph has at least three vertices),
which gives the new bound

by(ly) = i to;+t +ac(g"). 11.62

0 = min (t ) + (@) (11.62)
This last, classical, bound is known under the name of 1-tree bound (a 1-tree of a
graph is a subgraph formed on the one hand by a tree covering all vertices except
a distinct vertex noted ‘1’, and on the other hand by two distinct edges where 1 is
the extremity). For example, for the graph of Figure 11.3, the Kruskal algorithm
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gives the 1-tree of minimal cost represented on Figure 11.5. The cost of this 1-tree
is b5(1) = 13. Returning to the tree of Figure 11.4, we see that to replace by by by
would have allowed us not to visit the descendants of node (1, 3), as b3(1,3) = 14 is
greater (in fact, equal) to the value m = 14 of the best solution met before at the
visit of (1,3).

5

Figure 11.5. The 1-tree bound b5(1), for the travelling salesman problem of Fig-
ure 11.3. The covering tree G’ is in thick lines, the two edges connecting this tree to
the vertex 1 are in dotted lines.

Choice of the tree and the order of exploration of the branches

There are in general many ways to represent the set of admissible solutions X, and the
choice is often suggested by the technique being used to construct the bound. Thus,
we see in Section 11.6.2 that we can model the travelling salesman by an integer linear
programming problem, by introducing for each {i,j} € £ a variable x;; being 1 if the
edge {i,j} belongs to the circuit considered and 0 otherwise. With such a model,
we can construct a binary separation and evaluation tree, in which an elementary
decision consists of fixing the value of a variable x;; at 0 or 1. Another determining
parameter is the order in which we visit the vertices: it is judicious to examine as
soon as possible (that is, close to the root of the tree) the decisions that we think
have the most influence on the cost of the solution, the aim being to cut the branches
as high as possible in the tree. In the same spirit, initializing m with the value of a
solution obtained heuristically, instead of 400, only helps to cut the branches earlier.

11.6.2 Relaxation of combinatorial problems

A systematic way to obtain lower bounds for the optimal value of the cost of a com-
binatorial problem consists of relaxing the problem, that is, to make the admissible
set bigger in such a way as to obtain an easier problem, giving a lower bound for the
initial problem. When the admissible set is represented by the constraints, a way to
relax is very simply to ignore some constraints. We have already seen an example of
relaxation with the bound of the 1-tree for the travelling salesman: the circuits are
exactly the 1-trees such that each vertex has two neighbours. We shall now present
some general techniques of relaxation.
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Continuous relaxation

The efficiency of the linear programming tools often suggest modelling combinatorial
problems by integer linear programming problems: we then obtain a lower bound by
relaxing the integer constraints.

To illustrate this idea let us present the relaxation of the travelling salesman
problem proposed by Dantzig, Fulkerson, and Johnson in an article in 1954, which
at that time solved a problem with 49 towns. This was the starting point of a
series of works allowing us today to solve exactly problems with many thousands
of towns (for a history and a recent state of the art, we refer to D. Applegate, R.
Bixby, V. Chvatal, and W. Cook, ‘On the solution of traveling salesman problems’,
Documenta Math., Extra volume ICM 1998, III, 645-656, and more generally on the
web http://www.math.princeton.edu/tsp).

We use the notation of the preceding section for the travelling salesman problem:
G = (V,€) is a complete nonoriented graph (that is, £ contains all the edges linking
two elements of V), with a function time ¢t : £ — R, {¢,j} + t;;. With each circuit,
we associate a vector z € {0,1}¢ such that z;; = 1 if {i,j} is part of the circuit,
and x;; = 0 otherwise. Conversely, a vector z € {0, 1}¢ represents the subgraph of
G having for edges the {i,j} such that z;; = 1. We must now express by the linear
constraints the fact that z € {0,1}¢ represents a circuit. As each vertex of a circuit
has exactly two neighbours, x must satisfy

Z xp; =2, forevery jeV. (11.63)
kev {k,j}e&

The constraints (11.63) are not sufficient to characterize a circuit, since the set of
edges {i,j} such that x;; = 1 can be disconnected: in fact, we can see that the
x € {0,1}¢, the solutions of (11.63), exactly represent the disjoint unions of circuits.
In order to eliminate the parasitical solutions, we can add the following constraints,
called subtour inequalities,

for every S C V, such that S # 0 and S # V), Z Trm < |S]—1. (11.64)
k,meS,{km}eE

We easily see that z € {0, 1}¢ satisfies (11.63) and (11.64) if, and only if, it represents
a circuit: in effect, every vector associated with a circuit satisfies these constraints,
and conversely, as every = € {0,1}¢ satisfying (11.63) represents a disjoint union of
circuits, it is enough to take for S the set of vertices of an arbitrary circuit to obtain
2 kmes {kmyee Thm = |S|, and if x satisfies the subcircuit inequalities (11.64), we
must have § = V), which shows that x represents a circuit. This allows us to formulate
the travelling salesman problem as an integer linear programming problem.

(VC): min Z tijz;; under the constraints = € {0, 1}5, (11.63),(11.64),
{i,j}€€&


http://www.math.princeton.edu/tsp
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and we immediately obtain a lower bound by considering the relaxed linear program-
ming problem in continuous variables

(VC)ye1 :  min Z tijz;; under the constraints 0 < x;; <1, (11.63), (11.64).
{i,j}e€

Despite the exponential number of constraints in (11.64), it is possible to solve (V C)ye
efficiently by proceeding as follows. We start by minimizing (ijree tijTij under the
constraints 0 < z;; < 1 and (11.63), ignoring the subcircuit constraints (11.64). We
thus find a first € [0, 1]¢. We then see if there exists a subset S C V, S #0, S # V,
for which the inequality of (11.64) is violated, which can be done (exercise 11.6.1) very
efficiently. If none exists, we have solved (VC),e1. If conversely we have found S such
that (11.64) is not satisfied, we again minimize Z{m}eg t;;2;; under the constraints
0 <t;; <1 and (11.63), by adding the subcircuit inequality associated with S. Fol-
lowing this sequence of minimizations and successive additions of inequalities, we are
finally led to a solution of (VC).e. This method can be interpreted geometrically by
speaking of intersections. Indeed let us denote by P the polytope of the admissible
solutions of problem (VC),e1, and let ¢ : z +— Z{i,j}eg tijx;; be the linear form that
we minimize. The method that we have outlined reduces to defining a decreasing
sequence of polytopes P! D P2 O ... O P. We take, first of all, for P! the set defined
by 0 < z;; <1 and (11.63). We minimize t over P!, and the minimum is attained
at a point z!. If ! is in P, we have solved (V )1, otherwise detecting a constraint
(11.64) violated by z! reduces to separating z' from P, that is of finding a particular
half-space H' such that 2! ¢ H', and P C H', and the following step reduces to
minimizing ¢ on the new polytope P? = P! N H', obtained by ‘intersecting’ P! by
H. We therefore construct a decreasing sequence of polytopes of which we can say,
intuitively, that they ‘approximate’ P in the neighbourhood of the point where t is
minimal. Such techniques can even give the solution of the original problem (V C), if
we can find other intersections, of a combinatorial nature, allowing us to approximate
sufficiently well the integer closure P. of P.

Exercise 11.6.1 Show that in the problem (V' ()., we can replace the constraints
(11.64) by the constraints

for every S C V, such that S # ) and S # V, Z Thm > 2 .
keV, meS\V,{k,m}e&
(11.65)
Show, by using the Ford—Fulkerson theorem (Question 4 of exercise 11.3.8) that we can
check if a vector z € [0, 1] satisfies (11.65) with the help of a flow algorithm.
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Lagrangian relaxation

Let us consider the very general problem

minimize J(x) under the constraints:
z e X,

Fi(x) <0, i=1,...,m, (11.66)
Fi(z)=0, i=m+1,...,m+q,
where J, F1, ..., Fi4q are functions from R" into R, and X is a nonempty subset of

R™. Let us consider the Lagrangian £: X x A — R, with A = (R;)™ x R? and
L(@,A) = J(@) + MFL(0) + - + Atq Pt (2):

Let J* be the optimal value of (11.66). We have already noted in remark 10.3.10 that
we always have the weak duality inequality

J* = inf sup L(z,\) > sup inf L(x,\) = sup D(N), (11.67)
2€X NeA AeATEX AeA
where
D:A— RU{—c0}; D) = 1g)f( L(z,\) (11.68)

is the dual function. The method of Lagrangian relaxation consists of using the
right-hand side of (11.67) as a lower bound for the value J* of the original problem
(11.66). Every Lagrange multiplier A € A gives a bound D(\) < J*, but it is natural
to look for the best bound possible, which reduces to maximizing D. Now D, which
is an infimum of affine functions, is concave. If, as is the case for most of the com-
binatorial problems, X is finite, D which is a finite infimum of affine functions, is a
nondifferentiable function (except of course in the degenerate cases). Maximizing
D therefore raises the problem of nondifferentiable optimization, which treats the
minimization of nondifferentiable convex functions (or maximization of nondifferen-
tiable concave functions).

We shall briefly present a very simple method, the subgradient method, which
generalizes the gradient methods of Section 10.5.2. We must first define the ideas
of subgradient (for convex functions) or of supergradient (for concave functions)
which are fundamental ideas in convex analysis (we will be content with a short
review). It will be useful to consider convex functions with values in R U {400},
and, symmetrically, concave functions with values in R U {—o0}, since for example
the function D defined by (11.68) is concave and can take the value —oo (the value
+00 is not possible, as we have excluded the case X = (}). When J is convex from
R™ to RU {+00}, let us denote by domJ = {z € R" | J(z) < 400} the domain
of J. Symmetrically, if J is a concave function from R™ into R U {—occ}, we define
domJ = {z € R" | J(x) > —oo}. It is useful only to treat the case of convex
functions, given that all the results have symmetrical versions for concave functions.
The reader can symmetrize the results to be applied to the maximization of dual
functions associated with minimization problems.
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Definition 11.6.2 If J is a convex function of R™ in RU {+o0}, and if x € dom J,
we say subdifferential of J at x for the set

oJ(x)={peR"| Jly)—J(x) >p-(y—=x), YyeR"} (11.69)

The elements of 0J(x) are called subgradients. The ideas of superdifferential and
supergradient of a concave function of R™ in RU{—o0} are defined symmetrically by
reversing the inequality in (11.69).

It follows immediately from definition (11.69) that the subdifferential dJ(x) is a
convex closed set of R™. On the other hand, if 0 € dJ(x), = is obviously a minimum
point of J.

Remark 11.6.3 The subdifferentials can be defined by (11.69) even when J is not
convex. They are, however, especially useful when J is convex, as in this case
dJ(x) # () at every point z in the interior of domJ (this is a consequence of the
geometrical form of the Hahn-Banach theorem). The convexity also guarantees the
equivalence of definition 11.6.2 of the subgradients with that of the local definitions.
We can in effect define the subgradients of an arbitrary function J of R™ in RU{+4oc0},
by saying that p is a subgradient of J at a point = € dom J if J is locally ‘above’ the
affine function y — J(z) + p- (y — ), that is,

Jy)>Jx)+p-(y—x)+o(ly —x), wheny— x.
When J is convex, this inequality is equivalent to p € 8J(x). °

Let us now apply these ideas to the dual function D. It will be convenient to
extend D to R™T4 by setting D(A\) = —oo, if A € A, which defines a concave function
from R™%¢ into R U {—oo}. When X is finite, domD = A. A supergradient of the
dual function D is calculated easily, with the help of the following observation.

Proposition 11.6.4 Let us assume that X is finite, let D be the dual function defined
by (11.68), and for every A € A, let us set T'(\) = arg maxzexL(z,\) = {x €
X | L(z,\) = D(z)}. Then, for every x € T'(N\), F(z) = (Fi(x))i<i<m+q 5 a
supergradient of D at the point \.

Proof. For every x € T'(\), and for every u € A, we have D(u) — D(A) > L(z, p) —
L(z,\) = F(z) - (u — A), which shows that F(z) is a supergradient of D at the
point . O

Remark 11.6.5 Proposition 11.6.4 is a weak version of the following result on the
subdifferentials of the maxima of convex functions. If J from R™ into RU {+o0} is of
the form J(z) = sup;c; Ji(z), where I is a finite set, and if z — J;(x) is convex, for
every i € I, then, for every x € dom J,

8](2:):(70( ‘U aji(g:)). (11.70)
Ji(wl)E:IJ(w)

The proof of this identity is the object of exercise 11.6.5. °
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Let Py be the projection from R™ into A, A +— (AT, ..., AL, Mnst, oy Amtg)-
The (projected) supergradient algorithm to maximize the concave function D
consists of constructing the sequence

Ak+1 = Pa ()\k + I ”pk) (11.71)

where \g € A is chosen arbitrarily, where py is an arbitrary supergradient of D at the
point Ag, and where py is a sequence of strictly positive real numbers such that

pr — 0, Zp,» =400 . (11.72)

Obviously, the value A;41 is only well defined if py # 0. When pg = 0, the algorithm
stops: Ay is then the maximum of J (by definition of the supergradients the nullity
of a supergradient at a point implies that the function is maximal in this point).

Let us now illustrate Lagrangian relaxation by treating the example of the min-
imum cost path with time constraint, already mentioned in exercise 11.4.6 as an
application of dynamic programming. Let us therefore consider an oriented graph
G = (W, A), the arc (7, j) being equipped with the cost ¢;; and with the time 7;;. To
fix ideas, we will look for the minimum cost path and with total time at most 10,
going from the source node s = 1 to the sink node p = 6, in the graph

/ \
\ 23 / (11.73)

We have represented on each arc the values of ¢ and 7, in this order, for example,
the arc (1,2) costs ¢15 = 1 and takes 719 = 8 units of time.

We must first of all formulate this problem in the form (11.66). For this, we
represent a path by the Boolean vector x € R“ such that x;; = 1 if (i, ) belongs to
the path, and z;; = 0 otherwise. The problem of the shortest path from a source s
to a sink p in time at most T is then written

minimize Z(z jyea CijTij
under the constraints:  z € {0,1}4,
T represents a path from s to p,

YyeaTiitiy <T .

(11.74)

There are of course many ways to write a program (11.66). Thus, it is voluntarily
that we have left the constraint ‘x represents a path from s to p’ in a literal form. We
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could have clarified this constraint by using the Kirchoff law (11.31). But dualizing
this law is a bad idea for the success of Lagrangian relaxation depends precisely on
the capacity to identify the ‘smallest’ set of constraints whose relaxation leads to a
simpler problem, preferably solvable by a direct combinatorial method. Here, it is
the time constraint that we must relax, since if we ignore this constraint, we obtain a
problem purely of minimum cost path. By dualizing the time constraint, the function
D:Ry — RU{—o0} is written

D(\) = inf (> cijmy) +A( D mgwi; = T)

z e {0,1}4 < <
x represents a path from s to p (1,5)eA (1,5)eA
= -\T+ inf (cij + A1ij)mij -
J 137
z € {0,1}4 Z

(i,4)eA

x represents a path from s to p

With fixed A, the calculation of D()) reduces to solving a classical problem of min-
imum cost path without time constraints in the graph of costs c¢;; + A7, this
which can be done by dynamic programming, and which takes a linear time in the
case of a graph without circuits, as is the case, for example, (11.6.2). Let us now
apply the supergradient algorithm (11.71) to this example. For A; = 0, we must find
the minimum cost path 1 — 6 in the graph equipped with the costs ¢;; + 07;;

/ \
@>—<»@

The set T'(0) of the optimal paths is reduced to the paths (1,2,4,6), and (1,2,5,6)
represented in thick lines, which have cost 4. Thus, D(0) = 4 — 07" = 4. From
proposition 11.6.4, we have the supergradient

PL=Ti2+Toa+T6 —1T =4 .

With a step p1 = 1, (11.71) gives Ay = 1, and the new graph equipped with the costs
cij + 175

/ \
\ /

As the optimal path has not changed we have the same supergradient ps = p;. By
taking, for example, p; = 1, we have A3 = 2, which gives the graph
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There are this time two optimal paths: I'(A3) = {(1,3,4,6),(1,3,5,6)}, of cost 21.
In particular, the supergradient corresponding to the path (1,3,5,6) is 713 + 735 +
756 — 1 = 0. The supergradient algorithm therefore stops: maxyer, D(\) = D(2) =
31—20 = 11. As the path (1, 3,5,6) has time 10 < T and cost 11 = D(2), we solve not
only the relaxed Lagrangian problem, which consists of maximizing D(A), but also
the initial problem (11.74). The fact that the relaxed Lagrangian provides a solution
of the initial problem is, however, exceptional. In general, there is a duality gap,
but the z achieving the min in the dual function (11.68), evaluated at a maximum
point A of D, can often be modified without adding too much to the cost to arrive at a
(suboptimal) solution of the initial problem. We talk then of Lagrangian heuristics.
To conclude this illustration of Lagrangian relaxation, let us revisit the travelling
salesman problem in a complete nonoriented graph G = (V, £), equipped with a time

function ¢ : € — Ry, {4,j} — t;;. We can write the travelling salesman problem in
the form of an integer linear programming problem, equivalent to (VC),

min Z{i,j}eé’ ti;xs; under the constraints
z € {0,1}¢,
Ekev,{k:,j}eé‘ xg; =2, forevery jeV,
x represents a connected graph with |V| edges covering all the vertices.

Let us distinguish a particular vertex 1 € V. If, for every 7 € V \ {1}, we relax the
constraints Zkev,{k jyee Thj = 2, we obtain the dual function D : RV\{1} — R

D(A) = min Z{i,j}eé‘ tijTij + Zjev\{l} )‘j(Zkev, {kjree Tk — 2)
under the constraints
z €{0,1}¢
Zkev,{k,1}es T =2
x represents a connected graph with |V| edges covering all the vertices.

Up to a term — Zje\)\{l} 2)\;, we recognize in D(A) the minimum cost of a 1-tree for
the graph D = (V, &), where each edge {7, j} is equipped with the cost t;; + \; + A;,
for i,j € V\ {1}, and where each edge {i,1}, for i € V \ {1}, has cost t1; + \;. As
we have already remarked in Section 11.6.1, the Kruskal algorithm of Section 11.5
makes it possible to calculate a 1-tree of minimum cost in time O(|€]log |€|), which
allows us to efficiently implement the supergradient algorithm (11.71) to calculate
the following bound: supycpwvii1y D(A). This remarkable bound for the travelling
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salesman problem, is due to Held and Karp. The 1-tree bound seen in Section 11.6.1
coincides with the value D(0) obtained by not paying for the transgression of the
constraints » 5y, ¢ e Thj = 2, for every j € V\ {1},

Exercise 11.6.2 Calculate the dual function D(\) for the problem (11.6.2), and thus
recover the value of maxyer, D(A).

Exercise 11.6.3 Propose a Lagrangian relaxation giving an upper bound for the
knapsack problem (11.52), and apply it to example (11.54).

Exercise 11.6.4 The ‘oriented’ version of the travelling salesman problem consists of
considering an oriented graph G = (N, A), equipped with a time function ¢ : A — R,
and of looking for an oriented circuit passing once and only once through each node.
Propose a Lagrangian relaxation, by making it so that for each vector \ of Lagrange
multipliers, the calculation of the dual function D(A) amounts to solving an assignment
problem. Explain why this relaxation is less interesting than the bound of Held and Karp,
in the particular case of the problem of the nonoriented travelling salesman problem.

Exercise 11.6.5 We shall prove formula (11.70), in the case where all the J; are convex
functions from R™ into R. (The exclusion of the value +00 is only a convenience, which
will allow us to apply directly the results of Chapter 10, proved in the case of convex
functions with finite values). Let us denote by C' the right-hand side of (11.70). (1)
Show that C' C dJ(z). (2) We assume that 0 € 9J(z). By considering the convex
programming problem

mint under the constraints y € R, t e R, Ji(y) <t, Vi1,

show that 0 € C. (3) Conclude that generally, C = 0J(z).

Remark 11.6.6 Even though this is not the object of this course, let us say some words
on the question of complexity. An algorithm is called polynomial (respectively linear)
if its time of execution (on a normal computer) is bounded by a polynomial (respectively
affine) function of the size of the data. We say that a problem is polynomial if it can be
solved by a polynomial algorithm. The class P of polynomial problems formalizes the idea
of a problem that we can solve ‘well’ in practice. For example, exercise 11.4.3 shows that
the problem consisting of finding a path of minimal cost from one node to another, in a
graph, is polynomial. Another example of a polynomial problem is the linear programming
problem (the simplex algorithm can take an exponential time in some degenerate situations,
but the interior point algorithms outlined in Section 11.2.3 finish in polynomial time). A
class of combinatorial problems which seemed more difficult has received much attention.
These are NP problems. Intuitively, a decision problem is NP if we can verify that a solution
is correct in polynomial time. For example, the Hamiltonian Circuit problem which consists
of deciding if there exists a circuit visiting each vertex of a graph once and only once, is an
NP problem, since if you are given an arbitrary circuit, you can verify if it is Hamiltonian
in polynomial time (it is enough to count the number of visits to each vertex). Another
example of an NP problem is the Sat (satisfiability) problem, which consists of deciding if
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a system of Boolean equations has a solution. A problem is called NP-difficult if it is at
least as difficult as all the NP problems, which means that if we knew how to solve this
problem in polynomial time, we would know how to solve all NP problems in polynomial
time. The NP-complete problems are decision problems which are at the same time NP-
difficult and in NP: the existence of such problems is a theorem due to Cook and Levin.
For example, Sat and Hamiltonian Circuit are NP-complete problems. We say also that an
optimization problem is NP-difficult when its decision version is NP-complete. For example,
to find a Hamiltonian circuit of minimum cost, that is, a circuit for a travelling salesman
of minimum cost, is an NP-difficult problem; the knapsack problem of exercise 11.4.5, or
the shortest path problem with constraints of exercise 11.4.6, are also NP-difficult. We
might think that NP-difficult problems are really more difficult than polynomial problems:
to show that this is true, that is to show that Pz NP, is a famous open problem. The reader
interested in these questions can consult M.R. Garey and D.S. Johnson, Computers and
Intractability, Freeman, San Francisco 1979, and also C.H. Papadimitriou, Computational
Complexity, Addison—Wesley, Reading 1995. °

Remark 11.6.7 To conclude this chapter of initiation into OR, let us mention the existence
of two important approaches which are outside of the framework of this course. For problems
which do not have good structure properties, or which are too large to apply exact methods,
we often revert to neighbourhood methods: stochastic algorithms (whose most classical
is simulated annealing, see, for example, [2]), or even tabu search [22]. A neighbourhood
method is a heuristic which consists of exploring the space of solutions by successive mod-
ifications of an admissible solution. If we only accept the modifications which improve the
criterion, we simply obtain a greedy heuristic, which can converge to a local minimum. Al-
gorithms such as simulated annealing or tabu search specify how to manage modifications
which temporarily degrade the criterion, and therefore arrive more often at a global opti-
mum. A second very different general technique, (which often allows us to solve medium
size problems optimally) is constraint programming, or CP, which intelligently explores the
space of solutions using software which reduces the combinations by logical deductions. e
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Appendix Review of Hilbert
spaces

We briefly give some properties of Hilbert spaces (for more details, we refer to [4],
[25]). To simplify the presentation, we only consider the case of Hilbert spaces over R.

Definition 12.1.8 A real Hilbert space is a vector space over R, equipped with a
scalar product, denoted (x,y), which is complete for the norm associated with this
scalar product, denoted ||z|| = /(z,x). (We recall that a normed vector space is
complete if every Cauchy sequence is a convergent sequence whose limit belongs to
this space.)

In everything that follows we denote by V a real Hilbert space, and (x,y) its
associated scalar product.

Definition 12.1.9 A set K C V is called convex if, for all x,y € K and every real
0 € [0,1], the element (0z + (1 — 0)y) belongs to K.

An essential result is the projection theorem over a convex set.

Theorem 12.1.10 (projection over a convex set) Let V be a Hilbert space. Let
K C V be a convex closed nonempty subset. For all x € V, there exists a unique
T € K such that

T — k| = min ||z — y|.
lr = x| = min flo -y
FEquivalently, x is characterized by the property
rg €K, (g —z,0x —y) <0 Yy € K. (12.1)
We call x the orthogonal projection over K of x.

399
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Remark 12.1.11 Theorem 12.1.10 allows us to define a mapping Py, called the
projection operator on the convex set K, by setting Pxx = xx. We easily verify that
Py is continuous and weakly contracting, that is to say that

|Pxx — Pry|| < |z —y|| Vz,yeV. (12.2)

Remark 12.1.12 A particular case of a convex closed K is a closed vector subspace
W. In this case, the characterization (12.1) of xy becomes

zw €W, (zw—x,2) =0 Vz e W.
In effect, in (12.1) it is enough to take y = z ) + z with z arbitrary in W. .
Proof. Let y” be a minimizing sequence, that is to say that y™ € K satisfies

dp = ||z —y"|| = d = inf ]z —y|| when n — +oo.
yeK

Let us show that y" is a Cauchy sequence. By using the symmetry of the scalar product, it

becomes 5

1
= 5 (dn +dp).

2 1 n »
5 + Hi(y -y")
Now, by the convexity of K, (y" +y*)/2 € K, and |z — 3 (y™ +¢)||> > d°. Consequently,

1, .,
Hx - 5" +y")

ly™ = yPI1* < 2(d3 + d2) — 4d°,

which shows that y™ is a Cauchy sequence. As V' is a Hilbert space, it is complete, therefore
the sequence y™ converges to a limit k. In addition, as K is closed, this limit xx belongs
to K. Consequently, we have d = ||z — zk||. As every minimizing sequence is convergent,
the limit is inevitably unique, and zx is the only minimum point of minyex ||z — y||.

Let zx € K be this minimum point. For all y € K and 6 € [0, 1], by the convexity of K,
zx + 0(y — k) belongs to K and we have

o —ax|* < llz = (ex +0(y — zx))|I.
By expanding the right-hand side, it becomes
o — 2| < llz —ax|® + 6%y — zx||* = 20(z — 2k, y — K),

which gives for 6 > 0

0> —2(x—ar,y —xr) + 02|
By making 6 tend to 0, we obtain the characterization (12.1). Conversely, take zx which
satisfies this characterization. For all y € K we have

lz = yllI* = llz = axl* + llox —yl* + 2(z - wx, 25 —y) > |z — x|,

which proves that zx is the orthogonal projection of x over K. a

Definition 12.1.13 Let V be a Hilbert space for the scalar product {,). We say
(countable) Hilbertian basis of V' for a countable family (en)n>1 of elements of V
which is orthonormal for the scalar product and such that the vector space gemerated
by this family is dense in V.
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Proposition 12.1.14 LetV be a Hilbert space for the scalar product {,). Let (€n)n>1
be a Hilbertian basis of V.. For every element x of V, there exists a unique sequence
(Tn)n>1 of real numbers such that the partial sum Ei:l Tnen converges to x when p
tends to infinity, and this sequence is defined by x, = (x,e,). Further, we have

lz]? = (z,2) = > (&, en)]*- (12.3)

n>1

We then write

T = Z(x,en>en.

n>1

Proof. If there exists a sequence (n)n>1 of real numbers such that limp— o 22:1 Tn€n =
z, then by projection over e, (and as this sequence is by definition independent of p) we
have x,, = (x, en), which proves the uniqueness of the sequence (z»)n>1. Let us now show
its existence. By the definition of a Hilbertian basis, for all x € V and for all € > 0, there
exists y, a finite linear combination of (en)n>1, such that |z — y|| < e. Thanks to theorem
12.1.10 we can define a linear mapping S, which, for every point z € V, produces Spz = zw,
where zw is the orthogonal projection over the vector subspace W generated by the first p
vectors (en)1<n<p. From (12.1), (z — Spz) is orthogonal to every element of W, therefore in
particular to Spz. We deduce that

21* = llz = Spzll* + 1Sp211%, (12.4)

which implies
[Spzll < [zl VzeV.

As Spz is generated by the (en)i1<n<p, and (z — Spz) is orthogonal to each of the (en)i<n<p,
we easily see that
P

Spz = Z(z,en>en.

n=1
For sufficiently large p, we have Spy = y as y is a finite linear combination of (e,)n>1.
Consequently,
[1Spz — [l < [[Sp(z = y)ll + [ly — 2l < 2[|z — yl| < 2e.
We deduce the convergence of Spz to x. From this convergence and from equation (12.4) we
have

. 2 2
lim 1Sy ]|” = ||z,
p——+o00
which is none other than the Parseval summation formula (12.3). a

The existence of a countable Hilbertian basis is not guaranteed for all Hilbert
spaces. The following proposition gives a necessary and sufficient condition for the
existence of a countable Hilbertian basis.

Proposition 12.1.15 Let V be a separable Hilbert space (that is, there exists a count-
able family which is dense in V' ). Then there exists a countable Hilbertian basis of V.



402 APPENDIX REVIEW OF HILBERT SPACES

Proof. Let (vn)n>1 be the family whose generated vector subspace is dense in V' (even if
it means renumbering the v,, and removing some of them, we can always assume that they
are linearly independent). By an application of the Gram—Schmidt procedure to this family,
we obtain an orthonormal family (en)n>1. As [vi,...,v5] = [e1,..., €], we deduce that
the vector subspace generated by (en)n>1 coincides with that generated by (vn)n>1 which
is dense in V. Therefore, (en)n>1 is a Hilbertian basis. O

Definition 12.1.16 Let V and W be two real Hilbert spaces. A linear mapping A
from V into W is called continuous if there exists a constant C such that

[Az|lw < Cllzllv Vz € V.

The smallest constant C which satisfies this inequality is the norm of the linear map-
ping A, in other words
| Az|lw
[Al = sup :
cevazo |zllv

Often, we will use the equivalent notation of the operator instead of mapping
between Hilbert spaces (we will speak of a continuous linear operator rather than a
continuous linear mapping). If V' is finite dimensional, then all the linear mappings
from V into W are continuous, but this is no longer true if V' is infinite dimensional.

Definition 12.1.17 Let V be a real Hilbert space. Its dual V' is the set of contin-
uous linear forms over V, that is to say, the set of continuous linear mappings from
V into R. By definition, the norm of an element L € V' is

L(x
Il = sup |L(z)|
seviezo |7

In a Hilbert space, duality has a very simple interpretation thanks to the Riesz
representation theorem which allows us to identify a Hilbert space with its dual by
isomorphism.

Theorem 12.1.18 (Riesz representation) Let V' be a real Hilbert space, and let
V' be its dual. For every continuous linear form L € V' there exists a unique y € V.
such that

L(z) =({y,x) VzxeV.

Further, we have | L||v: = ||yl

Proof. Let M = KerL. This is a closed subspace of V since L is continuous. If M =V,
then L is identically zero and we have y = 0. If M # V, then there exists z € V' \ M. Let
zm € M be its projection over M. As z does not belong to M, z — zjy is nonzero and, by
theorem 12.1.10, is orthogonal to every element of M. Finally, let

Z—ZM

20 = ———.
llz — znml
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Every vector € V can be written

Tz =w+ Azpg with A =

We see easily that L(w) = 0, therefore w € M. This proves that V = Vect(z0) & M. By
definition of zps and of zo, we have (w, zo) = 0, which implies

L(x) = (x, 20) L(20),

from where then we have the result with y = L(z0)zo (the uniqueness is obvious). On the
other hand, we have

lyll = [L(z0)1,

and

L(x T, 20
1Ll = sup O gy sup 2200
ccvizzo ||l veviezo 11Tl
The maximum in the last term of this equality is attained by x = 2o, which implies that
IZllv = [lyll- o

An essential result to prove the Farkas lemma 10.2.17 (used in optimization) is
the following geometrical property which is completely in agreement with intuition.

Theorem 12.1.19 (separation of a point and a convex set) Let K be a closed
convex nonempty set of a Hilbert space V, and xog ¢ K. Then there exists a closed
hyperplane of V' which separates xg and K strictly, that is to say, there exists a linear
form L € V' and o € R such that

L(zo) < a< L(z) VeeK. (12.5)

Proof. Let us denote by xx the projection of 2o over K. Since zo ¢ K, we have zx —xo # 0.
Let L be the linear form defined for all y € V by L(y) = (zx — zo,y), and let a =
(L(zk) + L(xo0))/2. From (12.1), we have L(x) > L(zk) > a > L(zo) for all x € K, which
finishes the proof. a

We finally need, to prove the Minkowski theorem 11.3.1, a variant of the separation
theorem, involving the important notion of hyperplane of support. If K is a convex
set of a Hilbert space V', we say hyperplane of support of K at a point = to mean
an affine hyperplane H = {y € V' | L(y) = a}, with L € V', L # 0, and « € R, such
that a = L(x) < L(y), for all y € C.

Corollary 12.1.20 (hyperplane of support) There exists a hyperplane of support
at every boundary point of a convex closed set K of a finite dimensional Hilbert space.
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Proof. Let z be a boundary point of K: there then exists a sequence z, € V' \ K, with
T, — x. The separation theorem 12.1.19 gives, for all n, a nonzero linear form L,, such that
Ly(zn) < Ln(y) for all y € K. We can choose Ly, with norm 1. As V is finite dimensional,
the unit sphere of V' is compact, and replacing L,, by a subsequence, we can assume that L,
converges to a linear form L, which is nonzero, since it has norm 1. It is enough now to pass
to the limit in L,(zn) < Ln(y), which we justify by writing Ly (zn) = Ln(zn — ) + Ln(z)

and by noting that |Ln(xn — x)| < ||Lallllzn — z|| = ||zn — ||, to obtain L(z) < L(y)
no matter what y € K. Thus, H = {y € V | L(y) = L(x)} is a hyperplane of support
of K at x. m|

Remark 12.1.21 The proof of corollary 12.1.20 does not extend to infinite dimensions: in
this case, the sequence L, has a value of adherence L for the weak topology, but nothing
says that L # 0. As a counterexample, let us consider the set K of sequences of {2 with
positive or zero terms, which is a convex closed set of /> with empty interior. Every point
of K is therefore a boundary point, but if z is a sequence of 2 with strictly positive terms,
there does not exist a hyperplane of support at x. °



Appendix Matrix Numerical
Analysis

This appendix is dedicated to the numerical analysis of matrix calculations and more
precisely to algorithms used to solve linear systems (particularly those coming from
the finite element method), and to calculating the eigenvalues and eigenvectors of a
self-adjoint matrix (occurring in the calculation of the eigenmodes of a mechanical
model). For more details we refer to the works [8] and [24].

13.1 Solution of linear systems

We say linear system for the problem which consists of finding the solutions x € R™
(if they exist) of the following algebraic equation

Az =b, (13.1)

where A belongs to the set M, (R) of real square matrices of order n, and b € R"
is a right-hand side vector. Of course, we have the well-known Cramer formulas at
our disposal which, for an invertible matrix A with columns (a!,...,a"), gives the
solution of (13.1) in its components

_det(al,... a0t b0t a™)
N detA

We might believe that this explicit formula is enough for our needs. But it is not, as
the Cramer formulas are completely unsuited to calculating efficiently the solution
of a linear system. Indeed, their cost in execution time on a computer is prohibitive:
we must calculate n+1 determinants and if we use the method of expansion by row (or
column) each determinant needs more than n! multiplications. In total, the Cramer
method therefore needs more than (n + 1)! multiplications, which is unimaginable:
for example, for n = 50, if the calculations are carried out on a computer operating
at 1 Gigaflop (a billion operations per second), the time of calculation is of the order
of 4.8 x 10* years! Even if we use a better method to calculate the determinants,
the Cramer method is not competitive compared with the algorithms that we shall
see (where the number of operations will typically be of the order of n?).

Xg
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We shall see two types of methods for the solution of linear systems: those called
direct, that is to say which allow us to calculate the exact solution in a finite number
of operations, and those called iterative, that is to say which calculate a sequence of
approximate solutions which converge to the exact solution.

13.1.1 Review of matrix norms

We start by recalling the idea of subordinate norm for matrices. We denote by
M, (R) (respectively M,,(C)) the set of real (respectively complex) square matrices
of order n. Even if we consider real matrices, it is necessary, for technical reasons
which will be seen in remark 13.1.4, to consider complex matrices.

Definition 13.1.1 Let || - || be a vector norm on C". We associate with it a matriz
norm, called subordinate to this vector norm, defined by
[[Az|]
[All = sup

zeCm x#£0 ||$C|| '

By abuse of language we use the same notation for vector norms and subordinate
matrix norms. We easily verify that a subordinate norm defined in this way is a
matrix norm over M,,(C) or M,,(R).

Lemma 13.1.2 Let || - || be a subordinate matriz norm over M, (C).

1. For every matriz A, the norm || A|| is also defined by

[Al="sup Az = sup [Az].
veC™, a]=1 veC™, o<1
| Az Al

2. There exists x4 € C" x4 # 0 such that || Al = ol
TA

3. The identity matriz satisfies || I|| = 1.
4. Let A and B be two matrices. We have ||AB| < ||A]l ||B]l-

Proof. The first point is obvious. The second can be shown by remarking that the

continuous function || Az|| attains its maximum on the compact set {x € C", ||z| = 1}.
The third is obvious, while the fourth is a consequence of the inequality ||ABx| <
Al | Bz DO

Remark 13.1.3 There exist matrix norms which are not subordinate to any vector
norm. The best example is the Euclidean norm defined by ||A] = 1/223‘:1 la;;]2.

Indeed, we have || I|| = v/n, which is not possible for a subordinate norm. o

We denote by || A||, the matrix norm subordinate to the vector norm on C™ defined
1
for p > 1 by |z, = O |2:[P) /p, and for p = 400 by [|2||cc = maxj<;<n |zi]. We
can calculate explicitly some of these subordinate norms. (In everything that follows
we denote by A* the adjoint matrix of A.)
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Exercise 13.1.1 Show that
1. ||All2 = ||A*|]2 = maximum singular values of A,

2. [|Alh = maxi<j<n (3 lasgl)

3. [[A]lc = maxi<i<n (Z;'Lzl |aij|) -

Remark 13.1.4 A real matrix can be considered to be a matrix of M,(R), or a
matrix of M,,(C) asR C C. If ||-||c is a vector norm in C™, we can define its restriction
| - lr to R™ which is also a vector norm in R™. For a real matrix A € M, (R), we can
therefore define two subordinate matrix norms ||Al|¢c and ||A||g by

A
and ||A|lg = sup | A=

A.%‘(C
JAle = sup 1Al .
zER™,z#£0 llzl|r

zeCn,z#0 llz]lc

A priori these two definitions can be distinct. Thanks to the explicit formulas of
exercise 13.1.1, we know that they coincide if ||z||c is one of the norms ||z||1, |z,
or ||z]|e. However, for other vector norms we can have ||A|lc > ||A||r. In addition,
in the proof of proposition 13.1.7 we need the definition over C of the subordinate
norm even if the matrix is real. This is why we use C in the definition 13.1.1 of the
subordinate norm. .

Definition 13.1.5 Let A be a matriz in M,,(C). We say spectral radius of A, denoted
by p(A), for the mazimum of the modulus of the eigenvalues of A.

The spectral radius p(A) is not a norm over M,,(C). Indeed, we can have p(A) =0
with A # 0 (take, for example, a triangular matrix with zeros on the diagonal).
However, the lemma below shows that this is a norm on the set of normal matrices.

Lemma 13.1.6 If U is a unitary matriz (U* = U~'), we have |[UA||2 = ||AU|2 =
|All2. Consequently, if A is a normal matriz (A*A = AA*), then ||A]2 = p(A4).

Proof. As U*U = 1, we have

2 *
A= s 194zl _ (UUAz, Az)

5 = = [|A]3.
zeC™ x#0 Htz zeCn,x#0 <x>$>

On the other hand, the change of variable y = U satisfies ||z||2 = ||y||2, and therefore

|AUz|3 | Ayll3 | Ayll3
JAU[3 = sup —“—2 = su =142 2= s 5 = [lAl3.
ceCrzz0 |23 yeCny#0 | yl5  yecryzo I3

If A is normal, it is diagonalizable in an orthonormal basis of eigenvectors and we
deduce from the preceding results that | A||2 = || diag(A;)||2 = p(4). a

We now compare the norm of a matrix A with its spectral radius p(A4).
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Proposition 13.1.7 Let | - || be a subordinate norm over M,,(C). We have

p(A) < Al
Conversely, for every matriz A and for all real numbers e > 0, there exists a subordin-
ate norm || - || (which depends on A and €) such that
JAIl < p(A) + . (13.2)

Proof. Let A € C be an eigenvalue of A such that p(A) = |A|, and 2" # 0 an
associated eigenvector (Ax? = A\z"). We have

1Al = p(A) [l = [ A=°[| < [|A[l]|z°],

from which we deduce p(A) < ||A]|. As the eigenvector z° can be complex, it is essen-
tial to use a vector norm on C™ even for a real matrix (cf. remark 13.1.4). Conversely,
there exists an invertible matrix U such that 7' = U~' AU is upper triangular. For all
§ > 0 we define a diagonal matrix Ds = diag(1,d,62,...,0" 1) such that the matrix
Ts defined by

Ts = (UDs)"*A(UDs) = D5 'T D

satisfies
ti1 Otig -+ "My, tin tiz - tin
= ¢ - : with 7= °
: Otn_1n . . . :
0O - 0 o 0 - 0 ty,

Given € > 0, we can choose J sufficiently small so that the off-diagonal elements of Ty
are also very small, for example, so that for all 1 <i<n—1,

n
Z 5j71|tij| S €.
j=i+1

Then the mapping B — ||[(UDs) ' B(UDs)|| is a subordinate norm (which depends
on A and €) which satisfies (13.2). O

Lemma 13.1.8 Let A be a matriz of M, (C). The following four conditions are
equivalent

2. lim;_, o A’z = 0 for every vector x € C",
3. p(4) <1,

4. there exists at least one subordinate matriz norm such that || Al < 1.
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Proof. Let us show first of all that (1) implies (2). The inequality
[A%]| < | A"[[[l2]

shows that lim; ., A’z = 0. Then, (2) implies (3) as, if p(A) > 1, then there exists
A and z # 0 such that Az = Az and |A\| = p(A), and, consequently, the sequence
Az = Nz cannot converge to 0. As ‘(3) implies (4)’ is an immediate consequence of
proposition 13.1.7, it only remains to show that (4) implies (1). For this, we consider
the subordinate matrix norm such that ||A|| < 1, and we have

|A%| < |A]' = 0 when i — +o0,

which shows that A* tends to 0. O

13.1.2 Conditioning and stability

Before describing the algorithms for the solution of linear systems, we must consider
the problems of precision and stability due to rounding errors. Indeed, in a computer
there are no exact calculations, and the precision is limited because of the number of
bits used to represent real numbers: usually 32 or 64 bits (which makes about 8 or 16
significant figures). We must therefore pay great attention to the inevitable rounding
errors and to their propagation throughout a calculation. Numerical methods for the
solution of linear systems which do not amplify these errors are called stable. In
practice, we shall therefore use algorithms which are both efficient and stable.
This amplification of errors depends on the matrix considered. To quantify this
phenomenon, we introduce the idea of the condition number of a matrix.

Definition 13.1.9 Take a subordinate matriz norm that we denote by || A|| (see defin-
ition 138.1.1). We say the condition number of a matriz A € M,,(C), relative to this
norm, for the value defined by

cond(A) = A - | A"

This idea of condition number will allow us to measure the amplification of the
errors in the data (right-hand side or matrix) which result.

Proposition 13.1.10 Let A be an invertible matriz. Let b # 0 be a nonzero vector.

1. Let © and x + dx be the respective solutions of the systems
Ar=0b and A(x+d0x)=>b+ b

Then we have

16| [160]]
—— < cond(4)—-+. (13.3)
] el
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2. Let x and x + d0x be the respective solutions of the systems
Az =b and (A+0A)(z+dx)="0.

Then we have

19|l

[6A]l
[ + oz —

ond(A) Al

(13.4)

Moreover, these inequalities are optimal.

Remark 13.1.11 We shall say that a matrix is well conditioned if its condition
number is close to 1 (its minimal value) and that it is ill conditioned if its condition
number is large. Because of the results of proposition 13.1.10, in practice it will
be necessary to pay attention to rounding errors if we solve a linear system for an
ill-conditioned matrix. °

Proof. To show the first result, we remark that Adxz = 0b, and therefore ||0z| <
[|A=Y||-||6b]|. However, we also have ||b|| < || Al|||«||, which gives (13.3). This inequality
is optimal in the following sense: for every matrix A, there exists b and = (which
depend on A) such that (13.3) is in fact an equality. Indeed, from a property of
subordinate matrix norms (see lemma 13.1.2) there exists  such that ||b]| = || A||||=]|
and there exists db such that ||dz| = ||A~Y|[|6b]|.

To obtain (13.4) we remark that Adx + JA(x + dz) = 0, and therefore ||oz| <
|A=Y |6 A||||2+ 02|, which implies (13.4). To prove the optimality, we shall show that
for every matrix A there exists a perturbation JA and a right-hand side b for which
there is equality. Thanks to lemma 13.1.2 there exists y # 0 such that |4~ y| =
lA=Y[ly]l- Let € be a nonzero scalar. We set §A = el and b= (A + §A)y. We verify
then that y = y + dx and dx = —eA~1y, and as ||§A|| = |¢| we obtain the equality in
(13.4). O

The condition numbers most used in practice are
cond,(A) = [|A[l,[[A7*], for p=1,2, 400,

where the norms ||Al|, are explicitly defined in lemma 13.1.1. We easily verify a
certain number of properties of condition number.

Exercise 13.1.2 Take a matrix A € M,,(C). Verify that
(1) cond(A) = cond(A~1) >1, cond(awA) = cond(4) Va #0,

(2) for an arbitrary matrix, conds(A) = p,(A)/pu1(A), where pi(A), p,(A) are re-
spectively the smallest and the largest singular value of A,

(3) for a normal matrix, conda(A) = |Au(A)|/|A1(A)], where [A1(A)], |\ (A4)] are
respectively the smallest and the largest eigenvalue in modulus of A4,
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(4) for every unitary matrix U, conds(U) = 1,
(5) for every unitary matrix U, conds(AU) = conda(UA) = conda(A).

Exercise 13.1.3 Show that the condition number of the stiffness matrix Ky, given by
(6.12) for the P; finite element method applied to the Laplacian, is

4

conds(Kp) = o

(13.5)

We shall show that the eigenvalues of K, are
_9 . 9 km

A, =4h™“sin” | —— 1<k<n

2(n+1)

for eigenvectors u”*

u?:sin<‘7k”> 1<j, k<n.
n+1

Remark 13.1.12 The estimate (13.5) of the condition number of the stiffness matrix
K, seems very pessimistic, even catastrophic. Indeed, the finite element method
converges if h = 1/(n + 1) tends to zero. In other words, precise results can only
be obtained if the matrix is very large and very ill conditioned. But in this case,
the inevitable rounding errors on the right-hand side or on the matrix risk being
amplified enormously to the point of making the discrete solution wj, very different
from its predicted limit. Very fortunately, this does not happen in practice as the
right-hand side b, of the linear system I, U, = by is not arbitrary and does not
make the inequalities of proposition 13.1.10 optimal. If we return to the proof of the
optimality of these inequalities, we realize that it is obtained for a vector b which is
an eigenvector of K, associated with its largest eigenvalue A,,. From exercise 13.1.3,
such an eigenvector oscillates strongly on the mesh (its components change sign from
one element to the next). If the right-hand side by, is more ‘regular’ (that is to say
that it is a linear combination of the K first eigenvectors u* of K},), we can improve
the result of proposition 13.1.10 by obtaining

oz _

el —

90|
TR

where C'(K) is a constant independent of n. This is exactly what happens in practice,
and this last inequality justifies the use of the finite element method despite the
presence of rounding errors in calculations on computers. °

13.1.3 Direct methods
Gaussian elimination

The principal idea of this method is to reduce the problem to the solution of a linear
system whose matrix is triangular. Indeed, the solution of a linear system, Tx = b,
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where the matrix T is triangular and invertible, is very easy by simple recursive
substitution. Indeed, the system

tii1r1+  tioret - e tinTn =b1

tooxo+ - e ton®n = by

tnfl,nflxnfl'i_ tnfl,nmn = bnfl
tmnxn = bn

is solved by first calculating x,, = by, /¢y, then z,,_1, and so on until z;. We call this
procedure back substitution (in the case of a lower triangular matrix, the similar
procedure which calculates the components of the solution from z; to x, is called
forward substitution). Let us remark that we have therefore solved the system
Tx = b without inverting the matrix 7. In the same way, the method of Gaus-
sian elimination will solve the system Az = b without calculating the inverse of the
matrix A.
Gaussian elimination decomposes into three steps:

(1) elimination: calculation of an invertible matrix M such that M A = T is upper
triangular,

(2) update of the right-hand side: simultaneous calculation of Mb,

(3) substitution: solution of the triangular system T'x = Mb by simple back substi-
tution.

The existence of such a matrix M is guaranteed by the following result for which
we will give a constructive proof which is none other than Gaussian elimination.

Proposition 13.1.13 Let A be a square matriz (invertible or not). There exists at
least an invertible matriz M such that the matric T = M A is upper triangular.

Proof. The principle is to construct a sequence of matrices A*, 1 < k < n, whose first
(k — 1) columns are filled with zeros under the diagonal. By successive modifications, we go

from A' = A to A™ = T which is upper triangular. We denote by (afj)Ki i<n the elements

of the matrix A*, and say pivot of A* for the element af,. To go from the matrix A* to the
matrix A1, we must be sure first of all that the pivot af,, is not zero. If it is, we permute
the kth row with another row to put a nonzero element in the position of the pivot. Then
we proceed to the elimination of all the elements of the kth column below the kth row by
making linear combinations of the current row with the kth row.

More precisely, we carry out the following operations. We multiply A* by a permutation
matrix P* to obtain A* = P*A" such that its pivot af, is nonzero. If a¥, # 0, then it is
enough to take P* = 1. Otherwise, if there exists af}, # 0 with ¢ > k + 1, we permute the
kth row with the ith by taking P¥ = (e1,...,ex_1,€i, €ht1,...,€i 1,6k, €it1,...,en) (if all
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the elements of the kth column under the diagonal, afk with ¢ > k, are zero, then there is
nothing to do!). Then we multiply A* by a matrix E*, defined by

1

0
1

k ~
B = _ ik 1 ) (13.6)

ak

0 i 1
ak
kK

which eliminates all the coefficients of the kth column below the diagonal. We set

~1 ~1

at, - ... at,
0
: .. ~k ~k ~k
k+1 k jk . © Apk A k+1 ag
A + — EFAF = , sk+ e
k+1 k+1
0 Api1k+1 " Qpgin
k+1 k+1
0o ... 0 (G EE gy

with afj"'l = &fj — (af’k/a’,j’k)a,ﬁ,j for k4+1 < i,5 < n. The matrix A**! therefore has the
desired form with its k first columns having zeros under the diagonal. After (n — 1) steps,
the matrix A™ is upper triangular and satisfies A = M A with M = E*~1p*~1... p1pL,
The matrix M is invertible as detP? = 41 and detE’ = 1.

We can update the right-hand side (that is to say calculate Mb) as we calculate the

matrices P® and E*. We construct a sequence of right-hand sides (b*)1<x<n defined by
bt =, Bt = EFP*RE for 1<k <n—1,

and we have b = Mb. To solve the linear system Az = b it only remains to solve the system
A"x = Mb where A™ = T is an upper triangular matrix. ]

Remark 13.1.14 Let us mention some practical aspects of the Gaussian elimination
method.

1. We never calculate M! We do not need to multiply the matrices E* and P* to calculate
Mb and A".

2. If A is not invertible, one of the diagonal coefficients of A™ = T is zero and we will
not be able to solve Tx = Mb. Conversely, the elimination is always possible.

3. At step k, we only modify the part of the rows k + 1 to n between the columns k + 1
to n.

4. As a by-product of Gaussian elimination, we can calculate the determinant of the
matrix A. Indeed, we have detA = + detT according to the number of permutations
carried out.
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5. To obtain better numerical stability in the calculations on computers we should choose
the pivot @y, carefully. To avoid the propagation of rounding errors we must choose
the largest pivot possible in absolute value. Even when the natural pivot af, is not
zero, we permute to put in its place a larger pivot &Zk. We say that we make a partial
pivot if we take the largest pivot possible in the kth column below the diagonal (as
we have done in the proof above). We say that we make a total pivot if we take the
largest pivot possible in the submatrix below the diagonal of size (n — k) X (n — k) (in
this case we permute row and column).

LU factorization

The LU method consists of factorizing the matrix A into a product of two triangular
matrices A = LU, where L is lower triangular and U is upper triangular. It is in fact
the same algorithm as Gaussian elimination in the particular case where we never
pivot. Once we have established the LU factorization of A, the solution of the linear
system Az = b is equivalent to the simple solution of two triangular systems Ly = b
then Uz = y.

Proposition 13.1.15 Take a matriz A = (a;j)1<i,j<n of order n such that all the
diagonal submatrices of order k, defined by

AF =

are invertible. There exists a unique pair of matrices (L,U), with U upper triangular,
and L lower triangular having a diagonal 1, such that

A=LU.

Remark 13.1.16 The hypothesis of proposition 13.1.15 is not unreasonable. Indeed,
it is true if, for example, A is positive definite. If A* is not invertible, then there exists
a nonzero vector z¥ € KerAF and complementing it by zeros, we construct a nonzero
vector z = (z¥,0) which satisfies Az - = 0, which contradicts the positive definite
character of A. .

Proof. Let us assume that during Gaussian elimination we do not need to make
permutations to change the pivot, that is to say that all the natural pivots a’,zk are
nonzero. Then, with the notation of proposition 13.1.13 we have A™ = E""1..E'A
with E* defined by (13.6). We set U = A" and L = (E')~!...(E"1)~1. Then we
have A = LU and it simply remains to verify that L is lower triangular. An easy
calculation shows that (E*)~! is obtained starting from E* by changing the sign of the
elements under the diagonal, that is to say, setting l;x = aﬁk/agk, fork+1<i<n,
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we have
1 1
0 0
Ek — 1 , (Ek‘)fl — 1
—l1e - : Hit1,k
0 —lnk 1 0 +ln,k 1

Another calculation shows that L is lower triangular and that its kth column is the
same as that of (E¥)~!

1 0 0

I — l21
0
lpi oo lpn—1 1

)

We must now verify that the pivots are not zero under the hypothesis made on the
matrices A*. We verify this by induction. The first pivot a;; is nonzero as it is
equal to Al which is invertible. We assume that all the pivots up to the order k — 1
are nonzero. Let us show that the new pivot a’,ﬁk is also nonzero. As the k — 1 first
pivots are nonzero we could calculate the matrix A¥. We then write the equality
(EY)~t...(E*=1)~1AF = A in the form of an equality between block matrices

LY 0 Uk, Ak, _ AR A,

5L5 1 A, AL, A1 Az )7
with UJy, L¥,, and A* square blocks of size k, and A%,, 1, and Asy square blocks of
size n — k. By applying the rules for multiplication block matrices, we obtain

LlflUfl = Aka

where U}, is an upper triangular matrix, and L¥, a lower triangular matrix with ‘1s’
on the diagonal. We deduce that the matrix UF, = (L% ) tA* is invertible as the
product of invertible matrices. Its determinant is therefore nonzero. Or

k
detUf, = Haﬁ- # 0.

i=1

Therefore the pivot a’,j i at the step k is nonzero.
It only remains to verify the uniqueness. Take two LU decompositions of the
matrix A = L1U; = LaUs. We deduce that L;lLl = UgUfl, where the matrix



416 APPENDIX MATRIX NUMERICAL ANALYSIS

Ly 1L, is lower triangular and UU; ! is upper triangular from lemma 13.1.17. They
are therefore both diagonal, and as the diagonal of L 1L, is composed of 1s, we have
Ly'Ly =UsU; ' = L O

Lemma 13.1.17 Let T be a lower triangular matriz. Its inverse (if one exists) is also
a lower triangular matriz and its diagonal elements are the inverses of the diagonal
elements of T. Let T' be another lower triangular matriz. The product TT' is also
lower triangular, and its diagonal elements are the product of diagonal elements of T
and of T'.

We leave to the reader the elementary proof of lemma 13.1.17.

Practical calculation of LU factorization. We calculate the LU factorization
(if it exists) of a matrix A by identification with the product LU. By setting A =
(aij)1<i,j<n, and

1 0 0 U1,1 U1,n
I = la U= 0  uso 7
0
ln 1 e ln,n—l 1 0 e 0 Un,n

as L is lower triangular and U upper triangular, for 1 < 4,5 < n it becomes

n min(z,5)
i = E likuk,; = E li kg,
k=1 k=1

Identifying the columns of A;; in increasing order, we deduce the columns of L and of
U. Thus, after having calculated the (j — 1) first columns of L and of U as a function
of the (7 — 1) first columns of A, we read the jth column of A

7 1—1
a;j = E Ligukp; = Uij=a;; — E i Uk, j for 1 <i <y,
k=1 k=1

j—1
ai; — L pug,
g ~ Qe Lk kg for j+1<i<n.

J

aiy = ligun; = lij= ,
k=1

We therefore calculate the first j components of the jth column of U and the last

n — j components of the jth column of L as a function of their (j — 1) first columns.

We divide by the pivot u;; which must therefore be nonzero!

Numerical algorithm. We write the algorithm corresponding to the LU decom-
position method in a computational pseudo-language. We have seen that we traverse
the matrix A column by column: at the step k we calculate the kth column of L,
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then we place zeros under the diagonal of the kth column by making linear combina-
tions of the kth row with each of the rows from k£ + 1 to n. Since at the step k the
first k rows and the first £ — 1 columns of the matrix are no longer modified, we can
store in the same array which initially contained the matrix A, the matrices A* and
LF = (EY)~'...(E*1)~! (we only store the nontrivial elements of L* instead of the
zeros of AF under the diagonal of its first k£ — 1 columns). At the end, this array will
contain the matrices L and U (L in its lower part—without the diagonal of 1s—and
U in its upper part).

For k=1,n—-1 «—— step k
For i=k+1,n «—— row i
ik :aik/akk «—— new column of L
For j=k+1,n
aij = Gjj — Q;10; +— combination of rows ¢ and k
End of the loop in j
End of the loop in %
End of the loop in &k

Operations count. To measure the efficiency of the LU decomposition algorithm
we count the number of operations needed to carry it out (which will be proportional
to its time of execution on a computer). We do not calculate this number of operations
exactly, and we are content with the first term of its asymptotic expansion when the
dimension n is large. Moreover, for simplicity we only count the multiplications and
divisions (and not the additions whose number is in general the same order of size).

e Elimination or LU decomposition: the number of operations N, is
n—1 n n
Nop=D_ > |1+ 2 1],
j=1i=j+1 k=j+1
which, to the first order, gives Nop, &~ n3/3.

e Substitution (or back substitution—forward substitution on the two triangular
systems): the number of operations N, is given by the formula

Nop = 22]1
j=1

which, to the first order, gives N, &~ n?.

In total the solution of a linear system Az = b by LU factorization needs N,p, ~ n®/3
operations as n? is negligible compared with n3 when n is large.

Remark 13.1.18 We also use the method of LU factorization to calculate the deter-
minant and the inverse of a matrix. To obtain A~!, we decompose A into LU factors
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and we solve n linear systems with, as right-hand sides, the basis vectors (e;)1<i<n
(two substitutions per solution, but the basis vectors e; have many zero components,
which makes the forward substitution step with L cheap). The number of operations

to calculate A~ is
—i— Z —+n ( ) ~nd.

To calculate the determinant of A, we decompose A into LU factors and we calculate
the determinant of U (that of L is 1), for which we only need to multiply the diagonal
elements of U together (n — 1 multiplications). The number of operations to calculate
detA is therefore N,, ~ n®/3. .

The Cholesky method

This is a method which is only applicable to real symmetric, positive definite matrices.
It consists of factorizing a matrix A in the form A = BB* where B is a lower triangular
matrix (and B* its adjoint or transpose).

Proposition 13.1.19 Let A be a real symmetric, positive definite matrixz. There
exists a unique real matriz B which is lower triangular, such that all its diagonal
elements are positive, and which satisfies

A= BB*.

Proof. By application of proposition 13.1.15, there exists a unique pair of matrices
(L,U) such that A = LU with U upper triangular and L lower triangular having a
diagonal of 1s. We denote by D the diagonal matrix defined by D = diag(\/u;). It
is possible to take the square root of the elements of the diagonal of U as a block
matrix multiplication argument shows that Hleuii = detA* > 0, where A" is
the diagonal submatrix of order k extracted from A, therefore each wug; is strictly
positive. We then set B = LD and C = D~'U which verifies A = BC. As A =
A*, we deduce C(B*)~! = B~1(C*). From lemma 13.1.17 the matrix C(B*)~! is
upper triangular, while B~1C* is lower triangular. They are therefore both diagonal.
Moreover, the diagonal elements of B and C' are the bame therefore, the diagonal
of B71C* is only composed of 1s, that is to say, C(B*)~! = B~1C* = 1, therefore
C = B*. To show the uniqueness of the Cholesky decomposmon, we assume that
there exist two factorizations A = By Bf = ByBj, from which By 'B; = Bj(B})™!
From lemma 13.1.17, we deduce that B;lB1 = D = diag(dy,...,dy), and therefore
that A = BaB3 = Bo(DD*)B5. As By is invertible, it becomes D? = I therefore
d; = £1. Now all the diagonal coefficients of a Cholesky decomposition are positive
by hypothesis. Therefore d; = 1, which implies B; = Bs. O

Practical calculation of Cholesky factorization. In practice, we calculate the
Cholesky factor B by identification in the equality A = BB*. Let A = (aij)1<i,j<n:
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B = (bij)1<i,j<n with b;; = 01if i < j. For 1 <4, j < n, it becomes

min(i,)

n
ajj = E birbjr =
k=1

By identifying the columns of A in increasing order (or its rows, which comes to
the same thing as A is symmetric) we deduce the columns of B. Thus, after having
calculated the first (j — 1) columns of B as a function of (j — 1) first columns of A,
we read the jth column of A below the diagonal

bikbjk~
k=1

J Jj—1
aj;=> (bn)?* = = (bj)?
k=1 k=1
J j—1
@i — STy _ .
aij = ijkbi,k = b= bk-_-l IR for j4+1< i <n.
k=1 5

We therefore calculate the jth column of B as a function of its (j — 1) first columns.
Because of the preceding theorem, we are sure that, if A is symmetric positive definite,
the terms under the square roots are strictly positive. Conversely, if A is not positive
definite, we will find that a;; — >>4_1 (bjx)? < 0 for a certain range j, which prevents
the algorithm from terminating.

Numerical algorithm. The Cholesky algorithm can be written in a very compact
fashion by using one array which originally contains A which is replaced step by step
with the factor B. Let us remark that it is enough to store the lower half of A since
A is symmetric.

For j=1,n
For k=1,7—-1
a;; = aj; — (bjk)”
End of the loop in k
ajj = \/ajj
For i=j4+1,n
For k=1,j—-1
aij = a;j — bjkbik
End of the loop in k
aij = ij/aj
End of the loop in %
End of the loop in j

Operations count. To measure the efficiency of the Cholesky method we count
the number of operations (only the multiplications) necessary to carry it out. The
number of square roots is n which is negligible in this operations count.
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e Cholesky factorization: the number of operations Ny, is

which, to the first order, gives Nop, &~ n3/6.

e Substitution: we must make a back substitution and a forward substitution on
the triangular systems associated with B and B*. The number of operations is
to the first order Nop =~ n2.

The Cholesky method is therefore approximately twice as quick as the Gaussian
elimination method for a symmetric positive definite matrix.

Banded matrices and sparse matrices

When a matrix has many zero coefficients, we say that it is sparse. If the nonzero
elements are near to the diagonal, we say that the matrix has a banded structure.
For these two types of matrices (which appear naturally in the finite element method
as in most of the other methods), we can improve the operations count and the storage
necessary to solve a linear system. This gain is very important in practice.

Definition 13.1.20 A matriz A € M,(R) is called a banded matriz, with half-
bandwidth p € N if its elements satisfy a;; = 0 for |t — j| > p. The size of the
band is then 2p + 1.

The interest in banded matrices comes from the following property.

Exercise 13.1.4 Show that the LU and Cholesky factorizations conserve the banded
structure of matrices.

Remark 13.1.21 While the LU and Cholesky factorizations preserve the banded
structure of matrices, this is not so for their sparse structure. In general, if A is
sparse (even inside a band), the factors L and U, or B and B* are ‘full’ (the opposite
of sparse) in the interior of the same band. .

The following exercise allows us to quantify the gain that comes from using banded
matrices.

Exercise 13.1.5 Show that, for a banded matrix of order n and half-bandwidth p, the
operations count of LU factorization is O(np?) and that of Cholesky factorization is

O(np?/2).
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Let us pass to the case of sparse matrices. Let us explain first of all how to store
these sparse matrices in the computer memory. As we only store the nonzero elements
of the matrix, we obtain an appreciable saving in space. We present a storage method,
called Morse storage, in a simple example, given that we only use it in practice for
large matrices. Take therefore the matrix

9 0 -3 0
7 -1 0 4
A=1o 5 2 o0
1 0 -1 2

The elements of A are stored, row by row, in an array with only one dimension
STOCKA. We define an array DEBUTL which indicates the beginnings of the rows of A
in STOCKA: more precisely STOCKA(DEBUTL()) is the first nonzero element of the row
1. We also need an array INDICC which indicates the column of each element stored in
STOCKA: if a; ; is stored in STOCKA(k), then INDICC(k) = j. The number of nonzero
elements of A is equal to the size of the vector INDICC (or of the vector STOCKA). The
number of rows of A is equal to the size of the vector DEBUTL. In our example, we have

[ sTockA [| NpICC || DEBUTL |

9 1 1
-3 3 3

7 1 6
-1 2 8

4 4

5 2

2 3

1 1
-1 3

2 4

In general, the LU and Cholesky factorizations of a sparse matrix produce ‘full’
factors with few nonzero elements (there exist algorithms which minimize this ‘fill-
ing’ but they are less efficient than in the case of banded matrices). In practice,
sparse matrices are often associated with the iterative methods that we shall see in
Section 13.1.4. Indeed, matrix-vector products are easy to evaluate with this type of
storage.

Equivalence of operations and the Strassen algorithm

We remark that all these methods for the solution of linear systems have an operations
count of the order of n®, as does the calculation of the inverse (see remark 13.1.18) or the
multiplication of two matrices of order n. It is not a coincidence as the following result
shows, in a surprising way, that the inversion of a matrix has the same complexity as the
multiplication of two matrices, even if the inversion seems, at first glance, to be a more
complicated operation.
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Lemma 13.1.22 The inversion of matrices and matriz multiplication have the same asymp-
totic complexity, that is to say that if there exists an algorithm for one of these operations
such that its number of operations is bounded by O(n®) with o > 2, then we can construct
an algorithm for the other operation whose number of operations is also bounded by O(n®).

Proof. Let I(n) be the number of operations to calculate A~ by a given algorithm, such
that there exist C and o > 2 satisfying I(n) < Cn®. Let us show that there exists an
algorithm to calculate the product AB whose number of operations P(n) is such that there
exists C' for which P(n) < C'n® with the same exponent . We remark that

I A 0\ " I —A AB
0 I B = o 1 -B|.
0 0 I 0o o0 I

Consequently, the product AB is obtained by inverting a matrix three times larger.

Therefore,
P(n) <I(3n) < C3%n".

Now let P(n) be the number of operations to calculate AB by a given algorithm, such that
there exists C' and « satisfying P(n) < Cn®. Let us show that there exists an algorithm
to calculate A~ whose number of operations I(n) is such that there exists C’ for which
I(n) < C'n® with the same exponent a. We remark that

A B\ _ [ A'4A'BATICATY —AT'BAT
c p) = —ATlcAT! A~ :

with A = D — CA™' B (sometimes called the Schur complement). We deduce
I(2n) < 2I(n) + 6P(n),
if we neglect the additions. Iterating this formula for n = 2*, we obtain

k—1
1028 < 2°1(1 +622’“1P <C’<2 +ZQ’“1+‘“>.

=0

As a > 2, we deduce
12" < ¢'2°".
If n # 2F for all k, there exists k such that 2 < n < 2"*1. We inscribe the matrix A in a

2k+1
A 0
o I )’

where I is the identity of order 2571 — n. We obtain

larger matrix of size

I(n) S Cl(2k+1)a S Cl2ana
which is the desired result. ]

It was believed for a long time that the matrix multiplication of order n (and therefore
their inversion) could not be done in less that n® operations. But since a discovery by
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Strassen in 1969, we know that this is not true. Indeed, Strassen developed an algorithm
for matrix multiplication which needs far fewer operations for large n. He obtained, for this
algorithm, an operations count

Nop(n) = O(n'°?27)  with log, 7 ~ 2, 81. (13.7)

This result, itself surprising, has since been improved: we have found other algorithms, more
and more complicated, for which the number of operations grows less quickly for large n,
but we have not always found the best algorithm possible (that is to say that which leads to
the smallest exponent « such that Nop(n) = O(n®)). Obviously, for very large matrices, the
gain in time obtained by these algorithms is appreciable (the Strassen algorithm has actually
been used on supercomputers).Unfortunately, these algorithms often have numerical stability
problems (they amplify the rounding errors) which limit their practical use.
The Strassen algorithm relies on the following lemma which appears benign!

Lemma 13.1.23 (Strassen algorithm) The product of two matrices of order 2 can be
made with 7 multiplications and 18 additions (instead of 8 multiplications and 4 additions
by the usual rules).

Proof. A simple calculation shows that

a b a _ mi1 + ma — ma + me ma + ms
c d vy & ) me + mr me —ms +ms —mr )’

with
mi = (b—d)(y+0)  ms=a(f—9)
mz = (a+d)(a+d)  me=d(y—a)
ms = (a —¢)(a+ B) mr = (c+ d)a
my = (a+b)d
We count 7 multiplications and 18 additions. m]

The crucial point in lemma 13.1.23 is that Strassen’s multiplication rule is also valid if
the matrix coefficients are in a noncommutative algebra. In particular, this is therefore true
for block matrices.

Take then a matrix of size n = 2¥. We cut this matrix into four blocks of size 2°~!, and
we apply the Strassen rule. If we count not only the multiplications but also the additions,
the number of operations Nop(n) to make the product of two matrices satisfies

Nop(2¥) = TNap(2°71) 4 18(2571)?,

as the addition of two matrices of size n requires n? additions. A simple induction gives

k—1
Nop(2") = T¥Nop(1) +18 Y 74" 7174 < 78 (Nop (1) +6) .
=0

We deduce easily that the optimal number of operations Nop(n) satisfies the bound (13.7).
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13.1.4 Tterative methods

Iterative methods are particularly interesting for very large matrices or sparse matri-
ces. Indeed, in this case direct methods can have a prohibitive calculation and storage
cost (recall that LU or Cholesky factorization need of the order of n® operations). Let
us start with a very simple class of iterative methods.

Definition 13.1.24 Let A be an invertible matrixz. We introduce a regular decompos-
ition of A (sometime called a ‘splitting’), that is to say a pair of matrices (M, N) with
M invertible (and easy to invert in practice) such that A = M — N. The iterative
method based on the splitting (M, N) is defined by

{ xo giwven in R™, (13.8)

Mzxgi1 =Nz +b VE> 1.

If the sequence of approximate solutions xj converges to a limit z when & tends
to infinity, then, by passage to the limit in the induction (13.8), we obtain

(M —N)x=Ax =b.

Consequently, if the sequence of approximate solutions converges, its limit is the
solution of the linear system.

From a practical point of view, we must know when to stop the iteration, that is
to say at what moment zj is sufficiently close to the unknown solution z. As we do
not know z, we cannot decide to stop the calculation as soon as ||z — x| < € where €
is the desired precision. On the other hand, we know Az (which is b), and a stopping
criterion frequently used is ||b — Az|| < e. However, if the norm of A~! is large this
criterion can be misleading as

& — ]| < AT b — Azg|| < €| A7Y|
which will not be small.

Definition 13.1.25 We say that an iterative method is convergent if, whatever
the choice of the initial vector zq € R", the sequence of approximate solutions
x converges to the exact solution x.

We start by giving a necessary and sufficient condition for convergence of an
iterative method with the help of the spectral radius of the iteration matrix (see
definition 13.1.5 for the idea of spectral radius).

Lemma 13.1.26 The iterative method defined by (13.8) converges if and only if the
spectral radius of the iteration matriz M~1N satisfies p(M~1N) < 1.

Proof. We define the error e, = z, — . We have

ex = (M 'Nazp_y + M b) — (M Nz + M~'b) = M 'Nep_y = (M~IN)Feq.
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By application of lemma 13.1.8 we deduce that e; tends to 0, for any eq, if and only
if p(M~IN) < 1. a

In practice the spectral radius of a matrix is difficult to calculate (we must calculate
its eigenvalues). This is why we use other sufficient conditions of convergence, as indicated
below.

Lemma 13.1.27 Let A be a Hermitian, positive definite matriz. Take a reqular decompos-
ition of A defined by A = M — N with M invertible. Then the matriz (M*+ N) is Hermitian.
Moreover, if (M* + N) is also positive definite, then

p(M™'N) < 1.
Proof. First, let us show that M™* 4+ N is Hermitian:
(M*+N)"=M+N"=A+N)+N"=A"+ N"+ N=M"+N.

We define the vector norm |z|4 = /(Az,x) over R" (which is a norm as A is positive defi-
nite). We denote by ||.|| the matrix norm subordinate to |.| 4. We will show that |M~'N]| < 1
which implies the desired result thanks to proposition 13.1.7. We calculate

|IM~'N|? = max |M~'Nvl3.
|[v]a=1

Now, from lemma 13.1.2, there exists v, dependent on M !N, such that |v]a =1 and
|M ™ Nol% = [M~INJ|”.
As N = M — A, we obtain, by setting w = M~ ! Av,
IM™'Nv|3 = (AM™'No, M~'Nv)
(AM~Y(M — Ao, M~ (M — A)v)
((Av — AM ™ Av), (I — M~ A)v)
= (Av,v) — (AM ™ Av,v)
+{AM ™ Av, M~ Av) — (Av, M~ Av)
= 1— (M 'Av, MM~ Av)
+HAM ™ Av, M~ Av) — (MM ™' Av, M~ Av)
1— (w, Mw) + (Aw,w) — (Mw, w)
1— (M 4+ N)w,w).

Now ((M* 4+ N)w,w) > 0, as (M™ + N) is positive definite, and w # 0 as A and M are
invertible. Therefore
IMTINI? =1~ (M + N)w,w) < 1,

which finishes the proof. a

Since these iterative methods for the solution of linear systems are intended to be used on
computers whose calculations are not exact but polluted by rounding errors, it is necessary
to verify that these errors do not propagate to the point of destroying the convergence of
the methods or, worse, make them converge to false solutions. Very happily this is not the
case as the following result shows.
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Lemma 13.1.28 Take a reqular decomposition of A defined by A = M — N with M invert-
ible. Take a right-hand side b € R™ and the solution © € R™ such that Ax =b. We assume
that at each step k the iterative method has an error ex € R™ in the sense that xry1 s not
ezactly given by (13.8) but rather by

Thp1 = M *Nzp + M b+ €.

We assume that p(M~*N) < 1 and that there exists a vector norm and a positive constant
€ such that for all k > 0
el < e

Then there exists a constant K, which only depends on M™YN, such that

limsup ||zx — z|| < Ke.
k— oo

Proof. We again define the error ey = xx — = and we have now exy1 = M ' Nex + . We
deduce

k—1
- k _ i
e = (M7'N) eo—|—z (M™'N) i1 (13.9)
i=0
By application of proposition 13.1.7 there exists a subordinate matrix norm || - ||s such that

IM~tNJs < 1since p(M~'N) < 1. We denote in the same way the associated vector norm.
Now all the vector norms on R" are equivalent: there, therefore, exists a constant C' > 1,
which only depends on M ~'N, such that

CHyll < llylls < Cliyll vy € R™

By bounding (13.9) above it becomes

k—1
_ _ ; _ Ce
o < [IMTEN| ¥ leo]ls M7IN|iCe < [MTIN|¢lleolls + — o
lexlls < 1M N leol +;n IiCe < 1M~ NilElleolls + 77w
from which we obtain the result with K = C?/(1 — |M~'N|,). O

It is time to give the most classical examples of iterative methods based on a
regular decomposition.

Definition 13.1.29 (Jacobi method) Tuke A = (ai;)1<i j<n. We denote by D =
diag(a;;) the diagonal of A. We say Jacobi method for the iterative method associated
with the decomposition

M = D, N=D-A.

This is the simplest of iterative methods. So that it is well defined, the diagonal
matrix D must, of course, be invertible. By application of lemma 13.1.27, in the case
where A is real symmetric, the Jacobi method converges if A and 2D — A are positive
definite.
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Definition 13.1.30 (Gauss—Seidel method) Take A = (a;j)i<i j<n. We decom-
pose A in the form A = D — E — F where D = diag(a;;) is the diagonal, —E is
the (strictly) lower triangular part, and —F is the (strictly) upper triangular part
of A. We say the Gauss—Seidel method for the iterative method associated with the
decomposition

M=D-E, N=F

So that the Gauss—Seidel method is well defined, the matrix D — F must be
invertible, that is to say that D is invertible (the matrix (D — F) is easy to invert
as it is triangular). By application of lemma 13.1.27, if A is real symmetric positive
definite, the Gauss—Seidel method converges.

Definition 13.1.31 (method of successive over-relaxation (SOR)) Take w €
R*. We say method of successive over-relazation (or SOR), for the parameter w, for
the iterative method associated with the decomposition

D 1
M=2"_-E N="YD4F
w

S

So that the method of successive over-relaxation is well defined, we must again
have the matrix D invertible. For w = 1, we recover the Gauss—Seidel method. If
w < 1, it is in fact a method of under-relaxation, while w > 1 corresponds to a method
of over-relaxation. In general, there exists an optimal parameter wqp; which minimizes
the spectral radius of the iteration matrix M !N, and therefore which maximizes the
rate of convergence.

Exercise 13.1.6 Let A be a Hermitian positive definite matrix. Show that for all w €
10, 2], the method of successive over-relaxation converges.

Exercise 13.1.7 Show that, for the method of successive over-relaxation, we always
have

p(MTIN) > [1-w|, Yw#0,

and therefore that it only converges if 0 < w < 2.

Definition 13.1.32 (gradient method) Take a real parameter a # 0. We say
gradient method for the iterative method associated with the decomposition

M:ll and N = <1I—A>.
o «

The gradient method seems more primitive then the preceding methods, but it has

an interpretation as a method of minimization of the function f(z) = Az -z —b-x

— 2
which gives it wide applicability.
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Lemma 13.1.33 Let A be a matrix with eigenvalues A1 < Ao < -+ < A\, If A\ <
0 < A\,, then the gradient method does not converge for any value of a. If 0 < A\ <
-+ < Ay, then the gradient method converges if and only if 0 < a < 2/\,,, and the
optimal parameter o, which minimizes p(M~'N), is

2
M+ A

An — A1

and mlnp(M_lN) = m
@ n 1

Qopt =

Remark 13.1.34 If \; < --- < )\, < 0, then we have the symmetric result to the
positive definite case by changing o to —a. For the optimal parameter aopt, the
spectral radius of the iteration matrix is an increasing function of the ratio A, /A;. If
A is self-adjoint, then this ratio is none other than the condition number conds(A)
of the matrix A. Consequently, the more the matrix A is well conditioned, the better
is the convergence of the gradient method. °

Proof. From lemma 13.1.26, we know that the gradient method is convergent if and
only if p(M~*N) < 1. Now M~!N = (I — aA), therefore,

p(MTIN) <l |l-aN|<le-1<l-a\<1, Vi

This implies that aX; > 0 for all 1 < ¢ < n. Consequently, all the eigenvalues of A
must be nonzero and of the same sign as «. The gradient method, therefore, does
not converge if A\; < 0 < \,, no matter what « is. If, on the contrary, we have
0 <A <+ < Ay, then we deduce that we must have 0 < o < 2/\,,. To calculate
the optimal parameter a,pt, we remark that the function A — |1 — a\| is decreasing
on | — 00, 1/a] then increasing on [1/«, +00[, therefore

p(M™IN) = max{|1 — aX|,|1 — a\,|}.

Consequently, the minimum of the function a — p(M~'N) is attained at the point
of intersection aopt = 2/(A1 + Ay,) of these two lines. O

13.1.5 The conjugate gradient method

The conjugate gradient method is the iterative method of choice to solve linear systems
whose matrix is real symmetric positive definite. It displays a spectacular improve-
ment on the gradient method (above all if it is combined with a preconditioner, see
definition 13.1.43). To construct the conjugate gradient method, we introduce the
idea of a Krylov space.

Definition 13.1.35 Let rg be a vector in R™. We say the Krylov space associated
with the vector ro, denoted by Ky, for the vector subspace of R™ generated by the k+1
vectors {ro, Arg, ..., AFro}.

The Krylov spaces (Kj)r>0 form an increasing sequence of vector subspaces Kj C
K11 VE>0. As K, C R™, this sequence must become stationary at a certain point.
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More precisely, we leave the reader to verify that there exists a critical dimension kg,
with 0 < kg < n — 1, such that

dika:k+1 1f0§k§k0,

By taking ro = b — Axg, it is easy to see that, for the gradient method, the iterate
x, belongs to the affine space [xg + Ki—1] (defined as the set of vectors x such that
(z —x0) € Ki_1), which implies that the residual r, = b — Az, belongs to the Krylov
space K}, (associated with the residual initial rg).

To improve the gradient method, we decide ‘to choose better’ x; in the affine space
[xo + Ki—1]. The conjugate gradient method consists, starting from an initial vector
zo € R™ and from its residual ro = b — Axg, of constructing a sequence of vectors
2k € [zo + Ki—1] such that r, = b — Axy is orthogonal to the subspace Kj_1, for
E>1.

Lemma 13.1.36 Let A be a real symmetric positive definite matriz of order n. Take
x0 € R, 1o = b — Az, and (Ki)r>0 the sequence of Krylov spaces associated with
ro. The conjugate gradient method is defined, for k > 1, by

T € [l‘o + Kk—l] and 1, =b— Ax;, 1L K;_1. (13.10)

For all k > 1, there exists a unique vector xy, given by (13.10). Moreover, this method
converges to the solution of the linear system Ax = b in n iterations.

Remark 13.1.37 Lemma 13.1.36 shows that the conjugate gradient algorithm that
we have conceived as an iterative method is in fact a direct method since it converges in
a finite number of iterations (exactly ko + 1 where kg is the critical Krylov dimension).
However, in practice we use it as an iterative method which converges ‘numerically’
in often less than kg + 1 iterations. Intuitively, it is easy to see why the conjugate
gradient improves on the simple gradient. Indeed, the residual rj is orthogonal to a
an increasingly large subspace K. °

Proof. Let us show first of all that there exists a unique x; which satisfies the
hypotheses. As A is positive definite, we can define the scalar product (z,y)4 = Az -y
over R™. We look for x in the form xy = x¢ + yx with yx € Ki_1, and the condition
of orthogonality of 7 becomes

(Ao —yr,y)a =0 Vy e Ky_1,

which is none other than the characterization of y, as the orthogonal projection of
A~1rq on the subspace Kj,_1 (for the scalar product (,)4). This proves the existence
and uniqueness of xy.

Let kg be the critical dimension of the Krylov spaces, that is to say, for all k£ > kg,
dimKy, = ko+1. In particular, AK}y, C Ky,4+1 = Ky, , therefore ry 41 = b— Az 41 =
ro — Ayk,+1 belongs to Ky, while being orthogonal. Consequently, r,+1 = 0 and
Tko+1 1S the exact solution of the linear system. O
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Remark 13.1.38 The conjugate gradient method has been presented as a procedure
of orthogonalization with respect to the Krylov space. We see later that, equivalently,
we can introduce it as a minimization problem. More precisely, xx € [ro + Ki—1]
attains the minimum in [zg + Kx—1] of

f(x):%Ax-:r—b-x,

or equivalently the residual rp, = b — Az minimizes, in Kj, the function

with r = b — Ax. °

Exercise 13.1.8 Let A be a symmetric positive definite matrix. Let (xy)o<k<n be the
sequence of approximate solutions obtained by the conjugate gradient method. We set
ry, =b— Axy and dy, = 241 — k. Show that

(1) the Krylov space K}, is also equal to

Kk-: [7’0, ,’I’k] = [do, ,dk],

(2) the sequence (r)o<k<n—1 is orthogonal

rr-rp=0 forall0<Ii<k<n-1,

(3) the sequence (di)o<k<n—1 is conjugate with respect to A

Ad,-d;=0 forall0<I<k<n-1.

The definition we have just given of the conjugate gradient method is purely
theoretical. Indeed, we have not indicated an algorithm to construct r; orthogonal to
Kj_1, nor commented on how we calculate x in practice. The following proposition
gives particularly simple practical formulas to calculate these vectors.

Proposition 13.1.39 Let A be a symmetric positive definite matriz, and xo € R™.
Let (xg, r,pr) be three sequences defined by the induction relations

Th+1 = Tk + Pk
po=10=b—Axg, and for0<k Tht1 =Tk — QR APE (13.11)
Pk+1 = Tht1 + BkPk

with

_ el

2
S 7 R L=
7]

B Apy. - pr;
Then, (Tr)o<k<ko+1 S the sequence of approzimate solutions of the conjugate gradient
method defined by (15.10).
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Proof. It is easy to show by induction that the relations

Thil = Tk — APk
ro=b— Azxzg and + p
Tkt1 = Tk + QkPk

imply that the sequence 7y is that of the residual, that is, rx = b — Azk. Another easy
induction shows that the relations

ro = po and Tk =Tk—1 — Op—1ADPL_1
Pk =Tk + Br—1Pk—1

imply that pr and 7 belong to the Krylov space Ky, for all K > 0. We deduce, by the
induction relation xx4+1 = xr + axpr, that zrxi1 belongs to the affine space [zo + Ki]. To
conclude, we must show that ri41 is orthogonal to Kj. First, we shall show by induction
that 741 is orthogonal to r;, for all 0 < j < k, and that pr4+1 is conjugate to pj, for all
0 < j <k, that is to say, Apr+1 - p; = 0. For the index 0 we have

r1 1o = |Irol|* = aoApo - 7o = 0
as po = 1o, and
Ap1 - po = (r1 + Bopo) - Apo = ag ' (11 + Boro) - (ro — 1) = 0.
We assume that up to the index k& we have
re-r;=0for0<j<k—1 and Apgp-p;=0for0<j<k-—1.

Let us show that this is again true for the index k 4+ 1. Because of the induction formula
which gives x4+1 we have
Thtl " Tj =Tk - Tj — APy - 15,

and because of the relation r; = p; — 8;_1p;j—1 we obtain
Thtl 7§ =Tk 15 — 0Apr - pj + arBi—1ADk - Dj—1.

Because of the induction hypothesis, we deduce easily that ri1-7; =01if j < k — 1, while
the formula for ax implies that rx41 - &« = 0. On the other hand, the induction formula
which gives pr+1 leads to

Apk+1 - pj = pre+1 - Apj = Tier - Apj + Brpk - Apj,
and as Ap; = (r; — rj+1)/a; we deduce
Apit1-pj = aj Tt - (1 — i) + Bk - Ap;.

For 7 < k — 1, the induction hypothesis and the orthogonality of 7,41 (that we have just
obtained) proves that Apgyi - p; = 0. For j = k, we obtain Apgt1 - pr = 0 thanks to
the formulas giving oy and . This finishes this induction. As the family (rx)o<k<nk, is
orthogonal, it is linearly independent as long as r, # 0. Now rr € Kj, which implies
Ky = [ro, ... ,rk] as these two spaces have the same dimension. Consequently, 7x41 is
orthogonal to Kk, and the sequence xy is that of the conjugate gradient. ]
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Remark 13.1.40 We say that the sequence (px) is conjugate with respect to A as it is
orthogonal for the scalar product (z,y)a = Az -y. It is this property which gives the name
to the method.

The reader might wonder how the formulas (13.11) have been ‘invented’. In fact, there
exists a reciprocal to proposition 13.1.39. More precisely, exercise 13.1.8 shows that the
sequence di = Tpt+1 — Tk iS conjugate with respect to A and that the subspace generated
by (do, ... ,dx) coincides with Kj. We deduce therefore practical means of constructing the
sequence di: we apply the procedure of Gram—Schmidt orthonormalization to (ro, ... , Akro)
for the scalar product (z,y)a. The result found is the sequence pi which is necessarily
colinear to di (we find that dx = axpr). Thanks to the symmetry of A, the Gram—Schmidt
formulas which define py simplify considerably, and we are led (after some calculation) to
the formulas (13.11). .

Numerical algorithm. In practice, when we apply the conjugate gradient algo-
rithm, the formulas (13.11) of proposition 13.1.39 are programmed in the following
way
e o . { initial choice o
initialization
rg =po =b— Axg
k1 = |re—1l*/Apr—1 - pr—1
T = Tp—1 + Qk—1Pk—1
iterations k> 1 T =Tp_1— Qp_1App_1
Bre-1 = s )l?/llre—11®
Pk =Tk + Br—1Pk—1

As soon as 1, = 0, the algorithm has converged, that is to say that xj, is the solution

of the system Az = b. We know that the convergence is attained in kg + 1 iterations,
where kg < n — 1 is the critical dimension of the Krylov spaces (which we do not
know a priori). However, in practice, the calculations on computers are often subject
to rounding errors, and we do not find ri,+1 = 0 exactly. This is why, we introduce
a ‘small’ parameter e (typically 10~ or 10~® according to the desired precision), and
we decide that the algorithm has converged as soon as

Il _
ol

In addition, for large systems (for which n and kg are ‘large’, of the order of 10*-106),
the conjugate gradient method is used as an iterative method, that is to say that it
converges, in the sense of the criterion above, in a number of iterations much less
than kg 4+ 1 (cf. proposition 13.1.42).

Remark 13.1.41

1. In general, if we do not have any idea about the solution, we choose to initialize
the conjugate gradient method by zy = 0. If we solve a sequence of problems a
little different from each other, we can initialize xo by the preceding solution.
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2. At each iteration we only need to make one matrix-vector product, that is Apy,
as 1, is calculated by the induction formula and not by the relation ri, = b— Axy.

3. To implement the conjugate gradient method, it is not necessary to store the
matrix A in an array if we know how to calculate the matrix-vector product Ay
for every vector y.

4. The conjugate gradient method is very efficient and heavily used. There are
many variants or generalizations, particularly in the case of nonsymmetric posi-
tive definite matrices.

Exercise 13.1.9 If we consider the conjugate gradient method as a direct method, show
that in the most unfavourable case, kg = n—1, the number of operations (multiplications
only) to solve a linear system is N, = n3 (1 + o(1)).

We have the following convergence result (see [8]).

Proposition 13.1.42 Let A be a real symmetric positive definite matriz. Let x be the
exact solution of the system Ax = b. Let xi be the sequence of approximate solutions
of the conjugate gradient method. Then

k
conds(A) — 1
2 — 2]l < 24/ conda(A) (V“()> 2o — 2la.

condg(A) + 1

We recall that in the case of a real symmetric positive definite matrix, the condition
number is given by the formula condy(A) = A, /A1, where Aj, A, are respectively
the smallest and the largest eigenvalue of A. Proposition 13.1.42 improves lemma
13.1.33 which says that the conjugate gradient method converges much faster than
the gradient method.

We deduce from this result three important consequences. First, the conjugate
gradient method functions well as an iterative method. Indeed, even if we do not
make the n iterations required for convergence, we reduce the error between x and
x), as we iterate. On the other hand, the rate of convergence depends on the square
root of the condition number of A, and not on the condition number itself as for the
simple gradient method. The conjugate gradient method therefore converges much
faster than the simple gradient (we say that the convergence is quadratic instead of
being linear). Finally, the convergence will be all the more rapid as condy(A) is close
to 1, that is to say that A is well conditioned.

Preconditioning

As the rate of convergence of the conjugate gradient method depends of the condition
number of the matrix A, the idea of the preconditioner is to premultiply the linear
system Az = b by a matrix C~! such that the condition number of (C~!A) is smaller
than that of A. In practice we choose a matrix C ‘close’ to A but more easy to invert.
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Definition 13.1.43 We will solve the linear system Ax =b. We say preconditioner
of A for a matriz C (easy to invert) such that conda(C~tA) is smaller than conda(A).
We call the equivalent system the preconditioned system C~'Ax = C~'b.

In general, the matrix C~'A is no longer symmetric, which poses a problem to
apply the conjugate gradient method. This is why we often apply a ‘symmetric’
preconditioner which we describe now. Let us assume (for simplicity) that C is a
symmetric positive definite matrix which has a Cholesky decomposition C' = BB*.
We replace the original system Az = b by the equivalent system

Az =b, with A=B'AB™*, b=B'b, and 7= B*z. (13.12)

The matrix A being symmetric positive definite, we can use the conjugate gradient
algorithm to solve this system. Nevertheless, we often do not know the Cholesky
factorization of C' (or we do not want to calculate it on grounds of cost). There then
exists an astute way to transform the conjugate gradient algorithm for the system
(13.12) into an algorithm where only C appears (and not the factor B).

Exercise 13.1.10 We denote by a tilde ~ all the quantities associated with the conjugate
gradient algorithm applied to the linear system (13.12). Take zy, = B~ *%y, rp = By =
b — Axy, and p, = B~ *pg. Show that the conjugate gradient algorithm for (13.12) can
also be written in the form

initial choice xzg
initialization ro =b— Axg

po=20=C""rg

Qp_1 = Zk—1 'Tk—l/Apk—l *Pk—1
Tk = Tk—1 + O—1Pk—1

TR = Tkp—1 — Qp_1Apr_1

2z =Clry

Br—1 = 2k - Th/2Zk—1 - Th—1

Pk = 2k + Br—1Pk—1

iterations k>1

The technique of preconditioning is very effective and essential in practice for rapid
convergence. We indicate three possible choices of C' from the most simple to the most
complicated. The simplest preconditioner is the ‘diagonal preconditioner’: it consists
of taking C' = diag(A). It is unfortunately not very effective, and we often prefer
the ‘SSOR preconditioner’ (for symmetric successive over-relaxation). Denoting by
D = diag(A) the diagonal of a symmetric matrix A and —FE its strictly lower part
such that A= D — FE — E*, for w €]0, 2[, we set

C,= -2 (DE>D1<DE*>.
2—w \w w
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We verify that, if A is positive definite, then C' is also. The system Cz = r is easy
to solve as C' is already in a factorised form as the product of triangular matrices. The
name of this preconditioner comes from the fact that to invert C reduces to making
two successive iterations of the successive over-relaxation (SOR) iterative method,
with two symmetric iteration matrices.

Exercise 13.1.11 Let A be the matrix of order n coming from the discretization of the
Laplacian in N = 1 dimension with a constant space step h =1/(n+ 1)

2 -1 0 0
-1 2 -1
A=n""| o 0
-1 2 -1
0 0o -1 2
Show that for the optimal value
2

7r
opt = —————— 22(177)
Wopt 1+ 2sin(w/2n) n

the condition number of the matrix C; 1A is bounded above by

1

JtA) < e
condz (G, 4) < 2sin(m/2n)’

Ly
2

and therefore that, for n large, we gain an order in n in the rate of convergence.

A last example is the ‘incomplete Cholesky factorization preconditioner’. The
matrix C' is sought in the form BB* where B is the ‘incomplete’ factor of the Cholesky
factorization of A (see proposition 13.1.19). This lower triangular matrix B is obtained
by applying the Cholesky factorization algorithm to A by forcing the equality b;; = 0
if a;; = 0. This modification of the algorithm assures us, on the one hand, that the
factor B will be as sparse as the matrix A, and, on the other hand, that the calculation
of this incomplete factor will be much less expensive (in time of calculation) than
the calculation of the exact factor if A is sparse (which is the case for finite elem-
ent discretization matrices). The incomplete Cholesky factorization preconditioner is
often the most effective preconditioner in practice.

13.2 Calculation of eigenvalues and eigenvectors
In this section we explain how to calculate the eigenvalues and the eigenvectors of a

real symmetric matrix. A typical example is the stiffness matrix which comes from
the approximation by finite elements of a partial differential equation. In this case,
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its eigenvalues and eigenvectors are approximations of the eigenmodes of the physical
model (see (7.23)).

Since the eigenvalues of a matrix A are the roots of its characteristic polynomial
det(A — A1). To calculate its eigenvalues, we could naively think that it is ‘sufficient’
to factorize its characteristic polynomial. It is nothing of the kind: we have known
since Galois and Abel that we cannot calculate by elementary operations (addition,
multiplication, extraction of roots) the roots of an arbitrary polynomial of degree
greater than or equal to 5. To be convinced, we can notice that any polynomial of
degree n,

P()\) = (71)n ()\n + a1>\n71 + a2>\n72 + -+ CLn_1>\ + CLn) s

is the characteristic polynomial (expanded with respect to the last column) of the
matrix

_al _a2 ... ... _an

1 0 -+ --- 0
A= 0

0 e 01 0

Consequently, there cannot exist direct methods (that is to say which gives the result
in a finite number of operations) for the calculation of eigenvalues! There therefore
only exist iterative methods to calculate eigenvalues (and eigenvectors). We find that
the practical calculation of eigenvalues and eigenvectors of a matrix is a much more
difficult task than the solution of a linear system. Very fortunately, the case of real
symmetric matrices (to which we limit ourselves as it is enough for our applications)
is more simple than the case of non-self-adjoint matrices.

We indicate three typical methods (there are other, possibly more efficient but
more complicated). The power method is the simplest but limited in its applicabil-
ity. The Givens-Householder method allows us calculate one (or several) eigenvalue
without having to calculate all the eigenvalues. Finally, the Lanczos method, which
‘resembles’ the conjugate gradient method, is at the foundation of many recent de-
velopments which leads to the most efficient methods for large sparse matrices.

13.2.1 The power method

A very simple method to calculate the largest or the smallest (in modulus) eigenvalue
of a matrix and an associated eigenvector is the power method. A limitation of
the method is that the extreme eigenvalue that we calculate must be simple (or
of multiplicity equal to 1, that is to say that the dimension of the corresponding
eigensubspace is 1). Let A be a real symmetric matrix of order n, with eigenvalues
(A1,..., Ap) with A, > |\;] for all 1 <4 <n — 1. The power method to calculate the
largest eigenvalue )\, is defined by the algorithm below.

1. Initialization: z¢ € R™ such that |z¢]| =1.
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2. Iterations: for k>1

1. yp = Az
2.z = yr/ |yl

3. convergence test: if [jxy —xp_1| <&, we stop.

In the convergence test ¢ is a small real number, typically equal to 1076. If
0 = T —T—1 is small, then xj is an approximate eigenvector of A with approximate
eigenvalue ||yx|l as Az — ||ykllzx = Adg.

Proposition 13.2.1 We assume that the matriz A is real symmetric, with eigen-

values (A1, ..., An), associated with an orthonormal basis of eigenvectors (eq, ..., e,),
and that the eigenvalue of largest modulus A, is simple and positive, that is to say
that [ A1l, ..., [An—1] < An. We assume also that the initial vector xq is not orthogonal

to en. Then the power method converges, that is to say

R lykll = An, Jm 2 = oo with T = Eep.

The rate of convergence is proportional to the ratio |A,—1|/|\n]

2k k

A )\n—l

An

il = Al sc‘

, ||xkxoo||sc\

n—1
An

Remark 13.2.2 The convergence of the sequence of approximate eigenvalues |ly|| is
more rapid than that of the approximate eigenvectors xj, (quadratic instead of linear).
The power method also works for nonsymmetric matrices, but the convergence of ||y ||
is only linear in this case. ]

Proof. Let 2o = 2?21 Bie; the initial vector, with 3, # 0. The vector x is
proportional to A*z = Z?:l BiAFe;, from which it becomes

ﬁnen + Z?:_ll ﬁi()\i/)\n)kei
1/2
(82 + 15 B2/ Aa))

T =

As |\i| < A we deduce that xy converges to sign(8,)e,. Likewise, we have

2 n—1 320y 2(k+1) 1/2
(611 + Zz:l ﬁz (Al//\n) )
(5 + it e ouas)

)

[Yrrall = An

which converges to \,,. O
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In practice (and particularly for the calculation of eigenvalues from the discret-
ization of an elliptic boundary value problem), we are above all interested in the
smallest eigenvalue, in modulus, of A. We can adapt the preceding ideas, which
gives the inverse power method whose algorithm is written below. We consider a
real symmetric matrix A whose smallest eigenvalue in modulus is simple and strictly
positive 0 < Ay < || for all 2 < i < n.

1. Initialization: z¢ € R™ such that |z¢]| =1.
2. Iterations: for k>1

1. solve Ayp = rp_1

2. 2 = yr/llykl

3. convergence test: if |jxp —ap_1| <&, we stop.

If §;, = x —xp_1 is small, then x;_1 is an approximate eigenvector of the approxi-
mate eigenvalue 1/||yx|| as Axg_1 — zp—1/||lyxl| = —Adk.

Proposition 13.2.3 We assume that the matriz A is real symmetric, with eigen-
values (A1,...,\n), associated with an orthonormal basis of eigenvectors (e1,. .., en),
and that the eigenvalue of smallest modulus Ay is simple and strictly positive, that
is to say 0 < Ay < |Aal, -+, |An|l. We assume also that the initial vector xg is not
orthogonal to ey. Then the inverse power method converges, that is to say

lim —— = |\, lim 2z = oo with voo = *e;.
k—-4o00 ||yk|| k—-+4o00

The rate of convergence is proportional to the ratio \/|As|

2%k k
A1

llyel ™' = M| < C , |lzr — 2| < C *
2

A1
A2

The proof is similar to that of proposition 13.2.1 and we leave it to the reader as
an exercice.

Remark 13.2.4 The considerations of remark 13.2.2 also apply to the inverse power
method. To accelerate the convergence, we can often translate the matrix A and
replace it by A — o1 with ¢ an approximation of A;. )

13.2.2 The Givens—Householder method

The Givens—Householder method decomposes into two successive steps: first of all the
Householder algorithm which reduces a symmetric matrix A to a tridiagonal matrix
(this step is carried out in a finite number of operations), then the Givens bisection
algorithm which gives (iteratively) the eigenvalues of a tridiagonal matrix.
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Lemma 13.2.5 (Householder) Let A be a real symmetric matrixz of order n. There
exist (n — 2) orthogonal matrices Hy, such that

T = (HiHy - Hp 2)"A(H1Hs -+ - H,, )
which are tridiagonal. Of course, A and T have the same eigenvalues.

Proof. Starting from A, we construct a sequence of matrices (Ax)1<k<n—1 such that 4, = A
and Apy1 = Hj AxHr with Hy an orthogonal matrix chosen so that Ay has the following

block structure
_( T» Ex
A = ( Er Mg )

where T} is a square tridiagonal matrix of size k, My is a square matrix of size n — k, and
Ey is a rectangular matrix with (n — k) rows and k columns whose last column, denoted
ar € R"* is nonzero

N 0o -+ 0 ak,1

x .. ag,2

Ty = , and Ej= '
X X 0 - 0 Ak, n—k

It is clear that therefore A, _1 will be tridiagonal. We remark that A is in this form for
k = 1. Let the matrix Hy be defined by

(L 0

with I the identity matrix of order k and Hj the Householder matrix of order n — k defined
by

Hi = Ty — 220
[[owl

where e; is the first vector of the canonical basis of R"™*. Let us remark that Hpar =
—||ax||e1, and that Hj is orthogonal and symmetric. Let us note that Hy is only well defined
if vi # 0, but if this is not the case then the kth column of Ay, is already of the desired type,
and it is sufficient to take Hy = I,. A simple calculation shows that

with v = ar + |lax]e1, (13.13)

0 - 0 —lax
. T  (HiEw)" o : 0
Appr = Hi ApHy = - L RER) th HyEy =
k+1 kAkL1lk (HkEk HkMka W1 kLok : : : )
0 0 0

therefore Aiy1 is in the form desired. O
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Let us now study the Givens bisection algorithm for a real symmetric tridiagonal
matrix

b1 C1 O
A=| @ :
Cp—1
0 Cn—1 bn

where we assume, without loss of generality, that ¢; # 0 for 1 < ¢ < n — 1. Indeed, if
there exists an index ¢ such that ¢; = 0, then we see easily that

det(A — AT) = det(A; — AI)det(A,_; — AI)

where A; and A,,_; are two matrices of the same type as A but of order 7 and n — 1,
respectively. Let us first of all give two technical lemmas.

Lemma 13.2.6 For 1 <1i <mn, we define a matriz A; of size i by

b1 C1 0
A= @
LG
0 ci—1 b

Let p;(A\) = det(A; — A\I) be its characteristic polynomial. The sequence p; satisfies
the induction formula

pi(N) = (bi = Npic1(N) — ¢F_1pi—2(N) Vi >2,

with p1(A\) = by — A and po(\) = 1. Moreover, for all i > 1, the polynomial p; has the
following properties

(1) )\lim pi(A) = +o0,

(2) if pi(Ao) = 0, then pi—1(Xo)pit+1(Ao) <O,
(3) p; has i real distinct roots which strictly separate the (i + 1) roots of pit1.

Proof. By expanding det(A; — AI) with respect to the last row, we obtain the desired
induction formula. The first property is obvious from the definition of the characteristic
polynomial. To prove the second, we remark in the induction formula that, if p;(Ao) = 0,
then
pit1(Xo) = —¢ipi-1(Xo).

As ¢; # 0, we have p;—1(Xo)pi+1(Xo) < 0. This inequality is in fact strict, as if p;—1(Xo) =
pi+1(Ao) = 0 the induction relation implies that pg(Ao) = 0 for all 0 < k < ¢+ 1, which is
not possible since po(Ao) = 1.
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~ To prove the third property, we start by remarking that pi(\) has ¢ real roots, denoted
Al < --- < )\ since A; is real symmetric. Let us show by induction that these i roots of p;
are distinct and are separated by those of p;_1. First, this property is true for i = 2, as

p2(N) = (ba — N)(b1 — \) — ¢}

has two roots (A}, A3) which enclose the only root A} = by of pi(\), that is, A3 < A} < A3.
We assume that p;(A) has 7 real distinct roots separated by those of p;—1. Let us show that
pi+1 has i 4+ 1 real distinct roots separated by those of p;. We define a polynomial g; of
degree 2¢ by

gi(A) = pi—1(A)pis1(N).
We already know i — 1 roots of g; (those of p;—1) and there are i values of A (the roots of p;)
such that ¢;(\) < 0, that is to say

G\ =0 1<k<i—1, q(\)<0 1<k<i

with
Mo AT N < < AT <AL
Between A and A} 11, either ¢; is cancelled by another term i # )\2_1 and we have therefore
found a supplementary root of ¢; therefore of p;41, or g; is only zero at A}:l, but in this case
this is at least a double root as its derivative ¢; must also be zero at )\}:1. However, )\271
is a simple root of p;_1, therefore )\L_l is also a root of p;y1. But, because of the induction
relation, this proves that )\}:1 is a root for all the polynomials p; with 0 < j <+ 1, which
is not possible as po = 1. Consequently, we have just shown that between each pair A, )‘ZH
there exists another root 7y # )\2_1 of the polynomial ¢; therefore of p;+1. In total, we have
found (i — 1) distinct roots of p;y+1 which enclose those of p;. In addition, g;(\}) < 0 and
q:(A\Y) < 0, while
)\EI:EOO qi(A) = +o0.

We deduce the existence of two supplementary distinct roots of g;, therefore of p;4+1, which
enclose those of p;. O

Lemma 13.2.7 For all p € R, we define

B sign of p; (,u) ifpi(l‘) 7£ 0,
sgnp;(n) = { sign of pi—1(p)  if pi(p) = 0.

Let N(i,pu) the number of changes of sign between consecutive elements of the or-
dered family E(i,u) = {+1, sgup1 (1), sgnpa(p), ... , sgnp;(p)}. Then, N(i,u) is the
number of roots of p; which are strictly less than .

Proof. We remark first of all that sgnp;(u) is defined unambiguously since, if p;(p) = 0,
then p;—1(u) # 0 because of point 2 of lemma 13.2.6. We proceed by inductions on i. For
i =1, we verify the result

su) ={+1,+1} = N(1,u) =0,
{ =1

< I
p>b1 = E(1p) ={+1,-1} = N(1, 1)
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We assume the result true up to the index i. Let (/\Z)lgkgi be the roots of p; and
(A}€+1)1§kgi+1 those of p;+1, arranged in increasing order. We have

A< < Ay <8< Nyer <0 <A

and
)\i ; < )\i . < )\i ;
N (i,p) N(i,pu)+1 N(i,u)+1s

from point 3 of lemma 13.2.6. There are three possible cases.

1. If )‘3\1(1,;1) <p< )‘Zz.er(i,u)-‘.p we have sgnp;11(p) = sgnp;(u), therefore N(i 4+ 1,u) =
2. If )‘E\’E,NHI < p < AN(i,u)+10 We have sgnpiy1(u) = —sgnpi(u), therefore N(i + 1, u) =
N, p) + 1.

3. Ifp= )\3\1(1',”)4-17 we have sgnp;(p) = sgnp;—1(p) = —sgnpiy1(p), therefore N(i+ 1, u) =
N (i, ) + 1, because of the second point of lemma 13.2.6.
In all the cases N (i + 1, i) is the number of roots of p;41 strictly less than u. a

The practical Givens algorithm. We denote by A; < --- < )\, the eigenvalues
of A arranged in increasing order. To calculate numerically the ith eigenvalue A,
we take an interval [ag,bg] in which we are sure that \; can be found (for example,
—ag = bp = ||All2). We then calculate the number N(n, (ag + bo)/2) defined in
lemma 13.2.7 (the values of the sequence p;((ag + bo)/2), for 1 < j < n, are calculated
by the induction formula of lemma 13.2.6). If we find that N(n, (ag + bo)/2) > i, then
we deduce that A; belongs to the interval [ag, (ag + bp)/2[. If on the contrary we find
that N(n, (ag + bg)/2) < i, then A; belongs to the other interval [(ag + bg)/2,bo]. In
each case we have divided the initial interval which contains A\; by two. Repeating
this procedure of division of the interval containing \; approximates the exact value
of \; with the desired precision.

13.2.3 The Lanczos method

The Lanczos method allows us to calculate the eigenvalues of a real symmetric matrix
by using the idea of a Krylov space, already introduced for the conjugate gradient
algorithm. This method and its numerous generalizations is very effective for large
matrices. Here we shall give the principle of this method rather than the details of
its numerical implementation.

In what follows, we denote by A a real symmetric matrix of order n, rg # 0 € R™ a
given nonzero vector , and K} the associated Krylov space, generated by the vectors
{ro, Arg, ..., A¥ro}. Let us recall that there exists an integer kg < n — 1, called
the critical Krylov dimension, such that, if k& < ko, the family (rq, Ao, ..., A¥rg) is
linearly independent and dimKj = k + 1, while if £ > ko we have K} = Ky, .

The Lanczos algorithm consists of constructing a sequence of vectors (v;)1<j<ko+1
by the following induction formula, for 2 < j < kg + 1,

Yy

195117

0 = Avj_1 — (Avj_1 - vj_1)vj-1 — ||95-1lvj—2 , vj = (13.14)
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with vog = 0 and vy = 7¢/||ro]. For every integer k < ko + 1, we define a matrix
Vi of size n x k whose columns are the vectors (vy,...,vx), as well as a symmetric
tridiagonal matrix T}, of size k x k whose elements are

(Tw)ii = Avi - vy, (Tk)ijit1 = (Th)ig1,i = [|0ig1ll,  (Tk)i; =0 if | —j| > 2.

With this notation, the Lanczos induction satisfies some remarkable properties.

Lemma 13.2.8 The sequence (vj)1<j<ko+1 s well defined by (13.14) as |9, # 0 for
all1 < j <ko+1, while Opy42 =0. For 1 <k < ko+1, the family (v1,...,v5+1) co-
incides with the orthonormal basis of Ky, constructed by the Gram—Schmidt procedure
applied to the family (ro, Aro, ..., AFrq). Moreover, for 1 < k < ko + 1, we have

AV, = Vi Ty, + V41, (13.15)
where ey, is the kth vector of the canonical basis of R¥,
ViAVie, =T, and V)V = I, (13.16)
where 1y, is the identity matriz of size k X k.

Proof. Let us forget for the moment the definition (13.14) of the sequence (v;)i1<j<ko+1
and replace it by the new definition (which we show is equivalent to (13.14))

j—1 N
o 2 : Vj .
vy = A’U]'_l — 2 (A'Uj_1 . ’Ui)’Ui, vy = HT;”, ] 2 2, (1317)

with v1 = 7o/||ro||. Of course, (13.17) only has a meaning if ||9;]| # 0. If ||9;]| = 0, we say that
the algorithm stops at the index j. By definition, v; is orthogonal to v; for 1 <1i < j — 1.
By induction, we easily verify that v; € K;_1. As the sequence of Krylov spaces K; is
strictly increasing for j < ko + 1, we deduce that, as long as the algorithm do not stop, the
vectors (v1,...,v;) form an orthonormal basis of K;_1. Consequently, v; being orthogonal
to (v1,...,vj—1) is also orthogonal to K;_>. In particular, the family (v1,...,v;), defined
by (13.17), coincides with the orthonormal basis of K;_; constructed by the Gram—Schmidt
procedure applied to the family (ro, Aro, ... ,Ajflro). This proves that the algorithm stops
exactly at the critical Krylov dimension ko, that is to say that ||9;|| # 0 as long as j < ko+1
and f)k0+2 =0.

Let us now show that the definitions (13.14) and (13.17) of the sequence (v;) are identical.
As A is symmetric, we have

A’Uj_l CV; = V-1 Av; = Vj—1 - ﬁi+1 —+ Z(AUI . vk)(vj_l . Uk).
k=1

Thanks to the orthonormality properties of (vi), we deduce that Av;—1-v; =0if 1 <4 < j-3,
and that Avj_1 - vj—2 = ||0j-1]|. Therefore the definitions (13.14) and (13.17) coincide.

Finally, the relation (13.15), taken column by column, is none other than a rewriting of
(13.14) by eliminating ©;. The property V'V = I follows from the orthonormal character
of the family (v1,...,vx), while the relation V" AV}, = Ty is obtained simply by multiplying
(13.15) to the left by V," as V Or+1 = 0. O
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Remark 13.2.9 The Lanczos algorithm appears to be a method of reduction to
tridiagonal form like the Householder algorithm seen above. Nevertheless, the Lanczos
algorithm is not used in practice as a method of tridiagonalization as, for n large, the
rounding errors destroy the orthogonality of the last vectors v; with respect to the
first. .

We shall now compare the eigenvalues and eigenvectors of the matrices A and
Tko+1 (which are not of the same size in general). We denote by A\ < Ay < -+ < Ay
the distinct eigenvalues of A (with 1 < m < n), and P,..., P, the matrices of
orthogonal projection over the corresponding eigensubspaces of A. We recall that

m m
A=>"\P, 1=) P, and PP=0 ifi#j. (13.18)
=1

i=1

Lemma 13.2.10 The eigenvalues of Ty, 41 are simple and are also eigenvalues of A.
Conversely, if we assume that o satisfies Pirg # 0 for all 1 < i < m, then all the
eigenvalues of A are also eigenvalues of Ti,+1 and ko +1 =m.

Remark 13.2.11 In the case where P;irg # 0 for all 4, the matrices A and Ty 41
have exactly the same eigenvalues, but with possibly different multiplicity since the
eigenvalues of Ty, are simple. We shall see in the proof of lemma 13.2.10 that there
also exists a link between the eigenvectors of A and Tj,41. The condition demanded
on 7o for the reciprocal of this lemma is necessary. Indeed, if rq is an eigenvector of
A, then ko = 0 and the matrix T}, 41 has a unique eigenvalue which is associated with
To- []

Proof. Let X and y € R**! be an eigenvalue and an eigenvector such that Tro+1y = Ay. As
Drg+2 = 0, the relation (13.15) becomes, for k = ko+1, AVig+1 = Vig+1Tko+1, and therefore,
by application to the vector y, we obtain A (Viy+1y) = A (Vig+1y). The vector Viy+1y is not
zero as y # 0 and the columns of Vi 41 are linearly independent. Consequently, Vi,+1y is
an eigenvector of A associated with the eigenvalue A which is therefore equal to one of the
A

Conversely, we introduce the vector subspace FE,, of R"™ generated by the vectors
(Piro, ..., Pmro). If Pirg # 0 for all 1 < ¢ < m, these vectors are linearly independent as the
projections P; are pairwise orthogonal. Consequently, the dimension of E,, is exactly m. We
shall show that in this case we have m = ko + 1. By (13.18) we have AFpy = Zzl /\fPiro,
that is to say A¥rg € E,,, therefore the Krylov spaces satisfy Kj C En, for all k > 0. In par-
ticular, this implies that dimKy, = ko + 1 < m. In addition, in the basis (Piro, ..., Pmro)
of E,,, the coordinates of the vector A*r¢ are ()\'f, .. .,)\ﬁl). In other words, the family
(ro, Aro, ..., Am_lro) of E,, is represented in the basis (Piro, ..., Pnro) by the matrix M
defined by

I D VEEED - S Vi

1T Am AL - ATt
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The matrix M is a Van Der Monde matrix of order m which is invertible as all the
\i are distinct. Therefore the family (ro, Aro,..., A™ 'rg) is linearly independent since
(Piro, ..., Pmro) is. This implies that dimK,,—1 = m, therefore m — 1 < k. From where,
we finally deduce that m = ko + 1 and E,, = Ky, .

Thanks to the formula (13.18) we have A(P;ro) = X\i(Piro). As Pirg is nonzero, it is
an eigenvector of A associated with the eigenvalue A\;. As E,, = Ky, and the columns of
Vio+1 form a basis of Ky, we deduce that there exists a nonzero vector y; € R™ such that
Piro = Vig+1y:. We multiply the first equality of (13.16) by y; to obtain

Thot1i = Vig+1AVio 119 = Vi1 AP0 = A\iVig 11 Piro = AiVig 41 Vo119 = Niys,

in other words, y; is an eigenvector of Tj,4+1 for the eigenvalue A\;. Which finishes the
proof. |

The result of lemma 13.2.10 could lead us to believe that we must apply Lanczos
induction up to the maximal iteration ko + 1, then calculate the eigenvalues of Ty 41
in order to deduce the eigenvalues and the eigenvectors of A. This would make the
Lanczos method comparable to that of Givens—Householder (in general kg is of the
order of n, which makes the operations count similar in the two cases). Moreover,
applied like this the Lanczos method will be numerically unstable because of the loss
of orthogonality of the vectors v; caused by the inevitable rounding errors (see remark
13.2.9).

Very happily, the following result indicates that it is not necessary to make many
iterations of the Lanczos induction to obtain eigenvalues of T} which are good ap-
proximations to those of A (with & much smaller than kg or n).

Proposition 13.2.12 Take an integer 1 < k < ko + 1. Let \ be an eigenvalue of T},
and y € R* an associated nonzero eigenvector. There exists an eigenvalue \; of A
such that

lex -y

A =] < |0k
1yl

< [ Okl
where ey, is the kth vector of the canonical basis of R”.

Remark 13.2.13 The first conclusion of proposition 13.2.12 is that, if ||Ok41]| is
small, then the eigenvalues of T} are good approximations of some eigenvalues of A.
The second conclusion is the more important in practice: if the last component of an
eigenvector of T} is small, then the corresponding eigenvalue is a good approximation
to an eigenvalue of A. °

Proof. Take a nonzero eigenvector y € R¥ such that Try = Ay. Multiplying (13.15) by y
we obtain

AViy = VilTry + (ex - y)Ok1,

from where we deduce
A(Vey) = A(Vey) = (ex - y)Or1. (13.19)
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We then decompose Viy into the basis of eigenvectors of A

Viy = > Pi(Viy).

i=1

We take the scalar product of (13.19) with Viy, and with the help of the relations (13.18)
we have

Z i = N [P (Vi) = (en - y) (D41 - Vay). (13.20)
By bounding below the rlght-hand side and bounding above the left by the Cauchy—Schwarz

inequality, it becomes

in A = A IViyll® < lyll lonsa ]l [I Vayll-

As the columns of V; are orthonormal, we have ||Viy|| = ||y||, and by simplification we obtain

in (A — A < [[orsa.
lglgnmlz | < l|or+l

This inequality can be improved if we do not apply Cauchy—Schwarz to the term < ex,y >
n (13.20). In this case we find

min %~ Al < [l 194

1< Iyl

which finishes the proof. a
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N-rectangle 191
N-simplex 171
a-convexity 290

accuracy 35

active constraint 312
adjoint 209

adjoint state 327
admissible directions 306
admissible solutions 350
affectation 370
alternating directions 50
arcs 368

Banach space 81

banded matrix 420

basic solution 351

basis 351

Bellman equation 372
boundary value problem 25, 67
bounded support 68, 87
Bramble-Hilbert lemma 189

calculus of variations 283

capacity 368

Cauchy problem 26, 67

centred 15

CFL condition 19, 24, 40, 47, 267, 272
Cholesky factorization 418

circuit 372

coercive 74

compact 209, 210

compact support 80

complementary energy 324
complementary slack 361
complete 399

complete graph 384
complexity 396, 421
condition number 409
conjugate gradient 335, 429
conjugate gradient method 428
connected 381

connected components 381
consistency 35

constraint qualifications 312
control 284, 330

convex 289, 399

convex envelope 362

cost 368

cost or objective function 284
Céa’s lemma 151

degrees of freedom 176

differentiability in the sense of Fréchet
298

differentiability in the sense of Gateaux
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diffusion equation 2, 5

diffusive 57, 274

direct method 406

Dirichlet boundary condition 4

discrete norm 166

dispersive 57

distribution 105

divergence 3

domain of a convex function 391
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domain of dependence 10, 263
dual 358, 402

dual problem 320

dynamic programming 372

edges 381

eigenfunction 214

eigenmode 221

eigenvalue 209

eigenvector 209

elasticity 12, 136

elliptic 28, 74

energy equality 71, 242

energy estimate 113, 119, 141, 237
energy space 84, 236, 242, 246, 251
epigraph 290

equipartition of energy 263
equivalent equation 55

Euler inequality 303

explicit 16

extremal point 362

Farkas lemma 313

finite differences 14

finite velocity of propagation 8, 10
flow 368

Ford—Bellman algorithm 377
forest 381

Fourier boundary condition 4
function value 372

Gauss—Seidel method 427

Gaussian elimination 412

Givens—Householder method 438

global minimum 285

gradient 3, 427

gradient algorithm with fixed step 335

gradient algorithm with optimal step
333

gradient method 427

greedy algorithm 380

Green’s formula 68, 90

Green’s function 260

heat flow equation 2

Hermite finite elements 169
Hilbert space 399

Hilbertian basis 400
hyperbolic 28

hyperplane of support 362, 403

implicit 16

infimum 285

infinite at infinity 285
initial condition 3
integer envelope 364
integer point 362
integer polyhedron 364
interpolation 159, 186
invariance under scale change 8
irreversible 8

iteration matrix 38
iterative method 406

Jacobi method 426

Kirchoff law 368
Kruskal algorithm 381
Kuhn-Tucker theorem 319

Lagrange finite elements 176
Lagrange multiplier 305
Lagrangian 310, 317
Lagrangian relaxation 391
Lamé 12

Lanczos method 442
Laplacian 3

lattice 173, 192
Lax—Milgram theorem 74
linear form 402

linear programming 348
linear scheme 37

linear system 405

local minimum 285

LU factorization 414

mass matrix 225
matrix assembly 178
maximal solution 376
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maximum principle 8, 20, 38, 127, 165,
255, 262

mesh 14, 153, 171, 191

method of successive over-relaxation 427

minimax principle 216

minimizing sequence 285

Minkowski theorem 362

modelling 2, 4, 7, 14, 134, 136, 144, 255,
257

multi-index 96

multilevel schemes 33, 44

Navier—Stokes 144

Neumann boundary condition 4
Newton’s method 342

node 172

nodes 368

nonoriented graph 381
NP-complete (problems) 397
numerical convergence 168
numerical diffusion 57
numerical integration 157

one-sided 16
operational research 347
operations research 278
operator 402

optimal command 326
optimal solution 350
OR 347

order of a PDE 28
order of a scheme 35
oriented graph 368
orthogonal projection 399
outward normal 68

parabolic 28

partial differential equations 1
path 372

penalization 358

penalization 341

periodic boundary conditions 39
plate equation 14, 170

Poincaré inequality 77, 88
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polyhedral 171

polyhedron 171, 350
polynomial 396

positive definite 209

power method 436

primal 358

primal problem 320

principle of virtual work 71, 141
problem relaxed 362

projected gradient 337
propagation at finite velocity 257, 263
Péclet number 6

quadrature 157
qualified constraint 312, 315

Rayleigh quotient 216
rectangular finite elements 191
regular mesh 185

regular open set 69
regularizing effect 261
regularity 129

Rellich theorem 94

reversible 8, 10, 60, 261

rigid body motion 139

Robin boundary condition 4

saddle point 317
Schrodinger’s equation 12
second derivative 302
self-adjoint 209
separable 401

simplex algorithm 353
singularity 133

slack variable 349
Sobolev space 84

space step, time step 14
sparse matrix 421
spectral decomposition 211
spectral problem 214
splitting 50

stable 18, 37, 267

state 372

steady 11

stencil 34
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stiff 268

stiffness matrix 149, 151, 156, 225
Stokes 13, 144

strict convexity 290

strong convexity 290

strong solution 66
subdifferential 392
subgradients 392
subordinate norm 406
supergradient algorithm 393
surface measure 68

system 12

test function 71

trace theorem 90

transmission 124

transmission boundary
conditions 124

transport 279, 368

tree 381

triangular finite
elements 171

INDEX

triangulation 171
truncation error 35

uniform mesh 154
unimodular 365
unisolvant 173, 192
unstable 18

upwind 16

Uzawa’s algorithm 338

valuation 379

variational formulation 71
variational solution 113
vertices 154, 381

Von Neumann 41, 45, 272

wave equation 9
weak convergence 293
weak derivative 81
weak formulation 113
weak solution 113
well-posed 26
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C°(9) space of infinitely differentiable functions with compact support .... 82, 108
C2°(9) space of infinitely differentiable functions with bounded support ......... 89
D(Q) space of infinitely differentiable functions with compact support ........... 82
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