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Series Preface

Mathematics is playing an ever more important role in the physical and
biological sciences, provoking a blurring of boundaries between scientific
disciplines and a resurgence of interest in the modern as well as the classical
techniques of applied mathematics. This renewal of interest, both in re-
search and teaching, has led to the establishment of the series Texts in
Applied Mathematics (TAM).

The development of new courses is a natural consequence of a high level
of excitement on the research frontier as newer techniques, such as numeri-
cal and symbolic computer systems, dynamical systems, and chaos, mix
with and reinforce the traditional methods of applied mathematics. Thus,
the purpose of this textbook series is to meet the current and future needs
of these advances and to encourage the teaching of new courses.

TAM will publish textbooks suitable for use in advanced undergraduate
and beginning graduate courses, and will complement the Applied Mathe-
matical Sciences (AMS) series, which will focus on advanced textbooks and
research-level monographs.

Pasadena, California J.E. Marsden
New York, New York L. Sirovich
College Park, Maryland S.S. Antman






Preface

Our purpose in this book is to give an elementary, relatively short, and hope-
fully readable account of the basic types of linear partial differential equations
and their properties, together with the most commonly used methods for their
numerical solution. Our approach is to integrate the mathematical analysis
of the differential equations with the corresponding numerical analysis. For
the mathematician interested in partial differential equations or the person
using such equations in the modelling of physical problems, it is important
to realize that numerical methods are normally needed to find actual values
of the solutions, and for the numerical analyst it is essential to be aware that
numerical methods can only be designed, analyzed, and understood with suf-
ficient knowledge of the theory of the differential equations, using discrete
analogues of properties of these.

In our presentation we study the three major types of linear partial differ-
ential equations, namely elliptic, parabolic, and hyperbolic equations, and for
each of these types of equations the text contains three chapters. In the first
of these we introduce basic mathematical properties of the differential equa-
tion, and discuss existence, uniqueness, stability, and regularity of solutions
of the various boundary value problems, and the remaining two chapters are
devoted to the most important and widely used classes of numerical methods,
namely finite difference methods and finite element methods.

Historically, finite difference methods were the first to be developed and
applied. These are normally defined by looking for an approximate solution
on a uniform mesh of points and by replacing the derivatives in the differential
equation by difference quotients at the mesh-points. Finite element methods
are based instead on variational formulations of the differential equations and
determine approximate solutions that are piecewise polynomials on some par-
tition of the domain under consideration. The former method is somewhat
restricted by the difficulty of adapting the mesh to a general domain whereas
the latter is more naturally suited for a general geometry. Finite element
methods have become most popular for elliptic and also for parabolic prob-
lems, whereas for hyperbolic equations the finite difference method continues
to dominate. In spite of the somewhat different philosophy underlying the
two classes it is more reasonable in our view to consider the latter as further
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developments of the former rather than as competitors, and we feel that the
practitioner of differential equations should be familiar with both.

To make the presentation more easily accessible, the elliptic chapters are
preceded by a chapter about the two-point boundary value problem for a
second order ordinary differential equation, and those on parabolic and hy-
perbolic evolution equations by a short chapter about the initial value prob-
lem for a system of ordinary differential equations. We also include a chapter
about eigenvalue problems and eigenfunction expansion, which is an impor-
tant tool in the analysis of partial differential equations. There we also give
some simple examples of numerical solution of eigenvalue problems.

The last chapter provides a short survey of other classes of numerical
methods of importance, namely collocation methods, finite volume methods,
spectral methods, and boundary element methods.

The presentation does not presume a deep knowledge of mathematical and
functional analysis. In an appendix we collect some of the basic material that
we need in these areas, mostly without proofs, such as elements of abstract
linear spaces and function spaces, in particular Sobolev spaces, together with
basic facts about Fourier transforms. In the implementation of numerical
methods it will normally be necessary to solve large systems of linear algebraic
equations, and these generally have to be solved by iterative methods. In a
second appendix we therefore include an orientation about such methods.

Our purpose has thus been to cover a rather wide variety of topics, notions,
and ideas, rather than to expound on the most general and far-reaching
results or to go deeply into any one type of application. In the problem
sections, which end the various chapters, we sometimes ask the reader to
prove some results which are only stated in the text, and also to further
develop some of the ideas presented. In some problems we propose testing
some of the numerical methods on the computer, assuming that MATLAB or
some similar software is available. At the end of the book we list a number
of standard references where more material and more detail can be found,
including issues concerned with implementation of the numerical methods.

This book has developed from courses that we have given over a rather
long period of time at Chalmers University of Technology and Goéteborg Uni-
versity originally for third year engineering students but later also in begin-
ning graduate courses for applied mathematics students. We would like to
thank the many students in these courses for the opportunities for us to test
our ideas.

Goteborg, Stig Larsson
January, 2003 Vidar Thomée

In the second printing 2005 we have corrected several misprints and minor
inadequacies, and added a few problems. SL & VT
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1 Introduction

In this first chapter we begin in Sect. 1.1 by introducing the partial differ-
ential equations and associated initial and boundary value problems that we
shall study in the following chapters. The equations are classified into ellip-
tic, parabolic, and hyperbolic equations, and we indicate the corresponding
type of problems in physics that they model. We discuss briefly the concept
of a well posed boundary value problem, and the various techniques used in
our subsequent presentation. In Sect. 1.2 we introduce some notation and
concepts that will be used throughout the text, and in Sect. 1.3 we include a
detailed derivation of the heat equation from physical principles explaining
the meaning of all terms that occur in the equation and the boundary con-
ditions. In the problem section, Sect. 1.4, we add some further illustrative
material.

1.1 Background

In this text we study boundary value and initial-boundary value problems for
partial differential equations, that are significant in applications, from both
a theoretical and a numerical point of view. As a typical example of such a
boundary value problem we consider first Dirichlet’s problem for Poisson’s
equation,

(1.1) —Au = f(z) in £2,
(1.2) u=g(z) on I

where © = (x1,...,24), 4 is the Laplacian defined by Au = ijl d*u /03,
and 2 is a bounded domain in d-dimensional Euclidean space R® with bound-
ary I'. The given functions f = f(x) and g = g(z) are the data of the problem.
Instead of Dirichlet’s boundary condition (1.2) one can consider, for instance,
Neumann’s boundary condition

ou

1.3 — =g(x) on I,

(13) = g(a)
where du/0n denotes the derivative in the direction of the exterior unit nor-
mal n to I'. Another choice is Robin’s boundary condition
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(1.4) g—z + B(z)u = g(x) onI.

More generally, a linear second order elliptic equation is of the form

9 Ou ¢ Ou
(15)  Au=— 3 o (aij(a;)%j) + ij(x)a—xj +e(@)u = f(z),

where A(x) = (a;;(x)) is a sufficiently smooth positive definite matrix, and
such an equation may also be considered in {2 together with various bound-
ary conditions. In our treatment below we shall often restrict ourselves, for
simplicity, to the isotropic case A(x) = a(x)I, where a(z) is a smooth positive
function and I the identity matrix.

Elliptic equations such as the above occur in a variety of applications,
modeling, for instance, various potential fields (gravitational, electrostatic,
magnetostatic, etc.), probability densities in random-walk problems, station-
ary heat flow, and biological phenomena. They are also related to important
areas within pure mathematics, such as the theory of functions of a com-
plex variable z = x + iy, conformal mapping, etc. In applications they often
describe stationary, or time independent, physical states.

We also consider time dependent problems, and our two model equations
are the heat equation,

(1.6) o du=fa),
and the wave equation,
0%u
1. — — = .
(1.7) o~ du=f(z,1)

These will be considered for positive time ¢, and for = varying either through-
out R? or in some bounded domain 2 € R? on the boundary of which
boundary conditions are prescribed as for Poisson’s equation above. For these
time dependent problems, the value of the solution u has to be given at the
initial time ¢ = 0, and in the case of the wave equation, also the value of
Ou/0t at t = 0. In the case of the unrestricted space R? the respective prob-
lems are referred to as the pure initial value problem or Cauchy problem and,
in the case of a bounded domain {2, a mixed initial-boundary value problem.

Again, these equations, and their generalizations permitting more general
elliptic operators than the Laplacian A, appear in a variety of applied con-
texts, such as, in the case of the heat equation, in the conduction of heat in
solids, in mass transport by diffusion, in diffusion of vortices in viscous fluid
flow, in telegraphic transmission in cables, in the theory of electromagnetic
waves, in hydromagnetics, in stochastic and biological processes; and, in the
case of the wave equation, in vibration problems in solids, in sound waves in
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a tube, in the transmission of electricity along an insulated, low resistance
cable, in long water waves in a straight canal, etc.

Some characteristics of equations of type (1.7) are shared with certain
systems of first order partial differential equations. We shall therefore also
have reason to study scalar linear partial differential equations of the form

Zaj x, t +a0(:17 Hu = f(x,t),

and corresponding systems where the coeflicients are matrices. Such systems
appear, for instance, in fluid dynamics and electromagnetic field theory.

Applied problems often lead to partial differential equations which are
nonlinear. The treatment of such equations is beyond the scope of this pre-
sentation. In many cases, however, it is useful to study linearized versions of
these, and the theory of linear equations is therefore relevant also to nonlinear
problems.

In applications, the equations used in the models normally contain physi-
cal parameters. For instance, in the case of the heat conduction problem, the
temperature at a point of a homogeneous isotropic solid, extended over §2,
with the thermal conductivity k, density p, and specific heat capacity ¢, and
with a heat source f(z,t), satisfies

c% =V (kVu)+ f(z,t) in 2.

If p,c, and k are constant, this equation may be written in the form (1.6)
after a simple transformation, but if they vary with x, a more general elliptic
operator is involved.

In Sect. 1.3 below we derive the heat equation from physical principles and
explain, in the context given, the physical meaning of all terms in the elliptic
operator (1.5) as well as the boundary conditions (1.2), (1.3), and (1.4).
A corresponding derivation or the wave equation is given in Problem 1.2.
Boundary value problems for elliptic equations, or stationary problems, may
appear as limiting cases of the evolution problems as t — oo.

One characteristic of mathematical modeling is that once the model is
established, in our case as an initial or initial-boundary value problem for a
partial differential equation, the analysis becomes purely mathematical and is
independent of any specific application that the model describes. The results
obtained are then valid for all the different examples of the model. We shall
therefore not use much terminology from physics or other applied fields in our
exposition, but invoke special applications in the exercises. It is often conve-
nient to keep such examples in mind to enhance the intuitive understanding
of a mathematical model.

The equations (1.1), (1.6), and (1.7) are said to be of elliptic, parabolic,
and hyperbolic type, respectively. We shall return to the classification of
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partial differential equations into different types in Chapt. 11 below, and

note here only that a differential equation in two variables x and ¢ of the
form

Pu P

o T 0w T Coa

is said to be elliptic, hyperbolic or parabolic depending on whether § = ac—b?

+...= f(z,t)

is positive, negative, or zero. Here ... stands for a linear combination of
derivatives of orders at most 1. In particular,
v 0%
o+ = = f(x,1),
otz 022 f(@:1)
u  0%u
=7 a2 = /(@)
ot ox
and 5 o2
U u
., a2 — Z, t )
ot 0x2 fa?)

are of these three types, respectively. Note that the conditions on the sign
of § are the same as those occurring in the classification of plane quadratic
curves into ellipses, hyperbolas, and parabolas.

Together with the partial differential equations we also study numerical
approximations by finite difference and finite element methods. For these
problems, the continuous and the discretized equations, we prove results of
the following types:

— existence of solutions,

— uniqueness of solutions,

— stability, or continuous dependence of solutions with respect to perturba-
tions of data,

— error estimates (for numerical methods).

A boundary value problem that satisfies the three first of these conditions
is said to be well posed. In order to prove such results we employ several
techniques:

—  maximum principles,

— Fourier methods; these are techniques that are based on the use of the
Fourier transform, Fourier series expansion, or eigenfunction expansion,

— energy estimates,

— representation of solution operators by means of Green’s functions.

1.2 Notation and Mathematical Preliminaries

In this section we briefly introduce some basic notation that will be used
throughout the book. For more details on function spaces and norms we refer
to App. A.
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By R and C we denote the sets of real and complex numbers, respectively,
and we write

RY'={z=(21,...,20) 12, €R, i=1,....d}, Ry={teR:t>0}.

A subset of R? is called a domain if it is open and connected. By 2 we
usually denote a bounded domain in R?, for i = 1,2, or 3 (if d = 1, then £2 is
a bounded open interval). Its boundary 942 is usually denoted I". We assume
throughout that I" is either smooth or a polygon (if d = 2) or polyhedron (if
d = 3). By 2 we denote the closure of §2, i.e., {2 = 2UI". The (length, area, or)
volume of 2 is denoted by |§2|, the volume element in R? is dz = dz; - - - dxg,
and ds denotes the element of arclength (if d = 2) or surface area (if d = 3)
on I'. For vectors in R% we use the Euclidean inner product z-y = Zle TiY;
and norm |x| = /x - .

Let u, v be scalar functions and w = (w1, ..., wq) a vector-valued function
of x € R%. We define the gradient, the divergence, and the Laplace operator
(Laplacian) by

ov ov
Vv =gradv = (671"“’5751)7
Vv w*divw*iawi
- 71‘:18%’7
d g2
Av=V Vv = %

=1

We recall the divergence theorem
V-wdxz/w~nds,
Q r

where n = (n1,...,nq) is the outward unit normal to I". Applying this to the
product wv we obtain Green’s formula:

/w~Vvdx:/w~nvdsf/V~wvdx.
Q r Q

When applied with w = Vu the formula becomes

/Vu~Vvdx:/a—uvds—/Auvdx,
2 ron 2

where du/On = n - Vu is the exterior normal derivative of u on I

A multi-index o = (v, - . ., q) is a d-vector where the «; are non-negative
integers. The length || of a multi-index « is defined by |a| = Zle a;. Given
a function v : R — R we may write its partial derivatives of order |a| as
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dlaly

(1.8) D = .
Ozt -+ Oy

A linear partial differential equation of order k in {2 can therefore be written

Z aa(x) D = f(x),

la|<k

where the coefficients a,(x) are functions of z in 2. We also use subscripts
to denote partial derivatives, e.g.,
ov 0%v
vi=Dw=—, v =Div=_——

ot Ox?’

For M C R we denote by C(M) the linear space of continuous functions
on M, and for bounded continuous functions we define the maximum-norm

(1.9) [vlle(ary = sup [v(@)].
xeM

For example, this defines [[v¢ga). When M is a bounded and closed set,
i.e., a compact set, the supremum in (1.9) is attained and we may write

lollecar) = max |v(z)].

For a not necessarily bounded domain {2 and k£ a non-negative integer we
denote by C*(£2) the set of k times continuously differentiable functions in (2.
For a bounded domain 2 we write C*(§2) for the functions v € C*(§2) such
that D% € C(£2) for all || < k. For functions in C*(£2) we use the norm

Ivllex(@ = masx 100l

and the seminorm, including only the derivatives of highest order,

[V|cr () = max [D%vlc(q)-
When we are working on a fixed domain {2 we often omit the set in the
notation and write simply ||v||c, |v|ck, etc.

By CE(§2) we denote the set of functions v € C*(§2) that vanish outside
some compact subset of {2, in particular, such functions satisfy D%v = 0 on
the boundary of {2 for |a| < k. Similarly, C§°(R?) is the set of functions that
have continuous derivatives of all orders and vanish outside some bounded
set.

We say that a function is smooth if, depending on the situation, it has
sufficiently many continuous derivatives.

We also frequently employ the space La(2) of square integrable functions
with scalar product and norm
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) 1/2
(0,0) = (0,0} oy = [ vwde, ol = ol = [ o)
2 2

For 2 a domain we also employ the Sobolev space H*(2), k > 1, of functions
v such that D% € Lo(£2) for all || < k, equipped with the norm and

seminorm
a, (|12 1/2
lells = lelleey = ( 32 10%0)2) ™,
la|<k

1/2
vk = [v|mr o) = ( Z ||D“v||2) )

|a|=k
Additional norms are defined and used locally when the need arises.

We use the letters ¢, C to denote various positive constants that need not
be the same at each occurrence.

1.3 Physical Derivation of the Heat Equation

Many equations in physics are derived by combining a conservation law with
constitutive relations. A conservation law states that a physical quantity,
such as energy, mass, or momentum, is conserved as the physical process
develops in time. Constitutive relations express our assumptions about how
the material behaves when the state variables change.

In this section we we consider the conduction of heat in a body 2 ¢ R?
with boundary I" and derive the heat equation using conservation of energy
together with linear constitutive relations.

Conservation of Energy

Consider the balance of heat in an arbitrary subset {2y C (2 with boundary
I'y. The energy principle says that the rate of change of the total energy in
{29 equals the inflow of heat through Iy plus the heat power produced by
heat sources inside (2. To express this in mathematical terms we introduce
some physical quantities, each of which is followed, within brackets, by the
associated standard unit of measurement.

With e = e(x,t) [J/m®] the density of internal energy at the point z [m]
and time t [s], the total amount of heat in (2 is fQo edz [J]. Further with
the vector field j = j(z,t) [J/(m%s)] denoting the heat flur and n the exterior
unit normal to Ij, the net outflow of heat through I is fFoj -nds [J/s].
Introducing also the power density of heat sources p = p(z,t) [J/(n®s)], the
energy principle then states that

d
— edx:—/ j-nds+/ pdax.
dt Jq, I 2
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Applying the divergence theorem we obtain

/<&€+V-j—p>dx:0, for t > 0.
2, \ Ot

Since 2y C {2 is arbitrary this implies

(1.10) %—I—Voj:p in 2, fort>0.

Constitutive Relations

The internal energy density e depends on the absolute temperature T [K]
and the spatial coordinates, and in our first constitutive relation we assume
that e depends linearly on T near a suitably chosen reference temperature
Ty, that is,

(1.11) e=ey+o(T—Ty)=ey+09, whered =T —Ty.

The coefficient o = o(z) [J/(@3K)] is called the specific heat capacity. (It is
usually expressed in the form o = pec, where p [kg/m3] is mass density and
¢ [J/(kgK)] is the specific heat capacity per unit mass.)

According to Fourier’s law the heat flux due to conduction is proportional
to the temperature gradient, which gives a second constitutive relation,

j=—AVY.

The coefficient A = A(x) [J/(mKs)] is called the heat conductivity. In some
situations (e.g., gas in a porous medium, heat transport in a fluid) heat is
also transported by convection with heat flux ve, where v = v(z,t) [m/s] is
the convective velocity vector field. The constitutive relation then reads

(1.12) j=—AVY+uve.

Substituting (1.11) and (1.12) into (1.10) we obtain

oY .
(1.13) i V-(AV)+V-(cvd)=q inf2, whereq=p—V-(vey),
which is the heat equation with convection.

Boundary Conditions

In the modelling of heat conduction, the differential equation (1.13) is com-
bined with an nitial condition at time t = 0,

(1.14) I(z,0) = Vi (z),
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and a boundary condition, expressing that the heat flux through the boundary
is proportional to the difference between the surface temperature and the
ambient temperature, j - n = k(¥ — ¥,), where k = r(x,t) [J/(@m*sK)] is a
heat transfer coefficient. Assuming that the material flow does not penetrate
the boundary, i.e., v - n = 0, we obtain from (1.12)

j-n:—)\Vﬂ-n:—)\@ on I,
on

where 09/0n = V¥ - n denotes the exterior normal derivative of ). Therefore
the boundary condition is Robin’s boundary condition

(1.15) )\g—i+n(197193):0 onI.

The limit case k = 0 means that the boundary surface is perfectly insulated,
so that we have Neumann’s boundary condition,

oY
2 _0
on
At the other extreme, dividing by « in (1.15) and letting k — oo, we obtain
Dirichlet’s boundary condition

(1.16) 0 =,

The limit case k = oo thus means that the body is in perfect thermal contact
with the surroundings, i.e., heat flows freely through the surface, so that the
surface temperature of the body is equal to the ambient temperature.

Dimensionless Form

It is often useful to write the above equations in dimensionless form. Choosing
reference constants L [ml, 7 [s], ¥¢ [K], or [J/@3K)1, vs [m/s], etc., we
define dimensionless variables

t=t/r, ¥==a/L, wu(Z,t)=739L,tr)/V.

In order to make the heat equation (1.13) dimensionless we divide it by
At/ L?. Using the chain rule,

o 2(8), u-1o(3)

ot :Tﬁ Q’Tf £
we get
ou = - - .
(1.17) dﬁ —V-(aVu)+ V- (bu)=f in £,

where
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T)\f of )\f )\f Of Ut )\f19f
It is natural to choose 7 = L2Jf/)\f, so that d = 1 if o = oy is constant. The
dimensionless number Pe = vso¢L/As that appears in the definition of b is
called Peclet’s number and measures the relative strengths of convection and
conduction. Skipping the tilde from now on, we write (1.17) as

0
(1.18) da—?—v-(aVu)—&—b-Vu—t—cu:f in 2, where c=V-b.
The boundary condition (1.15) and the initial condition (1.14) transform
in a similar way to

(1.19) ag—quh(ufua) =0 onl,
n

and

(1.20) u(z,0) = ui(x).

Here h = Bik/kt, where Bi = Lk¢/ )¢ is called the Biot number.

The partial differential equation (1.18) together with the initial condition
(1.20) and the boundary condition (1.19) is called an initial-boundary value
problem. The term —V - (aVu) is written in divergence form. This form arises
naturally in the derivation of the equation, and it is convenient in much of
the mathematical analysis, as we shall see below. However, we sometimes
expand the derivative and write the equation in non-divergence form:

(1.21) d%—aAquBVqucu:f, where b = b — Va.

Some Simplified Problems

It is useful to study various simplifications of the above equations, because
it may then be possible to carry the mathematical analysis further than in
the general case. If we assume that the coefficients are constant, with b = 0,
¢ =0, then (1.18) reduces to (recall that d =1 if ¢ is constant)

(1.22) % —alu = f.
For a = 1 this is equation (1.6). If f and the boundary condition are indepen-
dent of £, then u could be expected to approach a stationary state as t grows,
ie., u(z,t) — v(x) as t — oo, and since we should then have Ju/0t — 0, we
find that v satisfies Poisson’s equation (1.1). If in addition f = 0, we have
Laplace’s equation

—Au = 0.
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Solutions of Laplace’s equation are called harmonic functions.

Another important kind of simplification is obtained by reduction of di-
mension. For example, consider stationary (time-independent) heat conduc-
tion in a (not necessarily circular) cylinder oriented along the x;-axis with
insulated mantle surface. If the coefficients a, b, ¢, f in (1.18) are independent
of 9 and x3, then it is reasonable to assume that the solution u also depends
only on one variable x1, which we then denote by z, i.e., v = u(z). The heat
equation (1.18) then reduces to an ordinary differential equation

—(au) +bu' +cu=f in 2=(0,1).
The boundary condition (1.19) becomes
(1.23)  —a(0)u’(0) + ho(u(0) —up) =0, a(1)u'(1) + hy(u(l) —uy) = 0.

We call this a two-point boundary value problem. Similar simplifications are
obtained under cylindrical and spherical symmetry by writing the equations
in cylindrical respectively spherical coordinates. If the coefficients are con-
stant, then we can readily express the solution in terms of well-known special
functions, see Problem 1.6.

Nonlinear Equations, Linearization

The coefficients in the heat equation (1.18) and in the boundary conditions
often depend on the temperature u, which makes the equations nonlinear.
Although the study of nonlinear equations is outside the scope of this book,
we mention that the study of nonlinear equations often proceeds by lineariza-
tion, i.e., by reduction to the study of related linear equations. We illustrate
this in the case of the equation
ou .
F(u) := i V- (a(uw)Vu) — f(u) =0 in 2, fort >0,

which is of the form (1.18), and which is to be solved together with suitable
initial and boundary conditions. One approach to such a problem is to use
Newton’s method, which produces a sequence of approximate solutions u*
from a starting guess u® in the following way: Given u* we want to find an
increment v* such that «**t! = u* 4+ 0" is a better approximation of the exact
solution than u*. Approximating F(u**!) = 0 by F(u*) + F'(u*)v* = 0, we
obtain a linearized equation

o k

% — V- (a(wk)Vok) = V- (d (F)Vurok) — f/ (k)b = —FuF) in 02,
which is solved together with an initial condition and linearized boundary
conditions. This equation is a linear equation in v* of the form (1.18), where
the new coefficients a(u*(z,t)), etc., depend on z and .
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1.4 Problems

Problem 1.1. (Derivation of the convection-diffusion equation.) Let ¢ =
c(r,t) [mol/m®] denote the concentration at the point z [m] and time ¢
[s] of a substance that is being transported through a domain =z € 2 C R3
by convection and diffusion. The flux due to convection is

je =wve, [mol/ (m?s)]

where v = v(z) [m/s] is the convective velocity field. The flux due to diffusion
is (Fick’s law)
ja=—DVe, [mol/(m?s)]

where D = D(z) [m?/s] is the diffusion coefficient. Let r [mol/(m®s)] denote
the rate of creation/annihilation of material, e.g., by chemical reaction. The
total mass of the substance within an arbitrary subdomain is [, o cdx. Use
the conservation of mass and the divergence theorem to derive the convection-
diffusion equation

0

8—; ~V - (DVe)+V-(ve)=r, [mol/(m®s)]

which is of the same mathematical form as (1.13). Derive a boundary con-
dition of the form (1.15). Show that these equations can be written in the
same dimensionless form as (1.18) and (1.19).

Problem 1.2. (Derivation of the wave equation.) Consider the longitudinal
motion of an elastic bar of length L [m]and of constant cross-sectional area A
[m?] and with density p [kg/m®]. Let u = u(x,t) [m]denote the displacement
at time ¢ [s] of a cross-section originally located at x € [0, L]. Newton’s law
of motion states that

d [

pn pAdz = (o(b) —o(a))A, [N]

where f: pAdx [kgm/s] is the total momentum of an arbitrary segment
(a,b) and o [N/m?] is the stress (force per unit cross-sectional area). This
leads to

dp Odo

ot ox
For small displacements we have a linear relationship between the stress o
and the strain € = Ju/dx, namely Hooke’s law,

o = Fk,

where E [N/m?] is the modulus of elasticity, and the momentum density is
given by p = pdu/dt. Show that u satisfies the wave equation
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Discuss various possible boundary conditions at the ends of the bar. For

example, at x = L:

— fixed end, u(L) =0,
— free end, o(L) = 0, which leads to u,(L) = 0,
— elastic support, o(L) = —ku(L), which leads to Eu,(L) + ku(L) = 0.

Note that these are of the form (1.23).

Problem 1.3. (Elastic beam.) Consider the bending of an elastic beam that
extends along the interval 0 < z < L. At an arbitrary cross-section at a
distance x from the left end we introduce the bending moment (torque) M =
M (z) [Nml, the transversal force T = T'(x) [N], and the external applied
force ¢ = ¢(x) per unit length [N/m]. It can be shown that equilibrium
of forces requires M’ = T and T’ = —q. Let v = u(z) [m] be the small
transversal deflection of the beam. The bending angle is then approximately
u'. The constitutive law is M = —FEIu”, where E [N/m?] the modulus of
elasticity and I [m*] is a moment of inertia of the cross-section of the beam.
Show that this leads to the fourth order equation

(Elull)// — q.
Discuss various possible boundary conditions at the ends of the beam. For
example, at x = L:
— clamped end, u(L) =0 ,
— free end, M(L) = —(EIu")(L) =0, T(L) = —(EIu") (L) = 0,
—  hinge, /(L) =0, M(L) = —(EIu”)(L) =0.
Problem 1.4. (The Laplace operator in spherical symmetry.) Introduce

spherical coordinates (r, 8, ¢) defined by x1 = rsin6 cos ¢, xo = rsinfsin ¢,
x3 = rcosf. Assume that the function u does not depend on 6 and ¢, i.e.,

u = u(r). Show that
1 d/5du
Au= =
> dr( dr)

Problem 1.5. (The Laplace operator in cylindrical symmetry.) Introduce
cylindrical coordinates (p, ¢, z) defined by x1 = pcosp, o2 = psiny, x3 = 2.
Assume that the function u does not depend on ¢ and z, i.e., u = u(p). Show

that 1d s du
Au = pdp( d—p)

Problem 1.6. Let 2 = {z € R? : |z| < 1}. Determine an explicit solution
of the boundary value problem

—Au+cu=f inf, withu=g¢g onl,
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assuming spherical symmetry and that ¢, f, g are constants. That is, solve
— (%' (1)) + Ar2u(r) = r2f forr € (0,1), with u(1) = g, u(0) finite.

Hint: Set v(r) = ru(r).



2 A Two-Point Boundary Value Problem

For the purpose of preparing for the treatment of boundary value problems
for elliptic partial differential equations we consider here a simple two-point
boundary value problem for a second order linear ordinary differential equa-
tion. In the first section we derive a maximum principle for this problem, and
use it to show uniqueness and continuous dependence on data. In the second
section we construct a Green’s function in a special case and show how this
implies the existence of a solution. In the third section we write the problem
in variational form, and use this together with simple tools from functional
analysis to prove existence, uniqueness, and continuous dependence on data.

2.1 The Maximum Principle

We consider the boundary value problem

Au =~ (au) +bu' +cu=f in 2=(0,1),

(2.1) u(0) = ug, u(l) = uq,

where the coefficients a = a(z), b = b(x), and ¢ = ¢(x) are smooth functions
with

(2.2) a(r) > a9 >0, c(x)>0, forxe2=][0,1],
and where the function f = f(x) and the numbers ug,u; are given, cf.
Sect. 1.3.

In the particular case that a = 1, b = ¢ = 0, this reduces to
(2.3) —u" = f in 2, with u(0) = ug, u(l) = uy.

By integrating this differential equation twice we find that a solution must
have the form

(2.4) u(m):—/om/oyf(s)dsdy—i—ax—i—ﬁ,

with the constants «, § to be determined. Setting = 0 and « = 1 we find
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1 ry
a:ul—u0+/ / f(s)dsdy, B =up.
o Jo

Reversing the steps we find that (2.4), with these «, 3, is the unique solution
of (2.3).

In the special case f = 0 the solution of (2.3) is the linear function
u(x) = ug(1 — ) + upz. In particular, the values of this function lie between
those at x = 0 and « = 1, and its maximum and minimum are thus located
at the endpoints of the interval 2. More generally, we have the following
maximum (minimum) principle for (2.1).

Theorem 2.1. Consider the differential operator A in (2.1), and assume
that u € C* = C*(2) and

(2.5) Au<0 (Au > o) in 0.

(i) If ¢ =0, then

(2.6) max u = max {u(0),u(1)} (m(%nu = min {u(0), u(l)})

(ii) If ¢ > 0 in 02, then

(2.7) max u < max {u(0),u(1),0} (m(i?nu > min {u(0), u(1), 0})

In case (i) we conclude that the maximum of u is attained at the bound-
ary, i.e., at one of the endpoints of the interval (2. In case (ii) we draw the
same conclusion if the maximum is nonnegative. This does not exclude the
possibility that the maximum is attained also in the interior of 2. However,
there is also a stronger form of the maximum principle, which in case (i)
asserts that if (2.5) holds and « has a maximum at an interior point of 2 (in
case (ii) a nonnegative interior maximum), then u is constant in 2. We shall
not prove this here, but we refer to Sect. 3.3 below for the corresponding
result for harmonic functions. The variants within parentheses, with Au > 0,
may be described as a minimum principle; it is reduced to the maximum
principle by looking at —u.

Proof. (i) Assume first, instead of (2.5), that Au < 0 in §2. If u has a maxi-
mum at an interior point xg € {2, then at this point we have u/(z¢) = 0 and
u”(zg) <0, so that Au(zg) > 0, which contradicts our assumption. Hence u
cannot have an interior maximum point and (2.6) follows.

Assume now that we only know that Au < 0 in (2. Let ¢ be a function
such that ¢ > 0in 2 and A¢ < 0 in £2. For example, we may use the function
#(z) = e’ with X so large that A¢ = (—a)? + (b—a’)\)¢ < 0 in 2. Assume
now that u attains its maximum at an interior point zy but not at x = 0 or
x = 1. Then for € > 0 sufficiently small this is true also for v = u + €¢. But
Av = Au+ eA¢ < 0 in 2, which contradicts the first part of the proof.
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(ii) If w < 0 in {2, then (2.7) holds trivially. Otherwise assume that
maxgpu = u(zg) > 0 and z¢ # 0,1. Let (o, 3) be the largest subinterval
of 2 containing xg in which v > 0. We now have Au == Au—cu < 0 in
(v, B). Part (i), applied with the operator A in the interval (o, 3), therefore
implies u(xg) = max{u(a),u(S)}. But then o and 3 could not both be in-
terior points of 2, for then either u(«) or u(8) would be positive, and the
interval (o, 3) would not be as large as possible with « > 0. This implies
u(zp) = max{u(0),u(1)} and hence (2.7). O

As a consequence of this theorem we have the following stability estimate
with respect to the maximum-norm, where we use the notation of Sect. 1.2.

Theorem 2.2. Let A be as in (2.1) and (2.2). If u € C?, then
lulle < max {Ju(0)], [u(1)|} + C|Aullc.

The constant C depends on the coefficients of A but not on w.

Proof. We shall bound the maxima of +u. We set ¢(x) = e* —e** and define
the two functions

ve(x) = 2u(x) — || Aullc o).

Since ¢ > 0 in 2 and A¢p = ce* + (aX? + (' —b)A —c)er® > 1in 2, if A >0
is chosen sufficiently large, we have, with such a choice of A,

Avy = +Au — || AullcAd < £Au — ||Aullc <0 in £2.

Theorem 2.1(ii) therefore yields
mgx(vi) < max {v4(0),v+(1),0}
< maxc { £ u(0), £u(1),0} < max {|u(0)], (1)},
because v () < +u(z) for all 2. Hence,
max() = max (v + | Aule 6) < max(es) + | Aulclolc
< max {[u(0)], [u(D)[} + C[|Aullc, with C = [¢]c,

which completes the proof. O

From Theorem 2.2 we immediately conclude the uniqueness of a solution
of (2.1). In fact, if v and v were two solutions, then their difference w = u—v
would satisfy Aw = 0, w(0) = w(1) = 0, and hence ||w||¢ = 0, so that v = v.

More generally, if v and v are two solutions of (2.1) with right hand sides
f and g and boundary values ug,u; and vg, vy, respectively, then

lu—vlec < maX{\Uo — o, |ur — ’01|} +Cllf = 9glle-
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Thus the problem (2.1) is stable, i.e., a small change in data does not cause
a big change in the solution.

As another application of the maximum principle we note that if all the
data of the boundary value problem (2.1) are nonpositive, then the solution
is nonpositive. That is, if f <0 and wg,u; < 0, then v < 0. By means of the
stronger variant of the maximum principle mentioned after Theorem 2.1, we
may even conclude that v < 0 in {2 unless u(z) = 0. More generally, we have
the following monotonicity property: If

Au=f in {2, with w(0) = ug, u(l) = uq,
Av =g in (2, with v(0) = vg, v(1) = vy,

and if f < g, up < vg, and u; < vy, then u < wv.

2.2 Green’s Function

We now consider the problem (2.1) with b = 0 and with boundary values
ug = uy; = 0. We shall derive a representation of a solution in terms of a
so-called Green’s function G(z,y). For this purpose, let Uy and U; be two
solutions of the homogeneous equation such that

.AU() =0 in Q, with U(](O) = 1, Uo(].) = 07

AUy =0 in §2, with U1(0) =0, Uy(1) = 1.
To see that such solutions exist, we note that by the standard theory of
ordinary differential equations the initial value problem for Au = 0 with
u(0) = 0, «/(0) = 1 has a unique solution, and that u(1) # 0 for this
solution, since otherwise u(z) = 0 in {2 by Theorem 2.2. By multiplication of
this solution by an appropriate constant we obtain the desired function U;.
The function Uy is constructed similarly, starting at « = 1. By Theorem 2.1
Uy and U; are nonnegative. We refer to Problem 2.5 for the case when b # 0.

Theorem 2.3. Letb = 0 and let Uy, Uy be as described above. Then a solution
of (2.1) with ug = uy = 0 is given by

(2.8) u() = / G(z,9) /() dy,

where .
~Uo(@)li(y),  forOsy<w<l,
G(z,y) =
1
EUl(l“)Uo(y)» for0<z<y<I,

(2.9) & = a(z) (Uy(z)U1(z) — Uj(x)Uy(z)) = constant > 0.
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Proof. We begin by showing that « is constant: Since (a U]’-)' = cUj;, we have
H/ = UO(CLU{)/ — Ul(aU('))/ = U()CU1 — U1 CU() =0.

Setting x = 0 we find x = a(0) U; (0) # 0, because otherwise Uy (0) = U7 (0) =
0 and hence Uy (z) = 0. Since U; is nonnegative we have U7 (0) nonnegative
and hence it follows that x > 0.

Clearly u as defined in (2.8) satisfies the homogeneous boundary condi-
tions. To show that it is a solution of the differential equation we write

/Gmy )dy+/$1G(m,y)f(y)dy

—20(a) [ i) dy+ o) [ ol o

Hence, by differentiation,
(@)= (Uso) [ sy + Ut 2)
+ ;(U{(a:) / Uo(w) () dy — Uy (@)U @) (x) ).

where the terms involving f(z) cancel. Multiplying by —a(z) and differenti-
ating we thus obtain, using (a U})" = cU; and (2.9),

x

(a() U ()Y / UL () (y) dy

(a(2)U1 ()Y / Vo) (4) dy

x

—(ala)u(2)) =

|
;R\H E\H;m)_.z\H :&\H

a(@) (Uh(2)U: (2) = U} (2)U0(x)) £ ()
c(@)ola) [ U1 )

1
(2)Us () / Vo) (y) dy + f ()

/ Clar,y)f () dy + F(x) = —elw)u(z) + f(),
which completes the proof. 0O

In particular, this theorem shows the existence of a solution of the problem
considered. We already know from Sect. 2.1 that the solution is unique. The
representation of the solution as an integral in terms of the Green’s function
can also be used to obtain additional information about the solution. As a
simple example we have the maximum-norm estimate
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1
(210) Julle < Clflle, with € = max [ Glz.y)
xzes2 Jo

which gives a more precise value of the constant in Theorem 2.2. Here we have
used the fact that Uy and Uy, and hence G, are nonnegative by Theorem 2.1.

Theorem 2.3 may also be used to show the existence of a solution for
general boundary values uy and wu;. In fact, if @(z) = uo(l — x) + w2, and if
v is a solution of

Av=g:=f—Au in 2, with v(0) =v(1) =0,

then u = v + @ satisfies Au = f and u(0) = ug, u(l) = u;.

2.3 Variational Formulation

We shall now treat our two-point boundary value problem within the frame-
work of the Hilbert space Lo = Lo(f2), and derive a so-called variational
formulation. We refer to App. A for the functional analytic concepts used.

We consider the boundary value problem (2.1) with homogeneous bound-
ary conditions, i.e.,

(2.11) Au:= —(av') +bu'+cu=f in2=(0,1), withu(0)=wu(l)=0.

We assume that the coefficients a, b, and ¢ are smooth and, instead of (2.2),
that

(2.12) a(r) >ap >0, c(x)—0b(x)/2>0, forxze .

Multiplying the differential equation by a function ¢ € C} = C}(£2), and
integrating over the interval {2, we obtain

1 1
(2.13) / (= (au) +bu' + cu)pda = / foda,
0 0
or, after integration by parts, using ¢(0) = ¢(1) =0,
1
(2.14) / (au'@’ + bu'p + cup) dx—/ fodx, YyoeCy,
0

which we refer to as the variational or weak formulation of (2.11).
Introducing the bilinear form

1
(2.15) a(v,w) = / (av'w’ + bv'w + cvw) du,
0

and the linear functional
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L(w) = (f,w) :/0 fwds,

and using the fact that C} is dense in H} = H{ (£2), we may write the equation
(2.14) as

(2.16) a(u, ) = L(p), Ve € H].

We say that u is a weak solution of (2.11) if u € H} and (2.16) holds.
Thus we do not require a weak solution to be twice differentiable. However, if
a weak solution belongs to C2, then it is actually a classical solution of (2.11).
In fact, by integration by parts in (2.14) we conclude that (2.13) holds, i.e.,

1
/ (Au— f)odx =0, Voe H}.
0

This immediately implies Au = f in {2, and since v € H} we also have
u(0) = u(1) = 0. This calculation can also be performed if u € H? N H}, in
which case we say that u is a strong solution of (2.11).

We note that, with the notation of Sect. 1.2,

(2.17) loll < lo']l, i v(0) = v(1) = 0.

In fact, by the Cauchy-Schwarz inequality we have for all z € (2,

x 2 T T 1
ol =| [vma] < [ [ e <o [wra s e,

from which (2.17) follows by integration. This is a special case of Poincaré’s
inequality, which has a counterpart also for functions of several variables, see
Theorem A.6. It follows at once that

(2.18) ol = (ol + 111%)* < V2|1, vo € B,

which shows that ||v||; and |v|; = ||v/|| are equivalent norms.
Using our assumption (2.12), we find that

1 1 1
/O(bv’v+cv2)da:: [%bvﬂo—i—/o (c—LV)v*dz >0, forve Hj.

Hence, from (2.12) and (2.18) it follows that the bilinear form a(v,w) has the

property

(2.19) a(v,v) > mina(z) [|V|*> > a|v||3, Vv € Hi, witha=ay/2>0.
€S2

The inequality (2.19) expresses that the bilinear form a(-, -) is coercive in H},
see (A.12). Setting ¢ = w in (2.16) and using (2.19) and (2.17), we find
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allullf < alu,u) = (fu) < | fI ull < 1l
so that
(2.20) llulh < CJIfll, with C = 2/ay.
The bilinear form a(v, w) is also bounded on H{ in the sense that (cf. (A.9))
(2.21) la(v,w)| < Cllv|i[lwlly, Vv,w e Hy.
For, estimating the coefficients in (2.15) by their maxima and using the
Cauchy-Schwarz inequality, we have
1
a(w,w) <€ [ (0| + 'l + Jow]) do < o]
0
We now turn to the question of existence of a solution of the variational
equation (2.16).

Theorem 2.4. Assume that (2.12) holds and let f € Ls. Then there exists
a unique solution u € H} of (2.16). This solution satisfies (2.20).

Proof. The proof is based on the Lax-Milgram lemma, Theorem A.3. We al-
ready checked that a(, -) is coercive and bounded in H{. The linear functional
L(+) is also bounded in H}, because

L) = (£, o)l < I Iel < Ifl llelly, Vo € Hy.

Hence the assumptions of the Lax-Milgram lemma are satisfied and it follows
that there exists a unique u € H} satisfying (2.16). Together with (2.20) this
completes the proof. O

We remark that when b = 0 the bilinear form a(-,-) is symmetric positive
definite and thus an inner product, with the associated norm equivalent to
|Il1- The existence of a unique solution then follows from the more elementary
Riesz representation theorem, Theorem A.1.

In the symmetric case when b = 0, the solution of (2.16) may also be
characterized as the minimizer of a certain quadratic functional, see Theorem
A.2. This is a special case of the famous Dirichlet principle.

Theorem 2.5. Assume that (2.2) holds and that b = 0. Let f € Lo and
u € H} be the solution of (2.16), and set

F(p) = %/0 (al@")? + cp?) dx—/o foda.

Then F(u) < F(y) for all ¢ € H}, with equality only for ¢ = u.
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The weak solution u of (2.16) obtained in Theorem 2.4 is actually more
regular than stated there. Using our definitions one may, in fact, show that u”
exists as a weak derivative (cf. (A.21)), and that au” = —f+(b—a')u'+cu €
L. It follows that v € H? and that

ao[u”|| < llau"[| < [[fII + (b — a")'| + [leull < [If] + Cllully < ClIF]-
Together with (2.20) this implies the regularity estimate
(2.22) [ull2 < ClI£]-

We conclude that the weak solution of (2.1) found in Theorem 2.4 is actually
a strong solution. The proof of H?-regularity uses the assumption that a is
smooth and f € Lo. With a less smooth, or with f only in H~?, see (A.30),
we still obtain a weak solution in Hg, but then it may not belong to H?, see
Problem 2.8.

2.4 Problems

Problem 2.1. Determine explicit solutions of the boundary value problem
—u" +cu=f in(=1,1), withu(-1)=u(l) =g,

where ¢, f, g are constants. Use this to illustrate the maximum principle.

Problem 2.2. Determine Green’s functions for the following problems:

(a) —u" = f in 2=(0,1), with u(0) = u(1)
(b) —u" +eu=f in 2=(0,1), with w(0) = u(1)

)

0
0,

where c is a positive constant.
Problem 2.3. Consider the nonlinear boundary value problem
" +u=¢€" in2=(0,1), with u(0)=u(1)=0.

Use the maximum principle to show that all solutions are nonnegative, i.e.,
u(x) > 0 for all z € 2. Use the strong version of the maximum principle to
show that all solutions are positive, i.e., u(z) > 0 for all z € {2.

Problem 2.4. Assume that b = 0 as in Theorem 2.3 and let G(xz,y) be the
Green’s function defined there.

(a) Prove that G is symmetric, G(x,y) = G(y, x).
(b) Prove that
a(v,G(x,-)) =v(z), Yve€ H, =€

This means that AG(z,-) = J,, where J, is Dirac’s delta at x, defined as
the linear functional §,(¢) = ¢(z) for all ¢ € CJ, see Problem A.9.
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Problem 2.5. In the unsymmetric case when b # 0, Green’s function is
defined in a similar way as in Theorem 2.3:

($> l(y) for0<y<z<1
K(y) ) -_— p— — )
G(w,y) =
71($) (y> for0<z<y<1
H(y) ) —_— —_— — .

The main difference is that k is no longer constant. The functions Uy and
U; are linearly independent, and hence it follows from the theory of ordinary
differential equations that their Wronski determinant UyU; — UjU; does not
vanish. As before we may then conclude that x(z) > 0 in 2. Repeat the steps
of the proof Theorem 2.3 in this case.

Problem 2.6. Give variational formulations and prove existence of solutions
of
—u" =f in2=(0,1),

with the following boundary conditions

(a) w(0) =wu(1) =0,
(b)  w(0) =v/(1) =0,
(¢) —u'(0)+wu(0)=2u'(1)=0.

Problem 2.7. Consider the “beam equation” from Problem 1.3,

d*u )
@:f IHQ:(O,].),

together with the boundary conditions

() u(0) = w/(0) = u(l) = /(1) =0,
(b)  u(0) = u"(0) = u(l) = u"(1) =0,
(c)  u(0)=u/(0) =u'(1) =u"(1) =0,
(d)  w(0) =u(0) =u"(1) =u"(1) =0,
u(0) = w'(0) = u(1) =u"'(1) = 0.

N

(e
Give variational formulations and investigate existence and uniqueness of
solutions of these problems. Give mechanical interpretations of the boundary
conditions.

Problem 2.8. Find an explicit solution of (2.11) with a =1, b= ¢ =0, and
f(x) = 1/x. Recall from Problem A.11 that f € H~! but f € Ly. Check that
u € Hi but u ¢ H?. Hint: u(r) = —zlog z.



3 Elliptic Equations

In this chapter we study boundary value problems for elliptic partial differen-
tial equations. As we have seen in Chapt. 1 such equations are central in both
theory and application of partial differential equations; they describe a large
number of physical phenomena, particularly modelling stationary situations,
and are stationary limits of evolution equations. After some preliminaries in
Sect. 3.1 we begin by showing a maximum principle in Sect. 3.2. In the same
way as for the two-point boundary value problem in Chapt. 2 this may be used
to show uniqueness and continuous dependence on data for boundary value
problems. In the following Sect. 3.3 we show the existence of a solution of
Dirichlet’s problem for Poisson’s equation in a disc with homogeneous bound-
ary conditions, using an integral representation in terms of Poisson’s kernel.
In Sect. 3.4 similar ideas are employed to introduce fundamental solutions
of elliptic equations, and we illustrate their use by constructing a Green’s
function. Another important approach, presented in Sect. 3.5, is based on a
variational formulation of the boundary value problem and simple functional
analytic tools. In Sect. 3.6 we discuss briefly the Neumann problem, and in
Sect. 3.7 we describe some regularity results.

3.1 Preliminaries

Rather than considering a general second order elliptic equation of the form
(1.5) we shall restrict ourselves, for the sake of simplicity, to the special case
when the matrix A = (a;;) in (1.5) reduces to a scalar multiple a I of the
identity matrix, where a is a smooth function.

We consider first the Dirichlet problem

(3.1) .Au::fV~(aVu)+boVu+cu:f in 2, withu=g onl,

where 2 € R? is a domain with appropriately smooth boundary I', where
the coefficients @ = a(z), b = b(z), ¢ = ¢(x) are smooth and such that

(3.2) a(x) > ag >0, c(z)>0, Vel

and where f and g are given functions on {2 and I', respectively. This is the
stationary case of the heat equation (1.18).
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The particular case a = 1, b =0, ¢ = 0 is Poisson’s equation, i.e.,

d
(3.3) —Au = — A2 = f.

When f = 0 this equation is referred to as Laplace’s equation and its solutions
are called harmonic functions.
We note that if v and w are solutions of the two problems

Av =0 in 2, withv=g¢ on I,
Aw=f in {2, withw =0 on I

then v = v + w is a solution of (3.1). It is therefore sometimes convenient to
consider separately the homogeneous equation with given boundary values
and the inhomogeneous equation with vanishing boundary values.

One may also study the partial differential equation in (3.1) together with
Robin’s boundary condition

ou

3.4 a— +h(u—g)=0 onI'
( ) on ( g) ’
where the coefficient h = h(x) is positive and n is the outward unit normal to
I'. The Dirichlet boundary condition used in (3.1) may be formally obtained
as the extreme case h = co of (3.4). At the other extreme, h = 0, we obtain
Neumann’s boundary condition

Ju

— =0 onlI.

on "
Sometimes one considers mixed boundary conditions in which, e.g., Dirichlet
boundary conditions are given on one part of the boundary and Neumann
conditions on the remaining part. A function u € C?(2) that satisfies the
differential equation and the boundary condition in (3.1) is called a classical
solution of this boundary value problem.

3.2 A Maximum Principle

We begin our study of the Dirichlet problem (3.1) by showing a maximum
principle analogous to that of Theorem 2.1.

Theorem 3.1. Consider the differential operator A in (3.1), and assume
that uw € C* = C*(£2) and

(3.5) Au <0 (Au > 0) in Q.

(i) If c =0, then
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(3.6) max u = maxu (mjnu = minu).
Ie) r 2 r

(i) If ¢ > 0 in 02, then
3.7 < 0 ( inu > min { minw, 0 )
(3.7) n%xxu_max{mlgxu } mfllnu_mm{mllnu }

Proof. (i) Let ¢ be a function such that ¢ > 0 in 2 and A¢ < 0 in (2.
Such a function is, e.g., ¢(x) = e 1 for A so large that A¢ = (—a 2 +
(by — 0a/dx1)N)e?*t < 0 in 2. Assume now that u attains its maximum at
an interior point xy in {2 but not on I'. Then for e sufficiently small this
is true also for v = u + €. But Av = Au + eAp < 0 in 2. On the other
hand, if the maximum of v is v(Zg), then Vv(Zo) = 0 and hence Av(Zy) =
—a(Zo)Av(ZTp) > 0, which is a contradiction, and thus shows our claim.

(ii) If w < 0 in {2, then (3.7) holds trivially. Otherwise assume that
maxgpu = u(zg) > 0 and zg € 2. Let {2y be the largest open connected
subset of 2 containing xo in which u > 0. We now have Au := Au — cu < 0
in £2y. Part (i), applied with the operator A in 2y, therefore implies u(zo) =
maxr, u, where Iy is the boundary of 2y. But then Ij could not lie com-
pletely in the open set {2, for then there would be a point on Iy where u were
positive, and {2y would not be as large as possible with v > 0. This shows
(3.7). O

Theorem 3.1 implies stability with respect to the maximum-norm.
Theorem 3.2. Let u € C3(£2). Then there is a constant C such that
lullecay < llullecry + CllAulleg)-

Proof. Let ¢ be a function such that ¢ > 0 and A¢ < —1in (2, e.g., a suitable
multiple of the function ¢ in the proof of Theorem 3.1. We now define two
functions vi (v) = fu(z) + || Aull¢(m)¢(x). Then

Avy = £Au + || Aull¢o)Ap <0, in L.
Therefore both functions v4 take their maxima on I', so that
v+ (z) < max (v4) < max (+u) + [ Aulle(a)ll@ller)
< lullecry + CllAullc(a), with C = [9llc(r)-
Since +u(x) < vy (x) this proves the theorem. O

In the same way as for the two-point boundary value problem it follows
that there is at most one solution of our Dirichlet problem (3.1), and that, if
uj, j = 1,2, are solutions of (3.1) with f = f;, g =g;, j =1,2, then

Jur —ualle()y < llgr — g2llecry + Cllfr = falleo)-
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3.3 Dirichlet’s Problem for a Disc. Poisson’s Integral

In this section we study the Dirichlet problem to find a harmonic function in
adisc 2 = {z € R?: |z| < R} with given boundary values, i.e.,
— Au =0, for |z| < R,

3.8
(38) u(Rcos ¢, Rsinp) = g(y), for 0 < p < 27

In the following theorem a solution of (3.8) is given as an integral over the
boundary of the disc.

Theorem 3.3. (Poisson’s integral formula.) Let Pr(r, ) denote the Poisson

kernel
R2 — 2

T R _2rRcosg

Then, using polar coordinates x = (1 cos o, rsin @), the function defined by

PR(Ta 90)

1
o

27
(3.9) ulz) /0 Pr(r.¢ — $)g(w) dv,

is a solution of (3.8) for g appropriately smooth,

Proof. We first note that, for each n > 0, v(z) = r"e®™? is a harmonic
function. In fact, we have

o e 1o
C0r2 r or o r20p?’
1

1 )
— (n(n _ 1)Tn—2 + = n,rn—l _ 72n2rn)eimap = 0.
T r

Av

It follows, for c,, bounded, say, that the series

(3.10) u(z) = f: Cn (%) 7l e

n=—oo

is harmonic in 2. We assume now that g(¢) has a Fourier series

> .
W)= 3 e,

n=—oo

which is absolutely convergent. The function u(z) in (3.10) with the coef-
ficients ¢, is a then solution of (3.8), and u is continuous in 2. The latter
means that u(re'¥) — g(e'?) when r — R, 1 — . To see that this holds,
we choose NV so large that >, . v [ca| < €/3 and write

rylnl . )
<7) emw — eine

[u(re™) — ()| < Y leal 7 +2 ) leal.

[n|<N In|>N
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Here obviously the first term on the right tends to 0 when r — R, ¥ — ¢,
and hence becomes smaller than ¢/3, which shows our claim.
Recall that the Fourier coefficients of g are given by

1 27

e Mg(y) dup.

Cp = —
2 0

Formally we thus have
u(e) = 5- / Ty (i)Mei”(“"W () v
ST A R g ’

n=—oo

which is of the form (3.9) with

oo

rylnl .
Pr(r,¢) = n:z_:oo (E) ¥,
Setting z = (r/R)el¥ we have
- A" in
Pr(r,p) =1+ 2Ren§::1 (E) e’
= 1+2
—2Red "~ 1=R ~1=R
e;z e — e
R R + rel? RZ — 2
= e - =
R—rel¥ R2+7r2—-2rRcosyp’
which completes the proof. 0O

One consequence of the theorem is that if u is a harmonic function in {2,
Z is any point in {2, and if the disc {z : |x — Z| < R} is contained in {2, then

1

T or

27
(3.11) u(Z) / u(Z1 + Rcost), Ty + Rsine) dy,
0

since Pr(0,¢) = 1. Hence u(Z) is the average of the values of u(z) with
|z — Z| = R. Thus the value of u at the center of a disc equals the average
of its boundary values. We say that u satisfies the meanvalue property. This
proves a special case of the strong maximum principle we have mentioned
earlier: If a harmonic function u takes its maximum value at an interior point
of {2, then it is constant. In fact, if T is an interior point of {2 where u attains
its maximum, then by (3.11) u(z) = u(z) for all z with {z : |[t—Z| = R} C {2,
and since R is arbitrary and (2 connected it follows easily that u takes the
constant value u(Z) in £2. In particular, the maximum is also attained on I'.
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3.4 Fundamental Solutions. Green’s Function

Let u be a solution of the inhomogeneous equation

(3.12) Au=f in RY,

where A is as in (3.1), with b = 0. Multiplying by ¢ € C$°(R?), integrating
over R?, and integrating by parts twice, we obtain

31 (wAd) = (Fe) = [ f@)ela)ds Ve CFRY.

We say that U is a fundamental solution of (3.12) if U is smooth for 2 # 0, has
a singularity at = = 0 such that U € L;(B), where B = {r € R : |z| < 1},
and

(3.14) DU (z)] < Colz|>~471o1 for |a| # 0,
and if
(3.15) (U, Ap) = 9(0), Y € C5°(RY).

This means that, in the sense of weak derivative (see (A.21)),
AU =6,

where ¢ is Dirac’s delta, defined in Problem A.9.
We now use the fundamental solution to construct a solution to (3.12).

Theorem 3.4. If U is a fundamental solution of (3.12) and if f € CL(RY),
then

ua) = U+ f)a) = [ Ula=)r)y
is a solution of (3.12).

Proof. We have, by (3.15),

U — y)Ap(z) de = / U(2) Ag(z + ) dz = (U, Ag( + 1)) = oly).
Rd Rd

Hence, if u = U * f, then, by changing the order of integration,
A9 = [ [ U= r)dyApte)da
Rd Rd
(3.16) — [ U= pAs@ s o)y
Rd JRa

=/ e(y) fly)dy = (f, ).
Rd
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Since f € Cé it follows that u € C? because with D; = 9/0x; we have
D;Dju(z) = (D;U x D; f)(x) (cf. App. A.3) and D;U € L1(R?%) and D; f €
Co(R%). Thus we may integrate by parts in (3.16) to obtain (cf. (3.13))

(Au_f7§0):07 VQDECOOO(Rd)7
from which we conclude that Au = f. O

In the next theorem we determine fundamental solutions for Poisson’s
equation in two and three dimensions.

Theorem 3.5. Let

1
——log|z|, when d = 2,
27
Ur) =
1
_— when d = 3.
47 |z|

Then U is a fundamental solution for Poisson’s equation (3.3).

Proof. We carry out the proof for d = 2; the proof for d = 3 is similar. By
differentiation we find, for = # 0,

ou 1z PU 1 | 213

S Ox; 2w |xf? ox? o |zt

so that, in particular, —AU = 0 for x # 0. Similarly, (3.14) holds.
Let ¢ € Cg°(R?). We have by Green’s formula, with n = x/|z,

ou  0Oy¢
U(=Ap)dz = / (-AU)pdz —/ p—— =U)ds.
~/|z|>6 || >e |o|=c ( on  On )

Note that n points inwards here. The first term on the right side vanishes.
Further, since

oU 10U x5 OU 1 1 for |2
R — —_— = — — = — = €
on  |z|0x1  |x|Oz2 27 |x|  27e’ ’

we have

ou 1
——ds=— d 0 0.
~/|3:|=e(p 5, 45 = 5 /zzeso s —(0), ase—

Also,

‘/w_e g—z Uds‘ = ‘% log(e)/ g—zds’ < ¢ellog(e)|[|Velle — 0, as e — 0.

|z|=¢€
Hence
(U.(~A)p) =lim [ U(@)(~A)p()de = £(0).

€0 J|z|>e



32 3 Elliptic Equations
We may now construct a Green’s function for the boundary value problem
(3.17) —Au=f in{2, withu=0 on I,

namely a function G(z,y) defined for z,y € 2 such that the solution of (3.17)
may be represented as

(3.18) u(z) = /Q Gl(z,y)f () dy.
Let
(3.19) G(x,y) =Ur —y) —vy(z),

where U is the fundamental solution for —A from Theorem 3.5 and, for fixed
y € {2, let v, be the solution of

—Ayvy(z) =0 in 2, withvy(z)=U(x—y) onI.

In the next section we shall show that this problem has a solution. The
Green’s function thus has the singularity of the fundamental solution and
vanishes for x € I', and it is easily seen that the function defined by (3.18)
is therefore a solution of (3.17). It is also the only solution, because we have
already proved uniqueness in Sect. 3.2. Note that G(x,y) consists of a singular
part, U(z — y) with a singularity at « = y, and a smooth part, v, (z).

3.5 Variational Formulation of the Dirichlet Problem

We first consider the Dirichlet problem with homogeneous boundary condi-
tions

(3.20) Au:=-V-(aVu)+b-Vu+cu=f inf2, withu=0 onl,
where the coefficients a, b, and ¢ are smooth functions in {2 which satisfy
(3.21) a(z) > a9 >0, c(z)—3iV-b(z) >0, forze L,

and where f is a given function. In the classical formulation of this problem
one looks for a function u € C? = C?({2) which satisfies (3.20). In this section
we shall reformulate (3.20) in variational form and seek a solution in the
larger class Hg. In some cases it is then possible to prove such regularity for
this solution that it is indeed a classical solution.

Assuming first that u is a solution in C2, we multiply (3.20) by v € C}
and integrate over {2. By Green’s formula and since v = 0 on I', we find that

(3.22) /fvdx:/Auudx:/(aVu-Vv+b~Vuv+cuv)dx Yv € Cp,
7 17} 7
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and then also, since C} is dense in H{,
(3.23) / (aVu~Vv—i—b-Vuv—&—cuv)dgc:/fudac7 Vv € H).
2 2

The variational problem corresponding to (3.20) is thus to find u € H} such
that (3.23) holds. It will be shown below, by means of the Lax-Milgram
lemma, that this problem admits a unique solution for f € Lo. We say that
this solution is a weak or variational solution of (3.20).

We have thus seen that a classical solution is also a weak solution. Con-
versely, suppose that u € H{} is a weak solution, i.e., u satisfies (3.23). If in
addition we know that u € C2, then by Green’s formula we have from (3.23)

/fvdz:/ (aVu-Vv—i—b-Vuv—!—cuv)dz:/Auvdx, Vv € HY,
Q Q Q

ie.,

/ (Au— fluvdz =0, Vv e H].

Q

If f € C we have Au — f € C, and therefore this relation implies
Au(z) — f(x) =0, Vxe .

Because u € H} we also have v = 0 on I', and it follows that u is a classical
solution of (3.20). A weak solution which is smooth enough is thus also a
classical solution. However, depending on the data f and the domain 2, a
weak solution may or may not be smooth enough to be a classical solution and
the weak formulation (3.23) therefore really constitutes an extension of the
classical formulation. Note that the weak formulation (3.23) is meaningful
for any f € Lo, so that, e.g., f may be discontinuous, while the classical
formulation (3.20) requires f to be continuous. If f € Ly and u € H? N H}
satisfies (3.20), then we say that u is a strong solution. Clearly, a classical
solution is also a strong solution, and a strong solution is a weak solution.
Further a weak solution that belongs to H? is a strong solution. We shall
return below to the problem of the regularity of weak solutions.

We are now ready to show the existence of a weak solution. We use our
standard notation from Sect. 1.2.

Theorem 3.6. Assume that (3.21) holds and let f € Ly. Then the bound-
ary value problem (3.20) admits a unique weak solution, i.e., there exists a
unique u € H} which satisfies (3.23). Moreover, there exists a constant C
independent of f such that

(3.24) luly < C|If]l.

Proof. We apply the Lax-Milgram lemma, Theorem A.3, in the Hilbert space
V = H} equipped with the norm |- |1, and with
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(3.25) a(v,w) :/ (aVo-Vw+b-Vvw+cvw)dz and L(v) :/ fvdez.
0] o)

Clearly the bilinear form a(,-) is bounded in H} and it is coercive when
(3.21) holds, since

a(v,v) = / (a|Vv]? + (¢ — 1V - b)|v]?) dz > aov]], Vv € HJ.
2

Further L(-) is a bounded linear functional on H}, since by Poincaré’s in-
equality, Theorem A.6,

[L@)] < 1A ol < ClA ]

This implies that ||L|jy« < C||f|| and the statement of the theorem thus
follows directly from Theorem A.3. ad

We observe that when b = 0, (3.21) reduces to (3.2), and the bilinear
form a(-,-) is an inner product on Hg. The theorem can then be proved by
means of the Riesz representation theorem. In this case Theorem A.2 shows
that the weak solution of (3.20) may also be characterized as follows:

Theorem 3.7. (Dirichlet’s principle.) Assume that (3.2) holds and that b =
0. Let f € Ly and u € H§ be the solution of (3.23), and set

(3.26) F(v) = %/Q (a|Vv]* + cv?®) dz — /Q fvdaz.

Then F(u) < F(v) for all v € HE, with equality only for v = u.

Remark 3.1. If (3.20) is considered, e.g., to be a model of an elastic membrane
fixed at its boundary, then F'(v) as defined by (3.26) is the potential energy
associated with the deflection v; the first term in F'(v) corresponds to the
internal elastic energy and the second term is a load potential (analogous
interpretations can be made for other problems in mechanics and physics
that are modeled by (3.20)). Dirichlet’s principle in this case corresponds to
the Principle of Minimum Potential Energy in mechanics and (3.23) to the
Principle of Virtual Work.

We now consider the boundary value problem with inhomogeneous bound-
ary condition,

(3.27) Au=f in 2, withu=g onl[,

where we assume that f € Ly and g € La(I"). The weak formulation of this
problem is then to find u € H' such that, with a(-,-) and L(-) as in (3.25),

(3.28) a(u,v) = L(v), Vv € Hy, withyu=g,
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where v : H' — Lo(I') is the trace operator, cf. Theorem A.4. For the
existence of a solution, we assume that the given function g on I' is the trace
of some function ug € H', i.e., g = yug. Setting w = u — ug, we then seek
w € Hi satisfying

(3.29) a(w,v) = L(v) — a(ugp,v), Vv € Hg.

The right hand side is a bounded linear functional on H} and hence it follows
by the Lax-Milgram lemma that there exists a unique w € H} satisfying
(3.29). Clearly, u = wuo + w satisfies (3.28) and ~yu = g¢. This solution is
unique, for if (3.27) had two weak solutions uy, us with the same data f, g,
then their difference u; — upy € H§ would be a weak solution of (3.20) with
f =0, and hence the stability estimate (3.24) would imply u; — ug = 0, i.e.,
u1 = ug. Hence, (3.27) has a unique weak solution. In particular, the solution
u is independent of the choice of extension ug of the boundary values g.

When b = 0, the weak solution u € H' can equivalently be characterized
as the unique solution of the minimization problem

inf l/ Vol? 2d—/ dz).
UlenH1<2 Q((JL| o> + cv?) da va ac)

yu=g

3.6 A Neumann Problem
We now consider the Neumann problem

. .. Ou
(3.30) Au:= -V - (aVu) +cu=f in {2, with = 0 onl[,
where we now in addition to (3.2) require ¢(z) > ¢o > 0 in {2, and where
f € La. (The case ¢ = 0 is discussed in Problem 3.9.) For a variational
formulation of (3.30) we multiply the differential equation in (3.30) by v € C?

(note that we do not require v to satisfy any boundary conditions), and
integrate over {2 using Green’s formula, to obtain

/ fodx = / Auvdx = —/ a@vds—i—/ (aVu -V +cuv) dz,
2 0 r on Q
so that since du/0n =0 on I,
(3.31) / (aVu - Vv + cuv) dz = / fvdz, Vvec!.
0 Q
Conversely, if u € C? satisfies (3.31), then by Green’s formula we have

(3.32) / (Au—f)vdx—i—/ ag—uvds:Q Vv e CL.
7

r n



36 3 Elliptic Equations

If we first let v vary only over C}, we see that u must satisfy the differen-
tial equation in (3.30). Thus, the first term on the left-hand side of (3.32)
vanishes, and by varying v on I, we see that u also satisfies the boundary
condition in (3.30).

We are thus led to the following variational formulation of (3.30): Find
u € H! such that

(3.33) a(u,v) = L(v), VYve H,

where a(-,-) and L(-) are as in (3.25) with b = 0.

We have seen that if u is a classical solution of (3.30), then u satisfies
(3.33). Conversely, if u satisfies (3.33) and in addition u € C?, then u is a
classical solution of (3.30).

By the Riesz representation theorem we have this time the following ex-
istence, uniqueness, and stability result. Note that since ¢(x) > ¢o > 0 the
bilinear form a(-,-) is an inner product on H?!.

Theorem 3.8. If f € Lo, then the Neumann problem (3.30) admits a unique
weak solution, i.e., there is a unique function u € H' that satisfies (3.33).
Moreover,

[ull < CIIfII-

Remark 3.2. Note that the Neumann boundary condition du/dn =0 on I is
not enforced explicitly in the variational formulation (3.33); the function w is
just required to belong to H'. The boundary condition is implicitly contained
in (3.33), since the test function v may be an arbitrary function in H'. Such
a boundary condition, which does not have to be enforced explicitly, is called
a natural boundary condition. In contrast, a boundary condition, such as the
Dirichlet condition v = g on I', which is imposed explicitly as part of the
variational formulation, is said to be an essential boundary condition.

Remark 3.3. The problem

(3.34) Au=f in 2, with ag—u =g onl,
n

where f € Lo(£2) and g € Lo(I") can be given the variational formulation:
Find u € H' such that

(3.35) a(u,v) = L(v), Yve H',

where a(-,-) is as in (3.25) with b = 0 and

L(v)z/ﬂfvdx—k/rgvds.

By the Cauchy-Schwarz inequality and the trace inequality (Theorem A.4)
we have



3.7 Regularity 37

L@ < I+ llgll o llvllary < I+ Cliglzacr) vl

and thus L(-) is a bounded linear form on H'. The Riesz representation
theorem therefore yields the existence and uniqueness of a function u € H*!
satisfying (3.35). See also Problem 3.7.

3.7 Regularity

We have learned in Theorem 3.6 that for any f € Lo the Dirichlet problem
(3.20) has unique weak solution u € H{. It can be proved that if I" is smooth,
or if I" is a convex polygon, then, in fact, u € H?, and there is a constant C
independent of f such that

[[ull2 < C|If]]-
Since f = Au, this may also be expressed as
(3.36) ull2 < C|lAull, Vue H?>NH.

Note that, when applied with, e.g., A = —A, this inequality means that it is
possible to estimate the Lo-norm of all second order derivatives of a function
u, which vanishes on I, in terms of the Lo-norm of the special combination
of second derivates of u given by the Laplacian —A. We refer to Problem 3.10
for an example, with {2 neither smooth nor convex, for which the regularity
estimate (3.36) does not hold.

The inequality (3.36) shows that « and its first and second order deriva-
tives depend continuously on f in the sense that if u; and uy satisfy

—Au; = f; inf2, withu;=0 onlI, fori=1,2,

then
a a 2 1/2
(3 10w = powell?) T < Cllfy - ol

la|<2

If I" is smooth, then (3.36) can be generalized as follows. For any integer
k > 0 there is a constant C' independent of f such that if u is the weak
solution of (3.20) with f € H* then u € H**2 N H and

(3.37) [ullk+2 < ClI £k

In particular, in view of Sobolev’s inequality, Theorem A.5, this implies that
if k > d/2, then u € C? and thus u is also a classical solution of (3.20).
When I is a polygon the situation is not so favorable. In fact, if A = —A
and 2 C R? has a corner with interior angle w, then using polar coordinates
(r, ) centered at the corner, with ¢ = 0 corresponding to one of the edges,
one can show that the solution of (3.20) behaves as u(r, ¢) = c7? sin(8¢) near
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the corner, with 3 = 7 /w. For such a function to have H*-regularity near the
corner, it is necessary that (9/0r)ku(r, p) € La(£2y), where 2y C {2 contains
a neighborhood of the corner under consideration, but no other corners. But
this requires that

b
BB-1)---(B—k+ 1))2/ r2B=Rr dr < oo
0

for b sufficiently small, or that 2(8 — k) +1 > —1 (note that 6 —k+1 =0
when 2(8 — k) +1 = —1). This in turn means that w < w/(k —1). For k =2
all angles thus have to be < 7, i.e., {2 has to be convex. For k = 3 all angles
have to be < /2, which is a serious restriction. We refer to Problem 3.10 for
an example that illustrates this.

3.8 Problems

Problem 3.1. Give a variational formulation and prove the existence and
uniqueness of a weak solution of the Dirichlet problem

d
0 0
—.Z T%(%kaﬁ;yraou:f in 2, withu=0 onl,

where a;i(z) and ag(z) are functions in C(£2) such that ag(z) > 0 and the
matrix (a;jx(z)) is symmetric and uniformly positive definite in {2, so that
a;i(x) = ag;(x) and

d d
a;r(x)Ei€k > HZ@? with k > 0, for £ e R4, z € 2.
Jk=1 j=1

Problem 3.2. Show that if u satisfies —Au = f in 2,u = 0 on I', where
f € Ly, then p = Vu is the solution to the minimization problem

inf 4 2dx
qEHfQ/QIQ\ ;

Hf={q=(q1,...,qa) : ¢; € Ly, =V -q= f in 2}.

Problem 3.3. Consider two bounded domains §2; and 2, with a common
boundary S and let I; = 962; \ S, where 0(2; is the boundary of (2;, i = 1,2,
see Fig. 3.1.

Give a variational formulation of the following problem: Find w; defined
in £2;, i = 1,2, such that

where
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Iy
I
Fig. 3.1. Domain with interface.
—alAul = f1 in Ql, —CLQAUQ = fg in 92,
u; =0 on I, ug =0 on I5,
and
(9u1 87.1,2 S
U] = U a1—— =as—— on
1 2, Y0 25, )

where f; € La(£2;), a; > 0 is a constant, for ¢ = 1,2, and n is a unit normal
to S. Prove existence and uniqueness of a solution. Give an interpretation
from physics.

Problem 3.4. Prove Friedrichs’ inequality
1
3

ol oo < C(IV01E ) + lEyry) s forvect,
where {2 is a bounded domain in R with boundary I'. Hint: Integrate by
parts in the identity [, v?dz = [, v2A¢ dz, where ¢(z) = 55|z[2

Problem 3.5. Prove

1

o]l < C’(HVUH2 + (/ vdz)2>§, for v e C!,
e

where 2 is the unit square in R2. The inequality holds also when 2
is a bounded domain in RY. Hint: v(z) = wv(y) + fyxll Dyv(s,z9)ds +

f;? Dyv(y1,s)ds.
Problem 3.6. Give a variational formulation of the problem
0
—Au=f in {2, with —u+u:g on I,
on
where f € L2(£2) and g € Ly(I). Prove existence and uniqueness of a weak

solution. Give an interpretation of the boundary condition in connection with
some problem in mechanics or physics. Hint: See Problem 3.4.
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Problem 3.7. Prove the stability estimate

lullirs ) < C(1Flrate) + 9l acr )
for the solution of (3.34).

Problem 3.8. Give a variational formulation of the problem

du

on

where f € La(2), g,k € Lo(I"), and the coeflicients a, ¢, h are smooth and
such that

~V-(aVu)+cu=f inf, witha—+h(u—g)=k onl,

a(x) > ap >0, c(x) >0 forzxe 2, h(x)>hy>0 forzel.

Prove existence and uniqueness of a weak solution. Prove the stability esti-
mate

lull ) < CUf a2y + el Lacry + N9l o)) -
Hint: Use Problem 3.4.

Problem 3.9. Consider the Neumann problem
. .. Ou
(3.38) —Au=f in 2, with = 0 onlI.
n

(a) Assume that f € Lo(£2) and show that the condition

Afm:o

is necessary for the existence of a solution.
(b) Notice that if u satisfies (3.38), then so does u + ¢ for any constant c.
To obtain uniqueness, we add the extra condition

/ udzr =0,
Q

requiring the mean value of u to be zero. Give this problem a variational
formulation using the space

V:{veHl(Q):/dex=0}.

Prove that there is a unique weak solution. Hint: See Problem 3.5.
(c) Show that if the weak solution u € V belongs to H?, then it solves

—Au:f—/fdx in (2, witha—u:() on I
0 871
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Problem 3.10. Let {2 be a sector with angle w = w/:
Q={(rp):0<r<1, 0<p<7/B},

where 7, o are polar coordinates in the plane. Let v(r, ¢) = r? sin(Byp). Verify
that v is harmonic, i.e., Av = 0, by computing

Av*1g< 81}) 1 0%

“ror\or r2 Op?’

(This also follows immediately by noting that v is the imaginary part of the
complex analytic function 2°.) Set u(r,p) = (1 — r?)v(r, »). Then u = 0 on
I'. Show that u satisfies —Au = f with f = 4(1 + 3)v. Hence f € H'(2).
Then compute [|0*u/0r?|| 1, (o) and conclude that u & H?(£2) if 8 < 1, i.e., if
(2 is non-convex or w > 7. Show in a similar way that u ¢ H3(2) if w > 7/2.
Hint: The most singular term in u,.,. is 3(3 — 1)r®~2sin(Byp).

Problem 3.11. (Elliptic regularity for a rectangle.) Assume that 2 C R? is
a rectangle and that u is a smooth function with v =0 on I'. Prove that

|ulz = || Aul].

Use this to prove (3.36) for A = —A.
Hint: Recall that

0%u. 2 u |2 0%u. 2
2 __
fula */Q <(ax§) o)+ (G ) da

and integrate by parts in [, (%)2 dz. Then recall the definition |lulls =

1/2 1/2

(ull? + [uf? + [u[2)"/? and prove that |jul| < Clul; and |uly < (|Jull |ul2)">.

For arbitrary convex domains one can prove |ulas < ||Au|l by a slightly
more complicated argument based on the same idea.

Problem 3.12. Replace the boundary condition in Problem 3.11 by the Neu-
mann condition du/On = 0 on I'. Prove that |u|s = || Aul|.

Problem 3.13. (Stability with respect to the coefficient.) Let u;, i = 1,2,
be the weak solutions of the problems

-V (aiVui) =f in$, withu; =0 on I,

where 2 ¢ R? is a domain with appropriately smooth boundary I', f €
Lo(£2), and the coefficients a;(x) are smooth and such that

a;(z) > a9 >0 forze

Prove the stability estimate

C
lup —ug|y < o llar — az|lc|| fI]-
0






4 Finite Difference Methods for Elliptic
Equations

The early development of numerical analysis of partial differential equations
was dominated by finite difference methods. In such a method an approximate
solution is sought at the points of a finite grid of points, and the approxi-
mation of the differential equation is accomplished by replacing derivatives
by appropriate difference quotients. This reduces the differential equation
problem to a finite linear system of algebraic equations. In this chapter we
illustrate this for a two-point boundary value problem in one dimension and
for the Dirichlet problem for Poisson’s equation in the plane. The analysis
is based on discrete versions of the maximum principles of the previous two
chapters.

4.1 A Two-Point Boundary Value Problem

We consider the two-point boundary value problem

Au = —au”" +bu' +cu=f in2=(0,1),

(4.1) u(0) = ug, u(l) =uq,

where the coefficients a = a(x), b = b(z), and ¢ = ¢(x) are smooth functions
satisfying a(z) > 0 and ¢(x) > 0 in 2, and where the function f = f(z) and
the numbers ug,u; are given.

For the purpose of numerical solution of (4.1) we introduce M + 1 mesh-
points 0 = 29 < 21 < --- < xpr = 1 by setting z; = jh, j =0,..., M,
where h = 1/M. We denote the approximation of u(z;) by U; and define the
following finite difference approximations of derivatives,

_Uin-U; 57— Ui —Uj—1

GU] = h 5 aU_] = h 5
= Uiy1 —2U; +U;_ A Uivy1 — U
o0U; = 2 h; = oU; = L——— o7 L

With the notation of Sect. 1.2 we have with C7 = C’({2) (see Problem 4.1),

|00u(;) — u"(x;)] < Ch?lulcs,

(4.2) R )
|ou(z;) — o' ()| < Ch?|ules, forj=1,...,M —1.
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Setting also a; = a(z;), b; = b(x;), ¢; = c(x;), f; = f(x;), we now define a
finite difference approximation of (4.1) by
(4.3) AhUj ::fajaéUj+bj8AUj+chj:fj, foryj=1,...,M —1,

) UOZ’LL(), UM=U1.

The equation at the interior point z; may be written

(44) (a5 +h*c;)U; = (a5 = 5hbj)Uj11 = (a; + 5hb;)Uj—1 = B2 ;.
Our discrete problem (4.3) may thus be put in matrix form as

(4.5) AU =g,

where U = (U, ..., UM,l)T and where the first and last components of the
vector g = (g1, - - ,gM_l)T contain contributions from the boundary values
ug, up as well as f; and fas_1, respectively. The (M — 1) x (M — 1) matrix A
is tridiagonal and diagonally dominant for h sufficiently small, i.e., the sum
of the absolute values of the off-diagonal elements in one row is bounded by
the diagonal element in that row, see Problem 4.2.

For our analysis we first show a discrete maximum principle similar to
that in the continuous case, cf. Theorem 2.1.

Lemma 4.1. Assume that h is so small that a; = %hbj > 0 and that U
satisfies ApU; <0 (ApU; >0).
(i) If ¢ =0, then

max U; = max{Up, Up} (m_in U; = min{Uo,UM}),

J J
(ii) If ¢ > 0, then
max U; < max{Uy,Up,0} (min U; > min{Uy, UM,O}).
J J

Proof. (i) In view of (4.4) we have, since ¢ = 0 and A,U; <0,

aj — Lhb; aj+ hb; h?
U; = %Uj+l + %qu + TAhUj
(4.6) aj a; a;
: 1 1
aj — §hbj a; + §hbj
< == U, —= “U._
- 20,]' i+l + 2(1]‘ U] !

Assume now that U has an interior maximum Uj. Then if either U; 41 < U; or
U;_1 < Uj this would contradict (4.6), since the coefficients on the right are
nonnegative and add up to 1. Hence, U; = U;_; = U;41 and the latter values
are also maxima. Continuing in this way we conclude that if the maximum
is attained in the interior, then U is constant, and the maximum is thus also
attained at the endpoints. This proves (i). Case (ii) is treated in the same
way as case (ii) of Theorem 2.1. The versions with minimum are shown by
considering —Uj. O
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In the same way as for the continuous problem the maximum principle
leads to a stability estimate in the discrete maximum-norm, as we shall now
demonstrate. We assume for simplicity that b = 0. In this chapter we shall
write for mesh-functions,

(4.7) Uls = max|Uj].

Lemma 4.2. Let A, be as in (4.3), with b = 0. Then we have, for any mesh-
function U,
Ula < max{|Us|, |Un|} + ClALU] .

The constant C depends on the coefficients of A but not on h or U.

Proof. Let w(z) = v —2? = 1 — (z — 3)? and W; = w(z;). Then, with
a = ming a(z),
Ath = 2aj + Cj(mj - m?) > 2a.

Setting Vji = 4U; — (2a) 7! ARU|2W;, we have hence
ARV = AU — (20) AU |0 AW, <0,

so that we may apply Lemma 4.1 (note that the condition on h required is
automatically satisfied when b = 0). Since Wy = W) = 0 we obtain

+U; — (2a) MARU|oW; = V;" < max{£Uy, £Up,0} < max{|Uol, [Up}.
Since W; < 1 this shows the lemma with C = (8a)~*, o

Lemma 4.2 immediately shows the existence and uniqueness of the solu-
tion of (4.3) when b = 0. For uniqueness it suffices to note that if AU =0
and Uy = Uy = 0, then U = 0, and the uniqueness implies the existence of
a solution, since we are in a finite dimensional situation. For the case when
b # 0 we refer to Problem 4.3.

We are now ready for an error estimate, which again for simplicity we
demonstrate for b = 0 only.

Theorem 4.1. Let b = 0, and let U and u be the solutions of (4.3) and (4.1).
Then
U —ulp < Oh2||uHc4.

Proof. We have for the error z; = U; — u(z;) at the interior mesh-points
Anzj = AnUj — Anu(z;) = fj = Apula;) = Au(z;) — Apu(z;) =: 7;.

By (4.2) we have for the truncation error

(4.8) il =1 = a5 (u” (z;) — 0du(x;))| < Ch?||ullcs,

so that the result follows by Lemma 4.2, since zg = zp; = 0. 0
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4.2 Poisson’s Equation

We consider the Dirichlet problem for Poisson’s equation,
(4.9) —Au=f inf2, withu=0 onl,

where {2 is a domain in R? with boundary I'. To begin with we assume that
2 is a square, 2 =(0,1) x (0,1) = {z = (z1,22), 0<2; <1, [ =1,2}.

To define a finite difference approximation we write j = (j1,72), where
J1,j2 are integers and consider the mesh-points ; = jh, with h = 1/M the
mesh-width, and mesh-functions U, with U; = U(x;). With e; = (1,0), eg =
(0,1) we use the difference quotients

o, = Yot =0, o, = Y= Yiza,
(4.10) 5 U, h— 2U; +U;— "
QOU,; = L h; iz 1=1,2.
Setting f; = f(z;) we then replace (4.9) by
—ApU; == 0101U; — 8:05U; = f;, for zj € 02,

(4.11)
UjZO, fOI‘.Z‘jEF.

The difference equation at the interior mesh-points in {2 may be written
(412) 4Uj — Uj+el — Uj—el — Uj+62 — Uj_62 = hij, for T € 0,

which is the famous 5-point approximation of Poisson’s equation. The prob-

lem (4.11) may thus be written in matrix form as AU = g, where A is a

symmetric (M — 1)? x (M —1)? matrix whose elements are 4, —1, or 0, with

0 the most common occurrence, and U the vector of interior nodal values.
We have the following discrete maximum principle.

Lemma 4.3. If U is such that —ApU; < 0 (—ARU; > 0) for x; € £2, then
U attains its mazimum (minimum) for some x; € I'.

Proof. We may write, at the interior mesh-points,

Uj+81 + Ujfel + Uj+€2 + Uj*€2
4

Uj = — Ih2 AU,

so that —A,U; < 0 implies U; < 2(Ujte, + Uj—e; + Ujie, + Uj—e,). If Uj is
an interior maximum, then U; > 2(Ujye, +Uj—e, +Ujye, +Uj—e,). Therefore
equality holds, and the maximum value is taken also at all the neighboring
points xj+.,, which are therefore also maximum points. Continuing in the
same way we conclude that if the maximum is attained in the interior, then
U is constant. This proves the lemma. ]
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As before the maximum principle implies a stability estimate. Using again
the notation (4.7) we have the following.

Lemma 4.4. With Ay, defined in (4.11) we have, for any mesh-function U,
[Ulg < |U|r + ClAU|g.

Proof. The proof is analogous to that of Theorem 3.2. With z = (%, %) and
z = (z1,22) we set w(z) = & — |z — 2> = 21 + 22 — 2} — 23 and define the
mesh-function W; = w(z;). Then W; > 0 in 2 and —A,W; = 4. Setting

Vji = +U; — $|A,U|oW; we conclude that
fAthi = :FA}LUJ‘ - |AhU|Q < Oa

and, since W; > 0 for x; € I', it follows from Lemma 4.3 that Vji <|Ulp.
Since W; < % in {2 this implies our statement with C' = 1/8. O

In particular, Lemma 4.4 implies the uniqueness of the solution of (4.11),
and hence also the existence of a solution. In the same way as for the two-
point boundary value problem the lemma also implies an error estimate.

Theorem 4.2. Let U and u be the solutions of (4.11) and (4.9). Then
U — u|o < Ch?|ulea.
Proof. The error z; = U; — u(x;) satisfies, at the interior mesh-points,
—Anzj = fi + Anulz;) = —Au(z;) + Apulz;) =: 75,

where 7 is the truncation error, which may easily be estimated as in (4.2) by

2

= 02y

(4.13) FESY \alalu(xj) ~ )| < Ch|ules.
=1

The result therefore follows by application of Lemma 4.4 to z;, since z; = 0
forz; € I'. O

The above analysis uses the fact that all the neighbors of the interior
mesh-points in {2 are either interior mesh-points or belong to I'. In the case
of a curved boundary this cannot be achieved. We shall briefly discuss such
a situation.

We assume for simplicity that {2 is a convex plane domain with a smooth
boundary I'. We denote by (2;, those interior mesh-points x; for which all
four neighbors of z; are also in 2. (For the above case of a square, §2;, simply
consists of all interior mesh-points.) Let now wy, be the mesh-points in {2 that
are not in (2. For each x; € wj;, we may then select a (not necessarily unique)
neighbor z; € 2, U wy, such that the horizontal or vertical line through z;
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and z; cuts I" at a point Z;, which is not a mesh-point (see Fig. 4.1). For this
Z; € wp, we then define the linear interpolation operator
(4.14) 6,U; :=U; —ojU; — (1 — ;)U(Z;), where a; = L 1N <

1
h+|l'j7i'j| 2

Denoting by I}, the points of I" which are either neighbors of points in {2, or
points Z; associated with points in wy,, we now pose the problem

(4.15) —AhUj = fj in Qh, thj =0 in Wh and U=0 on Fh.

L—] /—\\
/ |
( X; Zj T j

Fig. 4.1. Interpolation near the boundary.

This time we have the following stability estimate.

Lemma 4.5. With A, defined in (4.11) and €5, in (4.14), we have, for any
mesh-function U,

1Ul2nuwn < 2(|UIn, + [€0U]w, + ClALU|0,)-
Proof. Similarly to the proof of Lemma 4.4 we obtain
Ul@, < Ulw,ur, + ClARU|q,-
Here, for z; € wy, we have

U; = 0U; + o;U; + (1 — a)U(75), with 0 < a; < 3,

and hence
|U‘wh < |€hU|Wh =+ %|U|Qhuwh + |U|Fh'
Together these estimates show
|U|QhUwh < |U‘Wh,UFh, + C|AhU|Qh
< |£hU|UJh + %'UlﬂhUwh + |U|Fh + C|AhU|Qh7

which completes the proof. ]
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Again this shows uniqueness and existence of a solution of (4.15). Note
that in this case the corresponding matrix A is nonsymmetric as, for instance,
the elements a;; and aj; corresponding to the points x; and z; in Fig. 4.1 are
different. We conclude with the following error estimate.

Theorem 4.3. Let U and u be the solutions of (4.15) and (4.9). Then
|U - U|Q}LUwh < ChZ”“HC“'

Proof. As in the proof of Theorem 4.2 we consider z; = U; — u(z;), and
now apply Lemma 4.5. The only new term is ¢5z; = —{pu(z;) and hence
|6h2;] < Ch?|ule2, which completes the proof. O

The above method of interpolation near the boundary is attributed to
L. Collatz. It is also possible to use a five point finite difference approximation
of —A based on nonuniform spacing on wy, the so-called Shortley-Weller
approximation. This also yields an O(h?) error estimate.

4.3 Problems

Problem 4.1. Prove (4.2) and (4.13) by means of Taylor’s formula.

Problem 4.2. Derive (4.5) and show that the matrix A is tridiagonal and
(row-wise) diagonally dominant, i.e., 37, _; |ai;| < ais, if h is sufficiently small.
Hint: assume a; + %hbj > 0.

Problem 4.3. Show that the conclusion of Lemma 4.2 (and hence that of
Theorem 4.1) holds also when b # 0, if h is sufficiently small and if we have at
our disposal a mesh-function W such that Ath >1forx; € 2and W; >0
for z; € £2. Construct such a function. (Hint: use the function w(x) = e* —e®

with A suitably chosen.)

Problem 4.4. (Computer exercise.) Consider the two-point boundary value
problem

—u”" +u=2x in (0,1), with u(0)=u(1)=0.
Apply the finite difference method (4.3) with h = 1/10, 1/20. Find the exact
solution and compute the maximum of the error at the mesh-points.
Problem 4.5. (Computer exercise.) Consider the Dirichlet problem (4.9)
with

f(x) = sin(mxy) sin(mway) + sin(mxy) sin(2was)

in 2 = (0,1) x (0,1). Compute the approximate solution by the finite dif-

ference method (4.11) with A = 1/10, 1/20, and find the error at (0.5, 0.5),
using that the exact solution is

u(z) = (272) " sin(may ) sin(mag) + (572) 7 sin(7a; ) sin(272s).






5 Finite Element Methods for Elliptic
Equations

Over the last decades the finite element method, which was introduced by
engineers in the 1960s, has become the perhaps most important numerical
method for partial differential equations, particularly for equations of elliptic
and parabolic types. This method is based on the variational form of the
boundary value problem and approximates the exact solution by a piecewise
polynomial function. It is more easily adapted to the geometry of the under-
lying domain than the finite difference method, and for symmetric positive
definite elliptic problems it reduces to a finite linear system with a symmetric
positive definite matrix.

We first introduce this method in Sect. 5.1 for the case of a two-point
boundary value problem and show a number of error estimates. In Sect. 5.2
we then formulate the method for a two-dimensional model problem. Here
the piecewise polynomial approximations are defined on triangulations of the
spatial domain, and in the following Sect. 5.3 we study such approximation
in more detail. In Sect. 5.4 we show basic error estimates for the finite ele-
ment method for the model problem, using piecewise linear approximating
functions. All error bounds derived up to this point contain a norm of the
unknown exact solution and are therefore often referred to as a priori er-
ror estimates. In Sect. 5.5 we show a so-called a posteriori error estimate in
which the error bound is expressed in terms of the data of the problem and
the computed solution. In Sect. 5.6 we analyze the effect of numerical integra-
tion, which is often used when the finite element equations are assembled in
a computer program. In Sect. 5.7 we briefly describe a so-called mized finite
element method.

5.1 A Two-Point Boundary Value Problem

We consider the special case b = 0 of the two-point boundary value problem
treated in Sect. 2.3,

(5.1)  Au:=—(av') +cu=f in$:=(0,1), with u(0)=u(l)=0,

where a = a(x), ¢ = c¢(z) are smooth functions with a(z) > ag > 0, ¢(x) >0
in £2, and f € Ly = Ly(£2). We recall that the variational formulation of this
problem is to find u € H{ such that
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(5.2) alu, ) = (f,¢), V€ Hy,

a(v,w):/ﬂ(av’w’—l—cvw)dx and (f,v):/gfvdm,

and that this problem has a unique solution u € H?.
For the purpose of finding an approximate solution of (5.2) we introduce
a partition of (2,
O=axp<z1 < - <zpy =1,

and set

hj:zj_zj—ly Kj:[xj_l,xj], fOI'jZI,...,M, and h:maxhj
J

The discrete solution will be sought in the finite-dimensional space of func-
tions

Sy ={v €C=C(2): v linear on each K;, v(0) = v(1) = 0}.

(By a linear function we understand a function of the form f(z) = ax + f;
strictly speaking such a function is called an affine function when 5 # 0.) It
is easy to see that S, C H}. The set {&; fvifl C Sy, of hat functions defined

by
1, ifi=y,
?Di(w)) = e
0, ifi#j,
see Fig. 5.1, is a basis for Sy, and any v € S, may be written as

M—-1

v(z) = Z v;®@;(x), with v; = v(z;).
i=1

We now pose the finite-dimensional problem to find u; € S} such that
(53) a(”hv X) = (f7 X)7 VX € Sh~

In terms of the basis {®;}} ! we write uj,(z) = Z]Aizl U;®;(x) and insert

this into (5.3) to find that this equation is equivalent to

M-1
(5.4) > Uja(®;,®;) = (f,®;), fori=1,...,M—1.

j=1
This linear system of equations may be expressed in matrix form as

(5.5) AU =,
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Ti—2 Ti—-1 Tj Ti+1

Fig. 5.1. Hat functions.

where U = (U;), A = (a;;) is the stiffness matriz with elements a;; =
a(®;,P;), and b = (b;) the load vector with elements b; = (f,®;). The
matrix A is symmetric and positive definite, because for V' = (V) and
v(z) = Zf\i;l V;®;(x) we have

M-1 M-1 —1
VIAV = 3 ViayVy = a( 3 Vi#j, Y Vi) = a(v,0) > a0,
i,j=1 j=1 i=1

and hence VTAV = 0 implies v/ = 0, so that v is constant = 0 because
v(0) = 0, and thus V = 0. It follows that (5.5), and therefore also (5.3), has
a unique solution, which is the finite element solution of (5.1). The matrix
A is tridiagonal since a;; = 0 when x; and z; are not neighbors, i.e., when
|i — j| > 2, and the system (5.5) is therefore easy to solve, see App. B.1.

We note that when Au = —u” and the meshsize is constant, i.e., when
hj = h =1/M for j = 1,..., M, then, with the notation of Sect. 4.1, the
equation (5.4) may be written

(5.6) —90U; = h™ Y (f,®;), j=1,....,M—1

(cf. Problem 5.2). The finite element method thus coincides with the finite
difference equation (4.3), except that an average of f over (z; —h,z; + h) is
now used instead of the point-values f; = f(z;).

The idea of replacing the space H{ in (5.2) by a finite-dimensional sub-
space and to determine the coefficients of the corresponding approximate
solution as in (5.4) is referred to as Galerkin’s method. The finite element
method is thus Galerkin’s method, applied with a special choice of the finite-
dimensional subspace, namely, in this case, the space of continuous, piecewise
linear functions. The intervals K;, together with the restriction of these func-
tions to K, are then thought of as the finite elements.
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Before we analyze the error in the finite element solution uy, we discuss
some approximation properties of the space Sp,. We define the piecewise linear
interpolant Ipv € Sy, of a function v € C = C(£2) with v(0) = v(1) =0 by

Inv(z;) =v(z;), j=1,...,.M—1.

Recall that H} C C in one dimension by Sobolev’s inequality, Theorem A.5, so
that I,v is defined for v € H{. It may be shown, which we leave as an exercise,

see Problem 5.1, that, with [[v|x; = [[v||1,(x,) and |v|2 k; = [v|m2(k,),
(5.7) [ Thv — vk, < Ch?|v|2,Kj

and

(5-8) I(Znv = v)'|[x; < Chylvlzx,-

It follows that

M L\ /2 M ol 1 1/2
[ Inv —v|| = (Z [ 1nv —UHKJ-) < (ZC hj|v|2ij>
(5.9) j=1 Jj=1

< Ch?||v|s, Vv e H?,
and similarly
(5.10) |(Inv —v)'|| < Chllv||z, for v e H2

We now turn to the task of estimating the error in the finite element
approximation u, defined by (5.3). Since a(, -) is symmetric positive definite,
it is an inner product on Hg, and the corresponding norm is the energy norm

(5.11) [o]la = av,v)/? = (/1 (a(w)? + cv?) dx)1/2.

0

Theorem 5.1. Let up, and u be the solutions of (5.3) and (5.2). Then

5.12 — U, = mi — Ul|a,
(5.12) llun — ull ;2132”)( ul|
and

(5.13) [up, — || < Chllullz.

Proof. Since S, C H} we may take ¢ = x € S, in (5.2) and subtract it from
(5.3) to obtain

(5.14) alup, —u,x) =0, Vx €S.

This equation means that the finite element solution u, may be described
as the orthogonal projection of the exact solution u onto Sy with respect to
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the inner product a(-,-). This also immediately implies that wy, is the best
approximation of u in Sp with respect to the energy norm, and hence that
(5.12) holds. This can be seen directly as follows: Using (5.14) we have, for
any X € Sh,

llur, =l = alun — u,un —u) = alun —u,x =) < |lun — ulla x = ulla,

which shows (5.12) after cancellation of a factor ||up — u||q. By our assump-
tions we have, with C' independent of h,

Vaollv'll < flvlla < Cll|l, for v € Hy,

where the first inequality is obvious by (5.11) and the second follows from
(2.17). Hence, (5.12) implies

(5.15) Ian =)'l < Cllun = ulla < € min | (x = ).

Taking x = Iu and using the interpolation error bound in (5.10), we obtain

(5.13), and the proof is complete. O
Our next result concerns the Lo-norm of the error.

Theorem 5.2. Let up, and u be the solutions of (5.3) and (5.2). Then

(5.16) lun = ull < Ch?|[ull2.

Proof. We use a duality argument based on the auxiliary problem

(5.17) Ap=-e in {2, with ¢(0) =¢(1) =0, wheree=up—u.

Its weak formulation is to find ¢ € H} such that

(5.18) a(w,d) = (w,e), Yw € Hy.

We put the test function w on the left side, because (5.18) plays the role of
the adjoint (or dual) problem to (5.2). Of course, this makes no difference
here since a(-, ) is symmetric, but is important in the case of a nonsymmetric
differential operator A, see Problem 5.7. By the regularity estimate (2.22) we
have

(5.19) [6ll2 < Cll Al = Clle]|-
Taking w = e in (5.18) and using (5.14) and (5.10), we therefore obtain

el = ale, ¢) = ale, ¢ — Ing) < Clle'[| [[(¢ — Tne)'|
< Chle'l¢llz < Chlle'] [le]l-

Cancelling one factor ||e]| we see that we have gained one factor h over the
error estimate for €',

(5.20) llell < Chlle']],

and the proof may now be completed by using (5.13). O
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Remark 5.1. We note that the above error estimates contain the norm of the
second order derivative, while the fourth order derivative was needed in the
corresponding result for the finite difference method in Theorem 4.1. This is
related to the fact that in the finite element method the load term f enters via
averages rather than through point-values as in the finite difference scheme.
This will be discussed further in Sect. 5.6 below.

Remark 5.2. The solution of the very special equation (5.6) agrees with the
nodal values of the exact solution of the corresponding two-point boundary
value problem. In fact, with u = u(x) the exact solution, we have by Taylor’s
formula

Tj

_ y Tj+1
Oou(z;) =h2 [ (y— 2" (y) dy + b2 / (41 — )" (y) dy

Tj—1
=h"' (", ;) = —h " (f,D)).

Thus the finite element solution u;, is identical to the interpolant Ipu of the
exact solution. For a discussion of this based on the Green’s function, see
Problem 5.4.

In the above analysis we could have considered a more general finite el-
ement space, consisting of piecewise polynomials of degree r — 1, where r is
an integer > 2, with the above piecewise linear case included for r = 2, thus
with

Sp={veC:vell_;oneach K;, v(0) =v(1) =0},
where I, denotes the space of polynomials of degree < k. In addition to the
hat functions above we may then associate with each interval K; the basis

functions ®;; € II,_; on K; for j =1,...,r — 2, and vanishing outside Kj,
defined by
1, ifj=1 l
@ij(x“): ’ l ] ’ Wherex“:xi,l—i—hii, ZZO, ,’I"—].
’ 0, ifj#I, ’ r—1

Using also these additional nodal points in the definition of the interpolant
Iv one may show the local estimates

[ho = vllie; < CRyIlvT ||k, and  |[(Iho —v) ||k, < ChG o™k,
and consequently the global estimates
(5.21) |[Inv —v| < CR"||v|l, and ||(Inv—v)| < Ch" Yvl,, Yve H".
For the finite element solution one then obtains, in the same way as above,
(5.22) lan —ull < ChJlull, and |luf, — /| < B Jul],.

These inequalities thus require v,u € H". Using that the interpolant I,v is
well defined for v € H}, one can show that they also hold with r replaced
by any s with 1 < s < r. The case s = 2 of the second estimate in (5.21) is
needed in the proof of the O(h") estimate in (5.22) by duality.
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b1 Pa b; D1 D1 P2 Dy

Ti—1 i1 T; Ti—1 Til Ti2 T4

Fig. 5.2. Global basis functions for » = 3 and 4.

5.2 A Model Problem in the Plane

Let now {2 be a polygonal domain in R?, i.e., a domain whose boundary I’
is a polygon, and consider the simple model problem

(5.23) Au:=-V-(aVu)=f inf2, withu=0 onl

We assume that the coefficient a = a(z) is smooth with a(z) > ag > 0 in 2
and that f € L.

We recall from Sect. 3.5 that the variational formulation of (5.23) is to
find u € H} such that

(5.24) a(u,v) = (f,v), Vv € H},

where

a(v,w):/QaVU-dex and (f,v):/ﬁfvdx,

and that this problem has a unique solution in H}. Moreover, if {2 is assumed
to be convex, then the regularity estimate in (3.36) implies that v € H? and

(5.25) [ullz2 < CIIfII-

Our discussion of the approximation of (5.23) follows similar lines as
for the two-point boundary value problem above. This time we divide the
polygonal domain {2 into triangles. More precisely, let 7, = {K} be a set of
closed triangles K, a triangulation of {2, such that

2= J K hg=dam(K), h= max h.
KEIJ—’L

The vertices P of the triangles K € 7}, are called the nodes of the triangula-
tion 7. We require that the intersection of any two triangles of 7}, is either
empty, a node, or a common edge, and that no node is located in the interior
of an edge of 7j,, see Fig. 5.3.
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Fig. 5.3. Invalid (left) and valid (right) triangulation.

With the triangulation 7;, we associate the function space S}, consisting
of continuous, piecewise linear functions on 7}, vanishing on I, i.e.,

Sp = {v € C(f) : v linear in K for each K € T, v=0o0n I'}.

Using our above assumptions on 7}, it is not difficult to verify that S, C H{.
Let {Pl}f\i*’l be the set of interior nodes, i.e., those that do not lie on I'. A
function in S}, is then uniquely determined by its values at the P;, and the
set of pyramid functions {@i}ij\i"l C Sy, defined by

5.(P)) = 1, ifi=j,
S0, i #£

forms a basis for Sp,. If v € Sj, we thus have v(z) = Z?ihi v;P;(x), where the
v; = v(P;) are the nodal values of v. It follows that S}, is a finite-dimensional
subspace of the Hilbert space H_}.

The finite element approximation of the problem (5.24) is then to find
up, € Sy, such that

(526) a(uhaX) = (f7 X)’ Vx € Sh.

Using the basis {®;}" we write uy, () = Zij\i’] U;®;(x), which, inserted into
(5.26), gives a linear system of equations for the determination of the Uj;,

My,
(5.27) > Uja(®;, ;) = (f,;), i=1,..., My,

j=1

This may be written in matrix form as AU = b, where U = (U;), A = (a5)
is the stiffness matrix with elements a;; = a(®;,®;), and b = (b;) the load
vector with elements b; = (f,®;). The matrix A is symmetric and positive
definite as in Sect. 5.1, so that (5.27) and hence (5.26) has a unique solution
in Sp,. Moreover, the matrix A is large and sparse if the mesh is fine, i.e., a
large portion of its elements are zero because each @; vanishes except in the
union of the triangles that contain the node P;, so that a;; = a(®;,9;) =0
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unless P; and P; are neighbors. This property is important for the eflicient
solution of the linear system, cf. App. B. This time the finite elements are
the triangles K € 7, together with the restrictions to the K of the functions
in Sh.

More generally, given the triangulation 7;, we can take Sj, to be the func-
tions on {2, which reduce to polynomials of degree r — 1 on the triangles
K € 7, where r is a fixed integer > 2. It may be shown that such a function
X is uniquely determined by its values at a certain finite number of nodes in
each K, which can be chosen in different ways. In the case r = 3, i.e., when
Sy, consists of piecewise quadratic functions, these points may be taken to be
the vertices of 7}, together with the midpoints of the edges in 7}, altogether
6 points for each K € 7. For piecewise cubics, i.e., when r = 4, we may take
the vertices of 75, two interior points on each edge of 73, and the barycenter
of each K € 7}, thus using 10 points for each K € 7}, see Fig. 5.4. Note
that a polynomial in two variables of second and third degree is determined
uniquely by the values of 6 and 10 coefficients, respectively, and to deter-
mine these we need to require this number of linear conditions, or degrees of
freedom, as they are referred to in this context.

The finite element space Sy, thus defined is still a finite dimensional sub-
space of Hj, and one basis function ®; € S, may be associated with each
of the nodes described. The finite element problem (5.26) and its matrix
formulation (5.5) remain of the same form as before.

Fig. 5.4. Triangles with 6 and 10 nodes.

If the boundary I' of {2 is not a polygon but a smooth curve, then a
triangulation of the above type will not fit {2 exactly. If (2 is convex it is
possible to choose the triangulation in such a way that the union {2 of the
triangles still approximates {2, by choosing the boundary vertices of {2 on
I', so that the set 2\ 2, of points in {2 not covered by the triangulation
has a width of order O(h?), see Fig. 5.5. Defining the functions in Sj, to
vanish on 2\ 2}, a finite element solution w, can be defined as above. It
turns out that for Sj, consisting of piecewise linear functions nothing is lost
by this extension, see Sect. 5.3 below, but for piecewise polynomials of higher
degree the situation is not so favorable. Various modifications of the methods
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have then been devised to deal with the approximation near I'. We shall not
go into details but remark that at any rate a triangulation provides a more
flexible way of approximating a domain {2 than is possible with the square
mesh used in the finite difference method, and that this is a useful property
of the finite element method.

Fig. 5.5. Smooth convex domain with triangulation.

In the sequel we take the point of view that we consider not only one
triangulation 7; and associated function space S, but a whole family of
triangulations {7p,}o<n<1 and associated finite element spaces {Sh}o<n<1-
One important task is to estimate how fast the error u, — u tends to zero as
h tends to zero.

5.3 Some Facts from Approximation Theory

Let S, denote the continuous piecewise linear functions on the triangulation

75, where the functions are not required to vanish on I". With {P; }jvz’l de-

noting all the nodes of 7}, including those on I" for My, + 1 < j < Ny, and
{@j}évz’"l the corresponding pyramid functions, we define the interpolation

operator I, : C(2) — Sj, by
Np,
(5.28) (Inv)(x) =Y v:P(x), where v; = v(P,).
i=1
The interpolant Ipv thus agrees with v at the nodes P;, or
(In)(P) = v(F;), fori=1,..., Ny,

and if v vanishes on I, then Iv belongs to the finite element space Sj
introduced in the previous section. An analogous definition may be used also
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in the more general case of piecewise polynomials of degree » — 1 described
above.
In the piecewise linear case one can prove the following local error esti-

mates, with |[v|x = [[v||z,(k), [v|2,x = V]| F2(K),

(5.29) | Inv —v||x < Cxhi|vex, VK €Ty,
and

(5.30) IV(Ipv —v)||x < Crhilvle,x, VK €T.

The proofs are based on the Bramble-Hilbert lemma and are left as an exer-
cise, see Problem 5.12.

In what follows we impose the restriction on the family {7} }o<p<1 of
triangulations that the angles of all triangles K belonging to all members of
the family {75} are bounded below, independently of h. It is then possible
to prove that the constants Cx are uniformly bounded, so that we have the
global estimates

/
110 ol = (St —ol%) " < (3 Chneloi)
K K

< Ch*|v|l2, Vv € H?,

1/2
(5.31)

and similarly
(5.32) [Iv —v|; < Chljv|l2, Yve H?.

For S, consisting instead of piecewise polynomials of degree r — 1 the corre-
sponding results may be expressed locally by

(5.33) Hnv = vllx < Chilvlrx, IV (Inv —v)lx < Chy ol
and globally as
(5.34)  |[Ipv =l < CR" vy, |Inv —vli < CA" Y|, forve H".

We note that since we simply bound hx by h in (5.31) and (5.34), these
bounds are crude if the meshsize h g varies significantly over the triangulation.
For instance, if we refine the triangulation by subdividing some triangles K,
then the sum over K in (5.31) becomes smaller, but the global bound does
not change if h = maxg hx remains the same.

We observe that the interpolant I,v is well defined only for continuous
functions v, because it uses the values of v at the nodes. Since functions in
H? are continuous by Sobolev’s inequality (Theorem A.5), Ij,v is thus defined
for v € H” with r» > 2, but a function in H' does not have to be continuous
and therefore the point-values are not well defined. If v is not smooth enough
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to belong to H” but v € H? for some s with 2 < s < r then instead of (5.34)
one may use the estimates

(5.35) | Ihv —v|| < ChE|vlls, |[Tnv —v|1 < Ch*Hvlls, Vo€ HS,

for 2 < s < r. Thus the order of approximation of Ipv depends on the
regularity of the function v.

Consider now the case when {2 is convex and the boundary I" is a smooth
curve rather than a polygon. Let (25 be the polygonal domain covered by
the triangles of 73 as described at the end of the previous section, and recall
that the set 2\ 2, has a width of order O(h?). If v = 0 on I, then the
interpolation error in {2 \ 2, equals v, since Iyv = 0 there. For smooth
functions v vanishing on I" we have v = O(h?) in 2\ 2, and hence its
contribution to the interpolation error is also of this order, more precisely

(5.36) 1T = vllove, = [vlleve, < CR*Vollave, < CR?|v]2.

To show the latter inequality we integrate the trace inequality ||w||%2 ) <
C’||w||2H1(Q) over a family of curves v parallel to I" and covering 2\ 2. Since
the width of 2\ 2, is O(h?) this yields ||w||o\, < Ch|lw|1, which is then
applied to w = V.

The gradient of v does not vanish on I'" and thus does not have to be
small in 2\ 2;,, and one may therefore only show

(5.37) IV(Ino = v)[[o\a, = [[VUllave, < Chljo]2.

Thus, for r = 2, including the contributions from {2\ {2}, to the interpolation
error, (5.31) and (5.32) remain valid. However, if r > 2, the contributions in
(5.36) and (5.37) are the best one can expect, and therefore the first inequality
in (5.34) holds with » = 2 and 3, but the second only for r = 2.

We close with a remark about the orthogonal projection P}, = Pg, of the
Hilbert space Ly onto the finite-dimensional subspace Sy, which is defined
by

(5.38) (Phv—uv,x)=0, VYx€Sh ve€E L.

Since P,v is the best approximation of v in S}, with respect to the Lo-norm,
and hence by the above, in the case of a polygonal domain,

(5.39) |1Pyo — vl < |Tyv —v|| < Ch™ |||y, Vo€ H" N HL.

Here we use the notation H” N H{ for the space of functions that belong to
H" and vanish on I'. The requirement that v € H"NH} is a rather strong one
and not normally satisfied for solutions of our elliptic problem when r > 2
because of the singularities at the corners of the domain, which we discussed
at the end of Sect. 3.7. For a convex domain with smooth boundary the
regularity is not a problem, but without further modification of the method
near the boundary, we only know (5.39) to hold for r = 2 and 3.
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5.4 Error Estimates
We return to the task of estimating the error in the finite element approxi-

mation uy of the solution u of our Dirichlet problem. Since the bilinear form
a(+,-) is an inner product in Hj it is natural to use the energy norm

1/2
lolla = a(v,v)"/2 = ( / alVe[* dz)
(0]

Theorem 5.3. Let up, and u be the solutions of (5.26) and (5.24). Then

5.40 — ullg = mi — ul|q,
(5.40) ln = o = min fix —u]
and

(541) |uh — u|1 S Ch||u||2

Proof. Since Sy, C H} we may take v = x € Sj, in (5.24) and subtract it from
(5.26) to obtain

(5.42) a(up —u,x) =0, Vx € Sh,

which means that uy, is the orthogonal projection of u onto S with respect
to the inner product a(-, ). The equality (5.40) hence follows in the same way
as (5.12). In view of our assumptions on a we have, with C and ¢ independent
of h,

(5.43) clvy < fvlla < Clols.
Hence, (5.40) implies

(5.44) lup, —uly < C min |x — ul;.
Xesh

Taking x = Iu and using the interpolation error bound in (5.32), this proves
(5.41). O

For the analogous result in the case of a nonsymmetric elliptic operator,
see Problems 5.6 and 5.7.

The equality (5.40) means that wy, is the best, or optimal, approximation
of u in Sy, with respect to the energy norm, and (5.44) shows that it is an
almost best, or quasi-optimal, approximation in the standard Sobolev norm
in H}. Note that the energy norm is a weighted norm in Hg; in order to take
full advantage of the best approximation property (5.40) one would need to
prove a weighted variant of the interpolation error bound (5.32). This can be
done but we will not pursue it here. Of course, these norms coincide when
a=1.
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For (5.41) to be of interest it is necessary that « € H?. In the case that
2 is convex we know from Sect. 3.7 that such regularity follows from f € Lo,
and that (5.25) holds. From (5.41) we therefore conclude that

un — uly < CRf],

where the constant is the product of those in (5.41) and (5.25). If {2 is noncon-
vex, then the solution u will generally have such singularities at the corners
of I' that will make (5.25) invalid, and this will result in lower order of con-
vergence. Note that (5.40) still holds in this case.

Our next result concerns the Lo-norm of the error. Here we need the
regularity estimate (5.25) and therefore assume that {2 is convex.

Theorem 5.4. Let 2 be convex and let up and u be the solutions of (5.26)
and (5.24). Then

(5.45) llun, — u| < Ch?||ul|z2.

Proof. The proof proceeds as for the two-point boundary value problem in
Theorem 5.2 by duality, using the auxiliary problem

(5.46) Ap=e in 2, with¢=0 onlI, wheree=uy—u.

We have as in (5.25)

(5.47) [9ll2 < Cllel,

and this is used as in Theorem 5.2 to show

(5.48) le]l < Chlel.

By Theorem 5.3 this completes the proof. a

The previous theorems show the same error bounds for uy, as for the inter-
polant Ipu in (5.31) and (5.32), except that the constants may be different.
Note that we have only used (5.32) and not (5.31) in the proofs.

Let Ry, : H} — Sj, be the orthogonal projection with respect to the energy
inner product, so that

(5.49) a(Rpv —v,x) =0, VYx€Sn, veH,.

The operator Ry, is called the Ritz projection (or elliptic projection). It follows
from (5.42) that the finite element solution wy, is exactly the Ritz projection
of the exact solution u of (5.24), i.e., up, = Rpu. Our previous error estimates
for the finite element solution may be expressed as follows in terms of the op-
erator Ry, which will be convenient when we discuss parabolic finite element
problems later.
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Theorem 5.5. Let {2 be convex. Then we have, for s = 1,2,
|Rpv —v|| < Ch¥||vlls,  |Ruv —v|1 < Ch* Hulls, Vo€ HSNH,.

Proof. The case s = 2 is contained in Theorems 5.3 and 5.4. For the case
s = 1 we first note that since Ry, is the orthogonal projection with respect to
a(-,-), we have | Rpv||s < ||v||la- Hence |Rpv|; < Clv|; and |[Rpv—v|; < Clofy.

Finally, using (5.48) we obtain
|IRpv — v|| < Ch|Rpv —v|1 < Ch|v||1,
which completes the proof. a

Formally the above error analysis extends immediately to finite elements
of higher order r > 2. In the argument in Theorem 5.4 we simply use the
second interpolation error estimate in (5.34) instead of (5.32), together with
the case s = 2 of (5.35). We then find, for 2 < s <7,

(5.50)  ||Rnv — v < Ch%|jv||s, |Ruv — vy < Ch* |olls, Yo € H*N Hy.

These estimates thus show a reduced convergence rate O(h®) if v € H® with
s < r. As we pointed out at the end of Sect. 5.3, the regularity assumption v €
H" with r > 2 is somewhat unrealistic for solutions of our elliptic problem in a
polygonal domain. For a domain {2 with a smooth boundary I" the regularity
is not a problem but special considerations for handling the boundary layer
2\ {2}, are then needed to attain high accuracy.

Because the variational formulation of our discrete problem is based on
Lo inner products, the most natural error estimates are also expressed in
such Ly based norms, and therefore measure certain averages of the error. It
is, of course, also of interest to derive error bounds in the maximum-norm,
which express uniform error bounds over (2. We first note that the error in
the interpolant introduced above satisfies

[Tnv = vllecry < Chikl[vllcz(xy, VK € Th,

and thus, also in the case of a smooth boundary I', since then [|v|¢(o\0,) <
Ch?||v|¢1, we have

(5.51) [ Ihv —v|le < Ch?||v]|e=.

Under the additional assumption that the family of triangulations {7} is
quasi-uniform, i.e., that

(5.52) hi > ch

for some positive ¢ independent of h, it is also possible, but not easy, to show
that, for our elliptic problem we have
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(5.53) llun — ulle < Ch?log(1/h)||ullc2, for h small,

see Problem 5.4. Compared to the Ly-norm estimate of Theorem 5.4 this
estimate contains an additional factor log(1/h), which is not present in the
interpolation error estimate (5.51), and it may be shown that this factor
cannot be removed.

5.5 An A Posteriori Error Estimate

The error bounds of the previous section contain norms of the exact, unkown,
solution. Using the regularity estimate (5.25) these error bounds may also be
expressed in terms of the data f of (5.23), and, if the constants entering
are known, stringent bounds for the error are obtained. However, as we have
seen in Sect. 5.3, these bounds could be pessimistic, particularly when the
triangulations are far from uniform, in which case, for instance, the inequality
(5.32) could be very crude. These estimates involving h = maxg hx should
therefore be interpreted as asymptotic estimates, showing the rate of con-
vergence of the error as h — 0. Thus, for example, Theorem 5.4 shows that
|lup, — ul| = O(h?) as h — 0 if u € H?.

Since these bounds do not depend on the computed solution, they are
often referred to as a priori bounds; they may be stated before the computa-
tion has been carried out. In the next theorem we shall give an example of
an a posteriori error estimate, which is expressed in terms of the computed
solution and the data.

Theorem 5.6. Assume that {2 is a convex polygonal domain in the plane.
Let up, and u be the solutions of (5.26) and (5.24), respectively. Then

1/2
fun—ul <o Y m%)",
KeTn
where
Ric = NicllAwn = [llic + 05 laln - Vun] oy
and [n - Vuy] denotes the jump across OK in the normal derivative n - Vuy,.

Proof. We use the duality argument from the proof of Theorem 5.4. Set
e = up—u and let ¢ be the solution of (5.46). Then, with (v, w)x = [, vwdz,
vl = llvllLorys and |v]2,x = [v]m2(x)s

el = ate, ) = afun — u,6) = a(un, ) — (/,6)
>~ (@Vun, Vo)i = (£, 0)x)
K

Z ((Auh — f,0)x + (an - Vup, ¢)8K)
K

= > ((Aun — £.0)x = $(aln - Vunl. S)arcrr ).
K
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where the factor 1/2 in the last term appears because the term occurs twice
in the sum. Since a(e, x) = 0 for x € Sp, we may replace ¢ in the above by
¢ — x to obtain

el = la(e, 6 — )
<> (Mun = flixc 6 = Xl + Slaln - Vunlllozeyr 6 = xloxcrr ).

K

We now choose x = I¢ and recall (5.29), (5.30), and also the scaled trace
inequality, obtained by transformation of the trace inequality (A.26) from a
reference triangle K of unit size to the small triangle K, see Problem A.15,

(5.54) lwllox < € (hy 2wl +hi2IVwlx)-

Hence we obtain

(5.55) 6 — Ingllox < Ch2L|lax,

and, in view of the regularity estimate (5.47), we may conclude

Jelf = o(e.9) < O3 Riléle < C(ZRi)”Q(Z oBx)
K
<o(Xm ) el < o(L ) el

which completes the proof. a

IfA=-A,ie.,ifa=1,then Auj, = 0in K, and since n-Vuy, is constant
along 0K, we have R = h% (|| fl|lx + |[n- V] ), so that the computed
solution only enters in the second term. The a posterior: error estimate does
not by itself imply that the error converges to zero with h, but this follows
from the O(h?) a priori error estimate as shown before.

The a posteriori error estimate also suggests an approach to adaptive
error control, namely to refine the mesh by subdividing those triangles K
for which Ry is large compared to some tolerance. We will not go into the
details.

5.6 Numerical Integration

An important feature of the finite element method is that the equations
(5.27) can be generated automatically by a computer program. This proce-
dure, which is called assembly of the equations, is based on an elementwise
computation of the stiffness matrix and the load vector,
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(5.56) = > / aVd; Vo d, (f,0)= > / f®; dx.

KeTy, KeT,

In practice, the integrals in these sums are seldom computed exactly even
if analytical expressions for a and f are available. Instead they are approxi-
mated by numerical integration through a quadrature formula of the form

L
(5.57) [ oo~ ax(0) = > vt
=1

The numbers wy, i are called the weights and the points b; i the nodes of the
quadrature formula.

If the equations are assembled by numerical integration, then instead of
(5.26) we solve a modified finite element problem, which is to find up € Sy
such that

(5.58) an(un, X) = (f;X)ns VX € Sh,

where

(5.59) ap(v,w) = Z g (aVv - Vw), (f,w), = Z ar (fw).
KeT, KeTy,

The quadrature formula gg in (5.57) should be chosen in such a way that
the error in uy, is of the same order as in the original finite element solution.
An example of such a quadrature formula is the barycentric quadrature rule

3
(5.60) qr(¢) =|K|p(Pk), where |[K|= area(K = %ZPI K,
=1

with P g and Pk the vertices and the barycenter of the triangle K. This
quadrature rule is exact for linear functions, i.e.,

(5.61) / 6dz = |K|¢(P), Vo€ II.
K
This implies that the rule is accurate of order 2 so that (Problem 5.13)
(5.62) ax(6) = [ ods| < Clildhwaie
K

where, with D;; = 82/0x;0x;,

[vlwz () = ZHDUUHLl(M) vl (ar) = /|U|d$
t,j=1

Hence, the global quadrature error is bounded by
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(5.6) |3 a0 - [ ods| < Y ol

KeTy, 2 KeTy,

From (5.61) we conclude that ay (up, x) and (f, x)n are exact, for example,
when a and f are constant.

Another example of a quadrature formula, which is exact for linear func-
tions, is provided by the nodal quadrature rule, see Problem 5.15,

3

(5.64) qK(¢) = §|K|Z¢(Pl,K)-

=1

In the following lemma we collect the properties of ap(-,-) and (-, ), that
we need in order to prove an error estimate for the modified problem (5.58).

Lemma 5.1. If ap(-,-) and (-,-)n in (5.59) are computed by the quadrature
formula (5.60) or (5.64), then

(5.65) aolx|? < an(x,x) < C|x|3, Vx € S,

and

(5.66)  |an(¥,x) —a(y, x)| < Ch*(|allc2 [+ [x|1, Vab, X € Sh,
(5.67) (£, 0m — (£ )] < CR?||fl2 X1 VX € Sh.

Proof. We carry out the proof for the quadrature rule (5.60); the proof for
(5.64) is analogous.
Since Vy is constant on K and ag < a(z) < C, we have

0 (x) = 3 alP)VX(PPIE| = a0 S [ 193 do = aol
K Kk VK

The estimate from above is derived in the same way, which shows (5.65).
Using (5.63) with ¢ = aVy - Vx we get

|a’h(w7 X) - a(w7X)| S Ch2 Z |aV¢ . VX|W12(K)
K

To bound the right hand side, we have for ¢, x € Sy,
D3 @V - VX)L, ) = [(Dija) Vi - VXl () < llallez [[VOllk VX & -

Invoking the Cauchy-Schwarz inequality for sums, we conclude

Z 1aVY - Vxlwzky < Cllallez [¥]1 x|,
K

which proves (5.66). Similarly, since D;;x = 0 on K, we have
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1Di; (fX) L,y = [|1Dij fx + DifDjx + Dj fDix||L, () < Cllfll2,x Ix|l1,x,

so that

Z |fxXlwz iy < ClEll2 lIxll < ClFll2 Ixlq,
K

which proves (5.67). O

The inequality (5.65) shows that the symmetric bilinear form ay(-,-) is
an inner product on S and that the corresponding norm is equivalent to
|- |1, uniformly with respect to h. From (5.67) we deduce that the linear form
Ly(x) = (f,x)n is bounded on S), with respect to |- |1, again uniformly with
respect to h, because

< 1IN+ CR2( fll2 Ixls < ClLfllz [xs-

By the Riesz representation theorem we may therefore conclude that (5.58)
has a unique solution and that it satisfies the stability estimate

(5.68) |unlr < CI[fll2,

see Problem 5.14. This stability of the modified finite element problem is used
together with the consistency error bounds (5.66), (5.67) in the proof of the
following error estimate.

Theorem 5.7. Assume that ap(-,-) and (+,-)p in (5.59) are computed by the
quadrature formula (5.60) or (5.64). Let up, and u be the solutions of (5.58)
and (5.24), respectively. Then

(5.69) jun = uly < Chlfulla + Ch (llalle2 lull2 + 1 £112)-

Proof. We write up, —u = (up, — Ipu) + (Inu — u) = 0 + p. Using (5.24) and
(5.58), we get, for any x € S,

an(0,x) = an(un, x) — an(Ipu, x) + (G(U,X) - (f X))
— (an (w20 = (£20n) + all x) = alluu,X)
= —alp,x) = (an(Inu,x) = allnw, X)) + (£ = (£:X))-

Since 0 € S, we may choose y = . In view of (5.65), the boundedness of the
bilinear form a(-,-), and the error estimates (5.66) and (5.67), this implies

aolfl} < an(8,0) < (Clph + Ch2[lalle2 [Lnuly + Ch?| £1l2) 611

Hence,
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[un = ul < 161+ |l < Cloly + Ch* (llallea [ Tnuh + 1 £1l2)
Using the interpolation error estimate (5.32), we have
Pl < Chllullz,  [Thuly < July + |ply < [uls + Chlluflz < Cllul2.
Together these estimates prove (5.69). O

The first term on the right side of (5.69) is (essentially) the same as in
(5.41), whereas the remaining terms estimate the effect of numerical integra-
tion. Note that this result requires more regularity than (5.41). For example,
we need f € H?, which (at least formally) implies that « € H*. This is con-
sistent with the result for the finite difference scheme in Theorem 4.2, where
u is required to have four derivatives, see also Remark 5.1. We may think
of the finite element method with numerical integration as a finite difference
scheme on a non-uniform mesh.

The original finite element method (5.26) is conforming in the sense that
S, C H} and the forms a(-,-) and L(-) = (f, ) are the same as in the continu-
ous problem (5.24). In the modified finite element method (5.58) we still have
S, C H}, but the forms are different. It is therefore called non-conforming.
Other non-conforming finite element methods violate the inclusion Sy, C Hg,
for example, by the use of discontinuous piecewise polynomials. They can
sometimes be analyzed in a similar way. The argument used in the proof
of Theorem 5.7 is based on what is known as Strang’s first lemma in the
literature on non-conforming finite element methods.

5.7 A Mixed Finite Element Method

In some situations it is the flux, —aVu, of the solution u that is of primary
interest. However, in the standard finite element method the derivatives, and
hence the flux, are approximated to lower order O(h) rather than the O(h?)
approximation of the solution. We shall now briefly describe a finite element
method for our model problem (5.23), which is based on a so called mixed
formulation of this problem, and which does not have this disadvantage. Here
the flux of the solution u is introduced as a separate dependent variable whose
approximation is sought in a different finite element space than the solution
itself. This may be done in such a way that the flux is approximated to the
same order of accuracy as u. For simplicity we assume that a = 1 in (5.23).
With ¢ = Vu as a separate two-dimensional variable, this equation may then
be formulated as the system

-V-.o=Ff in £,
(5.70) o=Vu in {2,
u=20 on 0f2.
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With H = {w = (w1,w3) € Loy X Ly : V-w € Ly} we note that the solution
(u,0) € Ly x H also solves the variational problem

(V-o,0)+(f,e) =0, V&L,

5.71
( ) (o,w) + (u, V-w) =0, VYw € H,

where the (-,-) denotes the appropriate Lo inner products, and a smooth
solution of (5.71) satisfies (5.70). Setting L(v,n) = $|ull* + (V- p + f,v),
one may show that the solution (u, o) of (5.70) can be characterized as the
saddle-point satisfying

(5.72) L(v,0) < L(u,0) < L(u,pu), Yv € Ly, p€H

(see Problem 5.16), and the key to the existence of a solution is the inequality

,V'
(5.73)  inf sup 2V 5 on 0 where [lulf = [l + [ -l
ver, et V1] Nullm

With Sj, and Hj, certain finite-dimensional subspaces of Ly and H we shall
consider the discrete analogue of (5.71), which is to find (up,0n) € Sp x Hp,
such that

(V-on,x)+(fix) =0,  Vx € Sh,

(5.74) (n ) + (un, V-9) =0, Vo € Hy.

As in the continuous case this problem is equivalent to the discrete analogue
of the saddle point problem (5.72), and in order for this discrete problem to
have a solution with the desired properties, the choice of spaces S}, x Hj, must
be such that the analogue of (5.73) holds, in this context referred to as the
Babuska-Brezzi inf-sup condition. More precisely,

WV-w .y

(5.75) inf sup >
ol {lpall 2

veS, neHn

must hold uniformly with respect to h.

An example of a pair of spaces which satisfy the inf-sup condition, intro-
duced by Raviart and Thomas, is as follows: With 7, a quasi-uniform family
of triangulation of {2, which we assume here to be polygonal, we set

Sp = {X € Ly : x|k linear, VK € Th},
with no continuity required across inter-element boundaries. We also define
Hy = {4 = (1,42) € H : Y|k € H(K), VK € T, },

where H(K) denotes affine maps of quadratics on a reference triangle K of
the form (I1(§) + & (&1 + &2), 12(§) + B& (& + &2)), with 11(£), 12(€) linear,



5.8 Problems 73

a, € R. Since each of the functions [;(§) has three parameters we have
dim H(K) = 8. The space H}, thus consists of piecewise quadratics on the
triangulation 7j, which are of the specific form implied by the definition of
H(K). As degrees of freedom for Hj, one may use the values of ¢ - n at two
points on each side of K (6 conditions) and in addition the mean-values of
11 and 99 over K (2 conditions). We note that the condition ¢ € H in the
definition of Hy, requires that V-1 € Lo, which is equivalent to the continuity
of x-n across inter-element boundaries. For the solutions of (5.74) and (5.70)
one may show

lup, —ul| < ChQHqu and |lop — o < Ch*||ulls41, s=1,2.

Thus, the flux o is approximated to the same order O(h?) as u.

5.8 Problems

Problem 5.1. Prove (5.7) and (5.8).

Hint for (5.8): (Iv)'(z) —v'(z) = hj_1 ij (v'(y) — v'(x)) dy for x € K;.

Hint for (5.7): Let Qv the polynomial of degree 1 obtained from Taylor’s
formula for v at z;_;. Note that I;,(Q1v) = Q1v and |[Ipv]le(k;) < |lvllek,),
so that ||[Inv —vllc(x;) = [[In(v — Q1v) + (Q1v —v)[le(x;) < 2[|v — Q1vllek,;)-
Estimate the remainder: ||v — Q1v|l¢(k;) < MaXek;, ij |z — y| [v"(y)| dy.
Conclude |[I,v —vlle(x,) < 2h; [, [v"(y)|dy, which implies (5.7). This proof
can be generalized to functions of tJWO variables, see (5.29), the main difference
is that it is more difficult to estimate the remainder in Taylor’s formula.

Problem 5.2. Find the elements of the matrix A in (5.5) when h; = h =
constant.

Problem 5.3. Use the basis {®;} to show that (5.38) can be written in
matrix form as BV = b, where the matrix B (the so-called mass matrix) is
symmetric, positive definite, and sparse if M}, is large.

Problem 5.4. Consider the situation in Sect. 5.1 with a piecewise linear
finite element space Sp,.

(a) Use the Green’s function in Theorem 2.3 to prove that uj, = Ipu when a =
1,¢=01in (5.1), cf. Remark 5.2. Hint: Use the results from Problem 2.4,
Problem 2.2 (a), and the fact that G(x;,-) € Sy, if x; is a node.

(b) In the case of variable coefficients prove that

lun(z;) — ulz;)| < Ch?|ull2.

Hint: Show that e(z;) = a(e, G(z;,-) — InG(xj,-)) and use an interpo-
lation error estimate on the intervals (0,x;), (z;,1), where G(zj,-) is
smooth.
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(c) Conclude that ||up — ullc < Ch?||ul|c2, which is (5.53) in this simple
special case. Hint: [Jup — Ipullc = max; |up(z;) — u(x;)|.

This is the basic idea behind one approach to maximum-norm estimates for
elliptic problems in several variables. However, the stronger singularity of the
Green’s function, see Sect. 3.4, makes the analysis much more difficult.

Problem 5.5. Prove that, under the assumptions of Theorem 5.3,
1/2
fun = uly < C (- Wclull x )
K

Problem 5.6. (Galerkin’s method.) Let a(-,-) and L(-) satisfy the assump-
tions of the Lax-Milgram lemma, i.e.,

la(v,w)| < Ci|v|lv lwlly,  Yv,weV,
a(v,v) > Co||v|%, Yo eV,
|L(v)| < Csljv|lv, Yov e V.

Let u € V be the solution of
a(u,v) = L(v), YveV.

Let V C V be a finite-dimensional subspace and let @ € V be determined by
Galerkin’s method: R
a(t,v) = L(v), YveV.

Prove that (note that a(-,-) may be non-symmetric)

. Cr .
I~ ully < 2 minlx - ulv.
2 xeVv

Prove that, if a(-,-) is symmetric and ||v||, = a(v,v)'/?, then

. . _ Ch .
[@—ulle =min ||x —ulls and @ —ulv <4/ = min|x —ullv.
XeV Co eV

Problem 5.7. Consider the problem
-V (aVu) +b-Vut+cu=f inf2, withu=0 onl/]

from Sect. 3.5. Note that the presence of the convection term b - Vu makes
the bilinear form non-symmetric.

(a) Formulate a finite element method for this problem and prove an error
bound in the H'-norm. Hint: See Problem 5.6.
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(b) Prove an error bound in the Lo-norm. Hint: Modify the proof of Theo-
rem 5.4 by using the auxiliary problem

A*¢:==-V-(aVp)—b-Vop+(c—V-b)p=e inf2, ¢$=0 onl,

instead of (5.46). The operator A* is the adjoint of A, defined by
(Av,w) = a(v,w) = (v, A*w) for all v,w € H? N H}.

Problem 5.8. Formulate a finite element problem corresponding to the non-
homogeneous Dirichlet problem (3.27). Prove error estimates. Hint: With the

notation of Sect. 5.3, up(x) = ZMh U;j®;(x)+ Zj My 1 9(F5) @5 (2).

Problem 5.9. Formulate a finite element problem corresponding to the Neu-
mann problem (3.30). Prove error estimates.

Problem 5.10. Formulate a finite element problem corresponding to the
nonhomogeneous Neumann problem (3.34). Prove error estimates.

Problem 5.11. Formulate a finite element problem corresponding to the
Robin problem in Problem 3.6. Prove error estimates.

Problem 5.12. The following important result is called the Bramble-Hilbert
lemma. Let F' be a nonnegative functional on W) = W (£2), where 2 is a

bounded convex domain in R%, and assume that
Fv+w) < F(v)+ F(w), Vv, we W,
F(v) < Clollwy, Yve W,
F(U) = 0’ Yov € Hm—1~

Then F' is bounded with respect to the corresponding seminorm, i.e., there is
a constant C' = C(£2,m,p) such that

F(v) < Clolwp, Voe W

(a) Prove the Bramble-Hilbert lemma for d =1, £2 = (0,1), and m = p = 2.
Hint: As in Problem 5.1 show that ||v — Q1v[|2 < C|v|2. Then F(v) <
F(v— Q) + F(Q1v) = F(v = Q1v) < Cllv = Quvll2 < Cluls.

(b) Use the Bramble-Hilbert lemma to show (5.29) and (5.30). Hint: Do this
first for a fixed triangle K of unit size and then make an affine trans-

formation of this triangle to a small triangle K, see Problem A.14. For
(5.29) choose W*(£2) = H*(K), F(v) = ||Ihv UHL ) and estimate the

nodal values by Sobolev’s inequality |v(P )| < CHv||H2(K

Problem 5.13. Prove (5.62) by using the Bramble-Hilbert lemma with m =
2, p=1.

Problem 5.14. Prove (5.68).
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Problem 5.15. Prove an analogue of Lemma 5.1 for the nodal quadrature
formula (5.64).

Problem 5.16. Prove that any solution of (5.71) satisfies (5.72).

Problem 5.17. (Computer exercise.) Consider the same two-point bound-
ary value problem as in Problem 4.4. Apply the finite element method (5.3)
based on piecewise linear approximating functions on the same partition as
in Problem 4.4 with h = 1/10, 1/20. Find the exact solution and compute
the maximum of the error at the mesh-points.

Problem 5.18. (Computer exercise.) Consider the same boundary value
problem as in Problem 4.5. Solve it by the finite element method (5.26)
based on piecewise linear approximating functions on the same partition as
in Problem 4.5, divided into triangles by inserting a diagonal with positive
slope into each mesh-square, with h = 1/10, 1/20. Recall the exact solution
and compute the Lo-norm of the error. Use the barycentric quadrature rule
to compute the stiffness matrix, the load vector, and the Ls-norm.



6 The Elliptic Eigenvalue Problem

Eigenvalue problems are important in the mathematical analysis of partial
differential equations, and occur, e.g., in the modelling of vibrating mem-
branes and other applications. In our study of time-dependent partial differ-
ential equations it will be important to develop functions in eigenfunction
expansions, and we therefore discuss such expansions in Sect. 6.1 below. In
the following Sect. 6.2 we present some simple approaches and results for the
numerical solution of eigenvalue problems.

6.1 Eigenfunction Expansions

We shall first consider the eigenvalue problem corresponding to the symmetric
case of the two-point boundary value problem in Chapt. 2, to find a number
A and a function ¢, which is not identically zero, such that

(6.1) Ap:=—(ag’) +cp=Ap in2=(0,1), with ¢(0)=p(1)=0,

where a and ¢ are smooth functions such that a(z) > ap > 0 and ¢(z) > 0
on 2. Such a number \ is called an eigenvalue and ¢ is the corresponding
eigenfunction.

Recall that the two-point boundary value problem

(6.2) Au=f in 2, with u(0) =u(1l) =0,
may be written in weak form as: Find u € H} = H{(£2) such that
a(u,v) = (f,v), Yve Hy,

where the bilinear form and the inner product are defined by

1 1
(6.3) a(u,v) :/ (au'v' + cuv)dxr and (u,v) :/ uv dz,
0 0

respectively. With this notation the eigenvalue problem (6.1) may be stated:
Find a number \ and a function ¢ € H{, ¢ # 0, such that

(6.4) alp,v) = X(p,v), VYove Hg.
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We shall also consider the Dirichlet eigenvalue problem to find a number
A and a function ¢, not identically zero, such that

(6.5) —Ap=XAp in 2, withpy=0 on I

where 2 is a bounded domain in R? with smooth boundary I'. Here the
associated Dirichlet boundary value problem is

(6.6) —Au=f in{2, withu=0 onl,
or, in variational form, to find u € H} = HE(£2) such that

a(u,v) = (f,v), Yve H},
where now

(6.7) a(u,v) = /QVu-Vvdx = (Vu, Vo) and (u,v) = /qu dz.

The variational form of the eigenvalue problem corresponding to (6.5) is again
to find a number \ and a function ¢ € H{, ¢ # 0, such that (6.4) holds.

Recall that, if u is a solution of (6.6) and f € H*, then u € H**2n H},
see Sect. 3.7. Hence we may conclude at once that a possible eigenfunction is
smooth: Since ¢ € Ly, elliptic regularity implies that ¢ € H? N H}, which in
turn shows ¢ € H* N H}, and so on. The corresponding observation applies
also to the simpler eigenvalue problem (6.1).

Both eigenvalue problems (6.1) and (6.6) thus have the variational for-
mulation (6.4), and this would also be the case if instead of the Laplacian
we used the more general elliptic operator Au = —V - (aVu) + cu together
with suitable homogeneous boundary conditions of Dirichlet, Neumann, or
Robin type, as described in Chapt. 3. This would lead to the following more
general eigenvalue problem. Let H = Ly = L2(f2) and V be a linear subspace
of H' = HY(£2), with £2 C R?, and assume that the bilinear form a(-,-) is
symmetric and coercive on V, i.e.,

(6.8) a(v,v) > a|v||}, YveV, witha>0.
Find ¢ € V, ¢ # 0, and a number A such that
(6.9) a(p,v) = Mg,v), VveV,

where (-, -) denotes the inner product in H = Ly. Note that a(-,-) is an inner
product in V.

For simplicity we shall consider the concrete case of (6.5), with a(-,-)
defined by (6.7), and we invite the reader to check that the theory that we
shall present actually applies, with minor notational changes, to the more
general eigenvalue problem (6.9).

We begin with some general simple properties of the eigenvalues and eigen-
functions.
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Theorem 6.1. The eigenvalues of (6.5) are real and positive. Two eigen-
functions corresponding to different eigenvalues are orthogonal in Lo and
HL.

Proof. Let A be an eigenvalue and ¢ the corresponding eigenfunction. Then

Alel? = A (e, ) = ale, @),

which together with (6.8) implies that A > 0. Let A\; and Ay be two different
eigenvalues and ¢ and @9 the corresponding eigenfunctions. Then

A1 (@1, 92) = a1, 2) = alw2, 1) = A2 (92, 91) = A2 (01, p2),

so that
(A1 = A2) (1, 92) = 0.

Since A1 # Ay it follows that (1, ¢2) = 0, and hence also a(p1,92) =0. O

As a first step we shall show that there exists an eigenvalue, in fact, a
smallest eigenvalue. This eigenvalue will be characterized by

(6.10) Ay =inf {a(v,u) s v e H, || = 1}, where a(v,v) = ||Vv]?.

The equality (6.10) may also be written (this is referred to as the Rayleigh-
Ritz characterization of the principal eigenvalue)

\V4 2
= i 170
v£0 |0

which follows from ||V (av)||? = o?||Vv||%. Since, for an arbitrary eigenvalue
A and corresponding eigenfunction ¢,

Vel = alp, ) = A(p,0) = Ao,
we conclude that A > Aq, so that Ay is a lower bound for the eigenvalues.

Theorem 6.2. The infimum in (6.10) is attained by a function p1 € H}.
This function is an eigenfunction of (6.5) and A1 the corresponding eigen-
value.

Proof. We shall postpone the proof of the first statement of the theorem till
the end of this section and assume that the infimum is attained by ¢ € Hj,
ie., A\1 = [|[Vp1]/? and ||¢1]| = 1. We now show that ¢ is an eigenfunction
of (6.5) corresponding to the eigenvalue A, that is,

(6.11) a(p1,v) = M\ (@1,v), Vv e H.

Note that, for o an arbitrary real number,
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a(pr + av, o1 + av) = A\ + 2aa(p1,v) + aza(vm)

and
1 + vl = 1+ 20 (p1,v) + o?||v]|*.

Since the ratio of the two norms is bounded below by A; for all a, we have
A1+ 20a(p1,v) + a?a(v,v) > A+ 2010 (91,v) + A a?|v]|?,

2a(a(p1,v) = Ai(p1,v)) + o (a(v,v) = A |[o]|*) > 0.

Suppose now that (6.11) does not hold, so that the coefficient of « is # 0.
Then choosing |a| small and with a sign such that the first term is negative,
we have a contradiction. O

From Theorem 6.2 we thus know that at least one eigenfunction ¢; exists.
We now repeat the considerations above in the subspace V; of V = H{
consisting of functions which are orthogonal to ¢; with respect to (-,-). Note
that these functions are then orthogonal to ¢; also with respect to a(-,-)
since a(v, p1) = A\ (v, 1) = 0. We consider thus

Ay = inf {a(v,v) weV, v =1, (v,e1) = 0}
(6.12)
= inf {||Vv||2 v € Hy, vl =1, (v,01) = 0}-

Clearly Ay > A1, since the infimum here is taken over a smaller set of functions
v than in (6.10). In the same way as above we may show that the infimum
is attained and we call the minimizing function 2 (we shall return to the
question of existence of 2 later), which then satisfies

a(p2,02) = V2l = X2, 2l =1, (01,92) =0.
To show that ¢4 is an eigenfunction, we first show, exactly as above that
a(@2,v) = Az (pa,v), for all v € HJ with (v, 1) = 0.

To see that the equation holds for all v € H{ and not just for those orthogonal
to @1, we note that any v € H} may be written as

v=ap; +w, with a=(v,¢1) and (w,p1) = 0.

It therefore remains only to show that a(v2,¢1) = A2 (p2, p1). But this fol-
lows at once since (@2, ¢1) = 0 and a(p2, ¢1) = 0.

Continuing in this way we find a nondecreasing sequence of eigenvalues
{Aj}52, and a corresponding sequence of eigenfunctions {¢;}72,, which are
mutually orthogonal and have Ls-norm 1, such that
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)\n - a(ﬂonv Son)

(6.13) ) L _
= mf{a(v,v) cveHy, v|=1, (v,;)=0, j=1,...,n— 1}.
Note that the process does not stop after a finite number of steps. For, if
(v,0;) =0,5=1,...,n—1, were to imply v = 0, then Ly would be finite-
dimensional, which it is not. One may show the following.

Theorem 6.3. With \, the n'* eigenvalue of (6.5) we have that \, — 0o
asn — oo.

The proof of this theorem will also be postponed till later.

As a result of this theorem a number in the nondecreasing sequence
{)‘j}?il can only be repeated a finite number of times. If \,,_1 < A\, =
Antl =" = Apgm—1 < Antm, then we say that the eigenvalue A, has mul-
tiplicity m. The set E,, of linear combinations of ¢,,..., @ntm—1 is then a
finite-dimensional linear space of dimension m, the eigenspace corresponding
to A,. For v € E,, we thus have —Av = \,v.

We remark that the first, or principal, eigenvalue \; is a simple eigenvalue,
i.e., that Ay > A1, and that the corresponding principal eigenfunction 1 may
be chosen to be positive in 2, after a possible change of sign. To indicate a
proof of this, we write ¢; = ¢ = T — ¢~, where p* = max(+¢p,0). One
may show that p* € H} and that Vo™ = Vo when ¢ > 0 and Vot = 0
when ¢ < 0 so that a(e™,97) = (VpT,Ve~) = 0. We then have that
VT2 = 1|2, since otherwise

M= Vel = Ve 12 + Ve 12 > A (llet 1P + o7 I17) = Mllell® = A,

which is a contradiction. Hence oT both satisfy —Ap®* = A\jp*. But then
—ApT = Apt > 0, and hence the strong maximum principle shows that
et >0in 2 or T =0 in §2, so that ¢; > 0in 2 or ¢ < 0 in §2. This also
implies that A\ is a simple eigenvalue, since there cannot exist two orthogonal
eigenfunctions with constant sign.

We now turn to the question of how eigenfunctions may be used for series
expansions of other functions and consider the case of a general Hilbert space
H. Let {¢p; 521 be an orthonormal sequence, i.e., one for which

1, ifi=y
" : = 6 I — ’ ’
(pirps) = 0 {0, if i # 7.
Such a sequence is called an orthonormal basis (or a complete orthonormal
set) if any v in H can be approximated arbitrarily well by a linear combination
of elements from the sequence, i.e., if for any € > 0 there exist an integer N
and real numbers aq, ..., ay such that
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N
j=1

Note that it suffices to show this for v in a dense subset M of H. In fact,
let v € H. That M is a dense subset of H means that one may find w € M
such that |jv — w| < €/2. Therefore it suffices to find a linear combination
such that

N
Hw - Z%‘%‘H <€/2,
j=1

since then

N N
[0 =3 ases]| < o —wll+ || = > ages | <«
j=1 j=1

Lemma 6.1. Let {¢;}52; be an orthonormal set in H. Then the best ap-
prozimation of v € H by a linear combination of the first N functions p; is

N
oN =321 (v, 05)0;-

Proof. We have, for arbitrary aq,...,ay,
N 9 N N
o= ases]| =0l 23 aytw )+ 3 a2
=1 j=1 j=1
N
= |lo|? +Z (v, 95)) (v, ;)
j=1
from which the result follows at once. O

Since the left-hand side is nonnegative, we obtain, in particular, for a; =

(Ua(pj>7
N

> (we)? < o).

j=1
Since this holds for each N we infer Bessel’s inequality

(o)
()" < o]l
j=1

If {p;}32, is an orthonormal basis, then the error in the best approxima-
tion has to tend to zero as N tends to infinity, so that

N 2 N
614) o= Y @] = Il =D (0.2 =0, as N - o

Jj=1 Jj=1
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This is equivalent to Parseval’s relation

o0
S w,05)? = Ilo].
j=1

Thus the orthonormal set {¢;}72, is an orthonormal basis of H if and only
if Parseval’s relation holds for all v in H (or for all v in a dense subset of H).
We return to the concrete case of H = Ls. We then have the following.

Theorem 6.4. The eigenfunctions {p;}32, of (6.5) form an orthonormal
basis for Ly. The series Zj’;l X (v, ;)% is convergent if and only if v € H}.
Moreover,

(6.15) |[Vo|? = Z/\] v,p;)%,  for allv € Hg.
Jj=1

Proof. By our above discussion it follows that for the first statement it suffices
to show (6.14) for all v in H}, which is a dense subspace of Ly. We shall
demonstrate that

< C’)\X,i_/lz, for all v € Hé,

N
(6.16) Hv =2 (v 9i)es

J=1

which then implies (6.14) in view of Theorem 6.3.
To prove (6.16), set vy = Zj\le(v,gpj)gpj and 'y = v — vy. Then
(rn,pj) =0for j =1,..., N, so that
V7|
lrn]?

and hence

> lnf{”v,l}”2 HNONS H&v HU” = 17(Uv<pj) = 07] = laaN} = )\N-‘rla
—1/2
Irall < ANV 7wl

It now suffices to show that the sequence ||[Vry| is bounded. We first recall
from Theorem 6.1 that a(p;, ¢;) = 0 for i # j, so that a(ry,vy) = 0. Hence

a(v,v) = a(vy,vn) + 2a(vn,Tn) + a(ry,rn) = a(vy,vn) + a(ry,ry) and
IVryl® = a(ry,rn) = a(v,v) — a(vy, vn) < alv,v) = [ Vol?,

which completes the proof of (6.16).
For the proof of the second statement, we first note that, for v € H{,

Z)\j(v,cpj)2 =a(vn,vn) = a(v,v) —alry,ry) < a(v,v),

and we conclude that Z;’il Aj(v,5)? < oo. Conversely, we assume that
v € Ly and Z;’il Aj(v,05)? < oo. We already know that vy — v in Lo as
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N — oco. To obtain convergence in H! we note that, with M > N, in view
of (6.8),

M
allon —vm | < [V(enw —om)lP = D Aj(v,5)° = 0as N — oo,
j=N+1

Hence, vy is a Cauchy sequence in H' and converges to a limit in H*. Clearly,
this limit is the same as v. By the trace theorem (Theorem A.4) vy is also a
Cauchy sequence in Lo(I"), and since vy = 0 on I" we conclude that v = 0
on I'. Hence, v € Hi. Finally, (6.15) is obtained by letting N — oo in

alv,on) = Xl A5 (v, 95)°. 0
It follows immediately from (6.13) that

(6.17) An = mi &’g).
we)=0, [0

Jj=1,....n—1
This in turn implies the following min-maz principle.

Theorem 6.5. We have

(6.18) Ap, = min max M,
Vo veVn |02

where V,, varies over all subspaces of Hi of finite dimension n.

Proof. Let E,, denote the n-dimensional subspace of linear combinations v =
Z?Zl aj; of the eigenfunctions ¢1,. .., ¢,. Then clearly

T,l_ az)\
ax a(v,v) ~ max Zj;1 j23 .
veE, |lof2 enan YU oF

where the maximum is attained by ¢,,. It therefore remains to show that for
any V,, of dimension n,
a(v,v)
max
veV, |v]?

> A\
To see this we choose w € V,, such that
(w,p;) =0, forj=1,....,n—1.

If {4;}7_; is a basis for V,,, then such a w = E?Zl aj1; may be determined
from the linear system of equations

n

(w7¢j)zzal(wla¢j)zo7 j:17"'an_1a
=1
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which has a nonzero solution since the number of equations is smaller than
n. By (6.17) it follows that

>\
[Jwl|? v

which thus completes the proof of (6.18). o

One consequence of this result is that the eigenvalues depend monotonous-
ly on the underlying domain. More precisely, if {2 C 2 and the corresponding
eigenvalues are \,(£2) and \,(£2), then we have \,(2) < \,(f2) for all n.
In fact, by extending the functions in H{(£2) by zero in 2\ £, we have
HY(2) c H{(£2), and hence the minimum in the expression for An(£2) in

(6.18) is taken over a smaller set of n-dimensional spaces than for A, ({2),
and hence the latter minimum is at least as small.

We now return to the more subtle mathematical points that we postponed
earlier. For their treatment we shall need to use the concept of compactness,
which we first briefly discuss.

We say that a set M in a Hilbert space H (with norm ||-||) is pre-compact,
if every infinite sequence {u,}52; C M contains a convergent subsequence,
i.e., there is a subsequence {u,;}32, and an element u € H such that

(6.19) |tn, — @l — 0, asj— ooc.

As an example we recall from elementary calculus that a bounded infinite
sequence of real numbers is pre-compact (the Bolzano-Weierstrass theorem).
The set M is called compact, if it is also a closed set, i.e., if the limit @
in (6.19) always belongs to M. Below we shall need the following result for
H¢ = HE(2) with 2 € R%, the proof of which is beyond the scope of this
book.

Lemma 6.2. (Rellich’s lemma.) A bounded subset M of H' is pre-compact
m LQ.

Thus if {u,}32, C H' and |ju,|s < C for n > 1, then there exists a
subsequence {u,, }52; and @ € Ly such that (6.19) holds in Lz-norm.

We shall now use this to prove the first statement of Theorem 6.2, that
the infimum in (6.10) is attained in H}. For this, we take a sequence {u, }5°,
such that

(6.20) ||Vun||2 = a(un,un) = A1 and |lu,l| =1, asn — oo,

which is possible by the definition of the infimum. Then clearly {u,}52, is
bounded in H', and, by Lemma 6.2, we may therefore take a subsequence,
which converges to an element ¢1 € Lo. By changing the notation if necessary,
we may assume that {u,}22 itself is this subsequence, so that ||u,—¢1|| — 0.
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We now want to show that {u,}3; converges in H{. By a simple calcu-
lation we have

IV (= ) I* = 2/ Vun | + 2[[ Ve |2 — 4] 3V (un + un )|
(the parallellogram law), and by the definition of Ay,
15V (un + wm)[1* = Xl 5 (un +wm) |12
Hence
(6.21)  [[V(up = um)[* < 2/ Vun | + 2V [|* — 40 15 (wn +um) |12

It is clear that ||3(un + um)|| — [l¢1] as n,m — oo, and since [u,| = 1,
we have ||p1|| = 1. Thus, by (6.20) the right-hand side of (6.21) tends to
zero, so that {u,}°, is a Cauchy sequence in H{, i.e., [|[V(u, — up)|| — 0
as m,n — oo. Since H} is a Hilbert space, the sequence thus converges to an
element of H¢, which then has to be the same as the limit in Lo, i.e., 1. In
particular,

IVerl* = A1,

which shows that ¢; realizes the minimum in (6.10).

The proof that the infimum is attained in (6.12) is analogous. In fact,
if {u,}52; is a minimizing sequence that converges to some ¢ in Ly and
satisfies the side conditions in (6.12), then, since (3(un + um),p1) = 0, we
have now (6.21) with A; replaced by Ao, and we conclude that u,, converges

in H} to @9, and that

lo2ll =1, (p2,01) =0, [|[Via|?® = Aa.

We finally give the proof of Theorem 6.3. Assume then that the result is
not valid, so that
IVeul? =X, <C, forn>1.

But then, by compactness, {¢n }52; contains a subsequence {(y,, }32,, which
converges in Ly. But since {¢,}52; is orthonormal we have

llei = @5l1* = loal® + llpall® = 2, for i # j,
so that no convergent subsequence can exist.

As we mentioned before, the theory for the more general eigenvalue prob-
lem (6.9) is analogous. For example, for the eigenvalue problem related
to the Neumann problem in Sect. 3.6, our theorems hold with a(v,w) =
fn (a Vv - Vw + cvw) dx and H} replaced by V = H*. In particular,

(a|Vol? + cv?) dz
A1 = min ££2

veV
/ v2dz
Q
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We close by two examples where we can solve the eigenvalue problem
explicitly.
Ezample 6.1. Let 2 = (0,b) C R. The problem (6.5) then reduces to
(6.22) —u” =X in 2, with u(0) =u(b) =0.

Here we may easily determine the eigenfunctions and eigenvalues explicitly.
In fact, the general solution of the differential equation in (6.22) is

u = Cy sin(VAz) + Cycos(VAz),  with A > 0,

and the boundary conditions show that Co = 0 and v/Ab = nx. Hence the
eigenfunctions are {sin(nmx/b)}52 ; and the corresponding eigenvalues \,, =
n?72/b%. After normalization we thus find ¢, (v) = /2/bsin(n7rz/b), n =
1,2,..., for our orthonormal basis of eigenfunctions in Ly(f2). Note in par-
ticular that the eigenvalues decrease with increasing b.

Ezample 6.2. Let £2 = (0,b) x (0,b) and consider the eigenvalue problem
—Au=Xu in {2, withu=0 on I.

Then with A\, and ¢,, as in Example 6.1 it is easy to check that the products
Omi() = om(x1)pr(x2), m,l =1,2,..., are eigenfunctions corresponding to
the eigenvalues \,,; = (m?+12?)7%/b%. To see that these are all the eigenfunc-
tions, it suffices to show Parseval’s relation Y- (¢mi,v)* = [[v]|?, i.e.,

(6.23) > / £)pm(m)pila) dz) = /Q o(z)? da.

m,l=1

But, using Parseval’s relation in x5 we have

b

b
(6.24) /0 v(21,20)? dry = Zwl )%, w(zy) = /Ov(xl,xg)gpl(:vg)dxg.

Applying Parseval’s relation to w;(z1) we find

b oo

/ wl($1)2 dz, = Z(wla¢m)2
m=1

0 =
e o] b b 2
:n12—1</0 /0 v(@1, 22)Pm(T1)pi(z2) do d132> :

We now integrate (6.24) in x; and insert (6.25) to obtain (6.23).

This shows that the eigenvalues are the numbers \,,; = (m? + ?)72/b?,
arranged in increasing order, and with multiple eigenvalues repeated. To de-
termine the rate of growth of the eigenvalues A, as n increases, we observe

(6.25)
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that the number of eigenvalues with )\, < p? is equal to the number of mesh-
points (mm/b,l7/b) in the disc D, = {z? + 23 < p?}. Since the number N,
of such mesh-points equals the number of mesh-squares with area 72/b? that
can be fitted into D,, we have N, ~ p?b? /7. Hence, for ), corresponding to
Ami, we have A, = Ay & p? ~ N, /b* =~ 7n/b%.

Since any domain {2 C R? contains a square and is contained in another
square, it follows by the monotonicity of the eigenvalues that for any domain
{2, there are positive constants ¢ and C such that cn < A, < Cn. In d
dimensions the corresponding inequality is cn?/¢ < X, < Cn?/.

6.2 Numerical Solution of the Eigenvalue Problem

We shall first consider the one-dimensional eigenvalue problem (6.1), i.e.,
(6.26) Ap:=—(a¢’) +cpo=Ap in2=(0,1), with p(0)=p(1)=0,

where a and ¢ are smooth functions such that a(z) > ap and ¢(x) > 0 on (2.
To formulate a finite difference discretization we use the notation of Sect. 4.1
based on the mesh-points z; = jh, j = 0,...,M, where h = 1/M, with
U; = u(x;), and consider the finite-dimensional eigenvalue problem

AU, 2:—8(aj+1/23Uj)+CjUj:AUj, j=1...,M—1,

(6.27)
Uy = Uy =0,

where ¢; = c(z;) and a;y1/2 = a(z; + h/2). The equation at the interior
mesh-point x; may then be written

—(a.j+1/2Uj+1 - (aj+1/2 + aj_l/g)Uj + aj_l/QUj_l)/h2 + CjUj = AU]‘,

and thus, with A an (M — 1) x (M — 1) tridiagonal matrix and U =
(Uy,...,Up—1) € RM~1 the vector corresponding to the interior mesh-
points, (6.27) may be expressed as the matrix eigenvalue problem

AU = AU.
For the analysis we introduce a discrete inner product and a norm by

M
1/2
(V,W)a=hY ViW; and [V]n = (V.V),/”,
§=0
respectively. The operator Ay, is easily seen to be symmetric with respect to
this inner product, and positive definite since

M—-1 M—-1

M-—1
(AU U =h > AU Uj =h > aj4120U;)° +h > ¢;U7.
j=1

Jj=1 Jj=0
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It would be natural to expect the eigenvalues of the discrete problem
(6.27) (or of the matrix A) to approximate those of the continuous eigenvalue
problem (6.26). We shall show this for the principal eigenvalue A; only.

Theorem 6.6. Let Ay and Ay be the smallest eigenvalues of (6.27) and
(6.26). Then
|A; — M| < CR2.

Proof. We carry out the proof for ¢ = 0 only and leave the general case
to Problem 6.4. Let U € RM+! be arbitrary with Uy = Uy = 0, and let
= I, U € C({2) be the associated piecewise linear interpolant. Then

a(i, @)
(6.28) A < ol
[als

Since @' = 0Uj in (x,x;41) we have, using a > ag > 0 in 2, that

M—-1

Tj+1
a(i, ) Z/ adzr (0U;)* < (aj11/2 + Ch*)(OU;)?
Zj =0

< (AU, U (1 + Ch?).

Further, by simple calculations,
2 TJ+1 9
lal]? = Z h~ / (zj41 — 2)Uj + (z — 2;)Uj41) " do

=ihn (U +U;Ujs1 + U}y y)
and, since Uy = Uy =0,

M —
(6.29) U5 = 3h Z U? +UZp).
7=0

Hence, since a;1/2 > ag, ¢; 20,

M-1 M-1
UN7 = al® = §0 Y (U = Uja)® = §1° > (9U;)* < Ch*(ARU, U)n,
j=0 j=0
or
V% < llall* + Ch*(AnU, U)n.

Hence, if U is chosen as an eigenvector corresponding to A;, with ||U||;, = 1,
then we have for small h,

a(@ @) _ (AU, U)n(1+Ch?)  Ai(1+Ch?)

— < Ay + Ch?
@z = UR - Ch(AU,0),  1-cape =T e
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so that, by (6.28),
(6.30) A\ < Ay 4+ CR%

To show the converse inequality, note that for u smooth and U defined as
the restriction of u to the mesh-points, we have

(AU, U)n = a(u,u) + O(h%) and U} = [lull* + O(h%), as h— 0.

For the second relation we have used that, since Uy = Uy = 0, (6.29) is
the second order trapezoidal quadrature rule for fol u? dz. In particular, with
u = @1, the principal eigenfunction of the continuous problem, we have

(AU, U)p, - a(e1, 1) + Ch?

4 < <
' U115 lea]l = Ch2

< A1 +Ch?, for h small,

Together with (6.30) this completes the proof. O
Consider now the eigenvalue problem
(6.31) —Au=Mu in {2, withu=0 on I,

where 2 C R?, and let )\, be the n** eigenvalue and ¢,, the corresponding
eigenfunction.

For the case that 2 is the square (0,1) x (0,1) we may use the five-point
approximation —Aj defined in Chapt. 4 and pose the discrete eigenvalue
problem

—Apu=Au in 2, withu=0 onI.

This may be treated as our above one-dimensional problem, but this is not so
interesting, since the eigenvalues of (6.31) can be determined directly, as we
have seen in Example 6.2. When (2 is a more general domain with a curved
smooth boundary I', we encounter, as for the Dirichlet problem discussed
in Chapt. 4, the difficulties caused by the fact that the uniform mesh does
not fit the domain. The analysis therefore becomes involved and we shall not
pursue it here.

In this case, the finite element method, with its greater flexibility, is better
suited, and we shall give an elementary presentation of some simple results.
We assume thus for simplicity that 2 C R? is a convex domain with smooth
boundary I' and denote by {Sx} a family of spaces of continuous piecewise
linear functions based on regular triangulations 7. The corresponding dis-
crete eigenvalue problem is then

(6.32) a(up, x) = Mun, x), Vx € Sp, where a(v,w) = (Vv, Vw).

Using the basis {Qz}ﬁ’i of pyramid functions from Sect. 5.2, and the positive
definite matrices A and B with elements a;; = (V®;, V®;) and b;; = (95, P;),
respectively, this problem may be written in matrix form as
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(6.33) AU = ABU.

Note that in contrast to the finite difference case, the matrix B is not diagonal.
Nevertheless, the eigenvalue problem (6.32) or (6.33) has positive eigenvalues
{Ann e and orthonormal eigenfunctions {¢, 5, }2™ . In this case we have
first the following error estimates for the eigenvalues.

Theorem 6.7. Let A\, j, and A, be the n'* eigenvalues of (6.32) and (6.31),
respectively. Then there are constants C' and ho (depending on n) such that

(6.34) A < Ao < Ay +CR% for h < ho.

Proof. By the min-max principle in Theorem 6.5

v 2
A, = min max Vol , dimV, =n
Vo CHLveEV, ||v]?
Similarly,
v 2
(6.35) An,, = min max [Vl dimV,, = n.

vies, ens x|

Since S;, C Hg, the minimum in the latter expression is taken over a smaller
set of subspaces than the former, and hence is at least as large, which shows
the first inequality in the theorem.

To show the second inequality we note that, with F, the space spanned
by ¢1,...,¢, and E, j, = Ry, where Ry, is the Ritz projection,

IVxl? IV Ryol? _ il

6.36 Anh < 5
(6.3 »= RuolP?

x€Bun |IXIP veB. |[Rpol? T ve,
since ||[VRpv|| < ||Vv]|. To estimate the denominator, we have
[1Broll = [[o]l = [[Rav = vll.
Here, for v € E,,, using Theorem 5.5 and the regularity estimate (3.36),
[Rnv — vl < Ch?||vl|2 < Ch?[|Av]| < CR2An|lv]| < Ch2|Ju],
where we have used that n is fixed. Hence
IRyl = ||oll(1 — Ch?),

and it follows from (6.36), for h small,

Anhn < max Vol
n,

< max S (14+Ch*) <\, + Ch?,

which completes the proof. 0O
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A property that is sometimes used for finite element spaces {S,} is the
so-called inverse inequality

(6.37) VXl < Ch™H x|l for x € Sh.

In particular, this is valid for piecewise linear finite element spaces based on
a quasi-uniform family of triangulations {7}, see Problem 6.6. When this
holds it follows immediately from (6.35) that the largest eigenvalue satisfies

H XH2 -2
6.38 A = max < Ch™~.
(6.38) Ml = ese Ixll2 =

One may also derive error estimates for the eigenfunctions. We do this
only for the first eigenvalue, because we want to avoid the complications that
arise for multiple eigenvalues.

Theorem 6.8. Let 15 and p1 be normalized eigenfunctions corresponding
to the principal eigenvalues of (6.32) and (6.31), respectively. Then

(6.39) lp1,n — 1]l < Ch2
and
(6.40) [Ver,n — Ve | < Ch.

Proof. We expand Ry, in discrete eigenfunctions,

Mp,

Rpp1 = Zajtpj,h, where a; = (Rpe1, ¢j,n),
j=1

and conclude by Parseval’s relation

h
(6.41) |Rne1 — arprnl* = Za?.

Using (6.32) we find

Ajnaj = Njn(Rupr, 95.n) = a(Rue1, ©5.n) = aler, @n) = M(@1,95,n),
and hence
(Njw — A1)aj = M(p1 — Rupr, @jn)-

Using the first inequality in (6.34) and the fact that \; is a simple eigenvalue,
we have A\j, — A1 > Ay — Ay > 0 for j > 2, and we may conclude

My,
> a Z —57) (01 = Bupr0i0)” < CllBupr = u|* < ChY,
j=2 A5
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so that by (6.41)
|Rrip1 — arpr,n| < Ch2.

We therefore have,

(6.42) larp1n — @1l < |Ruer — @1l + || Rupr — arprn|| < Ch?,

and it thus remains to bound ||a1¢1 1 — 14| = |a1 —1|. We may assume that
the sign of ¢y, is chosen so that a; > 0. Then, by the triangle inequality
and (6.42),

lay — 1| = [[larprnll — lerll] < llarern — o1l < CR?,

which completes the proof of (6.39).
We now turn to the error in the gradient. We have, using (6.32) and the
error bounds already derived,

IVeorn — Vol = IVerull® = 2(Vern, Ver) + [[Ver |2
=An — 22 (@10,01) F A1 = Aip — A+ Ml — p1]]? < CR?,

which shows (6.40) and thus completes the proof of the theorem. O

6.3 Problems

Problem 6.1. Consider the problem (6.1).

(a) Show that if the functions a(x) and ¢(x) are increased then all the corre-
sponding eigenvalues increase.
(b) Find the eigenvalues when a(x) and c¢(z) are constant on (2.
(c) Show that for given a(z) and c(x) there are constants k; and ko such
that
0< k’ln2 <A, < k)Q’I’LQ.

Problem 6.2. Consider the Laplacian in spherical symmetry, see Prob-
lem 1.4. Then the corresponding eigenvalue problem is

1d d
_ﬁ%(ﬁdif) =Xp for0<r <1, with ¢(1)=0, ¢(0) finite.
Prove that the eigenfunctions ¢; of (6.2), corresponding to different eigen-
values A; and A;, satisfy

1 1
| etiesmrrar= [ G ar o,
0 0
i.e., {p;}22, is an orthogonal set in Ly((0,1);7%dr), the set of functions that
are square integrable on (0,1) with respect to the measure r2 dr. Prove also
that, properly normalized, the functions ¢; form an orthonormal basis for
Ly((0,1);72dr).
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Problem 6.3. Assume that (2 is such that (3.36) holds. (a) Use an argument
similar to that of Theorem 6.4 to show that

ve H*NH} if and only if Z)\?(v,goif < 00.
i=1

(b) Show that

v =Y N(v,pden,  [Av]? = N(v,¢,)%,  forve H? H.
=1

i=1
Problem 6.4. Prove Theorem 6.6 in the general case when the function
c(x) > 0 does not necessarily vanish.
Problem 6.5. Show that the largest eigenvalue of (6.27) satisfies
Ap—1 < CM?,
with C' independent of M.

Problem 6.6. Show the inverse inequality (6.37) for piecewise linear finite
element functions based on a family {7} of quasi-uniform triangulations of
a plane domain, see (5.52). Hint: Make an affine transformation z = AZ 4+ b
from the small triangle K to a fixed reference triangle K of unit size, see
Problem A.15, and use the fact that the norms || - ||, gy and || - || 1z, are
equivalent on the finite-dimensional space II.

Problem 6.7. Let G the Green’s function in (3.18) of Sect. 3.4 and let
{A152, and {p;}52; be the eigenvalues and normalized eigenfunctions of
(6.5) as in Theorem 6.4. Show that

G(z,y) = Z A oi (@) (y).

Problem 6.8. Discuss the eigenvalue problem related to the Neumann prob-
lem in Problem 3.9. Hint: The smallest eigenvalue is A; = 0.



7 Initial-Value Problems for Ordinary
Differential Equations

As a preparation for our study of initial-value problems for parabolic and
hyperbolic differential equations we shall review in this chapter some facts
about linear systems of ordinary differential equations and their numerical
solution. We start with the continuous problem in Sect. 7.1 and continue in
Sect. 7.2 with the numerical solution of such problems by time stepping.

7.1 The Initial Value Problem for a Linear System

We first consider the initial-value problem for the first order scalar linear
ordinary differential equation

(7.1) u +au= f(t), fort>0, withu(0)=v,

where a is a constant, f(t) a given smooth function, and v a given num-
ber. We recall from elementary calculus that this problem may be solved by
multiplication by the integrating factor e, which gives

(e = e £ (1),
from which .
eu(t) = v+ / e™ f(s)ds,
0
or

t
(7.2) u(t) =e v+ / e t=%) £ () ds.
0

We consider now the corresponding problem for a system of equations

u;+2al]uj:fl(t)’ ’iil,...,N, fOI't>0,

ui(O):vi, iZl,...,N.

Introducing the column vector u = (uy,...,ux)", and similarly for f(¢) and
v, and also the matrix A = (a;;), this may be written
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(7.3) u + Au= f(t), fort>0, withu(0)=v.

We now want to generalize the above solution method in the scalar case
to the system (7.3). For this purpose we first define the exponential of an
N x N matrix B = (b;;) by means of the power series

oo

1.
eP = exp(B) = Z =B,
=0

where B° = I, the identity matrix. This definition is based on the Maclaurin
expansion of e”, and it is easily shown that the series converges for any matrix
B. We note that if By and By are two N x N matrices which commute, i.e.,
such that By By = By Bq, then

(7.4) eB1tB2 — oBireB — B2Br

In fact, since B; and By commute, we have
; : J i1
(By + By)! = Z <Z>B§Bg‘ ,
1=0

and hence, formally,

J . o J
1 .
Bi+B2 _ I pj—1 _ 1 pi—l
o ;()BB =3

=0

J
i % i%Bi i %Bgﬂ = ePrefz,
n=0 =0 :

m=0

1
J

gMS HM8

Note that if B; and By do not commute, then we have, for instance,

(By + By)? = B? + B1By + BoBy + B3 # B} +2B,By + Bj.

tA

Considering the matrix e ** we have for its derivative

d d 1 >
= AP Z

t] L—A) = —Ae™ 4

)

=0 gt j:l

and hence u(t) = e *4v satisfies

(7.5) W +Au=0, fort>0, withu(0)=ouo.
—tA

Multiplication by e may thus be thought of as an operator E(t), the
solution operator of (7.5), that takes the initial data v of this problem into
the solution at time ¢, so that u(t) = E(t)v = e *4v. Note that, by (7.4),
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E(t+s) = e 94 = o=t4e=s4 — B(1)E(s), for s,t >0

which is referred to as the semigroup property of E(t). This expresses the
fact that the solution of (7.5) at time ¢ + s may be obtained by using the
solution at time s as the initial value for (7.5) and then looking at its solution
at time ¢. Note also that it follows from the above that A commutes with
E(t), so that AE(t) = E(t)A.

To solve the inhomogeneous equation (7.3) analogously to the above we
multiply the equation by e*4 to obtain

e + Au) = et f(t), fort > 0.

This may be written

ety = e £(1),

and hence by integration

etu(t) = v+ / e f(s)ds.

0

Multiplying by e~ and using (7.4), we obtain the formula analogous to
(7.2),

(7.6) u(t) = e v + /t e (=941 (5) ds.
0

In terms of the solution operator introduced above this may also be expressed
as

(7.7) u(t) = E(t)v + /0 E(t—s)f(s)ds.

We note that the integrand E(t—s) f(s) is the solution at ¢ — s of the homoge-
neous equation in (7.5) with initial data f(s). The integral may therefore be
interpreted as the superposition of the solutions of these initial value prob-
lems, and (7.7) is often referred to as Duhamel’s principle.

In some cases the system (7.3) may be reduced to a finite number of
independent scalar equations of type (7.1). To see this, we assume that A is
such that there is a diagonal matrix A and a nonsingular matrix P such that
A = PAP~!. We may then introduce the new dependent variable w = P~y
and the source term g = P! f to find, after multiplication by P!, that the
equation (7.3) may be written

w' + Aw = g(t), fort>0, withw(0)=P tv.

Denoting the diagonal elements of A by A; we may write this as
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w; + Nw; = gi(t), i=1,...,N, fort >0,

These equations may now be solved individually and we find the solution of
our original problem by taking u = Pw.

The assumption that A may be transformed as above to a diagonal matrix
is satisfied, for example, if A is symmetric (or selfadjoint), i.e., if a;; = aj;
for all 4,4, in which case A = PAPT, where P is an orthogonal matrix, so
that PT = P~!. In any case, the elements of A are the eigenvalues of A,
and the method applies when A has N linearly independent eigenvectors.
For large N this is not necessarily a good method for practical calculations
as the diagonalization of A could be costly.

We shall now briefly study how the solutions behave for large ¢, and
restrict ourselves to the case that A is symmetric. Let thus A = PAPT,
where P is an orthogonal matrix and A is the diagonal matrix whose diagonal
entries are the eigenvalues A; of A, which are real. Recall that the 4" column
of P is the eigenvector corresponding to \;. Then, since PTp =pPPT =1,

oo
1 o
e =" = (=PAPTYY = Pe~"PT,
— j!
J
where e7* is the diagonal matrix with elements e~**. Recall that for a
symmetric matrix the matrix norm subordinate to the Euclidean norm |v| =
(vazl v2)1/2 of v € RN we have
|A| = sup |Av| = max |\;].
J

lv|=1

We conclude, since |P| = |PT| = 1, that, with \; the smallest eigenvalue of
A

)
|E(t)| = |e7*] = maxe™™N = et
j

In particular, if all A; > 0, i.e., if A is positive semidefinite, we find from
(7.7) the stability estimate

t
(O] < ol + [ 17G)lds, forez0.
0
Similarly, if A is positive definite, so that A\; > 0, we have
t
lu(t)] < e~ o] +/ o~U=M | (g)ds, for ¢ > 0.
0

We say that the system (7.5) is stable, or asymptotically stable, in these two
cases, respectively. If A has a negative eigenvalue, however, we have [e 74| —
o0 as t — 00, and we then say that the system is unstable.
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In the stable case, the difference between two solutions wi(t) and usq(t)
remains small, if the initial data vy and ve and the source terms fi(t) and
f2(t) are close. More precisely, since the difference u; —us is a solution of the
system with right hand side f; — f> and initial value v; — vo, we have

¢
lu1 (t) — uz(t)| < |v1 — va +/0 |fi(s) — fa(s)|ds, fort>0.

In the asymptotically stable case we have similarly

t
s (1) — ua(8)] = e oy — g + / =N £y (s) — fos)|ds, for ¢ >0,
0

which shows, in particular, that the influence of the initial data and the value
of the source terms at time s decreases exponentially as t — oo.

The above analysis does not apply if the matrix A in (7.3) depends on t.
To illustrate this we consider the scalar equation

W +a(t)u= f(t) fort>0, with u(0)=v.

Let a(t) = fot a(s)ds so that @'(t) = a(t). Then following the same steps as
above, we have

¢

u(t) = e—a(t)v+/ o~(@O=3() f(5) ds,
0

but, since in general a(t) — a(s) = fst a(t)dr # fot_s a(t)dr = a(t — s), the

analogue of (7.7) does not hold. Instead, this time we may write

(7.8)

t t
u(t) = E(t,0)v + / E(t,s)f(s)ds, with E(t,s) = exp ( - / a(T) dT).
0 s
For the initial-value problem for the linear system

u + Alt)u = f(t), fort>0,

where A(t) is a matrix, it can be shown that the solution may again be
written as in (7.8), but the matrix E(t,s) will then in general have a more
complicated form. It may be thought of as the operator that takes the value
of the solution of the homogeneous equation v’ + A(t)u = 0 from time s to
time ¢, so that u(t) = E(t, s)u(s). If A(t) = A is independent of ¢, then E(¢, s)
depends only on the difference t — s and E(t,s) = E(t — s) = e~ (=94,

We shall give a glimpse of the general theory for ordinary differential
equations by considering the possibly nonlinear scalar initial-value problem

(7.9) u' = f(t,u), fort>0, withu(0)=o0v,
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where f is now a smooth function of ¢ and u. The equation gives the direction
of the tangent of a solution curve at any point, where the curve is defined
by the points (¢,u(t)) € R?. To show that there exists a solution starting at
u(0) = v, i.e., a solution curve u(t) which passes through (0,v), one may use
Euler’s method, which consists in approximating the solution by a polygonal
curve as follows: Let k be a small time step and set t, = nk, n = 0,1,....
Then the approximation U™ to u(t,) is defined successively by

n _ yrn—1
(7.10) % = f(tn_1, U™ 1), forn>1,

or
U =U"" 4 kf(ty_1, U™ 1), forn>1, withU°=nu.

This means that starting at the point (¢,_1,U""!), we follow the tangent
direction defined by the differential equation in (7.9), and take the value at
t = t,, as the approximation of u at that point. The approximate solution is
then the continuous, piecewise linear function which takes the value U™ at
t,. One may show by that the curves thus defined tend to a limit curve as
k — 0, and that this is our desired solution of (7.9). We refer to a book on
ordinary differential equations for details. Another method for solving (7.9),
Picard’s method, is discussed in Problem 7.4.

We shall now briefly look at second order systems and begin with the
simple scalar problem

(7.11) v +au=0, fort>0, withu(0)=0v, «(0)=uw,

where ¢ is a positive number. As is well-known, and easily checked, the solu-
tion of this problem is

1
u(t) = cos(vat)v + — sin(y/at)w, for ¢t > 0.
a

7

We next turn to the corresponding system
(7.12) W'+ Au=0, fort>0, withu(0)=v, «(0)=uw,

where now u is an N-vector and A is a symmetric positive definite N x N
matrix. Letting A = PAPT we may define v/A to be the positive definite
matrix PvAPT, where /A is the diagonal matrix with the positive square
roots of the eigenvalues of A as its diagonal elements. Note that /A has
the same eigenvectors as A. Using the Euler formulas to define cos(B) and
sin(B), where B is an N x N matrix, i.e.,

cosB= (P +e ), sinB= (o - ),

21

| =

we then easily find that the solution of (7.12) is
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(7.13) u(t) = cos(tVA)v + (VA)Lsin(tvVA)yw, fort > 0.

We note that if {¢; ;»Vzl are the normalized eigenvectors of A corresponding
to the eigenvalues {/\j}j-\'zl, and if v; = (v,p;) and w; = (w, ;) are the

components of v and w in the direction of ¢; (here (v, w) = vTw), then

ui(t) = (u(t), ¢;) = cos(/ Ajt)v; + L sin(y/A\jt)w;, forj=1,...,N.
Vi

These components thus vary periodically as ¢ grows. In particular, u(t) does
not tend to zero as t tends to oo, in contrast to the situation for (7.5) with
A symmetric positive definite.

Another way to treat a second order system is to reduce it to first order
by the introduction of a new dependent variable. Thus, in the case of (7.12),
we now set U = (U, Uz)T = (u,u/)T and obtain the first order system

Ul — Uy =0,

v
for t >0, with U(0)=|"].
UL+ AU =0, with U(0) M

The solution is

(7.14) lﬂ@:am<4fgﬂ>[ﬂ, for t > 0.

It is easy to see that this implies (7.13), see Problem 7.7.

7.2 Numerical Solution of ODEs

The Euler method just described may also be used for the numerical solution
of the initial value problem (7.3). Note that even for a system of ordinary
differential equations with constant coefficients we may need numerical meth-
ods, because e~*4 may not be very easy to compute if the dimension N is
large.

Let us begin with the model problem

v +au=0, fort>0, withu(0)=o0.

In this case Euler’s method (7.10) gives, for the approximate solution U™ at
t, = nk,
U =(1—ak)U" ! = (1 —ak)"v.

(In numerical analysis this method is referred to as the forward Euler method,
since the derivative at t,_; is replaced by the forward difference quotient
(U™ — U™ 1) /k.) We find, for t = t,, a fixed time, that

t

n
Uum = (17711) v—e %y, asn — oo,
n
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so that the numerical solution converges to the exact solution as £k — 0 in
such a way that nk =t is kept constant.

We shall now discuss the size of the error. Assume a > 0, i.e., that we
are in the stable case for the differential equation. Now take k so small that
1—ak > -1, or k <2/a. Then

U™ =[(1 —ak)"v| < |v], forn >0.

so that the numerical solution is also stable. Note that the requirement ak < 2
means that for large a, the time step k has to be chosen < 2/a. If k is larger,
then U™ grows with n, in contrast to the behavior of the exact solution of
the differential equation. We have

U™ —u(t,) = (1 —ak)"v — (e= )"y
n—1

=((1—ak)—e ™)) (1- ak)le(n—1=g)aky,

<.
Il
o

We find easily by Maclaurin’s formula

1—z—e7" < %xQ, for z > 0,

and hence
n—1
U™ = u(tn)| < 30> |0 = 3nka’klv| = (3tna®)k|v] = C(tn, a)klv],
j=0

so that the error is O(k) as k — 0 on any finite interval in time.

Recalling that the previous result is valid only under the stability con-
dition ak < 2, we shall now consider an alternative method which does not
have the latter disadvantage, namely the backward Euler method, in which the
difference quotient is taken in the backward direction, so that U™ is defined
by

Um — Un—l
T—’—GUTLZO forn >1, with U° = v.
This time ) )
Un — n—1 —
1+ ak (1 —i—ak)"v’

and, if @ > 0, the stability bound |U"| < |v| holds for n > 0, independently
of the sizes of k and a. Now

1 n—1 1 .
7.15 Un — ult, :( _ —ak) _ ek,
(7.15) ) = (7 =) & ey v

Here
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1
1+

(7.16) —e % <222, for x>0,

so that now, without any restriction on k,
|U™ —u(ty)| < 2t,ak|v| = C(tn,a)k|v|.

For numerical purposes it would be desirable to have a higher power of k
than the first in the error bound. This motivates the Crank-Nicolson method,

Un — Un—l Un + Un—l
K0T
which implies

=0, forn>1, withU°®=u,

1 1

n:1—§ak:Un71:(1—§ak)”
1+ Sak 1+ ak

Here again, for any k& and n, we have the stability property |U™| < |v| for

n > 0. Since

1 - %1‘ —x 3
——e <z°, forz>0,
we now have
1—Llak 21— Lakyi ,
U™ —u(t,)| = ‘( 2 _ e—ak:) ( 2 ) e—(n—l—])ak,v
| (tn)] 1—|—%ak Z 1+ tak
j=0 2
n—1
<d®k* Y o] = tad®k?|v| = C(tn, a)k?[v].
7=0

The error thus tends to zero as O(k?) rather than O(k).

In all the above error estimates the constants on the right grow with a.
We shall now demonstrate that if the backward Euler rule is used, then one
may show an error bound which is independent of a. This is convenient if a
is allowed to become very large. We shall show

(7.17) U™ —u(t,)| < Ct, k||,

where C' is independent of a and t,,. For fixed t,, = t positive, this thus shows
O(k) convergence, uniformly in a. To prove (7.17), consider first ak > 1, say.
Then

(7.18) um| = o] < 27"Jul.

bt
(14 ak)”
But, for a suitable C;, we have

2" S C’l/n = Cltglk.

Further
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lu(t,)| = e " |v| < e "|v| < Con~t|v| = Cat, *klv].

so that (7.17) holds by the triangle inequality.
In order to treat the case ak < 1, we note that, for suitable ~ with
0<y<1,

1
T <e™ . for0<x<1,
T
so that
< g Viak
(1+ak) — ¢
Hence, using (7.15) and (7.16), we obtain
n—1
n _ < 21.2 —vjak —y(n—1-j)ak _ 212, —v(n—1)ak
U™ — u(t,)] < 2a°k e e 2a°k*ne
§=0
< 2e7a%t etk < Cgt,jlk, where C3 = 2 €7 sup z%e .

x>0

Together our estimates complete the proof of (7.17).

This property is not valid for the Crank-Nicolson method, because the
analogue of (7.18) does not hold, since |(1 — 1ak)/(1 + 1ak)| tends to 1 as
ak tends to oo.

The strong stability property just described for the backward Euler
method is useful when treating systems of the form

u + Au = f(t), fort >0,

where A is a symmetric positive definite N x N matrix, which is not well con-
ditioned, i.e., for which the ratio between the largest and smallest eigenvalues
is large. Such a system is said to be a stiff system of ordinary differential
equations. The backward Euler method in this case is defined by the equa-
tions

(7.19) (I +kAU" =U"" +kf(ty,), forn>1, withU"=v,

and we thus have to solve a system of equations at each time step. We there-
fore say that this method is implicit. This is in contrast to the explicit forward
Euler method

(7200  U"=(I—-kAU" " +kf(tn1), forn>1, withU°’=v,

which, however, has the drawbacks concerning stability described above.
The system (7.19) may be written

U = (I +kA) U 4 B(I+ kA f(t,), forn>1,

and we note that when A is symmetric positive definite we have
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1 1
(7.21) |(I +kA)™!| = max

- 1
T Ry, Trka

, for any k> 0,

where \; is the smallest eigenvalue of A.

Thus, for the homogeneous system, i.e., when f = 0, we have |[U"| =
|(I +kA)""™v| — 0 as n — oo. The numerical solution therefore reproduces
the asymptotic behavior of the differential equations. On the other hand, for
the matrix occurring in (7.20), we have

|I — kA| = max |1 — kXj|,
j

which is less than 1 only if 1 — kAxy > —1, i.e., if kK < 2/Ay, which could be
a very restrictive condition, where Ay is the largest eigenvalue of A.
In the case of a system the Crank-Nicolson method may be written

(I+3kA)U™ = (I - kAU +kf(ty_1)2),
where t,,_1/2 = (n — 1/2)k, or
U" = I+ 3kA) (I — kAU + k(I + 2kA) " f(ta_1/2),
and it is thus an implicit method. Here

1— 1k,

(I + 3kA)" (I - 1kA)| = maxﬂm <1,

J

for all k. As pointed out previously, for fixed k, the norm tends to 1 if A\ . —
oo, which is less satisfactory than (7.21).

We close with a short discussion of numerical methods for the initial
value problem for the second order scalar equation (7.11). We first replace
the second derivative by a symmetric difference quotient and obtain

U’IL+1 —_oun + Un—l

2 4+aU" =0, forn>1,

with, for instance, the initial conditions

Uut-u°
U° =, Tzw.

The difference equation may also be written
(7.22) Untt —2uU™ + U =0, where u=1—ak?/2,
and this difference equation has the characteristic equation

2 —2ur +1=0.
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If its roots 7 2 are distinct, then the solution of (7.22) is of the form
(7.23) U" =cim' + o7y,

with ¢; and ¢y determined by the initial conditions. For |u| < 1, i.e., for
ak? < 4, the roots are distinct and |71| = |72| = 1 so that stability holds,

U™ < C(lv] + [w]), for n > 0.

On the other hand, if || > 1, or ak? > 4, then we have |71 > 1 and || < 1.
In this case the general solution of (7.22) increases exponentially. If instead
we consider the implicit method,
Un+1 —_oUn + Unfl
k2

then the characteristic equation becomes

+aU' =0, forn>1,

vr? —274+1=0, where v =1+ ak®.

The roots are now less than one in modulus for any choice of k and a and the
stability is secured. However, this method is only first order accurate because
of the lack of symmetry in the difference approximation. The method

Ut oy 4 gnt 1 1 1
- * ta (ZU”“ +5U"+ EU’H)U"+1 —0, forn>1,

is second order accurate and stable for any k and a because the characteristic
equation

7 —2k7+1=0, wherex = (1—2ak?)/(1+ 1ak?).

has distinct roots with || = |r2| = 1.

7.3 Problems

Problem 7.1. Solve the initial value problem

W (t) = B ﬂ u(t), fort>0, withu(0)= H .

Problem 7.2. (Computer exercise.) Find an approximate solution at ¢ = 1 of
Problem 7.1 by the forward and backward Euler methods and by the Crank-
Nicolson method for k = 1/10, 1/100. Compare with the exact solution.

Problem 7.3. Solve the initial value problem

W(t) = Bt ﬂ u(t), fort>0, withu(0)= H .
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Problem 7.4. (Picard’s method.) Prove the existence of solutions to (7.9) as
follows: Show first that a solution of the initial value problem (7.9) satisfies
the integral equation

u(t) =v +/O fls,u(s))ds =: T'(u)(t),

and, conversely, that a solution of this integral equation is a solution of (7.9).
Assume that the continuous function f(¢,u) satisfies a global Lipschitz con-
dition with respect to the second variable, i.e.,

|f(t,0) = ft,w)| < K|v—w|, Yv,weR, 0<t<a.
Show that the sequence u,, n = 0,1, ..., defined by
ug(t) =v, upt1(t) = T(un)(t), forn >0,

satisfies
[ty 1(t) — un(t)] < CK™a™ ™ /(n 4+ 1)!,

that this implies that >~ (un+1(t) — u,(t)) converges uniformly to u(t) — v
for 0 < t < a, that u € C([0,a]), and that v = T(u). In particular, this
implies that w satisfies (7.9). Show finally that f(¢,u) satisfies a Lipschitz
condition with respect to the second variable if 0f/0u is bounded.

Problem 7.5. Prove a uniqueness result for (7.9), when f(¢,u) is a continu-
ous function which satisfies a Lipschitz condition with respect to the second
variable (cf. Problem 7.4). Hint: Assume that u; and ug are two solutions,
which both satisfy the integral equation of Problem 7.4, and use the Lipschitz
condition to derive an inequality which shows that u; —us = 0.

Problem 7.6. (a) (Gronwall’s lemma.) Suppose that ¢ is a nonnegative con-
tinuous function such that

t
gp(t)ga—i—b/ p(s)ds, fort >0,
0

where a and b are nonnegative constants. Prove that
o(t) <ae®, fort>0.

(b) Use Gronwall’s lemma to show that the solution of (7.3) satisfies

T
u(t)] < e\A\T(|U| +/ 1£(s)] ds), for 0 <t < T.
0

Show that this implies uniqueness of the solution.

Problem 7.7. Show that (7.13) and (7.14) are equivalent.



108 7 Initial-Value Problems for ODEs

Problem 7.8. Prove that the general solution of (7.22) is (7.23), if 7 # To.
Show also that

|¢] < 1 implies |1y | = || =1,
|| > 1 implies 11| < 1, |72| > 1.

What is the general form of the solution if 71 = 757



8 Parabolic Equations

In this chapter we study both the pure initial value problem and the mixed
initial-boundary value problem for the model heat equation, using Fourier
techniques as well as energy arguments. In Sect. 8.1 we analyze the solution
of the pure initial value problem for the homogeneous heat equation by means
of a representation in terms of the Gauss kernel, and use it to investigate
properties of the solution. In the remainder of the chapter we consider the
initial-boundary value problem in a bounded spatial domain. In Sect. 8.2 we
solve the homogeneous equation by means of eigenfunction expansions, and
apply Duhamel’s principle to find a solution of the inhomogeneous equation.
In Sect. 8.3 we introduce the variational formulation of the problem and give
examples of the use of energy arguments, and in Sect. 8.4 we show and apply
the maximum principle.

8.1 The Pure Initial Value Problem

We begin our study of parabolic equations by considering the pure initial
value problem (or the Cauchy problem) for the heat equation, which is to
find u(x,t) such that

ou

— —Au=0, inR?xR,,
(8.1) o R X B

u(-,0) = v, in R%.

We shall employ the Fourier transform of v with respect to z, cf. App. A.3,
a(€,t) = Ful(-,t)(§) = /Rd u(z,t)e ¢ dx, for € € RY
If w and its derivatives are small enough for large |z|, then we have
(FAu(-,t))(&) = 5 Au(z, t)e ¢ dz = —|¢)%a(é, t)
and, with u; = Ou/0t,
da

(Ful,0)€) =

S(60)



110 8 Parabolic Equations

Hence we conclude from (8.1) that @ satisfies

i
it‘ = —|¢[2a,  for £ €RY, >0,

a(€,0) =0(¢),  for £ e RL

This is a simple initial value problem for a first order linear ordinary differ-
ential equation, with ¢ as a parameter, and its solution is

(8:2) a6, 1) = o(¢)e T
Recalling that w(z) = e~1#° has the Fourier transform
W(E) = n¥2e1EI"/4

(cf. Problem A.19), we conclude from (A.34) that e~*¢I” is the Fourier trans-
form of the Gauss kernel

U(z,t) = (47rt)_d/26_‘”|2/4t7

and hence we obtain formally from (8.2) that

(8.3) u(z,t) = (U(, t) xv)(z) = (47Tt)_d/2/ v(y)e_lx_y‘z/“ dy.

R4
The function U(z,t) is a fundamental solution of the initial value problem.
We shall now show that the function defined in (8.3) is, in fact, a solution of
(8.1) under a weak assumption on the initial function. Note that U(x,t) and
u(z,t) in (8.3) are only defined for ¢ > 0.

Theorem 8.1. If v is a bounded continuous function on R?, then the func-
tion u(x,t) defined by (8.3) is a solution of the heat equation for t > 0, and
tends to the initial data v as t tends to 0.

Proof. We first note that for ¢ > 0 we may differentiate the integral in (8.3)
with respect to x and ¢ under the integral sign, and show directly that this
function satisfies the heat equation in (8.1). To see that u(z,t) tends to the
desired initial values as t — 0 we let g € R? be arbitrary and show that

u(z,t) = v(xg), as (x,t) — (x0,0).

In fact, using the transformation 1 = (y — x)/v/4t, and the formula

(8.4) w*d“/ el dz =1,
Rd

we may write
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u(a, t) — v(ao) = (4rt) =/ /R ufy)e Ty — o(a)

— /2 /Rd (v(x + Vtn) — v(zo)) e .
Let € > 0 be arbitrary and let  be so small that
(8.5) [v(z) —v(xo)| <€, if |z —xg] <.
Let M = |[v|lc = [|v][¢(mray- For any w > 0, we have

u(z, t) — v(wo)| < 2M7rd/2/ oo 4y

ly|>w

e /| | |v(x + Vty) — v(zo)| e  dy = 1 + I1.
y|I<w

We now fix w so large that I < ¢, which is possible in view of (8.4). Then,
with w fixed, we obtain, using (8.5) and (8.4),

IT < sup |v(z + Vaty) —v(zo)| <€, if |z — xo| + Vitw < 4.

ly|<w

Hence, for these x,t we have
fu(, £) — v(ao)] < 26,
which completes the proof. O

Theorem 8.1 thus shows that the initial value problem (8.1) admits a solu-
tion, and is therefore an existence theorem. We shall show that this solution
depends continuously on the initial data v.

We write (8.3) in the form

(86)  u(wt) = (E(t)o)(x) = (4mt)~ > /R o(y)eTle My,

where we may think of F(t) as defining a linear operator, the solution operator
of (8.1), which takes the given initial data into the solution at time ¢.
Note that by (8.4), with [|v|lc = [|v][c®a)

2
fu(z, )] < (4mt) /2 / oy ojle = [olle,
R

so that
lu(-,t)lle < |lv|le, for ¢ > 0.

This shows that the operator E(t) is bounded with respect to the maximum-
norm, with operator norm 1, which is the first part of the following result.



112 8 Parabolic Equations

Theorem 8.2. The solution operator E(t) defined by (8.6) is bounded in C,
and

(8.7) IE@)vllc < [lvlle,  fort =0.

If v1 and vy are two bounded continuous functions on R? and u; and us are
the corresponding solutions of the initial value problem (8.1), then

(8.8) lui(t) —u2(t)|lc < ||lv1 — valle,  fort > 0.

Proof. It remains only to show the second part of the theorem. But, since
E(t) is a linear operator,

u1(t) — ua(t) = E(t)vy — E(t)ve = E(t)(v1 — v2),
and hence (8.8) follows at once from (8.7). O

By using a maximum principle we shall prove in Sect. 8.4 the correspond-
ing uniqueness result, i.e., that there exists at most one bounded solution of
(8.1) and thus (8.3) is the only one.

Together the existence, uniqueness, and continuous dependence properties
make the problem (8.1) a well posed problem. In particular, the continuous de-
pendence property is important in applications. It shows that a small change
in the data of the problem has only a small effect on the solution.

Not all problems which admit solutions have this continuous dependence
property. Consider for example the initial value problem

(8.9) Up + Uge = 0, in R xRy,
. u(z,0) = v, (z) = n~ ' sin(nx), for x € R,

which has the solution

-1

un(x,t) =n et sin(nx).

Here

1

lvnlle =n"" — 0, asn — oo,

whereas, for any ¢ > 0,

2
—1nt_)

lun(t)]lc =n""e 00, asn — oo.

Hence, although the initial value v, is close to 0, the solution is not for ¢ > 0.

The differential equation in (8.9) is the heat equation with the sign for the
time derivative reversed, i.e., the backward heat equation. The result therefore
means that the problem of determining an earlier distribution of heat in a
body from the present one is ill posed.

We have already noted above that the representation of u(x,t) in terms
of v in (8.3) allows differentiation with respect to both = and ¢ under the
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integral sign for ¢t > 0, even without regularity assumptions on v. In fact, this
differentiation can be carried out an arbitrary number of times so that wu is
infinitely differentiable, u € C*°, for ¢ > 0. Using the multi-index notation
from (1.8), one finds easily

DI DU ()| < t—9-101/2=/2 p(|z| ) /Ag) e 1% /4
< Ct*j*|0“/2*d/267\r|2/8t7

where P(y) is a polynomial in y, and where we have used the fact that for
any polynomial P there is a C such that

|P(y)e_y2| <Ce /2 fory>0.
Hence

sup |D] D%u(x,t)] < Ct—I=1el/2=d/2 gy / \v(y)|e*|"’”*y‘2/875 dy
zeR? zeR4 JRY

< Ct771472 sup Ju(y)],
yeRd

or

IDIDE(t)e < Ct 112 ||y||e,  for t >0,

which shows that the operator E(t) has a smoothing property: The solution
of (8.1) is smooth for ¢ > 0 even if v is nonsmooth. However, the bounds for
the derivatives then grow as t tends to zero.

On the other hand, if the initial values are smooth then the derivatives of
the solution are bounded uniformly down to ¢t = 0: We have from (8.6), after
the change of variables z = x — y,

(D“E(t)v)(z) = Du(z,t) = (47Tt)_d/2Dg‘/ v(r — z)e_lzl2/4t dz
Rd

= (4rt)=4/2 9 D%v(x — z)e /4 4z = (BE(t) D) (x),

and hence, by (8.1) and (8.7),
ID] D*E(t)vllc = |47 D*E(t)olle = | E(t) A’ Dv[|e < | A7 Dv]|c.

It can be shown that the solution of the initial value problem for the
inhomogeneous heat equation,

uy — Au = f, in R x R,
u(-,0) = v, in R?,

where f = f(x,t) is given, may be represented in the form
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t
u(z,t) = / v(y)U(z —y,t)dy + / / fy,s)U(z —y,t —s)dyds
Rd 0 JRA

= E(t)v —l—/o E(t—s)f(-,s)ds,

provided, e.g., that v, f, and V f are continuous and bounded.

8.2 Solution of the Initial-Boundary Value Problem by
Eigenfunction Expansion

We shall first consider the mixed initial-boundary value problem for the ho-
mogeneous heat equation: Find u(z,t) such that

ur — Au=20 in 2 x Ry,
(8.10) u =0, on I"x Ry,

u(-,0)=wv in 2,
where (2 is a bounded domain in R? with smooth boundary I, u; = du/dt,
and v is a given function in Ls = Lo(§2). We shall now solve this problem by
using eigenfunction expansions. We denote by (-, -) and |- || the inner product
and norm in Ly = Ly(§2), respectively.

We recall from Chapt. 6 that there exists an orthonormal basis {¢;}72,

in Ly of smooth eigenfunctions ¢; and corresponding eigenvalues {\;}$2,
satisfying

(8.11) —Ap; = Njp; in 2, with ¢; =0 on I

or, equivalently, with our usual notation
a(p;,v) = / Vi, - Vodz = \(pi,v), Vv € Hy,
¢

Recall that 0 < Ay < Ao < --- < \; < -+, that \; — 00 as i — oo, and that
(with Kronecker’s symbol §;; = 1 for j = ¢ and 0 otherwise)

a(pi, ) = Xidij.

We now seek a solution to (8.10) of the form

(8.12) u(a,t) = i (t)ei(z),
=1

where the 4; : Ry — R are coefficients to be determined. Because this
is a sum of products of functions of x and t¢ this approach is also called
the method of separation of variables. Inserting (8.12) into the differential
equation in (8.10) and using (8.11) we obtain formally



8.2 Solution by Eigenfunction Expansion 115

Z (a5(t) + Nt (t))pi(z) =0, forz e 2, t € Ry,
i=1

o0
and hence, since the ¢; form a basis,

w(t) + N (1) =0, forteRy, i=1,2,...,

so that
ﬁl(t) = ﬁi(O)e_)‘it.

Moreover, from the initial condition in (8.10) it follows that
o0 oo
u(-,0) = Zﬂi(O)cpi =v= Z@Mu where 9; = (v, ;) = / v dz.
i=1 i=1 Q

We thus see that, at least formally, the solution of (8.10) has to be

o0
(8.13) u(w, t) =Y ve Ny (x),
i=1
where by Parseval’s relation, with || - || = || - ||z,
o0 9 o0
lu(- 017 = (Bie™)" <e™M Y " 0F = e o)? < oo,
i=1 i=1

Thus u(-,t) € Lo for t > 0, and its Le-norm decreases exponentially as t — oo.
Although this decay is important in some situations, for simplicity we shall
refrain from keeping track of the behavior of u(-,t) for large ¢ in the sequel
and content ourselves with the conclusion that

[uC O < loll,  for t € Ry.

We now show that for ¢ > 0 the function (-, ) defined in (8.13) is smooth
and satisfies the differential equation and the boundary condition in (8.10)
in the classical sense, and that the initial condition holds in the sense that

(8.14) flu(-,t) —v|]| =0, ast— 0.

We first note that for any k& > 0 there is a constant Cj, such that sfe=° <
Cy for s > 0, Using this with £k = 1 we have

o0 oo
u(,B)F =3 Ni(oie M) = 171N 02 (nit) 72Nt < Oyt o2,
=1 =1

so that

(8.15) lu(-,t)[s < Ct/2|Jv]|, fort > 0.
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Thus u(-,t) € H} for t > 0, by Theorem 6.4, and, in particular, u(-, t) satisfies
the boundary condition in (8.10). Now, applying (—A)* to each term in
(8.13), we obtain since —Ap; = \;p;

(8.16) (—A)ru(z,t) = Z o \FeT Mg (),

and hence, for t > 0,

| ARu(, )2 =Y (bake™ ) < CR=k Z = Cot M |lu]” < 0.

i=1
In the same way as in (8.15), we also have
|ARu(-, 1)1 < Cpt™ 2o < 00, for t >0,

and thus A*u(-,t) = 0 on I" for any k > 0 when ¢t > 0. We may also apply
D" to each term in (8.16), and since Dye™ it = —)\;e~*it, we obtain

|DI AR, 1)]s < Ct™F0/2|jy|| < 00, fort>0, §=0,1.
Recall from the theory of elliptic equations the regularity estimate (3.37),
|w|s < CllAwl|s—2, Yw € HSNH, fors>2.
By repeated application of this we obtain, again for 6 =0 or 1,
w]l2rss < CllA*wls, Yw e H**° if Alw=0on I forj <k,
and we finally conclude that, for any nonnegative integers s and m,
(8.17) | DMu(-,t)||s < Ct=™%/2||v]||, for t > 0.

It follows by Sobolev’s inequality, Theorem A.5, that Dj*u(-,t) € CP for t > 0,
for any p > 0.

Thus u(z, t) is a smooth function of x and ¢ for ¢ > 0 even though we have
not assumed the initial data v to be smooth, and u(-,t) therefore satisfies the
heat equation in the classical sense. By above we also know that the boundary
condition is satisfied, and finally we obtain (8.14) by showing that

[u(-,t) —of* = Z (et — 1)217? —0, ast—0.

=1

To prove this we let € > 0 be arbitrarily small and choose N large enough
that 2.2 v, 07 < €. Then

lu(,t) —ol* < Z 1) e

=
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Since each of the terms of the sum tends to zero as t — 0, we conclude that
|lu(-,t) —v||* < 2¢, for t small enough.
We collect these results in the following theorem.

Theorem 8.3. For any v € Lo the function u(z,t) defined by (8.13) is a
classical solution of the heat equation in (8.10), vanishes on I" fort > 0, and

satisfies the initial condition in the sense of (8.14). Moreover, the smoothness
estimate (8.17) holds.

Since the factor t~"~*/2 on the right in (8.17) tends to infinity as t tends
to zero, the smoothness of the solution is not guaranteed uniformly down to
t = 0. If the initial function is smoother, then better results are possible in
this regard. We have, for instance, the following result in H}.

Theorem 8.4. Assume that v € H}. Then the solution u(x,t) of (8.10)
determined in Theorem 8.3 satisfies

lu(-,t)]1 < vl fort>0.

Proof. We have by Theorem 6.4
u(-, O)F =Y Atfe i <N noF = Jof},
i=1 i=1

which shows our claim. 0O

We note that this result requires not only that the initial data are in H'!
but also that they vanish on I'. This means that the initial data have to be
compatible with the boundary data on I' x R, which is obviously required
for the solution to be continuous at ¢ = 0. For higher order regularity further
compatibility conditions are needed.

In the same way as in Sect. 8.1 we may think of the solution at time ¢ as
the result of a solution operator E(t) acting on the initial data v, and thus
write u(t) = E(t)v. By (8.13) this operator satisfies the stability estimate

IE®)v| < |v|, fort>0,
and the estimate (8.17) may be expressed as
(8.18) ID"E(t)v]ls < Ct™™*/2||v||, fort>0, m,s>0,

which expresses a smoothing property of the solution operator.
The following simple example illustrates the above solution method.
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Example 8.1. The solution of the spatially one-dimensional problem

Ut — Uge = 0, in 2xRy,
(8.19) u(0,-) = u(m,-) =0, in Ry,
u(’(]) =, in Q,

with 2 = (0,7) and v € La(£2), is given by
= 2 2 7

(8.20)  w(z,t) = Zﬁje_j “sin(jz), where ©; = 7/ v(x) sin(jz) da.
: m™Jo
Jj=1

In this case the associated eigenvalue problem (8.11) reduces to (6.22) with
b = 7, and the result thus follows from Theorem 8.3 and the results obtained
in Sect. 6.1, except that the eigenfunctions are not normalized here. Note
that in (8.20) the coefficient @je_j% of the eigenfunction sin(jz) is obtained
by multiplying the corresponding coefficient ¥; in the expansion of the initial
function v by the factor e=4°t. If j is large, then sin(jx) is rapidly oscillating
and the factor e7°t rapidly becomes very small as ¢ increases from 0. Thus,
the components of the solution u(x,t) corresponding to the eigenfunctions
sin(jx) with j large are strongly damped as ¢ grows. This means that rapid
variations or oscillations in the initial function v, such as, for instance, in the
case of a discontinuity (jump), are smoothed out as ¢ increases. This is thus
a special case of the smoothing property of the solution operator discussed
above, which is typical for parabolic problems.

The solution operator E(t) introduced above is convenient to use in the
study of the boundary value problem for the inhomogeneous equation,

up — Au = f, in 2xRy,
(8.21) u =0, onI'x Ry,
u(-,0) = v, in £2,

In fact, as we shall see, the solution of this problem may be expressed as

(8.22) u(t) = E(t)v + /0 E(t—s)f(s)ds,

where we write u(t) for u(-,t) and similarly for f(s). This formula represents
the solution of the inhomogeneous equation as a superposition of solutions of
homogeneous equations, and is referred to as Duhamel’s principle.

Clearly, since E(t) is bounded in Lg-norm, the right hand side of (8.22) is
well defined. The first term is the solution of (8.1), the second term vanishes
for t = 0, and both terms vanish on I" x R;.. Therefore, in order to show that
u in (8.21) is a solution of (8.22), we need to demonstrate that
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t
(8.23) DF(t) — AF(t) = f(t), where F(t) = / E(t—s)f(s)ds.
0
Formally, by differentiation of the integral, we have

(8.24) DyF(t)— AF(t) = f(t)+ /0 DiE(t—s)f(s) ds— /O AE(t—s)f(s) ds,

and since DyE(t — s) = AE(t — s) the integrals should cancel. However, if
we require only f(s) € Ly for s € (0,t), then (8.18) indicates a singularity of
order O((t —s)~!) in the integrands, so that the integrals are not necessarily
well defined. For this reason we now assume that ||D;f(¢)|| is bounded for
t € [0,T) with arbitrary T > 0 , and write, after replacing ¢t — s by s in the
last term,

F(t) = / E(t— 5)(f(s) — f(1)ds + / B(s)f(t) ds.

By differentiation with respect to ¢ we obtain

(825)  DyF() = / DBt — 5)(f(s) — F(£) ds + E(£)£(2),

where the integrand is now bounded since || f(s) — f(t)|| < C|s—t|. Similarly,
since AE(t — s) = DiE(t — s),

(8.26) AF(t) = /0 AE(t —s)(f(s) — f(t))ds + (E(t) — I)f(t).

Taking the difference between (8.25) and (8.26) now shows (8.23).

Another way to deal with the singularities in the integrands in (8.24)
would be to use regularity of f(s) in the spatial variable, e.g., through the
inequality ||[AE(t—s)f(s)|| < ||Af(s)||. However, in addition to regularity of
f(s) this would require the unnatural boundary condition f(s) =0 on I'.

By (8.22) we obtain at once the stability estimate

(8.27) lu)] < o] + / 1£(s)]] ds.

In the standard way this may be used to show uniqueness of the solution of
(8.21) as well as the continuous dependence of the solution on the data. For
example, if u; and us are solutions corresponding to the right-hand sides f;
and fo and initial values v; and wvo, then we have

(8:28) [lus(t) — us(®)]] < oy — val| + / If1(s) = fals)l| ds, for t € R
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8.3 Variational Formulation. Energy Estimates

We shall now write the initial-boundary value problem (8.21) in variational, or
weak form, and use this to derive some estimates for its solution. Although we
shall not pursue this here, variational methods may be used to prove existence
and uniqueness of solutions of parabolic problems which are considerably
more general than (8.21), such as problems with time-dependent coefficients
or non-selfadjoint elliptic operator, problems with inhomogeneous boundary
conditions, and also some nonlinear problems. For such problems the method
of eigenfunction expansion of the previous section is difficult or impossible to
use. Moreover, the variational formulation is the basis for the finite element
method for parabolic problems, which we shall study in Chapt. 10.

For the variational formulation we multiply the heat equation in (8.21) by
a smooth function ¢ = ¢(z), which vanishes on I" and find, after integration
over {2 and using Green’s formula, that

(8.29) (ue, ©) + alu, @) = (f,¢), Vo€ H), teRy,

with our standard notation

a(v,w)= [ Vv-Vwdz, (v,w)= / vw dz.
Q 2

The variational problem may then be formulated: Find u = u(z,t) € H{,
thus vanishing on I, for ¢ > 0, such that (8.29) holds and such that

(8.30) u(-,0) =v in £2.

By taking the above steps in the opposite order it is easy to see that if u
is a sufficiently smooth solution of this problem, it is also a solution of (8.21).
In fact, by integration by parts in (8.29) we obtain

(ut_Au_f750):07 V(,DEH&, tERJra

or, for any t € R,
/p(~,t)g0dx:(), Vo € Hy, where p=u; — Au — f.
9]

We conclude, in the same way as for the stationary problem, that this is
possible only if p = 0.

The following result shows some bounds in various natural norms for the
solution of our above problem in terms of its data. We proceed formally and
refrain from precise statements about the regularity requirements needed. We
write u(t) for u(-,t) and similarly for f(¢).

Theorem 8.5. Let u(t) satisfy (8.29) and (8.30), vanish on I', and be ap-
propriately smooth fort > 0. Then there is a constant C such that, fort > 0,
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t t
(8.31) |W®W+A\Mﬂ%bSMW+CAHﬂﬂW®
and

t t
(8.32) \mwﬁ+lﬂw4@wdsswﬁ+ﬂjuwm2®.
Proof. Taking ¢ = u in (8.29) we obtain
(8.33) (ug,u) + a(u,u) = (f,u), fort>0.
Here

(i) = [ wudo = [ o= 35l
2 2

Applying Poincaré’s inequality, Theorem A.6, i.e.,
lell < Clely,  for ¢ € Hy,
we have, using also the inequality 2ab < a? + b2, that
[(Fo)] < IfIHull < ClFI ul < 5lulf + 5C2FI12.
Recalling a(u,u) = |u|?, we thus obtain from (8.33) that

d
2 g llll® + Jult < glulf + 3CIFIP,

or, with a new C,

d
—lull® + [ult < ClFI%.

By integration over (0,¢) this yields

t t
HMMF+AIM$@®SHMF+CAHﬂP®7

which is (8.31).
To prove (8.32) we now choose ¢ = u; in (8.29) and obtain

luell® + alu, ue) = (f,ue) < 3l + 5lluel.

Here

d
a(u,ut):/ Vu-Vutdx:/ L(|Vul?), dx—§%| ul?,
2 7

so that we may conclude,

d
lell® + —Jul? < [I£1%,

whence, by integration over (0,1t),

O+ [l as < plt+ [P as

which is (8.32).

121
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It follows in the standard way from (8.31) that if u; and ug are solutions
corresponding to the right-hand sides f; and f> and initial values vy and vy,
then we have

t t
||ul(t)—U2(t)II2+/ ur—usff ds < ||v1—v2\|2+0/ Ifi—f20?ds, fort>0,
0 0

and a similar bound is obtained from (8.32). Note that these estimates also
bound the error in H& and uses the Lo-norm in time rather than the Li-norm
employed in (8.28).

8.4 A Maximum Principle

We now consider the generalization of the mixed initial-boundary value prob-
lem of Sect. 8.2 which allows a source term and inhomogeneous boundary
conditions, i.e., to find v on {2 x I such that

up — Au = f, in 2x1,
(8.34) u=g, on I x1I,
u(+,0) = v, in 2,

where (2 is a bounded domain in R? and I = (0, 7)) is a finite interval in time.
In order to show a maximum principle for this problem it is convenient to
introduce the parabolic boundary of 2 x I as the set I}, = (I' x [) U (2 x {t =
0}), i.e., the boundary of {2 x I minus the interior of the top part of this
boundary, 2 x {t = T}.

Theorem 8.6. Let u be smooth and assume that uy — Au < 0 in 2x 1. Then
u attains its mazimum on the parabolic boundary I,.

Proof. If this were not true, then the maximum would be attained either at
an interior point of {2 x I or at a point of 2 x {t = T}, ie., at a point
(z,t) € 2% (0,T], and we would have

w(Z,t) = maxu = M > m = maxu.
02x1 Iy

In such a case, for € > 0 sufficiently small, the function
w(z,t) = u(z,t) + ez
would also take its maximum at a point in 2 x (0, T}, since, for € small,

maxw < m + emax |z]* < M < maxw.
Fp Fp 2x1I

By our assumption we have since A(|z|?) = 2d that
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(8.35) wy — Aw =uy — Au —2de <0, in 2 x 1.

On the other hand, at the point (Z,t), where w takes its maximum, we have

d
—Aw(E, 1) = = waq, (1) >0,
1=1

and

we(Z,) =0, ift<T, or wy(z,t)>0, ift="T,

so that in both cases

we(Z,t) — Aw(z,t) > 0.
This is a contradiction to (8.35) and thus shows our claim. O

By considering the functions +u, it follows, in particular, that a solution
of the homogeneous heat equation (f = 0) attains both its maximum and its
minimum on Iy, so that in this case, with [|wl|¢ sy = max,¢ 7 [w(w)],

lullecaxry <max {llgllecr<n Ivlle)}-

For the inhomogeneous equation one may show the following inequality, the
proof of which we leave as an exercise, see Problem 8.7.

Theorem 8.7. The solution of (8.34) satisfies

2
r
||U||C(fzxf) < max {HQHC(FXT)v HUHC(Q)} + ﬂ”f”c(f)xf)a
where 1 is the radius of a ball containing 2.

As usual such a result shows uniqueness and stability for the initial-
boundary value problem.

We close this section by proving the uniqueness of a bounded solution to
the pure initial value problem considered in Sect. 8.1.

Theorem 8.8. The initial value problem (8.1) has at most one solution
which is bounded in R x [0,T], where T is arbitrary.

Proof. If there were two solutions of (8.1), then their difference would be
a solution with initial data zero. It suffices therefore to show that the only
bounded solution u of

uy = Au, in R x I, where I = (0,7T),
u(-,0) =0,  in R

is u = 0, or that and if (z0,%¢) is an arbitrary point in R? x I, and € > 0 is
arbitrary, then |u(xo,t0)| < e. We introduce the auxiliary function
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|z|? 4+ 2dt
)= ——mMM
’lU(-ra ) |x0|2+2dt0’

and note that w; = Aw. Let now
hi(z,t) = —ew(z,t) £ u(z,t).

Then
(he); — Ahe =0, inRIx1.

Since u is bounded we have |u(x,t)| < M on R? x I for some M. Defining R
by R? = max (|zo|?, M(|zo|? + 2dto)/€), we have

R2

h )< —e——————
i(z7 )_ 6|$0|2+2dt0

+M <0, if|z|]=R,
and
ha(x,0) = —elz)?/(|zo|> + 2dto) <0, for x € RY.

Hence we may apply Theorem 8.6 with 2 = {|z| < R} and conclude that
hy(x,t) <0 for (z,t) € £2x I. In particular, at (zg,%o) we have £u(zg,t0) =
hi(x0,t0) + € < €, which completes the proof of the theorem. O

The assumption of Theorem 8.8 that the solutions are bounded in R x
[0,T] may be relaxed to the requirement that |u(z,t)| < Meclel” for all x €
R? 0 <t < T, and for some M,c > 0, but without some such restriction
on the growth of the solution for large |z|, uniqueness is not guaranteed.
For instance, the following function is a solution of the homogeneous heat
equation which has initial values zero but does not vanish identically for
t>0:

u(z,t) = Zof(") (t) (zj:)', where f(t) = eV for t >0, f(0)=0.

The technical part of the proof is to show that the series converges so rapidly
that it may be differentiated termwise. Then it is obvious that u; = u,, and
that u(x,0) = 0.

8.5 Problems

Problem 8.1. Show that if u is a solution of (8.1) with

/ [v(z)|da < oo,
Rd

then

/ u(z,t) de = constant = / v(z)dz, fort>0.
R R

Give a physical interpretation of this result.
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Problem 8.2. Find the solution of the initial-boundary value problem (8.19)
with

(a) v(z) =1, for 0 <z <,
(b) v(x) = x(r —x), for 0 <z <.
Sketch the solutions u(x,t) at various time levels t.
Problem 8.3. Consider the function

(2,1) a:t_3/2e_9”2/4t, for t > 0,
u(x,t) =
0, for t = 0.

Show that wu is a solution of
U — Uge =0, In RXRy,

and that, for each =z,
u(z,t) -0, ast—0.

Why is this not a counter-example to the uniqueness result of Theorem 8.87
Hint: set x = t.

Problem 8.4. Let u = E(t)v be the solution of (8.10). Show that E has the
semigroup property (7.1). Show the estimates

(a) u(t)]] < e M o], for t >0,
(b) | AR DIu(t)|| < Ct=UFRe=2at/2|y], for t > 0.

Problem 8.5. Prove by the energy method that there is a constant C =
C(T) such that if u satisfies (8.29) and (8.30), then

a t Zds < C 2y t f 2ds), for 0 T,
b 2<Ct 1(||v||2+/t IK; (s)szs) for 0 <t <1

Problem 8.6. Let u be the solution of (8.29) and (8.30) with v = 0. Show
that

[ Q)P+ 1 au)?) ds < € [ 5P ds, or ¢ >0
0 0

Problem 8.7. Prove Theorem 8.7. Hint: See the proof of Theorem 3.2.

Problem 8.8. Show estimates analogous to those of Theorem 8.5 when the
term —Aw in (8.21) is replaced by Au = —V - (aVu) +b- Vu + cu as in
Sect. 3.5.
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Problem 8.9. Prove (8.4).

Problem 8.10. Show that if u satisfies (8.10), then there is a constant C
such that

t
lu(t)| + / uy(s)2ds < Clloll3, Wo € H? A HL, > 0.
0

You can use either the spectral method or the energy method. You also need
the elliptic regularity estimate (3.36).

Problem 8.11. Let u be the solution of

uy — Au =0, in 2 xRy,

u(z,t) =0, on I' xRy,

u(-,0) = v, in £2,
where 2 = {x e R?: 0 < x; < 1, i = 1,2}. Let p(x) = Asin(mx,) sin(mas)
with A > 0. Show that if 0 < v(z) < p(z) for x € 2, then 0 < u(x,t) <
e*2”2tcp(x) for z € (2, t > 0. Hint: Use the maximum principle.
Problem 8.12. Prove the Ly version of Theorem 8.1: If v € Lo(R%) then

IE(t)v|L, <||v|L, fort > 0and ||[E(t)v—v| L, — 0ast — 0. Hint: Parseval’s
formula (A.32).

Problem 8.13. Consider the heat equation with Neumann’s boundary con-
dition:
u — Au =0, in 2 xRy,

% =0, on I'x Ry,
on
u(-,0) = v, in £2,

where Ju/0n is the outward normal derivative.

(a) Show that u(t) = @ for t > 0, where T = ﬁfn v(x)dz denotes the
average value of v.

(b) Show that ||u(t) — 7| — 0 as t — oo.
Problem 8.14. Suppose that u satisfies the initial-boundary value problem
up — Au = f, in 2xRy,

% =g, on I'x Ry,
on
u(+,0) = v, in 2,

where 2 C R? is a bounded domain in R? with a smooth boundary I" and
Ou/On is the exterior normal derivative. Assume in addition that f(x,t) > 0,
v(z) > 0 for z € 2,t > 0, and g(z,t) > 0 for x € I', t > 0. Show that
u(z,t) > 0for x € £2,¢t > 0. (In fact, it is sufficient to assume that g(x,t) > 0.)
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Problem 8.15. Consider the Stokes equations describing the 2-dimensional
motion of a viscous and incompressible fluid at small Reynolds number R:

0

a—?—R_lAu—l—Vp:O, in R x R,
(8.36) Vou=0, in R? x Ry,

u(+,0) = v, in R?,

where u(z,t) € R? is the dimensionless velocity and p(z,t) € R the dimen-
sionless pressure. In this form R~! represents the viscosity. Let us define the
vorticity w by

w =V Xu=0uy/0ry — duy /0.

Show that (8.36) can be rewritten in the vorticity variable as

a—”—Rflszo, in R? x R,
ot
w(-,0) =V x v, in R%.

Problem 8.16. Let u(z,t) = (E(t)v)(x) be the solution of (8.10) and let
{Ai152, and {p;}32, be the eigenvalues and normalized eigenfunctions of
(6.5) as in Theorem 6.4. Show that

ule. 1) = (B(t)o)(z) = /Q G,y tyo(y) dy,

where the Green’s function is
Gz, y,t) =Y e lpi(2)p;(y).
j=1

Hint: see Problem 6.7.






9 Finite Difference Methods for Parabolic
Problems

In this chapter we give an introduction to the numerical solution of parabolic
equations by finite differences, and consider the application of such methods
to the homogeneous heat equation in one space dimension. We first discuss, in
Sect. 9.1, the pure initial value problem, with data given on the unrestricted
real axis, and then in Sect. 9.2 the mixed initial-boundary value problem on a
finite interval in space, under Dirichlet boundary conditions. We discuss sta-
bility and error bounds for various choices of finite difference approximations,
in maximum-norm by maximum principle type arguments and in Ly-norm by
Fourier analysis. For the unrestricted problem we consider explicit schemes,
and on a finite interval also implicit ones, such as the Crank-Nicolson scheme.

9.1 The Pure Initial Value Problem

Consider first the pure initial value problem to find u = u(z,t) such that

ou_ o
(9.1) ot ox2’
u(-,0) = v, in R,

il’lRXR+,

where v is a given smooth bounded function. We recall from Sect. 8.1 that this
problem has a unique solution, many properties of which may be deduced,
for instance, from the representation

(9.2) u(zx,t)

\/zF oV Hy(z — y) dy = (E(t)o) (2),

where E(t) denotes the solution operator of (9.1). In particular, we note
that the solution is bounded with respect to the maximum-norm, or, more
precisely,

(9.3) [u(-,)lle = [EE)vle < llvlle = Suglv(x)\, for ¢ > 0.
EAS

For the numerical solution of this problem by finite differences one intro-
duces a grid of mesh-points (z,t) = (z;,t,). Here 2; = jh, t, = nk, where j
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and n are integers, n > 0, h the mesh-width in z, and k the time step, with
both h and k small. One then seeks an approximate solution U at these
mesh-points, determined by an equation obtained by replacing the deriva-
tives in (9.1) by difference quotients. For functions defined on the grid we
introduce thus the forward and backward difference quotients with respect
to x,

U =h~ (U}, —U}) and 9,U} =h~" (U} = U )),

and similarly with respect to t, for instance,
- 1
Uy =k~ UM —U}).

The simplest finite difference scheme corresponding to (9.1) is then the for-
ward Euler method

atUJn:&ﬁfo, for j,neZ, n>0,
UJQ =v; = v(x;), for j € Z,
where Z denotes the integers. The difference equation may also be written

UPt U} U =207+ UL

k h? ’

or, if we introduce the mesh-ratio A = k/h?,
(9-4) UJTLH = (BxU"); = AUy + (1 = 20U} + AU,

which defines the local discrete solution operator Ey. We shall consider h and
k related by k/h? = X\ = constant, and may therefore omit the dependence
on h in the notation. The scheme (9.4) is called explicit, since it expresses
the solution at t = t,, 1 explicitly in terms of the values at t = t,,. Iterating
the operator we find that the solution of the discrete problem is

Up = (E,?UO)]- = (Epv);, forj,meZ, n>0.

Assume now that A < 1. All the coefficients of the operator Ej, in (9.4)
are then non-negative, and since their sum is 1, we find

U7 < AU |+ (1= 20)[UF ] + AU | < stelg\U}’\,
J

so that
sup [U7+| < sup |U7'].
JEZ jEZ

Defining for mesh-functions v = (v;), a discrete maximum-norm by

(9.5) [v]loo,n = sup |vj],
JEZ
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we thus have
10 M lson = [ ELU"[lso.n < 1T loo,h,

and hence by repeated application
(9.6) 10 oo, = 1 EEVlloo.n < [|v]loc,n,

which is a discrete analogue of the estimate (9.3) for the continuous problem.

The boundedness of the discrete solution operator is referred to as the

stability of this operator. We shall now see that if A is chosen as a constant
1

bigger than 3, then the method is unstable. To see this, we choose v; =

(—1)7¢, where € is a small positive number, so that ||v||s.n = €. Then

U= (A=177 + (1 =20 (=17 + A(=1)7 ) e = (1 — 4\)(=1)e,
or, more generally, ‘
Ui = (1 =4N)" (1),

whence
||Un||cx>,h = (4)\ - 1)n6 — 00, as n — o0.

We thus find that in this case, even though the initial data are very small, the
norm of the discrete solution tends to infinity as n — oo when k = t/n — 0,
even if t = t,, is bounded. This may be interpreted to mean that very small
perturbations of the initial data (for instance by round-off errors) may cause
so big changes in the discrete solution at later times that it becomes useless.

We now restrict the considerations to the stable case, A < %, and we
shall show that the discrete solution converges to the exact solution as the
mesh-parameters tend to zero, provided the initial data, and thus the exact
solution of (9.1), are smooth enough. In order to demonstrate this, we need
to use that the exact solution satisfies the difference equation except for
a small error, which tends to zero with h and k. More precisely, setting
" = u(z;,t,) we have by Taylor’s formula for the solution of (9.1), with

u.
j -
appropriate Z; € (xj_1,Zj4+1), tn € (tn;tnt1)s

= Qb — 0, 0pul! = (atug - ut(xj,tn)> - (&ﬁxu? - um(a:j,tn))
= %kutt(xjat_n) - %h2umxzz('@jatn)-
Since Uy = Ugzqe and since one easily sees from (9.2) that |u(:,t)|cs < |v]ca
for the solution of (9.1), we obtain
17" loe.n < O e Dle + CAY (s tn)les

(9.7)
< Ch? ?éa}x|u(~,t)|c4 < Oh%|v|es, for A <

N | =

The expression 7} is referred to as the truncation error (or local discretization
error). We now have the following error estimate.
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Theorem 9.1. Let U™ and u be the solutions of (9.4) and (9.1), and let
I~c/h2 =A< % Then there is constant C such that

U™ — u™||co,n < Ctnh2|v|c4 fort, > 0.

Proof. Set z" = U™ — u™. Then

n n n

and hence
z;“H = (Ep2"); — k1"

By repeated application this yields
n—1
—1-1_1
2 = (Bp2%); — kY (Bp~ i)
1=0

Since 2§ = U —u) = v; — v; = 0 we find, using the stability estimate (9.6)
and the truncation error estimate (9.7),

n—1
12" oo < &> 7 loon < Cnkh?|v]ca,
1=0
which is the desired result. O

The method described has first order accuracy in time and second order
in space, but since k and h are tied by k/h? = X\ < %, the total effect is
second order accuracy with respect to the mesh-width h.

More generally we may consider finite difference operators of the form

9.8 Urtt = (B,U™); == a, U™, forjneZ n>0,
j J P~ j—p

p

where a, = a,()\), A = k/h?, and where the sum is finite. One may associate
with this operator the trigonometric polynomial

(9.9) E(€) =) ape "
p
This polynomial is relevant to the stability analysis and is called the symbol

or the characteristic polynomial of Ej. We find at once the following result.

Theorem 9.2. A necessary condition for stability of the operator Ej in (9.8)
with respect to the discrete mazimum-norm defined in (9.5) is that

(9.10) |E(€)| <1, forfeR.
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Proof. Assume that Ej, is stable and that |E(&y)| > 1 for some & € R. Then,
for v; = elidoe,

U} = S a7 = By
p

and by repeated application this yields
U™ lloo,n = [E(€o)|"e — 00, as n — oco.
Since ||v||oo,n = € this contradicts the stability and proves the theorem. O

For the finite difference operator defined in (9.4) we have E(£) = 1— 2\ +
2\ cos&, and since cos € varies in [—1, 1] the condition (9.10) is equivalent to
1—4X>—1,0or A < %, which agrees with our previous stability condition.

The condition (9.10) is a special case of von Neumann’s stability condition.
We shall see that in a slightly different setting this condition is also sufficient
for stability.

By its definition the symbol of a discrete solution operator is particu-
larly suited for investigating finite difference methods in the framework of
Fourier analysis. It is then convenient to use the ls-norm to measure the
mesh-functions. Let thus V' = {V;}>_ be a mesh-function in the space vari-

able and set
o 1/2
Vil =(n 3 v7)

j=—o00

The set of mesh-functions normed in this way and with finite norm will be
denoted by I 5,. Let us also define for such a mesh-function its discrete Fourier
transform

VE) =h > Ve s,
j=—0o0

where we assume that the sum is absolutely convergent. The function V(E )
is 2m-periodic and V' can be retrieved from V'(£) by

1 ™

Vi< g | V(£)eVe de.
We recall Parseval’s relation
O W= g [ W= [ wngra
' 2rh J_, 27 J_w/n
We may now define stability with respect to the norm || - ||2,5, or stability

in la p, to mean, analogously to (9.6), but allowing a constant factor C' on
the right,

(9.12) IEPV ||lon < C|[Von,  for n >0, ke (0,1),

and find the following:
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Theorem 9.3. Von Neumann’s condition (9.10) is a necessary and sufficient
condition for stability of the operator E}} in la .

Proof. We note that

(ExV)( _hzzap i pe 78
_ Z apeﬂpghz Vj_pe*i(j*p)ﬁ — E(g)f/(g)
P J

Hence ~ R

(ERV)(€) = E(€)"V($),
and using Parseval’s relation (9.11), the stability of Ej in ls ) is equivalent
to

[ iE@rveraser [T vora fornzo

—T —T

for all admissible V. But this is easily seen to hold if and only if
EE)"<C, forn>0, €€R,
which is equivalent to (9.10) (and we thus have C' =1 in (9.12)). O

In the discussion of an explicit finite difference method of the form (9.8)
it is sometimes convenient to consider the functions of the space variable x to
be defined not just at the mesh-points, but for all x € R, so that we are given
an initial function U°(x) = v(x) and seek an approximate solution U™(x) at
t=t,,n=1,2,..., from

(9.13) U™ (z) = (BxU™)( Zap (z—x,), ap=ay(\), \=Fk/h>.
One advantage of this point of view is that all U™ then lie in the same function
space, independently of h, for instance in L2(R) or C(R).

We consider briefly the situation in which the analysis takes place in
Ly = Ly(R) and set, allowing now also complex-valued functions,

full = (] o) as) "

We shall then use the Fourier transform defined by (cf. Appendix A.3)

(9.14) F© =00 = [ e a,

—0o0

and note that here, with E(£) defined by (9.9),
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(B (€) = X op(Fel =) (€)= (Yo ape ™€) a(6) = E(he)i(©).

Recalling Parseval’s relation for (9.14),
[v]|* = (2m) = |la]|?,
we thus find

[U™[| = (2m) 2| E(h&)™ 8| < sup |E(hE)[" [lv]l,
£ER

and therefore that stability with respect to Lo holds if and only if

sup |[E(hE)|" < C, n >0,
¢eR

which is again equivalent to von Neumann’s condition (9.10).

Also the convergence analysis may be expressed in Lo. We say that the
finite difference operator Ej, defined in (9.13) is accurate of order r if

(9.15) E€) =e ™ +0(g?), as€—0.
For instance, for the operator defined in (9.4) we have

E()=1-2\+2X\cosé =1 — A2+ LA+ 0(5)
= (HA- )+ 0E),

so that (9.4) is accurate of order 2, or, for the special choice A = %, of order
4.

By comparing the coefficients in the Taylor expansion of E(£) — e~
around & = 0 with those in the expansion of Exu(z,t) — u(z,t + k) around
(z,t), with & = Ah?, it is easy to see that the definition (9.15) is equivalent
to saying that, for the exact solution of (9.1),

(9.16) u"(z) — Epu(2) = kO(h"), ash —0, \=k/h*= constant,

i.e., that the one step discrete solution operator approximates the exact so-
lution operator to order kO(h"), see Problem 9.1.
We have then the following result, where we recall that |- |; =

|Hb

Theorem 9.4. Assume that Ej, is defined by (9.13) with X = k/h? =
constant and is accurate of order r and stable in Lo. Then

HUn - un” < CtnhT|U|r+27 fort, > 0.
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Proof. Since E(£) is bounded on R, we have by (9.15)
B(§) —e | < Clg[?, for £ €R.

By stability it follows that

n—1
2

(9.17) [E(©)" e ™| = [(B()—e ) Y E(6)" e | < Cnje[+2,

<
Il
o

Now, by Fourier transformation of (9.1) with respect to z, we have as in
Sect. 8.1, that

%(5,9 = =€), fort>0, witha(¢,0) = 0(¢),
and hence

(g, 1) = e~ i(€).
We conclude that
(U™ — ") () = (B(he)" — ™) (¢),
and hence
U™ —u |2 = 2m) M (E(hg)" — e )o(&)]1%.
Now, by (9.17)
|[B(he)" — e~ | < Cnhr+2(g[7+2,
so that, using the facts that (dv/dx)"(€) = —i&0(€) and X = k/h?,

U™ — ™| < (2m)720nh*2 || 20(€)|| < Cnk A7 [0

This shows the conclusion of the theorem under the assumption that the
initial data are such that v("+2) belongs to Ls. In fact, by a more precise
argument, using the smoothing property of the solution operator E(t). one
may reduce this regularity requirement by almost two derivatives. a

In the above discussion we have only considered finite difference schemes
of one-step (or two-level) type, that is, schemes that use the values at time
t = t, to compute the approximate solution at ¢t = t,41. It would also
be natural to replace the derivatives in the model heat equation (9.1) by
difference quotients in a symmetric fashion around (z, ¢,,), which would result
in the equation

U7l+1 (.T) _ Un—l (.’1?)
2k

(9.18) = 0,0,U" ().

In this case, in addition to U° = v, we also need to prescribe U! (presumably
by some approximation of u(-, k)) in order to be able to use (9.18) to find U™
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for n > 0. This two-step, or three-level, scheme would formally be accurate
of second order in both z and ¢. Although the particular scheme (9.18) turns
out to be unstable for any combination of h and k (cf. Problem 9.6), other
multi-step schemes are useful in applications. For instance, one may show
that the scheme (9.18) may be stabilized, for any constant A, by replacing
U™ (x) on the right by the average +(U"*!(2)+U""!(x)) , so that the scheme
becomes the Dufort-Frankel scheme

Urtl(z) — U () U™(x+h) - Utl(z) — U Yz) + U"(z — h)
2k N h2 ’

We shall end this discussion by making an observation concerning the
accuracy of the Dufort-Frankel scheme. Let thus v be a smooth function and
replace U by u above. With 0,0, as before and correspondingly for 9,0; and
with &, denoting the symmetric difference quotient

u(z,t + k) —u(z, t — k)

dyu(z,t) = o =10, + d)u(z, ),
we have for the truncation error
Thken (T)
Cu"tH () —u N (w) _u(z+h) - u"tH(z) — w1 (x) +u(z — h)
N 2k h?2

~ — 2 —
= Owu(z, ty) — Op0zu(x, ty,) + %&&u(m,tn)

K K
= (= ) (@, tn) + O(K?) + O(h?) + S5ua(w,ta) + O35 ).

Consistency with the heat equation therefore requires that k/h tends to zero,
which is the case, for instance, if k/h? = A = constant. However, if instead
k/h = X\ = constant, we obtain

Then(T) = (Up — Ugy + Azutt)(x,tn) + O(hz), as h — 0,

which shows that the scheme is then consistent, not with the heat equation,
but with the second order hyperbolic equation

2
A utt—l—ut—um:().

Much of the analysis of this section generalizes to the initial-value problem
for the inhomogeneous equation,

Up = Uy + f(a,t), in R xRy,
u(-,0) = v, in R.

For instance, we may apply the forward Euler scheme
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oU} = 81.5me + fi for jneZ, n>0,
Uj0 = v; = v(x;), for j € Z,
or, with Fj, defined as in (9.4),
UMt = (B, U™); + k 7.
One may conclude at once by the stability of Fy in maximum-norm that

n—1

1T oo < N0 lloot + & D 1 loc,n-
=0

Moreover, in the same way as in the proof of Theorem 9.1 one may easily
prove the error estimate

U™ — u™||so,n < Ctnh? max (\utt(-,s)\c + \u(~,s)\c4).

9.2 The Mixed Initial-Boundary Value Problem

In many physical situations our above pure initial value model problem (9.1)
is inadequate, and instead it is required to solve the heat equation on a finite
interval with boundary values given at the end points of the interval for
positive time. We thus have reason to consider the following model problem

Ut = Ugy, in 2=(0,1), t >0,
(9.19) u(0,t) = u(l,t) =0, for t > 0,
u(-,0) = v, in £2.

For the approximate solution we may again cover the domain with a grid
of mesh-points, this time by dividing {2 into subintervals of equal length
h = 1/M, where M is a positive integer, and setting (x;,t,) = (jh,nk)
with j =0,...,M and n=0,1,.... With U} denoting the approximation of
u(z;,t,), the explicit forward Euler scheme is now

U} = 0,0,U7, forj=1,...,M -1, n>0,
(9.20) Uy =Uy =0, for n >0,

U =V; =v(z;), forj=0,...,M,

or, for U}', j =0,..., M, given,

Ut = MU+ Uf) + (1 =2007, j=1,....M — 1,

Uttt = Uyt =o.
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In this case we are thus looking for a sequence of (M + 1)-vectors U™ =
Ug, ..., U with Uy = U¥, = 0 satisfying these equations. In the analysis
we shall first use the discrete maximum-norm

U [loo,n = max |Uj'|.
0<j<M

When \ = k/h% < % we conclude, as for the pure initial value problem, that
10" loop < 10U [loo,ns
or, defining the local solution operator Fj in the obvious way,
[EZV oo < IVlloo,n,  for n > 0.

The scheme is thus maximum-norm stable for A < %

In order to see that this condition is necessary for stability also in the
present case, we modify our counter-example from Sect. 9.1 so as to incorpo-
rate the boundary conditions and set

U]-O:‘/j = (=1)? sin(wjh), for j=0,..., M.

By a simple calculation analogous to that of the proof of Theorem 9.2 we
then have

Ul'= (1 -2\ —2\cos(mh))"V;, for j=0,...,M.
ItA> % we have for A sufficiently small
|1 —2X —2Xcos(mwh)| > v > 1,
and hence, if ¢, = 1, say,
10U e = A1V oo — 00, as b — 0.

In the presence of stability we may derive an error estimate in the same
way as for the pure initial value problem. The estimate in (9.7) now shows
for the truncation error T = 8tu;’ — &ﬁzu;’,

ITj'] < Ch? rtléz}x|u(~,t)\c4, where I, = (tn, tny1),

and we obtain the following error estimate.

Theorem 9.5. Let U" and u be the solutions of (9.20), with A < 3, and
(9.19). Then

(U™ = u™|| oo < Ct,h? max |u(-,t)|cs, fort, >0.
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We remark that in this case, in order for u to be sufficiently regular to
guarantee that the right hand side of (9.7) is bounded by Ch?|v|cs, we need to
require certain compatibility conditions for v with the boundary conditions,
namely v(z) = v”(z) = v (z) = 0 for z = 0, 1.

We note that a method of the form

Urtt =3 "aq,Ur . forj=1,...,M—1,
P

is not suitable here if a, # 0 for some |p| > 1, since then for some interior
mesh-point of {2 the equation uses mesh-points outside this interval. In such
a case the equation has to be modified near the endpoints, which significantly
complicates the analysis.

The stability requirement k£ < %hg used for the forward Euler method is
quite restrictive in practice, and it would be desirable to relax it to be able
to use h and k of the same order of magnitude. For this purpose one may
define an implicit method, instead of the explicit method considered above,
by the backward Euler scheme

UMt = 9,0,U7, forj=1,...,M =1, n>0,

(9.21) uptt = Ut =0, for n > 0,
UJO:‘/]:’U(QJJ), fOerO,...,M.

For U™ given this may be put in the form
n+1 “+1 +1\ n .
I+20)U; =AU +U) =07, j=1,....M -1,
n+1 n+1
uptt=uytt =o,

which is a linear system of equations for the determination of U"*!. In matrix
notation it may be written as

(9.22) BU"tt =U",

where U™*! and U™ are now thought of as vectors with M — 1 components
corresponding to the interior mesh-points and B is the diagonally dominant,
symmetric, tridiagonal matrix

142\ A 0 ... 0
“A 142X —A
B=| o . .
: “A 1420 —A
L0 .0 =X 14+2)]

Clearly the system (9.22) may easily be solved for U"+1.
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Introducing the finite dimensional space Ij of (M + 1)-vectors {V;}}.,
with Vo = V3y = 0, and the operator By, on lg defined by

(BenV)j = (L+20)V; = AX(Vjo1 + Vi) = Vi = k8,0, Vy, j=1,.... M ~1,
we may write the above system may as
B U™t =Um,
or, again with E} denoting the local solution operator,
Untt = B,lum = B U™

We shall now show that this method is stable in maximum-norm without any
restrictions on k and h, or, more precisely,

(9.23) 1™ oo < U ey for n > 0.

In fact, with suitable jg,

n 71 1 n n n
07 oo = 1354 < 1 2A(A(|U+1|+IUJOiﬁI>+IUjOI)
2\
< n+1 n
< o 10 o + s (0o

from which (9.23) follows at once. This implies the stability estimate
(9.24) 10 [loo,n = 1EEV lloo,n < [V [loo,h-

The solution operator E’ is thus stable in maximum-norm and convergence
of U™ to u(ty,) may also be proved. This time we have for the truncation error
=0yt = 0,0,u T = O(k+h?), ask,h—0, forj=1,...,M—1,

7;

where, since h and k are unrelated, the latter expression does not reduce to
O(h?). As a consequence the convergence result now reads as follows.

Theorem 9.6. Let U™ and u be the solutions of (9.19) and (9.21). Then
1" = uloo < Ot (B + k) max|u(, t)lcs,  for tn 2 0.

Proof. Defining the error 2z = U™ — u™ we may write

Brnz"™ = BppU™ — B = U — (0" — k0, 0,u™ ) = 2" — kT,

where we consider 7" to be an element of Y. Thus

L= Ep2" — kE,™,
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and hence

n—1

"=k Epll

1=0

The estimate (9.7) is now replaced by
17" loo,n < C(h? + k) max [u(-1)]ca.
tel, 1

Using (9.24) we then obtain

n—1

2" loon < &Y I llooun < Ot (h2+k)maXIU( t)les,
=0

which concludes the proof. O

The above convergence result for the backward Euler method is satisfac-
tory in that it requires no restriction on the mesh-ratio A = k/h2. On the
other hand, since it is only first order accurate in time, the error in the time
discretization will dominate unless k is chosen much smaller than h. It would
thus be desirable to find a stable method which is second order accurate
also with respect to time. Such a method is provided by the Crank-Nicolson
scheme, which was introduced for a system of ordinary differential equations
in Sect. 7.2. This uses symmetry around the point (;,¢,11/2) and is defined
by

QUM = 20,0.(UF + U™, forj=1,...,M -1, n>0,
(9.25) U”+1 U”+1 0, for n > 0,
U]OZV]:U(]]'L), fOI‘j:O,...,M

The first equation may also be written
(I-3 10,0, )U”Jr1 (I—|— 1%0,0, it
or

(L+ MU = AU + U = (1= NUP + 5MUfy + Uy,

and, in matrix form, with U™ again denoting the (M — 1)-vector associated
with U™,

BU™! = AU™
where now both A and B are symmetric tridiagonal matrices, with B diago-
nally dominant:

[1+A —3x 0 ... 0 ]
IN 1+ —dx
B=1 o - 0 |-
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and ) )
I-X i o0 0
I 1-x Ia
A=1 9 ' 0
Ix1-x Ix
e 0 IXN 1-)]

With obvious notation we also have
BppU™ = A U™,
or
U™t = Byl AU = By U",
where, similarly to the above,

1Bios Voo < IV lloo. -

The same approach to stability as for the backward Euler method gives,
for A <1, since the coeflicients on the right are then non-negative,

L+ NI oo < MU Hloo,n + 1T oo,ns
or
10" oo < MU loo by
which shows stability. However, if A > 1, which is the interesting case if we
want to be able to take h and k of the same order, one obtains instead

A+ N loop < MU oo + A = DU [loo,n,

which does not yield maximum-norm stability, since 2\ —1 > 1. For A < 1
we have immediately as before a O(k? + h?) = O(h?) convergence estimate.

In order to be able to deal with A > 1, we now instead turn to an analysis
in an Iy type norm. We introduce thus for vectors V = (Vg,...,Vas)? the
inner product

M
(V,W)n =k VW,
j=0

and the corresponding norm

1/2 /2
IVilaa = ViV = (2 v7)

Jj=0

We denote by 19, the space Ij equipped with this inner product and norm,
and note that this space is spanned by the M —1 vectors ¢,,p=1,..., M —1,
with components
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= V2sin(wpjh), for j=0,..., M,

and that these form an orthonormal basis with respect to the above inner
product (cf. Problem 9.7), i.e

1, ifp=gq,

= 5 =
(@pa@q)h pq {07 if p # g.

We also observe that the ¢, are eigenfunctions of the finite difference opera-
tors —0,0; ,

= 2
—0,040p,j = ﬁ(l —cos(mph))pp;, forj=1,...,M —1.

We shall now to discuss the stability within this framework of the three
difference schemes considered above. Let V' be given initial data in lg, - Then

= Z Apcp,” where Vp = (V, ¢p)n-

The forward Euler method then gives

M-—1
Ul = Vi +k0,0.V; = > Vp(1 = 2A(1 = cos(wph))) ¢pj, j=1,...,M — 1,

p=1

with Uj = U}, = 0, or, more generally,

(9.26) Z E(mph)"p,j, j=0,...,M,

where E (£) is the symbol of the local discrete solution operator Ej,
E(€) =1—2X\+2\cost.

By Parseval’s relation we have thus

M—-1

( Z V 2 (mph)? )1/2 < m;tx|E(7rph)”

with equality for the appropriate V. Now for 1 < p < M — 1 we have
|E(mph)| = max{|1 — 2X(1 — cos(wh))], |1 — 2A(1 — cos(x(M — 1)h))|}
= max{ |1 — 2X(1 — cos(wh))|, |1 — 2X(1 + cos(wh))|}.

We thus have max, |E(phr)| < 1 for small h if and only if 4\ — 1 < 1, or
A< %, and it follows in this case that
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(9.27) U™ [l2,n < [[V]2,n-

Consequently, the forward Euler scheme is stable in lg’ ,, if and only if A < %,
i.e., under the same conditions as for the maximum-norm.
The corresponding analysis for the backward Euler scheme gives (9.26),

where now 1

E(¢) = .
© 14 2X(1 —cosé)
In this case 0 < E(mph) < 1 for all p and A and hence (9.27) is valid for any

value of A.
Similarly, for the Crank-Nicolson scheme, (9.26) holds with

~ o 1 =X —cos)
E) = 14+ A1 —cos€)’

and we now note that |E(¢)| < 1 and all £ for any A > 0. Thus, the Fourier
analysis method shows stability in [, for any A. The convergence follows
again by the standard method and gives the following.

Theorem 9.7. Let U™ and u be the solutions of (9.25) and (9.19). Then

U™ —u™||2,n < Ct,(h* + k2) ?éatux|u(-,t)|cs, fort, >0,

Proof. We write the truncation error

’LL + unJrl

T = étU;H_l 8 8 # = (5tu?+1 - ut(xj7tn+1/2))

_ut ottt _
T 816873(% B u;t+1/2) (5 G n+1/2 B Um(xj7tn+1/2)),

[

and hence, using Taylor expansions as earlier,
I 2 < C(h* + k) max [u(-, )| cs.
In the same way as before the error 277 = Ul — u} satisfies
2= Uttt Mt = By U™ — By Buut = Epz" — k Byl
or

:—kZE” B,

from which the result follows by using the stability of the Crank-Nicolson
operator £} and the boundedness of Bl;hl. 0O
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The forward and backward Euler methods and the Crank-Nicolson method
may all be considered to be special cases of the 8-method defined by

(9.28) QUM = 00,0, U + (1 -0)9,0.U}", j=1,....M—1,

with 6 = 0 for the forward Euler, §# = 1 for the backward Euler, and § = 1/2
for the Crank-Nicolson method. The equation (9.28) may be written as

(I — 0k0,0,) U™ = (I + (1 — 0)kd,0,)U™,
and we find this time for the symbol

= 1—=2(1—0)\(1 —cosf)
EB) = 1+ 20M(1 — cos€)

Assuming 0 < 6 < 1 we have F (&) <1 for ¢ € R, and the stability require-
ment reduces to | 4(1— )
mE(E) =T s
minBE) = ——" = b

or
(1-20)) < 3.
Hence the § method is unconditionally stable in I3 ,, i.e., stable in I3, for all

A, if @ > 1/2, whereas for § < 1/2 stability holds if and only if

1
<
AS S

9.3 Problems

Problem 9.1. Show the equivalence of definitions (9.15) and (9.16) of accu-
racy of order r. Use the alternate definition (9.16) to show that the accuracy
of (9.4) is of order 4, if A =1/6.

Problem 9.2. Formulate and prove an analogue of Theorem 9.2 in two space
dimensions.

Problem 9.3. Let (a;x) be a symmetric, positive definite 2 x 2 matrix. For
the solution of the initial value problem

2

Ju 0%u

— = e in R x R

ot = 2 gy g MROXR
7,k=1

u(+,0) = v, in R?,

we wish to apply the finite difference method
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2
UL = k) 02, O, U}l

k=1

(a) Give sufficient conditions on the coefficients for the method to be stable
in the maximum-norm.
(b) Is the method stable in I3 5?7

Problem 9.4. Find an explicit 5-point finite difference operator for (9.1) of
the form (9.8) (i.e., with five terms on the right-hand side of (9.8)) of order
of accuracy 4. Discuss the stability of this operator.

Problem 9.5. Formulate a finite difference method for
uy = Au, in R x R,
u(+,0) = v, in R2,

such that
U™ = u™||oo.n = O(R*), as h — 0.

Problem 9.6. Consider the three-level finite difference method (9.18), and
let U=V and U' = W, with V, W € Ly(R). Show that

0"(€) = el ()" + e2)7(6)",
where 71 2(€) are the roots of the equation
72 +4X1 —cos&)T — 1 =0, with A = k/h?,
and ¢1(§) and c3(§) are determined from

c1(€) +c2(&) =V(E), c(O)m(€) + ca(E)Ta(€) = W(E).

Use this to show that ||[U"|] — oo as n — oo for any A > 0, and thus that
(9.18) is unstable.

Problem 9.7. Let {gpp}zj)wz_ll be defined by (9.2). Show that they form an
orthonormal basis for lg,h and that they are eigenfunctions of the differ-
ence operator —0,0, with eigenvalues 2h~2(1 — cos(mph)). Compare with the
eigenfunctions and eigenvalues of —d?/dz?. Note that one of the ©p gives the
counter-example to stability in the beginning of Sect. 9.2.

Problem 9.8. (A discrete maximum principle.) Let {2 C R be a bounded
interval and I = (0,T)]. Show that if A = kh=2 < 1 and

KU} — 6$5wU;L <0, for (zj,t,) € 2x1,

then U attains its maximum on the parabolic boundary I}, cf. Theorem
8.6. Hint: Use the argument leading to (9.6). Prove a similar result for the
backward Euler method.
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Problem 9.9. We know that all norms on the finite dimensional space 12 are
equivalent. For example, show that

Vilzp < IVlisop < B2 Viion,  for Ve,

and that these inequalities are sharp. Note that the equivalence is not uniform
in h and is lost when h — 0, that is, when the dimension of [{) tends to infinity.
The second inequality above has the same character as the inverse inequality
(6.37), relating a stronger norm (|| - ||co,n) to a weaker norm (|| - ||2,n)-

Problem 9.10. Show that the function ¢(z) = el** is an eigenfunction of
the differential and difference operators 9/9x, 9., and 0,.

Problem 9.11. (Computer exercise.) Consider the initial-boundary value
problem (9.19) with v(z) = sin(mz) — sin(3wz). Apply the forward Euler
method with h = 1/10 and k = 1/600,1/300,1/100. Apply also the Crank-
Nicolson method with h = k& = 1/10. Calculate the error at (1/2,1).



10 The Finite Element Method for a Parabolic
Problem

In this chapter we consider the approximation of solutions of the model heat
equation in two space dimensions by means of Galerkin’s method, using piece-
wise linear trial functions. In Sect. 10.1 we consider the discretization with
respect to the space variables only, and in the following Sect. 10.2 we study
some completely discrete schemes.

10.1 The Semidiscrete Galerkin Finite Element Method

Let 2 C R? be a bounded convex domain with smooth boundary I', and
consider the initial-boundary value problem,

u — Au = f, in 2xRy,
(10.1) u=0, on I' x Ry,
u(-,0) = v, in £2,

where u; denotes du/0t and A the Laplacian 92/9z3 + 0%/0x3. In the first
step we shall approximate the solution u(x,t) by means of a function uy,(z,t)
which, for each fixed t, is a piecewise linear function of z over a triangulation
Ty, of £2, thus depending on a finite number of parameters.

Thus, let 7, = { K} denote a triangulation of {2 of the type considered in
Sect. 5.2 and let {Pj}?/ihl be the interior nodes of 7},. Further, let S}, denote
the continuous piecewise linear functions on 7; which vanish on 92 and let
{(Pj}jlvihl be the standard basis of S} corresponding to the nodes {Pj};\ﬁr
Recall the definition (5.28) of the interpolant I, : Co(£2) — S, and the error
bounds (5.34) with r = 2.

For the purpose of defining thus an approximate solution to the initial
boundary value problem (10.1) we first write this in weak form as in Sect. 8.3,
i.e., with the definitions there,

(10.2) (ug, ) + alu, ) = (f,p), Vo€ H§7 t>0.

We then pose the approximate problem to find uy(t) = up (-, t), belonging to
Sy, for each t, such that
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(uh,t7X) + a(uhax) = (f7 X)7 VX S Sha t > 07

(10.3) un(0) = on,

where v, € S}, is some approximation of v. Since we have discretized only
in the space variables, this is referred to as a spatially semidiscrete problem.
In the next section, we shall discretize also in the time variable to produce
completely discrete schemes.

In terms of the basis {®; } " our semidiscrete problem may be stated:
Find the coefficients «;(t) in

My,

0= a;t)0()
such that

Za ) (@, Pr) +Zaj Ya(®;, B) = (f(£), k), k=1,..., M,
Jj=1

and, with «; denoting the nodal values of the given initial approximation vy,
a;(0) =7, j=1,...,M,.

In matrix notation this may be expressed as

(10.4) Bd/'(t) + Aa(t) = b(t), fort >0, witha(0)=7,

where B = (by;) is the mass matrix with elements by; = (®;, Pr), A = (ak;)
the stiffness matrix with ag; = a(®@;,Py), b = (bg) the vector with entries
br = (f, Pr), a(t) the vector of unknowns «;(t), and v = (v;). The dimension
of all these items equals M}, the number of interior nodes of 7},.

We recall from Sect. 5.2 that the stiffness matrix A is symmetric positive
definite, and this holds also for the mass matrix B since

Z €60(D;, By) = HZ@@ H >0,

k,j=1

and since equality can only occur if the vector £ = 0. In particular, B is
invertible, and therefore the above system of ordinary differential equations
may be written

o (t)+ B Aa(t) = B7'b(t), fort >0, with a(0) =1,

and hence obviously has a unique solution for ¢ positive.
We begin our analysis by considering the stability of the semidiscrete
method. Since up(t) € S}, we may choose x = up(t) in (10.3) to obtain
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(unt,un) + a(un,up) = (f,upn), fort>0,
or, since the first term equals 3 |lup||? and the second is non-negative,

d
th”uh”2 = llunll = ||Uh|| < A1 luall-
This yields

d

el < 111,

which after integration shows the stability estimate

(10.5) lan(®)] < lon]l + / £ ds.

For the purpose of writing equation in (10.3) in operator form, we intro-
duce a discrete Laplacian Ay, which we think of as an operator from S, into
itself, defined by

(106) (7Ahw7X) = a(ﬂ)a X)7 V’l/% X € Sh~

This discrete analogue of Green’s formula clearly defines Ay = ZM" d;P;
from

Zd](¢J7¢k):_a’(¢7@k)7 kz]‘?""Mh7

since the matrix of this system is the positive definite mass matrix encoun-
tered above. The operator 4, is easily seen to be selfadjoint and —A4 is
positive definite in S, with respect to the Lo-inner product, see Problem
10.3. With P}, denoting the Lo-projection onto Sp, the equation in (10.3)
may now be written

(un,t — Apup — Prf,x) =0, Vx € Sh,

or, noting that the first factor is in Sy, so that xy may be chosen equal to it,
it follows that

(107) Upt — Apup, = th, for t > 0, with uh(O) = Vp,

We denote by Ej(t) the solution operator of the homogeneous case of
the semidiscrete equation in (10.7), with f = 0. Hence E}(t) is the operator
which takes the initial data u,(0) = vj, into the solution uy(t) at time ¢, so
that up(t) = En(t)vp. It is then easy to show (cf. Duhamel’s principle (8.22))
that the solution of the initial value problem (10.7) is

(10.8) up(t) = Ep(t)vn, + /0 En(t—s)Pnf(s)ds
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We now note that it follows from (10.5) that E},(¢) is stable in Lo, or
(10.9) [En()onll < llonll,  Von € Sh.

Since also Pj, has unit norm in Lo this, together with (10.8), re-establishes
the stability estimate (10.5) for the inhomogeneous equation, so that, in fact,
it suffices to show stability for the homogeneous equation.

We shall prove the following estimate for the error between the solutions
of the semidiscrete and continuous problems.

Theorem 10.1. Let up, and u be the solutions of (10.3) and (10.1). Then

t
Jun6) = w(®)] < lon = ol + €2 (Jolla + | falads), for e > .
0

Here we require, as usual, that the solution of the continuous problem has
the regularity implicitly assumed by the presence of the norms on the right.
Note also that for vy = Iv, (5.31) shows that

(10.10) lon —vll < CR?|[v]l2,

in which case the first term on the right is dominated by the second. The same
holds true if v;, = P,v, where P}, denotes the orthogonal projection of Ly onto
S, since this choice is the best approximation of v in S}, with respect to the
Lo-norm, see (5.39). Another choice of optimal order is vy, = Rpv, where Rj,
is the elliptic (or Ritz) projection onto Sy, defined in (5.49) by

(10.11) a(Rpv, x) = a(v,x), Vx € Sh.

Thus Rpv is the finite element approximation of the solution of the elliptic
problem whose exact solution is v. We recall the error estimates of Theo-
rem 5.5,

(10.12) |Rrv — v|| + h|Rpv — v]; < CR®||v||s, for s =1,2.

We now turn to the

Proof of Theorem 10.1. In the main step of the proof we shall compare the
solution of the semidiscrete problem to the elliptic projection of the exact
solution. We write

(10.13) up, —u = (up, — Rpu) + (Rpu —u) = 0 + p.
The second term is easily bounded using (10.12) and obvious estimates by

t t
o)1 < O u®)ls = Ch2fo+ [ was|, < Cn (ol + [ uslads).
0 0

In order to bound 6, we note that
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(etﬂ X) + a(@, X) = (uh,t7 X) + a(“ha X) - (Rhutv X) - a(Rh’LL, X)

(1014 = (£.2) — (R X) — alu,x) = (g — Ryug, ),
or
(10.15) (0, x) +a(0,x) = —(pt,x), VX € Sh.

In this derivation we have used (10.3), (10.2), the definition of R} in (10.11),
and the easily established fact that this operator commutes with time dif-
ferentiation, i.e., Ryu; = (Rpu);. We may now apply the stability estimate
(10.5) to (10.15) to obtain

t
o)1 < [10(0)]] +/O [[pe]| ds.
Here
100)]] = llvn — Ruoll < [lon — o]l + [|Rhv — o]l < [lun — vl| + CB?|Jv]l2,

and further
Hpt” = HRhut - ut” S Ch2||7.l/t||2.

Together these estimates prove the theorem. O

We see from the proof of Theorem 10.1 that the error estimate for the
semidiscrete parabolic problem is thus a consequence of the stability for this
problem combined with the error estimate for the elliptic problem, expressed
in terms of p = (R — Iu .

Recalling the maximum principle for parabolic equations, Theorem 8.7,
we find at once that, for the solution operator E(t) of the homogeneous case of
the initial boundary value problem (10.1), we have ||E(t)v]||¢ < ||v||¢ for ¢ > 0.
The corresponding maximum principle does not hold for the finite element
problem, but it may be shown that, if the family {7} of triangulations is
quasi-uniform, cf. (5.52), then for some C' > 1,

IEn(t)vnlle < Clluplle,  for t > 0.

This may be combined with the error estimate (5.53) for the stationary prob-
lem to show a maximum-norm error estimate for the parabolic problem.

In this regard we mention a variant of the semidiscrete problem (10.2)
for which a maximum principle sometimes holds, namely the lumped mass
method. To define this we replace the matrix B in (10.4) by a diagonal matrix
B, in which the diagonal elements are the row sums of B. One can show that
this method can also be defined by

(1016) (uh,hX)h + (l(u;“X) = (fa X)v VX S Sha for ¢ > Oa

where the inner product in the first term has been obtained by computing
the first term in (10.2) by using the nodal quadrature rule (5.64). For this
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method one may derive a O(h?) error estimate similar to that of Theorem
10.1. If we now assume that all angles of the triangulations are < 7/2; then
the off-diagonal elements of the stiffness matrix A are nonpositive, and as a
result of this one may show that, if Ej,(t) denotes the solution operator of
the modified problem, then

IEn(t)onlle < [lvnlle, fort > 0.

This is a discrete maximum principle, which is not true for the standard finite
element method.

Returning to the standard Galerkin method (10.3) we now prove the
following estimate for the error in the gradient.

Theorem 10.2. Under the assumptions of Theorem 10.1, we have fort > 0,

t 1/2
fun(t) = u(®ls < on ol + Ch{llla + u(®lla + [ Jualfas) "},
0
Proof. As before we write the error in the form (10.13). Here by (10.12),
o) = [Rru(t) — u(t)]y < Chllu(®)]2.
In order to estimate V6 we use again (10.15), now with x = 6;. We obtain
6 2 1 d 0 2 0 < 1 2 0 2
162 +§%| T = —(pe, 00) < 5(lpell” + 110:17),

so that p
792 < 2
dt| |1 > ||Pt|| )

or
t 9 t
6(1)2 < B(O)[2 + / el ds < (Jon — vl + | Rwv — v1)° + / e ds.

Hence, since a? + b? < (|a| + |b])? and in view of (10.12), we conclude

t 1/2
(10.17) 016 < lon — vl + Ch{ ol + ([ Juslas) ),
0
which completes the proof. O
Note that if v;, = Ipv or Rpv, then
lvn — |1 < Chlfv]2,

so that the first term on the right in Theorem 10.2 is dominated by the
second.
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We make the following observation concerning § = u; — Rpu: Assume
that we choose v, = Ryv, so that §(0) = 0. Then in addition to (10.17) we

have . , . )
1/2 1/2
oo < ([ lolads) ™ <cnt( [l as)
0 0

Hence the gradient of @ is of second order O(h?), whereas the gradient of the
total error is only of order O(h) as h — 0. Thus Vuy, is a better approximation
to VRpu than is possible to Vu. This is an example of a phenomenon which
is sometimes referred to as superconvergence.

The discrete solution operator Ej(t) introduced above also has smooth-
ing properties analogous to the corresponding results in Sect. 8.2 for the
continuous problem, such as, for instance

|En(tyonly < Ct V2 |lopl,  for t >0, vy € Sp,
and

(10.18) HDfEh(t)vhH = | AR By (t)on|| < Cut~F|onll, for t > 0, vy, € S

Such results may be used to show, e.g., the following non-smooth data error
estimate for the homogeneous equation.

Theorem 10.3. Assume that f = 0 and let up, and u be the solutions of
(10.3) and (10.1), respectively, where now the initial data for (10.3) are cho-
sen as vy, = Ppv. Then

lun (t) = u(®)ll < Ch2*t=oll,  fort > 0.

The proof is left as an exercise (Problem 10.4). This result shows that the
convergence rate is O(h?) for t bounded away from zero, even when v is only
assumed to belong to Ls.

The above theory easily extends to finite elements of higher order, under
the appropriate regularity assumptions on the solution. Thus, if the finite
element subspace is such that

(10.19) |Rhw —w|| < Ch"|w|,, Ywe H" N H,
then we may show the following theorem.

Theorem 10.4. Let up, and u be the solutions of (10.3) and (10.1), respec-
tively, and assume that (10.19) holds. Then, for vy, suitably chosen, we have

t
Jun(t) = w(®) < Ch (ol + [ sl ds), for =0,
0

Recall from (5.50) that for r > 2 the estimate (10.19) holds for piecewise
polynomials of degree r — 1, but that the regularity assumption w € H" N H}
is then somewhat unrealistic for a polygonal domain (2. For a domain (2 with

a smooth boundary I', special considerations are needed in the boundary
layer £2\ (2.
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10.2 Some Completely Discrete Schemes

We shall now turn our attention to some simple schemes for discretization
also with respect to the time variable, and let S;, be the space of piecewise
linear finite element functions as before. We begin with the backward Fuler-
Galerkin method. With k the time step and U™ € S} the approximation of
u(t) at t = t, = nk, this method is defined by replacing the time derivative
in (10.3) by a backward difference quotient, or with 9,U" = k~Y(U" —U""1),

(0:U™, x) +a(U™,x) = (f(tn),X), VX E Sh, n>1,

10.20
( ) UO = VUp.

Given U™~ ! this defines U™ implicitly from the discrete elliptic problem
(U™, x) + ka(U™, x) = (U™ "+ kf(tn),X), VX € Sh.

Expressing U™ in terms of the basis {%}?2‘1 as U™(z) = Z] L Pj(z), we
may write this equation in the matrix notation introduced in Sect 10 1 as

Ba™ + kAa™ = Ba™ ' + kb", forn > 1,
where o is the vector with components o7, or
= (B+kA) 'Ba" ' 4+ E(B+ kA", forn>1, witha®=1.

We begin our analysis of the backward Euler method by showing that it
is unconditionally stable, i.e., that it is stable independently of the relation
between h and k. Choosing x = U™ in (10.20) we have, since (U™, U™) > 0,

@QU™U™) < |If U™, where f" = f(tn),

or
[o™ |2 = (U=t um) < Kl 0™
Since (U=, U™) < |[U™ Y| ||U™|, this shows
[ < "=+ kL for n> 1,

and hence, by repeated application,

(10.21) U™ < 1T° + & 11
j=1

We shall now prove the following error estimate.

Theorem 10.5. With U™ and u the solutions of (10.20) and (10.1), respec-
tively, and with vy, chosen so that (10.10) holds, we have, for n >0,

tn

tn
0" = utell < CH(lolla + [ uallads) + Ch [l ds,
0 0
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Proof. In analogy with (10.13) we write
U™ —u(ty,) = (U™ — Ryu(tn)) + (Rau(ty,) — u(tn)) = 0™ + p™.

As before, by (10.12),

t’Vl
o1 < CHlutt)l < B2 (ol + [ el )

This time, a calculation corresponding to (10.14) yields

(10.22) (00", x) + a0, x) = —(w",X),

where

W' = RpOu(ty) — us(tn) = (Rp — Dosu(ty) + (Opu(ty,) — ui(ty)) = wi + wj.

By application of the stability estimate (10.21) to (10.22) we obtain
1671 < 16°1 +& D llwfll + kY -
j=1 j=1

Here, as before, by (10.10) and (10.12),
16°] = llvn = Rioll < lon = vl + [lv = Ruv]| < Ch?|lv]l2.

Note now that
, tj tj
wl = (R, — I)kil/ up ds = kfl/ (Rp, — Iuy ds,
tj—1 tj—1

whence

n

n ) n tj t
EY el < Z/ Ch2||ug||2 ds = C’hz/ |||z ds.
=1 j=17ti 0

Further, by Taylor’s formula,

wh = kM ulty) —ulty—1)) —wty) = —k~" / j (s —tj—1)un(s)ds,

ti—1

so that

n ) n tj tn
Sl < 30| [ - teunras <k [ funas
j=1 j=1 Yti-1 0

Together our estimates complete the proof of the theorem. 0O
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Replacing the backward difference quotient with respect to time in (10.20)
by a forward difference quotient we arrive at the forward Fuler-Galerkin
method, or with ,U" = (U"*1 — U™)/k,

(0:U", x) +a(U", x) = (f(tn),X); VX € Sh, n>1,

UO = Vp.
In matrix form this may be expressed as
Ba"™' = (B - kA)a™ + kb™, for n >0,

Since B is not a diagonal matrix this method is not explicit. However, if
this time discretization method is applied to the lumped mass semidiscrete
equation (10.16), and thus B replaced by the diagonal matrix B, then the
corresponding forward Euler method becomes an explicit one.

Using the discrete Laplacian defined in (10.6), the forward Euler method
may also be defined by

(10.23) U™ = (I + kAR)U™ + kPyf(t,), forn>0, with U’ = uvy,.

This method is not unconditionally stable as the backward Euler method,
but considering for simplicity only the homogeneous equation, we shall show
stability under the condition that the family {Sp} is such that

(10.24) Aagynk <2,

where A, is the largest eigenvalue of —Aj,. Recalling (6.38), we note that
this holds, e.g., if the S, satisfy the inverse inequality (6.37) and if k <
2C~'h?, where C is the constant in (6.38), which thus shows conditional
stability.

It is clear that (10.23) is stable if and only if ||(I + kAp)x|| < ||x]|| for
all x € Sy, and since —A;, is symmetric positive definite, this holds if and
only if all eigenvalues of I + kA, belong to [—1,1]. By the positivity of —A,
this is the same as requiring the smallest eigenvalue of I + kA to be > —1,
or that the largest eigenvalue of —Ay is < 2/k, which is (10.24). See also
Problem 10.3.

Note that because of the non-symmetric choice of the discretization in
time, the backward Euler-Galerkin method is only first order accurate in time.
We therefore now turn to the Crank-Nicolson-Galerkin method, in which the
semidiscrete equation is discretized in a symmetric fashion around the point
tho1/2 = (n — %)k, which yields a method which is second order accurate in
time. More precisely, we define U™ € S}, recursively for n > 1 by

(6tUn7X) + a(%(Un + Un_l)?X) = (f(tn—l/Q)aX)7 VX S Sh7

(10.2)

= Up.
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In matrix notation this takes the form,
Ba" + 3kAa" = Ba" "' — JkAa" "t 4 k"2 forn > 1,
or, with a® =+,
a" = (B+ 3kA)HB - LkA)a" Tt + k(B + 1kA) T2 n> 1
This method is also unconditionally stable which may be shown by choos-
ing x = U™ + U™ ! in (10.25) and using the Cauchy-Schwarz inequality on
the right. Then
K@U, UU™ ) = U= (lU™= 12 = (Ju™ | =o =D Aur +om ).
Using the positivity of a(U™,U™) and cancelling |[U"|| + ||[U™!|| we find
IO < U+ R, where 1TV = F(t, ),
or after summation
n )
O™ < Mlonll + &> 12
j=1

This time the error estimate reads as follows. Its proof is similar to that
of Theorem 10.5 and is left to Problem 10.7.

Theorem 10.6. With U™ and u the solutions of (10.25) and (10.1), respec-
tively, and with vy, chosen so that (10.10) holds, we have for n > 0,

n

tn t
0" = el < CH(lolla+ [ lurllds) + €k [ (Jusel + | Al s
0 0

10.3 Problems

Problem 10.1. Consider the problem (10.1) in the case of one space dimen-
sion with 2 = (0,1). For the numerical solution, we use the piecewise linear
functions based on the partition

O0<zi<x2<...<xm <1, mj=jh, h=1/(M+1).

Determine the mass matrix B and the stiffness matrix A and write down the
semidiscrete problem, the backward Euler equations, and the Crank-Nicolson
equations.

Problem 10.2. (Computer exercise.) Consider the initial boundary value
problem (10.1) with 2 = (—m,7) and v = signz.
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(a) Determine the exact solution by eigenfunction expansion.

(b) Apply the backward Euler method (10.20) based on piecewise linear finite
elements with vy, = Ppv and (h, k) = (7/5,1/10), (w/10,1/40). Determine
the maximal error at the mesh-points for t = 0.1, 0.5, 1.0.

Problem 10.3. (a) Show that the operator —Ay, : Sy, — S} defined in (10.6)
is selfadjoint positive definite with respect to (-, ).
(b) Show that, with the notation of Theorem 6.7,

My,
—Apvn =Y Xin(vn, in)pin and  [[An] = s, n-

i=1

Hint: The left side of the second identity is the operator norm of Ay, see
(A.7). Thus, you must show that [[Apx| < A, nllx| for all x € Sj, with
equality for some y.
(c) Assume that the family of finite element spaces {S},} satisfies the inverse
inequality (6.37). Show that

[An] < CR™2.
Hint: See (6.38).

Problem 10.4. Assume that f = 0 and let u; and u be the solutions of
(10.3) and (10.1), respectively, with vy, = Pho.
(a) Assume that v € H2 N H}. Show that

llun(t) — u(t)|| < Ch?||v|la, for t > 0.
(b) Assume that v € Ly. Show that
un(t) — u(®)|| < Ch*t~ o], fort > 0.

Hint: For (a) deduce from (10.15) that

t
(10.26) 0(t) = En(t)0(0) — / En(t — 8)Prpi(s) ds.

0
Split the integral as fot = 0t/2 + ftt/Z and integrate by parts in the first term

to get, with e = up — u,

G(t) = Eh(t)Phe(O) — Eh(t/2)Php(t/2)

/2
+ / DyEp(t — s)Prp(s)ds — Ey(t — s)Pnpi(s) ds.
0 t/2

Then use (10.18), (10.12), (8.18), and Problem 8.10. Note also Pe(0) = 0,
since v, = Pyv.
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For (b) integrate by parts once more to get the additional terms
t/2

DBy (t/2)Pup(t)2) — i D?Ey,(t — 5)Pnp(s) ds,

where p(t) = [ p(s)ds, |3l < Ch2|[ils, [, < C[|Aa|, and Ad(t) =
fg ug(s)ds = u(t) — v.

Problem 10.5. Assume that the family of finite element spaces {S } is such
that || Ap|| < Ch™2, cf. Problem 10.3. Let u;, and u be the solutions of (10.3)
and (10.1), respectively. Assume that ||v;, — v|| < Ch?||v||2. Show that

— < ) n? > h?
[|un(t) — u(®)|| < C(1+ log(t/h*))h [nax, lu(s)|l2, fort>h
Hint: Integrate by parts in (10.26) to get
t
0(t) = En(t)Pre(0) — Prp(t) +/ D Ep(t — s)Prp(s) ds.
0

2
Split the integral as fot = fot_h + ftt_hZ and treat the first part as in Prob-
lem 10.4 (a). For the second part use ||DsEp(t — s)|| = [|[AnERL(t — )| <
| AL En(t — s)|| < Ch™2, see Problem 10.3 (b).

Problem 10.6. Show error estimates analogous to those of Theorem 10.1
when the term —Aw in (10.1) is replaced by Au = —V - (aVu) +b- Vu + cu
as in Sect. 3.5. Hint: See Problems 5.7 and 8.8.

Problem 10.7. Prove Theorem 10.6.






11 Hyperbolic Equations

In this chapter we present basic concepts and results for hyperbolic equa-
tions. We begin in Sect. 11.1 with a short discussion of characteristic direc-
tions, curves, and surfaces. In Sect. 11.2 we study the model wave equation.
We use the method of eigenfunction expansions to solve the standard initial
boundary value problem, and apply the energy method to study uniqueness
and domains of dependence. In Sect. 11.3 we reduce the solution of first order
scalar first order partial differential equations to integration along character-
istic curves, and in Sect. 11.4 we extend this approach to symmetric first order
system, and consider finally symmetric hyperbolic systems in more than one
space variable by energy arguments.

11.1 Characteristic Directions and Surfaces

Consider the scalar linear partial differential equation

(11.1) Lu = L(x,D)u:= Z ao(x)D% = f(z), in £,

la|<m

where (2 is a domain in R?. We say that the direction £ € R?, ¢ # 0, is a
characteristic direction for the operator L(x, D) at x if

(11.2) A(€) = A@,8) = > aa(2)¢” =0.

|a]=m

The polynomial A(€) = A(z, ) is called the characteristic polynomial of L at
x. Note that the summation in (11.2) is only over |a| = m, i.e., it corresponds
to the principal part of L, the terms of order exactly m.

Sometimes we shall consider also systems of linear partial differential
equations. These may be included in (11.1) if we interpret the coefficients
ao () as matrices. In the case that these matrices are square matrices of
order N with N > 2, we say that £ € R? is a characteristic direction at z if

(11.3) det Az, €) = 0.

A (d — 1)-dimensional surface in R? is said to be a characteristic surface
if its normal at each point z is a characteristic direction at x. In the case of
the plane, d = 2, we call this a characteristic curve or simply a characteristic.
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Example 11.1. For the first order scalar equation

¢ ou
114 i(r)=— =
(11.4) Do)+ oo = 1),
the characteristic directions are given by the equation

d
Ax,&) =) a;(2)& =0,
j=1

and hence any direction orthogonal to the vector a(z) = (a1(x),...,aq(z)) is
characteristic.

The hyperplane z; = 0 has the normal (1,0,...,0) and hence it is a
characteristic surface if a;(x) = 0 for all x = (0,z2,...,24). It is non-
characteristic if a1 (x) # 0 at each point z = (0, z9,...,2z4), which is equiva-

lent to saying that the equation (11.4) may be solved for du/Ox;. In such a
case the equation may be written

ou d

Oz °
j=

near the hyperplane.
Ezample 11.2. Poisson’s equation,
~Au=f,
has no characteristic directions, since A(§) = —(£7+---4£3) = —|¢|? vanishes
only for £ = 0.
Example 11.3. The heat equation,

ou

— —Au=f,

ot !
now considered in R4*! with points (z,t), z € R%, t € R, has the character-
istic equation A(&,7) = —[£|? = 0. In this case, the variable is (¢, 7) € R4+,
¢ € R4, 7 € R, which means that (0,...,0,1) is a characteristic direction
and the hyperplane t = 0 a characteristic surface.

FEzxzample 11.4. The wave equation,
0%u
ot?

similarly corresponds to A(&,7) = 72 — [£]? = 0, so that (£, £[€]) is a charac-

teristic direction for any choice of £ # 0. For instance, the circular cone with
vertex (z,t), defined by the equation

7A'U,:f,



11.1 Characteristic Directions and Surfaces 165
F(x,t) =z —z|* - (t—1?=0,
has for its normal at a point (x,t) on the cone

oF OF OF
=2 -7, —(t—1) =2(x — &, Flr — 7|).
(5o 5y 37) =2 (t 1) =2(x — 7, Fla - 7)
This is thus a characteristic direction and the cone itself a characteristic
surface. Now ¢ = 0 is non-characteristic.

The characteristic polynomial may be used to classify partial differen-
tial equations into different types. For example, £ is said to be elliptic if it
has no characteristic directions. For a second order equation with constant
coefficients, A(&) is a homogeneous quadratic polynomial, so that

d

A(g) = Z a;k€;&k, where a;i = ar;.
jk=1

After an orthogonal transformation of variables, £ = Pr, such a polynomial
may be written in the form

d
A(Py) =Y\,
j=1

where {)\j}?zl are the eigenvalues of the matrix A = (a;x). The differen-
tial equation is said to be elliptic if all the A; are of the same sign, as in
Example 11.2, which is equivalent to the above definition that it has no char-
acteristics. The equation is said to be hyperbolic, if all but one of the A; have
the same sign and the remaining A; has the opposite sign, as in Example 11.4.
In Example 11.3, all but one A; have the same sign and the remaining \; is
zero, and we then have a parabolic equation.

Example 11.5. Let now A be an N x N diagonal matrix with diagonal ele-
ments {\;}2;, and consider the system

j:la
ou ou
T i

The characteristic directions (£,7) are then determined by the equation

f.

det (11 —€A) = 0.

The matrix 7/ —£A is a diagonal matrix with elements 7—A;&, 7 =1,..., N,
and thus (£, 7) is a characteristic direction exactly when one of these elements
vanishes. This gives the characteristic directions (1, A;), j =1,..., N. Thus
the straight lines

x + A\jt = constant, j=1,...,N,

are characteristic curves and ¢ = 0 is non-characteristic.
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11.2 The Wave Equation

In this section we first consider the initial-boundary value problem for the
wave equation,

Uy — Au =0, in 2xRy,
(11.5) u =0, on I'x Ry,

u(-,0) = v, u(-,0) = w, in £2,
where £2 is a bounded domain in R? with boundary I', and v and w are given
functions of z in 2.

The existence of a solution of (11.5) may be shown by eigenfunction ex-

pansion, in a way analogous to the case of the heat equation in Sect. 8.2. For
the purpose of demonstrating this, we introduce the eigenfunctions {¢; }‘;’;1

and corresponding eigenvalues {);}72; of the elliptic operator —A and as-
sume that (11.5) has a solution the form

u(e,t) = 3 (1) (@)

Inserting this into the differential equation we find

oo

D (@ () + Aji; (1) @ () = 0.

=1

Correspondingly, we have for the initial conditions
D (0)pi() =v(), D @j0)p;(z) = w(x).
j=1 j=1

Since the ¢; form an orthonormal basis of Ly = Ly(f2) we have, for j > 1,

’ll;—l + )\jﬂj =0, fort>0,

u;(0) =05 = (v,5),  W;(0) =5 = (w,p;),
and by solving this initial-value problem we conclude

1
0;(t) = 05 cos(y/Ajt) + uA;j\—K sin(y/A;t), for j >1,
J
and hence
(11.6) u(z,t) = Z(ﬁ] cos(y/Ajt) + zi)j)\j_l/Q sin(y/Ajt)) e ().
j=1

It is clear that if v and w are sufficiently regular for the series to converge
also after differentiation, then this represents a solution of (11.5), see Prob-
lem 11.4. We have thus arrived at the following.
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Theorem 11.1. Assume that v € H> N H, w € Hy. Then the series (11.6)
is a solution of (11.5).

We shall now prove an energy estimate for the solution w of (11.5). By this
estimate we easily obtain, in the standard way, the uniqueness and stability
of the solution of the problem. The energy method described here is useful
also in situations when the eigenfunction expansion approach does not apply.

Theorem 11.2. Let u = u(z,t) be a sufficiently smooth solution of (11.5).
Then the total energy E(t) of u is constant in time, i.e.,

(11.7) Et) == %/Q (uf + |Vul?) dz = £(0).

Proof. Multiplying the differential equation in (11.5) by w; and integrating
with respect to x over 2, using also Green’s formula, we find

/uttutdw—i-/Vu-Vutdx:O,
o} 1)

or, with the notation of Sect. 8.3,

(Utt,Ut) + a(ua ut) = 0)

Hence,
d d
1 2,1 2 _
3 gglluell”™ + 3 IVl =0,
or
d
—E&() =0, fort>0.
This immediately implies the statement of the theorem. 0O

We shall now prove an energy estimate for the pure initial value problem
for the wave equation, from which we infer that the solution at a given point
(z,t) with ¢ > 0 only depends on the initial data in a certain sphere in the
initial plane t = 0. The problem considered is then
(11.8) Uy — Au =0, in RY x R.,

u(-,0) =v, (-, 0) =w, in R%.

Theorem 11.3. Let u be a solution of the wave equation in (11.8). For (z,¥)
a given point in R? x Ry, let K denote the circular cone, cf. Fig. 11.1,

(11.9) K={(z,t) e R xRy : |z —7| <t—t, t <1},

and set

Ex(t) = %/ (e, )% + [Vu(e, t)?) de,

By

where By = {z € R%: (z,t) € K}. Then
EK(t)SgK(O), fOTOStSE.
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t

(z,1)

Ky

x2

Fig. 11.1. The light cone.

Proof. We introduce the mantle surface of K, M = {(z,t): |z — 2| = — t},
and set My = {(z,7) € M : 7 < t}. By multiplication of the differential
equation by 2u; we find

0= 2(utt -V VU) Uy = 2uttut + 2Vu - Vut -2V - (Vuut)
= Dy (uf + |Vul*) = 2V - (Vuuw,).

Integrating over K; = {(z,7) € K : 0 < 7 < t}, cf. Fig. 11.1, and using
the divergence theorem, we obtain, with n = (ny,n¢) = (Nay, ..., Na,, nt) the
exterior normal of 0K,

0= / (nt (uf + [Vul?) — 2n, ~Vuut) ds
oK,

= / (uf + |Vul?) dz — / (uf + |Vul?) dz
By

0

+/ (nt (uf + [Vul?) — 2us n, - Vu) ds.
M,

To complete the proof we now show that the integrand of the last term is
nonnegative. We have n? = |n,|?> on M, and because n; = 1/4/2 this yields,
by the Cauchy-Schwarz inequality

[ng - Vu| < |[ng| [Vu| = ng [Vul.
Using also the inequality 2ab < a? + b?, we obtain
2w g - Vul = 2wy Ing - Vu| < 2ny Jug| [Vu| < ny (uf + | Vul?),

which completes the proof. ]
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It follows from Theorem 11.3 that, if v = w = 0 in By, then u =0 in K,
and thus, in particular, at (Z,t). This shows that the value of the solution of
(11.8) at (z,t) depends only on the values of v and w in the ball By defined
by the circular cone K with vertex (Z,t), and not on the values of v and w
outside this ball.

The existence of a solution of the pure initial value problem (11.8) may be
shown in different ways. For the particular equation considered here, an ex-
plicit solution may be written down in the form of an integral representation,
which takes different forms depending on the number d of space dimensions.
For instance, for d = 1, it is easy to verify, cf. Problem 11.5, that

x+t
(11.10) u(z,t) = 3(v(@+t)+v(z—1t) + %/ w(y) dy,

r—t

which is called d’Alembert’s formula, and for d = 3 one may show

0 1 1
wet)=gila [ @) [ wwas,

In this case the solution at (x,t) depends only on the values of the data on
the sphere cut out by the characteristic cone at time zero. More generally,
this holds when d is an odd integer. When d is even the solution at (x,t)
depends on the initial data in the “ball” |y — z| < t.

11.3 First Order Scalar Equations

We now turn to the first order scalar differential equation
¢ ou
(11.11) ;aj(x)a—wj +ao(zx)u= f(x), =€,

where 2 € R? is a bounded domain with boundary I, the vector field a =
a(xz) = (a1(x),...,aq(x)) is smooth and does not vanish at any point, and
ag, [ are given smooth functions.

We say that © = x(s) = (z1(s),...,24(s)), with s a real parameter, is a
characteristic curve, or simply a characteristic, for (11.11) if

(11.12) —x(s) = a(x(s)),

that is, if the curve in R? defined by = = z(s) has the vector a(z) as a tangent
at each of its points. Note that a characteristic direction is a normal to the
characteristic curve. In particular, in the special case d = 2, a characteristic
is a characteristic curve in the sense described in Sect. 11.1.
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Iy

Fig. 11.2. Inflow and outflow boundaries.

In coordinate form (11.12) may be written as the system of ordinary
differential equations
das
% =a;(x), forj=1,...,d,
and, since the vector field does not vanish, it is clear from the theory of such
equations that for each zg € {2 there exists a unique such curve in some
neighborhood of xy such that z(0) = xo.
Let I" be the boundary of {2 and denote by I'_ the inflow boundary defined
by
I ={z el :n(z) a(z) <0},

where n(z) is the exterior normal to I" at x. Through each point of I'_ there
is a unique characteristic which enters {2, and we prescribe for the solution
of (11.11) the boundary condition

(11.13) u=wv, onl_,

where v is a given smooth function on I'_. We also introduce the outflow and
the characteristic boundaries,

Iy ={zerl:n(x) a(x) >0}, Iy={zel:n(x) a(z)=0}.

Consider now a solution w of (11.11), (11.13) along a characteristic x =
x(s), i.e., consider the function w(s) = u(z(s)). We have by the chain rule
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dw dx
E—Vu-a—a(a:fVu,

so that, by (11.11), w satisfies

(11.14) ds +ag(x(s))w = f(xz(s)), fors>0,

w(0) = v(xg), with z(0)=x9€ I'_.

This is an initial value problem for a linear ordinary differential equation,
which may be solved for the value of w at the points along the characteristic.
To find the solution of (11.11), (11.13) at a point Z € {2 we thus determine
the characteristic through Z, find its intersection xy with I'_, and then solve
the equation (11.14) with 2(0) = xg. The solution at Z thus only depends on
v(zp) and the values of f on the characteristic.

In the special case that ap = f = 0 in {2, the equation (11.14) reduces to

d
d—w =0, fors>0, withw(0)="v(zg), (0)=x0€ [_.
s
Thus in this case u(z(s)) is constant along the characteristic and the value

of the solution at Z is the same as at x(0), i.e., u(z(s)) = u(z(0)) = v(z(0)).
This procedure is often referred to as the method of characteristics.

Equations of the form (11.11) are often obtained in the limit from the sta-
tionary heat or diffusion equation with convection when the heat conduction
or diffusion coefficient vanishes, see (1.18). Such equations can be written
in the form (11.11) also in the time-dependent case, if one of the indepen-
dent variables is interpreted as time. Writing the time variable explicitly in
(11.11), we have

ur +a-Vu+ agu = f, in 2xRy,
’LL:g7 ln Ff,z7
u(-,0) = v, in £2.

Now 2 C R? denotes a spatial domain with boundary I', and the inflow
boundary of £2 x Ry is split into its spatial part I'_ , = {(z,t) € I' x Ry :
a(z,t)-n < 0} and its temporal part I'_; = £2 x {0} corresponding to t = 0.
We may then use the time variable to parametrize the characteristic curves,
2 = z(t), which are often called streamlines in this situation.

Ezxample 11.6. Consider the problem

Uy + Aug, = 0, in Rx Ry,
u(-,0) = v, in R.

Here the characteristics (z(s),t(s)) are determined by
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dz dt
A =1

ds 7 ds
We may thus take ¢ as the parameter along the characteristic and obtain
r=A+C.
The characteristic through (z,1) is
(11.15) x—Z=ANt—1),
and, since the solution is constant on this line,
u(z,t) = v(T — A\b).
Ezample 11.7. With 2 = (0,1), we now ask for a solution of

ur + Aug +u =1, in 2xRy,

U= 07 on F,,
where A = constant > 0. Here
o= ({0} xRy) U (2x{0}) =T, UT,

and the characteristic through (z,%) is again defined by (11.15).

We consider first the case T > At (see Fig. 11.3). Then the characteristic
through (z,t) starts at (z — At,0) € I'_ ;. With s = ¢ as a parameter we
introduce w(s) = u(Z + A(s — t), s) and find that the equation for w is

w +w=1, fors>0, withw(0)=0.
Hence
(11.16) w(s)=1—e"%,

and

u(z,t)=1—e".

In the case T < At the characteristic through (z,¢) starts at (0, —Z/\) €
I'_; and with s = ¢t — (t—Z/\) as a parameter we find again (11.16) and thus

uw(z,f) =1 —e 7/,

Altogether, we thus have

(2,1) 1—e"t, if x > \t,
u(z,t) =
1—e®/* ifx < At

Note that the solution is continuous at x = At, but that the derivatives u;
and u, are not.
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T < At

x> At

y

Fig. 11.3. Example 11.7.

Ezxample 11.8. With the same domain as in Example 11.7 we now consider

the problem
ut+(1+t)uz:07 iHQXR_;,_,

u=x2, on .

The characteristic through (z,?) is now (see Fig. 11.4)
r=t+it*+z -t 18

and starts at (z — & — 2£2,0) € I ,, if £ > + 372, and somewhere on I,
ifz<t+ %F The solution is therefore

1,42\2 : 142
u(%t):{(z—t—Qt), if 2>t + 12,

0, if ¢ < t+ 3t2.

11.4 Symmetric Hyperbolic Systems

We first consider an initial value problem in one space dimension of the form
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t A
1
x<t+3t°
x> t+ 5t°
1 T
Fig. 11.4. Example 11.8.
ou ou
— + A(z,t) = + B(z, t)u = f(z,1), f eR,t>0,
(11.17) gt TA@ DG, + B ju= [z, fore
u(z,0) = v(x), for z € R,

where u = u(z,t) and f = f(x,t) are N-vector valued functions and A =
A(z,t) and B = B(z,t) are smooth N x N matrices, with A symmetric.
The matrix A then has real eigenvalues {\;}1,, with X; = X;(z,t), and we
make the additional assumption that these are distinct. The system (11.17) is
then called strictly hyperbolic. Under this assumption one may find a smooth
orthogonal matrix P = P(xz,t), which diagonalizes A, so that

PTAP = A = diag(\;)Y

j:17

see Problem 11.17. Introducing a new dependent variable w by u = Pw we
find

ou ou ow ow oP oP

5 TA5s+Bu=Pol + APZ & <E+A%+Bp)w_f,
or,

ow ow

i ) oP 9P
- - — T e T - -
o+ S0+ Bu=Pf, where B=P <8t+Aax+BP>,
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(zn(0),0) (25-1(0),0) (2(0),0)  (21(0),0)  *

Fig. 11.5. Characteristic curves. Domain of dependence.

which is a system of the form (11.17), but with A diagonal.

We now suppose, thus without restricting the generality, that A in (11.17)
is itself a diagonal matrix, and that the A; are arranged in increasing order,
A <A <-os < Ap.

Consider first the case that B = 0. The system then consists of N uncou-
pled equations

a’LLj

E + )\j(x,t)

Ou; _

o fi(z,t), with u;(z,0) =v;(x), forj=1,...,N,

each of which is a scalar problem of the kind considered in Sect. 11.3 above.
Corresponding to each j there exists a characteristic through (z,f) deter-
mined by

d _

di; = X\j(z,t), with z(f) = .

Denoting the solution of this initial value problem by z;(¢), so that the char-
acteristic through (z,¢) is © = x;(t), we have

(11.18) w@0) = 0y, 0) + [ fylay(s).9)ds,

and thus u;(Z,t) depends on v; at only one point and on f; along the char-
acteristic through (Z,1), see Fig. 11.5.

Consider now the case that B # 0. We may then use an iterative scheme
for the solution of (11.17) by setting
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t A

\j

(2°,0) x
Fig. 11.6. Domain of influence.

u’ =0, in R xRy,

and with «**1 definied from «* for k > 0 by

auk+1 auk+1 )
5 A =f-Buf, InRxR,,
(- 0) = v, in R,

or, in view of (11.18)

11.19 f
i uytH (2, 8) = v;(;(0)) +/0 (f = Bu®);(z;(s),s)ds,  k>0.

It is not difficult to show that the u* converge to a solution of (11.17) as
k — o0, so that the following holds (cf. Problem 7.4).

Theorem 11.4. The strictly hyperbolic system (11.17) has a solution if
A, B, f, and v are appropriately smooth. When A is diagonal this solution
may be obtained from the iterative scheme (11.19).

The uniqueness of the solution will follow from Theorem 11.5 below.

We note from (11.19) and Fig. 11.5 that only the values of v in the interval
(zn(0), £1(0)) enter in the successive definitions of the u*, and that f and
B are only evaluated in the curvilinear triangle determined by the extreme
characteristics = zn(t) and = x1(t). This thus determines the domain of
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dependence of the solution at (Z,?) upon the data. Similarly, the initial values
at a point (2°,0) only influence the solution for ¢ > 0 in a wedge between
the characteristics corresponding to A\; and Ay, and originating at (2°,0),
see Fig. 11.6.

Ezxample 11.9. Consider the initial value problem for the wave equation

2 2
Qu_ o inR xRy,
(11.20) o2 Ox 5
u(+,0) = v, a—z(-,O) =w, in R.

We introduce new variables Uy = du/0t, Uy = Ou/0x and find for U =
(Uy,Us)" the system

o, oUs _
ot oxr .
%_%7 in Rx Ry,
ot ox

Ul(',O) =w, UQ(,O) = ’Ul, in R

b

or

ou ou . Jw(z)
E + A% = 0, Wlth U(:C,O) = |:’Ul($):| 5
0 -1 . .
where A = {1 0}. The eigenvalues of A are A\; = —1, Ay = 1. Setting

111
P—ﬁ[l_l], U= PV,

we find for the new dependent variable V = (V;, V5)T the system

oV -10] oV .
6t+[ 01:|(r“)f[:_0’ 1HRXR+,
or
i
ot or
oVy  OVa
o T 0
Hence

Vl(l',t):V1(5U+t,O), ‘/Q(xat):V2(x_t,0)'

Going back to the original variables U, this may be used to derive d’Alembert’s
formula (11.10) for the solution of (11.20) (cf. Problem 11.5).
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Consider now the generalization of the system (11.17) to d space dimen-
sions,

d
ou ou
—+Y A — +Bu=f inRIxRy,
(11.21) ot ; ! O / i

u(" 0) =, in ].:{,d7

where u = u(z, t) is an N-vector valued function, A; = A;(x,t) are symmetric
N x N matrices, B = B(z,t) an N x N matrix, and f = f(z,t) and v = v(z)
N-vectors, all of which depending smoothly and boundedly on their variables.
We also assume that solutions are small for large |z| in such a way that the
following analysis is valid.

A system such as in (11.17) is called a symmetric hyperbolic system or a
Friedrichs system. A special case is Maxwell’s equations in electro-dynamics,
see Problem 11.15. The classical wave equation u; = Au may be trans-
formed into a symmetric hyperbolic system by introduction of the first order
derivatives as new dependent variables. We leave the verification to Prob-
lem 11.11. More generally, many other important equations of mathematical
physics can be written as symmetric hyperbolic systems, sometimes after a
transformation of the dependent variables.

According to (11.3) the characteristic directions (&, 7) = (&1, ...,&q, T) are
given by

d
det A(&,7) = det (TI + ijAj) =0.
j=1

It is clear that for any given { this equation has N real roots 7;(§),
j = 1,...,N, namely the eigenvalues of the symmetric N x N matrix

— 0 GA;.

In general, if d > 1, it is not possible to simultaneously diagonalize the
matrices A;, and thus the problem may not be treated as above. We shall
therefore restrict ourselves here to applying the energy method to show a
stability estimate for this problem with respect to || - || = || - || £, (&)

Theorem 11.5. We have for the solution of (11.21), with C = C(T),

ol < oot + ([ 1a1eas)”), poro<isr

Proof. We multiply the equation by u and integrate over R? to obtain

d
(G + (A ) + (B = (7).

Jj=1

Here
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ou 8u
—u) = uyde = 1 —||lul)?,

ou ou
Ai—u)= | (A,—
( Jaxj7u> /Rd< ]8xjau>dxa

and

where (-,-) is the standard inner product in RY. We have

0 0A; ou ou

YA g5 A Au. 22
3x]~< ju,u) = <5xjuu>+< Ja su) + ju’awj>’

and, since A; is symmetric, the last two terms are equal. Further, assuming
that u is small for large |z,

/ 0 —(Aju,u)dz =0,
R

d 8%
and hence 5 DA,
Oy 1945
() = 45w

We conclude that d
L2l + (Bu,u) < £ lull

where

=

B3>0k,
= ox
and hence
d ~
%IIUH2 < 2||Bllellull® + 2|l fllllull < Collull? + || £]1?

with Cy = 2| B||c + 1. This implies

T t
lu®)[2 < ol +/ 1712 ds + Co/ lul?ds, for0<t<T,
0 0
so that by Gronwall’s lemma (cf. Problem 7.6),

T
u®IF < T (ol + [ 17 ds), foro<e<.
0

O

In the usual way, this inequality implies uniqueness and stability for the
problem (11.21). Existence of a solution may be shown, for instance, by con-
structing a finite difference approximation on a mesh with mesh-width A and
then showing convergence as h — 0.
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It is also possible to show here that, as in the case of one space dimension
treated above, the value of the solution of (11.21) at a point (Z,t) with ¢ > 0
only depends on data in a finite domain. To do so we consider for simplicity
the case of a homogeneous equation with constant coefficients and with no
lower order term, so that the problem is

d
ou ou .
a“v‘ Aja—szo, 1Il];{,><1:{_|_7
Jj=1
u(+,0) = v, in R%.

Then the characteristic polynomial is the symmetric matrix
d
A& T) =TI+ &A;.
j=1

Consider now a circular cone K with vertex (z,t), restricted to ¢t < ¢,
cf. (11.9), and with such an opening angle that the exterior unit normal
(ng,n¢) on the mantle M of the cone makes A(n,,n;) positive definite. That
it is possible to find such a cone follows from the fact that for the direction
(0,1) we have A(0,1) = I which is positive definite, and hence A(£,1) is also
positive definite for small |€].

Let By be the domain in the plane ¢ = 0 cut out by the cone. We claim
that if v = 0 in By, then u(Z,t) = 0.

To prove this we use again the energy method. We multiply the equation
by v and integrate over K, using the assumption that the A; are symmetric
and constant, to obtain

d

J 9
_1 o 9,
= Q/K <5t<u’u>+;8xj <Aju,u>> dz dt.

By the divergence theorem we have

/M <<u,u> ng + zd:<AjU7u> nxj) ds = / (u, ) d,

j=1 Bo

or, since u = 0 in By,

/M<A(nz, ny)u,u)yds =0,

which implies u = 0 on M, since A(n,,n;) is positive definite. In particular,
u(Z,t) = 0, which is our claim.
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11.5 Problems

Problem 11.1. Determine the characteristics for the Tricomi equation

0%u 0%u

922 +r15—5 92 f, forz = (z1,22) € R
2

Problem 11.2. Find the characteristic directions of the Cauchy-Riemann

equations
ou 0Ov ou Ov

2Ty, Lo,
ox Oy T Oy + Ox
Problem 11.3. Show (11.7) directly from (11.6).

Problem 11.4. Let u be as in (11.6) and assume that v € H*NH}, w € H{.

Show that
[u@®)] < C(vll + llwl]),

IVu@ll < C(IIVoll + [lwl),

luer (O] = | Au(@)l| < C (|| Av] + [IVewl]),
lu(t) = vll < Ct([[Vo]l + [lwl),

lue(t) = w]| < Ct(|| Av]| + [[V]]).

Hence u is a solution of (11.5) at least in the Ly sense. Hint: Recall Theorem
6.4 and Problem 6.3. Show that

cos t) . sin(4/Ajt)\2
,UH2 QZ(\/iyj \/\/7it erj \/\é; ) .

Problem 11.5. Prove d’Alembert’s solution formula (11.10) for the Cauchy
problem for the one-dimensional wave equation, i.e.,

[[u(t)

Ut — Ugg =0 iHRXRJr,
u(+,0) = v, u(-,0) = w, in R.

Problem 11.6. (a) Solve the initial-value problem

ou 0 x| Ou
(9t+|:£130]8z_07 reR, t>0,

u(z,0) = v(z), z €R,

by the method of characteristics.
(b) Prove a stability estimate by the energy method.

Problem 11.7. (a) Solve the initial value problem

u + (x +t)u, =0 for (x,t) e R x Ry, with u(z,0) =v(z) for x € R,
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by means of the method of characteristics.
(b) Show that

()] = e|lv]| and [ug(-,0)]| = e *||vg ||, for t >0,
by the energy method. Check these results by a direct calculation using the
solution formula from (a).
Problem 11.8. Solve the problem
xl% - 1:288—;2 =0 forzeR? withu(x)=¢(z) forzecs,
where S is a non-characteristic curve.

Problem 11.9. Solve the problem

Ju ou Ju

AT AL R?
1 o + 219 92 + B U or xr € s
u(zy,x2,0) = p(x1, x2) for (x1,29) € R%.

Problem 11.10. Prove the following stability estimate for the problem
(11.11), (11.13) under a suitable condition on the coefficients a;:

/u2dx+/ u2n.adsgc(/ f2dx+/ v2|n.a|ds).
Q I Q r_

Problem 11.11. Show that the wave equation us; —Au = 0 can be written as
a symmetric hyperbolic system by introduction of the first order derivatives

U, Ug, , - - -, Uy, as New dependent variables.

Problem 11.12. Modify the proof of Theorem 11.5 to show the slightly
stronger result

T
lu@ll < c@)(llo] + / 1£(s)l|ds), for0<t<T.

Problem 11.13. In addition to the assumptions of Theorem 11.5 assume
that A; are constant and B symmetric positive semidefinite. Prove

t
Ju®] < ol + [ 17]ds.  tor t=0.
0

Problem 11.14. Generalize Theorem 11.5 to symmetric hyperbolic systems
of the form
d

ou ou . 4
ME_F;AJT%_FBUI:JC? IHR XR+,

where A; and B are as before and M = M (z, t) is symmetric positive definite
uniformly with respect to x,t, so that (M (x,t)¢,€) > a|€]? for all € € RY,
(z,t) € R? x Ry, with a > 0.
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Problem 11.15. The evolution of the electric field F(z,t) € R3 and mag-
netic field H(z,t) € R? in a homogeneous and isotropic space can be de-
scribed by the following two of Maxwell’s equations (Ampere’s law and Fara-
day’s law)

10E

*ai—v H+7J_O iHRSXR+,
(11.22) Taz@

EE—FVXE—O in R* x R,

where c is a positive constant and

OHs O0H, 0H, O0Hs 0H, O0H;
Vx H =curl H = (6.232 8.133 ’ 6.133 8.131 ’ 8$1 8.’1}2 )
Let us also assume that the density of current J satisfies Ohm’s law J = o F
with ¢ a nonnegative constant. Show that (11.22) with F and H given at
t = 0 constitute a well posed problem by showing that (11.22) is a Friedrichs
system. What can be said about the stability of the energy density e =
+(E-E+ H - H)? Hint: Problem 11.13.

Problem 11.16. Recall the equation

OPu_ 0 (B2
Por =~ ou\" o
for the longitudinal motion of an elastic bar from Problem 1.2.

(a) Assume for simplicity that p and E are constant and show that it can be
written as a symmetric hyperbolic system

p 0 _|0F _
b5

in the variables U; = u;, Uy = u,, cf. Problem 11.14.
(b) Assume, e.g., the boundary conditions u(0) = 0, u,(L) = 0. Show that
the mechanical energy is conserved, i.e., with e = 3 (pu? + Eu?),

/OL ez, t) dz = /OL e(x,0) da.

Problem 11.17. Compute the eigenvalues and normalized eigenvectors of
x

t —
P(z,t) is discontinuous at = 0, ¢t = 0, where the eigenvalues are multiple.

the symmetric matrix A(z,t) = { gﬂ Show that the eigenvector matrix






12 Finite Difference Methods for Hyperbolic
Equations

Solution of hyperbolic equations is perhaps the area in which finite difference
methods have most successfully continued to play an important role. This is
particularly true for nonlinear conservation laws, which, however, are beyond
the scope of this elementary presentation. Here we begin in Sect. 12.1 with
the pure initial-value problem for a first order scalar equation in one space
variable and study stability and error estimates for the basic upwind scheme,
the Friedrichs scheme, and the Lax-Wendroff scheme. In Sect. 12.2 we extend
these considerations to symmetric hyperbolic systems and also to higher space
dimension, and in Sect. 12.3 we treat the Wendroff box scheme for a mixed
initial-boundary value problem in one space dimension.

12.1 First Order Scalar Equations

In this first section we consider the simple model initial value problem

du _ ou
(12.1) ot oz’
u(-,0) = v, in R,

inRXR.,.,

where a is a constant. We recall that for v € C' this problem admits the
unique classical solution

(12.2) u(z,t) = (E(t)v)(z) = v(z + at),

which may thus be found by following the characteristic = + at = constant
through (z,t) backwards to ¢t = 0 and taking the value of v at that point. A
similar statement holds for variable coefficient @ = a(x), in which case the
characteristic is curved. Since the solution operator just affects a shift of the
argument both the maximum-norm and the Ls-norm are constant in time,

(12.3) IE@)vllc = llvllc  and [[E(t)v]| = v], fort=>0,

and thus, in particular, E(t) is stable in both norms.
For the purpose of solving the model problem approximately by the finite
difference method we introduce, as earlier for parabolic equations in Sect. 9.1,
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a mesh size h in space and a time step k£ and denote the approximation
of u(z,t) at (zj,t,) = (jh,nk) by U}, for j,n € Z, n > 0. Here Z =
{-..,=1,-2,0,1,2,...} is the set of all integers. Assuming that a > 0 we
replace (12.1) by

U} = ad, U}, for jyneZ, n>0,

(12.4) , ,
Uj =V; = v(z;), for j € Z,

where as earlier 9; and J, denote forward difference quotients, so that the
difference equation reads

n+l _ 7rn n _7rn
Ui v _ Ul

k h

Introducing this time the mesh ratio A = k/h, which we assume is kept
constant as h and k tend to zero, we see that (12.4) is an explicit scheme,
which defines the approximation at ¢t = ¢,,41 by

(12.5) UM = (ByU™); = aXU}y, + (1 —aN)U},  for j,n € Z, n>0.

If we think of U™ as being defined for all z in R and not only at the mesh
points x = x;, we may write

(12.6) U™ (x) = (ExU™)(z) = aAU™(x + h) + (1 — a\)U"(z), = € R.
By iteration we find for the approximate solution at ¢t = ¢,
U(z) = (Epv)(z), forxeR.

Similarly to the situation for the heat equation we find that EFj is stable
in maximum-norm if aA < 1, since the coefficients of E} are then positive
and add up to 1, so that

[Ervlle < fvlle,

and hence also
10" lc = [I1EEvllc < [[vlle-

It is also easy to see that the condition aA < 1 is necessary for stability. As
earlier stability implies convergence:

Theorem 12.1. Let U™ and u be defined by (12.6) and (12.1), and assume
that 0 < aX < 1. Then

U™ —u"||c < Ctphlvlcz, fort, > 0.
Proof. We introduce the truncation error

(12.7) () = O (x) — adzu" (z),
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and find by Taylor expansion for an exact solution u of the differential equa-
tion, with I, = (tn, tnt1),

[T ()] < [0 () — ui (@, tn)| + a|Opu" (z) — aug (2, )]

(12 < C(h+ k) max (Jua D) + s 1)) < Chlvles

where we have used that k < A\h, that uy = aug,, and that |ug. (-, t)|c < |v]e2.
We may also write (12.7) in the form

u"t(z) = Epu"(z) + kr"(z), for x € R.
Setting z™ = U™ — u™ we therefore have
= Ep2" — k1",

or, by repeated application,

Epz kaE" =i

U =9 — v =0, we conclude by stability and (12.8),

Since 20 = U% —

n—1
Iz"lle < &> 7 llc < Cnkhlvlea, for t, >0,
=0

which completes the proof of the theorem. O

Note that if a < 0, the natural choice of finite difference approximation
is, instead of (12.4),

(12.9) KU} = ad, U}, forn >0,
or, cf. (12.5),
Uj?z—s-l = (B U")j = —a U} + (L +aN)Uj', for j€Z, n>0.

The stability condition is now 0 < —aX < 1. Since both (12.4) and (12.9) use
points in the direction of the flow, these difference schemes are referred to as
upwind schemes.

Let us consider more generally an explicit finite difference scheme

(12.10) Ut = (ByU™); =Y apU,, forjn€Z, n>0,
p

where a, = a,(A\) with A = k/h = const., or, with = allowed to vary over R,
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Untl(z) = (B U™)(2) = ZapUn(x —ph), forzeR, n>0,
(12.11) P
U%xz) =wv(z), forzecR.

We say that such a method is accurate of order r if
™ =k (u" — Epu™) = O(h"), as h — 0,

where u is the exact solution of (12.1) and k/h = A = constant.
We note that as in Sect. 9.1 we have for the Fourier transform of Ejv

(Exv) (&) = E(h&)0(€), where E(£) = Zape—ipg7

and, in exactly the same way as in the parabolic case, a necessary and suffi-
cient condition for stability in Lo is the von Neumann condition

(12.12) |E(€)] <1, for&eR.

For our above scheme (12.5) we have

E(&) = ale'® +1—a),

and as & varies, E({) belongs to a circle in the complex plane with center at
1 — aX and radius a\. In order for (12.12) to hold it is therefore necessary
and sufficient that aA < 1, which is our old stability condition.

In the same way as for the parabolic problem in Sect. 9.1, the definition
of the accuracy of the method may also be expressed in terms of the trigono-
metric polynomial E (€): The method is accurate of order r if and only if

(12.13) E(¢) = 4 O(¢™Y), as€—0,

where in the proof we use that for the exact solution we have
(E(t)v) (&) = / v(z +at)e” " dz = "0 ().
R

As in Sect. 9.1 one may then prove the following error estimate.

Theorem 12.2. Let U™ and u be defined by (12.11) and (12.1), and assume
FEy is accurate of order r and stable in Lo. Then

HUn - un” S Ctnhr|v|r+17 fO’l" ty > 0.

Another natural choice for a difference approximation to (12.1) is obtained
by replacing the derivative with respect to x by the symmetric difference
quotient

A U™(x+h)—U"(x—h)

0, U™ (x) = 57 ,
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which results in the finite difference equation

n+1$i n(p n(p — U™ —
1y TR0 Ul U

and thus in the difference scheme
U™t (z) = (B,U™)(z) = U™(2) + 3aAU™(x + h) — U™ (z — h)), n >0,
Ux) =v(z), =<cR.
In this case the symbol of Ej, is
E(€) =1+ ta)(e® —e™¥) =1+ alisiné.
Since B
B> =1+a® ?sin?€ > 1, except at &€ = m,

we conclude that this method is unstable for any choice of A.
The latter scheme may be stabilized by replacing U™(x) on the left in
(12.14) by the average $(U™(z + h) + U™ (z — h)), which results in

Urti(z) — 5(U"(x+h)+ Uz —h)) _ Uit h) —U"(z —h)

k 2h

or
Ut (z) = (BExU™)(z) = 21+ aN) U™ (@ + h) + (1 — a\)U"(z — h).

This is a special case of the Friedrichs scheme which we shall study in more
generality below. Here

E(f) = cos& + iaAsiné,
and we find

|E(€)]? = cos? £+ a®N?sin? ¢ <1, for £ €R,

if and only if |aA| < 1.
This case of the Friedrichs scheme may also be written in the form

Urtl(@) —Un@) _ U@+ h) U@ —h)

k 2h
+i(U"( +h) — 2U™(x) + U™( h))
o T T T ,
or
(12.15) U™ = ad, U™ + %%@@U".

This equation may be thought of as an approximation to a parabolic equation
with the small diffusion coefficient %h/ A. The stability of this scheme may
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be interpreted as the result of introducing artificial diffusion in the original
scheme (12.14). (This is also referred to as artificial viscosity in computational
fluid dynamics.)

Let us note that for the Friedrichs scheme U”(x) may be expressed in
terms of the initial data in the form

U(z) = Y anju(z - jh),

j=—n

and thus uses the values of v(x) in the interval [x — nh,x + nh] = [z —
tn/A\ x + t,/A]. The exact solution at ¢ = t,, is given by (12.2) as the value
of v at x + tpa. It is clear that if the domain of dependence of the difference
scheme, i.e., the interval [x — t,/\, x + t,,/\], does not contain the domain
of dependence of the exact solution, namely the point x + t,a, then the
difference method could not possibly be successful. This condition reduces to
—1 < aX <1, which is our old stability criterion.

For a general scheme of the form (12.10) we may thus formulate the
Courant-Friedrichs-Lewy condition (or the CFL condition) for stability: In
order for the scheme to be stable it is necessary that the domain of dependence
of the finite difference scheme at (z,t) contains the domain of dependence of
the continuous problem.

In our first example (12.4) we find that the finite difference scheme has the
interval of dependence [z, x +t,/\] and thus that the CFL condition requires
0 < aX < 1. In particular, we recover our old stability condition aX < 1,
and also note that the scheme (12.4) cannot be used for a < 0. In the same
way we find that for a > 0 the forward difference quotient in (12.4) could
not successfully be replaced by a backward difference quotient. For a < 0,
however, as we have learned, the scheme (12.4) with 9, replaced by 9, is
stable if a\ > —1.

That the CFL condition is not sufficient for stability is shown by the
scheme (12.14), which has the same domain of dependence as the Friedrichs
scheme but which is unstable for all .

Like our first example (12.4) the Friedrichs scheme is also first order ac-
curate: If the exact solution u of (12.1) is sufficiently regular, then we have
by the representation (12.15) that

n 3 ,n Lh 5 .n n 1 n n Lh n
Opu™ — adyu™ — ixaxaxu =uy + §kutt —auy — 5yl +O(h?)
1h n n
= ix()\zutt — uy,) + O(h?)
Lh 5.9 n 2
= ix(a A = Duz, +O(h?), ash—0.

Thus the error is first order except for the special choice A = 1/|a|, in which
case the approximate solution is equal to the exact solution (cf. (12.13)).
Next we propose to determine a second order accurate scheme of the form
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U (z) = (ERU™)(2) = a U™ (@ — h) + agU™ () + a_1U™(z + h).
The formula (12.13) shows that the condition for this is
a1e” € +ag+ a1 = L O(E3), as € —0,

or, by Taylor expansion,

(a1 +ap+a—1) —ila; —a_1)€ — %(al +a_1)&
=1+ia) — 3a* N + 0(€?), as & —0,
that is,
a1 +ag+a_1 =1,
a1 —a_1 = —ai,
a1 +a_1 = a®)\2.
This results in
a_1=1(@N +a)), ay=1-a’)°, a1 =3(a®\* —a)),
and thus
(ExU™)(z) = $(a®X* + a\) U™ (z + h) + (1 — a*X*)U" ()
+ 2(a*N? — a\)U"(z — h),
which gives ~
E(€) =1—a’\? +a*)\? cos € + iasin €.
We find by a simple calculation

(12.16) IE(6)]? =1 —a®X2(1 — a®\?)(1 — cos€)?,

and hence the method is stable in Ly exactly if a?A\? < 1, see Problem 12.2.
Again this agrees with the CFL necessary condition for stability.

This latter method is referred to as the Laz- Wendroff method. We remark
that this is an example of a method which is not stable in maximum-norm
even though it is Lo-stable. In fact, it can be shown that, if 0 < a2 < 1,
then

IERv]le < Cn'/Jo]lc,

and that this estimate is sharp in terms of the power of n. However, this
power is small and the effect of the instability is in general not noticeable.



192 12 Finite Difference Methods for Hyperbolic Equations

12.2 Symmetric Hyperbolic Systems

Much of what has been said in Sect. 12.1 generalizes to systems in one space
dimension,

ou ou
ot Ao

is a vector with IV components and A is a symmetric

inRXR.,.,

where u = (uy,...,un)T
N x N matrix.

For instance, the Friedrichs scheme now takes the form
(12.17) U™ (2) = (ExU")(z) = LT+ AU (z+h) + LT - XA U™ (z — h)
and the Lax-Wendroff scheme is

U™ (z) = (BxU™)(2) = 3(NA% + XA U (z + h)

12.18
( ) + (I = NAHU (z) + %(A2A2 — AU (xz — h).
The symbols of these operators now become the matrix-valued periodic func-
tions ~
E(§) =Icos€ +idAsiné,
and ~
BE(&) =1— M A% 4 X2 A%cos€ +iMAsiné,

respectively. These may be diagonalized by the same orthogonal transforma-
tion as A and one finds easily that the stability requirement in both cases is
that

A <1,

where | A] is the matrix norm subordinate to the Euclidean norm on R¥ | i.e.,

|Av|
Al =sup—— = max ;
| | 717618 |’U| G=1,..N ‘MJ"

where 1; are the eigenvalues of A.
For an example of such a system we consider the initial value problem

Pw 0w

— =a" —, in R x R+,
(12.19) ot? Oz

w(-,0) = wo, 88—1:(-,0) =wi, inR.

The second order hyperbolic equation may be reduced to a system by setting

ow ow
Uy =a—, Uy =

Ox T

These functions then satisfy
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8u1 8uQ 8%2 8U1

ot “or ot “on

i.e., we have for u = (uy, uz)",
ou Oal Ou
5= [a 0} 3z B R xRy,

(12.20) ,
u(-,0) = {“wo} , inR.
wy
Conversely, the solution of (12.20) determines the solution of (12.19).
Either of the two schemes (12.17) and (12.18) may now be applied to the
present system. Since the matrix in (12.20) has eigenvalues +a we rediscover
our standard stability criterion |a|A < 1.

We briefly turn to the case of more than one space dimension and consider
a symmetric hyperbolic system (or Friedrichs system),

d

ou ou

N4, iR xRy,
(12.21) ot ; 7 O, *

u(-,0) = v, in RY,

where u is an IN-vector valued function and the A; are symmetric NV x N ma-
trices. We recall from Sect. 11.4 that the corresponding initial value problem
is correctly posed in Ls.

We consider now an associated finite difference operator

(12.22) U () = (BpU™)(2) = Y agU"(z — Bh),
B

where 8 = (01, ..., 84) has integer components and the ag are finitely many
constant N x N matrices. With & = (&;,...,&4) € R? the symbol is now the
matrix

B(&) = age™¢, where §-€ = B+ + faka.
B

After Fourier transformation we have now
(U") (&) = E(rE)(U)(€), for n >0,

and hence R

(U") (&) = E(h&)"0(E).
It follows easily that a necessary and sufficient condition for stability in Lo
is that the matrix norm of the symbol satisfies

(12.23) |E@E)" <O, forn>0, &R
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In contrast to the scalar case it is not true for matrices that |A"| < C for
n > 0 implies |A| < 1, as the example

al]” a™ na™"!
22 o] [

with [a| < 1 shows. However, if (12.23) holds, it follows that for each eigen-
value \;(€) of E(€) we have |[\;(€)"| < C, for £ € R, n > 0, and hence

A€ <1, for & eR

This is referred to as von Neumann’s stability condition, and is thus a neces-
sary condition for stability in Lo. It is not a sufficient condition as illustrated
by the example (12.24) with a = 1.

A sufficient condition for stability in Ly is obviously

|E(€)] <1, for&e€R?

In order to be able to construct a stable difference scheme of the above
form we shall need the following result.

Lemma 12.1. Assume that ag are symmetric, positive semidefinite matrices
with 35 ap = 1. Then

|E‘(§)| = ‘Za,ge_wg‘ <1, foré&eR™
B

Proof. Let
N

(u,v) = Zujij, for u,v € CV.
j=1
Since ag is real, symmetric and positive semidefinite we see that the corre-
sponding bilinear form (agu,v) satisfies

(agu,v) = {agv,u), (agu,u) >0, foru,ve C".

Using these properties it is easy to prove the generalized Cauchy-Schwarz
inequality
agu, v)| < (agu, u)/?(agv,v)1/2.

(The proof of the standard Cauchy-Schwarz inequality works; this inequality
is a generalization because (agu,u)!/? is only a seminorm.) Hence, using also
the inequality 2ab < a? + b2, we have

{apu, v)| < 3{apu,u) + 3{agv,v).

Therefore,
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(E@©v,w)| < [{age™ v, w)|
S%Z agv, v) 2Za5ww = 1?4+ jw|*.
B

Taking w = E(£)v, we conclude
w]* < 3lvf* + 3lwl?,
which completes the proof. 0O

As an application, we take the Friedrichs scheme (of which we have seen
particular cases above)

Ut(z) = (E,U™)(x)
(12.25) - ;i {(é] + /\Aj)U"(x + hej) + (él - /\Aj)U"(Qj - hej)},

where e; is the unit vector in the direction of x;. This may also be written,
similarly to (12.15),

d
U™ =" A;0,,U" +

h d
3 2

and is thus, in particular, consistent with (12.21).
Now, if A is such that

N | =

. < mi )t
(12.26) 0<A< 121]12d(d|A]|)

then the coefficients of (12.25) are positive semidefinite and hence the lemma
shows stability in Ls.

For instance, for the system
Ou 1 0] du n O 1 ou
ot o 0— 8%‘1 8$2
the condition (12.26) reduces to 0 < A < 1/2. In this particular case

E(€) = 3I(cos & + cosés) + M [ziﬁg _Slsrllle] ;

which is a normal matrix (one which commutes with its adjoint). For such a
matrix its norm equals the maximum modulus of its eigenvalues, and using
this one may prove that |E(€)| < 1 for A\ < 1/v/2, which is less restrictive a
condition in this case than the above condition based on the lemma.

The Friedrichs scheme is again only first order accurate. In fact, it may
be shown that schemes of the form (12.22) with ag positive semidefinite may
in general only be accurate of first order.
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12.3 The Wendroff Box Scheme

In this final section we shall describe the second order Wendroff box scheme,
which is suitable for mixed initial-boundary value problems and also for sys-
tems in the case of one space dimension.

We consider thus the initial boundary value problem

%—l—a%—&—bu:ﬂ in 2 xJ, where 2=(0,1), J=(0,T),
U(O,) =9, on J7
u(+,0) = v, in £2,

where a,b, f, g, and v are smooth functions with a positive and where g(0) =
v(0) for compatibility at (z,t) = (0,0). Note that since a is positive the
boundary values have been prescribed on the left boundary.

With U the value of the mesh function at (v;,t,) = (jh,nk), 0 < j <
M, 0<n <N, where Mh =1, Nk =T, we define also
Ujyi2 = 2(U; + Uj1) and UTV/2=Lwm +Uunth,

J

and 1o
n+ n n+1 n n+1
Uibe = 107 + U7+ Uy + UFD).
The Wendroff box scheme is then
ULy j + a0 U 240U 2 =, 0<j< M, 0<n<N,
(12.27) Ul =G™ = g(t,), 0<n<N,

Uj = Vj = v(z)), 0<j<M,

where a,b, and f are evaluated at (;11/2,%n41/2). The difference equation
may also be written

n+1 n+1 n n n+1 n n+1 n
Ui + U —Uf = 4, Ui +Uf - U = U

Jj+1 J a
2k 2h
(12.28) ntl 1 " "
erUj +Uj+1+Uj+ j+1*f'
4 - b

and we see by symmetry that it is second order accurate. This equation may
also be expressed as

(14 aA+30R) U = (14 aX — 30k)UT + (1 — a — $0k)UT,

(12.29) X )
— (L —aX+ 3bk)US™ +2kf,  where A = k/h.

This defines the solution at (z;41,t,+1) in terms of the values at (z;,%,),

(zj41,tn) and (2, tn41). Given U™ one may therefore find U explicitly in

the order Uy = gL, Uyt ugtt L Ut
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We shall show the stability of this method in the discrete Lo-norm

M
/
W= (132 v2) "
j=1

197

and restrict ourselves, for simplicity only, to the case that a is constant and

b= f =g =0. In this case (12.28) reduces to

1 —a\
n+1 n n+1
U]le U 1+ )\( jJrl U * )
and we shall show
(12.30) NU™n <CIV|p, for0<t,<T.

n+1/2

i+1/2 and note that

For this purpose we multiply (12.27) by U

n n+1/2
Ujs 12 Uj+1//2 = 300U )%,

and

n+1/2 n+1/2 n+1/2\2
aﬂ”Uj Uj+1/2 - %8$(Uj ) )

so that we obtain

OU}1/2)* + 0B (U] T12) = 0.

After summation over j =0,...,M —1, m=0,...,n — 1 and multiplication

by hk this yields, for n < N,

M-1 M—-1
3 ok SR 0 X U ok 0
j=0 7=0

1/2
which implies, since we have assumed U, m+1/ =0,

(12.31) h Z (U} + UML) < CVII.

Similarly, multiplying (12.27) instead by

hkd,0,U} = UMK — U — U7, + U7,

we obtain after a simple calculation

(12.32) h Z = U2 <OV

Together, (12.31) and (12.32) complete the proof of (12.30).

The stability and the second order of accuracy imply second order con-

vergence, provided u is smooth enough, i.e.,

U™ —u"||p, < C(u)h?, for k/h = X\ = constant.
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12.4 Problems

Problem 12.1. Prove that the Friedrichs scheme for (12.1) is stable in the
maximum norm if and only if |a|A < 1.

Problem 12.2. Show (12.16) and hence that the Lax-Wendroff scheme is
stable in Ly if and only if |a|A < 1.

Problem 12.3. Let Ej be an explicit finite difference operator defined by
(ELV); Z apVi_p.

(a) Show that

1BV [loop < Cllvlloon,  with C =" Jayl,

p

and that this inequality does not hold with any smaller constant.
(b) Show that (E}V); = >_, anpVj—p, where

1 "= n i
= 5 / B()" e de,

with E(€) = PP aje” ¢ the symbol of E.
(c) Show that Fj is maximum-norm stable if and only if

Z lanp| < C, Vn>0.

p

Problem 12.4. Prove that the Lax-Wendroff scheme is unstable in the max-
imum norm if |a|A > 1. Hint: Problem 12.3.

Problem 12.5. Recall from Sect 7.1 that for an m x m matrix M one can
define exp(M) = Z;OO j,M Consider the symmetric hyperbolic system
Ou/ot = Adu/0x.

(a) Show that a finite difference scheme for this system of the form (cf. (12.17)
and (12.18))

(ELV); Zap AV,
is accurate of order r, r = 1,2, if
E(€) = exp(iXAE) + O(¢™™), as € — 0.

(b) Check this condition for the Friedrichs and Lax-Wendroff schemes (12.17)
and (12.18).
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Problem 12.6. Discuss the meaning of the CFL condition for the initial-
boundary value problem in Sect. 12.3 and show that it is satisfied for the
Wendroff box scheme defined in (12.27).

Problem 12.7. (Computer exercise.) Apply the Wendroff box scheme to the
problem in Example 11.8 with h = k = 1/10 and h = k = 1/20. Calculate
the errors at (1,1/2).






13 The Finite Element Method for Hyperbolic
Equations

In this chapter we apply the finite element method to hyperbolic equations.
In Sect. 13.1 we study an initial-boundary value problem for the wave equa-
tion, and discuss semidiscrete and completely discrete schemes based on the
standard finite element discretization in the spatial variables. In Sect. 13.2
we consider a scalar partial differential equation of first order in two indepen-
dent variables. We begin by treating the equation as an evolution equation
and show a nonoptimal order O(h) error estimate for the standard Galerkin
method. Looking instead of the associated boundary value problem as a
two-dimensional problem of the type treated in Sect. 11.3, we introduce the
streamline diffusion modification and demonstrate a O(h3/?) convergence es-
timate. We finally return to the evolution aspect and combine streamline
diffusion with the so-called discontinuous Galerkin method to design a time
stepping scheme by using two-dimensional approximating functions which
may be discontinuous at the time levels.

13.1 The Wave Equation

In this section we briefly discuss some results concerning semidiscrete and
completely discrete schemes for the following initial-boundary value problem
for the wave equation,

utt—Au:f, iIl.QXR_;,_,
(13.1) u=0, on I' x Ry,
u(-,0) = v, w(-,0) = w, in (2.

As often earlier we assume that 2 C R? is a bounded convex domain whose
boundary I" is a polygon, and denote by S, C H} a family of spaces of
piecewise linear finite element functions in the spatial variables.

The semidiscrete analogue of (13.1) is then to find up(t) € Sy, such that,
with our previous notation, in particular with a(v, w) = (Vov, Vw),

(Uah,tth) + G(Uh,X) = (f7 X)) VX S Sha fOI' t > 07

(13.2) up(0) = vp, up,(0) = wp.
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This is an initial value problem for a system of ordinary differential equations
of second order for the coefficients of uj, with respect to the standard basis
{@;}00 of Sy If

My,
un(@,t) = > a;(t)P;(x),
j=1
then (13.2) is equivalent to

Ba”(t) + Aa(t) = b(t), fort >0,

where the elements of B, A, and b are by; = (P, Pr), ar; = a(P;, Pr), and
br, = (f,Py), respectively. The initial conditions are

a(0) =8, o'(0)=1,

where
My, Mp,
vy = E Bi®;, wn = E v 9P;
j=1 j=1

We begin by showing a discrete version of the energy conservation result
in Theorem 11.2.

Lemma 13.1. Let up, be the solution of (13.2) with f =0. Then
lun e (O + [un ()] = llwnl* + [onlt,  fort > 0.

Proof. Choosing x = up in (13.2) we have

d
L2 (lunal® + unl?) = 0,

from which the result immediately follows. a

We now show the following error estimate, where R;, denotes the elliptic
projection defined in (5.49).

Theorem 13.1. Let up and u be the solutions of (13.2) and (13.1). Then
we have, fort >0,

Jran.o(8) = ()] < C(Jon = Ruvly + lwn — Ruwo]))
t
+ O (Jur®lla + [l ds),
0
s (t) = w®) < € (Jon = Ruvls + [[wn — Byl
t
+ O (@) + |l ds).
0
[un(®) = u®ls < C(Jon = Ruvly + [wn — By

t
+ Ot + [ el ds):
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Proof. Writing as usual
up —u = (up, — Rpu) + (Rpu —u) = 0 + p,
we may bound p and p; as in the proof of Theorem 10.1 by
(13.3) eI+ hlpt)r < Ch2[lu@®)l2, @)l < Ch?[lus(t)]l2.
For O(t) we have, after a calculation analogous to that in (10.14),
(13.4) (0ee, x) + a(0,x) = —(pet, x), VYx € Sp, fort>0.
Imitating the proof of Lemma 13.1, we choose x = 6;:
14
2dt

After integration in ¢ we obtain

(||9t||2 + |9|%> < lpeell [16¢]]-

t
10:0)I1* + [0()F < 116:(0)]* + [6(0) 3 +2/0 l[oee |l [|60¢]] ds
t
< [10:(0)]1* + 16(0) 3 +2/ [[oee|l ds max |6,
0 s€[0,t]

2 2 4 2 1 2
< 16:00)12 +1000)7 +2( [ Nl ds)”+ 3( max foul)
0

s€[0,T]

for t € [0,T]. This implies

1 2 2 2 4 2
3 max 10:]1) < 16.0)11% + 10003 +2( / lpul ds)

s€[0,T]

and hence
T 2
6401 + 106 < 216001 + 20600 +4( [ lpal ds)

for t € [0,T]. In particular this holds with ¢ = T where T is arbitrary. Using
also bounds for p;; similar to (13.3), we obtain

6.0 + 6@ < (N +10(0)1 )
t
< C(Jlwn = Ruw| + lon = Ruvly ) + ChZ/O luee |2 ds,
and
t
00l < (lun — Byl + on = Racl) +Ch [ a1 .

Together with the bounds in (13.3) this completes the proof. O
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We remark that the choices v, = Rpv and w, = Rpw in Theorem 13.1
give optimal order error estimates for all the three quantities considered, but
that other optimal choices of v;, could cause a loss of one power of h, because
of the gradient in the first term on the right. This can be avoided by a more
refined argument. The regularity requirement on the exact solution can also
be reduced.

We shall now briefly discuss the discretization also in time, and let U™ €
S}, denote the approximation at time ¢,, = nk, where k is the time step. One
possible method is then to determine U™ for n > 2 by posing for n > 1 the
equations

(13.5) (8:0,U",x) + a(3(U +20" + U™ 1), x) = (f(tn),x), VX € Sh,

where U° and U! are given approximations of u(0) = v and u(t;), respec-
tively. The choice of the average in the second term is motivated by a combi-
nation of stability and accuracy considerations. As regards stability we show
the following fully discrete analogue of the semidiscrete energy conservation
law of Lemma 13.1, where we define U"t1/2 = (U™ + U"1) /2.

Lemma 13.2. We have for the solution of (13.5), with f =0,
0.0 > + (U123 = |9,U°|° + U2, forn > 0.
Proof. We apply (13.5) with
Y= i(U"""l _ Un—l) — l(a U +9 Un—l) — E(Un+1/2 _ Un—1/2)
2k 24" ! k '
With this x we have
- 1 _ n n— 1 n
(8t8tU”,X) = %(BtU" — atU" 1,6tU +(9tU 1) = §8t|\8tU ||2
and

1
a(%Un-H + %Un + iUn—l’X) — ﬂa(Un-i-l/2 + Un—1/2’Un+l/2 _ Un—1/2)

1
SO,
Hence B
B (0:U™|* + |UmH2) = 0,
from which the result follows. a
Using this stability result together with direct analogues of the arguments

in the proof of Theorem 13.1 one may show the following, where we use our
usual notation 8" = U™ — Rpu(t,). We leave the details to Problem 13.4.
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Theorem 13.2. Let U™ and u be the solutions of (13.5) and (13.1), and
assume that the initial values U and U' are chosen in such a way that

10:6°] +16°1 + 161 < C(h* + K2).

Then, under the appropriate reqularity conditions for u, we have, with C(u,t)
nondecreasing in t,

U2 =ty + R+ 10.U™ = witn + 5F)|| < Clu, tn)(h* + k),

and
U2 —u(ty + 3k < Clu,ta)(h+ k), forn >0,

The conditions for the initial values may be satisfied by taking U° = Rjv
and U = Ry, (v + kw + $k%uy (0)), where uy(0) = Av + f(0).

Although Theorem 13.2 estimates the error at the points ¢, + %kz it is clear
that optimal order approximations at the points ¢, may also be obtained,
since, e.g.,

13U 420" + U™ — ulty)|
<0~ ultn + 3) |+ U~ ulty — )
+ ”%(u(tn + %k) + u(tn - %k)) - u(tn)H < C(uvt")(h2 + k2)'

13.2 First Order Hyperbolic Equations

We begin by considering the initial-boundary value problem, cf. Example
11.7,

Uy + Uy = f, in 2=(0,1), fort>0,
(13.6) u(0,t) =0, for t > 0,
u(-,0) = v, in £2.

With 0 =29 < 21 < --- <2y =1 and K; = [zj_1,x;], we shall seek an
approximate solution in the space

(13.7) Sy, ={xe€cC(2):xlinear in K;, j=1,...,M, x(0)=0}.

Note that we require the functions in S; to vanish at = 0, i.e., on the
spatial part I , of the inflow boundary, but not at z = 1, which is part of
the outflow boundary.

The spatially discrete standard Galerkin method is then to find ux(t) €
S, for t > 0 such that

(uh,t + uh,l‘ax) = (f7 X)a VX € S}:v t> 07

(13.8) up(0) = vy = v.
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In terms of the standard basis {®; }gvil of hat functions this may be written
in the form

Bd'(t) + Aa(t) = f, fort >0, with «(0) =7,

where as usual B is the symmetric positive definite matrix with elements
br; = (P;,Pr), so that, in particular, the problem has a well defined so-
lution for ¢ > 0, but where the matrix A with elements ax; = (@;,@k) =
—(?},,9;) = —aj is now skew-symmetric.

We begin to show the stability of this method, and choose x = wu in
(13.8). This gives

d
%@Illthll2 + (e, un) = (f;un) < [ f1 luall
Here .
(Uh,z,up) = %[u,ﬂo = %uh(l)Q >0,
and thus p
— <
Sl < 171,
so that after integration
t
(13.9) lun (Il < lonll + / If]lds, for ¢ > 0.
0

We now show an error estimate.

Theorem 13.3. Let up, and u be the solutions of (13.8) and (13.6). Then,
with vy, suitably chosen, we have

t
lun(t) = u(@®)ll < Ch(|lo] + / (lulla + lfuella) ), for ¢ > 0.

Proof. With I}, the standard interpolation operator into Sj, we write
up, —u = (up, — Ipu) + (Ipu —u) = 6 + p.
Here by Theorem 5.5

t
Ioto)] < Chlue)lh < Ch(vls+ [l ds).

which is bounded as desired. By our definitions we have § € S, and
(01, x) + (02, x) = —(w, X), VX €ES,, withw=p;+ ps.

From the stability estimate (13.9) and Theorem 5.5 we conclude, if vy, = Iv
so that 6(0) =0,

t t t
100 < [ (ll+ ol s < Ch [l s+ [ ds.

This completes the proof. ]
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We note that the error bound is not of optimal order O(h?) because the
bound for #(t) contains the derivative of the interpolation error.

This analysis of the spatially semidiscrete problem may be carried over
to fully discrete methods. We exemplify this by the backward Euler method,
i.e., with our standard notation,

(B:U"x) + (UF,x) = (f".x), VYx€S8,, n>0,

13.10
( ) UO — Vp.

Now the stability bound is (Problem 13.5)
(13.11) 00 < onll + £ D1 forn >0,
j=1
and the error estimate reads as follows.
Theorem 13.4. Let U™ and u be the solutions of (13.10) and (13.6). Then,

with vy, suitably chosen, we have for n > 0,

[ tn
0"~ utt)l < Ch(llols + [ Qe+ ) ds) + [ fusl ds.
0 0
Proof. This time 0™ = U™ — I,u™ satisfies, with u” = u(ty,),

(30", ) + (07, ) = =(@", x), VX €S,
where w" = 0;p" + pl¥ + (uf — Opu™).

The only essentially new term in w”™ is the last one, which is bounded by

tn tn
Jup =0 = || [ (s =ty ua(o)as]| <k [ uads.
tn—1 tn—1

Using the stability estimate (13.11) completes the proof. a

In order to proceed further with finite element methods for equations of
first order we temporarily abandon the evolution aspect and consider the
two-dimensional problem, which we discussed in Sect. 11.3,

a-Vu+au = f, in £,

(13.12)
u =g, on [,

where, for brevity of presentation we assume that the velocity field a =
(a1, ...,aq) and the coefficient ag are constant with ag > 0, and where we
recall that we have defined the inflow and outflow boundaries by

,:{:L“EF:a-n<0}7 F+:{x€F:a-n>0}.



208 13 The Finite Element Method for Hyperbolic Equations

We shall keep track of the dependence on the constant ag in our estimates
below but assume that it is bounded above.

We now discretize this by means of a standard two-dimensional finite
element method. As in Sect. 5.2 we assume that 2 C R? is a bounded
convex domain whose boundary I is a polygon, and we let S;, be a family
of spaces of piecewise linear finite element functions with respect to a family
of triangulations of {2, without imposing any boundary conditions on the
functions in Sj,. Thus, instead of S, C H}, we now have S, C H'. We will use
the interpolation operator Ij, defined in Sect. 5.3 and recall the interpolation
error estimates

(13.13) | Ihv —v|| < Ch2||v||2,  |[Thv — o]y < Ch|jv|2.

Finally, we assume that the triangulations are matched to the boundary so
that the inflow boundary is exactly a union of triangle edges and set

S}::{XeShzxzoonF,}.

We emphasize that the norms in (13.13) are taken over the two-dimensional
domain (2.

The standard Galerkin finite element method for the present problem is
then to find u; € Sy, such that

(a'vuh7X)+a0(uh7X):(faX)v VXGS;?’

(13.14)
up = gn = Ing, onI_,

where the inner products are now over the two-dimensional domain f2.
Using Green’s formula we have the identity (recall that a is constant)

(13.15) (a-Vv,v) = 1(a-nv,v)pr = %\v|2p+ — 13,

where we have introduced the weighted norms

‘/U|%i = i(a-nv,v)pi :/ |a-n|v2 ds.
Iy

We consider now a solution wy, € Sp, of (13.14), which satisfies the ho-
mogeneous boundary condition wy = 0 on I'_. Since wy, € S,  we may then
choose x = wy, to obtain, in view of (13.15),

slwnl, +aollwnl* = (f, wn).

For f = 0 this immediately shows that w, = 0 and hence the uniqueness
of the solution of (13.14), and therefore also the existence. We also easily
conclude the stability estimate

(13.16) w7, + aollwnl* < CIIf|I?,  with C =1/ag.

We continue our discussion by proving the following simple error estimate.
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Theorem 13.5. Let up and u be the solutions of (13.14) and (13.12). Then
we have
[un —ull < Chljull2.

Proof. We write up, —u = (up, — Inu) + (Inu — u) = 6 + p. Then, in view of
(13.13), we have

(13.17) ol + Bllolls < CA2Julls.

In order to estimate 6 we note that # € S, and, by (13.14) and (13.12),

(13.18) (a-VO,x)+ao(0,x) =—(a-Vp+agp,x), VX€ES,.

Since § € S, the stability estimate (13.16) together with (13.17) shows
612, + aollo)> < CUIVoI? + l6ll?) < Ch2Jul,

which completes the proof. 0O

We observe that, as in Theorems 13.3 and 13.4, the error estimate of
Theorem 13.5 is of non-optimal order O(h), as a result of the fact that the
gradient of the interpolation error occurs on the right hand side of (13.18),
and it is known that this error bound cannot be improved. Nevertheless,
this means that the standard Galerkin method works adequately when the
solution is smooth. However, solutions of (13.14) need not be smooth and
experience shows that the method then performs less well, and may, for ex-
ample, produce oscillations near layers where the solution changes rapidly.

In order to reduce such oscillations one may add artificial diffusion, as was
done to obtain the Friedrichs scheme from the unstable scheme (12.15). The
standard Galerkin method with artificial diffusion is to find u; € Sj such
that

(a'vuhaX)+QO(Uh»X)+h(VUh7VX) = (va)a VXE S;

(13.19)
up = gn = Ing, on I_.

This method is consistent with the elliptic equation a - Vu + agu — hAu = f,
and the error is therefore still expected to be O(h) for smooth solutions, see
Problem 13.6, and for non-smooth solutions the method has been observed
to smoothen discontinuities more than desirable.

More elaborate ways of adding diffusion have been developed. We now
describe one such method, the so-called streamline diffusion method, which
is to find uy, € Sy, such that

(a-Vup + apup,x +ha-Vx) = (f,x +ha-Vy), Vx €5, .

(13.20)
Up = gn = Ing, on I_.

We note that the exact solution of (13.12) satisfies
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(13.21) (a-Vu+agu,x +ha-Vx)=(f,x +ha-Vx), VxeS,,

which means that (13.20) is consistent with (13.12). This method is an ex-
ample of a Petrov-Galerkin method in that we have chosen to multiply the
equation by test functions other than those in Sj,.

The rest of this section will perhaps require a little harder work to get
through than has been the case with what we have presented earlier, but we
include this material because we think that it illustrates the difficulties in
applying the finite element method to first order hyperbolic equations.

We begin by discussing the stability and restrict ourselves again to a
solution wy, € S, of (13.20), thus vanishing on I"_. We then choose x = wp,
and use (13.15) and ab < a? + 1b% to obtain

(13.22) %(l—i-mzo)|wh|%+ +agllwp||* 4k |la-Vws||? = (f,wn)+h(f,a Vwy).

As before this implies uniqueness and existence of solutions to (13.20) by
setting f = 0. Using the Cauchy-Schwarz inequality in the obvious way and
hag > 0 this yields the stability estimate

(13.23) wnlT, + aollwnl? + hlla - Vwn|® < (ag" + R)| £II*.

Note the extra stability given by the presence of the term hlja - Vwy,||?. We
may interpret this by saying that the method adds artificial diffusion, but
only along the characteristic curves (streamlines).

For the error analysis we shall also need a somewhat stronger stability
estimate for the case that f has the form f =a - VF, which reads

(13.24) lwn|F, + aollwa | + hlla- Vwa|* < C(RF|F + A~ F)?),
where C' is independent of ag. Starting again with (13.22) we have now

hl(f,a-Vwp)| = h|(a- VF,a-Vwy)| < 1hlla- Vwy|* + Ch||F|.
Moreover, by Green’s formula,

(f,wn) = (a-VF,wy) = (a-nF,wy)r, — (F,a-Vwy),
and hence
[(F )| < O, + Y, + = FIP + dhlla- V.

Using the trace inequality
(13.25) FI2., < CIFIIF: < ChIFIZ + ChY|FI12,

cf. Problem A.16, the proof of (13.24) is completed as in (13.22).

We are now ready for the following error estimate which shows an im-
provement of half a power of A compared to the standard Galerkin method.
We also remark that the error in the flux is of optimal order, ||a-Ve|| = O(h).
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Theorem 13.6. Let up and u be the solutions of (13.20) and (13.12). Then
we have for e = up — u,

lelry +ag?lell + 12 [la - Vel| < Ch*2|Jul],.

Proof. We write again up — u = (up — Inu) + (Inu — u) = 6 + p and have
using (13.17) and (13.25)

oI, +aollpl® + hlla-Vol* < C(hlpl + 2 pl?) < Ch?[|ull3.
This time we have by (13.20) and (13.21),
(a-VO+apl,x +ha-Vx)=—(a-Vp+aop,x+ha-Vx), YxeS,.

Choosing x = 6 € S, we conclude from (13.23) with f = agp and (13.24)
with F' = p, together with (13.17), with the last C' depending only on an
upper bound for ag,

161F, + aoll0]|* + hlla- VO[> < C(aollpl® + Aol + R Ipl?) < CR®|lul)3,
which completes the proof. a

The error estimate of the previous theorem thus shows that streamline
diffusion performs slightly better than the standard Galerkin method for
smooth solutions, but the main reason for its use is that it performs better
for non-smooth solutions, due to the fact that artificial diffusion is added
only in the characteristic direction so that internal layers are not smeared
out, while the added diffusion removes oscillations near boundary layers. We
shall not go into the details.

The result of Theorem 13.6 is valid also when ag = 0. In this case the
problem (13.12) still admits a unique solution, since the uniqueness, and
hence the existence, again follows directly from (13.22) with f = 0. We have
assumed ag > 0 in order to be able to bound the error to order O(h*/?) in the
Ly-norm. One may easily show the Poincaré type inequality ||w| < Clla-Vuw||
for w = 0 on I'_, and hence, in the absence of an estimate for ||e|| we then
have to be content with a O(h) error bound in Lg-norm. We still have a
O(h?/?) error bound on I';, and in our next result we will solve the problem
in a sequence of domains in such a way that the bounds on the corresponding
Iy will result in a global O(h?/?) error bound.

The above approach thus treats the first order hyperbolic problem as
a two-dimensional one, and, in particular, solves the discrete equations si-
multaneously for all the nodal values of the solution. Applied to the initial-
boundary value problem (13.6) the evolution aspect is therefore lost. We shall
now turn to a modification that retains the advantages of the streamline dif-
fusion method, but recovers the time stepping character. This will be done by
dividing the domain 2 x R into strips parallel to the z-axis, and then using
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approximating functions which are allowed to be discontinuous when passing
from one strip to the next. This method is referred to as the discontinuous
Galerkin method.

Considering thus the initial-boundary value problem (13.6), we use as
earlier the partition of 2 defined by 0 = 2y < 21 < -+ < zpy = 1 and
introduce now also a partition 0 = tg < t; < ... of Ry. We assume, for
simplicity, that both partitions are quasi-uniform, and that the increments
in space and time are of the same magnitude. Setting h; = z; — x;_1, k; =
t; —tj—1, and h = maxh;, k = maxk;, this means that ch < h; < b,
ck < k; <k, for all j, with ¢ > 0, and that ch < k < Ch. These partitions
in space and time define a partition of Q = {2 x R into rectangles. These
could be further subdivided into triangles by means of diagonals with positive
slopes, say, to form a triangulation which would permit application of our
above discussion of the streamline diffusion method on any finite interval in
time. We shall use the undivided rectangles in our analysis, and define, with
Mn = (tn—lytn)7

t— tn—l
kn

ty, — 1
@)

for t € M,,, witha", (" € S;},

Shi = {V(x,t) — a"(z)

where S, denotes the piecewise linear space defined in (13.7). Note that
V € S, may be discontinuous at ¢, and that V," ;, = V(t}_ ) =", V, =
V(t,) =a™, and Vi(t) = (o™ — ™) /k,, for t € M,.

The discontinuous Galerkin method with streamline diffusion for the solu-

tion of (13.6) is to find U € Sj, i, such that U, = vp, and then, forn=1,2,...,

[ O+ U O ) e+ U6
(13.26) M
— [ (o b ) A+ (U ) YXE S,
where the inner products are over the one-dimensional interval {2. We note
that if f and U,_; vanish, then we may choose x = U to conclude easily
that U = 0 on £2 x M,,. Hence this equation can be solved for U, and U} |,
if U,_, is given together with f on {2 x M,,, and the method is therefore a
time stepping procedure.

We remark that the local equation (13.26) is of the form (13.20) on the
domain {2 x M,,, with the boundary condition U = 0 on I_ ,, but with
the boundary condition U, , = U, _; on I'_, only weakly imposed, see
Problem 13.7.

By adding the equations in (13.26) and the initial condition (U; —
Vh, X(T ) = 0 we can write the equations on @ in weak form as

Bn(U,x) = Ln(vn, f;X), VX € Sh, forn>1,
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where, with [v]; = v;r -y,
n n—1
Bme>=§j/ (00 + v 0 + B +w2)) dt + 3 (g, wF) + (0 wd)
j=17M; j=1
and
(13.27) LMmﬁw%:wm€)+§;/(ﬁw+h@a+wdﬁﬁ
j=1"M;

We note that since the exact solution is continuous in time, and thus the
jump terms vanish, it satisfies

(13.28) By (u,x) = Ln(v, fix), VX € Spx, forn>1.

By integration by parts we can write B,(-,-) as

Bn(va IU) = Z /I\/Iv <('U7 —W¢ — U}w) + h(’[}t + Vg, Wi + wz)) dt
(13.29) ]‘:H ! t
+ ) (o), —[wl) + (v wy,) +/ o(1,H)w(1,t) dt.
Jj=1 0

By adding the two forms of B, (-, -), using v; = v}

. —[v];, we obtain for w = v

n—1 n
Bu(v,v) = o, 17+ 5 ) Il + hZ/ o + v ||* dt
(13.30) j=1 j=1" M

tn
+ %HUSFH2 + %/0 v(1,t)? dt.

We now turn to the error analysis.

Theorem 13.7. Let U and u be the solutions of (13.26) and (13.6). Then,
for vy, is suitably chosen, we have for e = U — u,

n—1 n
e 117+ lfel;|I? +hZ/ les + e dt
j=1 j=1YM;

tn
SM#(M%MW%WW,W@&
0

(13.31)

We remark that the first term on the left shows a O(h%/?) estimate for the
error to the left at ¢,. Since the jumps at the time levels are bounded in

the second term, the error to the right at ¢,, e} = e, + [e],, is also of

order O(h%/?), and we may conclude that this holds everywhere on M,,, since
e(t) =k~ (t—tn_1)e; +k1(t, —t)el | + (w(t) —u(t)), where @ denotes the

n
linear interpolant of u so that the last term is O(h?).
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Proof of Theorem 13.7. The proof proceeds in a way similar to that of The-
orem 13.6 and all terms that occur below have their counterparts there. Let
I}, denote the interpolation operator into S, and J the piecewise linear
interpolation operator in time. We write

U-—u=U-u)+ (u—u)=0+p, whereu=Jylpu.

Note that @(-,t) is continuous in time. In view of (13.30) it suffices to bound
B, (e, e), and we note that

B, (e,e) <2B,(0,0) + 2B, (p, p).

We begin by bounding the first term on the right. We find in view of (13.28)
and (13.26), for any x € Sp, k,

Bn(ga X) = Bn<Ua X) - Bn(ﬂ7 X) = Ln(Um f; X) - Bn(ﬁv X)
= Ln(”ha f; X) + (Bn(ua X) - Ln(va f; X)) - Bn(ﬂ? X)
= (vn = v,X5) = Ba(p,X) = (€0, X5 ) = Ba(p, X) = —Bu(p: x);

where we have now chosen the initial value v, = P,v so that (eg, xg) = 0.
Setting x = 6 and using (13.29) for B,(:,-), we conclude

Bn(0,0) = [Bu(p, 0)| < Z/M (ol + Rllpe + pall) 1162 + 0] dt
j=1 J
n—1 tn
+ 2 lesll 1811+ llpall ||9EII+/0 (L, 0)[0(1,2)| dt
j=1

tn n
<1.0.0)+ 01 [ ol Y Iy P + OB (o)

J=1

Here we noted that p is continuous in time so that p,, = p,. To complete the
proof we kick back B, (6,0) and then bound the last three terms appropri-
ately. Note first that, by (13.30),

tn

tn
Bu(p0) = $loall 4 b [l gl Sl + 4 [ ot
We write
p=Jdplhu—u=Jy(Ipu—u)+ (Jyu—u) = Jpn + w.
Using the standard estimates for Jj, with ||’UH?WJ = fMj | v]|2 dt,

170 = vllag, + Eil| Do = 0)lar, < ORI Divllag,,  for s = 1,2,
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and since the partitions are quasi-uniform, with A and k of the same order of
magnitude, we get

3 / (W w2 + hllwe |2 + hllws 2) dt
j=17M;
tn tn
< Ok + hi?) / et |2 dt + ChR? / e |2 dt
0 0

tn
gmﬁ/o (luwaell® + [Juel|7) .

Next we note that ||Jxn(t)| < maxgens, [[7(s)|| for ¢ € Mj, and use a trace
inequality from Problem A.12, to see that

I < Ck;t /M Il dt + Cky /M P dt
(13.32) ! !
§Ch3/ (lal3 + llwel?) e, for ¢ € M;,

J

so that . .
hot / | Jen|? dt < OB? / (el + [lue]12) .

In a similar way, using

ICTeme (Ol = k57 Inj = ny-a | < 25" max (s, for ¢ € M,

we get

n tn
hZ/M (ICTem)e |12 4 1(Tem)ell?) dt < Chg/() (3 + [l 1) dt.
j=1"M;

Further, from (13.32),

n n tn
ST llosl2 =3 Il < on® / (lll3 + [lue]?) dt.
j=0 =0 0

Finally, using again a trace inequality from Problem A.12, we get

tn tn tn
/0 (L 1) dt = / w(L0)Fdt < C / () (-, )]s e

co( [ tuzae [z an)”
< . ||UttH ) ||Ut||1

< Chg/ (”UttH2 + Hut”%) dt.

M;

This completes the proof. a
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13.3 Problems

Problem 13.1. Consider the initial-boundary value problem

Uty = Ugg, xz € (0,1), t >0,
u(0,t) = u(1,t) =0, t>0,
u(z,0) = v(x), w(z,0)=w(z), z € (0,1).

For the numerical solution by the Galerkin finite element method, consider
the piecewise linear continuous functions based on the partition of [0, 1] into
M intervals of equal lengths h = 1/M. Find the matrix forms of the semidis-
crete and completely discrete methods analogous to those described above in
(13.2) and (13.5).

Problem 13.2. (Computer exercise.) Solve the initial-boundary value prob-
lem in Problem 13.1 with v(z) = 0, w(x) = sin(27x) using M = 10, 20 and
the time stepping method in (13.5) with £ = 1/10, 1/20, and compare with
the exact solution given in Sect. 11.2 at time ¢ = 3/4.

Problem 13.3. Write the wave equation (13.1) as a system of two equations
of first order in time by setting w; = u, we = wus. Discretize this system by
means of the standard finite element method in the spatial variables and by
means of the Crank-Nicolson method in the time variable. Show, by elimina-
tion of W3, that the resulting scheme is essentially the same as (13.5). Prove
stability in the case f = 0. Compare with Lemma 13.2. Hint: Multiply the

system by (Wlnfé, —AhWQTF%).
Problem 13.4. Prove Theorem 13.2.
Problem 13.5. Show the stability bound (13.11).

Problem 13.6. Prove stability and error estimates for the standard Galerkin
method with artificial diffusion (13.19).

Problem 13.7. (Weakly imposed boundary condition.) The boundary con-
dition v = ¢ is imposed strongly in (13.14) and (13.20). It is also possible
to impose the boundary condition weakly in the standard Galerkin method:
Find up € S} such that

(Cl' VU}HX) + (ClO'U;}“X) - ((Z 'nuhaX)Ff = (fyX) - (a'ngaX)F77 vX S Sha

and in its streamline diffusion modification: Find uj, € S} such that

(a-Vup,x +ha-Vx)+ (aoun, X + ha - Vx) — (a-nup, x)r_
=(fix+ha-Vx)—(a-ng,x)r_, Yx € Sh-

Prove stability and error estimates for these methods.
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Numerical methods other than finite difference and finite element methods,
but often closely related to these, have been developed and are also of inter-
est. In this chapter we review briefly four such classes of methods, namely
collocation methods, spectral methods, finite volume methods, and boundary
element methods.

14.1 Collocation methods

In a collocation method one seeks an approximate solution of a differential
equation in a finite dimensional space of sufficiently regular functions by
requiring that the equation is satisfied exactly at a finite number of points.
We describe one such method for the parabolic model problem

Up = Ugy in 2=(0,1), fort>0,
u(0,t) = u(l,£) =0 for t > 0,
u(-,0)=v in £2.

Setting h = 1/M, x; = jh for 0 < j < M, and K; = [z;_1,z;], we introduce
the piecewise polynomial space

Sp={veC'(2):v|, €1, v(0)=v(1)=0}, withr>4.

Letting &, @ = 1,...,7 — 2, be the Gauss points in (0, 1), i.e., the zeros of
the Legendre polynomial P,_y(z) = P,_(2z — 1), re-scaled from the interval
(—1,1) to (0,1), we define the collocation points z;; = x;_1 +h¢; in K, and
pose the spatially semidiscrete problem to find wy(-,t) € Sy, for ¢ > 0 such
that

(14.1)  ups(xjit) = upza(zjs,t), for1<j< M, 1<i<r—2 t>0,

with up(-,0) = v, € Sp, an approximation of v. This method may be consid-
ered as a Galerkin method using a discrete inner product based on the Gauss
quadrature rule. In fact, letting w; be the weights in the Gauss formula

r—2 1
i i) =~ dz,
> wiol6) / () d
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which is exact for polynomials of degree at most 2r — 5, we set

M r—2

(14.2) (W, X)n =h Y Y with(aji) x(@j0) = (1, x),

j=1i=1
and we may then write (14.1) as
(un,t, X)n = (Un,zz, X)p =0,  Vx € Sp, t> 0.

For vy, appropriately chosen one may show the global error estimate

l[un (t) — u(t)]c < C’h"{ max [[u(s)lr+2 + (/Ot e ()72 ds)m}

Further, for » > 4, and with a more refined choice of initial approximation
vy, superconvergence takes place at the nodes, so that

lun (24,t) — u(zj,t)| < Crh* ~*sup Z |u'D(s)|,, fort<T.
s<t
=" pt+2¢<2r—1

We note the more stringent regularity requirements than for the finite differ-
ence and finite element methods discussed in Chaps. 9-10. These results carry
over to fully discrete schemes using both finite difference approximations and
collocation in time.

14.2 Spectral Methods

Spectral methods are in many ways similar to finite element and collocation
methods. The main difference is in the choice of finite dimensional approxi-
mating spaces.

Consider the initial value problem

Up — Ugy = f in 2=1(0,1), fort>0,
(14.3) u(0,t) = u(l,t) =0 for t > 0,
u(-,0)=wv in £2.

Let now {;}32, be a sequence of linearly independent functions in H> N H,
which span L, and set Sy = span{goj}é-vzl. Using Galerkin’s method we
define a spatially semidiscrete approximation uy = uy(t) € Sy of (14.3) by

(144) (uN,t7X> - (UN,mx7X) = (f7 X)7 VX € SN7 t> 07

with un(0) = vy € Sy suitably chosen. Introducing the orthogonal projec-
tion Py : Ly — Sy, we may write (14.4) as

unt + Avuy = Pyf, fort>0, where Ay =PyAPy, A= 32/8;102.
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Here (Anx, x) = (APnx, Pnx) > 0. With uy(z,t) = Zjvzl a;(t)pj(x), this
equation may be written Bo/(t) + Aa(t) = b(t) for t > 0, where the elements
of the N by N matrices A and B are (Ag;, ;) and (p;, ¢;), respectively. It
is easy to see that B is positive definite.

We note that the error ey = uy — u satisfies

ent+Aven=(Pn —I)f — (Av — A)u for ¢t >0, with en(0)=vy — v,
and hence, since the corresponding solution operator Ey (t) = e~A~t
seen to be bounded by 1 in Lo operator norm,

is easily

(14.5) [lun(t) = u(®)[ < [lon = +/0 (IPy = DfIl + | (Ax — A)ul) ds

It follows that the error is small with vy — v, (Py — I)f, and (Ay — A)u.

As a simple example, let the ¢;(z) = csin(jmz) be the normalized
eigenfunctions of 4, with homogeneous Dirichlet boundary conditions. Then
B =1, A is positive definite and Py is simply the truncation of the Fourier
series, Pyv = Z;V:l(% ©;)pj, so that Ayv = Z;\[:l(jﬂ)Q(v, @j)p; = PyAv.
Thus, if vy = Pyv and if the Fourier series of v, f, and u,, converge, then
the error is small. In particular, the convergence is of order O(N~") for any
r, provided that the solution is sufficiently regular.

Another way to define a semidiscrete numerical method employing the
space Sy of our example is to make Sy a Hilbert space with the inner product
(v,w)N hZ] 0 v(x]) (xj), where z; = j/(N — 1). This gives rise to
a projection Py defined by Pyu(z;) = u(z;), j = 0,...,N — 1, and the
semidiscrete equation (14.4) now becomes the collocation equation

un(z5,t) — uN zo(z4,t) = f(z4,t), forj=0,...,N—1,¢t>0.

This is also referred to as a pseudospectral method and the error estimate
(14.5) is valid in the discrete norm corresponding to (-, )y

Spectral and pseudospectral methods using the above sinusoidal basis
functions are particularly useful for periodic problems. For initial-boundary
value problems for hyperbolic equations basis functions related to Chebyshev
and Legendre polynomials are sometimes useful, e.g., in connection with fluid
dynamics calculations.

14.3 Finite Volume Methods

We illustrate the use of the finite volume methods in the case of the model
problem

(14.6) —Au=f in{2, withu=0 on [
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where 2 is a convex polygonal domain in R? with boundary I". The basis for
this approach is the observation that, by Green’s formula, for any V' C {2 we
have

(14.7) /W%ds—/ fda.

We begin by describing the cell centered finite volume difference method.
Let 7, = {K;} be a triangulation of (2 of the type considered in Sect. 5 in
which all angles of the K; are < m/2, and consider (14.7) with V = K, € 7},.
Then 0V = OKj is the union of the edges <;; common with three other
triangles K;, and we want to approximate du/On on each of these edges.
With @Q; the center of the circumscribed circle of K; (which then lies in the
interior of Kj), the vector Q;Q; is orthogonal to 7,;, and du/dn in (14.7)
may be approximated by the difference quotient (U(Q;) — U(Q;))/|1Q:Q;]-
Using the boundary values in (14.6) for the @); associated with the boundary
triangles, this produces a finite difference scheme on the nonuniform mesh
{Q;}. Writing the discrete problem in matrix form as AU = b, one may show
that the matrix A is symmetric positive definite and diagonally dominant.
When the 7}, are quasi-uniform one may show the error estimate

IU = ulli,n < Chllull2

in a certain discrete H'-norm.

An alternative approach is the following vertex centered method, also re-
ferred to as the finite volume element method: Let Sy, C H{ be the piecewise
linear finite element space defined by 7j,. For K € 7}, the straight lines con-
necting a vertex with the midpoint of the opposite edge intersect at the
barycenter of K and divide K into six triangles. Let B; x be the union of
the two of these which have P; as a vertex. For each interior vertex P; we
consider the union B; of the corresponding Bj i, and let S}, denote the as-
sociated piecewise constant functions. Using (14.7) for each of the B; we are
lead to the Petrov-Galerkin method to find u; € Sp, such that

(148)  alu, v Zw,/ s = (f0) W€ S,

which may also be thought of as a finite difference scheme on the irregular
mesh {P;}. The B; are referred to as control volumes. Associating with x €
S}, the function ¥ € Sy, which agrees with y at the vertices of 7}, one may
show that (cf. Problem 14.3)

(14.9) a(y,x) = a(¥,x), Vi, x € Sh,

so that (14.8) may be written

a’(”th) = (f7 X)a VX € Sh~
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(This does not hold exactly for elliptic operators with variable coefficients.)
It may be shown that the standard error estimate

lun — ulls < Chllull

holds for this method, and also, under slightly more stringent regularity as-
sumptions, that |luy — ul| = O(h?).

Finite volume methods are useful for operators in divergence form, par-
ticularly for time dependent conservation laws.

14.4 Boundary Element Methods

In a boundary integral method a boundary value problem for a homogeneous
partial differential equation in a domain {2 with the solution u given on the
boundary I is reformulated as an integral equation over I'. This equation
may then be used as a basis for numerical approximation. We shall illustrate
this approach for the model problem

(14.10) Au=0 in 2CR? withu=g onl,

where we assume I’ smooth. To pose the boundary integral equation, let
U(z) = —(2m)!log|z| be the fundamental solution of the Laplacian in R?,
see Theorem 3.5. For any u with Au = 0 on I" we have by Green’s formula

0 ou
(1411) @) = [ V= -@ds, ~ [ 5@ put)ds, ae .
r 3ny r 3ny
With z on I' the integrals on the right define the single and double layer po-
tentials VOu/0n and Wu. We note that although VU (x —y) has a singularity
of order O(|z — y|™'), the kernel (8U/dn,)(z — y) is bounded for z,y € I,
so that the operator W is well defined. For z € (2 approaching I" the two
integrals tend to VOu/dn and %u + Wu, respectively, so that (14.11) yields

iu=Vou/On—Wu on I

With v = g on I' this is a Fredholm integral equation of the first kind for
the determination of du/0n on I', which inserted into (14.11) together with
u =g on I gives the solution of (14.10).

Instead of this direct method one may use the indirect method of assuming
that the solution of (14.11) may be represented as a potential of a function
on I, so that

0P

on (x —y)w(y)ds,, =€ .
Y

u(z) = /FQS(:C —y)v(y)ds, or u(x) =

With V and W as above, if such functions v and w exist, they satisfy the
first and second kind Fredholm integral equations
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(14.12) Vv=g and jw+Ww=g onl.

Writing H® = H*(I"), V and W are so-called pseudodifferential operators of
order —1, i.e., bounded linear operators H* — H*t1 in particular compact on
H?#. The first kind equation is uniquely solvable provided a certain measure,
the transfinite diameter dp of I', is such that  # 1, and the second kind
equation in (14.12) always has a unique solution. Similar reformulations may
be used also for Neumann boundary conditions, for a large number of other
problems involving elliptic type equations, and for exterior problems; in fact,
this approach to the numerical solution is particularly useful in the latter
case.

In the Boundary Element Method (BEM) one determines the approximate
solution in a piecewise polynomial finite element type space of a boundary
integral formulation such as the above, using the Galerkin or the collocation
method.

For the second kind equation in (14.12), using Galerkin’s method and a
finite dimensional subspace S, of La(I"), we determine the discrete approxi-
mation wy, € Sy, to w from

$wn, x) + (Wwp, X) = (9,x), VX € Sn, where (,-) = (-,")r,(r)-

Writing | - |5 for the norm in H*(I"), one has |wp, — w|p < Cr(w)h" if Sy
is accurate of order O(h"), and by a duality argument one may show the
superconvergent order negative norm estimate |wy, —w|_, < C,.(w)h*"; using
an iteration argument this may be used to define an approximate solution
wy, with |1I)h — ’w‘o = O(hQT).

Consider for example the numerical solution of the first kind equation
in (14.12) in the finite dimensional space Sy, of periodic smoothest splines
of order r, i.e., S, C C"2 consists of piecewise polynomials in I7,_;. Our
discrete problem is then to find v, € Sp such that

<Vvth> = <97X>» VX € Sh'

It can be shown that the bilinear form (Vv,w) associated with V' is sym-
metric, bounded, and coercive with respect to the norm | - |_1/2 in a certain

Sobolev space H~/2(I"), so that
(Vu,w) = (v, Vw) < Clv|_1/2lw|_1/2 and (Vv,v) > c|v|§1/2, with ¢ > 0.
One may then show that

lop, —v]_1/2 < CXiél»sfh IX = v|_1/2 < CR"TY/2)y],.,
and a duality argument implies |v, — v|_,—1 < Ch?"*ljv|., where we use
the norm in H~""(I'). For z an interior point of 2 we therefore find for

up, = Vo, that |up(z) — u(z)] < Cplvp, — v|_p1 < Ch? L since &(z — y) is
smooth when y # x.
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Expressed in terms of a basis {¢;} of S, this problem may be written
in matrix form as Aa = g, where A is symmetric positive definite. However,
although the dimension of A has been reduced by the reduction of the original
two-dimensional problem to a one-dimensional one, in contrast to the finite
element method for a differential equation problem, the matrix A is now not
sparse. We also note that the elements (V®;,®;) require two integrations,
one in forming V®; and one in forming the inner product.

In order to reduce this work one may apply the collocation method and
determine vy, from Vo, (x(s;)) = g(z(s;)) at M}, quadrature points s; in [0, ],
where x = x(s) is a parametrization of I" and Mj = dim(S}).

In the vast literature on the numerical boundary integral methods much
attention has been paid to the complications arising when our above regular-
ity assumptions fail to be satisfied, such as for domains with corners in which
case V and W are not compact.

14.5 Problems

Problem 14.1. Let » = 4 and let (-, ) be defined by the corresponding case
of (14.2).

(a) Show that [|x||n == (X, X); /2 is a norm on S,.
(b) Show that

~(" ) 2 = (X", x) = X[, for x € Sh.
(c) Show the stability of the solution of (14.1) with respect to || - ||5.
Hint for (b): Let Py(x) = Py(2x — 1) = 22 —x + % be the Legendre
polynomial corresponding to (0, 1) with zeros &1 o = %:I:%. Recall that Gauss
quadrature with two Gauss points is exact for cubic polynomials. Restrict the

consideration to one interval (0,1) and let y € I3 with coefficient 1 for 23
Then x"x — 6P € IT5 and hence, since P(&;) =0, i = 1,2,

1 1 1
3D X"(E)x(&) = —/ x”xdw+6/ B dz > —/ X" x da.
0 0 0

i=1

Problem 14.2. Consider the first order initial value problem with periodic
boundary conditions

us +ug =0, in 2= (—m,m), fort>0,
u(—m,t) = u(m,t), for ¢t > 0,
u(-,0) = v, in £2.

Formulate the spectral method based on
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SN = {1, cosx, sinx, cos2x, sin2x, ..., cos Nz, sinN:c}.

Let A = §/0x, determine Ay and show that A%, = — Ay, where * denotes the
adjoint. Show also that [|uy (t)|| < [[v|| = [|v|| £, (), and hence that || Ex (1) =
1, where En(t) = e AN,

Problem 14.3. Show (14.9). Hint: Write {2 as unions of the B; and of the
K, and write these in turn as unions of the sets B; k. Note that

/)‘(ds:/xds, for x € Sy,

for any edge e of the triangulation 7j.



A Some Tools from Mathematical Analysis

In this appendix we give a short survey of results, essentially without proofs,
from mathematical, particularly functional, analysis which are needed in our
treatment of partial differential equations. We begin in Sect. A.1 with a simple
account of abstract linear spaces with emphasis on Hilbert space, including
the Riesz representation theorem and its generalization to bilinear forms of
Lax and Milgram. We continue in Sect. A.2 with function spaces, where after
a discussion of the spaces C*, integrability, and the L,-spaces, we turn to
Lo-based Sobolev spaces, with the trace theorem and Poincaré’s inequality.
The final Sect. A.3 is concerned with the Fourier transform.

A.1 Abstract Linear Spaces

Let V be a linear space (or vector space) with real scalars, i.e., a set such
that if u,v € V and A\, u € R, then Au+ pv € V. A linear functional (or
linear form) L on V is a function L : V' — R such that

L(A\u+ pv) = AL(u) + pL(v), Yu,v €V, \,u € R.

A bilinear form a(-,-) on V is a function a : V x V — R, which is linear in
each argument separately, i.e., such that, for all u,v,w € V and A\, u € R,

a(Au + po, w) = Aa(u, w) + pa(v, w),
a(w, A+ pv) = Aa(w,u) + pa(w,v).

The bilinear form a(-,-) is said to be symmetric if
a(w,v) = a(v,w), Yv,weV,
and positive definite if
a(v,v) >0, YveV, v#Q0.

A positive definite, symmetric, bilinear form on V is also called an inner
product (or scalar product) on V. A linear space V with an inner product is
called an inner product space.
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If V is an inner product space and (-,-) is an inner product on V, then
we define the corresponding norm by

(A1) |v]| = (v,0)Y2, forveV.
We recall the Cauchy-Schwarz inequality,
(A.2) [(w, v)| < f[w[[ [lo]],  Vo,w eV,

with equality if and only if w = Av or v = Aw for some A € R, and the
triangle inequality,

(A.3) [w +of| < [lwl] + o], Vo,w e V.

Two elements v, w € V for which (v, w) = 0 are said to be orthogonal.
An infinite sequence {v;}5°, in V is said to converge to v € V, also written
v; — v as i — 0o or v = lim;_, o v;, if

||lv; —v]| =0 asi— oco.

The sequence {v;}52, is called a Cauchy sequence in V if

lv; —vj|l =0 asi,j— oc.

The inner product space V is said to be complete if every Cauchy sequence
in V is convergent, i.e., if every Cauchy sequence {v;}°, has a limit v =
limv; € V. A complete inner product space is called a Hilbert space.

When we want to emphasize that an inner product or a norm is associated
to a specific space V', we write (+,-)y and || - ||v.

It is sometimes important to permit the scalars in a linear space V to be
complex numbers. Such a space is then an inner product space if there is a
functional (v, w) defined on V' x V, which is linear in the first variable and
hermitian, i.e., (w,v) = (v, w). The norm is then again defined by (A.1) and
V is a complex Hilbert space if completeness holds with respect to this norm.
For brevity we generally consider the case of real-valued scalars in the sequel.

More generally, a norm in a linear space V' is a function || - || : V' — R4
such that
[[ol[ >0, VweV, v#0,
[Avll = [A[ ], VAER (or C), veV,
[o+wl <o +llwl,  Yv,weV.

A function |-| is called a seminorm if these conditions hold with the exception
that the first one is replaced by |v] > 0, Yo € V| i.e., if it is only positive
semidefinite, and thus can vanish for some v # 0. A linear space with a norm
is called a mormed linear space. As we have seen, an inner product space is
a normed linear space, but not all normed linear spaces are inner product
spaces. A complete normed space is called a Banach space.
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Let V be a Hilbert space and let Vy C V be a linear subspace. Such a
subspace Vj is said to be closed if it contains all limits of sequences in V),
ie., if {v;}32; C Vo and vj — v as j — oo implies v € Vp. Such a Vj is itself
a Hilbert space, with the same inner product as V.

Let Vj be a closed subspace of V. Then any v € V may be written uniquely
as v = vg + w, where vy € Vj and w is orthogonal to V. The element vy may
be characterized as the unique element in Vj which is closest to v, i.e.,

(A.4) Ilv = voll = nain fjv —ul.

This is called the projection theorem and is a basic result in Hilbert space
theory. The element v is called the orthogonal projection of v onto V; and is
also denoted Py, v. One useful consequence of the projection theorem is that
if the closed linear subspace Vj is not equal to the whole space V, then it has
a normal vector, i.e., there is a nonzero vector w € V which is orthogonal to
Vo.

Two norms || - ||, and || - || are said to be equivalent in V if there are
positive constants ¢ and C such that

(A.5) cllolly < llvlla < Cllvfle, Yo eV

Let V, W be two Hilbert spaces. A linear operator B : V — W is said to
be bounded, if there is a constant C' such that

(A.6) |Bv|lw < Cllv|lv, YveV.

The norm of a bounded linear operator B is

[ Bvllw

veV\{0} llvllv '

(A7) 1Bl =

Thus
[Bvllw < B[l |[v]lv, YveV,

and, by definition, || B|| is the smallest constant C' such that (A.6) holds.
Note that a bounded linear operator B : V' — W is continuous. In fact,
ifv; —vin V, then Bv; — Bv in W as j — oo, because

1Bvj = Bullw = [[B(v; = v)llw < [|B|[lv; = vl =0, asj — oo

One can show that, conversely, a continuous linear operator is bounded.

In the special case that W = R the definition of an operator reduces to
that of a linear functional. The set of all bounded linear functionals on V is
called the dual space of V| denoted V*. By (A.7) the norm in V* is

L(v
(A8) 1Ly = sup 20
veV\{0} [v]lv
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Note that V* is itself a linear space if we define (AL + pM)(v) = AL(v) +
uM(v) for L, M € V*, A\, € R. With the norm defined by (A.8), V* is a
normed linear space, and one may show that V* is complete, and thus itself
also a Banach space.

Similarly, we say that the bilinear form a(-,-) on V' is bounded if there is
a constant M such that

(A.9) la(w,v)| < M|w|| |v||, Yw,veV.
The next theorem states an important property of Hilbert spaces.

Theorem A.1. (Riesz’ representation theorem.) Let V' be a Hilbert space
with scalar product (-,-). For each bounded linear functional L on V there is
a unique u € V' such that

L(v) = (v,u), YveV.
Moreover,

(A.10) | L|

ve = [lullv.

Proof. The uniqueness is clear since (v,u1) = (v, ug) with v = u; —us implies
lur — ual]® = (u1 — ug,u1 —ug) = 0. If L(v) =0 for all v € V, then we may
take u = 0. Assume now that L(v) # 0 for some v € V. We will construct u
as a suitably normalized “normal vector” to the “hyperplane” Vo ={v €V :
L(v) = 0}, which is easily seen to be a closed subspace of V', see Problem A.2.
Then v = vy + w with vy € Vo and w orthogonal to Vj and L(w) = L(v) # 0.
But then L(v — w L(v)/L(w)) = 0, so that (v — w L(v)/L(w),w) = 0 and
hence L(v) = (v,u), Yv € V, where u = w L(w)/||w]|?. O

This result makes it natural to identify the linear functionals L € V* with
the associated u € V', and thus V* is equivalent to V, in the case of a Hilbert
space.

We sometimes want to solve equations of the form: Find u € V' such that

(A.11) a(u,v) = L(v), Yv eV,

where V is a Hilbert space, L is a bounded linear functional on V', and af(,-)
is a symmetric bilinear form, which is coercive in V| i.e.,

A.12 a(v,v) > o|jv||?, YveV, witha>0.
v

This implies that a(-,-) is symmetric, positive definite, i.e., an inner product
on V, and the Riesz representation theorem immediately gives the existence
of a unique solution v € V for each L € V*.

Moreover, by taking v = w in (A.11) we get

allully < a(u,u) = L(u) < || L]y

u”Vv
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so that, after cancelling one factor ||u||yv,
(A.13) lullv < C||L|y+, whereC =1/a.

This is an example of an energy estimate.

If a(-, ) is a symmetric bilinear form, which is coercive and bounded in V/,
so that (A.12) and (A.9) hold, then we may define a norm || - | o, the energy
norm, by

[v]la = a(v,v)/2, forveV,
By (A.12) and (A.9) we then have
(A.14) Valully < [lvlla < VM]vlly, Vv eV,
and thus the norm || - ||, on V' is equivalent to || - |y. Clearly, V is then also
a Hilbert space with respect to the scalar product a(-,) and norm || - ||,.

The solution of (A.11) may also be characterized in terms of a minimiza-
tion problem.

Theorem A.2. Assume that a(-,-) is a symmetric, positive definite bilinear
form and that L is a bounded linear form on the Hilbert space V.. Thenu € V
satisfies (A.11) if and only if
(A.15) F(u) < F(v), Yv€V, uwhere F(v)=ia(v,v)—L(v).
Proof. Suppose first that u satisfies (A.11). Let v € V be arbitrary and define
w=v—u€V. Then v =u+ w and

F(v) = fa(u+w,u+w)— L(u+ w)

= 1a(u,u) — L(u) + a(u,w) — L(w) + 3a(w, w)
= F(u) + %a(w,w),

where we have used (A.11) and the symmetry of a(-,-). Since a is positive
definite, this proves (A.15).
Conversely, if (A.15) holds, then for v € V' given we have

g(t) == F(u+tv) > F(u) = g(0), ViteR,
so that ¢g(¢) has a minimum at ¢t = 0. But ¢(t) is the quadratic polynomial
g(t) = 3a(u+tv,u+ tv) — L(u + tv)
= La(u,u) — L(u) + t(a(u,v) — L(v)) + %tQa(U,U),
and thus 0 = ¢’(0) = a(u,v) — L(v), which is (A.11). O

Thus, u € V satisfies (A.11) if and only if v minimizes the energy func-
tional F'. This method of studying the minimization problem by varying the
argument of the functional F’ around the given vector w is called a variational
method, and the equation (A.11) is called the variational equation of F'.

The following theorem, which is known as the Laz-Milgram lemma, ex-
tends the Riesz representation theorem to nonsymmetric bilinear forms.
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Theorem A.3. If the bilinear form a(-,-) is bounded and coercive in the
Hilbert space V', and L is a bounded linear form in V, then there exists a
unique vector u € V' such that (A.11) is satisfied. Moreover, the energy esti-
mate (A.13) holds.

Proof. With (-,-) the inner product in V' we have by Riesz’ representation
theorem that there exists a unique b € V' such that

L(v) = (b,v), YveV.

Moreover, for each u € V, a(u, ) is clearly also a bounded linear functional
on V, so that there exists a unique A(u) € V such that

a(u,v) = (A(u),v), YveW.

It is easy to check that A(u) depends linearly and boundedly on u, so that
Au = A(u) defines A : V' — V as a bounded linear operator. The equation
(A.11) is therefore equivalent to Au = b, and to complete the proof of the
theorem we shall show that this equation has a unique solution u = A~1b for
each b.

Using the coercivity we have

allollyy < a(v,v) = (Av,0) < [|Av]lvlv]v,
so that
(A.16) alv|lv < || Avlly, YveW.

This shows uniqueness, since Av = 0 implies v = 0. This may also be ex-
pressed by saying that the null space N(A) = {v € V : Av =0} =0, or that
A is injective.

To show that there exists a solution u for each b € V' means to show that
each b € V belongs to the range R(A) = {w € V : w = Av for some v € V},
i.e, R(A) =V, or Ais surjective. To see this we first note that R(A) is a closed
linear subspace of V. To show that R(A) is closed, assume that Av; — w in
V as j — oo. Then by (A.16) we have ||v; — v;||v < a || Av; — Avi|ly — 0
as i,j — 0o. Hence v; — v € V as j — oo, and by the continuity of A, also
Av; — Av = w. Therefore, w € R(A) and R(A) is closed.

Assume now that R(A) # V. Then, by the projection theorem, there
exists w # 0, which is orthogonal to R(A). But, by the orthogonality,

oz||w||%/ < a(w,w) = (Aw,w) =0,

so that w = 0, which is a contradiction. Hence R(A) = V. This completes
the proof that there is a unique solution for each b € V. The energy estimate
is proved in the same way as before. a
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In the unsymmetric case there is no characterization of the solution in
terms of energy minimization.

We finally make a remark about linear equations in finite-dimensional
spaces. Let V' = R and consider a linear equation in V, which may be
written in matrix form as

Au =0,

where A is a N x N matrix and u,b are N-vectors. It is well-known that
this equation has a unique solution u = A~'b for each b € V, if the matrix
A is nonsingular, i.e., if its determinant det(A) # 0. If det(A) = 0, then the
homogeneous equation Au = 0 has nontrivial solutions u # 0, and R(A) #V
so that the inhomogeneous equation is not always solvable. Thus we have
neither uniqueness nor existence for all b € V. In particular, uniqueness only
holds when det(A) # 0, and we then also have existence. It is sometimes easy
to prove uniqueness, and we then also obtain the existence of the solution at
the same time.

A.2 Function Spaces

The Spaces C*

For M C R we denote by C(M) the linear space of continuous functions
on M. The subspace C,(M) of all bounded functions is made into a normed
linear space by setting (with a slight abuse of notation)

(A.17) llvlleary = sup |v(z)].
xeM

For example, this defines ||’UHc(Rd), which we use frequently. When M is
a bounded and closed set, i.e., a compact set, the supremum in (A.17) is
attained in M and we may write

lvlleary = L%%W(@L

The norm (A.17) is therefore called the mazimum-norm. Note that conver-
gence in C(M),

lvi = vlle(ary = sup |vi(z) —v(x)] =0, asi— oo,
rxeM

is the same as uniform convergence in M. Recall that if a sequence of con-
tinuous functions is uniformly convergent in M, then the limit function is
continuous. Using this fact it is not difficult to prove that C(M) is a complete
normed space, i.e., a Banach space. C(M) is not a Hilbert space, because the
maximum-norm is not associated with a scalar product as in (A.1).
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Let now 2 C R? be a domain, i.e., a connected open set. For any integer
k > 0, we denote by C*(§2) the linear space of all functions v that are k times
continuously differentiable in (2, and by C*({2) the functions in C*(£2), for
which D% € C(£2) for all || < k, where D®v denotes the partial derivative
of v defined in (1.8). If {2 is bounded, then the latter space is a Banach space
with respect to the norm

vk = max [[D%||¢(3y-
[vllere = max 1Dl
For functions in C*(£2), k > 1, we sometimes also use the seminorm containing
only the derivatives of highest order,

vler (@) = max [D%lle(s)-
A function has compact support in {2 if it vanishes outside some compact
subset of 2. We write C& (£2) for the space of functions in C*(§2) with compact
support in (2. In particular, such functions vanish near the boundary I", and
for very large x if {2 is unbounded.

We say that a function is smooth if, depending on the context, it has
sufficiently many continuous derivatives for the purpose at hand.

When there is no risk for confusion, we omit the domain of the functions
from the notation of the spaces and write, e.g., C for C(£2) and || - |ox for
| - [lex (@), and similarly for other spaces that we introduce below.

Integrability, the Spaces L,

Let 2 be a domain in R?. We shall need to work with integrals of functions
v =o(z) in £2 which are more general than those in C({2). For a nonnegative
function one may define the so-called Lebesgue integral

o) = /ﬂ o(@) da,

which may be either finite or infinite, and which agrees with the standard
Riemann integral for v € C(£2). The functions we consider are assumed mea-
surable; we shall not go into details about this concept but just note that
all functions that we encounter in this text will satisfy this requirement. A
nonnegative function v is said to be integrable if I;(v) < oo, and a general
real or complex-valued function v is similarly integrable if |v| is integrable. A
subset 2y of {2 is said to be a nullset, or a set of measure 0, if its volume |{2|
equals 0. Two functions which are equal except on a nullset are said to be
equal almost everywhere (a.e.), and they then have the same integral. Thus
if v1(z) =1 in a bounded domain {2 and if vo(x) = 1 in 2 except at xg € 2
where vy(zg) = 2, then I (v1) = Io(ve) = |£2|. In particular, from the fact
that a function is integrable we cannot draw any conclusion about its value
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at a point xg € (2, i.e., the point values are not well defined. Also, since the
boundary I" of £2 is a nullset, I5(v) = Io(v) for any v.
We now define

1/p
(/ lv(z)P dx) ) for 1 <p < o0,
Ie;

||”||Lp = HUHL,,(Q) =
ess sup |v(z)|, for p = oo,
10

and say that v € L, = L,(£2) if |lv[|z, < oo. Here the ess sup means the
essential supremum, disregarding values on nullsets, so that, e.g., ||v2||L., =1
for the function vy above, even though supg, vo = 2. One may show that L,
is a complete normed space, i.e., a Banach space; the triangle inequality in
L, is called Minkowski’s inequality. Clearly, any v € C belongs to L, for
1 <p< o if 2is bounded, and

vz, <Clvlle, with C'= |.Q|1/p, for 1 <p<oo, and |v|r. = lv|ec,

but L, also contains functions that are not continuous. Moreover, it is not
difficult to show that C({2) is incomplete with respect to the L,-norm for
1 < p < 0o. To see this one constructs a sequence {v;}22; C C({2), which is a
Cauchy sequence with respect to the L,-norm, i.e., such that ||v; —v;||r, — 0,
but whose limit v = lim;_, v; is discontinuous. However, C({2) is a dense
subspace of L,(£2) for 1 < p < oo, if I' is sufficiently smooth. By this
we mean that for any v € L, there is a sequence {v;}2; C C such that
lvi —v|l, = 0 asi— oo. In other words, any function v € L, can be ap-
proximated arbitrarily well in the L,-norm by functions in C (in fact, for any
k by functions in C¥). In contrast, C is not dense in L, since a discontinuous
function cannot be well approximated uniformly by a continuous function.
The case Lo is of particular interest to us, and this space is an inner
product space, and hence a Hilbert space, with respect to the inner product

(A.18) (v,w)z/ﬂv(m)w(m) dz.

In the case of complex-valued functions one takes the complex conjugate of
w(z) in the integrand.

Sobolev Spaces

We shall now introduce some particular Hilbert spaces which are natural
to use in the study of partial differential equations. These spaces consist of
functions which are square integrable together with their partial derivatives
up to a certain order. To define them we first need to generalize the concept
of a partial derivative.

Let £2 be a domain in R? and let first v € C1(£2). Integration by parts
yields
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v 0

oder=— [ v 4

o Oz o Oz

If v € Ly = Ly(£2), then Ov/0x; does not necessarily exist in the classical
sense, but we may define dv/9z; to be the linear functional

dz, Vo eCl=cl(R).

v oler
A.19 L(¢) = =— [ v=—dz, Ve
(4.19) ()= 5@ == [ o5 s, voec)
This functional is said to be a generalized or weak derivative of v. When L
is bounded in Lo, i.e., |L(¢)| < C||¢||, it follows from Riesz’ representation
theorem that there exists a unique function w € Lo, such that L(¢) = (w, ¢)
for all ¢ € Lo, and in particular

99

v
o Oz

da:z/uxédx, quECé.
Q

We then say that the weak derivative belongs to Ly and write dv/dx; = w.
In this case we thus have

v ¢

A2 = _
(A.20) , 8mi¢dx Qvf)xi

dz, Vo€ (L.

In particular, if v € C1(£2), then the generalized derivative dv/dz; coincides
with the classical derivative dv/0x;.

In a similar way, with D“v denoting the partial derivative of v defined in
(1.8), we define the weak partial derivative D®v as the linear functional

(A.21) D%(¢):(f1)la\/ vD%dx, Veecl.
2

When this functional is bounded in Lo, Riesz’ representation theorem shows
that there exists a unique function in Ly, which we denote by D%v, such that

(D%, ¢) = (~1)*l (v, D%¢), Vo e ).

We refer to Problem A.9 for further discussion of generalized functions.
We now define H* = H*(£2), for k > 0, to be the space of all functions
whose weak partial derivatives of order < k belong to L, i.e.,

H* = H*(2) = {v € Ly : D € Ly for |a| < k},

and we equip this space with the inner product

(v,w)g = (v,w)gr = Z / D*vD%w dx,
[0}

lo| <k

and the corresponding norm
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Jolle = ollzs = 0,002 = (3 [ (D0)? o)

|| <k

1/2

In particular, ||v]|o = ||v||L,, and in this case we normally omit the subscript
0 and write ||v||. Also

ol = ( [ {+* 5> ()Y as) " = (1ol + 19ol?)
j=1
and . ; . sy e
Ioll> = (/{ +JZ:; 8% lz_::l(axiamj) }da:) '

We sometimes also use the seminorm, for & > 1,

1/2
(A.22) |v|k_|u|Hk_ Z/ D) dx

lal=k

Note that the seminorm vanishes for constant functions. Using the fact that
Lo is complete, one may show that H* is complete and thus a Hilbert space,
see Problem A.4. The space H* is an example of a more general class of
function spaces called Sobolev spaces.

It may be shown that C! = C!(£2) is dense in H* = H*(£2) for any | > k, if
I' is sufficiently smooth. This is useful because it allows us to obtain certain
results for H* by carrying out the proof for functions in C*, which may be
technically easier, and then extend the result to all v € H* by using the
density, cf. the proof of Theorem A.4 below.

Similarly, we denote by WI’f = WI’f(Q) the normed space defined by the
norm

|11||Wk = / Z |D*v|P dx) p, for 1 < p < oo,

la| <k

with the obvious modification for p = co. This space is in fact complete and
hence a Banach space. For p = 2 we have WX = H*. Again, for v € C* we
have [|v]jwx = ||v]lcx-

Trace Theorems

If v € C(£2), then v(x) is well defined for z € I', the boundary of 2. The
trace yv of such a v on I is the restriction of v to I, i.e.,

(A.23) (v)(z) = v(z), forxzel.

Recall that since I' is a nullset, the trace of v € Lo(£2) is not well defined.
Suppose now that v € H(£2). Is it then possible to define v uniquely
on I, i.e., to define its trace yv on I'? (One may show that functions in
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H1(£) are not necessarily continuous, cf. Theorem A.5 and Problems A.6,
A.7 below.) This question can be made more precise by asking if it possible
to find a norm || - ||y for functions on I" and some constant C' that

(A24) Iyl < Cllelly, Vo € CH(Q).

An inequality of this form is called a trace inequality. If (A.24) holds, then
by a density argument (see below) it is possible to extend the domain of
definition of the trace operator v from C1(£2) to H'({2), and (A.24) will also
hold for all v € H*(£2). The function space to which yv will belong will be
defined by the norm || - [[() in (A.24).

We remark that in the above discussion the boundary I" could be replaced
by some other subset of {2 of dimension smaller than d.

In order to proceed with the trace theorems, we first consider a one-
dimensional case, with I' corresponding to a single point.

Lemma A.1. Let 2= (0,1). Then there is a constant C' such that
lu(z)] < Clvlly, Yz e 2, Yoe ).

Proof. For x,y € §2 we have v(z) = v(y) + f; v'(s)ds, and hence by the
Cauchy-Schwarz inequality

1
()] < Ju(y)] +/O [v'(s)[ds < Ju(y)| + [|V'])-
Squaring both sides and integrating with respect to y, we obtain,
(A.25) v(z)? < 2(||v))? + [lv'[1?) = 2|jvll3-
which shows the desired estimate. ad

We now show a simple trace theorem. By Ly(I") we denote the Hilbert
space of all functions that are square integrable on I" with norm

) 1/2
oy = (/ w?ds) .
r

Theorem A.4. (Trace theorem.) Let 2 be a bounded domain in R? (d > 2)
with smooth or polygonal boundary I'. Then the trace operator v : C(§2) —
C(I') may be extended to v : H(2) — Lo(I"), which defines the trace yv €
Lo(I) for v € HY(S2). Moreover, there is a constant C = C(£2) such that

(A.26) yvllzary < Clivlly, Vo € HY ().

Proof. We first show the trace inequality (A.26) for functions v € C*(£2). For
simplicity we consider only the case when 2 = (0,1) x (0, 1), the unit square
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in R2. The proof in the general case is similar. For x = (21, 22) € {2 we have
by (A.25)

1 1 ov 2
v(0,x 2§2/vx,:17 2dx +/ —(x1, dzq ),
(0, 22) ( ; (71, 22)" day ; (a (21 2)) 1)

T

and hence by integration with respect to s,
1
/O v(0,22)% dzy < 2([[0ff* + [|Vo[*) = 2[Jv]|T.

The analogous estimates for the remaining parts of I" complete the proof of
(A.26) for v € CL.

Let now v € H'(£2). Since C! is dense in H'! there is a sequence {v;}$2, C
C! such that ||v — v;]|; — 0. This sequence is then a Cauchy sequence in H?,
ie., |lv; —vjlli — 0 as 4,7 — co. Applying (A.26) to v; — v; € C!, we find

|vvi = vvill Loy < Cllvi —vjlli — 0, asi,j — oo,

ie., {yv;}52, is a Cauchy sequence in Lo(I"), and thus there exists w € Lo(I")
such that yv; — w in Ly(I") as i — co. We define yv = w. It is easy to show
that (A.26) then holds for v € H'. This extends v to a bounded linear
operator v : H'(§2) — Lo(I'). Since C' is dense in H*, there is only one such
extension (prove this!). In particular, v is independent of the choice of the
sequence {v; }. a

The constant in Theorem A.4 depends on the size and shape of the domain
2. Tt is sometimes important to have more detailed information about this
dependence, and in Problem A.15 we assume that the shape is fixed (a square)
and investigate the dependence of the constant on the size of (2.

The following result, of a somewhat similar nature, is a special case of the
well-known and important Sobolev inequality.

Theorem A.5. Let §2 be a bounded domain in R? with smooth or polygonal
boundary and let k > d/2. Then H¥(£2) C C({2), and there exists a constant
C = C(£2) such that

(A.27) [vlle < Cllollk, Yve H*($).

In the same way as for the trace theorem it suffices to show (A.27) for
smooth v, see Problem A.20. The particular case when d = k = 1 is given
in Lemma A.1, and Problem A.13 considers the case 2 = (0,1) x (0,1). The
general case is more complicated. As shown in Problems A.6, A.7, a function
in H 1(!2) with 2 ¢ R% is not necessarily continuous when d > 2.

If we apply Sobolev’s inequality to derivatives of v, we get

(A.28) lvllce < Clvllk, Yo e H¥R), if k> £+ d/2,
and we may similarly conclude that H*(§2) C C*(2) if k > ¢+ d/2.
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The Space HJ(£2). Poincaré’s Inequality

Theorem A.4 shows that the trace operator v : H*(£2) — Lo(I) is a bounded
linear operator. This implies that its null space,

Hy(2) = {ve H () :y =0},

is a closed subspace of H!(§2), and hence a Hilbert space with the norm || -|J;.
It is the set of functions in H' that vanish on I" in the sense of trace. We
note that the seminorm |v|; = ||Vv|| defined in (A.22) is in fact a norm on
H(£2), equivalent to || - ||1, as follows from the following result.

Theorem A.6. (Poincaré’s inequality.) If §2 is a bounded domain in R,
then there exists a constant C = C(£2) such that

(A.29) o]l < ClIVull, Vv e Hy(02).

Proof. As an example we show the result for 2 = (0,1) x (0,1). The proof
in the general case is similar.

Since C} is dense in H{, it suffices to show (A.29) for v € C}. For such a
v we write

v(x) :/ ;U (s,m2)ds, for x = (x1,22) € 2,
0 1

and hence by the Cauchy-Schwarz inequality

z))* < / ds/ (s, xg ds.

The result now follows by integration with respect to z9 and x1, with C' =1
in this case. O

The equivalence of the norms |- |; and || - ||; on H}(£2) now follows from
IVoll* < llollf = [lvl® + [IVol? < (C+ DIVl Vo € Hy(02).

The dual space of Hg(£2) is denoted H~1(£2). Thus H~! = (H})* is the
space of all bounded linear functionals on H}. The norm in H~1 is (cf. (A.8))

L
(A.30) Wl sy = 1Els = sup 2
vGH |U|1

A.3 The Fourier Transform

Let v be a real or complex function in L; (R?). We define its Fourier transform
for €: (517"'7§d) € Rd by
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d
Fo(€) =0(&) = /Rd v(z)e ¢ dx, wherez-£ = ijgj.
j=1

The inverse Fourier transform is

Flo(x) = o(z) = (27r)_d/ v(€)el™ d¢ = (2n)~%5(—x), for x € R%.
R4

If v and © are both in L;(R?), then Fourier’s inversion formula holds, i.e.,
F Y Fv)=(d)y=n.

The inner product in Lo(R?) of two functions can be expressed in terms of
their Fourier transforms according to Parseval’s formula,

(A31) [ @@= ent [ @i

(v,w) = (2n)~4(0,w), where (v,w) = (v, W) 1, (RAY-

In particular, we have for the corresponding norms
(A.32) o]l = (2m) =13

Let D*v be a partial derivative of v as defined in (1.8). We then have,
assuming that v and its derivatives are sufficiently small for |z| large,

F(D*)(€) = (i€)*0(€) = i!*I€5(¢), where £ = & -+ €57

In fact, by integration by parts,

D(z)e ¢ dx = (—1)!o / v(z)D¥(e7 ) da = (i€)*D(€).

R4 R4

Further, translation of the argument of the function corresponds to multipli-
cation of its Fourier transform by an exponential,

(A.33) Fo(-+y)(€) = ¥405(€), fory e RY,

and for scaling of the argument we have

(A.34) Fu(a)(€) = a %(a"1E), fora>0.
The convolution of two functions v and w is defined by

(v*w)(z) = /Rd v(z —y)w(y)dy = /Rd v(y)w(x — y)dy,

and we have
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Fvxw)(§) = 0(§)w(§),

/Rd ( /Rd v(x —y)w(y) dy) e 8 dy

z/ / v(z — y)w(y)e @V €W E 4z dy
Rd JRA

z/ / v(2)w(y)e # e ¥ dz dy.
Rd JRA

It follows, which can also easily be shown directly, that differentiation of a
convolution can be carried out on either factor,

because

D(vxw) = D% *xw = v * Dw.

A.4 Problems

Problem A.1. Let V be a Hilbert space with scalar product (-,-) and let
u € V be given. Define L : V. — R by L(v) = (u,v) Yv € V. Prove that L is
a bounded linear functional on V. Determine ||L]|.

Problem A.2. Prove that if L : V — R is a bounded linear functional and
{v;} is a sequence with L(v;) = 0 that converges to v € V, then L(v) = 0.
This proves that the subspace Vj in the proof of Theorem A.1 is closed.

Problem A.3. Prove the energy estimate (A.13) by using (A.10) and (A.14).
Hint: Recall (A.8) and note that (A.10) means

|L(v)]

vev\{o} [1Vla

= Hu”a

Problem A.4. Given that Ly(£2) is complete, prove that H'(2) is complete.
Hint: Assume that ||v; — v;|l1 — 0 as ¢,j — oco. Show that there are v, wy
such that ||v; —v|| — 0, ||0v;/0xy — wi|| — 0, and that wy = Ov/0xy in the
sense of weak derivative.

Problem A.5. Let 2 = (—1,1) and let v : 2 — R be defined by v(x) =1 if
x € (—1,0) and v(z) = 0 if z € (0,1). Prove that v € Ly(f2) and that v can
be approximated arbitrarily well in Ly-norm by C°-functions.

Problem A.6. Let 2 be the unit ball in R, d =1,2,3, ie., 2= {2z € R¢:
|z| < 1}. For which values of A € R does the function v(x) = |z|* belong to
(a) La(£2), (b) H'(£2)?

Problem A.7. Check if the function v(x) = log(— log |z|?) belongs to H'(£2)
if 2={zeR?:|z| <1} Are functions in H'(f2) necessarily bounded and
continuous?
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Problem A.8. It is known that C}(2) is dense in Lo (£2) and H{ (£2). Explain
why C3(£2) is not dense in H'(2).

Problem A.9. The generalized (or weak) derivative defined in (A.19) is a
special case of the so-called generalized functions or distributions. Another
important example is Dirac’s delta, which is defined as a linear functional
acting on continuous test functions, for 2 ¢ R%,

3(¢) = ¢(0), Vo € Cg(12).
Let now d =1, 2= (—1,1) and
x>0,

x’ 1‘207 _ b
f(x)_{o, 2 <0, g(m)_{o, 2 <0.

Show that f' =g, ¢’ = ¢ in the sense of generalized derivative, i.e.,
@) == [ foda= [ gods,  WocCi(@),
fo) Q
/() == [ o0/ do = 0(0). ¥ € C ().

Conclude that the generalized derivative f/ = g belongs to Lo, but that ¢/ = ¢
does not. For the latter statement, you must show that ¢ is not bounded with
respect to the Lo-norm, i.e., you need to find a sequence of test functions such
that ||¢;||z, — 0, but ¢;(0) =1 as i — oo. Thus, f € H'(2) and g ¢ H'(02).

Problem A.10. For f € Ly(f2) we define the linear functional f(v) = (f,v)
Vv € Ly(§2). Show the inequality, cf. (A.30),

[l < ClIfIL VS € La(82).
Conclude that Lo(£2) € H=1(£2).

Problem A.11. Let 2 = (0,1) and f(z) = 1/z. Show that f & Lo(£2). Show
that f € H~1(£2) by defining the linear functional f(v) = (f,v) Vv € Hg(£2),
and proving the inequality

[(f o)l <CIIVI, Vv e Hy(42).
Conclude that H=1(2) ¢ La(£2).

Problem A.12. Prove that if {2 = (0, L) is a finite interval, then there is a
constant C' = C(L) such that, for all z € 2 and v € C1(2),

(a) fo(a)] < L1 /Q o] dy + /Q o'l dy < Clollwa (.

(v p@P <t [ pPdy+L [ 0Py < Cllf,
19} 19

() o(@)* < L7 [vl]* + 2[loll [[v']] < Cllo]l Jvlls-
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Problem A.13. Prove that if 2 is the unit square in R?, then there exists
a constant C' such that

(a) o]z, (r) < Clvliw ) Yu e C'(02),
(b) [vlle < Cllvllwz, Yu € C*(02).

Since [[v][y2 < 312|021 /2||v|| 2, part (b) implies the special case of Theorem
A5 with k = d = 2 and {2 a square domain. Part (b) directly generalizes to
[vlle < Cllvllya for £2 C R Hint: Proof of Theorem A.4.

Problem A.14. (Scaling of Sobolev norms.) Let L be a positive number and
consider the coordinate transformation x = L&, which maps the bounded
domain 2 C R? onto 2. A function v defined on 2 is transformed to a
function ¢ on {2 according to #(z) = v(L&). Prove the scaling identities

(a) [Vl a2y = L2101l 1, )
(b) V0]l o2y = LYVl 1y 0
(c) [Vl Loy = L2110y oy -

Problem A.15. (Scaled trace inequality.) Let 2 = (0, L) x (0, L) be a square
domain of side L. Prove the scaled trace inequality

B 1/2 _
lollary < (L7030 + LIVOlE, @) 1 W0 €CH(A).

Hint: Apply (A.26) with 2 = (0,1) x (0,1) and use the scaling identities in
Problem A.14.

Problem A.16. Let {2 be the unit square in R?. Prove the trace inequality
in the form

lolZ.cry < CI0lla ) + 0l a@) IVl o) < Clloll ol

Hint: Start from
2 2 o 2
v(0,92)" = v(y1,92) */ Dzt v(s,y2)” ds.
0 €1

Problem A.17. 1t is a fact from linear algebra that all norms on a finite-
dimensional space V' are equivalent. Illustrate this by proving the following
norm equivalences in V = R":

(A.35) lolles < l[olliy < VN|Jolle,

(A.36) ol < llolley < VN0l
(A.37) [l < vl < Nljvlli,



A.4 Problems 243

where

N ) /p
Joll, —(Zm) for 1< p<oo, ol = max [yl

Note that the equivalence constants tend to infinity as N — oo.

Problem A.18. Prove (A.33) and (A.34).

Problem A.19. Prove that the Fourier transform of v(z) = e~lol” i 0(§) =
7/2e— €17 /4,

Problem A.20. Assume that Sobolev’s inequality in (A.27) has been proved
for all v € C*(2) with k > d/2. Prove Sobolev’s imbedding H*(£2) C C(2).
In other words, for each v € H*(£2) show that there is w € C(£2) such that
v = w almost everywhere, i.e., |[v—w||, = 0. Hint: C*(£2) is dense in H*(£2)
and C({2) is a Banach space.






B Orientation on Numerical Linear Algebra

Both finite difference and finite element methods for elliptic problems lead
to linear algebraic systems of equations of the form

(B.1) AU = b,

where A is a nonsingular square matrix of order N. Also in time-stepping
methods for evolution equations, problems of elliptic type need to be solved
in the successive time steps. To solve such systems efficiently therefore be-
comes an important part of numerical analysis. When the dimension of the
computational domain is at least 2 this is normally not possible by direct
methods, and, except in special cases, one therefore turns to iterative meth-
ods. These take advantage of the fact that the matrices involved are sparse,
i.e., most of their elements are zero, and have other special features. In this
appendix we give a short overview, without proofs, of the most commonly
used methods.

B.1 Direct Methods

We consider first the case that the system (B.1) derives from the standard
finite difference approximation (4.3) of the two-point boundary value problem
(4.1). In this case A is a tridiagonal matrix, and it is easy to see that A
may then be factored in O(N) algebraic operations as A = LR, where L is
bidiagonal and lower triangular and R is bidiagonal, upper triangular. The
system may thus be written

LRU =b,

and one may now first solve LG = b for G = RU in O(N) operations and
then solve the latter equation for U, also in O(N) operations. Altogether
this is a direct method for (B.1), which requires O(N) operations. Since the
number of unknowns is NV, this is the smallest possible order for any method.

Consider now an elliptic problem in a domain 2 C R with d > 2.
Using either finite differences or finite elements based on a quasi-uniform
family of meshes, the dimension N of the corresponding finite dimensional
problem is of order O(h~%), where h is the mesh-size, and for d > 2 direct
solution by Gauss elimination is normally not feasible as this method requires
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O(N?) = O(h—34) algebraic operations. Except in special cases one therefore
turns to iterative methods.

One case when a direct method can be used, however, is provided by the
model problem (4.11) with the five-point finite difference scheme on the unit
square, which may be solved directly by using the discrete Fourier transform,
defined by

by, = ije’z’rim'jh, m = (m1,msz), j = (j1,J2)-
J

In fact, we then have (—ALUY,, = 22|m|2U,,, hence U,, = (272|m|?) b,
so that by the inverse discrete Fourier transform

Uj — Z(2W2‘m‘2)—1i)me2ﬂ'im»_j h.

m

Using the Fast Fourier Transform (FFT) both by, and U7 may be calculated
in O(N log N) operations.

B.2 Iterative Methods. Relaxation, Overrelaxation,
and Acceleration

As a basic iterative method for (B.1) we consider the Richardson method

(B.2) Uttt =U" — 1(AU™ —b) forn >0, with U given,

where 7 is a positive parameter. With U the exact solution of (B.1) we have
U'-U=RU"'-U)=---=R"(U"-U), where R=1-TA,

and hence the rate of convergence of the method depends on ||R"||, where
|M|| = max|z = ||[Mz|| is the matrix norm subordinate to the Euclidean
norm || - || in RY. When A is symmetric positive definite (SPD) and has
eigenvalues {\; }é-vzl, then, since {1 — T, }évzl are the eigenvalues of R, we
have

|R™|| = p", where p = p(R) = max |1 — 7)],

and (B.2) converges if p < 1. The choice of 7 which gives the smallest value
of pis 7 = 2/(A1 + A\n), in which case p = (k — 1)/(k + 1), where k =
Kk(A) = Ay /A1 is the condition number or A. We note, however, that this
choice of 7 requires knowledge of \; and Ay which is not normally available.
In applications to second order elliptic problems one often has k = O(h~2)
so that p < 1 — ch? with ¢ > 0. Hence with the optimal choice of 7 the
number of iterations required to reduce the error to a small € > 0 is of order
O(h~2|loge|). Since each iteration uses O(h~%) operations in the application
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of I — 7A, this shows that the total number of operations needed to reduce
the error to a given tolerance is of order O(h~%~2), which is smaller than for
the direct solution by Gauss elimination when d > 2.

The early more refined methods were designed for finite difference meth-
ods of positive type for second order elliptic equations, particularly for the
five-point scheme (4.12). The corresponding matrix may then be written
A =D —FE — F, where D is diagonal and F and F' are (elementwise) non-
negative and strictly lower and upper triangular. Examples of more efficient
methods are then the Jacobi and Gauss-Seidel methods which are defined by

(B.3) U"™=U" - B(AU" —b) = RU™ + Bb, with R=1— BA,

in which B = By = D' or B = Bgs = (D — E)™!, so that R =
Ry = DY E + F) and R = Rgs = (D — E)"'F, respectively. In the
application to the model problem (4.9) in the unit square, using the five-
point operator, the equations may be normalized so that D = 41 and
the application of Rj then simply means that the new value in the itera-
tion step at any interior mesh-point x; is obtained by taking the average
of the old values at the four neighboring points z;+.,. The Gauss-Seidel
method also takes averages, but with the mesh-points taken in a given or-
der, and successively uses the values already obtained in forming the aver-
ages. The methods are therefore also referred to as the methods of simul-
taneous and successive displacements, respectively. For the model problem
one may easily determine the eigenvalues and eigenvectors of A and show
that with h = 1/M one has p(Ry) = cos(rh) = 1 — 37?h? + O(h*) and
p(Ras) = p(Ry)? = 1—m2h2+0(h*), so that the number of iterations needed
to reduce the error to € is of the orders 2h~272|log €| and h =272 | log €|, respec-
tively. The Gauss-Seidel method thus requires about half as many iterations
as the Jacobi method.

Forming the averages in the Jacobi and Gauss-Seidel methods may be
thought as relaxation. It turns out that one may obtain better results than
those described above by overrelaxation, i.e., by choosing

B,=(D—-wE)™" and R,=(D—-wE) " ((1-w)E+F), withw>1.

It may be shown that for the model problem the optimal choice of the para-
meter is

Wopt = 2/(1+ /1 —p?), where p = p(Bjy) = cos(mh),
i.e., wopt = 2/(1 + sin(wh)) = 2 — 2wh + O(h?), and that correspondingly
p(Ro,,,) = wopt — 1 =1 —21h + O(h?).

The number of iterations required is thus then of order O(h™!), which is
significantly smaller than for the above methods. This is the method of suc-
cessive overrelaxation (SOR).
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We consider again an iterative method of the form (B.3) with p(R) <
1. For the purpose of accelerating the convergence we now introduce the
new sequence V" = Z?:o ﬁnjUj, where the ,; are real numbers. Setting
pn(N) = 200 BngN, and assuming p,(1) = 327 By = 1 for n > 0, we
obtain easily V" — U = p,(R)(U° — U), where U is the solution of (B.1).
For V" to converge fast to U one therefore wants to choose the 3,; in such a
way that the spectral radius p(p, (R)) becomes small with n. By the Cayley-
Hamilton theorem for matrices one has py(R) = 0, if px is the characteristic
polynomial of R, and hence VIV = U, but this requires a prohibitively large
number of iterations. For n < N we have by the spectral mapping theorem
that p(p,(R)) = max; [p,(u;)|, where {u;}; are the eigenvalues of R. In
particular, if R is symmetric and p = p(R), so that |u;| < p for all 4, then one
may show that, taking the maximum instead over [—p, p] D o(R), the optimal
polynomial is p,(A) = Tn(\/p)/Tn(1/p), where T, is the nth Chebyshev
polynomial, and the corresponding value of p(p,(R)) is bounded by

T,(1/p)~" = 2{(@)" n (W)w}—l

o)

14+ +1—p2
For the model problem using the Gauss-Seidel basic iteration we have as
above p = 1—72h?+O(h*) and we find that the average error reduction factor

per iteration step in our present method is bounded by 1 — v/27h + O(h?),
which is of the same order of magnitude as for SOR.

B.3 Alternating Direction Methods

We now describe the Peaceman-Rachford alternating direction implicit it-
erative method for the model problem (4.9) on the unit square, using the
five-point discrete elliptic equation (4.11) with h = 1/M. In this case we may
write A= H + V, where H and V correspond to the horizontal and vertical
difference operators —h29,0; and —h?9,0,. Note that H and V are positive
definite and commute. Introducing an acceleration parameter 7 and an inter-
mediate value U"1/2, we may consider the scheme defining U"+! from U”
by

(1 4+ HYU Y2 = (71 = VU™ + b,

(B.4)
(rI + V) U™ = (I — H)U™ /2 +b,

or after elimination, with G, appropriate and using that H and V commute,

U = R.U"+G,, where R, = (1] —H)(rI+H) Y (71 -V)(r1+ V)L
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Note that the equations in (B.4) have tridiagonal matrices and may be solved
in O(N) operations, as we have indicated earlier. The error satisfies U" —U =
R*(U° — U), and with u; the (common) eigenvalues of H and V, we have
|R-|| < max; |(7—p;)/(7+pi)|* < 1, where it is easy to see that the maximum
occurs for ¢ = 1 or M. With y; = 4sin®(37h), py = 4cos?(37h) the
optimal 7 is Topt = (p1par)'/? with the maximum for i = 1, so that, with
r=k(H) = r(V) = pn/p,

(papar)*/? *M1)1/2 R

=~ =1—xh+O(h?.
(papear)? + k1241 ()

1Rl < (
This again shows the same order of convergence as for SOR.

A more efficient procedure is obtained by using varying acceleration pa-
rameters 7;, j = 1,2,..., corresponding to the n step error reduction matrix
R, = [Ij-, R+;. It can be shown that the 7; can be chosen cyclically with
period m in such a way that m =~ clogk = clog(1/h), so that the average
error reduction rate is

1/m _ o -1
|l = max ( H |T o ) <1-cflog(1/h)™!, e>0.
The analysis indicated depends strongly on the fact that H and V' commute,
which only happens for rectangles and constant coefficients, but the method
may be defined and shown convergent in more general cases.

B.4 Preconditioned Conjugate Gradient Methods

We now turn to some iterative methods for systems mainly associated with
the emergence of the finite element method. We begin by describing the con-
jugate gradient method, and assume that A is SPD. Considering the iterative
method for (B.1) defined by

Ul = (I — 7, A)U" +7,b forn >0, with U°=0,

we find at once that, for any choice of the parameters 7;, U™ belongs to the
so-called Krylov space K,,(A;b) = span{b, Ab, ..., A"~1b}, i.e., consisting of
linear combinations of the A’h, i = 0,...,n — 1. The conjugate gradient
method defines these parameters so that U™ is the best approximation of the
exact solution U of (B.1) in K, (A4;b) with respect to the norm defined by
|U| = (AU,U)"Y/?, i.e., U™ is the orthogonal projection of U onto K, (A;b)
with respect to the inner product (AV, W). By our above discussion it follows
that, with kK = k(A) the condition number of A,

1/2_1 n
n —1 K
(B.5) U™ = Ul < (/o)L < 2( ) UL
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The computation of U™ can be carried out by a two term recurrence
relation, for instance, in the following form using the residuals " = b— AU™
and the auxiliary vectors ¢" € K,,11(A4;b), orthogonal to K, (A;b),

1
Un+1 — Un+ (Tn’qn) qn, qn+1 — 7“”+1— (ATTH_ ’qn)qn’ UO — O, qO — b

(Ag™, q") (Ag™, q")

In the preconditioned conjugate gradient (PCG) method the conjugate
gradient method is applied to equation (B.1) after multiplication by some
SPD approximation B of A~!, which is easier to determine than A~!, so
that the equation (B.1) may be written BAU = Bb. We note that BA is
SPD with respect to the inner product (B~'V,W). The error estimate (B.5)
is now valid in the corresponding norm with x = k(BA); B would be chosen

so that this condition number is smaller than x(A). For the recursion formulas
the only difference is that now 7" = B(b — AU™) and ¢° = Bb.

B.5 Multigrid and Domain Decomposition Methods

In the case that the system (B.1) comes from a standard finite element prob-
lem, one way of defining a preconditioner as an approximate inverse of A is by
means of the multigrid method. This method is based on the observation that
large components of the errors are associated with low frequencies in a spec-
tral representation. The basic idea is then to work in a systematic way with
a sequence of triangulations and to reduce the low frequency errors on coarse
triangulations, which corresponds to small size problems, and to reduce the
higher frequency, or oscillatory, residual errors on finer triangulations by a
smoothing operator, such as a step of the Jacobi method, which is relatively
inexpensive.

Assuming that {2 is a plane polygonal domain we may, for instance, pro-
ceed as follows. We first perform a coarse triangulation of (2. Each of the
triangles is then divided into four similar triangles, and this process is re-
peated, which after a finite number M of steps leads to a fine triangulation
with each of the original triangles divided into 4™ small triangles. It is on
this fine triangulation which we want to use the finite element method, and
thus to define an iterative method. To find the next iterate U™*! from U™ we
start at the finest triangulation and go recursively from one level of fineness
to the previous in three steps:

1. A preliminary smoothing on the finer of the present triangulations.
2. Correction on the coarser triangulation by solving a residual equation.
3. A postsmoothing on the finer triangulation.

The execution of step 2 is thus itself carried out in three steps, starting with
a smoothing on the present level and going to step 2 on the next coarser level,
until one arrives at the original coarse triangulation, where the corresponding
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residual equation is solved exactly. Postsmoothing on successive finer levels
then completes the algorithm for computing the next iterate U"*!. This
particular procedure is referred to as the V-cycle algorithm. It turns out that,
under the appropriate assumptions, the error reduction matrix R satisfies
|IR|| < p < 1, with p independent of M, i.e., of h, and that the number
of operations is of order O(N), where N = O(h~2) is the dimension of the
matrix associated with the finest triangulation.

A class of iterative methods that have attracted a lot of attention recently
is the so called domain decomposition methods. These assume that the do-
main {2 in which we want to solve our elliptic problem may be decomposed
into subdomains (2;, j = 1,..., M, which could overlap. The idea is to reduce
the boundary value problem on (2 into problems on each of the {2;, which
are then coupled by their values on the intersections. The problems on the
{2; could be solved independently on parallel processors. This is particularly
efficient when the individual problems may be solved very fast, e.g., by fast
transform methods.

The domain decomposition methods go back to the Schwarz alternating
procedure, in which 2 = 2; U (25 for two overlapping domains (2; and (2.
Considering the Dirichlet problem (1.1) and (1.2) on {2 (with ¢ = 0 on I')
one defines a sequence {uk}z"zo starting with a given u° vanishing on 042, by

— Ayt = f in (29,

L2k u?*  on 021 N £,
0 on 02y N OS2,

— Ayt = f in (2,
252 u? 1 on 90y N 2y,
0 on 025 N OS2,

and this procedure can be combined with numerical solution by, e.g., finite
elements.

The following alternative approach may be pursued when (2 and {2 are
disjoint but with a common interface 921 N 9f2: If u; denotes the solution
in £2;, j = 1,2, then the transmission conditions u, = ug, Juq/0n = uz/dn
have to be satisfied on the interface. One method is then to reduce the prob-
lem to an integral type equation on the interface and use this as a basis of
an iterative method.
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