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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 clas-
sical techniques of applied mathematics. This renewal of interest, both in
research 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 numerical
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 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 Math-
emalical Sciences (AMS) series, which will focus on advanced textbooks
and research-level monographs.
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Preface

“It is impossible to exaggerate the extent to which modern
applied mathematics has been shaped and fueled by the gen-
eral availability of fast computers with large memories. Their
impact on mathematics, both applied and pure, is comparable
to the role of the telescopes in astronomy and microscopes in
biology.”

— Peter Laz, Siam Rev. Vol. 31 No. 4

Congratulations! You have chosen to study partial differential equations.
That decision is a wise one; the laws of nature are written in the language
of partial differential equations. Therefore, these equations arise as models
in virtually all branches of science and technology. Our goal in this book
is to help you to understand what this vast subject is about. The book is
an introduction to the field. We assume only that you are familiar with ba-
sic calculus and elementary linear algebra. Some experience with ordinary
differential equations would also be an advantage.

Introductory courses in partial differential equations are given all over
the world in various forms. The traditional approach to the subject is to
introduce a number of analytical techniques, enabling the student to de-
rive exact solutions of some simplified problems. Students who learn about
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computational techniques on other courses subsequently realize the scope
of partial differential equations beyond paper and pencil.

Our approach is different. We introduce analytical and computational
techniques in the same book and thus in the same course. The main reason
for doing this is that the computer, developed to assist scientists in solv-
ing partial differential equations, has become commonly available and is
currently used in all practical applications of partial differential equations.
Therefore, a modern introduction to this topic must focus on methods suit-
able for computers. But these methods often rely on deep analytical insight
into the equations. We must therefore take great care not to throw away
basic analytical methods but seek a sound balance between analytical and
computational techniques.

One advantage of introducing computational techniques is that nonlinear
problems can be given more attention than is common in a purely analytical
introduction. We have included several examples of nonlinear equations in
addition to the standard linear models which are present in any introduc-
tory text. In particular we have included a discussion of reaction-diffusion
equations. The reason for this is their widespread application as important
models in various scientific applications.

Our aim is not to discuss the merits of different numerical techniques.
There are a huge number of papers in scientific journals comparing different
methods to solve various problems. We do not want to include such discus-
sions. Our aim is to demonstrate that computational techniques are simple
to use and often give very nice results, not to show that even better results
can be obtained if slightly different methods are used. We touch briefly
upon some such discussion, but not in any major way, since this really be-
longs to the field of numerical analysis and should be taught in separate
courses. Having said this, we always try to use the simplest possible nu-
merical techniques. This should in no way be interpreted as an attempt to
advocate certain methods as opposed to others; they are merely chosen for
their simplicity.

Simplicity is also our reason for choosing to present exclusively finite
difference techniques. The entire text could just as well be based on finite
element techniques, which definitely have greater potential from an appli-
cation point of view but are slightly harder to understand than their finite
difference counterparts.

We have attempted to present the material at an easy pace, explaining
carefully both the ideas and details of the derivations. This is particularly
the case in the first chapters but subsequently less details are included and
some steps are left for the reader to fill in. There are a lot of exercises
included, ranging from the straightforward to more challenging ones. Some
of them include a bit of implementation and some experiments to be done
on the computer. We strongly encourage students not to skip these parts.
In addition there are some “projects.” These are either included to refresh
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the student’s memory of results needed in this course, or to extend the
theories developed in the present text.

Given the fact that we introduce both numerical and analytical tools, we
have chosen to put little emphasis on modeling. Certainly, the derivation
of models based on partial differential equations is an important topic, but
it is also very large and can therefore not be covered in detail here.

The first seven chapters of this book contain an elementary course in
partial differential equations. Topics like separation of variables, energy ar-
guments, maximum principles, and finite difference methods are discussed
for the three basic linear partial differential equations, i.e. the heat equa-
tion, the wave equation, and Poisson’s equation. In Chapters 8-10 more
theoretical questions related to separation of variables and convergence of
Fourier series are discussed. The purpose of Chapter 11 is to introduce
nonlinear partial differential equations. In particular, we want to illustrate
how easily finite difference methods adopt to such problems, even if these
equations may be hard to handle by an analytical approach. In Chapter 12
we give a brief introduction to the Fourier transform and its application to
partial differential equations.

Some of the exercises in this text are small computer projects involving
a bit of programming. This programming could be done in any language.
In order to get started with these projects, you may find it useful to pick
up some examples from our web site, http://www.ifi.uio.no/ pde/, where
you will find some Matlab code and some simple Java applets.
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1
Setting the Scene

You are embarking on a journey in a jungle called Partial Differential Equa-
tions. Like any other jungle, it is a wonderful place with interesting sights
all around, but there are also certain dangerous spots. On your journey,
you will need some guidelines and tools, which we will start developing in
this introductory chapter.

1.1 What Is a Differential Equation?

The field of differential equations is very rich and contains a large vari-
ety of different species. However, there is one basic feature common to all
problems defined by a differential equation: the equation relates a function
to its derivatives in such a way that the function itself can be determined.
This is actually quite different from an algebraic equation, say

2 —2x+1 =0,

whose solution is usually a number. On the other hand, a prototypical
differential equation is given by
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where the constant ¢ typically is determined by an extra condition. For
instance, if we require

u(0) = 1/2,

we get ¢ = 1/2 and u(t) = 1e’. So keep this in mind; the solution we seek
from a differential equation is a function.

1.1.1  Concepts

We usually subdivide differential equations into partial differential equa-
tions (PDEs) and ordinary differential equations (ODEs). PDEs involve
partial derivatives, whereas ODEs only involve derivatives with respect to
one variable. Typical ordinary differential equations are given by

(a) u'(t) = u(t),

(b) W'(t) = w?(t),

(c) W' (t) = u(t) + sin(t) cos(t), (1.1)
) o (z) + ' (x) = a?,
) u

"(x) = sin(z).

Here (a), (b) and (c) are “first order” equations, (d) is second order, and
(e) is fourth order. So the order of an equation refers to the highest order
derivative involved in the equation. Typical partial differential equations
are given by!

() wg (2, 1) = U (x,t) — ud(z, 1), (1.2)
(k) ug(z,t) + (%u%x,t)% = Ugy(, 1),

Again, equations are labeled with orders; (1) is first order, (f), (g9), (h), (i),
(j) and (k) are second order, and (m) is fourth order.

Equations may have “variable coefficients,” i.e. functions not depending
on the unknown u but on the independent variables; t, =, or y above. An
equation with variable coefficients is given in (1) above.

2
1Here uy = ‘3—?, Uge = %, and so on.
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Some equations are referred to as nonhomogeneous. They include terms
that do not depend on the unknown w. Typically, (¢), (d), and (e) are
nonhomogeneous equations. Furthermore,

u(z) +u'(x) =0

would be the homogeneous counterpart of d). Similarly, the Laplace equa-
tion

uzm(xvy) + uyy(xay) = 0
is homogeneous, whereas the Poisson equation

is nonhomogeneous.
An important distinction is between linear and nonlinear equations. In
order to clarify these concepts, it is useful to write the equation in the form

L(u) = 0. (1.3)
With this notation, (a) takes the form (1.3) with
L(u) = u'(t) — u(t).
Similarly, () can be written in the form (1.3) with
L(u) = gy — Ugy + u.
Using this notation, we refer to an equation of the form (1.3) as linear if
L(ou + Bv) = aL(u) + SL(v) (1.4)

for any constants o and 3 and any relevant? functions v and v. An equation
of the form (1.3) not satisfying (1.4) is nonlinear.
Let us consider (a) above. We have

L(u) = v —u,

and thus

2We have to be a bit careful here in order for the expression L(u) to make sense. For
instance, if we choose

- -1 =<0,
- 1 x>0,

then u is not differentiable and it is difficult to interpret L(w). Thus we require a certain
amount of differentiability and apply the criterion only to sufficiently smooth functions.
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L(au+ Bv) = au’ + v’ — au — B
alu’ —u) + B0 —v)
aL(u) + BL(v),

for any constants o and 3 and any differentiable functions v and v. So this
equation is linear. But if we consider (j), we have

L(u) = g — Uy + U,
and thus
L(u+v) = Ut — Uy + Vgt — Vo + (u+v)?,
which is not equal to L(u)+ L(v) for all functions u and v since, in general,
(u+v)® # u® +0°,

So the equation (j) is nonlinear. It is a straightforward exercise to show
that also (¢), (d), (e), (f), (g), (k), (1) and (m) are linear, whereas (b), (i)
and (k), in addition to (j), are nonlinear.

1.2 The Solution and Its Properties

In the previous section we introduced such notions as linear, nonlinear,
order, ordinary differential equations, partial differential equations, and
homogeneous and nonhomogeneous equations. All these terms can be used
to characterize an equation simply by its appearance. In this section we will
discuss some properties related to the solution of a differential equation.

1.2.1  An Ordinary Differential Equation
Let us consider a prototypical ordinary differential equation,
u'(t) = —u(t) (1.5)
equipped with an initial condition
u(0) = uo. (1.6)
Here ug is a given number. Problems of this type are carefully analyzed in

introductory courses and we shall therefore not dwell on this subject.? The

3Boyce and DiPrima [3] and Braun [5] are excellent introductions to ordinary differ-
ential equations. If you have not taken an introductory course in this subject, you will
find either book a useful reference.



1.2 The Solution and Its Properties 5

solution of (1.5) and (1.6) is given by

u(t) = uge .

This is easily checked by inspection;

u(0) = upe® = uo,

and
u'(t) = —uge™ " = —ul(t).

Faced with a problem posed by a differential equation and some initial
or boundary conditions, we can generally check a solution candidate by
determining whether both the differential equation and the extra conditions
are satisfied. The tricky part is, of course, finding the candidate.*

The motivation for studying differential equations is—to a very large
extent—their prominent use as models of various phenomena. Now, if (1.5)
is a model of some process, say the density of some population, then ug
is a measure of the initial density. Since uy is a measured quantity, it is
only determined to a certain accuracy, and it is therefore important to
see if slightly different initial conditions give almost the same solutions. If
small perturbations of the initial condition imply small perturbations of
the solution, we have a stable problem. Otherwise, the problem is referred
to as unstable.

Let us consider the problem (1.5)—(1.6) with slightly perturbed initial
conditions,

V'(t) = —v(t), (1.7)
v(0) = up + ¢, (1.8)
for some small e. Then
v(t) = (up +e€)e ",
and
lu(t) —v(t)| = |ele™". (1.9)

We see that for this problem, a small change in the initial condition leads to
small changes in the solution. In fact, the difference between the solutions
is reduced at an exponential rate as ¢ increases. This property is illustrated
in Fig. 1.1.

4We will see later that it may also be difficult to check that a certain candidate is in
fact a solution. This is the case if, for example, the candidate is defined by an infinite
series. Then problems of convergence, existence of derivatives etc. must be considered
before a candidate can be accepted as a solution.



6 1. Setting the Scene

t
FIGURE 1.1. The solution of the problem (1.5)—(1.6) with uwo = 1 and
ug = 1+1/10 are plotted. Note that the difference between the solutions decreases
as t increases.

Next we consider a nonlinear problem:;

1.10
u(0) = wuy, (1.10)
whose solution is given by
2
u(t) = 1o (1.11)

up + (2 — ug)et*”

It follows from (1.11) that if ug = 2, then u(t) = 2 for all ¢ > 0. Such a
state is called an equilibrium solution. But this equilibrium is not stable;
in Fig. 1.2 we have plotted the solution for uy = 2 — 1/1000 and ug =
2+ 1/1000. Although the initial conditions are very close, the difference in
the solutions blows up as t approaches a critical time. This critical time is
discussed in Exercise 1.3.

1.3 A Numerical Method

Throughout this text, our aim is to teach you both analytical and nu-
merical techniques for studying the solution of differential equations. We
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Uy = 2+ 5=
0 + To00 |

o = 2 — 1550 y

FIGURE 1.2. Two solutions of (1.11) with almost identical initial conditions are
plotted. Note that the difference between the solutions blows up as t increases.

will emphasize basic principles and ideas, leaving specialties for subsequent
courses. Thus we present the simplest methods, not paying much attention

to for example computational efficiency.
In order to define a numerical method for a problem of the form

u'(t) = f(u(t)), (1.12)

u(0) = wo,

for a given function f = f(u), we recall the Taylor series for smooth func-
tions. Suppose that u is a twice continuously differentiable function. Then,

for At > 0, we have

u(t+ At) = u(t) + At/ (t) + %(At)Qu”(t +£) (1.13)

for some £ € [0, At]. Hence, we have®

() = Wu)(m). (1.14)

We will use this relation to put up a scheme for computing approximate
solutions of (1.12). In order to define this scheme, we introduce discrete

5The O-notation is discussed in Project 1.1.
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timelevels
tm = mAL, m=0,1,...,

where At > 0 is given. Let v,,, m = 0,1,... denote approximations of
u(ty,). Obviously we put vg = ug, which is the given initial condition. Next
we assume that v, is computed for some m > 0 and we want to compute
Um+1. Since, by (1.12) and (1.14),

u(tm+1) - u(tm)

N ~ () = f(ultm)) (1.15)

for small At, we define v,,11 by requiring that

Um+1 — Um o
—Ar f(vm). (1.16)

Hence, we have the scheme
Umt1 = Um + Atf (o), m=0,1,.... (1.17)

This scheme is usually called the forward Euler method. We note that it is
a very simple method to implement on a computer for any function f.

Let us consider the accuracy of the numerical approximations computed
by this scheme for the following problem:

(1.18)

The exact solution of this problem is u(t) = e, so we do not really need any
approximate solutions. But for the purpose of illustrating properties of the
scheme, it is worthwhile addressing simple problems with known solutions.
In this problem we have f(u) = u, and then (1.17) reads

Umt1 = (14 At)vg,, m=0,1,.... (1.19)
By induction we have
v = (14 AH)™.

In Fig. 1.3 we have plotted this solution for 0 < ¢, < 1 using At = 1/3,
1/6, 1/12, 1/24. We see from the plots that v, approaches u(t,,) as At is
decreased.

Let us study the error of this scheme in a little more detail. Suppose we
are interested in the numerical solution at ¢ = 1 computed by a time step
At given by

At = 1/M,
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3 3
2.5 2.5 g

At =1/3 At=1/6 -~

2 /// 1 2 ////

5 /,//// 1.5 ///’//

1 _ 1

o 0.5 1 o 0.5

3 3
At=1/12 ~ =S At=1/24 e

2 = 1 2 =

(o] 0.5 1 o 0.5

FIGURE 1.3. The four plots show the convergence of the numerical approxima-
tions generated by the forward FEuler scheme.

where M > 0 is a given integer. Since the numerical solution at t = 1 is
given by

oy = (14+AH)M = (14 ApY/AY,
the error is given by
E(At) = |e — (1 + At)/AY,
From calculus we know that
lim(1+6)Y¢ = e,

so clearly

lim E(At) = 0,

At—0
meaning that we get convergence towards the correct solution at t = 1.
In Table 1.1 we have computed E(At) and E(At)/At for several values
of At. From the table we can observe that E(At) ~ 1.359A¢ and thus
conclude that the accuracy of our approximation increases as the number
of timesteps M increases.

As mentioned above, the scheme can also be applied to more challenging
problems. In Fig. 1.4 we have plotted the exact and numerical solutions of
the problem (1.10) on page 6 using ug = 2.1.

Even though this problem is much harder to solve numerically than the
simple problem we considered above, we note that convergence is obtained
as At is reduced.

Some further discussion concerning numerical methods for ordinary dif-
ferential equations is given in Project 1.3. A further analysis of the error
introduced by the forward Euler method is given in Exercise 1.15.
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At E(At) E(At)/At
1/10t | 1.245-1071 1.245
1/10% | 1.347- 1072 1.347
1/10% | 1.358 - 1073 1.358
1/10* | 1.359-10~* 1.359
1/10° | 1.359-107° 1.359
1/10% | 1.359 10~ 1.359

TABLE 1.1. We observe from this table that the error introduced by the forward
Euler scheme (1.17) as applied to (1.18) is about 1.359At at t = 1. Hence the
accuracy can be increased by increasing the number of timesteps.

1.4 Cauchy Problems

In this section we shall derive exact solutions for some partial differential
equations. Our purpose is to introduce some basic techniques and show ex-
amples of solutions represented by explicit formulas. Most of the problems
encountered here will be revisited later in the text.

Since our focus is on ideas and basic principles, we shall consider only
the simplest possible equations and extra conditions. In particular, we will
focus on pure Cauchy problems. These problems are initial value problems
defined on the entire real line. By doing this we are able to derive very sim-
ple solutions without having to deal with complications related to boundary
values. We also restrict ourselves to one spatial dimension in order to keep
things simple. Problems in bounded domains and problems in more than
one space dimension are studied in later chapters.

1.4.1 Fuirst-Order Homogeneous Equations

Consider the following first-order homogeneous partial differential equation,
up(z,t) + az, t)uy(z,t) = 0, rER, ¢t >0, (1.20)

with the initial condition
u(z,0) = ¢(x), xR (1.21)

Here we assume the variable coefficient a = a(z,t) and the initial condition
¢ = ¢(x) to be given smooth functions.® As mentioned above, a problem of
the form (1.20)—(1.21) is referred to as a Cauchy problem. In the problem
(1.20)—(1.21), we usually refer to ¢ as the time variable and x as the spatial

6 A smooth function is continuously differentiable as many times as we find necessary.
When we later discuss properties of the various solutions, we shall introduce classes of
functions describing exactly how smooth a certain function is. But for the time being it
is sufficient to think of smooth functions as functions we can differentiate as much as we
like.
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FIGURE 1.4. Convergence of the forward Euler approzimations as applied to
problem (1.10) on page 6.

coordinate. We want to derive a solution of this problem using the method
of characteristics. The characteristics of (1.20)—(1.21) are curves in the
x—t-plane defined as follows: For a given zy € R, consider the ordinary
differential equation

dx(t)
e a(z(t),t), t>0,

(1.22)
z(0) = zo.

The solution @ = x(t) of this problem defines a curve {(z(t),t), t >0}
starting in (x,0) at ¢ = 0; see Fig. 1.5.
Now we want to consider u along the characteristic; i.e. we want to study
the evolution of u(x(t), t). By differentiating v with respect to ¢, we get
D w(t). 1) =+, 20
=u + a(z, t)u, =0,

where we have used the definition of x(¢) given by (1.22) and the differential
equation (1.20). Since

d
au(az(t), t) =0,

the solution u of (1.20)—(1.21) is constant along the characteristic. Hence

u(z(t), t) = u(zo,0)
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Sy

Lo

FIGURE 1.5. The characteristic starting at x = xo.

u(z(t),t) = (o). (1.23)

This means that if, for a given a = a(x,t), we are able to solve the ODE
given by (1.22), we can compute the solution of the Cauchy problem (1.20)—
(1.21). Let us consider two simple examples illustrating the strength of this
technique.

ExampLE 1.1 Consider the Cauchy problem

up + au, = 0, zeR, t>0, (1.24)

u(z,0) = ¢(z), =R,
where a is a constant. For this problem, the ODE (1.22) takes the form

7' (t) = a, z(0) = zo,
and thus
x = z(t) = xo + at. (1.25)

Since, by (1.23), we have

u(z,t) = u(z(t),t) = ¢(z0),
and by (1.25) we have

rg = x — at,
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consequently
u(z,t) = ¢(x — at). (1.26)

We conclude that the problem (1.24) is solved by the formula (1.26) for
any smooth ¢ and constant a. It is straightforward to check that (1.26)
actually solves (1.24);

u(z,0) = é(z),
and

u = —ag'(x — at)

uw:(b'(ac—at) } = U+ au, = 0.

Hence both the initial condition and the differential equation are fulfilled.

|
ExaMpPLE 1.2 Consider the Cauchy problem
Uy + xuy = 0, r€eR, t>0, (1.27)
u(z,0) = ¢(z), = €R.
Now the characteristics are defined by
2 (t) = x(t), 2(0) = wo
S0
z(t) = zoe! and x¢ = ze "
Since
u(z(t),t) = ¢(xo)
(see (1.23)), we get
u(z,t) = ¢ (ze™). (1.28)

As above, it is a straightforward task to check that (1.28) solves (1.27). B

1.4.2  First-Order Nonhomogeneous Equations

The method of characteristics can also be utilized for nonhomogeneous
problems. Consider the Cauchy problem

up + a(x, t)u, = b(z,t), z€R, t>0,

u(z,0) = o(x), x eR. (1.29)
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Here a, b, and ¢ are given smooth functions. Again we define the charac-
teristic by

"(t) = t),t),
z(0) = xp,
and study the evolution of u along © = (),

d dx
au(m(t), ) =u + Us oy

=uz + a(z, t)u,

=b(z(t),t).

Hence, the solution is given by

u(z(t),t) = ¢(x0)+/0 b(x(r),7)dr (1.31)

along the characteristic given by = = z(t). So the procedure for solving
(1.29) by the method of characteristics is to first find the characteristics
defined by (1.30) and then use (1.31) to compute the solutions along the
characteristics.

ExaMPLE 1.3 Consider the following nonhomogeneous Cauchy problem:

Ut + Uy = T, reR, t>0
(1.32)
u(z,0) = ¢(z), =R
Here, the characteristics defined by (1.30) are given by
z(t) = o + ¢,

and along a characteristic we have

u(z(t), t) = p(xo) + /01 x(r)dr

1
=¢(z0) + ot + §t2;

cf. (1.31). Since xg = = — t, we get

w(z,t) = ol —1) + (m— ;)t



1.4 Cauchy Problems 15
1.4.3 The Wave Equation
The wave equation
U (2,1) = Uge(x, 1) (1.33)

arises in for example modeling the motion of a uniform string; see Wein-
berger [28]. Here, we want to solve the Cauchy problem’ for the wave
equation, i.e. (1.33) with initial data

u(z,0) = ¢(x) (1.34)
and
ug(x,0) = P(x). (1.35)

But let us first concentrate on the equation (1.33) and derive possible
solutions of this equation. To this end, we introduce the new variables

E=a+t and 7 =2zt
and define the function
v(&,n) = u(x,t). (1.36)
By the chain rule, we get
Uy =
and
Ugz = Vge + 2Ugn + Uy
Similarly, we have
Ut = Veg — 2Ven + Vny,
and thus (1.33) implies that
0 = Uy — Upy = —4vgy.
Since
vep = 0 (1.37)
we easily see that

v(&,m) = f(§)+gn). (1.38)

"Initial-boundary value problems for the wave equation are studied in Chapter 5.
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solves (1.37) for any smooth functions f and g. In fact, all solutions of
(1.37) can be written in the form (1.38); see Exercise 1.12. Now it follows
from (1.36) that

u(z,t) = flx+t)+glx—1) (1.39)

solves (1.33) for any smooth f and g. This can be verified by direct deriva-
tion:

1

utt:f//+g

Upy = f// +g//} = Uyt = Ugg-

Next we turn our attention to the initial data (1.33) and (1.34). We want
to determine the functions f and g in (1.39) such that (1.33) and (1.34)
are satisfied. Of course, ¢ and 1 are supposed to be given functions.

By (1.39) we have

u(z,t) = f(z+1t)+glx—1t)
and
ug(x,t) = ff(x+1t) — g (x—t).

Inserting ¢ = 0, (1.34) and (1.35) imply that

o(z) = f(z) +g(x) (1.40)
and
Y(x) = f'(x) — g'(2). (1.41)
By differentiating (1.40) with respect to z, we get
o(x) = f'(z) + ¢'(2). (1.42)
Combining (1.41) and (1.42) yields
7= )
and
/ 1 /

and thus, by integration, we have

1 1 /7
f(s) =+ 5(;3(5) + 5/0 P(6)do (1.43)
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and
1 1 [
s) = 2t 30() — 5 [ wio)ap. (1.49)
0
where ¢; and ¢y are constants of integration. From (1.40) we note that
¢(z) = f(x) +9(z),
and thus by adding (1.43) and (1.44), we observe that
c1+c = 0.

Putting s = x +t in (1.43) and s = x — ¢ in (1.44), it follows from (1.39)
that

u(x,t):;(¢(x+t)+¢x—t / »(0 9—7/ (0

or

1
u(x,t) = 5 ~(p(z+ 1)+ ¢(z — 1)) / »(f (1.45)
This formula is referred to as the d’Alembert solution. Let us use it to
compute the solution of one Cauchy problem.

ExaMPLE 1.4 Consider the Cauchy problem

Ugt = Ugy , reR, t>0,
u(xz,0) =0, r eR, (1.46)
ug(x,0) = cos(z), xe€R.

Since ¢(z) = 0 and ¢ (z) = cos(z), it follows by (1.45) that

1 x4+t
u(z, )= / cos(0)df

_ % [sin(0)] """
_ %(Sin(x +1) —sin(z — 1)),

u(z,t) = cos(x)sin(t). (1.47)

It is straightforward to check by direct computation that (1.47) in fact
solves (1.46). |
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1.4.4 The Heat Equation
The heat equation,

u(@,t) = uga(z,t), x€ER, t>0), (1.48)

arises in models of temperature evolution in uniform materials; see e.g.
Weinberger [28]. The same equation also models diffusion processes —
say the evolution of a piece of ink in a glass of water. It is therefore often
referred to as the diffusion equation.

Since our purpose in this introductory chapter is to explain basic features
of PDEs, we shall study (1.48) equipped with the simplest possible initial
data,

u(z,0) = H(z) = {(1) z§(0)7 (1.49)

Here H = H(x) is usually referred to as the Heavyside function. The
Cauchy problem (1.48)—(1.49) can be interpreted as a model of the tem-
perature in a uniform rod of infinite length. At ¢ = 0, the rod is cold to the
left and hot to the right. How will the temperature evolve as ¢ increases?

Intuitively you know approximately how this will develop, but let us
compute it.

First we observe that the solution of the Cauchy problem (1.48)—(1.49)
is actually only a function of one variable. To see this, define the function

v(x,t) = ulcr, ct?) (1.50)
for any ¢ > 0. Then

0 =<0,
v(x,0) = u(cz,0) = {1 S0

and

2
v :CQUt } (ig) Ut = VUgx,
Vg = C Ugy
so we conclude that also v solves the Cauchy problem for any ¢ > 0.
However, the solution of the problem (1.48)—(1.49) is unique. Uniqueness
of the solution of the heat equation will be discussed later in the text. But
then, since v given by (1.50) solves (1.48)—(1.49) for any ¢ > 0, the solution
u = u(w,t) has to be constant along the line parameterized by (cx, c*t) for
¢ running from zero to plus infinity. Thus, u is constant along lines where

x/\/t = constant.
We therefore define y = z/ V't, introduce
w(y) = w(z/Vt) = u(z,1), (1.51)
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and observe that the initial condition (1.49) implies
w(—o0) =0 and w(oco) = 1.
Using the chain rule, we get

0 I
w=u(y) 5 = —5ut
0

_ Y (412, _ =1,
Uz ax(t w'(y)) =t~ " (y),

w'(y),

and since u; = Uz, we get the ordinary differential equation
w”’(y) + (y/2)w'(y) = 0
with boundary conditions

w(—o0) =0 and w(c0) = 1.

19

(1.52)

(1.53)

This problem can be solved analytically. Upon multiplying (1.52) by v’/ 4,

we get
0=e" " (y) + Ge/u(y)
= (')
We integrate this relation and get
eVl (y) = o,

where « is a constant of integration. If we now integrate

Since w(—o00) = 0, we have

y/2
w(y) = 2@/ e 9 dp.

— 00

Using the boundary condition w(co) = 1, it follows from (1.54) that

1= 2a/ e do = 20/

— 00

(1.54)
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or

20 = 1//m;

see Exercise 1.11. Hence

1 (Y2
w(y) = ﬁ/ e " db

and

1oEve
u(z,t) = ﬁ/ e 9 dp. (1.55)

We show in Exercise 1.13 that u tends to the Heavyside function as ¢t — 0,
t>0.

In Fig. 1.6 we have plotted this solution for « € [-2,2] and ¢t = 0,1/4, 1.
Note the smoothing property of this solution. Even when the initial function
u(x,0) is discontinuous as a function of z, u(z,t) is continuous as function
of = for any t > 0; see Exercise 1.13. This feature is very characteristic for
the heat equation and other equations of the same form.

0.9 t=0 t=0.25 —

0.8 -

0.7 *

0.6 —

O.5 -

o.4r —

0.3 -

L L L L L L L
—2 —1.5 —1 —0.5 o 0.5 1 1.5 2

FIGURE 1.6. The solution of the heat equation for t =0,1/4,1.

1.5 Exercises

EXERCISE 1.1 Consider the following differential equations:

(i) w'(t) = eu(t),

) u(z) = u(z)Va,

) urx(‘ray) + uyy(xvy)eSin(Z) = 17

()  w(,t) +ug(z,t) = ugy(x,t) + u2(a:7t)7
) (1/(t))2 +u(t) = €.
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Characterize these equations as:
(a) PDEs or ODEs,
(b) linear or nonlinear,

(¢) homogeneous or nonhomogeneous.

EXERCISE 1.2 Consider
u'(t) = —au(t),
u(0) = uyp,

for a given o > 0. Show that this problem is stable with respect to pertur-
bation in ug.

EXERCISE 1.3 Consider the ordinary differential equation

u'(t) = tu(t) (u(t) — 2),

u(0) = up.

(1.56)

(a) Verity that

2U()
ug + (2 — ug)et”

u(t) =

solves (1.56).
(b) Show that if 0 < wg < 2, then 0 < w(t) <2 for all ¢ > 2.

(¢) Show that if ug > 2, then u(t) — oo as

o 1/2
t 1 .
» (%))

(d) Suppose we are interested in (1.56) for ug close to 1, say ug € [0.9,1.1].
Would you say that the problem (1.56) is stable for such data?
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EXERCISE 1.4 We have discussed the question of stability with respect to
perturbations in the initial conditions. A model which is expressed as a
differential equation may also involve coefficients based on measurements.
Hence, it is also relevant to ask whether a solution is stable with respect
to changes in coefficients. One example can be based on the problem of
Exercise 1.2,

(1.57)

We assume that a > 0 is a measured number, and we consider a slightly
perturbed problem

V' (t) = —(a+ €)v(t),
v(0) = ug.

(a) We are interested in the solution at ¢ = 1. Do small changes in «
imply small changes in the solution?

(b) Next we assume that both uy and « are measured. Discuss the sta-
bility of the problem (1.57) in this context.

EXERCISE 1.5 Find the exact solution of the following Cauchy problems:
(a)

Uy + 2xu, =0 reR, t>0,

u(z,0)= e

U — TU; =0 zeR, t>0,
u(z,0) =sin(87z).

U + TUL = reR, t>0,
u(z,0) = cos(90x).

g + 2Uy = 22 reR, t>0,
u(x,0) =sin(87x) cos(90z).
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EXERCISE 1.6 Compute the exact solution of the following Cauchy prob-
lem:

U + Uy = U, reR, t>0,
u(z,0)=¢(z), = €R,
where ¢ is a given smooth function.

EXERCISE 1.7 We want to consider the stability of first-order nonhomoge-
neous Cauchy problems

uy + au, = b(z,t), xR, t>0,

u(z,0) = ¢(x), reR. (1.58)

We assume that a is a constant and that b and ¢ are given smooth functions.
Consider also the Cauchy problem

vy + av, = b(x,t), rzeR, t>0,
’U(’JI, 0) = d)(x) + E(IL’),

where € = €(x) is a smooth function. Show that

sup |u(z,t) — v(z,t)| = suple(z)],
z€eR,t>0 zeR

and conclude that the Cauchy problem (1.58) is stable with respect to
perturbations in the initial data.

EXERCISE 1.8 Consider the wave equation

Ut = c2um, reR, t>0,
u(z,0) = ¢(x), (1.59)
ut(z,0) = (),

for a given ¢ > 0. Follow the steps used to derive the solution in the case
of ¢ =1 and show that

x+ct
u(w,t) = %(qﬁ(m +ct) — ¢z — ct)) + 1 / »(0)do

2¢ r—ct
solves (1.59).
EXERCISE 1.9 Use the solution derived above to solve the Cauchy problem

Upr = 16Ugy, z€eR, t>0,
u(z,0) = 6sin®(z), 2 €R,
ut(x,0) = cos(6z), x€R.
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EXERCISE 1.10 Find the solution of the Cauchy problem

Ut = €Ugy, $6R7t>0

0 =<0
u(m,O):{l x;O

for any given constant ¢ > 0. Use the solution formula to plot the solution
at t = 1 for x € [—1,1] using ¢ = 1/10,1/2,1,10. In order to use the
solution formula you will have to apply numerical integration. Those not
familiar with this subject may consult Project 2.1.

EXERCISE 1.11 Let I denote the integral

1 :/ e da.
I’ = /00 /00 e~ (@ +v%) dzxdy.

(b) Use polar coordinates to show that I = /7.

(a) Explain why

EXERCISE 1.12 Show that any solution of (1.37) can be written in the form
(1.38).

EXERCISE 1.13 Consider the function u(x,t) given by (1.55).

(a) Verify directly that u satisfies the heat equation (1.48) for any x € R
and t > 0.

(b) Let ¢t > 0 be fixed. Show that u(-,t) € C*(R), i.e. u is a C*°-function
with respect to « for any fixed ¢ > 0.

(¢) Show that
u(0,t) = % for all £ > 0.
(d) Let = # 0 be fixed. Show that
lim w(z,t) = H(x).

t—0+

EXERCISE 1.14 Consider the initial value problem (1.59) for the wave
equation, i.e.

= gy, reR, t>0,

) = ¢(z), (1.60)
)
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The purpose of this exercise is to give an alternative derivation of the
d’Alembert solution (1.33), based on the method of characteristics for first
order equations.

(a) Assume that u = u(x,t) solves (1.60) and let v = u; + cu,. Show that

vy — cvg, = 0.

(b) Find v(z,t) expressed by ¢ and 1.
(¢) Explain why

u(z,t) = ¢z —ct) + /0 vl —e(t — 1), 7] dT.

(d) Derive the expression (1.33) for u(z,t).

EXERCISE 1.15 The purpose of this exercise is to perform a theoretical
analysis of the numerical experiments reported in Table 1.1. There we stud-
ied the forward Euler method applied to the initial value problem (1.18),
and the experiments indicated that the error E(At) at ¢ = 1 satisfies

E(At) ~ 1.359At.

(a) Let 0 < (m + 1)At < T and let u(t) be the solution of (1.18). Show
that if ¢,,, = mAt, then

u(tm+1) — ultm)
At

where the truncation error 7, satisfies

= u(tm) + T,

At
[Tm| < 7eT for 0 < (m+1)At <T.

(b) Assume that {v,,} is the corresponding forward Euler solution given
by
Um+4+1 = (1 + At)vm, Vo = 17

and let w,, = Uy, — V., be the error at time ¢, = mAt. Explain why
{w,, } satisfies the difference equation

Wint1 = (1 4+ At)w,, + At 1, wo = 0.
(¢) Use induction on m to prove that
At
|wn| S?GT(etmfl) for0<t,, <T.

How does this result compare to what was obtained in Table 1.17
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EXERCISE 1.16 Let u(z,t) be a solution of the heat equation (1.48) with
initial data

u(z,0) = f(z).
(a) Let a € R and define a function
v(z,t) = u(z — a,t).
Show that v solves the heat equation with initial data v(z,0) = f(z—
a).
(b) Let k > 0 be given and define
w(z, t) = u(kY %z, kt).
Show that w solves the heat equation with initial data w(z,0) =
[k ).
(c) Assume that u'(x,t),u?(x,t),...,u"(x,t) are solutions of the heat
equation (1.48) with initial functions
uf(x,0) = f¥(z) fork=1,2,...,n.

Furthermore, let ¢1,¢a,...,¢, € R and define a new function u(x,t)
by

u(x,t) = Z cpu®(z,t).
k=1
Show that u solves (1.48) with initial data

u(z,0) = Z ckfk(m).
k=1

EXERCISE 1.17 Consider the function S(z,t) given by

S(x,t):;e*% forzeR, ¢t>0.
4t
This function is well known in probability theory. It corresponds to the
density function for the normal distribution with variance 2¢t. As we shall
see below, this function also appears naturally in the analysis of the Cauchy
problem for the heat equation. In the context of differential equations the
function S is therefore frequently referred to as the Gaussian kernel function
or the fundamental solution of the heat equation.

(a) Use the result of Exercise 1.11 to show that

/S(x,t) de =1 for any ¢ > 0.
R
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(b) Consider the solution (1.55) of the heat equation (1.48) with the
Heavyside function H as a initial function. Show that u(x,t) can be
expressed as

u(e.t) = [ St y.0H() dy
R
(¢) Let a € R be given and define

v(z,t) = /RS(x—y,t)H(y—a) dy.

Use the result of Exercise 1.16 (a) to show that v solves (1.48) with
initial condition

u(z,0) = H(z — a).

(d) Let a,b € R, a < b, be given and define

1 for x € [a,b],
xa,b<x)={ .0

0 otherwise.

Show that the function
wt) = [ (=1 x0(0) dy

solves (1.48) with initial condition

u(z,0) = Xap(T).

Hint: Observe that xq(x) = H(x—a)—H (x—b) and use Exercise 1.16
(©).

(e) Let f(x) be a step function of the form

0 for x < ao,

¢ for x € [ag, a1],

flz) =
cn for x € [an—1,ay],
0 for x> ay,
where ¢1,¢o,...,¢, and ag < a1 < -+ < a, are real numbers. Show

that the function u(z,t) given by

u(z, 1) = / Sa—y,0)1(y) dy (1.61)
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solves the heat equation (1.48) with initial condition

u(z,0) = f(x).

In fact, the solution formula (1.61) is not restricted to piecewise con-
stant initial functions f. This formula is true for general initial func-
tions f, as long as f satisfies some weak smoothness requirements. We
will return to a further discussion of the formula (1.61) in Chapter 12.

1.6 Projects

Project 1.1 Convergence of Sequences

In dealing with numerical approximations of various kinds, we are often
interested in assessing the quality of the numerical estimates. Proving error
bounds in order to obtain such estimates might be a very difficult task,® but
in many cases empirical estimates can be obtained using simple computer
experiments. The purpose of this project is thus to develop a “quick and
dirty” way of investigating the convergence of schemes under some fortu-
nate circumstances. More precisely, the exact solution has to be available
in addition to the numerical approximation. Of course, one might ask why
a numerical approximation is needed in such cases, but the general idea is
that if we know how one method converges for one particular problem, this
will guide us in learning how the scheme handles more delicate problems.

Let us start by defining some basic concepts concerning convergence of
an infinite sequence of real numbers {z, }n>1.

Convergence of Sequences. If, for any € > 0, there is an integer IV such
that

|zn, —z| <€ forall n>N,
we say that the sequence {z,} converges towards z, and we write

lim z, = z.
n— o0

Rate of Convergence. We say that the sequence {z,} converges towards
a real number z with the rate « if there is a finite constant ¢, not
depending on n, such that

1 «
|2n — 2] Sc() .
n

8Some argue strongly that this is the very core of numerical analysis.
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If o = 1, we have first-order, or linear convergence, o = 2 is referred
to as second-order, or quadratic convergence, and so on.

Superlinear Convergence. We say that the sequence {z, } converges su-

perlinearly towards a real number z if there is a sequence of positive
real numbers {¢,} such that

lim ¢, =0
n—oo

and

|2 — 2| < en/n.

The O-Notation. Let {y,},>1 and {2, },>1 be two sequences of positive

real numbers. If there is a finite constant ¢, not depending on n, such
that

Yn < cz, forall n>1,

we say that the sequence {y,} is of order {z,}, and we write,

n = O0(zn)

Estimate the rate of convergence, as n tends to infinity, for the fol-
lowing sequences:

1. Zn:\/i
2. zp, =5l (/)
3.zn:\/7 2(1/n)

4. 2, =n(elt -1-1)

Determine whether the following sequences converge linearly or su-
perlinearly toward zero as n tends to infinity:

1.z, =1/n

_ 1
2. 2n = nlog (n)
3. znzﬂ

n

In some cases, we consider a parameter h tending to zero, rather than
n tending to infinity. Typically, h = 1/n in many of our applications.
Restate the definitions above for sequences {zp, } where h > 0, and es-
timate the rate of convergence, as h — 0, for the following sequences:

1. Zh = \/Esin (h)
2. 2z, = Vhcos (h)
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3. zp = Vheh

Let f = f(z) be a smooth function, and show that for small h we

have?:

1. Lt =I@) — ey 4 O(h)

9. M = f'(z) + O(h)

3 M = f'(z) + O(h?)

n f(fc+h) 2f(r)+fT M= f(x) + O(h?)

In many cases, the sequence {z,} is not known by a formula. It might
for example be given as the result of numerical experiments. In such
cases, we want a procedure for estimating the rate of convergence
numerically. To do this, we define the error by

en = |zn — 2|,

and assume that there exist real numbers ¢ and «, which are inde-
pendent of A, such that

ep = ch®. (1.62)

Let hy # hg, and use (1.62) to derive that the rate o can be estimated
by

_ log (ehl/eh2)
lOg (hl/hg)

provided that the model (1.62) holds.

Consider the sequences given in (¢) above, and compute ¢;, for

(1.63)

h =1/100,1/200,1/400, and 1/800,

and estimate the rate « given by (1.63) by comparing subsequent
values of ej,. How do your results compare with those obtained in (c)
above?

Use the procedure described above to estimate the rate of convergence
for the sequence given by

2h = [ log (h)].

Try to explain the difficulties you encounter, and note the dangers of
blindly applying the procedure.

9The Taylor series is useful here.
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(g) In this course, Fourier series for approximating functions will be used
in the analysis of partial differential equations. One peculiar prop-
erty of these series is that they provide series expansions for some
irrational numbers. Try to estimate the order of convergence for the
following series by applying the technique developed above.

o L& 1y
(i) z=m/4 and Zn_ZQ'Jrl
j=0 J
n 1
it) z=7%/8 and =z, = —_—
(i) = = 2 > i
1
(iii) z = 7%/6 and  z, = Z 7
j=1

Project 1.2 Linear Algebra

Throughout this course we will need some basic concepts of linear alge-
bra; matrices, vectors, norms and so on. Familarity with elementary linear
algebra is assumed; this project is intended to refresh your memory. We
simply state a series of facts about matrices and vectors, followed by some
fairly simple problems showing possible applications of the results. Proofs
of the properties can be found in any introductory book on linear algebra,;
see e.g. H. Anton [1].

Linear Independent Vectors. Let V = {v1,vq,... ,v;} be a collection
of vectors in R". If there exist scalars ¢y, ca,... ,c; such that at least
one of the ¢;s is nonzero and

c1v1 + cova + -+ -+ cpv = 0, (1.64)

we say that the collection of vectors V' is a linearly dependent set. If
the requirement (1.64) implies that all the scalars ¢q, ca, ... , ¢ have
to be zero, the vectors are referred to as a linearly independent set.

PROBLEMS

(a) Define the vectors
2 -1 0
Uy = -1 1, Uy = 2 , and uz = -1

0 -1 2

Show that {uy,us,usz} is a linearly independent set of vectors.
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(b)

()

Show that the vectors

1 4 7
v] = 2 |, Vg = 5 |, and w3= 8
3 6 9

form a linear dependent set.

Show that any collection of n 4+ 1 vectors in R™ form linearly
dependent sets.

Singular and Nonsingular Matrices. Let A be an n X n matrix, i.e.
A € R™™ Then A is said to be nonsingular if there is another n x n
matrix A~! such that

A TA=1T.

where [ € R™" is the identity matrix. If no such matrix exists, A is
called singular.

There are several ways of characterizing a nonsingular matrix; the
following statements are equivalent:

The matrix A is nonsingular.
The determinant of A is nonzero.

The vectors defined by the rows of A form a linearly independent
set.

The vectors defined by the columns of A form a linearly inde-
pendent set.

The linear system Az = 0 has only one solution; z = 0.

The linear system Az = b has a unique solution = = A~'b for
any b € R".

Similarly, a singular matrix can be characterized by the following
equivalent statements:

The matrix A is singular.
The determinant of A is zero.

The vectors defined by the rows of A form a linearly dependent
set.

The vectors defined by the columns of A form a linearly depen-
dent set.

There exists at least one nonzero vector x € R™ such that Az =
0.

There exists a vector b € R™ such that the linear system Ax = b
has no solution.
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The rank of a matrix is the number of linearly independent columns
(or rows) in the matrix. Obviously, the rank of a nonsingular n x n
matrix is n.

PROBLEMS (CONTINUED)

(d) Let
2 —-1 0 1 1/2 1/3
Ay=| -1 2 —1 |, Ay=|1/2 1/3 1/4 |,
0 -1 2 /3 1/4 1/5
and
1 4 7
Az=12 5 8
369
Show that
3/4 1/2 1/4 9 —36 30
Ayt=1 12 1 12 ], A;t=| -36 192 -180 |,
1/4 1/2 3/4 30 —180 180

and that As is singular.
(e) Solve the linear systems

All‘l = b1 and AQLL‘Q = bg

where by = (1,2,1)7 and by = (—1,2, —4)7.
(f) Show that the rank of A, Ay, and A3 is 3, 3, and 2 respectively.
(g) Show that if ad # bc, then

a b\ 1 d —b
c d Cad—be\ —¢ a )’

The Euclidean Inner Product and the Associated Norm. For two
vectors z and y in R™, the Euclidean inner product is defined by

n
(@,y) =Y _ =y,
j=1

and the associated norm is defined by

2]l = (z, 2)V/2.

Two vectors x and y are said to be orthogonal if (x,y) = 0. A col-
lection of vectors {vy,ve... v} is said to be an orthogonal set if
(vi,v;) = 0forall ¢ # j. If, in addition, ||v;|| = 1 foralli =1,2,... ,k,
the set is called orthonormal.

The norm || - || satisfies the following properties:
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1. [|z]| > 0 for all vectors z € R™.

2. ||z|] = 0 if and only if x = 0.

3. ||laz|| = |a| ||z|| for all scalars o and vectors x € R™.
4. ||z +yl| < ||z|| + ||y|| for any vectors z,y € R™.

5. (z,y) < ||z||||y]| for any vectors x,y € R™.

Here, (4) is referred to as the triangle inequality and (5) is the Cauchy-
Schwarz inequality.

PROBLEMS (CONTINUED)
(h) Consider the vectors defined in (a) and (b) above, and compute

the inner products (u1,uz), (u1,us), (u2,us), and (vy,vs). Com-
pute the norms ||uy ||, ||uszl], [|v1]|, and [|vs]]-

(i) Suppose the vectors € R™ and y € R™ are orthogonal. Show
that

[l +yl1* = |2]* + [lyl*.

This is referred to as the theorem of Pythagoras.

(j) Show that a set of orthonormal vectors forms a linearly inde-
pendent set.

(k) Show that the usual basis of R™ forms a orthonormal set.

(1) Suppose Y = {y1,¥92,... ,yn} is an orthonormal set in R™. Show
that any vector z € R™ can be written as a linear combination
of the vectors in V. More precisely, determine the coefficients
{c1,¢a,...,c,} such that

n
Z = E CiYj.
j=1

Is this representation of the vector z in terms of the vectors in
V' unique?

Eigenvalues and Eigenvectors. Let A € R™", and suppose that there
exists a scalar value A and a nonzero vector x such that

Ax = \x.

Then A is an eigenvalue and x is a corresponding eigenvector of the
matrix A. Basic facts about eigenvalues and eigenvectors:
e Any matrix A € R™"™ has at most n eigenvalues.

o If the matrix is symmetric, i.e. AT = A, all the eigenvalues are
real and the corresponding eigenvectors form an orthogonal set.
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e A matrix is nonsingular if and only if all eigenvalues are nonzero.
PROBLEMS (CONTINUED)

(m) Find the eigenvalues and the eigenvectors of the matrices

2 -1 1 -1
A4:(1 2)7 A5:(1 1)7

and A; above.

(n) Verify for the matrices A; and Ay that the eigenvectors are
orthogonal.

(0) Suppose A is an eigenvalue and z is the corresponding eigen-
vector for a nonsingular matrix A € R™™. Define the matrix
Bi = I + a1 A where [ is the identity matrix and « is a scalar.
Show that g3 =14 a3 is an eigenvalue of the matrix By, and
that z is the corresponding eigenvector.

(p) Let By = agl + a1 A + ap A%, and show that ps = ag + ag A +
as)\? is an eigenvalue of By and that z is the corresponding
eigenvector.

(q) Try to generalize these observations to find a formula for the
eigenvalues for a general matrix polynomial of the form

P(A) =) o A
j=0

(r) Show that 1/\ is an eigenvalue and x is an eigenvector for the
inverse of A, i.e. for A1,

Positive Definite Matrices. A symmetric matrix A € R™" is called pos-
itive definite if

2T Az >0 for all nonzero z € R".
Similarly, it is called positive semidefinite if
T Ar >0 forall zeR"

Basic facts about positive definite matrices:

e A symmetric and positive definite matrix is nonsingular.

e A symmetric matrix is positive definite if and only if all the
eigenvalues are real and strictly positive.

e A symmetric matrix is positive semidefinite if and only if all the
eigenvalues are real and nonnegative.
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PROBLEMS (CONTINUED)

(s) Show that the matrices A; and Ay are symmetric and posi-
tive definite, and that the matrix A5 is symmetric and positive
semidefinite.

(t) Show that a sum of symmetric and positive definite matrices is
also symmetric and positive definite.

(u) Let A € R™" be a nonsingular matrix and define B = AT A.
Show that B is symmetric positive definite.

(v) A matrix A € R™"™, not necessarily symmetric, is called positive
real if

2T Az > 0 for all nonzero z € R”.

Show that if A is positive real, then the matrix B = A + A7 is
symmetric and positive definite.

Project 1.3 Numerical Methods for ODEs

The purpose of this project is to illustrate that there is more to life than
forward Euler. Numerical methods for ordinary differential equations is a
vast subject reaching far beyond our scope. However, some ideas applied
in that field will appear later in the text, so we use this project to present
them in a simple framework.

We start by considering the problem

which we know has the analytical solution u(t) = e~

(a) Show that the numerical solution computed by the forward Euler
method (see (1.17) page 8) is given by

v = (1 =A™, m=0,1,... (1.66)

(b) Show that v,, converges toward the correct solution at t = 1 as At
tends to zero.

(¢) In the derivation of the forward Euler method on page 8, we argued
that

W(tm1) — w(tm) oy B .
+T ~ o (bn) = f(ultm); (1.67)

see (1.15). Show, in a similar manner, that we have

u(tm+1) — ultm)

Al ~ u/(tm—i-l) = f(u(tvrz+1))' (168)
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Use (1.68) to derive the backward Euler method,
Umt1 — Atf(Vms1) = U, m=0,1,.... (1.69)

Apply the backward Euler method to the problem (1.65) and show
that

Uy = m%)m, m=0,1,... (1.70)
Explain why
W) 2 i) + Flut))

and use this to derive the scheme

1 1
Um+1 — §Atf(’l)m+1) = Uy + iAtf(’Um), m = O7 1, ce. (171)

Apply (1.71) to (1.65) and show that
2 —At\"

Compare the accuracy of the three methods by computing approxima-
tions to the solutions of (1.65) at t = 1. Use the technique displayed
in Table 1.1 and Project 1.1 to argue that the errors when using the
schemes (1.66), (1.70), and (1.72) are O(At), O(At), and O((At)?)
respectively.

Implement the schemes discussed above for f(v) = —v. Check the
correctness of your implementation by using your code to generate
approximations of (1.65).

Generalize your codes to the problem

Derive the exact solution of (1.73) and use this to study the error of
three schemes at ¢ = 1. Do the conclusions of (h) above also apply to
this nonlinear problem?
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2
Two-Point Boundary Value Problems

In Chapter 1 above we encountered the wave equation in Section 1.4.3
and the heat equation in Section 1.4.4. These equations occur rather fre-
quently in applications, and are therefore often referred to as fundamental
equations. We will return to these equations in later chapters. Another
fundamental equation is Poisson’s equation, given by

n
0%u s
ox2
j=1 "7
where the unknown function v is a function of n spatial variables z1, ... , .

The main purpose of this chapter is to study Poisson’s equation in one
space dimension with Dirichlet boundary conditions, i.e. we consider the
two-point boundary value problem given by

—u"(z) = f(z), x€(0,1), u(0)=u(l)=0. (2.1)

Although the emphasis of this text is on partial differential equations, we
must first pay attention to a simple ordinary differential equation of second
order, since the properties of such equations are important building blocks
in the analysis of certain partial differential equations. Moreover, the tech-
niques introduced for this problem also apply, to some extent, to the case
of partial differential equations.

We will start the analysis of (2.1) by investigating the analytical proper-
ties of this problem. Existence and uniqueness of a solution will be demon-
strated, and some qualitative properties will be derived. Then we will turn
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our attention to numerical methods for solving this simple problem, and we
will carefully study how well the numerical solutions mimic the properties
of the exact solutions. Finally, we will study eigenvalue problems associated
with the boundary value problem (2.1). The results of this analysis will be
a fundamental tool in later chapters.

Although the equations investigated in this chapter are very simple and
allow analytical solution formulas, we find it appropriate to start our study
of numerical methods by considering these problems. Clearly, numerical
values of the solutions of these problems could have been generated without
the brute force of finite difference schemes. However, as we will encounter
more complicated equations later on, it will be useful to have a feeling for
how finite difference methods handle the very simplest equations.

2.1 Poisson’s Equation in One Dimension

In this section we will show that the problem (2.1) has a unique solution.
Moreover, we will find a representation formula for this solution.

We start by recalling a fundamental theorem of calculus: There is a
constant ¢ such that

u(z) = 1 + / W' (y) dy, (2.2)
0
and similarly, there is a constant co such that
Y
' (y) = ez —|—/ u’(2)dz. (2.3)
0

This is true for any twice continuously differentiable function u. Suppose
now that u satisfies the differential equation (2.1). Then (2.3) implies that

u'(y) = co — /Oy f(z)dz. (2.4)

Then, inserting this equation into (2.2), we obtain

u(z) =1 + cow — /Ox (/Oy f(2) dz) dy. (2.5)

In order to rewrite this expression in a more convenient form, we define

Fo) = [ ")z,
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and observe that

[ ([ reras)an= [ raa

= [yF(y)lo /OI yF'(y) dy

=zl (r) - /Ox yf(y)dy

/ “(@— ) ) dy.
0

where we have used integration by parts. Now (2.5) can be rewritten in the
following form:

u(z) = e + eaz - / “(@— ) () dy. (2.6)

Note that ¢; and ¢ are arbitrary constants, and that so far we have only
used the differential equation of (2.1) and not the boundary conditions
given by

u(0) = u(l) = 0.

These conditions are taken into account by choosing c¢; and co properly.
The condition «(0) = 0 implies that ¢; = 0, and then u(1) = 0 implies that

1
- /0 (1-9)f () dy.

Hence, the constants ¢; and ¢y are uniquely determined from the boundary
conditions. This observation is an important one; since any solution of the
differential equation

—u(x) = ()

can be written on the form (2.6) and the constants involved in (2.6) are
uniquely determined by the boundary conditions of (2.1), it follows that
the problem (2.1) has a unique solution.

We observe that if we use the derived expressions for ¢; and ¢y in (2.6),
we are allowed to write the solution u in the following form:

1 x
u(z) =z / (1— ) f(y) dy - / (x — ) (y) dy. (2.7)

EXAMPLE 2.1 Consider the problem (2.1) with f(z) = 1. From (2.7) we
easily obtain

wa) =z [[a=ndy— [ @y = o1 -a)
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EXAMPLE 2.2 Consider the problem (2.1) with f(x) = z. Again, from (2.7)
we get

u(x) =$/O (1—y)ydy—/0z(af—y)ydy= éx(l —2?).
(]

Further examples of how to compute the exact solution formulas for two-
point boundary value problems are given in the exercises. In Project 2.1
we will also see how the exact representation of the solution can be used
to derive numerical approximations when the integrals involved cannot be
evaluated analytically.

2.1.1 Green’s Function

The unique solution of (2.1) can be represented in a very compact way by
introducing an auxiliary function: the Green’s function.
Introduce the function

G(x,y)—{ z(1—y) if z<y<1. (2:8)

It follows that the representation (2.7) can be written simply as

ulz) = / Gl ) (y) dy. (2.9)

The function G is called the Green’s function for the boundary value prob-
lem (2.1), and it has the following properties:

e (G is continuous,

e (G is symmetric in the sense that G(z,y) = G(y, z),

e G(0,y) =G(l,y) = G(x,0) = G(z,1) =0,

e (G is a piecewise linear function of = for fixed y, and vice versa,
e G(x,y) >0 for all z,y € [0,1].

These properties follow directly from (2.8). The function is plotted in
Fig. 2.1.

Of course, the representation (2.9) is only a reformulation of (2.7). How-
ever, the representation (2.9) is very convenient when we want to derive
various properties of the solution wu.
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G(1/4,y) LG(3/4y)

0

y=1/4 TR y=3/4 1

FIGURE 2.1. Green’s function G(z,y) for two values of x. To the left we have
used x = 1/4, and to the right we have used v = 3/4.

2.1.2  Smoothness of the Solution

Having an exact representation of the solution, we are in a position to
analyze the properties of the solution of the boundary value problem. In
particular, we shall see that the solution is smoother than the “data,” i.e.
the solution u = u(z) is smoother than the right-hand side f.

Assume that the right-hand side f of (2.1) is a continuous function,
and let u be the corresponding solution given by (2.9). Since u can be
represented as an integral of a continuous function, u is differentiable and
hence continuous. Let C'((0,1)) denote the set of continuous functions on
the open unit interval (0,1). Then the mapping

fr—=u, (2.10)

where v is given by (2.9), maps from C([0,1]) into C([0,1]).! From (2.7)
we obtain that

1 x
W@ = [a-wrwds- [ i
and (not surprisingly!)

u(z) = —f(2).

Therefore, if f € C’((O7 1))7 then u € CQ((O, 1)), where for an integer m > 0,
C™((0,1)) denotes the set of m-times continuously differentiable functions
on (0,1). The solution u is therefore smoother than the right-hand side f.

In order to save space we will introduce a symbol for those functions that
have a certain smoothness, and in addition vanish at the boundaries. For
this purpose, we let

C§((0,1)) = {g e C*((0,1)) nC([0,1])| g(0) = g(1) = 0} .

LA continuous function g on (0, 1) is continuous on the closed interval [0, 1], i.e. in
C([0,1]), if the limits lim,_, o+ g(z) and lim,_,; — g(z) both exist.
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With this notation at hand, we notice that the formula for the exact
solution given by (2.9) defines a mapping from C((0,1)) into CZ((0,1)).
The following result is a summary of the discussion so far.

Theorem 2.1 For every f € C((O,l)) there is a unique solution u &€
C2((0,1)) of the boundary value problem (2.1). Furthermore, the solution
u admits the representation (2.9) above.

Having established this result, further smoothness of the solution can be
derived by using the differential equation. More precisely, if f € C™ ((0, 1)),
for m > 1, then v € C™2((0,1)) and

w(m+2) — _ p(m)

Hence, the solution is always smoother than the “data,” and for f € C°°,
we have u € C°.

EXAMPLE 2.3 Consider the problem (2.1) with f(z) = 1/z. Note that
f € C((0,1)), but f ¢ C([0,1]) since f(0) does not exist. It is easy to
verify directly that the solution w is given by

u(x) = —x1n (),
and
u'(z) = -1 —In(z).

Hence, u € C3((0,1)). However, note that u’ and u” are not continuous at
zZero. u

2.1.3 A Maximum Principle

The solution of (2.1) has several interesting properties. First we shall con-
sider what is often referred to as a monotonicity property. It states that
nonnegative data, represented by the right-hand side f, is mapped into a
nonnegative solution. Secondly, we will derive a maximum principle for the
solution of the two-point boundary value problem. This principle states
how large the solution of the problem, measured by its absolute value, can
be for a given right-hand side f.

The following monotonicity property is derived using the representation
of the solution given by (2.9).

Proposition 2.1 Assume that f € C((0,1)) is a nonnegative function.
Then the corresponding solution u of (2.1) is also nonnegative.

Proof: Since G(x,y) > 0 for all z,y € [0,1], this follows directly from
(2.9). [ |
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In order to state the next property, we introduce a norm on the set
C([0,1]). For any function f € C([0,1]), let

I flloe = sup]lf(l‘)|~

z€[0,1

The scalar value ||f||oc, which we will refer to as the sup-norm of f,
measures, in some sense, the size of the function f. Let us look at some
examples clarifying this concept.

EXAMPLE 2.4 Let f(z) = 2, g(z) = (1 — 2), and h(x) = eV®. The sup-
norm of these functions, considered on the unit interval [0, 1], are given by
[fllse =1, llglloc = 1/4, and finally [|A]loc = €. u

The following result relates the size of the solution u of the problem (2.1)
to the size of the corresponding data given by the right-hand side f.

Proposition 2.2 Assume that f € C([O, 1}) and let u be the unique solu-
tion of (2.1). Then

[lulloo < (1/8)]]f]co-

Proof: Since G is nonnegative, it follows from (2.9) that for any « € [0, 1],

ju(a)] < / Gl y)|f (v)| dy.

From the definition of || f||o above, it therefore follows that

1
1
@) < Ifll [ Gl dy = ||zt —2),
and hence

|ulloe = sup [u(@)] < (1/8)]]f|lcc-
z€]0,1]

2.2 A Finite Difference Approximation

The basic idea of almost any numerical method for solving equations of the
form (2.1) is to approximate the differential equation by a system of alge-
braic equations. The system of algebraic equations is set up in a clever way
such that the corresponding solution provides a good approximation of the
solution of the differential equation. The simplest way of generating such
a system is to replace the derivatives in the equation by finite differences.
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In fact, the basic idea of any finite difference scheme stems from a very
familiar definition; the definition of the derivative of a smooth function:

/ u(z+h) —u(x)
o) = o SEER =L,

This indicates that in order to get good approximations, A must be suffi-
ciently small. Typically, the number of unknowns in the algebraic system is
of order? O(1/h). Thus, in order to compute good approximations, we have
to solve very large systems of algebraic equations.? From this point of view,
the differential equation may be regarded as a linear system of infinitely
many unknowns; the solution is known at the endpoints and determined
by the differential equation in the interior solution domain.

In this section we will introduce a finite difference scheme approximating
a two-point boundary value problem. We shall observe that such schemes
can provide quite accurate approximations, and that they are, in fact, very
simple to deal with on a computer. A more elaborate analysis of the ap-
proximation properties will be the topic of subsequent sections.

2.2.1 Taylor Series

In order to define the finite difference approximation of problem (2.1), we
first recall how Taylor’s theorem can be used to provide approximations of
derivatives. Assume that g = g(x) is a four-times continuously differentiable
function. For any h > 0 we have

/ h2 " h3 3 h4 4

9(w+h) = g(x) + hg'(x) + 59" (@) + =97 (@) + 5790 (@ + ),

where h; is some number between 0 and h. Similarly,
h? h3 h*

9(x —h) = g(x) = hy'(x) + 9" (2) = 59D (@) + 579D (@ — ha),

for 0 < hy < h. In particular, this implies that
+h)—2 + —h
oo+ h) =20() fole =) _ g

h2
where the error term FE), satisfies
Mgh2

(o) < 25

(2.12)

2The O notation is discussed in Project 1.1.

3This is currently a very active field of research, and the advent of high-speed com-
puting facilities has dramatically increased the applicability of numerical methods. In
fact, the numerical solution of partial differential equations has been a major motivation
for developing high-speed computers ever since World War II. A thorough discussion of
this issue can be found in Aspray [2].
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Here the constant M, is given by
M, = sup [g (2)].
x

We observe that for a fixed function g, the error term Ej, tends to zero as
h tends to zero. In particular, if g is a polynomial of degree < 3, such that
g™ = 0, the error term satisfies Ep(x) = 0 for all 2. This property will
be discussed in Exercise 2.16. Further discussions on Taylor series can be
found in Project 1.1.

2.2.2 A System of Algebraic Equations

The first step in deriving a finite difference approximation of (2.1) is to
partition the unit interval [0,1] into a finite number of subintervals. We
introduce the grid points {:z:]}?iol given by z; = jh, where n > 1 is an
integer and the spacing h is given by h = 1/(n+1). Typically n will be large,
and hence the spacing h is small. The solution v of the discrete problem is
defined only at the grid points xz; where the values of the approximation
are given by v;. Between these points, an approximation can be defined by,
for example, piecewise linear interpolation.

As usual, we let u denote the solution of the two-point boundary value
problem

—u"(z) = f(z), xe€(0,1), u(0)=u(l)=0,

and we define the approximation {v, ;Li(} by requiring

7’Uj_1 — Q’Uj -+ Vjt1
h2

= f(z;) for j=1,...,n, and vy =vp41 =0.
(2.13)

Obviously, the second-order derivative in the differential equation is ap-
proximated by the finite difference derived above; see (2.11). The system
of n equations and n unknowns {v;}”_, defined by (2.13) can be written
in a more compact form by introducing the n x n matrix

2 -1 0 ... 0
-1 2 -1 :
A: O '.. '.. '.. O . (214)
-1 2 -1
0 0o -1 2
Furthermore, let b = (by,ba,...,b,)T be an n-vector with components

given by
b; = h2f(mj) for j=1,2,...,n.
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Grouping the unknowns in the vector v = (v1,v2,...,v,)", the system
(2.13) can be rewritten as a system of equations in the standard form

Av = b, (2.15)

Below we will show that the matrix A is nonsingular,* implying that the
system (2.15) has a unique solution. We will also discuss how systems of
this form can be solved numerically. However, for the time being, we find
it more interesting to turn to an example showing how the approximation
(2.13) actually works for a particular case.

EXAMPLE 2.5 Let us consider the following two-point boundary value prob-
lem:

—u(z) = Bz +2%)e”, x€(0,1), u(0)=u(l)=0,
where the exact solution is given by
u(x) = z(1 — z)e”.
For this problem, we let
by = h*(3z; +x;%)e™ for j=1,...,n,

and solve the system of equations defined by (2.15) for different grid sizes,
i.e. for some values of n. In Fig. 2.2 we have plotted the exact solution (solid
line) and numerical solution (dashed line). For the numerical solution we
used n = 5. We notice that, even for this very coarse grid, the finite dif-
ference approximation captures the form of the exact solution remarkably
well. In the next figure, the grid is refined using n = 15, and we notice
that, within the current scaling, the numerical and analytical solutions are
almost identical.

How good is the approximation actually? What is the rate of conver-
gence? Since the exact solution is available for this problem, the rate of
convergence can be estimated simply by running some experiments. We
define the error to be

Ep = max  |u(z;) = vl (2.16)
and compute this value for some grid sizes. The results are given in Table
2.1. We have also estimated the rate of convergence by comparing the
results of subsequent grid sizes. Exactly how this computation is done is
discussed in Project 1.1. From the table, we observe that the error seems
to satisfy a bound of the form

Ej, = O(h?).

4The basic concepts of linear algebra are reviewed in Project 1.2.
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FIGURE 2.2. The figure shows the numerical solution (dashed line) and the exact
solution (solid line) of the boundary value problem. For the numerical scheme,
we have used n = 5 interior grid points, and drawn a linear interpolation between
the values on the grid. The solution at the grid points are marked by ‘o’.
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FIGURE 2.3. The figure shows the numerical solution (dashed line) and the exact
solution (solid line) of the boundary value problem. For the numerical scheme,
we have used n = 15 interior grid points.
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n h By Rate of convergence
5 | 1/6 | 0.0058853

10 | 1/11 | 0.0017847 1.969

20 | 1/21 | 0.0004910 1.996

40 | 1/41 | 0.0001288 2.000

80 | 1/81 | 0.0000330 2.000

TABLE 2.1. The table shows the maximum error measured at the grid points for
several values of h.

Later, we will return to the problem of determining the rate of convergence
for this numerical method and prove that the observed rate of convergence

in the present example holds for a wide class of functions f.
[ |

2.2.8  Gaussian Elimination for Tridiagonal Linear Systems

The purpose of this section is to derive a numerical algorithm which can
be used to compute the solution of tridiagonal systems of the form (2.14),
(2.15). Furthermore, we shall derive conditions which can be used to verify
that a given system has a unique solution. These criteria and the algorithm
developed in this section will be useful throughout this course. We warn
the reader that this section may be a bit technical — in fact Gaussian
elimination is rather technical — and we urge you to keep track of the
basic steps and not get lost in the forest of indices.
We consider a system of the form

Av =0, (2.17)

where the coefficient matrix A has the form

QM 0 0
52 Q2 V2 .
A: 0 '.. '.. '.- 0 . (218)

ﬂn—l Ap—1  Yn-1
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This system can be equivalently written in component form, i.e.

a1v1 + Y102 = by,
Bavi + V2 + You3 = by,
Bavy + azvs + Y34 = bs,

Bn-1Vn—2 + Qpn_1Vp_1 + Tn—1Un = bp—1,

Bnn-1 + anv, = by.
(2.19)
Here the coefficients (a,... ,0,, a1,... ,Qpn,y Y15+ -+ s Yn—1, and the right-
hand side by, ... ,b, are given real numbers and v{,vs, ... ,v, are the un-

knowns. Note that by choosing a; = 2, 8; = 7; = —1, we get the “second-
order difference” matrix defined in (2.14).

The basic idea in Gaussian elimination for this system is to use the first
equation to eliminate the first variable, i.e. vy, from the second equation.
Then, the new version of the second equation is used to eliminate vy from
the third equation, and so on. After n—1 steps, we are left with one equation
containing only the last unknown v,,. This first part of the method is often
referred to as the “forward sweep.”

Then, starting at the bottom with the last equation, we compute the
value of v,, which is used to find v, _; from the second from last equation,
and so on. This latter part of the method is referred to as the “backward
sweep.”

With an eye to this overview, we dive into the details. Observe first that if
we subtract ms = 32/ times the first equation in (2.19) from the second
equation, the second equation is replaced by

d2v2 + Y2U3 = Ca,
where

0y = ag — mamy
and

Coy = bg — m2b1 .

Hence, the variable v has been eliminated from the second equation.
By a similar process the variable v;_; can be eliminated from equation
j. Assume for example that equation j — 1 has been replaced by

(53;1’()]‘,1 + V-1V = Cj—1 - (2.20)
Equation j of the original system (2.19) has the form

Bjvj—1 + ajvj +7vip1 = bj -
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Then, if m; = (3;/0;-1 times (2.20) is subtracted from this equation, we
get

05V +VjVj+1 = ¢4,
where

0j = o —myyj-1,

¢ = bj —m;cj—1 .

After k — 1 iterations of this procedure we obtain a system of the form

vy + M2 = ¢,
Ok +  YEUk+1 = ¢,
Br+1Vk +  Qpp1Vk41 + Vht1Vk42 = br+1,

ﬂn—lvn—Z + Qan-1Vn-1 + Yn-1Up = bn—la
/annfl + ApUp = bn
(2.21)

Here the variables §; and c; are defined from the given coeflicients a;, 3;,v;,
and b; of (2.19) by the recurrence relations

h=a1,c = b,
my = i (2.22)
6]‘,1

5j:o<jfmj’yj_1, j:2,3,...,k,

Cj = bj —mycj—1 .

Note that in the derivation of the system (2.21) from the original system
(2.19) we have implicitly assumed that the variables 91,02, ... 051 will
be nonzero. Furthermore, if 61, d2,...,d0,r_1 are nonzero, the two systems
(2.19) and (2.21) are equivalent in the sense that they have the same solu-
tions.

If the computed values of the ;s are always nonzero, we can continue
to derive a system of the form (2.21) until & = n. Hence, in this case we
obtain a system of the form

0vr + Mve = (1,
dova + 23 = ¢y,
(2.23)

5n—1vn—l + Yn—1Un = Cp—1 ,
Opn = Cp -
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However, from this bidiagonal system we can easily compute the solution
v. From the last equation, we have

Cn
v = 3 (224)
and by tracking the system backwards we find
vk:%_gw, k=n—1,n-2,...,1. (2.25)
k

Hence, we have derived an algorithm for computing the solution v of the
original tridiagonal system (2.19). First we compute the variables J; and
¢; from the relations (2.22) with k£ = n, and then we compute the solution
v from (2.24) and (2.25).

Algorithm 2.1

0= o

1= b

for k=2,3,....,n
my = B/0k—1

O) = Qg — MpYp—1
ek = by, —mpcp_1
Up = Cn/(sn
for k=n—-1,n—2,...,1
v = (Ck — VhVk+1)/0k

However, as we have observed above, this procedure breaks down if one
of the d;s becomes zero. Hence, we have to give conditions which guarantee
that this does not happen.

2.2.4 Diagonal Dominant Matrices

One way to check whether a matrix is nonsingular is to see if the entries
on the main diagonal of the matrix dominate the off-diagonal elements in
the following sense:

Definition 2.1 A tridiagonal matriz A of the form (2.18) is said to be
diagonal dominant® if

|C¥1|>|’71‘7 |ak|2‘/8k|+|’yk| fork:2737~"7n7

where v, 1s taken to be zero.

5In numerical analysis, there are several different definitions of diagonal dominant
matrices. This definition is useful in the present course.
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Diagonal dominant matrices occur frequently in numerical analysis.

EXAMPLE 2.6 The matrix given by (2.14), derived in the previous section,
is diagonal dominant. This follows since the desired inequality holds with
equality for all rows, except for the first and the last, while we have strict
inequality in these two rows. |

Lemma 2.1 Assume that the coefficient matriz A of the triangular system
(2.19) is diagonal dominant and that By # 0 for k =2,3,... ,n. Then the
variables O0x, k = 1,2,... ,n determined by Algorithm 2.1 are well defined
and nonzero.

Proof: We prove by induction that
[0k| > |yk| fork=1,2,... ,n.
By assumption this holds for k£ = 1. Assume now
[0x—1] > |yk—1| for some k such that 2 <k <mn .
Since 61 # 0, my, and hence §j, is well defined and

B

5k:ak76k )

V-1 -
By the induction hypothesis |yx—1/0k—1| < 1, and hence, since [ # 0,

Vk—
Bell 51 < |Bkl-
k—1

Therefore, by the triangle inequality and since the system is diagonal dom-
inant we obtain

V-1

661 2 le] = 164l 2
k—1

| > [ag] — |8kl > [kl -
|

Assume that the system (2.19) satisfies the assumptions given in Lemma
2.1 above. Then, if the vector b = 0, also the vector ¢ = 0, and hence,
by tracking the system (2.23) backwards, the unique solution of (2.23) is
v = 0. However, since the systems (2.19) and (2.23) are equivalent, this
means that v = 0 is the only solution of (2.19) when b = 0. Hence, A is
nonsingular. We have therefore obtained the following result:

Proposition 2.3 Assume that the coefficient matriz A of (2.19) satisfies
the properties specified in Proposition 2.1 above. Then, the system has a
unique solution which can be computed by Algorithm 2.1.

As a direct consequence of this proposition, and the result of Example
2.6, we reach the following result:
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Corollary 2.1 The system of equations defined by (2.14)-(2.15), has a
unique solution that can be computed using Algorithm 2.1.

At this point it should be noted that this result is valid only in the pres-
ence of exact arithmetics. On computers with a fixed number of digits rep-
resenting each real number, round-off errors may accumulate and destroy
the results of the algorithm. Precise results are available stating sufficient
conditions on the matrix in order for Gaussian elimination to provide a
good approximation to the solution of the linear system. Techniques also
exist to reduce the effect of round-off errors. These issues are discussed in
books on numerical linear algebra. If you are interested, you should con-
sult e.g. Golub and van Loan [11]. In the present course we regard these
difficulties, or more precisely, potential difficulties, as beyond our scope.

2.2.5 Positive Definite Matrices

Above, we showed that if the system is diagonal dominant, then Algorithm
2.1 is applicable. Now we will show that a similar result holds for positive
definite matrices.

Let us first briefly recall some basic facts concerning positive definite
matrices.

e A symmetric matrix A € R™" is referred to as positive definite if
vI'Av >0 for all v e R",
with equality only if v = 0.
e A symmetric and positive definite matrix is nonsingular.

e A symmetric matrix is positive definite if and only if all the eigenval-
ues are real and strictly positive.

These and other properties of matrices are discussed in Project 1.2, and
can, of course, be found in any textbook on linear algebra.’

The properties of symmetric and positive definite matrices are closely
connected to the similar properties for differential operators. These con-
nections will be studied below. In the present section we will prove that if
the matrix is symmetric and positive definite, the linear system of equations
can be solved by Algorithm 2.1.

Let us start by observing that a symmetric and positive definite matrix
is not necessarily diagonal dominant. Consider the 2 x 2 matrix

A—(Z f)

5The basic concepts of linear algebra are introduced e.g. in the book of H. Anton [1]
In numerical linear algebra, the book of Golub and van Loan [11] is a standard reference.
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This matrix is obviously symmetric, and one easily computes the eigenval-
ues

A =3+ 2V2,

which are both positive. Hence A is positive definite. However, we observe
that A is not diagonal dominant. Therefore, Proposition 2.1 is not sufficient
to guarantee that Algorithm 2.1 will work for all positive definite systems.
But, as mentioned above, we shall prove that all symmetric tridiagonal
matrices that are positive definite can be handled by the method.

Proposition 2.4 Consider a tridiagonal system of the form (2.19) and
assume that the corresponding coefficient matriz (2.18) is symmetric and
positive definite. Then the system has a unique solution that can be com-
puted by Algorithm 2.1.

Proof: We claim that 0 > 0 for k =1,2,... ,n. Assume on the contrary
that 01,02,...,0x_1 > 0 and that 65 < 0 for some index k, 1 < k < n. We
will show that this assumption leads to a contradiction.

Define the vector v € R™ by

vp =1 and vg41 =Vgpo = =v, =0

and

)

Vs
J
0;

vig1 for j=k—-1,k-2,...,1.

This vector v satisfies the system (2.21) with
co=ca=--=ct-1=0, cxg =0k <0, brpy1=Prt1, bry2=---=0b, =0.

However, since (2.19) and (2.21) are equivalent, we obtain by (2.22) that
Av = b, where

by =byo=--+=br_1 =0 and b, = ¢ = <O0.
Since A is positive definite and v, = 1, we know that
vl Av > 0.

On the other hand, from the properties of the vectors v and b above, we
have

vl Av =0Tb = Zvjbj =b, <0.

j=1

This is the desired contradiction. |
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2.3  Continuous and Discrete Solutions

In the previous section, we saw that a finite difference scheme can produce
numerical solutions quite close to the exact solutions of two-point bound-
ary value problems. In this section, we shall go deeper into these matters
and show that almost all essential properties of the exact, or continuous,
solution are somehow present in the approximate solution. For this pur-
pose, we will need a bit more notation for the discrete solutions; in fact, we
find it useful to introduce a rather suggestive notation that can help us in
realizing the close relations. When this more convenient notation is intro-
duced, we will see that it is actually quite easy to derive properties such as
symmetry and positive definiteness in the discrete case simply by following
the steps of the proof for the continuous case. At the end of this section,
we will also prove that the finite difference solutions converge towards the
continuous solution as the mesh size h tends to zero.

2.3.1 Difference and Differential Equations

Let us start by recalling our standard two-point boundary value problem.
We let L denote the differential operator

(Lu)(z) = —u" (),

and let f € C((0,1)). Then, (2.1) can be written in the following form:
Find u € CZ((0,1)) such that

(Lu)(x) = f(x) for all z € (0,1). (2.26)

Recall here that v € C3((0,1)) means that we want the solution to be
twice continuously differentiable, and to be zero at the boundaries. Thus,
we capture the boundary conditions in the definition of the class where we
seek solutions.

Now, let us introduce a similar formalism for the discrete case. First,
we let Dy, be a collection of discrete functions defined at the grid points
xj for j = 0,...,n+ 1. Thus, if v € Dy, it means that v(xz;) is defined
for all j =0,...,n 4+ 1. Sometimes we will write v; as an abbreviation for
v(z;). This should cause no confusion. Next, we let Dy o be the subset of
D, containing discrete functions that are defined in each grid point, but
with the special property that they are zero at the boundary.

Note that a discrete function y € Dy, has n + 2 degrees of freedom
Y0s Y1y« - - s Yn+1- Lhis means that we have to specify n + 2 real numbers in
order to define such a function. A discrete function z € Dy o has only n
degrees of freedom z1, ... , z,, since the boundary values are known.

For a function w we define the operator Lj; by

w(zj41) — 2w(z;) + w(wj—1)

(Lnw)(z;) =~ - ,
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which we recognize as the finite difference approximation of the second
derivative. Notice that this definition is valid both for discrete and contin-
uous functions.

Now we can formulate the discrete problem (2.13) as follows: Find a
discrete function v € Dy, o such that

(Lpv)(zj) = f(z;) forallj=1,...,n. (2.27)

In this formulation, we take care of the boundary conditions in the re-
quirement that v € Dy, . This is exactly how we did it in the continuous
case.

Some of the properties of the two operators L and Lj; that we shall
derive are connected to the inner product of functions. These inner products
are defined by integration for continuous functions and by summation for
discrete functions. For two continuous functions u and v, we define the
inner product of the functions by

(u,v):/o u(z)v(x) de. (2.28)

Similarly, for two discrete functions, i.e. for v and v in Dy, we define the
inner product to be

n
UgVg + Uy g1V
(u, vy, = (MO S > w) (2.29)
J=1

where we have used the shorthand notation v; for v(z;). Clearly, (2.29) is
an approximation of (2.28). In the language of numerical integration, this is
referred to as the trapezoidal rule; you will find more about this in Exercise
2.20.

Having established a suitable notation for the continuous and the discrete
problem, we are in position to start deriving some properties.

2.3.2  Symmetry

The first property we will show is that both the operators L and L; are
symmetric. For matrices we are used to saying that a matrix A € R™" is
symmetric if the transpose of the matrix equals the matrix itself, i.e. if

AT = A
It turns out that this is equivalent to the requirement” that

(Az,y) = (z, Ay)

"Note that (-,-) denotes the usual Euclidean inner product of vectors in R"; see
Exercise 2.21 on page 79 or Project 1.2 on page 31.
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for all vectors x and y in R™. The problem of proving this equivalence is
left to the reader in Exercise 2.21.

As we turn our attention to operators not representable by matrices, the
latter requirement suggests a generalized notion of symmetry.

Lemma 2.2 The operator L given in (2.26) is symmetric in the sense that
(Lu,v) = (u,Lv) for all u,v € C3((0,1)).

Proof: The property follows from integration by parts. For u,v € C3((0,1))
we have

(Lu,v) = —/O u (2)v(x) de = —u' (z)v(z)|s —|—/0 o (z)v'(z) do

Since v(0) = v(1) = 0, this implies that

(Lu, v) = /0 o (@) () da. (2.30)

However, by performing one more integration by parts, we obtain as above
that

1 1
/ u(2)' (z) dx = —/ w(z)v”(z) de = (u, Lv),
0 0
which is the desired result. |

Before we derive a similar property for the discrete operator Lj, let us
look more closely at the main step of the proof above; no doubt the trick
is integration by parts. In order to derive a similar “summation by parts”
for discrete functions, we start by reminding ourselves how integration by
parts is derived. To this end, let v and v be continuously differentiable
functions and recall how we differentiate a product of two functions;

(u(@)v(z))" = v/ (@)v(@) + u(@)v'(2).
Now, by integrating this identity on the unit interval, we get
1 1
/ o (x)v(x) de = [uv] —/ u(z)v'(z) da.
0 0

Then we turn our attention to discrete functions and start by deriving a
product rule for differences. Let y and z be two members of Dy, i.e. discrete
functions, and observe that

Yi+12j+1 — YiZ5 = Wi — ¥j) 25 + (21 — 25)Yj41-
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By summing this identity from j = 0 to j = n, we get

n n

Z(yj+1 = Yj)%j = Ynt+12n+1 — Y020 — Z(zj+1 — 2j)Yj+1- (2.31)
Jj=0 j=0

This identity is referred to as summation by parts, and it is exactly the tool
we need to prove that L is symmetric.

Lemma 2.3 The operator Ly, is symmetric in the sense that
(Lpu,v)p, = (u, Lpv)y,  for all u,v € Dy, p.

Proof: Note that ug = v9 = up+1 = vpy1 = 0, and define also u_; =
v_1 = 0. Then, using summation by parts twice, we get

(Lpu,v)p = —h~* Z ujp1 — uj) — (uj — uj—1))v;

=h"! Z wjt1 — u;)(Vj+1 — ;)
7=0
= —hY (i1 —vy) = (v = v5-1))uy
=0
= (u, Lpv)p.

The next property we would like to establish is the fact that the two
operators L and L are positive definite.

Lemma 2.4 The operators L and Ly, are positive definite in the following
sense:

(i) For any u € C3((0,1)) we have
(Lu,u) >0,
with equality only if u = 0.
(i1) For any v € Dy o we have
(Lpv,v)p >0,
with equality only if v = 0.
Proof: Assume that u € CZ((0,1)). From (2.30) we have that

<Lu7u>=/0 (u'(x))? da,
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which is clearly nonnegative. Furthermore, if (Lu,u) = 0, then v’ = 0.
Hence, u is a constant, and since u(0) = 0, we have u = 0. This establishes
the desired property for the operator L.

The result for the operator Lj follows by similar discrete arguments.
From the proof of the symmetry property of L; above, we note that

(Lnv,v)n = h™" ) (041 — ;)7 20,

3=0
for any v € Dy, o. Furthermore, if (L,v, v}, = 0, we have
vjiy1 =v; forj=0,1,... n

and then, since vy = 0, this implies that v = 0. |

2.5.8  Uniqueness

We have already seen that the continuous problem (2.26) and the discrete
problem (2.27) have unique solutions. This is stated in Theorem 2.1, page
44, and Corollary 2.1, page 55, respectively. In this section, we shall use the
results on positive definiteness derived above to give an alternative proof
of these facts.

Lemma 2.5 The solution u of (2.26) and the solution v of (2.27) are
unique solutions of the continuous and the discrete problems, respectively.

Proof: Let f € C((O, 1)) be given and assume that u!,u? € C’g((O,l))
are two solutions of (2.26), thus

Lu'=f and Lu®=Ff.

2 we let e = u' —u?. Then

In order to show that u! = u
Le = L(u* —v?) = Lu' — Lu* = 0.

Hence, by multiplying this identity by the error e and integrating over the
unit interval, we get

(Le,e) = 0.

By Lemma 2.4 we therefore derive that e(z) = 0, and thus u! = u?.

A similar argument can be given in the discrete case. |

2.3.4 A Maximum Principle for the Discrete Problem

Let us recall the representation (2.8)—(2.9) of the solution w of problem
(2.26), i.e.

u(z) = / G, 9) 1 (y)dy,
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where the Green’s function is given by
1—-z) 0<y<uz,
Gley) = { W10 DEUET

In this section we shall derive a similar representation for the solution of
the discrete problem (2.27), and then use this to prove a discrete analog of
the maximum principle (see Proposition 2.1, page 44).

For a given grid point x; = kh define a grid function G*¥ € Dy by
G*(z;) = G(xj, 7). Since G(z,y) is linear in x for z # y, it follows by a
straightforward calculation that

(LpGF)(zj) = 0 for j#k,

while
(Lth)(CCk) = —%((mk — h)(]_ — :Ck) — ka(]- — £Ck) +xk(1 — T — h)) = %
Hence,

1
LGP = Eek, (2.32)

where ¢k € Dy, o satisfies

by 1 i k=7,
e*(zj) = { 0 otherwise.

For any arbitrary f € Dy o, define w € Dy o by

n

w = hZf(xk)Gk.

k=1

By linearity of the operator Ly, we obtain from (2.32) that

Lyw = hZf (z)(LrGF) = zn:f
k=1

k=1

Hence, w is exactly the unique solution v of problem (2.27). We have there-
fore established the representation

Z (xj, k) f(zk) (2.33)

k=1

for the solution v of problem (2.27). This representation is the desired dis-
crete analog of (2.9). The following result is a discrete analog of Proposition
2.1 on page 44.
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Proposition 2.5 Assume that f(z) > 0 for all x € [0,1], and let v € Dy, o
be the solution of (2.27). Then v(z;) >0 forallj=1,... ,n.

Proof: Since G(x,y) > 0 this follows directly from (2.33). |

Let us recall from Exercise 2.16 that the solution of problem (2.27) with
f=1liswv(zj) = 22;(1 — 2;). By combining this with (2.33), we obtain

n

hZG(:Ej,mk) = %:vj(l—mj). (2.34)
k=1

Before we present the maximum principle, we introduce a norm on dis-
crete functions similar to the sup-norm of continuous function. For any
discrete function v € Dj, we define this norm by

lollnoe = _max  fo(z). (2:35)

In fact, we have met this norm® before under the pseudonym Ej,; cf. Ex-
ample 2.5 on page 48.

The following property corresponds to the property stated in Proposition
2.2 for the continuous problem.

Proposition 2.6 The solution v € Dy o of (2.27) satisfies

[[v][h,00 < (1/8)[[f]ln,00-

Proof: Since G(x,y) > 0, it follows from (2.33) and (2.34) that

[o(2;)] < By Glag, @)l f (@)

k=1
< [Iflln,00 (hZG(xj,xk)>
k=1
zi(1—x; 1
= 0T < S e

2.3.5 Convergence of the Discrete Solutions

So far we have established several similarities between the continuous prob-
lem (2.26) and the corresponding numerical approximation (2.27). Our final

8For continuous functions this is a seminorm. This is so because we can have
[19]ln,00 = O for a continuous function g not identically equal to zero.
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goal in this section is to show that the discrete solution v will indeed con-
verge to the continuous solution v when the spacing h approaches zero.
This problem was discussed in Example 2.5 on page 48, where we observed
that the error of the approximation was of order O(h?). Another example
indicating the same rate is given in Project 2.2. But in this section we shall
prove that this property holds for a large class of functions f.

Before we start proving convergence, we want to introduce the concepts
of truncation error and consistency. These terms are quite essential in the
general analysis of finite difference schemes.

Definition 2.2 Let f € C((0,1)), and let w € C3((0,1)) be the solution of
(2.26). Then we define the discrete vector 1y, called the truncation error,

by
h(zj) = (Lpu)(z;) — f(z;) forall  j=1,...,n.

We say that the finite difference scheme (2.27) is consistent with the dif-
ferential equation (2.26) if

lim HThHh,oo =0.
h—0

You should note here that the truncation error is defined by applying the
difference operator Ly to the exact solution u. Thus, a scheme is consistent
if the exact solution almost solves the discrete problem.

For sufficiently smooth functions f, the scheme (2.27) is consistent.

Lemma 2.6 Suppose f € C’2([07 1]) Then the truncation error defined
above satisfies

I1f"|oo , 2
oo < h=.
l[7h][h,00 < 1

Proof: By using the fact that —u” = f and —u/"” = f”, we derive from the
Taylor series expansion (2.11) and the error estimate (2.12) that

()| = | W) 22U 2 0lE) g,

™ oo 2 _ £ ]loo ;2

< " (25) + flas) + 1 -

|
By using this bound on the truncation error, we can prove that the

numerical solution converges towards the exact solution as the grid size
tends to zero.
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Theorem 2.2 Assume that f € CQ([O, 1]) is given. Let u and v be the
corresponding solutions of (2.26) and (2.27), respectively. Then

[lu = [h,00 <

1l
96
Proof: Define the discrete error function e € Dy, o by e(z;) = u(z;)—v(z;)
for j =1,...,n. Observe that
Lhe = Lhu - th} = Lhu - fh = Th,

where f;, denotes the discrete function with elements (f(z1),..., f(xn)).
Then it follows from Proposition 2.6 that

1
oo < (U8l Imallnce < 2

lel
|

This theorem guarantees that the error measured in each grid point tends
to zero as the mesh parameter h tends to zero. Moreover, the rate of con-
vergence is 2. In Exercise 2.23, we study how to define an approximation
of the solution for values between the grid points.

2.4 Figenvalue Problems

In this final section of this chapter we shall study eigenvalue problems
associated with the operators L and Lj. The results of this discussion will
be used frequently in later chapters.

2.4.1 The Continuous Figenvalue Problem

A real number? ) is said to be an eigenvalue associated with the boundary
value problem (2.1) if

Lu=M\u (2.36)

"

for a suitable nonzero!® function u € C3((0,1)). Here, as above, Lu = —u .
The function w is referred to as an eigenfunction.

9In general, eigenvalues are allowed to be complex. However, due to the symmetry
property of L given in Lemma 2.2, all eigenvalues will be real in the present case; cf.
Exercise 2.28.

10The term “a nonzero function” refers to a function that is not identically equal to
zero. Thus it is allowed to vanish at certain points, and even on a subinterval, but not
for all z € [0, 1]. Sometimes we also use the term “nontrivial” for such functions.
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At this point you should notice that this is quite similar to the eigen-
value/eigenvector relations for matrices. Suppose that A € R™"™ and v €
R™. Then, if

Av = v

for some scalar value A and nonzero vector v, we refer to A and v as an
eigenvalue/eigenvector pair for the matrix A. We recall that if v is an
eigenvector for A, then, for any scalar ¢ # 0, the vector cv is also an
eigenvector with the same eigenvalue. The same property holds for the
eigenvalue problem (2.36). If u is an eigenfunction for (2.36) and ¢ € R, ¢ #
0, then, by the linearity of L, the function cu is also an eigenfunction with
the same eigenvalue. Hence, eigenfunctions are only determined modulo
multiplication by a constant.

Before finding the actual eigenvalues and eigenfunctions for the problem
(2.36), let us restrict the possible values that A can attain by using the
properties of L derived in Lemma 2.4. Here we proved that the operator L
is positive definite, thus

(Lu,uy >0,

for all nonzero functions u € C3((0,1)). Suppose now that A and u solve
(2.36). Then, upon multiplying both sides of the equation by u and inte-
grating, we obtain

(Lu,u) = Mu,u).

Since the operator L is positive definite and the eigenfunction u is nonzero,
it follows that

A>0. (2.37)

Given the sign of the eigenvalue, we proceed by finding explicit formulas
for both the eigenvalues as well as the eigenfunctions.
Since we know that the eigenvalues are positive, we can define

8=V
and study the equation
u"(z) + fPu(z) =0,
which has general solutions of the form
u(z) = ¢y cos (Bx) + cosin (Bx). (2.38)

Here ¢; and cq are constants. Using the boundary condition u(0) = 0, we
get ¢; = 0. The other boundary condition, u(1) = 0, implies that

cosin (B) = 0.
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u1(x) u2(x)
1 1
0.5 0.5
o o
—0.5 —0.5
-1 —1
o 0.5 1 o 0.5 1
u3(x) u4(x)
1 1
0.5 0.5 /
o (o]
—0.5 —-0.5
-1 -1
o 0.5 1 o 0.5 1

FIGURE 2.4. The first four eigenfunctions uy(x).

Since we are only interested in nontrivial solutions, we have to choose 3
such that sin (8) = 0, hence

8= 0k =kr for k=1,2,.... (2.39)
We can summarize these results as follows:

Lemma 2.7 The eigenvalues and eigenfunctions of the problem (2.36) are
given by

e = (kn)? for k=1,2,..., (2.40)
and
ug(x) = sin (k7x) for k=1,2,.... (2.41)

We observe, in particular, that the eigenvalue problem (2.36) has in-
finitely many eigenvalues. The first four eigenfunctions are plotted in Fig. 2.4.

Let us make a remark concerning (2.39). Why do we only use positive
values of k7 Of course, k = 0 is ruled out by requiring nontrivial solutions;
but what about negative values? Note that for any o € R we have

sin (—a) = —sin ().

Hence, negative values of k£ do not introduce new eigenfunctions. This sim-
ply corresponds to multiplying one of the eigenfunctions given above by
—1.

A fundamental property of the eigenfunctions {uy}7° ; is that these func-
tions are orthogonal with respect to the inner product (-, -). This property
will be very useful in later chapters, where we use these eigenfunctions to
derive analytical solutions of some linear partial differential equations.
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Lemma 2.8 The functions {sin (krx)}r>1 satisfy

. . 0 k # m,
(sin (kmx), sin (mnzx)) = { 12 k=m. (2.42)
Proof: Recall the following trigonometric identity:
1
sin (a) sin () = =(cos (aw — ) — cos (o + 3)), (2.43)

2

which holds for any real numbers « and . By using this identity, (2.42) is
proved by direct integration. Suppose k # m; then

1
/ sin (krz) sin (mma) dx
0

1
% /0 (cos ((k — m)mz) — cos ((k + m)mx)) dx

1 1

2 Lk—m)w
=0,

= sin ((k — m)mwz) — sin ((k + m)ﬂx)}

(k+m)m o

since sin ({7) = 0 for any integer [.
For k = m, the identity (2.43) gives

! e 1 1 1
/ sin? (knz) do = / — —cos (2kmz) | de = = |1 — —sin (knz)| = =.
|

The proof above utilizes special identities for trigonometric functions.
However, the orthogonality of the functions {ux} can also be derived di-
rectly from the fact that these functions are eigenfunctions of the symmet-
ric operator L on the space C3 ((07 1)) From the symmetry of L it follows
directly that

N (U, U ) = (L, W) = (Upy L) = Ay (Uhos U ),
or
(/\k — )\m)<uk,um> = O.

Hence, since Ay # Ay, when k # m, we must have (ug, u,,) = 0.

2.4.2  The Discrete Eigenvalue Problem

We will now consider the discrete analog of the continuous eigenvalue prob-
lem (2.36). A real number y is said to be an eigenvalue associated with the
difference method (2.13) if

Lpv = v (2.44)
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for a suitable nonzero!! discrete function v € Dy, o. We recall that the
difference operator L; was defined in Section 2.3.1.

It follows directly from the definition of Lj; that if x4 is an eigenvalue of
(2.44), then f is also an eigenvalue of the matrix

2 -1 0 ... 0
-1 2 -1

A= % 0 0

-1 2 -1

0 0 -1 2

On the other hand, if ;1 € R is an eigenvalue of A, then p is an eigenvalue of
(2.44). Furthermore, since A is a symmetric matrix, any eigenvalue of A is
real, i.e. there are no complex eigenvalues (see Project 1.2). Therefore, the
eigenvalue problem (2.44) corresponds exactly to the eigenvalue problem
associated with the matrix A. In particular, this means that there are, at
most, n eigenvalues for (2.44).

Since the eigenfunctions of (2.36) are of the form sin(fz), it is reasonable
to check whether functions of the form v(z;) = sin(fz;) are solutions of
the finite difference equation (2.44). From the trigonometric identity

sin(z + y) + sin(x — y) = 2 cos(y) sin(x)
we obtain
(L) () = 511 — cos(Bh)]o().
Furthermore, from the identity
1 — cos(y) = 2sin?(y/2)
this can be written
(Lno)(z) = po(z),

where p = %sinQ(%). Also, note that the function v(z;) = sin(Bx;) is
in Dy if B = km, where k is an integer. Therfore, if £ is an integer, we
conclude that

4 kmh
is an eigenvalue for (2.44), with corresponding discrete eigenfunction vy €
Dy, o given by

vg(z;) = sin(kmra;), j=12,...,n

1A function v € Dy, o is referred to as nonzero if it is # 0 in at least one grid point.



70 2. Two-Point Boundary Value Problems

ul(x) u2(x)
1 1
0.5 0.5
o x1 x2 x3 x4 o x1 x2 x3 x4
—0.5 —0.5
-1 -1
(o] 0.5 1 (o] 0.5 1
u3(x) u4(x)
1 1
0.5 0.5
o x1 x2 x3 x4 o x1 x2 %3 x4
—0.5 —0.5
—1 -1
o 0.5 1 o 0.5 1

FIGURE 2.5. The plots show the discrete and continuous eigenfunctions in the
case of n = 4. Note that the discrete eigenfunctions interpolate the corresponding
continuous eigenfunction.

Hence, it seems as if the eigenvalue problem (2.44) has infinitely many
eigenvalues. This contradicts our claim above that this problem has at
most n eigenvalues. However, from the periodicity of sin(z) it follows that

U’rl-‘rl(xj):O? j:1727"'an

and therefore pi,1 is not an eigenvalue. In a similar way we also derive
that

Hn+1+k = Hn+1—k; k= 1727"' y Ty
and
H2(n+1)+k = Hk-

Therefore, the n eigenvalues of (2.44) are given by

0<,u1<,u2<--~<un<ﬁ.

The discrete eigenfunctions, when n = 4, are plotted in Fig. 2.5.
We summarize the properties of the eigenvalue problem (2.44):

Lemma 2.9 The eigenvalues py of the problem (2.44) are given by
4
= ﬁsm2 (krh/2) for k=1,...,n. (2.45)

The corresponding discrete eigenfunctions vy, € Dpo, k=1,...,n, are
given by

vp(zy) =sin(krz;) for  j=1,... n.
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Furthermore, the discrete eigenfunctions are orthogonal and satisfy

(Vk, Um)n = { (1)/2 z i Z’ (2.46)

Proof: We have already derived the eigenvalues uy and eigenvectors vy. As
in the continuous case above, the orthogonality property can be derived
directly from the symmetry of the operator Lj. Assume that k& # m and
consider (v, Up)p. It follows from Lemma 2.3 that

1 (Vk, Um ) = (LaUk, Vm)h = (U, LUm)h = tm Uk, Um ) ks

and therefore, since pr # fm, (Vk,Um)n = 0. An alternative proof of
the orthogonality property is given in Exercise 2.30. In the same exercise
(vg, vk yn = 1/2 is also established. |

Before we complete this chapter we will discuss an important consequence
of this final result. The functions vy, vq, ... ,v, € Dy o are orthogonal, and,
more specifically, they are linearly independent. Therefore, since Dy, ¢ is a
linear space of dimension n, the set {v1,ve,... ,v,} forms a basis for Dy, ¢.
Hence, any function g € Dy, ¢ can be written in the form

n
9= E Ck Uk,
k=1

where ¢1,ca, ... ,c, are real coefficients. Furthermore, by Lemma 2.9,

n
C
<gavm>h = ;Ck<vkvvm>h = 77”;

which implies that
Cm = 2<ga 'Um>h'

Hence, since vy (z;) = sin(kmz;), we obtain that any function g € Dy, ¢ can
be expressed in the form

g(zj) = Z2<g7vk>h sin(kma;), j=1...,n. (2.47)
k=1

This representation of g as a finite sum of sine functions is referred to as a
finite Fourier series.

Note that as the number of mesh points n tends to infinity, the distance
h between the mesh points will go to zero. Hence, in the limit we can guess
that any function f defined on [0, 1] can be written in the form

flz) = i Crup = i e sin(kra), (2.48)
k=1 k=1
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where the coefficients ¢; are given by

e = 2(f,ug) = 2/0 f(z)ug(z)da.

Here the eigenfunctions uy are given by (2.41). As we shall see later, this hy-
pothesis is nearly correct, but, not surprisingly, we need some assumptions
on f in order to guarantee a representation of the form (2.48).

An infinite series of the form (2.48) is referred to as a Fourier series or a
sine series. Such series will be used frequently in later chapters, and their
properties will be studied carefully below.

2.5 Exercises

EXERCISE 2.1 Compute the sup-norm, on the unit interval, for the follow-
ing functions:

(a) f(z) = a(l —x),

EXERCISE 2.2 Find the solution of the two-point boundary value problem
—u"(x) = f(z), z€(0,1), u(0)=u(l)=0.
where the right-hand side f is given by
(a) f(z)=2?
(b) flz) =e,

(¢) f(x) = cos(az), where a is a given real number.

EXERCISE 2.3 Consider the boundary value problem
—u"(z) = f(z), =€ (a,b), wula)=u(b) =0,

where a < b are given real numbers. Find the Green’s function for this
problem; i.e. find a function G = G(z,y) such that the solution of the
boundary value problem can be written in the familiar way,

b
ulz) = / Gl 9) 1 (y) dy.
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Use this representation to compute the solution for the following right-hand
sides:

(a) f(z) =1
(b) f(z) ==
(c) flx)=a?

EXERCISE 2.4 Construct a solution of the following two-point boundary
value problem:

—u"(x) = f(z), z€(0,1), u(0)=a, u(l)=4,
where a and (3 are given real numbers.

EXERCISE 2.5 Find a Green’s function for the following two-point bound-
ary value problem:

—u"(x) = f(z), z€(0,1), u(0)=0, u'(1)=0.
Is there a unique solution of this problem?

EXERCISE 2.6 Consider Poisson’s equation with Neumann-type boundary
values, i.e.

—u(z) = f(z), z€(0,1), u(0)=0, u(1)=0.

(a) Show that the condition

/01 f(z)dx =0, (2.49)

is necessary in order for this problem to have a solution.

(b) Assume that u is a solution and define v(z) = u(z) + ¢, where ¢ is
some given constant. Is v a solution of the problem? Is the solution
of this problem unique?

(¢) Assume that the condition (2.49) is satisfied. Show that the problem
then always has a solution. Furthermore, show that the solution is
uniquely determined by the extra condition

/1 u(z)dx =0, (2.50)
0
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EXERCISE 2.7 Repeat Exercise 2.6 for the following problem involving pe-
riodic boundary conditions:

—u’(z) = f(z), x€(0,1), «(0)=u'(1), u(0)=u(l).

EXERCISE 2.8 Consider the boundary value problem
—(u"(z) +u(z)) = f(x), xe€(0,1), u(0)=mu(l)=0.

Show that the solution of this problem can be written in the form (2.9)
where the Green’s function is given by

csin (y)sin (1l —z) if 0<y<ux,
csin(z)sin(1—y) if z <y <1,

Gle.n) = {

where ¢ = 1/sin (1).

EXERCISE 2.9 The purpose of this exercise is to study the stability of the
solution of our standard problem:

—"(@) = f(x), e (0,1), u(0)=u(l)=0.

Assume that this equation models some physical phenomena and that the
function f is obtained from certain measurements. Hence, inaccuracies can
be introduced into our model due to small errors in the measurements. It is
therefore important to study how such inaccuracies may effect the solution
of the problem. Suppose that F' = F(z) is the exact data that we are trying
to measure, whereas f = f(z) is the function representing the data that
we have actually measured. Let U denote the solution of the problem

~U"(z) = F(x), z€(0,1), U0)=U(1)=0,
and show that

U = ulloo < (1/8)[|F = flloo-
Thus, if the measurements are fairly accurate, so is the solution of our
model. This property is referred to as stability with respect to perturbation
in the data; a concept that is of fundamental importance in the use of
mathematical models.

EXERCISE 2.10 Consider the boundary value problem of Example 2.5, and
compute, by hand, the numerical approximation described in the example
for n =1, 2,3, and compare your results with the exact solution.
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EXERCISE 2.11 Write a procedure based on Algorithm 2.1 that solves the
linear system

Av = b,

where A is given by (2.18). The size of the system, n, and the vectors
containing «, 3,7, and b should be input and the solution v should be
output. Do not store more vectors than necessary.

In order to debug the procedure, define the vector z € R" by

and the vector b € R™ by
b= Az,

where the matrix A € R™" is given by (2.14). Use your procedure to solve
the system

Av =b.
If v is not very close to z, there is something wrong in your code.

EXERCISE 2.12 Use the procedure implemented in the exercise above to
compute the numerical solutions of the boundary value problems of Ex-
ercise 2.2. Compare the exact and numerical solutions by computing the
error Fj, defined in (2.16).

EXERCISE 2.13 In many applications we want to solve a series of linear sys-
tems with different right-hand sides, but where the matrix is kept fixed. In
such cases the computational effort can be reduced by changing Algorithm
2.1 slightly.

Suppose we want to solve

A’Ug = bg

for £ =1,...,N. Here the matrix A € R™" is given by (2.18) and does not
depend on £. The right-hand side b, € R™ is given for each value of ¢.

(a) Modify Algorithm 2.1 by introducing the following three steps:

1. Compute the factors my,d for k=1,... ,n.
2. Compute ¢ for k=1,... ,n.
3. Compute vi for k=1,... ,n.

Observe that for the system above, the first step can be done once
and for all, whereas steps 2 and 3 must be performed for each £.
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(b) Use the modified algorithm to generate numerical solutions of the
following problems:

—u(x) =", w(0) =u(l) =0,

for £ = 1,2,...,10. By doing further experiments, try to guess the
limit solution as ¢ tends to infinity.

EXERCISE 2.14 Consider the boundary value problem
—u"(z) = f(x), w(0)=0, «'(1)=1. (2.51)

(a) Define two finite difference schemes, S; and Ss, approximating the
solution of this problem. The differential equation and the left bound-
ary condition can be handled as usual, but the two schemes differ at
the approximation of the second boundary condition. In the scheme
S1, we use the approximation

Up41 — Unp -1
h - )

and in Sp we introduce an auxiliary unknown u,, 42, and approximate
the boundary condition by

un+2 — Up

o =1

For both these schemes, find the corresponding matrices A; and As,
and the right-hand sides b; and by, such that the two approximations
defined by the schemes S; and Sy can be found by solving the linear
systems

A1’Ul = bl and AQUQ = bg.

(b) Are the matrices A; and As

1. symmetric and positive definite?

2. diagonal dominant?

(¢) Let

and show that
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is the exact solution of (2.51). Compare the numerical approximations
generated by the schemes S7 and Ss for this example by computing
the error given by (2.16) for both schemes. What can you say about
the rate of convergence'? of the two approximations?

EXERCISE 2.15 In the Gaussian elimination Algorithm 2.1, the computa-
tion of dj, is the most critical part. Consider the matrix A given by (2.14),
and show that for this particular matrix we have

k+1
5k:%7 k=1,27...7n.

EXERCISE 2.16 The purpose of this exercise is to show that in some partic-
ular cases, the approximate solution defined by the finite difference scheme
(2.13) gives the exact solution of the boundary value problem evaluated at
the grid points.

(a) Consider the boundary value problem
—u"(z) =1, z2€(0,1), u(0)=u(l)=0,

with the exact solution given by u(z) = x(1 — z)/2. Show that for
this problem, the finite difference solution defined by (2.13) is given
by

vy=x;(1-2;)/2, j=1,...,n,

which coincides with the exact solution at the grid points z;. Discuss
this result in view of (2.12).

(b) Assume that the solution of the problem
—UH(ZE) - f(x)v US (Oa 1)7 ’LL(O) = u(l) - Oa (252)

is a polynomial of degree less than or equal to three. Show that the
finite difference solution then coincides with the exact solution at the
grid points.

(c¢) Describe the class of functions f such that the assumption in (b) is
valid.

12In Project 1.1, we discuss how to estimate the rate of convergence numerically.
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EXERCISE 2.17 Consider the problem (2.26) with
f(z) = 100e107,
The exact solution is given by
u(z) =1—(1—e 0z —e 107,

We want to use this problem to investigate the sharpness of the error es-
timate given in Theorem 2.2. Make a table with three columns: one for h,
one for the actual error, and one for the error estimate provided by the
theorem. Fill in the table for h = 1/10,1,/20,1/40,1/80,1/160, and use the
result to comment on the sharpness of the estimate.

EXERCISE 2.18 We want to solve the problem (2.26) numerically for a
right-hand side satisfying

1" ]]oe < 1705,

and we want an approximation for which the error measured in absolute
values at the grid points is less than 1/80545.

(a) How large do we have to choose n in order to be sure that the ap-
proximate solution defined by (2.27) is sufficiently accurate?

(b) It turns out that we are only interested in the solution at x = 1/10
and at x = 9/10. Is this information of any help? Can we reduce the
number of grid points computed above?

EXERCISE 2.19 Consider the differential equation
—u(z) + u(z) = f(z)
and the difference approximation

Vi_1 — 205 + V41
~HR T SUT ().

(a) Identify the differential operator L and the difference operator Ly,.
(b) Define and compute the truncation error 7y,.

(¢) Show that the scheme is consistent provided that the solution w is
sufficiently smooth.
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EXERCISE 2.20 Let u,v € C3((0,1)). Prove that

h2 1"
[{u, 0) = {u, v)n| < 5 11(w0)"|oo-

EXERCISE 2.21 Show that a matrix A € R™" is symmetric, i.e.

AT = A

)

if and only if

(Ax’ y) = (xv Ay)

for all vectors x and y in R™. Here, (-, -) is the Euclidean inner product on
R"™, defined by

n
(x,y) =z,
j=1

EXERCISE 2.22 Show that the matrix A given by (2.14) on page 47 is
positive definite.

EXERCISE 2.23 In this exercise we shall define an approximation to the
solution of the two-point boundary value problem (2.26) for all x in the
unit interval. The approximation is based on a piecewise linear extension
of the solution v of the discrete problem (2.27).

For 7 =0,1,... ,n, we let

(E—.Tj

h

va(z) = v; + (vjyr —vy)  for @€ [z, 250

This approximation simply draws a straight line between the points defined
by {z;,v,}. Show that

[t — valloo = O(h?),

where the norm covers the whole unit interval and not only the grid points.

EXERCISE 2.24 Consider the eigenvalue problem
—u" +ou=M, xz€(0,1), u0)=u(l)=0,

where a € R is a constant. Find all eigenvalues and eigenvectors.
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EXERCISE 2.25 Consider the eigenvalue problem
—u" =X, € (a,b), wula)=u(b)=0,
where a < b are given real numbers. Find all eigenvalues and eigenvectors.
EXERCISE 2.26 Find all the eigenvalues of the matrix
A= ( c ) ) .
Use the result to verify Lemma 2.9 when n = 2.

EXERCISE 2.27 Let ji; = ;5sin’ (rh/2) be the smallest eigenvalue of the
problem (2.44). Hence, p; = p1(h), i.e. g1 can be considered as a function
of h.

(a) Show that limy,_,ou1(h) = A\ = 72
(b) Show that 4 < py(h) < w2 for 0 < h < 1.

EXERCISE 2.28 The purpose of this exercise is to show that all eigennval-
ues of the problem (2.36) are real. Assume more generally that Lu = Au,
where

u(z) =v(z) +iw(x) and X=a+if.
Here i = /=1, v,w € C§((0,1)) and a, 3 € R. In addition u should not be

the zero function.
(a) Show that
Lv=av— 0w and Lw = pv+ aw.

(b) Use the symmetry of the operator L (see Lemma 2.2) to show that
B ({v,v) + (w, w)) = 0.

(¢) Explain why 8 = 0 and why the real eigenvalue A\ = « has a real
eigenfunction.

EXERCISE 2.29 In this problem we shall derive some properties for finite
Fourier series. Such series occur frequently for example in signal processing.
Consider finite Fourier series of the form

g(z) = Z ek sin(kra),
k=1

where cq,ca, ... , ¢y, are real coefficients. Furthermore, let, as usual, z; de-
note the grid points z; = j/(n+1) for j =1,... ,n.
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(a) Let z1,29,...,2, be arbitrary real numbers. Show that the interpo-
lation conditions

g(xzj) =2, for j=1,....,n
are satisfied if and only if
ck = Qhsz sin(krx;) for k=1,...,n
j=1
(b) Let '€ R™™ be the matrix with coefficients t;; = sin(kmwx;). Show
that 7" is symmetric and nonsingular.

(c) Show that T2 = ;-1, where I € R™" is the identity matrix.

(d) Write a program which computes the coefficients ¢q, ca, ... , ¢, when
the values 21, 29, ... , 2z, are given.
(e) Let

o= if 0<2<1/2,
f(x)_{ l—az if 1/2<2<1,

and let z; = f(x;). Make plots of the functions g(z) and f(z) for
different values of n. Does g approach f as n grows?

EXERCISE 2.30 The purpose of this exercise is to complete the proof of
Lemma 2.9 by showing that

(vk,vk>h =:1/2.

In addition we will derive an alternative proof of the orthogonality property.
The argument here is a discrete analog of the proof of Lemma 2.8. Recall
that the complex exponential function e**, where i = v/—1 and z is real, is
given by

e = cos(x) + isin(x).

As a consequence of this we obtain

1, ..
§(ell+e—l.L)'

(a) Use the representation of the cosine function above to show that

cos(z) =

n

Sy, = Zcos (kraj) = 5 Z(e““”f + e~ thms),
j=0 j=0

and use the formula for summation of a finite geometric series to show
that S = 0 for k even and Sy = 1 if k is odd.
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(b) Use the trigonometric formula

sin (a) sin () = %(cos (v = B) — cos (a + f3))
to show that

(Vi V) =0
for k # m.

(¢) Show that

<'Uk7'Uk>h = 1/2.

2.6 Projects
Project 2.1 A Numerical Method

Both in the text and in the exercises above, we have seen the usefulness
of the formula (2.9) on page 42, based on Green’s function, for the exact
solution of two-point boundary value problems. Of course, when the integral
involved in (2.9) can be evaluated explicitly, we know everything about the
solution of the problem. But, as we know from basic calculus courses, we are
not always able to carry out the process of integrating elementary functions.
Furthermore, if the right-hand side of our problem, i.e. the function f, is
given to us through some kind of measurement, the function is simply not
known at every point, and a straightforward application of the solution
formula is impossible. In this project we shall use the solution formula to
derive a numerical method that can be applied in these cases.

Consider our standard problem

—u"(z) = f(z), x€(0,1), u(0)=u(l)=0. (2.53)

We will find it convenient to write the solution formula (2.9) in the following
form:

u(z) = o / (1~ ) f(y) dy — / “e-piwdy  (254)

see (2.7) on page 41. Since we assume that the integrals involved here cannot
be computed directly, we will have to provide numerical approximations of
the integrals involved.
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(a) Find any elementary book in numerical analysis'® and read about the
trapezoidal rule for numerical integration. Explain the derivation of
the following approximation:

n

b
/ F(z)de ~ h(F(a)/2+ Y F(z;) + F(5)/2). (2.55)

i=1
Here, n > 0 is a given integer, h = (b —a)/(n + 1), and z; = a + ih.

(b) Write a procedure that, for given a,b, F(z), and n, computes the
approximation defined by (2.55).

(c) Put F(z) = 2° and G(z) = y/|z — %|. Compute the integrals
1 1
/ F(x)dx and / G(x)dx
0 0

analytically and provide numerical approximations by using the trape-
zoidal rule for some values of n, say n = 10, 20,40, 80, 160. Use the
technique derived in Project 1.1 above to estimate the rate of conver-
gence for the approximations of these integrals. Discuss your results
in the light of the theory for numerical integration by the trapezoidal
rule.

(d) Next we consider how to use this type of numerical integration in
order to define an approximation to the solution u(x) of (2.53) given
by (2.54). Define the functions

o) = [ Sy and p) = [ s dy
and show that u(z) is given by
u(z) = z(a)(1) — B(1)) + B(z) — za(z).

(e) We define an approximation of u(z) by integrating o and S numer-
ically. Let f; = f(x;) for i = 0,...,n + 1 where we recall that
x; = th = i/(n + 1) for a given integer n > 1. Similarly, we define
fiv172 = f(@iz1/2) = f(xi + h/2). Set ag = fo = 0, and define

h
Qip1 = o + §(fi +2fiv12 + fir1)s
h
Biv1 = Bi + §($ifz‘ +2(xip1/2fiv1y2 + Tiv1 fivr),

fori=0,... ,n. Explain why «; =~ a(z;) and §; =~ §(z;).

13See, e.g., Conte and de Boor [7], Isaacson and Keller [14], Dahlquist and Bjgrk [8],
or Burlisch and Stoer [24].
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(f) Define

U = Zi(Qng1 — Brt1) + Bi — ziay

for i = 1,...,n, and put ug = up41 = 0. Implement this approxi-
mation on a computer and test your procedure by applying it to the
exact solutions computed in Example 2.1, Example 2.2, and in Exer-
cise 2.2. Discuss how the accuracy of your approximation varies with
the value of n. Do these observations fit the theory of the trapezoidal
integration scheme?

(¢) In the problems considered in this chapter, the function f has been
given explicitly, and the only reason for introducing numerical inte-
gration is to be able to solve problems outside the realm of directly
integrable functions. But, as we mentioned above, another motiva-
tion for introducing numerical integration is to be able to deal with
problems where the function f is obtained through measurements of
some kind, meaning that f is not known at each point in the inter-
val concerned. In such a case one cannot simply increase the value
of n in order to get a more accurate estimate for u, simply because
f is not available at more than a fixed number of points. Assuming
that the function that is measured is sufficiently smooth, how would
you then go about to increase the accuracy of the approximations?
We suggest that you once again return to the elementary books of
numerical analysis.

Project 2.2 Error Analysis: A Case Study

The purpose of this project is to carefully analyze the error of a finite
difference approximation for the two-point boundary value problem

—u +a*u = a?, x € (0,1), u(0) =1, uw(l) =0, (2.56)
where o > 0 is a given real number. The exact solution of this problem is
given by

sinh(ax)
(@) =1- sinha
The problem is approximated by the following finite difference scheme:
Vip1 — 205 + U1
_ -

with the boundary conditions vy = 1 and v, 1 = 0.

+ a?v; = a?, j=1,...,n, (2.57)

(a) Find a tridiagonal matrix A € R™™ and a vector b € R™ such that
the linear system (2.57) takes the form Av = b.
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(b) Prove that the system Av = b can be solved by the Algorithm 2.1.

(¢) Write a computer program that solves the system Av = b, and use
this program to generate plots of the numerical and exact solutions
for a = 1,5,100 using n = 100.

(d) Use this program to estimate 3 such that
|t = v]|n,00 = O(A?).
A technique for computing such estimates is discussed in Project 1.1.

The rest of this project is devoted to investigating the quality of this
estimate. We will do this for a = 1.

(e) Define 6 > 0 by requiring
1
cosh(f) =1+ 5h2 : (2.58)

and show that

s =1 — sinh(;0)
T sinh((n + 1)6)

solves (2.57).

(f) Use the Taylor series of cosh(#) to show that

0 <h forh>0. (2.59)

(g) Define the error
ej =ul(x;) —v;, j=0,1,... ,n+1,
and show that

o sinh(j0) sinh((n + 1)h) — sinh(jh) sinh((n + 1)0)
/ sinh((n + 1)0) sinh((n + 1)h)

(h) Show that

sinh(j0) — sinh(jh) o < sinh((n + 1)h) — sinh((n + 1)6)
sinh(1) - sinh(1) '

(Hint: sinh(z) < sinh(y) for z < y.)
(i) Show that

le;|< [sinh((n + 1)h) —sinh((n + 1)0)]. (2.60)

1
sinh(1)
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(j) Show that there is a finite constant ¢ that is independent of h such
that

0<h—0<eéhs (2.61)

(k) Show that there is a finite constant ¢ that is independent of i such
that

[lu — v||h,00 < ch?.

(1) Discuss how this result relates to the result of your numerical exper-
iments in (d).



3
The Heat Equation

The historical paths of mathematical physics, mathematical analysis, and
methods for solving partial differential equations are strongly interlaced,
and it is often difficult to draw boundaries between them. In particular, this
is the case in the field of Fourier analysis. This field was initiated by Joseph
Fourier (1768-1830), a French physicist who studied heat conduction. In
his analysis of this problem, he invented the most influential method for
solving partial differential equations to this day. For over 200 years his
work has been the foundation of certain areas of mathematical analysis.
Any student of engineering or of the natural sciences has to master his
techniques.

After two centuries of polishing, Fourier’s theory is very elegant and
comprehensible. But that has not always been the case. It took brilliant
mathematicians years to agree upon the validity of Fourier series. We highly
recommend that the interested student read about this story in the book
by Davis and Hersh [9].

In this chapter, we will introduce Fourier’s method for solving partial
differential equations. The method will be applied to the heat equation.
We will demonstrate how the solution of such problems can be expressed
in terms of an infinite series. To prove that we actually have a solution,
we must face the question of convergence of Fourier series. This issue is
discussed in Chapter 9.
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FIGURE 3.1. The initial-boundary value problem.
3.1 A Brief Overview

Before we start deriving the details of Fourier’s method, let us take a brief
look at the basic principles involved. The problem is to find a solution of
the following partial differential equation

Up = Ugg, for x€(0,1) t>0, (3.1)
subject to the boundary conditions
u(0,t) = u(1,t) = 0, t>0 (3.2)
and the initial condition
u(z,0) = f(z), x € (0,1), (3.3)

see Fig. 3.1. Here f = f(x) is a given function.
In order to relate Fourier’s method to something familiar, let us consider
a linear system of ordinary differential equations of the form

v = Av, v(0) = 7,

where A € R™" and v € R" are given, and where the unknown func-
tion v(t) € R™. It is obvious to anybody who has a background in ordi-
nary differential equations that the key to finding the general solution of
this problem is the eigenvalue problem for the matrix A. Fourier’s method
generalizes this principle to linear partial differential equations. For the
problem (3.1)-(3.3) the general solution will be derived from the eigen-
value problem (2.36). The similarity between Fourier’s method and the
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eigenvalue/eigenvector method for linear systems of ordinary differential
equations will be clarified in Project 3.1.

The first step in Fourier’s method is to find several particular solutions
of the problem defined by (3.1) and (3.2). The initial condition (3.3) will
be taken into account later. In order to find a family of particular solutions
{ug(z,t)}, we simply guess that such solutions can be separated into their
x and t dependency. Thus, we make the ansatz

ug(z,t) = Xi(x) Tp(t), (3.4)

from which a set of ordinary differential equations can be derived. Luckily,
these ordinary differential equations can be solved explicitly, and hence
formulas for the family of particular solutions {uy(x,t)} are available. The
method of splitting the x and ¢ dependency as in (3.4) is called separation
of variables; a very appropriate term which should help you remember the
idea of the method for the rest of your life. Summarizing this step, we have

Step 1: Find a family {ux(x,t)} of solutions satisfying the differential
equation (3.1) and the boundary condition (3.2).

Next, we appeal to the principle of superposition. This principle is far
from being as mysterious as it sounds; it simply states that the particular
solutions {uy(z,t)} can be added to get new solutions of (3.1) and (3.2).
Actually, we can form any linear combination of particular solutions

u(z,t) = chuk(az,t), (3.5)
k

and the result is still a solution of (3.1) satisfying (3.2). Thus the collection
of particular solutions forms a vector space spanned by the basis {uy(z,t)}.
Summarizing the second step, we have

Step 2: Any linear combination of the form (3.5) is a new solution of (3.1)
and (3.2).

The next problem is to determine the coefficients {c} of (3.5) such that
the initial condition (3.3) is satisfied. More precisely, we want to determine
the coefficients {c,} such that

f@) =) cxur(x, 0). (3.6)
k

This is exactly what the Fourier series is about; determining coefficients
such that a given function is expanded as a series of particular functions.
The problem of deriving formulas for {c, } is quite straightforward, although
some nasty integrals may be introduced. We summarize this part as

Step 3: Find the coefficients {c;} such that the initial condition (3.3) is
satisfied.
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Here, one important question arises. When can a function f be expanded
in the way indicated in (3.6)7 Obviously this is not possible for a completely
general family of functions {u(x,t)}. Informally speaking, the family must
contain sufficiently many different functions in order to span a wide class
of functions. This is referred to as the problem of completeness, which will
be discussed in Chapters 8 and 9. Here we simply state that the family
{ug(z,t)} has an infinite number of members, and that it spans a very
large class of functions f

The observation that we need infinite series to expand initial functions
as in (3.6), has some serious implications. The arguments outlined above
assume finite linear combinations. When dealing with an infinite series, we
have to verify that this series converges towards a well-defined function wu,
and that u is a solution of our problem. These tasks can be summarized as
follows:

Step 4:

(a) Verify that the series in (3.5) converges toward a well-defined
function v = u(x,t).

(b) Verify that the limit u solves the differential equation (3.1).

(¢) Verify that the limit u satisfies the boundary condition (3.2).

(d) Verify that the limit u satisfies the initial condition (3.3).

The rest of this section will be devoted to the steps 1, 2, and 3. Here we
will simply leave the questions of convergence open, and just derive formal
solutions of our problems. When we refer to a solution as formal, it means
that not every step in the derivation of the solution is rigorously justified.

Formal solutions are often used in preliminary studies of problems, leaving
the justification to a later stage. This is often is a fruitful way of working.

3.2 Separation of Variables

Now we return to step 1 above, and the task is to find particular solutions
{uk(x,t)} of the form (3.4) satisfying the differential equation

(ur)t = (ug)ze for x€(0,1), ¢>0, (3.7)
subject to the boundary conditions
up(0,t) = ug(1,t) = 0. (3.8)
By inserting the ansatz
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into (3.7), we get
Xi(2)Ti(t) = Xy (2)Ti(t).
Next, we divide both sides of this identity by Xy (x)Tk(t) and obtain
Tit) _ Xj(x)
Tp(t)  Xi(x)

Here we notice that the left-hand side only depends on ¢, whereas the right-
hand side only depends on x. Hence, both expressions must be equal to a
common constant, i.e.,

(3.10)

THH) _ X{()

As will become clear below, the minus sign here is introduced for reasons of
convenience. For the time being, we just note that (—\z) is some constant
for each pair of functions X and T}.

From (3.11), we get the following two ordinary differential equations:

= —\s. (3.11)

We first consider (3.12). It follows from the boundary condition (3.8)
that we must have

X,(0) = Xi(1) = 0. (3.14)

Hence, the functions Xy (z) are eigenfunctions of the problem (2.36), with
corresponding eigenvalues \i. Therefore, from the discussion in Section 2.4
we can conclude that

Me = (km)? for k =1,2,..., (3.15)
and
Xi(x) = sin(krz) for k =1,2,.... (3.16)

Having solved the second-order problem (3.12), we turn our attention to
the first-order problem (3.13), i.e.,

T7.(t) + AT (t) = 0.
This problem has a solution of the form
Ti(t) = et = (0%, (3.17)

where we have chosen the constant to be equal to one. Now it follows by

(3.16) and (3.17) that
ug(x,t) = e_(k”)ztsin(kﬂ'x) for k=1,2,.... (3.18)

This is the family {u} of particular solutions we have been looking for.
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3.3 The Principle of Superposition

In step 1 we found that the functions {uy(z,t)} given by (3.18) solve the
following problems:

(uk)t = uk):cz for xe€ (07 1), t >0,

uk((),t) = uk(l,t):O, (319)
ug(x,0) = sin (knx),
for k = 1,2,... . Now, we want to use these solutions to solve more general

problems of the form

Up = Ugy for x€(0,1), t>0,
u(0,t) = u(1,t)=0, (3.20)
u(z,0) = f().
Suppose first that the initial function f can be written as a finite linear

combination of the eigenfunctions {sin (k7wx)}. Thus, there exist constants
{ex 3, such that

N
f@) = cxsin (krx). (3.21)

k=1
Then, by linearity, it follows that the solution of (3.20) is given by

N
u(z,t) = Z cpe” )t gin (kmx). (3.22)
k=1

You can easily check that this is a solution by explicit differentiation.

ExaMPLE 3.1 Let us look at one simple example showing some typical
features of a solution of the heat equation. Suppose

f(z) = 3sin (mx) + 5sin (47x);
then the solution of (3.20) is given by
u(z,t) = 3¢~ sin (mx) + 5e 167t gin (4mx).

This solution is graphed, as a function of x, in Fig. 3.2 for ¢ = 0, 0.01, 0.1.
Notice here that the maximum value of the solution is attained at ¢ = 0,
and that the entire solution becomes smaller as t increases. We easily see,
both from the figure and from the formulas, that this solution approaches

zero as t tends to infinity.
|
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FIGURE 3.2. The solution of the heat equation with f(x) = 3sin (mx)+5sin (47x)
fort=10,0.01, 0.1.

Now we are able to solve the heat equation for all initial data that can
be written in the form (3.21). By varying the coefficients ¢; and allowing
a large value of N, we can of course cover quite a large class of functions.
However, it turns out that this class is not wide enough. Let us look at
another example.

ExaMPLE 3.2 Consider a uniform rod of length 1 with initial temperature
u of the entire rod equal to 1. Then, at t = 0, we start cooling the rod at
the endpoints = 0 and x = 1. By an appropriate choice of scales, the
heat equation (3.20) with f(x) = 1 models the temperature distribution in
the rod for ¢ > 0. In order to find the temperature by following the steps
outlined above, we have to represent the function f(x) =1 as a finite sum
of sine functions. However, this is impossible and the procedure fails at the
simplest possible initial condition! On the other hand, if we allow infinite
linear combinations, it can be shown that!

=2 i L sin(@k = )ra) (3.23)

S omi= 2k -1 '
for x in the unit interval. In Fig. 3.3, we have plotted the Nth partial
sum of this series for N = 3,10, and 100. We easily see that the series
converge towards f(x) = 1 within the unit interval, and we notice that the
convergence is very slow near the boundaries.

1Here we have to embark on a major detour; the simplest possible function is ex-
pressed by an infinite series. It is essential that you understand the reason for this
detour.
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FIGURE 3.3. The first 8, 10, and 100 terms of the sine-series approximation of
f(@) =1.

When allowing infinite series in the initial data, the solution given by
(3.22) also becomes an infinite series. For the present example, we get the
following formal solution:

o0
2
u(x,t) = % kz_l le_ e (DT sin (2K — 1)ma). (3.24)
Recall here that this solution is referred to as being formal since we have
not proved that the series and its derivatives converge and satisfy all the
requirements of the heat equation (3.20).

We have plotted the formal solution of this problem as a function of x
at t = 0, 0.01, 0.1 in Fig. 3.4. Note that the observations concerning the
qualitative behavior of the solution stated in Example 3.1 also apply to the

present solution.

The key observation of the example above is that finite linear combi-
nations of eigenfunctions are not sufficient to cover all interesting initial
functions f(z). Thus we are led to allow infinite linear combinations of the
form

f(z) = Z ¢ sin (kma). (3.25)
k=1

By letting N tend to infinity in (3.22), we obtain the corresponding formal
solution of the problem (3.20),

u(z,t) = Z cwe” %t gin (kmx). (3.26)
k=1
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FIGURE 3.4. The solution of the heat equation with f(x) =1 fort =0, 0.01, 0.1.

It will be established in Chapter 10 that this is not only a formal solution,
but a rigorous solution in a strict mathematical sense. In the next section
we will show how the coefficients {c;} can be computed from the initial
function f, and we will use these values to provide formal solutions for
some examples.

3.4 Fourier Coeflicients

In this section we show how to compute the coefficients {c} in (3.25). This
approach is identical to what was done for finite Fourier series in Section
2.4. The basic property we will use is that eigenfunctions {sin(knx)}i>1
are orthogonal with respect to the inner product (-, -) defined by

1
<f’9>:/0 f(z)g(x)dx.

More precisely, we have from Lemma 2.8 on page 68 that

0 k # m,

1/2 k=m. (3.27)

(sin (k). sin (mrz)) = {

By using this property of the eigenfunctions, we can easily find formulas
for the coefficients {c;} such that

flx)= Z e sin (kmx). (3.28)
k=1
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For any index m > 1, we take the inner product of this expression with the
mth eigenfunction, i.e. with sin (mmz). Then by (3.27) we get

(f(x),sin (m7z)) = ¢ (sin (mmx), sin (mmrz)) = %”

Hence we have
o = 2(f(x),sin (krx)) for k=1,2,.... (3.29)

These coefficients are referred to as Fourier coefficients, and the corre-
sponding series is called a Fourier series, or more specifically a Fourier
sine series. Fourier cosine series will be developed later.

In principle, having these coefficients we are able to express any function
in terms of the basis provided by the eigenfunctions {sin (k7wx)}. For most
trivial functions this procedure works fine, but more complicated functions
may lead to problems related to convergence of the series defined by these
coefficients. Also, it might be difficult to find explicit formulas for the in-
tegrals involved.

As discussed above, a formal solution of the initial-boundary value prob-
lem (3.20) is now given by

u(z,t) = Z cwe” R gin (kmx), (3.30)
k=1

where the coefficients {c;} are given by (3.29).
Let us look at some examples of Fourier series and corresponding solu-
tions of the heat equation.

ExaMPLE 3.3 Going back to Example 3.2 above, we want to express the
function f(x) =1 in terms of a Fourier sine series. Using (3.29) above, we
get

1
ck = 2/ sin (kmzx) de = ki(l — cos (km)).
0 s

Hence

I

DN —
= w
S Ot

_ % for k&
Ck = for k

and we have

A 1
1:;;2kilsm((2k—l)ﬂm).

This verifies the coefficients used in (3.23) above. |
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FIGURE 3.5. The first 5, 20, and 200 terms of the sine-series approximation of
/(@) = a.

EXAMPLE 3.4 Next we want to compute the Fourier sine series of f(z) = x.
Using (3.29), we get

=2 [ wsin ) = [ 2 s ) — 2 con (k)] = 2
C = o TSN (KT ) ar = (k’]‘(‘)Q S (K7L . COS (RTTx =

-1 k—‘rl.
) e (1)

Hence the Fourier sine series of f(x) = x on the unit interval is given by

2

1 k+1

Z sin (kra).

=1

>1

(3.31)

The Nth partial sums for N = 5,20, and 200 are graphed in Fig. 3.5.

Having this expansion, it follows from the discussion above that a formal
solution of the heat equation with initial data given by f(z) = x is given
by

2 (oo}
= E —(km)*t iy (kmx). (3.32)
T

k=1

3.5 Other Boundary Conditions

So far, we have been concerned with very simple boundary conditions for
the heat equation. We have only considered problems where the solution
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vanishes at the boundary. More generally, if the solution u is given specific
values at the boundaries, say

u(0,t) = a, u(l,t) =0, (3.33)

with a and b given, we have a Dirichlet-type boundary condition. In many
applications, other types of boundary conditions appear. If the deriva-
tives rather than the function itself are specified, we have a Neumann-type
boundary condition. Generally, Neumann conditions can be written in the
following form:

uz(0,t) = a, uy(1,t) = b, (3.34)

where a and b are given.
By combining the Dirichlet- and Neumann-type boundary conditions we
get a Robin-type boundary condition, which can be written in the form

auy (0,t) + bu(0,t) = ¢, aug(1,t) + Bu(l, t) =7, (3.35)

for given constants a, b, ¢, o, 3, and ~.
Finally, we have the periodic boundary condition

u(0,t) = u(1,t), Uy (0,8) = uy(1,1). (3.36)

We will not give detailed presentations of how to solve the model prob-
lems for all these different boundary conditions. Some of them will be ad-
dressed in the exercises, and in the next section we will derive a formal
solution of a Neumann-type problem along the lines sketched above.

3.6 The Neumann Problem

The purpose of this section is to illustrate the techniques discussed above
for another type of boundary conditions. Although the ideas remain more
or less the same, it might be useful to see the Fourier method applied to
a different type of boundary data. In this way we get a feeling of how the
method can be generalized to other more challenging problems.

Our aim is to derive a formal solution of the following problem:

Ut = Uy, for x€(0,1), t>0,
Uz (0,8) = ug(1,¢6)=0, ¢ >0, (3.37)
u(z,0) = f(z), =€ (0,1).

We notice that this initial-boundary value problem is identical to the prob-
lem (3.20), except for the choice of boundary values.
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As for the Dirichlet problem, we start in step 1 by searching for particular
solutions of the following problem:

(up)¢ = (ug)pe for x€(0,1), t>0, (3.38)
subject to the boundary conditions
()2 (0,8) = (u)a(1,£) = 0. (3.39)

The particular solutions {uy } are found by separation of variables. Inserting
the ansatz

ug(z,t) = Xg(x) Ti(t) (3.40)

into (3.38), we derive the following ordinary differential equations:

X,g(x) + M X () =0, (3.41)
Ty (t) + M Tk (t) = 0. (3.42)

3.6.1 The Eigenvalue Problem

We start the analysis of these equations by considering (3.41). This is an
eigenvalue/eigenfunction problem; we want to find eigenvalues Ay and cor-
responding eigenfunctions Xy, such that

X/(2) + M Xp(z) =0,  XL(0) = XL(1) = 0. (3.43)

Here the boundary conditions stem from (3.39). Before we solve this prob-
lem, it is useful to determine what kind of values the eigenvalue A\ can
attain. To this end, we multiply the differential equation by X and inte-
grate over the unit interval. Taking the boundary condition into account,
this gives

(X5 Xi)
A = ——=,
(X Xio)

Hence we have shown that
Ax > 0. (3.44)
Suppose that A\ = 0; then we seek a solution to the problem
Xi(x) =0,  X3(0) = X;3(1) = 0.

We easily see that any constant function satisfies these requirements, and
we therefore define

)\() =0 and X()(LE) =1. (345)
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Next, we turn to the case of A\ > 0, and define
B = VA
This leads to the equation
X} (@) + i Xi(z) = 0,
which has a general solution of the form
Xi(x) = ¢q cos (Brx) + cosin (Brx). (3.46)

Now the boundary conditions X}, (0) = 0 forces ¢z = 0, while the other
boundary condition implies that

¢y sin (Bg) = 0.
Thus we have to choose
Or =km for k=0,1,.... (3.47)
We summarize these results as follows:

Lemma 3.1 The eigenvalues and eigenfunctions of the problem (3.43) are
given by

Mo = (km)? for k=0,1,2,..., (3.48)
and
X (z) = cos (kmzx) for k=0,1,2,.... (3.49)

It should be noted here that this result differs from the Dirichlet case
in that k£ = 0 is allowed. As we observed above, a zero eigenvalue in the
Neumann case gives a nonzero eigenfunction. This is different from the
Dirichlet case, where all eigenvalues are strictly positive.?

3.6.2 Particular Solutions

Next we solve the first-order problem (3.42). The solution of this problem
is

Te(t) = e~ *°t for k=0,1,2,.... (3.50)

Using (3.49) and (3.50), it follows that the family of particular solutions is
given by

ug(z,t) = e~ * ™) cog (kmx) for k=0,1,2,.... (3.51)

2In terms of operators, we refer to the differential operator in the Dirichlet case as
positive definite, whereas the operator in the Neumann case is positive semidefinite.
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3.6.3 A Formal Solution

From this collection of particular solutions, we proceed by deriving a formal
solution of (3.37). The formal solution is defined through an infinite linear

combination of particular solutions®
e = 2
u(x,t) = 50 + ]; cre” ™ cos (kmz). (3.52)

Here the coefficients {cj} have to be determined by the initial data. This
means that we have to expand the initial function f(z) in a Fourier cosine
series, 1.e. we have to determine the coefficients {cx} such that

f(z) = %0 T ; cx cos (k). (3.53)
In order to find these coefficients, we have to apply the following properties
of the eigenfunctions:

Lemma 3.2 The functions {cos (kwx)} satisfy

0 k #m,
(cos (kmx),cos (mma)) =< 1/2 k=m>1, (3.54)
1 k=m=0.
These relations can be verified by direct integration; this task is left to the
reader in Exercise 3.14.
Given these orthogonality properties, we can derive the Fourier coeffi-

cients by taking the inner products of the eigenfunction on both sides of
(3.53). This gives

cr = 2(f(x),cos (krz)) for k=0,1,2,.... (3.55)

Let us look at some examples of solutions to the heat equation with
Neumann-type boundary conditions.

EXAMPLE 3.5 We want to solve (3.37) with the initial data
f(x) =9+ 3cos (mx) + 5cos (4rzx).

Since this function is written in the form (3.53), the Fourier coefficients are
easily found, and the solution of (3.20) is given by

u(z,t) =9+ 3¢t cos (rx) + 5e 167t cos (4mx).

This solution is graphed, as a function of x, in Fig. 3.6 for ¢ = 0, 0.01, 0.1.
You can observe from the figure that the Neumann-type boundary condi-
tions are satisfied.

|

3Putting % in front of ¢o helps us in deriving a formula for ¢; which holds for all
k> 0.
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FIGURE 3.6. The solution of the heat equation for t =0, 0.01, 0.1.

EXAMPLE 3.6 Next we want to solve the problem (3.37) with the initial
data given by f(x) = .
We start by finding the Fourier cosine series of f(z) = x. Observe that

1
00:2/ xdr =1,
0

and then, using integration by parts, we find

xsin (kmz) = cos (knm;)] ! _ (-1 -1
0

1
cr = 2/0 x cos (krx) dx = 2[ o o2 e

for k=1,2,.... Hence, a formal solution of this problem is given by

1 2 K/ (-DF-1 >
u(w,t) = 3t Z <(])€2> e~ cos (kmx).
k=1

The solution, as a function of z, is plotted in Fig. 3.7 for ¢ = 0, 0.05, 0.2.
|

3.7 Energy Arguments

So far in this chapter we have studied a technique, referred to as Fourier’s
method, which has enabled us to find a formula, or a representation, of the
solution u of the initial and boundary value problem (3.1)—(3.3). However,
it is often possible to derive certain properties of the solution of a differ-
ential equation without knowing the solution in detail. Such techniques
are particularly important in the analysis of nonlinear problems, where an
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FIGURE 3.7. The solution of the heat equation with Neumann-type boundary
conditions and initial data given by f(x) = x.

analytical representation of the solution is usually impossible to derive. En-

ergy arguments are typical examples of such techniques,* and here we will

illustrate how such arguments can be applied to the problem (3.1)—(3.3):
Find a function u = u(z,t) which solves the differential equation

U = Uy for x€(0,1), t>0, (3.56)
subject to the boundary conditions
u(0,t) = u(l,t) =0, t>0 (3.57)
and the initial condition
u(z,0) = f(x), xz € (0,1). (3.58)
Throughout this section we assume that u = u(x,t) is a function such that
® U, U, Uy, € C’([O7 1] x [O,oo))7
o v satisfies (3.56)—(3.58).

For each t > 0 let
1
Bt) = / 2(z, ) da.
0

4Maximum principles are another set of properties that can be derived without ana-
lytical formulas for the solution. This is studied in Chapter 6.
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We now consider how E(t), which is a scalar variable, evolves in time. We

consider
1
/ u?(z,t)dz.
0

For smooth functions u we can interchange the order of differentiation and
integration such that for ¢ > 0

E'(t) =

=

1
E'(t) = /0 %uz(aj, t)dz. (3.59)

In this case we then derive from equations (3.56)—(3.57) and integration by
parts that

() = /O (e, e (@, £)da
:2/0 w(, )y (2, t)da

1
= 2ful sl O} =2 [ (uelo ) do

—2/0 (s (2, £))? dav < 0.

Hence, E(t) is a nonincreasing function, i.e.
E(t) < E(0).

As pointed out above, the derivation of this inequality requires that we
can interchange the order of differentiation and integration such that the
identity (3.59) holds. This will in fact follow from Proposition 3.1, given in
the next section.

We summarize the result above as follows:

Theorem 3.1 If u is a solution of (3.56)-(3.58) such that u,us, Ugy €
C([0,1] x [0,00)), then

1 1
/ 2(z, t)dz < / P@)de, >0, (3.60)
0 0

An inequality of the form (3.60) is frequently referred to as a stability
estimate, since it expresses that the size of the solution, measured by the
integral E(t) can be bounded by the corresponding size of the initial data
f. A consequence of this result is also that small perturbations of the initial
function lead to small perturbations of the solution. In order to see this, we
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assume that there are two solutions uy(x,t) and uz(x,t) of (3.56)—(3.58)
with initial functions f; and f5. Let w = u; — us. Then

w(0,t) =w(l,t) =0 and w(x,0) = f1 — fo.
Furthermore,
wy = (ul)t - (u2)t = (ul)xw - (u2)zz‘ = Wgg-

Therefore w is a solution of (3.56)—(3.58) with initial function f; — fs. From
(3.60) we therefore obtain that

1 1 1
Ul—’U,QQl', xXr = ’(1)21'7 T = 1 — 22£U, xX. .
/0< (. t)d / (, 1)d </0<f f2)2(x ). (3.61)

Therefore, the size of the difference of the solutions at time ¢ is bounded
by the size of the difference of the initial functions.

The estimate (3.61) implies in particular that if f; = fo, then uy(z,t) =
us(x, t). Hence, for each initial function there is at most one solution of the
problem (3.56)—(3.58).

Corollary 3.1 Two solutions uy and us of (3.56)—(3.58), of the form de-
scribed in Theorem 3.1, satisfy the stability estimate (3.61). In particular,
for each initial function f there is at most one solution.

At the beginning of this section, we claimed that energy arguments can
also be used for nonlinear problems since these arguments do not rely on a
representation of the solution. In order to illustrate this, consider instead
of (3.56)—(3.58) the nonlinear problem

Up = Upy —u® for € (0,1), t>0, (3.62)
subject to the boundary conditions
u(0,t) =u(l,t) =0 (3.63)
and the initial condition,
u(z,0) = f(z). (3.64)

Because of the appearance of the nonlinear term u?3, it is not possible to
apply Fourier’s method® to this problem. However, as above let

1
E(t):/o u?(z,t)dz.

5Try!
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We then obtain
1
E'(t) = 2/ u(x, tyu(x, t)de
0

= 1ux Uge (2, 1) — (T T
_QA (@, 8) (g (2, 1) — 1P (2, 1))d

1 1
— U\ T 2 Xr — 'LL4£L' X .
2A (g (2 1)) d QA (1) < 0

Hence, even if the problem (3.62)-(3.64) is nonlinear, any solution u of the
problem satisfies®

1 1
/ u?(z,t)dx < / (x)dz, t>0.
0 0

This energy estimate does not, however, directly imply stability in the way
we observed for the linear case.

3.8 Differentiation of Integrals

Above we encountered the problem of computing the derivative of the en-
ergy E(t) given by

E(t) = /O W2 (z, 1) dz

with respect to the time t. The problem of differentiating an integral with
respect to a parameter occurs frequently in the analysis of differential equa-
tions. We will therefore take the time to discuss the problem in a general
setting. Let

b
Fly) = / F(z,y)dz. (3.65)

Our aim is to give a proper condition which guarantees that F' is differen-
tiable and that

b
F@z/@mwm
where f, = (%f.

6 A sharper estimate is derived in Project 11.2 on page 362.
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Proposition 3.1 Let F' be given by (5.65) and assume that f and f, both
are continuous on [a,b] X [c,d]|. Then F'(y) exists for all y € (¢,d) and

b
F' y):/ fy(x,y)dz

Proof: By the definition of F’(y) we must show that

_ b
F(y+h})L F(y)/a £, (@, y)da

Let us first recall that since f, is continuous on the compact set [a, b] x
[c,d], it follows that f, is uniformly continuous.” In particular, this implies
that

lim
h—0

=0.

i fy oy + 1) = fy (5 y)llo (3.66)
= }lllr% sup |fy(a? y+h)— f,(z,y)] = 0
- z€la,

for any y € (¢, d). From the mean value theorem it follows that

(Fly+h) /fﬂcy+h f(z, )dx

= / fy.y + )da

where § is between 0 and h and depends on x, y, and h. Hence, we have

<y+h /fyxydx

==

/ @y +8) — fy(,y)) de

<(b-a) Sup 1y (o y+0) = fy (5 9) oo

However, by (3.66) the right-hand side of this inequality tends to zero as
h tends to zero. |

It is straightforward to check that Proposition 3.1 justifies the formula
(3.59). We have assumed that 2u? = wuu, is continuous on [0,1] x [0, 7]
for arbitrary T' > 0. Therefore, by Proposition 3.1, formula (3.59) holds for
all ¢t € (0,T). Since T' > 0 is arbitrary, this mean that (3.59) holds for all
t>0.

7Check your calculus book for the definition of uniform continuity and make sure you
understand why (3.66) follows.
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3.9 Exercises

EXERCISE 3.1 Find the Fourier sine series on the unit interval for the fol-
lowing functions:

(a) f() =1+,
(b) f(2) =22,

EXERCISE 3.2 Find the Fourier cosine series on the unit interval for the
functions given in Problem (3.1).

EXERCISE 3.3 Write a computer program that computes the Nth partial
sums of Fourier series. Use the program to plot the function f(z) = «
and the corresponding Fourier sine and Fourier cosine series on the unit
interval. Then use the program to plot the series for x € [—3, 3].

EXERCISE 3.4 Find the formal solution of the problem

Up = Uy, for z€(0,1), t>0

EXERCISE 3.5 Find a formal solution of the problem

Uy = Uz, for x€(0,1), t>0,
g (0,t) = u,(1,t)=0,
u(z,0) = f(x),
for the initial functions
(a) f(z) = cos(ldnz),
(b) f(x) = sin (7z),
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EXERCISE 3.6 Verify, by direct calculation, that the functions {uw,(x,t)}
given by (3.18) are solutions of (3.7),(3.8).

EXERCISE 3.7 Verify, by a direct calculation, that the functions {u, (x,t)}
given by (3.51) are solutions of (3.38),(3.39).

EXERCISE 3.8 Find a family of particular solutions to the following prob-
lem:

U = Ugy —u for  x e (0,1), >0,
u(0,t) = u(1,1)=0.

EXERCISE 3.9 Find a family of particular solutions to the following prob-
lem:

Up = Uz +u, for x€(0,1), t>0,
u(0,t) = u(1,t) =0.

EXERCISE 3.10 Find a formal solution of the following problem:
U = Uy, for x€(0,0), t>0,
u(0,t) = u(¢,t)=0, (3.67)
u(z,0) = f(z),
where ¢ is a given constant greater than zero.
EXERCISE 3.11 Find a formal solution of the following problem:
Up = Uz, for x€(0,1), t>0,
u(0,t) = a, wu(l,t)=b, (3.68)
u(z,0) = f(x),

for given constants a and b. Here, you may find it helpful to introduce
v(x,t) = u(z,t) — (a + (b — a)x), and use the formal solution derived for
the problem (3.20) above.

EXERCISE 3.12 Find a formal solution of the following problem:
Ut = Uge + 22 for  x€(0,1), t>0,
u(0,t) =0, wu(l,t)=0, (3.69)
u(z,0) = f(x).

Here, you may find it helpful to introduce v(z,t) = u(z,t) + w(x) for a
suitable w which is only a function .
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EXERCISE 3.13 Consider a nonhomogeneous problem of the form

Up = Ugp +g for z€(0,1), t>0, (3.70)
u(0,t) = u(1,t) = 0, (3.71)
u(z,0) = f(z), (3.72)

where g = g(z,t) is a given function. Assume that f and g can be repre-
sented by Fourier sine series of the form

= Z ay sin(kmx),
Z by (t) sin(kmx).

(a) Derive a formal solution of the problem (3.70)—(3.72) of the form

ZTk )sin(kmx).

Let T > 0 be given. A T-periodic solution of the problem (3.70)—(3.72)

is a function u = u(z,t) which satisfies (3.70) and (3.71), and where the
initial function f is chosen such that

u(va) = U(.’E,O) = f(lL')

(b) Show that when g is given, there is a unique formal T-periodic solu-
tion.

(¢) Let g(x,t) = tsin(mx) and T = 1. Compute the unique T-periodic
solution in this case.

EXERCISE 3.14

(a) Prove the result stated in Lemma 3.2.

(b) Show that the functions {cos (krz)}, , and {sin (kmwz)};—, satisfy
the following orthogonality relations on [—1,1]:

/1 sin (kmrx) sin (mma)dr = { 0 k7 mi

1 1 k=m

1 0 k+#m,
/ cos (krx)cos (mra)de = ¢ 1 k=m>1,
-1 2 E=m=0.

1
/ sin (krx) cos (mma)dx = 0.

-1
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EXERCISE 3.15

(a) Consider the eigenvalue problem

7X/I(1') = AX(z), z € (-1,1),
X(-1) = X(1),  X'(-1) = X'(1).

These boundary conditions are referred to as periodic. Show that
the eigenfunctions of this problem are given by {cos (kmwz)};—, and
{sin (k7x)}pe. (cf. Exercise 3.14 (b)).

(b) Let f be a function defined on the interval [—1, 1] and assume that f
can be expanded in series of the form
flz)= % + kz_l (ay cos (kmx) 4 by sin (krx)) .

Show that
1
ay, :/ f(z) cos (kra)dx, k=0,1,2,...,
-1
and
1
by = / f(x)sin (krx)de, kE=1,2,....
-1

A series of the form above where f is expressed as a sum of sine and
cosine functions will be referred to as a full Fourier series.

(¢) Find a formal solution of the following problem:

Up = Uy, for xz€(—1,1), ¢>0,
u(=1,t) = u(l,t), wux(—1,t)=u,(1,t), (3.73)
u(z,0) = f(x).

Note that these boundary data are periodic.

EXERCISE 3.16 Assume that u(x,t) is a solution of the Neumann problem
(3.37). Use energy arguments to show that

1 1
/ u?(z, t)dx < / (x)dz, t>0.
0 0
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EXERCISE 3.17 Let g = g(u) be a function u such that ug(u) < 0 for all u.
Use energy arguments to show that any solution of the (possibly nonlinear)
problem

Ut = Ugy + g(u) for x€(0,1), t>0,
u(0,t) = u(1,t) =0,
u(z,0) = f(x).

satisfies the estimate

1 1
/ u?(z,t)dx < / f2(z)d, t>0.
0 0

EXERCISE 3.18 Let a = a(x,t,u) be a strictly positive function. Use energy
arguments to show that any solution of the (possibly nonlinear) problem

u = (a(x, t,u)ug), for xe(0,1), t>0,

satisfies the estimate

1 1
/ u?(z,t)dx < / (x)dz, t>0.
0 0

EXERCISE 3.19 Consider the nonlinear initial and boundary value prob-
lem (3.62)—(3.64). Assume that u; and ug are two solutions with initial
functions f; and fs, respectively. Let w = u; — us.

Show that w solves a linear problem of the form

Wy = Wy + aW (3.74)
with boundary conditions
w(0,t) = w(l,t)
and initial condition
w(z,0) = fi(z) — f2(2),

where a = a(x,t) depends on u; and us.

You should compare the results here with the arguments used to prove
Corollary 3.1. In the present case, we observe a typical effect of nonlinear
problems. The differential equation (3.74) for the difference w is different
from the original equation (3.62).
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EXERCISE 3.20 Consider the problem

Up = Ugy +u for  x€(0,1), t>0,
u(0,t) = u(1,t) =0,
u(z,0) = f(x).

Show that

2t ' 2
d | _ <
7 [e /0 U (x,t)dx} 0

and conclude that

1 1
/ u?(z, t)dx < th/ f2(x)dz, t>0.
0 0

Use this estimate to bound the difference between two solutions in terms
of the difference between the initial functions. Does this problem have a
unique solution for each initial function f7?

3.10 Projects

Project 3.1 Semidiscrete Approzimation.

The purpose of this project is to illustrate the close relation between the
initial-boundary value problem (3.1)—(3.3) and systems of ordinary differ-
ential equations of the form

vy = Av, v(0) = 0°. (3.75)

Here the matrix A € R™" and the initial vector v° € R™ are given, and the
solution v(t) is a vector in R™ for each t.

(a) Let u € R be an eigenvalue of A, with corresponding eigenvector
w € R™. Verify that

v(t) = ettw
satisfies (3.75) with v° = w.

(b) Assume that the matrix A has n eigenvalues, u1,po,..., 1, € R,
with corresponding linearly independent eigenvectors wy, ws, ... , wy.
Show that a vector-valued function v(t) of the form

v(t) = Z crer g, (3.76)
k=1
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where the coefficients ¢1,ca,... ¢, € R, is a solution of (3.75) with
initial vector

n
UOZ E CrWE .
k=1

(c) Assume that the matrix A has n real eigenvalues pi, pa, ... , f, as
above. Explain why all solutions of (3.75) are of the form (3.76).

The solution procedure for linear systems of ordinary differential equa-
tions outlined above is often referred to as the eigenvalue/eigenvector method.
The method can also be extended to the case where some of the eigenval-
ues pj of A are complex. This is simply done by considering solutions of
the form (3.76), but where also the coefficients ¢; and eigenvectors wy, are
allowed to be complex. The discussion below will illustrate that Fourier’s
method is a generalization of the eigenvalue/eigenvector method to linear
partial differential equations.

Recall that the problem (3.1)—(3.3) can be written in the form

ug(z,t) = —(Lu)(x,t) for xe€(0,1), t>0,
u(z,0) = f(z),

where for each t > 0, u(-,t) € CZ. Here, as in Chapter 2, Lu = —ug,.
From our discussion in Chapter 2 it seems reasonable to approximate this
problem with the semidiscrete system

ve(zj,t) = —(Lpv)(zj,1) for j=1,2,...,n,

3.77
v(z;,0) = f(x;) for j=1,2,...,n, (3.77)

where we assume that for each ¢ > 0, v(-,t) € Dy . Here h = 1/(n + 1)
and x; = jh. We refer to Section 2.3.1 for the definition of the difference
operator Lj, and the discrete space Dy, o. The system (3.77) is referred to as
a semidiscrete system since it is discrete with respect to x, but continuous
with respect to t.

(d) Assume first that n = 2. Show that (3.77) is equivalent to a system
of the form (3.75), where the matrix A is given by

2 -1
A=- ( -1 2 ) '
(e) Assume that f(z) = sin(rz) — 3sin(27x). Find the solution of (3.77)

when n = 2.

(f) Explain why the problem (3.77) in general is equivalent to a system
of the form (3.75). In particular, identify the matrix A in (3.75).
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(g) Explain why any solution of (3.77) can be written in the form

v(z;,t) = che_”’“t sin(kmz;)  for j=1,2,...,n, (3.78)
k=1

where i, = 5 sin®(kh/2).

The formula (3.78) can be used to define the semidiscrete solution v(z,t)
for all z € [0,1].

(h) Consider the initial function
f(z) = 3sin (rx) + 5sin (4mx)

used in Example 3.1 on page 92. Find the semidiscrete solution v(x,t)
when n = 2 and n > 4. Compare the semidiscrete solution v(z,t) and
the analytical solution wu(z,t) by plotting v(z,0.01), for n = 2,4,6,
and u(z,0.01).

(i) If v is a solution of (3.77), define the corresponding discrete energy
by

En(t) = (v(-,t),v(-, typ,  for t>0.

Here, the discrete inner product (-, -)p, is defined in Section 2.3.1. Use
energy arguments, together with the result of Lemma 2.4, to show
that

EL(t) < Eh(O) for t>0.

In order to obtain a fully discrete finite difference method, where no dif-
ferential equation has to be solved, the semidiscrete system (3.77) must be
discretized with respect to time. The simplest time discretization is Euler’s
method. If we apply this to the system (3.77) we obtain, for m > 0 and
i=12...n,

U(xjv tmy1) — ”(xjv tm)
At

= —(Lnv)(zj,tm)
v(z;,0) = f(z;)
where t,, = mAt. Here At > 0 is the time step.

(3.79)

(j) Let the vectors v € R™ be given by
vi' =v(xj,ty,) for j=1,2,...,n
Show that
™ = (I + AtA)Qv™,

where I € R™" is the identity matrix and A € R™" is as above.



116 3. The Heat Equation

(k) Show that any solution of the finite difference method (3.79) can be
written in the form

v(xj,tm) = ch(l — Atpy)™ sin(kmz;),
k=1

where the coefficients ¢y, co,... , ¢, € R.



4

Finite Difference Schemes For The
Heat Equation

In the previous chapter we derived a very powerful analytical method for
solving partial differential equations. By using straightforward techniques,
we were able find an explicit formula for the solution of many partial differ-
ential equations of parabolic type. By studying these analytical solutions,
we can learn a lot about the qualitative behavior of such models. This
qualitative insight will also be useful in understanding more complicated
equations.

In this section we will turn our attention to numerical methods for solv-
ing parabolic equations. Having spent quite some time on deriving elegant
analytical formulas for solving such equations, you may wonder why we
need numerical methods. There are several reasons. We can summarize the
main difficulties of the Fourier method as follows:

Nonlinear problems. The Fourier method derived above cannot handle
nonlinear equations. Both separation of variables and the principle of
superposition will in general fail for such equations. This is quite an
important drawback, since many applications give rise to nonlinear
problems. There is a strong tradition for linearizing such equations
in order to apply linear techniques like the Fourier method discussed
above. But this approximation is in some cases very crude. Nonlinear
equations can be handled adequately using finite difference methods.
The basic ideas are exactly the same as for linear problems, but dif-
ficulties may arise in, for example, solving the nonlinear algebraic
equations involved.
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Variable coefficients. Even linear problems with variable coefficients may
be hard to solve using the Fourier method. In particular this is the
case for discontinuous coeflicients. Variable coefficients are fairly easy
to handle with finite difference schemes.

Integrals. As mentioned above, some of the integrals involved in com-
puting the Fourier coefficients can be difficult or even impossible to
evaluate analytically. In such cases, numerical integration is needed.

Infinite series. In order to actually graph the Fourier solution of a prob-
lem, we have to compute the sum of the series. If the series is infinite,
we have to rely on an approximation based on a truncation of the se-
ries. Furthermore, except for some trivial cases, the partial sum has
to be computed numerically, i.e. on a computer.

We conclude that there are a lot of interesting problems that cannot be
solved by the Fourier method. And for most problems that can be solved,
we are dependent on some sort of numerical procedure in order to actu-
ally graph the solution. These observations clearly motivate the study of
numerical methods in a more general setting. However, you should not be
misled into believing that numerical methods solve every problem. There
are a lot of dangers in using these methods. The most important difficulties
will be pointed out here.

Although there are a lot of different numerical methods available for solv-
ing parabolic equations, we focus on finite difference schemes. The reason
for this is that they are very simple to understand and easy to generalize for
quite complicated problems. Furthermore, they are very easy to implement
on a computer.

In numerical analysis, much effort is spent on the search for efficient
schemes in the sense of optimizing accuracy and minimizing CPU time
and memory requirements.! No claim is made here that finite difference
schemes are optimal in this respect. Often, the most powerful techniques
for solving partial differential equations use as much analytical informa-
tion as possible. The so-called spectral methods are illustrative examples
of this phenomenon. These methods are carefully constructed in order to
take advantage of all the analytical insight we have gained through the
development of Fourier techniques. You may consult the notes by Gottlieb
and Orszag [12] to read more about this topic.

The most popular method in applied areas is probably the finite ele-
ment method. Although in many respects it is quite similar to the finite

LFor scalar computers, i.e., for computers where you only have access to one single
processor, it is fairly easy to rank different schemes with respect to these criteria. Just
compute, either a priori or run-time, the number of arithmetic operations needed for the
different schemes. In the era of parallel computing this issue is more complicated. On
such machines, the quality of a certain method has to be related to how well it exploits
the access to numerous processors.
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difference method, the finite element method is preferable when it comes to
complicated geometries in several space dimensions. You can find a friendly
introduction to this topic in the book by C. Johnson [15]. A mathematically
more advanced approach is given by Brenner and Scott [4], and engineers
seem to prefer the book by Zienkiewicz [31]. Further references can be found
in these books.

4.1 An Explicit Scheme

In this section we will derive a finite difference approximation of the fol-
lowing initial-boundary value problem:

Ug = Uy, for x€(0,1), t>0,
u(0,t) = u(1,t)=0, (4.1)

The way we derive the finite difference scheme for (4.1) is very similar to
the way we derived a scheme for the two-point boundary value problem
in Section 2.2. The basic idea is again to replace the derivatives involved
in (4.1) by finite differences. But for this problem we have to approximate
both the space and the time derivatives.

Let n > 1 be a given integer, and define the grid spacing in the z-
direction by Az = 1/(n 4 1). The grid points in the z-direction are given
by x; = jAz for j = 0,1,... ,n + 1. Similarly, we define ¢,, = mAt for
integers m > 0, where At denotes the time step. Finally, we let v7" denote
an approximation of u(x;,t,,).

Before we define the scheme, let us recall that we have the following
approximations?

u(z,t + At) — u(x,t)

t) = O(At
Ut(.’l), ) At + ( )7
and
— Az, t)—2 t Ax,t
Az

These approximations motivate the following scheme:

m+1 m m m m

v —j vty =207 + oty .
J Al =2 A;Q J for j=1,...,n, m2>0.

By using the boundary conditions of (4.1), we put

vg' =0 and v\, =0

2See Project 1.1, page 28.
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® m+1
@ @  J m
j-1 j j+1

FIGURE 4.1. The computational molecule of the explicit scheme.

for all m > 0. The scheme is initialized by

o) = f(z;) for j=1,....n
Let » = At/Az?; then the scheme can be rewritten in a more convenient
form

v]mH =rvity + (1= 2r)vf" +rofiy, j=1,...,n, m>0. (4.2)
When the scheme is written in this form, we observe that the values on the
time level ¢,,41 are computed using only the values on the previous time
level t,,. Therefore we refer to this scheme as explicit. This is in contrast
to implicit schemes where we have to solve a tridiagonal system of linear
equations in order to pass from one time level to the next. Such schemes
will be discussed below.

In Fig. 4.1, we have sketched the basic structure of this scheme. We often
refer to such illustrations as the computational molecule® of the scheme.

Before we start analyzing the properties of the scheme, we present some
examples illustrating how this scheme works.

EXAMPLE 4.1 In the first example we look at how well this scheme approx-
imates one of the particular solutions derived in Section 3.2 above. Thus,
we let

f(x) = sin (27z),
and recall from (3.18) that the exact solution is given by

—4n?t

u(z,t) =e sin (27z).

3Sometimes the term “stencil” is used for such illustrations.
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FIGURE 4.2. The finite difference solution (dashed line) and the Fourier-based
solutions (solid line) of the heat equation. For the finite difference scheme we used
a relatively coarse mesh; Az = 1/6 and At =1/80.

We choose Az = 1/6 and At = 1/80 and compute the numerical solution
for 0 < t,, < 1/10. The numerical and analytical solution at t = 1/10 is
plotted in Fig. 4.2. As usual we have used piecewise linear interpolation
between the grid points.
In Fig. 4.3 we have used a finer mesh, Az = 1/20 and At = 1/800. Note
that the approximation is much better in this case.
|

EXAMPLE 4.2 In our next example we consider the following initial data
for the problem (4.1):

2x x <1/2,
f(x):{ 21 —z) z>1/2.

A formal solution of this problem can be derived using Fourier’s method.
The solution is

u(z,t) = % Z (Sln(]];ﬂ'/Q)) e~ k™)t gin (kmx). (4.3)
k=1

In Fig. 4.4 we have plotted the Fourier solution given by (4.3) as a func-
tion of x for ¢ = 0.1. The series is truncated after 200 terms. We also plot
the numerical solution generated by the scheme (4.2) using Az = 1/50 and
At = 1/5000, hence = 1/2. In Fig. 4.5, we have plotted the Fourier solu-
tion and the numerical solution again, but we have increased the time step
slightly; At = 0.000201. This gives » = 0.5025 and we observe from the
plot that something is wrong; the numerical solution oscillates, whereas the
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FIGURE 4.3. The finite difference solution (dashed line) and the Fourier-based
solutions (solid line) of the heat equation. For the finite difference scheme we used
the mesh parameters Ax = 1/20 and At = 1/800.

analytical solution is smooth and very well behaved. This behavior of the
scheme is referred to as an instability problem. Much effort will be invested

below in deriving precise conditions to avoid such problems.
[ |

4.2  Fourier Analysis of the Numerical Solution

In our experiments above, we observed two interesting features of the nu-
merical solutions. First we noticed that the scheme may generate very good
approximations of the analytical solutions. And secondly, we saw that by
changing the grid parameters slightly, severe oscillations appeared in the
numerical solution. It is quite clear that such oscillations are unacceptable.
The analytical solution is smooth and well behaved, and we look for an
approximation which shares these properties.

Our aim in this section is to understand these observations. We want to
know when oscillations can appear and we want to know how to prevent
such behavior. Furthermore, we want to gain some insight into why the
scheme generates very good approximations for proper grid sizes. It is not
the purpose of this section to derive any rigorous error analysis for the
discrete solutions. The problem of determining the convergence rate of the
scheme will be addressed later. Here we will use our insight in the analytical
solution to try to understand in a qualitative way why the scheme works.

Our analysis of the numerical method will, step by step, follow the pro-
cedure outlined in Section 3.1. By using a discrete version of the Fourier
method, we will derive an explicit formula for the discrete solution. This
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FIGURE 4.4. The numerical (dashed line) and Fourier-based solution (solid line)
of the heat equation. For the numerical method we have used r = 1/2.

formula enables us to compare the analytical and the numerical solutions
term by term.

In the next section, we will present von Neumann’s stability analysis.
This is a versatile tool which is commonly used to investigate the stability
of numerical methods for solving time-dependent partial differential equa-
tions. The basis of von Neumann’s method is the term-by-term analysis
mentioned above. Both analytical and numerical methods can be decom-
posed into linear combinations of particular solutions. Thus, in order to
compare the solutions, it is sufficient to compare the particular solutions.
In this section we will do such a comparison thoroughly in order to prepare
for the next section. So if you feel that the present section is a bit lengthy
and full of details, we promise you that the von Neumann technique we
arrive at in the next section is very simple and powerful.

4.2.1 Particular Solutions

The first step in our discrete Fourier analysis is to derive a family of par-
ticular solutions of the following problem:

e L R
s for =l m20, (44)
with the boundary conditions

vy' =0 and v, =0, m>0. (4.5)

The initial data will be taken into account later.
We are looking for particular solutions of the problem (4.4) and (4.5). In
the continuous case, we derived the particular solutions by guessing that
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FIGURE 4.5. The numerical (dashed line) and Fourier-based solution (solid line)
of the heat equation. For the numerical method we have used r = 0.5025. Note
that the numerical solution for this value of r oscillates.

the space and time dependency could be separated. Thus, we inserted an
ansatz of the form

u(z,t) = X (z)T'(t)

into the equation. Exactly the same procedure will be applied in the discrete
case. Hence we seek particular solutions of the form

wi' = X;T,, for j=1,...,n, m2>0. (4.6)

Here X is a vector of n components, independent of m, while {7}, } >0 is
a sequence of real numbers. By inserting (4.6) into (4.4), we get
Xij+1 — X]Tm B Xj—le, — 2XJTm + Xj+1Tm
At B (Az)? ’

Since we are looking only for nonzero solutions, we assume that X;7;, # 0,
and thus we obtain

Tm+1 —Tm Xj—l —2Xj —|—Xj+1

AtTm - (A.’L)2XJ

The left-hand side only depends on m and the right-hand side only depends
on j. Consequently, both expressions must be equal to a common constant,
say (—u), and we get the following two difference equations:

Xj-1 = 2X; + Xjn
(Az)?
Tm+1 - Tm
At

=—pX; for j=1,...n, (4.7)

-y, for  m>0. (4.8)
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We also derive from the boundary condition (4.5) that
XO == Xn+1 = U. (49)

We first consider the equation (4.8). We define* T o = 1, and consider the
difference equation

Tomt1 =1 —Atp)T,, for m>0. (4.10)
Some iterations of (4.10),
Tons1 = (1= At )T = (1 — At )Ty ...,
clearly indicate that the solution is
T =(1—Atp)™ for m>0. (4.11)

This fact is easily verified by induction on m.
Next we turn our attention to the problem (4.7) with boundary condition
(4.9). In fact this is equivalent to the eigenvalue problem (2.44). Hence, from

Lemma 2.9 we obtain that the n eigenvalues pq, o, ... , u, are given by
4
e = Wsnﬁ (krAz/2) for k=1,...,n (4.12)
and the corresponding eigenvectors X = (Xp1,Xk2,...,Xkn) € R™,
k=1,...,n, have components given by
Xg,j =sin (kmz;) for j=1,...,n.

Hence, we obtain particular solutions wy of the form
wy'; = (1 — At pg)™ sin (krxy). (4.13)

So far we have derived a family of particular solutions {wy, }}_, with values
wy"; at the grid point (xj,tm). Next, we observe that any linear combination
of particular solutions

n
v = E Ve Wk
k=1

where the ;s are scalars, is also a solution of (4.4) and (4.5). This obser-
vation corresponds to the second step in Section 3.1. Finally, we determine
the coefficients {74} by using the initial condition

v) = f(z;) for j=1,...,n.

4We are free to choose any nonzero constant; cf. the similar discussion in the contin-
uous case on page 91.
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Since wy = X at t = 0, we want to determine {7} such that
Z’Yka,j = f(z;) for j=1,...,n (4.14)
k=1

Hence, it follows from (2.47) that

=202 f(x;)Xg; for k=1,...,n. (4.15)

j=1

There is an alternative procedure to derive the representation of the
general solution of the finite difference scheme (4.4)—(4.5). Let A € R™"
be the matrix

2 —1 0 0
12 1 :
A:@ R (4.16)
12 -1
0 0 -1 2

and for m > 0 let v € R™ be the vector

o™ = (v} ud L o).

The difference scheme (4.4)—(4.5) can then be equivalently written in the
form

™ = (I — AtA)v™, (4.17)
where I is the identity matrix. As a simple consequence of this, we obtain
v™ = (I — AtA)™°. (4.18)

Recall from Section 2.4 that the eigenvalue problem (2.44) is equivalent to
the eigenvalue problem for the matrix A. Hence, the vectors X, introduced
above are eigenvectors for the matrix A with corresponding eigenvalue fi.
Hence, X} is also an eigenvector for the matrix (I — AtA)™ with eigenvalue
(1 — At ug)™. Hence, if v° = X}, we derive from (4.18) that

vi" = (1 — At py,)™ sin (kmz;)

is a particular solution of (4.4)-(4.5). This solution corresponds exactly to
(4.13) above. In the same way as above, the general solution is obtained by
taking linear combinations of these solutions.
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4.2.2 Comparison of the Analytical and Discrete Solution

We now have explicit formulas of the solutions for both the continuous
problem (4.1) and the discrete problem (4.2). For ease of reference, we
repeat the formulas here. The solution® of the continuous problem is given
by

Z cpe” Msin (krx), (4.19)
where A\ = (k7)? and

oL = 2/0 f(z)sin (krx) du. (4.20)

We want to compare this analytical solution with the discrete solution given
by

vyt = Z% 1 — At pg)™ sin (krax;), (4.21)
k=1

where

1 sin? (knAx/2),

= in” (krAx
HE (Az)?
and
Vi = 2A1:Z f(z;)sin (krx;).

j=1

for k=1,...,n. In order to compare the analytical and numerical solution

at a grid point (x;,t,), we define ul* = u(z;,t,,), i.e.

J
uf' = Z crpe Mtmsin (kmay). (4.22)

Our aim is to give a rough, but instructive, argument for the fact that

m o ,,Mm
vt Rl
under appropriate conditions on the mesh parameters Ax and At. To avoid
technicalities, we consider a fixed grid point (z;,t,,) where t,, > ¢ for
t > 0 independent of the mesh parameters. Furthermore, we assume that

the initial function f is smooth and satisfies the boundary conditions, i.e.

5...still formal.
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f(0) = f(1) = 0. Finally, we assume that the mesh parameters At and Az
are sufficiently small.

In order to compare u’"”

J

m

and vy, we note that

o0
= Z cre” M sin (k)

k=1
= che mosin (kraj) + Z crpe” Mhm sin (kmay).
k=n+1
Here, we want to show that
o0
Z crpe” Mbm sin (kma;) ~ 0. (4.23)

k=n-+1
To do this we make the following observations:

e Since f is smooth, it is also bounded, and then the Fourier coefficients
cx given by (4.20) are bounded® for all k. Hence there is a finite
constant ¢ such that |cx| < ¢ for all k.

e Obviously, we have |sin (krz;)| < 1.

By using these observations, we get

oo

LS
Z cre~Mtm sin (kmz;)| < max |cg] Z o~ k)t
k=n+1 k k=n-+1
o0 .
<c Z (677‘- t)k
k=n-+1
_ C(e,ﬂ.2g>n+1¥ ~0
B 1 — et ~

for large values of n. Here we have used the summation formula for a
geometric series, and we have exploited the fact that ¢,, > t. Since we have
verified (4.23), it follows that

uy’ Z cpe” Mt sin (kma ;). (4.24)
k=1

Now we want to compare the finite sums (4.24) and (4.21). Motivated by
the derivation of the solutions, we try to compare the two sums termwise.
Thus, we keep k fixed, and we want to compare

cre” Mt sin (k)

6The Fourier coefficients actually converge towards zero as k tends to infinity. This
is a consequence of Bessel’s inequality, which is discussed in Chapter 8 below. Here,
boundedness is sufficient.
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and
’}/k(l — At /.Lk)m sin (kﬂ'$j).

Since the sine part here is identical, it remains to compare the Fourier
coefficients c¢; and vy, and the time-dependent terms e *#*= and (1 —
At py)™.

We start by considering the Fourier coefficients, and note that v is a
good approximation of ¢; because

2Azx Z f(x;)sin (krx;)

Jj=1

is the trapezoidal-rule” approximation of

1
2/ f(z)sin (krx) de.
0
In fact, by Exercise 2.1 on page 82, we have
ek — k| = O((Az)?).

for f sufficiently smooth.

4.2.3  Stability Considerations

Finally, we must compare the time-dependent terms e ~***= and (1—Atuy,)™.
Before we compare the actual values of these expressions, let us briefly con-
sider the magnitudes involved. Since A\t,, is positive, we have

e~ et | < 1
for all k =1,...,n; it is reasonable to require that also
[1—Atp| <1
for all k=1,... ,n. From this requirement, it follows that Atu, < 2, or
equivalently
(ii; sin? (krAz/2) < 2
for all k =1,... ,n. This is always the case if the condition

"The trapezoidal method of numerical integration is discussed in Project 2.1 on page
82.
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(5)2 <1/2 (4.25)

is satisfied.

Recall now that in Example 4.2 on page 121 we observed that by not
obeying the stability condition (4.25), severe oscillations appeared in our
solution. Now we see the reason; if |1 — Atpug| > 1 for some index k,
the term (1 — At pug)™ blows up as m becomes large. Since such behavior
cannot appear in the analytical solution, we conclude that the condition
(4.25) must be satisfied in order to expect reliable numerical results. This
stability condition will be derived again later using other techniques.

4.2.4  The Accuracy of the Approximation

Let us now return to the accuracy considerations initiated above. Of course,
we assume from now on that the mesh sizes are chosen such that (4.25)
is satisfied. The remaining problem is to discuss how well the term (1 —
At )™ approximates the term e~*#m . In order to study this question, we
simplify the problem a bit by choosing a fixed time t,,, say t,, = 1, and
we assume that At = (Az)?/2. As a consequence, we want to compare the
terms

and

B = (1= At/ = (1= 2 (b /Be2)) 1/

Obviously, ay, is very small for large values of k. The first three terms are
given by

a1 ~5.172-107°%,  ay ~ 7.157-10718, a3~ 2.65-107%.

The values of (B depends both on k and the mesh parameters. By choosing
a relatively fine mesh, say Az = 1/100, we get

B~ 5.164-107°, [ ~6.973-107% 3~ 2.333-1073.

These computations clearly indicate that both o and G5 become very small
when £ is large. Furthermore, we observe that §; seems to approximate oy
adequately. We will consider this problem a bit more closely. Since both ay,
and 0, are very small for large values of k, it is sufficient to compare them
for small k.
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In order to compare oy, and (3 for small values of k, we start by recalling
that

sin (y) =y + O(y?).

Thus, we get
2sin? (km/At/2) ~ (k)2 At.
Furthermore, we have in general that
e’ ~ (1+ey)/e,

for e sufficiently small. By using these facts we derive
B = (1 — 2sin? (b /AE/2)) A
~ (1 — (km)2At)t/At
~ e~ (k)?
= k.
— At

This shows that also the time dependent term e
by its discrete counterpart, (1 — At pg)™

m is well approximated

4.2.5  Summary of the Comparison

In order to summarize our analysis, we go back to the exact solution given
by

Z cpe” Msin (krx),

and the representation of the discrete solution given by

m= Z’yk(l — At uk)m sin (k‘ﬂ'l‘j).
k=1

We have seen that
(1) w(zj,tm Z cpe Mt sin (k)
by truncating the Fourier series. In (i), the Fourier coefficients satisfy

(i1) ¢ = 2/0 f(z)sin (krx) do ~ 2sz flxj)sin (krx;) =

Jj=1
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by the trapezoidal rule of numerical integration. Furthermore, if the mesh
parameters satisfy

At
(Az)?

<1/2,

then
(iii) e Mim x (1— At pg)™,

by the properties of the eigenvalues.
The observations (), (i¢), and (i¢4) imply that

w(z), tm) = Z’yk(l — At py)"™ sin (krxj) = vj".
k=1

This explains why we get good approximations for appropriate choices of
Az and At.

We have derived a stability condition (4.25) which has to be satisfied
in order to get well-behaved numerical approximations. Secondly, we have
utilized a discrete version of the Fourier method to show that each sig-
nificant term in the analytical solution is well approximated by a similar
term in the discrete solution. Although this analysis is rough and does not
supply a precise error estimate, it explains very well what is going on in
our computations. And furthermore, it is useful in order to prepare for the
von Neumann stability analysis that we will present in the next section.
The basic idea of this technique is exactly the same as in the present sec-
tion; stability of the entire approximation is studied by analyzing particular
solutions. It is important to note that this way of analyzing a scheme is
purely linear; no similar method is found for general nonlinear problems.
Therefore, we will come back to other ways of investigating the stability of
numerical methods later.

4.3 Von Neumann’s Stability Analysis

In the section above, we saw that a discrete version of the Fourier method
enabled us to understand important features of a numerical scheme. The
basic observation is that questions regarding stability and convergence can
be analyzed by comparing the analytical and numerical solutions term by
term. Thus, particular solutions of both problems become very important.
In this section we will continue along the same lines. Our aim is to generalize
this way of investigating the stability of a scheme to cover a wider class of
equations and boundary conditions.
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4.3.1 Particular Solutions: Continuous and Discrete
Let us start by recalling some particular solutions of the heat equation,
Up = Uy, Tor z € (0,1), ¢>0.
In the presence of Dirichlet boundary conditions,
u(0,t) =u(l,t) =0, t>0,
the particular solutions are given by
Fp = {Tk(t) sin (krz)}2,,
where
Ti(t) = e~ ™%t
For Neumann data,
ug(0,t) = uz(1,8) =0, ¢t >0,
the particular solutions are given by
Fn = {Ty(t) cos (kmz) } 32 ;
see Section 3.6. And finally, for periodic boundary conditions
u(=1,t) =u(l,t) and wu,(—1,t) =u.(1,¢), t>0,
where the space variable z € (—1,1), we have
Fp=FpUFuy;

cf. Exercise 3.15 on page 111.

In order to be able to handle all these particular solutions in a uniform
manner, it is convenient to write them in a slightly different form. We know
from calculus that

e = cos (z) + i sin (z), (4.26)

where ¢ is the imaginary unit. Hence, we have
1 T —iT
cos (x) = 5(6 +e ')

and

sin (x) = 2%,(6

T efix).
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Using these formulas, all the functions in the families Fp, Fiy, and Fp can
be expressed as linear combinations of the following functions®

F = {Tu(Oe*™ .

In a similar way, we can argue that the corresponding discrete problems
have a family of particular solutions of the form

FA _ {(ak)meikﬂ'mj }zo:

—0Q0?

where aj, represents the time dependency of the discrete solutions. In the
explicit scheme for the heat equation, it is given by ar = 1 — Atuy; see
(4.21). This term is often referred to as the amplification factor of the
scheme.

4.3.2  Ezamples

The basic idea of von Neumann’s method is to compare the growth of
the analytical and discrete particular solutions. More precisely, we want
to derive conditions on the mesh parameters Az and At such that the
growth of the discrete solutions are bounded by the growth of the analytical
solutions. Let us look at two examples to clarify this procedure.

ExXAMPLE 4.3 We consider the heat equation
Up = Ugy. (4.27)
By inserting a particular solution of the form
ug(x,t) = Tj(t)e*™
into (4.27), we get
Ti(t) = —(km)* T (t).
Hence,
Tp(t) = e~ *m)°t, (4.28)

where we as usual have defined T} (0) = 1. The solution of the partial
differential equation is approximated by the scheme

vm+1 _ Um m

m  _ 9,m
j ) o ot My A8
At Az?

8Why do we suddenly need complex functions? So far, everything has been real. Do
not worry too much about this; the introduction of complex variables here is merely a
tool to simplify our calculations. We can do this directly by using the sine and cosine
functions, or we can handle both at once by using the complex exponentials.
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By inserting a particular solution of the form
(ak )meikmrj

we get

(ak)m-i-l _ (ak)m P eikﬂ'wj,l _ 2eik7r$j + eik‘n’xjurl "
At © T (Az)? (ar)"™.

Since z; = jAx, this implies

ap — 1 - e—ikﬂ'Aw — 24 eik:TrAa:
At (Ax)?
_ cos(kmAx) —1
- (Az)?
= g sin? (kA /2)
BRENE sin® (kwrAx/2).
Hence, we have
ap=1-— (ii; sin? (knAx/2).

Since T}, given by (4.28), satisfies

Tw(t)] <1
for all k, we also require that

|(ar)™ <1

for all k. As above, cf. (4.25), this inequality holds if the following condition
is satisfied:

<1/2. (4.29)

Thus, for both Dirichlet, Neumann, and periodic boundary conditions, this
condition has to be satisfied in order to get reasonable numerical results.
|

EXAMPLE 4.4 Let us apply the procedure to the following equation:
Up = Ugy + U. (4.30)
Again, by inserting the particular solution

ug(x,t) = Tk(t)eik”
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into the equation (4.30), we get
Ti(t) = (1 = (km)*)Ti(t).
Hence
Ti(t) = (1= (km)*)t
and thus, for all k, we have
|Tw(t)] < €, t>0. (4.31)

The solution of equation (4.30) is approximated by the scheme

v;"H — o _ vty — 207" + ol -
At AIQ J
By inserting
(ak)meilwrmj’
we get
-1 —ikmAz __ 2 ik Ax
ag _ e +e ey
At (Az)2
or
4AtL
ap =1+ At — A2 sin? (krAx/2). (4.32)

Based on the bound (4.31) for the analytical solution, it is reasonable to
require that the numerical solution satisfies

[(ax)™] < e

for all k. Suppose that the usual condition

At
(Aa)?

<1/2 (4.33)
is satisfied. Then by (4.32) we get
[(ar)™] < [ar™

(|1 - (4At2 sin? (krAx/2)| + At)

IN

Ax)
< (1+AH™
S e’mAt — etnl’
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where we have employed the useful inequality
(I+y)™ <e™, m >0, (4.34)

which holds for all y > —1. The proof of this fact is left to the reader in
Exercise 4.27. The conclusion of this example is that, again, the condition
(4.33) must be satisfied in order to get stable results. |

We summarize our discussion so far by stating that a numerical solution
is said to be stable in the sense of von Neumann if the growth of the dis-
crete particular solutions can be bounded by the growth of the continuous
particular solutions. More precisely, if we let

T(t) = max T4 (1),
then we say that the scheme is stable in the sense of von Neumann if
max | (a)"™] < (1)

for all t,,, > 0.

4.3.8 A Nonlinear Problem

As mentioned above, the method of von Neumann is only valid for lin-
ear problems with constant coefficients. That, of course, is a major draw-
back, because linear problems with constant coefficients are about the only
problems we can solve analytically. So, under the circumstances where we
badly need numerical methods, e.g. for nonlinear problems and problems
with variable coefficients, the method of von Neumann cannot be applied
directly. However, in practical computations, the method of von Neumann
is applied far beyond the family of problems where we have actually shown
that the method works. It is frequently applied to both linear problems with
variable coefficients and to nonlinear problems. The procedure is roughly
as follows: Given a nonlinear problem, we linearize the equation and freeze”
the coefficients by considering the problem locally. In this manner, we derive
a linear problem with constant coefficients. For this problem, the method
of von Neumann can be applied, and a stability condition can be derived.
Certainly, this condition will depend on the frozen coefficients involved.
The trick is then to choose a conservative time step, covering all possible
values of the frozen coefficient. More precisely, we try to find coefficient
values that lead to the most restrictive time step. In some cases, this can
be quite difficult, since we do not know any bounds for the coefficients. One

9Freezing the coefficient means to approximate the coefficients by a constant. Of
course, this can only be valid locally, and thus freezing of coefficients often leads to a
family of problems with different constant coefficients.
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practical solution of this problem, is to introduce a variable time step, and
update the bounds on the coefficients at each time step.'”
Let us illustrate this procedure by an example.

ExaMPLE 4.5 Consider the following nonlinear heat equation,

ut:(a() ) for x€(0,1), t>0,

u(0, 1)

(
u(z,0) = f(w)

I
<
j_‘
v

where

14 3u?

olw) =Tz

An explicit finite difference scheme for this problem is given by

U}”“ -t 0‘}11/2(“}11 —vj") — a;”_l/z(?f}” —vjy)
7 = N , (4.35)
x

where a]+1/2 (a(v}iy) +(v]))/2. The derivation of this scheme will be
considered in Exercise 4.20.

Consider this problem locally, i.e. close to some fixed location (zg,tg).
If w is smooth, we can approximate the function a(u) by a constant value
ap = afu(xo, to)) close to (xg, tg). This approximation leads to the equation

Ut = QoUge,

and the associated scheme
m+1 . m m m m
v ch vty 2vj + v,
2
Az

=«
At 0
The particular solutions of the linearized equation are given by

for j=1,...,n, m>0.

Tk (t)eikﬂwa
where
Tk(t) — ef(kw)f"aot
satisfies the usual bound
|Tk(t)] <1, t >0,

10T he technique of linearizing the equation and freezing the coefficients can be carried
out in order to analyze amazingly complicated problems. An excellent introduction to
this procedure is given in the book by Kreiss and Lorenz [17]. A thorough discussion of

the practical use of von Neumann’s method for complicated problems can be found in
the book by Godunov and Ryabenkii [10].
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for all k since cvg > 1. Consequently, we require that the particular solutions
of the corresponding finite difference scheme,

(ak)meikwxj
satisfy the bound
lar] <1

for all k. By inserting the discrete particular solution into the scheme, we
find that
40[0At

e sin? (krAx/2).

ap =

Thus we require that the mesh parameters satisfy the bound
apAt/(Az)* < 1/2.

This heuristic argument indicates that for mesh parameters satisfying this
bound, the scheme is stable, at least locally. In order to derive a global
condition, we observe that

1+ 3u?
olw) =T <

for all u. Thus any frozen coefficient « is less than 3, and consequently
the most restrictive requirement on the time step is given by

At < (Ag)z. (4.36)

In Fig. 4.6, we have plotted the numerical solution when the initial data
is given by f(z) = sin (37wz), using the mesh parameters At = 0.00005
and Az = 0.02. We observe that the solution seems to be well behaved.
The reader is encouraged to do further experiments using this scheme; see
Exercise 4.19.

We will return to the problem considered in this example later!! and
actually prove that the requirement (4.36) is a sufficient condition for the
numerical solutions to be stable. As indicated earlier, we will derive tech-
niques that are more suitable for nonlinear problems. However, the present
example indicates that by doing some rough arguments, the von Neumann
method can be used to derive reasonable time-step requirements even for
nonlinear problems. Of course, time steps derived by this procedure must
be applied with great care. |

Further examples of stability analysis based on von Neumann’s method
will be given in the exercises.

11See Section 6.3.2 on page 190.
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dx=0.02
dt=5e-05

15 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIGURE 4.6. The finite difference solution of the nonlinear heat equation using
Az = 0.02 and At = 0.00005.

4.4  An Implicit Scheme

We have studied one particular numerical method for solving the heat equa-
tion. The method is given by (4.2) and is referred to as explicit. Obviously,
the scheme is very simple to implement on a computer, and we have seen
that it has some nice properties. Further properties will be derived below.
However, the explicit method suffers from one major drawback; it requires
very small time steps due to the stability condition.

Let us look a bit closer on the consequences of the stability conditions
(4.25), i.e.

At
(Az)?

<1/2. (4.37)

Suppose we want to compute a numerical solution of the heat equation at
time ¢ = 1, and that accuracy requirements force us to choose a fairly fine
mesh, say n = 100. Then by the stability condition we must have

At< -t

20402
Since we want the solution at time tp; = 1, we must take M = 20402
time steps. Refining the mesh by choosing n = 1000, we have to compute
M = 2004002 time steps. Clearly, even this very simple problem can put
even our most powerful modern computers under strain. Of course, by
turning our interest towards two or three space dimensions, this situation
becomes even worse.

This unfortunate feature of the explicit scheme motivates us to search
for alternatives with higher computational efficiency. Indeed there are a
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lot of methods available. In this section, we will present the simplest and
probably most popular method: the standard implicit scheme. We do not
want to go too deep into the discussion of different methods here; the topic
is far too large and the interested reader may consult e.g. Thomee [27] and
references given there for further discussions.

Before we start presenting the implicit scheme, let us remind ourselves
of the basic difference between explicit and implicit schemes. We stated
above, on page 120, that a scheme is called explicit if the solution at one
time step can be computed directly from the solution at the previous time
step. On the other hand, we call the scheme implicit if the solution on the
next time level is obtained by solving a system of equations.

We want to derive an implicit scheme for the following equation:

Up = Uy, for x€(0,1), t>0,
u(0,t) =0, wu(l,t)=0, (4.38)

Borrowing the notation from the explicit scheme, we apply the following
approximations:

u(z,t + At) —u(x,t)

ug(x,t + At) ~ Az ,

and

o (21 + AF) ~ u(z — Az, t + At) — 2u(x, t + At) + u(z + Az, t + At)

Ax? ’
This leads to the following scheme:
oML g il gymAl 4 gymAd
d Al 7 = = A]a:2 R for j=1,...,n, m>0.

The computational molecule of this scheme is depicted in Fig. 4.7.
The boundary conditions of (4.38) imply that

vy’ =0 and v\, =
for all m > 0, and the initial condition gives
v) = f(z;) for j=1,... n

In order to write this scheme in a more convenient form, we introduce the
vector v™ € R™ with components v™ = (v1",... ,v™)T. Then we observe
that the scheme can be written as

(I +AtA)p™ =o™  m >0. (4.39)
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® ® ® m+1
® m
j-1 j j+1

FIGURE 4.7. The computational molecule of the implicit scheme.

where I € R™" is the identity matrix, and where the matrix A € R™"™ is
given by (4.16) above, i.e.

2 -1 0 0

-1 2 -1 :
A:ﬁ T (4.40)

-1 2 -1

0 0o -1 2

In order to compute numerical solutions based on this scheme, we have
to solve linear systems of the form (4.39) at each time step. Hence, it is
important to verify that the matrix (I + AtA) is nonsingular such that
v is uniquely determined by v™. In order to prove this, we use the
properties of the matrix A derived in Lemma 2.9 on page 70.

Lemma 4.1 The matriz (I + AtA) is symmetric and positive definite for
all mesh parameters.

Proof: The matrix (I + AtA) is obviously symmetric, since A is symmetric.
Furthermore, the eigenvalues of (I + AtA) are of the form 1+ Atu, where p
corresponds to eigenvalues of A. However, the eigenvalues of A, which are
given by (4.12), are all positive. Therefore, all the eigenvalues of (I + AtA)
are positive, and hence this matrix is positive definite. |

Since (I +AtA) is symmetric and positive definite, it follows from Propo-
sition 2.4 that the system (4.39) has a unique solution that can be computed
using the Gaussian elimination procedure given in Algorithm 2.1 on page
53. From a computational point of view, it is important to note that the
coefficient matrix (I 4+ AtA) in (4.39) does not change in time. This obser-
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FIGURE 4.8. The numerical solution (dashed line) computed by the implicit
scheme and Fourier-based solution (solid line) of the heat equation. For the nu-
merical method we have used r = 0.5025.

vation can be used to reduce the total amount of computational effort in
the scheme; see Exercise 2.13 on page 75.
Let us see how the implicit scheme works.

ExXAMPLE 4.6 In Example 4.2 we observed that for one choice of grid pa-
rameters, the explicit scheme produces very good approximations. However,
by increasing the timestep slightly, severe oscillations appear. Now we want
to see how the implicit scheme handles this situation.

In Fig. 4.8 we have plotted the analytical solution, computed as in Ex-
ample 4.2, and the numerical solution provided by the implicit scheme.
The grid parameters are given by Az = 0.02 and At = 0.000201, thus
r = At/(Az)? = 0.5025. We recall that these parameters gave an oscilla-
toric solution using the explicit scheme. From the figure, we observe that
the numerical solution computed by the implicit scheme is very well be-
haved.

This observation leads us to believe that reliable solutions can be com-
puted by this scheme without obeying the stability condition (4.37). Let us
go one step further and choose At = Az = 0.02, which gives r = 50. The
results are given in Fig. 4.9, and we see that the numerical solution is still
nice and smooth.

4.4.1 Stability Analysis

We observed in the previous example that the stability condition derived for
the explicit scheme seems unnecessary for getting reasonable results using
the implicit scheme. Let us look closer at this phenomenon by applying
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FIGURE 4.9. The numerical (dashed line) and Fourier-based solution (solid line)
of the heat equation. For the numerical method we have used r = 50.

the von Neumann method derived above. Recall first that the particular
solutions of the heat equation (4.38) are given by

ug(z,t) = Tp(t)e* ™,
where
Tii(t) = e b
By inserting a particular solution of the form
(ax)™ ek

into the implicit scheme (4.39), we get

ap — 1 efikﬂ'A:v —24 eikﬂAx

= a

At (Az)? F
4
= — (AC;]C)Q sin? (krAz/2).
Consequently,
1

ar

T 1t % sin? (krAz/2)
By observing that

Ti(t)] <1
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for all k, we require
|(ax)™] < 1. (4.41)

Since

1

= 1+ Atpy’

where all the s are strictly positive, it follows that the requirement (4.41)
is fulfilled for all mesh parameters. This explain why oscillations did not
appear in the computations above.

Numerical methods that are well behaved for any choice of grid param-
eters are referred to as unconditionally stable. We have just seen that the
implicit scheme deserves this label. The explicit scheme is analogously re-
ferred to as conditionally stable.

It should be noted here that although we are able to compute approx-
imations using arbitrarily long time steps, the issue of accuracy has not
yet been discussed. Obviously, by choosing At very large, the accuracy of
the computation is poor. In numerical analysis this issue is a topic of lively
discussion; should implicit or explicit schemes be used? The problem is of
course how to compute good approximations using as little CPU time and
memory resources as possible.!?

4.5 Numerical Stability by Energy Arguments

In Section 3.7 we introduced energy arguments in order to derive a stability
property for the solution of the heat equation. A similar analysis can also
frequently be performed for finite difference solutions. It is possible to derive
certain properties of the solution of the finite difference method without
knowing the solution in detail. Here we shall illustrate these techniques by
studying the solution of the explicit finite difference method (4.4) applied to
the initial and boundary value problem (4.1). Recall that if r = At/(Axz)?,
this difference scheme has the form

ot =l (ot =200 +0fh,),  j=1,...,m, m>0, (4.42)

with boundary conditions

vy =vphq =0, m > 0. (4.43)

12You might think that with the extremely powerful computers of today, such consid-
erations are less important than earlier. This is not the case. We always strive for higher
accuracy and more complicated models far beyond the capacity of any known computer.
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Furthermore, we will assume throughout this section that the stability con-
dition (4.25) holds, i.e.

1—2r>0. (4.44)

Along the same lines as in Section 3.7, we introduce, for each time level
m > 0, the discrete energy

= Az Zn:(u;”){ (4.45)

and we are interested in the dynamics of this scalar variable. More precisely
we want to show that ' decreases with time, i.e.

E™TL<E™ m>0. (4.46)

Instead of computing the time derivative of the energy, as we did in Section
3.7, we consider the corresponding time difference,

Emtl _ pmo— Azi((vjrrz+1)2 _ (U;n)2)

n
— AmZ(v;ﬂ“ + ) (T — o)

j—l

=rAx Z mtl 4 o) (vity = 207" + o) (4.47)
Jj=1

= TA.’JS{ Zv;-”(v;'il — 207" + vt y)

_QZUWH»I m +va+1 ;n . +Uj+1)}

Jj=1
where we have used the difference scheme (4.42).
We consider each of the three parts on the right-hand side separately.
Observe first that from the boundary condition (4.43) and by summation
by parts (cf. (2.31) on page 60) we obtain

n

n
m m

Jj=1 j:1

Furthermore, by applying the difference scheme (4.42) and summation by
parts once more,

n
—227}2”“1}5-” = 22 2 4 2r( (vity = 207" + v )vT")

DY 2 Y )
j=1 j=1
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Finally, we use the inequality'3

to obtain

Collecting these three inequalities, it follows from (4.47) that

Em™HL _E™ < p(E™T - E™) —r(1 - 2r)Az Z(Uﬂl - v;-”)2
j=1

< T(Eerl _ Ewn)7
where we have used the stability assumption (4.44). Hence,
(1—r)(E™ —E™) <0,

and by (4.44) this implies the desired inequality (4.46).
We summarize the result of the discussion above:

Theorem 4.1 Let {v]"} be a solution of the finite difference scheme (4.42)-
(4.43) and let the corresponding energy {E™} be given by (4.45). If the
stability condition (4.25) holds, then {E™} is nonincreasing with respect to
m.

Hence, we have seen that the stability condition (4.25), or (4.44), implies
that the explicit difference scheme admits an estimate which is similar to
the estimate (3.60) for the continuous problem. As for the continuous prob-
lem, this can be used to estimate the difference between two solutions, with
different initial data. This follows since the difference of two solutions of
the finite difference scheme is a new finite difference solution. We therefore
obtain

Corollary 4.1 Assume that the stability condition (4.25) holds and let
{vi"} and {w]'} be two solutions of the finite difference scheme (4.42)-
(4.43). Then, for allm >0,

n 0
Az Z(v;n — w;-n)2 < Az Z(v;) - w;))2
j=1 j=1

13See Exercise 4.24.
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The interpretation of this result is that the difference scheme is a stable
dynamical system in the sense that an error in the initial data bounds
the error in the corresponding solutions. Energy arguments can also be
performed for the implicit scheme (4.39). This is discussed in Exercise 4.25
below.

4.6 Exercises

EXERCISE 4.1 Verify, by direct calculation, that the discrete functions
{w,} given by (4.13) are solutions of (4.4)—(4.5).

EXERCISE 4.2 Implement the scheme (4.2) for the heat equation and inves-
tigate the performance of the method by comparing the numerical results
with the analytical solution given by

(a) Example 3.1 on page 92.
(b) Example 3.2 on page 93.

(c) Example 3.4 on page 97.

EXERCISE 4.3 Repeat Exercise 4.2 using the implicit scheme (4.39). Com-
pare the numerical solutions provided by the explicit and the implicit
schemes.

EXERCISE 4.4 In this exercise we want to study the rate of convergence of

the explicit scheme by doing numerical experiments. Define the error by
altn) = _max _fu(ejitn) — o

We want to estimate the rate of convergence for the scheme at time ¢t = 1/10

for the problem considered in Exercise 4.2 (a).

(a) Estimate, using numerical experiments, a such that ea (1/10) = O((At)%)
for At = (Az)?/2.

(b) Repeat the experiments in (a) using At = (Az)?/6.

(¢) Try to explain the difference in the rate of convergence encountered
in the two cases above. Hint: Consider the truncation error discussed
in Exercise 4.15 below.
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EXERCISE 4.5 Consider the following initial-boundary value problem
Up = Uy, for x€(0,1), t>0,
’U,(O,t) = Ug(t), u(lat):ur(t)v
u(z,0) = f(z).

Here uy(t), u,(t), and f(x) are bounded functions satisfying u,(0) = f(0)
and u,(0) = f(1).

(a) Derive an explicit scheme for this problem.

(b) Derive an implicit scheme for this problem and show that the linear
system that arises can be solved by Gaussian elimination.

EXERCISE 4.6 Derive an explicit scheme for the following Neumann prob-
lem:

Ug = Uz, for x€(0,1), t>0,
uz(0,t) = uy(1,¢)=0,
u(z,0) = f().

Use the analytical solution given in Example 3.5 on page 101 to check the
quality of your approximations.

EXERCISE 4.7 Repeat Exercise 4.6 by deriving an implicit approximation
of the problem. Compare the numerical solutions provided by the explicit
and the implicit schemes.

EXERCISE 4.8 Consider the problem

Up = QUg, for  x € (=L4,0), t>0,
u(=4,t) =a, u(l,t)=Db,
u(z,0) = f(x).
where a,b and ¢, « > 0 are given constants.
(a) Derive an explicit scheme.

(b) Derive an implicit scheme.

(¢) Find the exact solution when « = 2, { = 7w, a = —m, b = 7, and
f(z) =z + sin (3x).

(d) Implement the schemes derived in (a) and (b) and compare the results
with the analytical solution derived in (c).
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EXERCISE 4.9 Consider the problem

up = g, — 10u+ q(z,t) for x€ (ly,0), t>0,
U(Eht) = a’(t)7 ’U,(ég,t):b(t),
u(m,O) = f(.’L‘),

where £ > (; are given constants, and a(t),b(t), and g(z,t) are given
functions.

(a) Derive an explicit scheme.

(b) Derive an implicit scheme.

(¢) Suppose

and
q(z,t) = 11e’ + 10x.
Show that
u(z,t) =e' +x
is an exact solution of the problem.

(d) Implement the schemes derived in (a) and (b) and compare the results
with the analytical solution derived in (¢).

EXERCISE 4.10 Consider the problem

= (a(z, t)ug)e + c(z, t)uy + q(x,t) for x€ (f1,62), t>0,
( 1 ) = a(t) u(£2vt):b(t)a

(

where ¢5 > {1 are given constants, and a(t),b(t), a(z,t), c(z,t), and q(z,t)

are given smooth functions.

(a) Derive an explicit scheme.

(b) Derive an implicit scheme.
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EXERCISE 4.11 Consider the problem
up = (a(z, t)ug)e + c(x, t)ugy + gz, t)u  for x € (ly,4s), >0,

Uy (€1,t) = a(t), uz(la,t)=0(t),
’LL(LE,O) = f(x)a

where ¢5 > {1 are given constants, and a(t),b(t), a(z,t), c(z,t), and q(z,t)
are given functions.

S

(a) Derive an explicit scheme.

(b) Derive an implicit scheme.

EXERCISE 4.12 Consider the equation
Ut = QUgy,

with Dirichlet boundary conditions. Here o« > 0 is a given constant. We
define an explicit scheme

pmHL g

mo 9y ™M
J J :avjfl 27" tvih

At Az?

and an implicit scheme

ot vmfll — 2 At
J Jj J J Jj+ f -1 >0
=« 5 or j=1,...,n, m
At Az

(a) Derive a stability condition for the explicit scheme using the von
Neumann method.

(b) Show that the implicit scheme is unconditionally stable in the sense
of von Neumann.

EXERCISE 4.13 Consider the equation
Ut = Ugx,

with Neumann-type boundary conditions and the following explicit scheme

m—+1 m—1 m m m

v — v, M — 20T 4 T
J J = =1 j2 i+l for j=1,...,n, m>0.
2At Az

(a) Use the Taylor series to explain the derivation of this scheme.
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(b) For what mesh sizes is this scheme stable in the sense of von Neu-
mann?

EXERCISE 4.14 Consider the equation
Ut = Ugy — 9”7

with Dirichlet-type boundary conditions. Derive an explicit and an implicit
scheme for this equation. Use the von Neumann method to investigate the
stability of the methods.

EXERCISE 4.15 In Section 2.3.5 we introduced the concept of truncation
error for a finite difference approximation for a two-point boundary value
problem. Here we shall discuss a similar concept for difference approxima-
tions of the heat equation.

Observe that the scheme (4.4) can be written in the form

1
E(UmJrl —0™) + A" = 0,
where A € R™"™ is given by (4.16).
The truncation vector 7" € R” is given by
1
= — (U™t — ™) + Au™,

At
where ™ € R" is given by uj" = u(x;,t,,) for a solution of the continuous
problem (4.1).
(a) Show that under suitable smoothness assumptions on the solution u,

7| = O(At) + O((Ax)?). (4.48)

In rest of this exercise we study a more general difference scheme of the
form

Ait(vm“ — ™)+ O(Av™T) 4+ (1 — 0) Av™ = 0, (4.49)

where 6 € [0, 1] is a parameter. Note that if § = 0, this corresponds to the
explicit scheme (4.4), while if § = 1, it corresponds to the implicit scheme
studied in Chapter 4.4 above.

(b) Sketch the computational molecule for the scheme when 6 € (0, 1).

(c) Show that for all § € [0,1] the estimate (4.48) holds, and that the
choice 6 = 1/2 leads to an improved estimate of the form

7" = O((At)?) + O((Ax)?).
(Hint: Consider Taylor expansions at the point (z;, (tm+1 + tm)/2).)



4.6 Exercises 153

EXERCISE 4.16 Motivated by the result of Exercise 4.15, we study, in this
exercise, the difference scheme 4.49 with # = 1/2. This difference scheme
is usually referred to as the Crank-Nicholson scheme. In component form
the scheme is given by

— J

At 2 (Az)? * e

m+1l _ m m+1l _ o, m+1 m+1 m _ __ 9,m m
v; vj 1 (vjl 20 + ;5 vity — 207 —I—ij)

for j=1,2,... ,n and m > 0.

(a) Show that this implicit scheme is unconditionally stable in the sense
of von Neumann.

(b) Discuss how the vectors v™*! € R™ can be computed from v™.

(¢) Show that the solution of the Crank-Nicholson scheme for the initial-
boundary value problem (4.1) admits the representation

n

P - Z Vi (a(ﬂk)yn SiD(k‘ﬂ'l’j),

=
k=1
where a(p) = (1 — 5tp) (1+ %p)f1 and y, = 28z Y7, o) sin(kmz;).

(d) Show that the amplification factor of the difference scheme, a(u),
satisfies

lalu) — e = O((A1)?).

How does this result relate to the corresponding result for the explicit
scheme (4.4)? Compare your result with the conclusions you derived
in Exercise 4.15.

(e) Implement the Crank-Nicholson scheme. Choose the initial function
f(x) as in Example 4.2 and try to verify that the scheme is uncondi-
tionally stable by varying the parameter r = (AATt)Q.

EXERCISE 4.17 Consider the general scheme (4.49). Use the von Neumann
method to discuss the stability for any 6 € [0, 1].

EXERCISE 4.18 Consider the equation
Ut + Cly = Ugy,
with Dirichlet-type boundary conditions. Here ¢ > 0 is given constant.

(a) Show that this problem has a family of particular solutions of the
form

. 2 .
e—(szrc-i—(kTr) )tezkﬂ'w )
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(b) Show that
Ti(t) = e—(ikﬂc+(kﬂ)2)t
satisfies the bound!*
[Te(t)] <1 t>0,
for all k.

Derive stability conditions for the following numerical methods by applying
the von Neumann method.

(c)

m+1 _ . m mo__ ,m mo__ 9ym m
v; v; N cij Vit _ Uit 20" + v,
At 2Az Az?
(d)
oMt g gm _gym o = 207 4o
J o4 e Jj-1 _ 751 J Jjt+1
At Az Ax?
(e)
UW‘H — ™ pm o —gm o™ . — 2™ 4 ™
J I 4 Jt+1 J_ o J—1 J Jt+l
At Az Az?
(f)
m+1 _ m m . .m +1 m+1 m+1
Yj A el SO Sl S Y
At Ax Ax?
(&)
m+1 _  m m—+1 m—+1 m—+1 m—+1 m—+1
v; vj +Cv] V-1 _ Vi 207 ol
At Az Az?

EXERCISE 4.19 In Example 4.5 on page 138, we derived a stability condi-
tion (see (4.36)) based on some rough considerations. The purpose of this
exercise is to perform a numerical study of the quality of this condition.
Consider the initial condition f(z) = 100x(1 — x)|z — 1/2], and run the
scheme (4.35) with several different grids. For this initial function, is the
condition (4.36) sufficient in order to guarantee well-behaved numerical
solutions?

1Recall that for a complex number z = x + iy, the absolute value, or the modulus, is
given by |z| = (22 + y2)/2. Tt is also useful to note that [e??| = 1 for any 6 € R.
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EXERCISE 4.20 The purpose of this exercise is to derive a finite difference
scheme for the following problem:

ur = (a(u)ug), for xe(0,1), t>0,

where a(u) is a given strictly positive and smooth function.
(a) Put v = a(u)u, and justify the following approximations:

u(x,t + At) — u(z,t)
At ’
v(x + Ax/2,t) —v(xz — Az/2,t)

ve(x,t) = .

Ax

ug(z,t) ~

(b) Show that

—_

u(z + Az, t) — u(z,t)
Az

v(z+ Az/2,t) = = (a(u(z + Az, t)) + a(u(zx,t))) .

2
(c) Use these approximations to derive the scheme!®

ol ym B aﬁ-l/Q(U?}H — v;”) — a;.”_l/2(v;-” - v}’il)

J i _

At Az? ’

where o7, = (a(vfy) + a(v]"))/2.

EXERCISE 4.21 Consider the initial-boundary value problem in Exercise
4.20. Derive an implicit scheme and investigate the stability of the method
by the technique discussed in Example 4.5 on page 138.

EXERCISE 4.22 Consider the nonlinear heat equation

up = (ae(u)ug), for xe€(0,1), t>0,
u(0,t) = u(l,t) = 0,
u(z,0) = sin (37x).
Here a.(u) = 2 + ecos (u), where ¢ is a small parameter, |¢| < 1.

(a) Derive an explicit finite difference scheme for this problem and find
a stability condition using the technique discussed in Example 4.5.

15We will study the stability, or more precisely, a maximum principle for the numerical
solutions generated by this scheme in Section 6.3.2 on page 190.
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(b) Implement the scheme and plot the solution at time ¢t = 1/10 for
e=1/8,1/16,1/32, 1/64.

(¢) We want a rough estimate of the solution at time ¢ = 1/10 for
€ = 1/100. Use the approximation a.(u) =~ 2 to derive an estimate.
Can you use the results of the computations above to argue that
the explicit formula you obtain is a good approximation of the exact
solution?

EXERCISE 4.23 Consider the nonlinear heat equation
up = (a(u)ug), for xe€(0,1), 0<t<1,
U(O,t) - (t)a u(]-vt):b(t)a
u(z,0) = f(x).

s}

Here a(u) is a given strictly positive function, and the boundary conditions
a(t) and b(t) are given functions.

(a) Implement the following explicit numerical method:

m—+1 m m m _aym m m o__ ,m
v Yy 7O[j+1/2(vj+l i) aj—l/Q(vj vity)

At Az? ’

where o7, = (a(vfy) + a(v]"))/2.

(b) Let
alu) =u, a(t)=t, bt)=1+t, and f[f(z)==.
Show that w(z,t) = x + t is an exact solution of this problem.

(¢) Show, by induction, that the explicit scheme gives the exact solution
at each grid point, i.e. show that v{" = x; + ¢,,, for any grid sizes.

(d) Compute the numerical solution at ¢ = 1 using the scheme imple-
mented in (a) for the problem defined in (b). Try the following grid
parameters:

— n=4and At = 1/65.
— n =30 and At = 1/10.

Discuss your observations in light of the result in (c¢).

(e) From the numerical results obtained in (d), it is clear that some kind
of stability condition is needed. Use the procedure discussed in Exam-
ple 4.5 on page 138 to derive a stability condition for this problem.
Run some numerical experiments with mesh parameters satisfying
this condition. Are the numerical solutions well-behaved if the con-
dition on the mesh parameters is satisfied?
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EXERCISE 4.24 Use the fact that (a — b)2 > 0 to show that

—

ab < = (a* + b?)

[NoR e

for all real numbers a and b.

EXERCISE 4.25 Use an energy argument and the fact that the matrix A
given by (4.40) is positive definite to show that the implicit difference
scheme (4.39) satisfies an estimate of the form (4.46) for all mesh parame-
ters.

EXERCISE 4.26 Similar to the discussion in Chapter 2 we introduce a dis-
crete inner product which is an analog of the inner product (-,-) for con-
tinuous functions. For a vectors v, w € R™ we define'®

n
(v,w)an = Az Z vjw;.
j=1

Hence, this inner product is just the ordinary Euclidean inner product
multiplied by the scaling factor Az. We recall from Chapter 2 that this
inner product arises naturally when the vector v has the interpretation of a
discrete function defined on the grid points x; = jAz. We let || - ||a denote
the corresponding norm, i.e.

I0[[2 = (v,v)a.

As above we let X, = (Xg 1, Xk2,..., Xgn) € R", k=1,...,n, be the
vectors with components given by

Xi,j =sin (krz;) for j=1,...,n.

Recall that these vectors are orthogonal with respect to the inner product
(-,)a and that || X||% = 1/2 (see Lemma 2.30).

(a) Explain why any vector v € R™ can be written in the form

n
v = E e Xp,
k=1

where
C = 2<U, Xk>A-
16Tn Chapter 2 we used h to indicate the spacing in the z—variable, and hence we used

this subscript to indicate the corresponding discrete inner product. Here, where we have
two grid parameters Az and At, we use A for the same purpose.
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(b) Show that
1 n
I = 50
k=1

(c) Let {v"}m>0 be a sequence of vectors generated by the finite differ-
ence scheme (4.39). As above, in Exercise 4.25, let

E™ = [[o™||A.
Show that
T4 At ’

where (11 = 313 sin?(rAx/2).
(d) Explain why
lim E™ =0,

m—r oo

and compare this result with what you derived in Exercise 4.25 above.

EXERCISE 4.27 Show that
(1 +y)7n S emy

forall m >0 and y > —1.



5
The Wave Equation

The purpose of this chapter is to study initial-boundary value problems
for the wave equation in one space dimension. In particular, we will derive
formal solutions by a separation of variables technique, establish uniqueness
of the solution by energy arguments, and study properties of finite difference
approximations.

The wave equation models the movement of an elastic, homogeneous
string which undergoes relatively small transverse vibrations. The wave
equation is of second order with respect to the space variable z and time
t, and takes the form

Uy = Clgy. (5.1)

Here the constant c is called the wave speed. Since the equation is of second
order with respect to time, an initial value problem typically needs two
initial conditions. Hence, in addition to the differential equation (5.1) we
specify two initial conditions of the form

u(z,0) = f(x) and wy(z,0) = g(x). (5.2)

If we study the pure initial value problem, i.e. where x varies over all of R,
then the solution of (5.1)—-(5.2) is given by d’Alembert’s formula

1 1 x+ct
uwt) = 5 Flate)+ fo—ct)+ o [ gy (63)
CJa—ct
cf. page 16. However, in most practical applications, for example in model-
ing the movement of a guitar string, we are facing an initial and boundary
value problem.
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Throughout this chapter we shall consider the following initial and bound-
ary value problem:

Uy = Uz for x€(0,1), t>0,
u(0,t) = u(l,t) =0, t>0, (5.4)
u(z,0) = f(z), wu(z,0) = g(x), x€(0,1).

We note that we have assumed that the wave speed c is set equal to 1. In
fact, any problem with ¢ # 0 can be transformed to a problem with ¢ =1
by introducing a proper time scale (see Exercise 5.2). Therefore, we set
¢ =1 for simplicity.

5.1 Separation of Variables

Let us try to find solutions of problem (5.4) of the form
u(z,t) = X(x)T(t).
By inserting this ansatz into the wave equation, we obtain
X()T"(t) = X"(z)T(t)

or
T”(t) N X”(I)
T X(x)

(5.5)

As in Section 3.2 we can argue that since the left-hand side is independent
of z and the right-hand side is independent of ¢, both expressions must be
independent of x and ¢. Therefore,

T//(t) _ X//(a:,)
@)  X(x)

= - (5.6)
for a suitable A € R. In particular this means that the functions X (x)
satisfy the eigenvalue problem

—X"(z) = XX (z), z€(0,1),

X(0) = X(1) = 0, (5.7)

where the boundary conditions follow from (5.4). Of course, this eigenvalue
problem is by now familiar to us. From Lemma 2.7 we conclude that

A=\ = (kn)? for k=1,2,... (5.8)
with corresponding eigenfunctions

Xi(x) = sin(kmz) for k=1,2,.... (5.9)
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On the other hand, the functions T} (¢) must satisfy
=T (t) = NTe(t) = (km)*T(t).
This equation has two linearly independent solutions given by
Tip(t) = €*™ and  Ty(t) = e 7, (5.10)
The general real solution is therefore of the form
Ti(t) = ag cos (kmt) + by sin (knt),

where ag, by € R are arbitrary constants. Hence, we conclude that the
functions

up(z,t) = sin(kmz)(ay cos (kmt) + by sin (kmt)) (5.11)

satisfy the differential equation and the boundary values prescribed by the
initial-boundary value problem. Furthermore, these solutions satisfy the
initial conditions

up(2,0) = apsin(krz) and  (ug)i(x,0) = bpkmsin (krx).

In order to obtain more solutions, we can add solutions of the form (5.11)
and obtain

N
u(z,t) = Z sin (kwx) (ay, cos (kmt) + by, sin (knt)) (5.12)
k=1

with initial conditions

N N
u(z,0) = Zak sin (krz) and  wi(z,0) = Zbkkwsin (kmzx). (5.13)
k=1 k=1

ExaMPLE 5.1 Consider the problem (5.4) with f(z) = 2sin (7z) and g(x) =
—sin (2mz). Hence, the initial data is of the form (5.13) with

ap =2, ap =0 for k>1
and
b = ——, by =0 for k#2.
T

The solution u(x,t) is therefore given by

1
u(z,t) = 2sin (wx) cos (rt) — o sin (27rz) sin (27t).

This solution is plotted in Fig. 5.1. |
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: ..;.;.%*x
AT THO R
N
o LTINS o
1 S TS
TS
g 0 hasssss; 7z 3

FIGURE 5.1. The solutionu(z,t) derived in Example 5.1 for (z,t) € ([0, 1] x][0, 3]).

In order to cover a larger class of initial functions, we allow general
Fourier sine series as initial functions, i.e. we let IV tend to infinity in
(5.12) and (5.13). Hence, if

f(x) = Zak sin (krx) and g(x) = Zbk sin (kmx), (5.14)
k=1 k=1

then we obtain a formal solution of the initial-boundary value problem (5.4)
given by

i b
u(z,t) = ’; sin (k) (ak cos (kmt) + ﬁ sin (kwt)) . (5.15)
EXAMPLE 5.2 Consider the initial-boundary value problem (5.4) with
f(z) = 2z(1—2) and g(z) = 0.

We recall from Exercise 3.1(c) on page 108 that the Fourier sine series of
f is given by

flz) = Z ﬁ sin ((2k — 1)7z).
k=1

Hence, by (5.4) the formal solution is given by

oo

u(z,t) = Z m sin ((2k — 1)mz) cos ((2k — 1)mt).

k=1
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FIGURE 5.2. The solution u(zx,t) derived in Ezample 5.2 for (x,t) € ([0,1]x][0, 3])
using the first 20 terms of the series.

In Fig. 5.2 we have plotted this formal solution by using the first 20 terms
of this infinite series.
|

5.2 Uniqueness and Energy Arguments

Above we derived formal solutions of the initial-boundary value problem
(5.4) by separation of variables. We will continue the study of the wave
equation by applying energy arguments in this case. One of the conse-
quences of this analysis is that the problem (5.4) has at most one smooth
solution.

Assume that u(z,?) is a solution of (5.4) such that u € C?([0,1] x
[0,00)).! For each t > 0 we define the “energy,” E(t), by

B(t) = /0 (2 (2, 1) + w2 (z, 1)) da.

Note that for t = 0 the energy is known from the initial functions f and g.
The idea is to consider how this nonnegative scalar variable evolves with

"Here u € C2([0,1] x [0, 00)) means that all partial derivatives of order less than or
equal 2 are continuous on [0, 1] x [0, 00), i.e., U, Uz, Ut, Uzaz, Ust, Utt € C([O, 1] x [O,oo)).
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time. By differentiating E(t) with respect to time, we obtain

E'(t) = % ; (ui(m,t) + uf(x,t))dac

1
_ 9 / (e (2, e (2, €) + e, e (2, 1)) de. (5.16)
0
Here we have assumed that the energy can be differentiated by differentiat-
ing under the integral sign. However, if u € C?([0,1] x [0,00)), this can be

justified by applying Proposition 3.1 on page 107. The term u,; appearing
on the right-hand side of (5.16) should be interpreted as

o (0
Ut = — | =—u ).
"ot \ o
However, it is a well-known result from calculus that if u is a C?-function,
then we can change the order of differentiation, i.e.

_0(o N_ 9 (9 \ _
Yot = 5 \0z") = oz \at") ~ "

Hence, using integration by parts, we obtain

1 1 1
=1
/ UgUgpr dT :/ Up U dr = uz(:c,t)ut(x,t)’zzo—/ UgpUrdT.
0 0 0

If w solves (5.4), it now follows that u;(x,t) = 0 for = 0,1, and therefore

we have
1 1 1
/ UgpUgrdx = —/ UgpUrdr = —/ U Uy dx,
0 0 0

where last equality follows from the differential equation. By inserting this
into (5.16) we simply obtain

E(t) = E(0) for t>0. (5.17)

Hence, for the wave equation the energy FE(t) is preserved for all time.
In the same way as for the heat equation in Section 3.7, we can use the
equality (5.17) to obtain a stability estimate for the problem (5.4).

Let u; and ug be two solutions of (5.4) with initial functions (f1,g1)
and (f2,92), respectively, and let w = w3 — ug. It is a straightforward
consequence of the linearity of the problem that w is a solution of (5.4)
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with initial functions f = f; — fo and g = g1 — ¢g2. Hence, it follows from
the equality (5.17), applied to the solution w, that

/1 [((Ul - u2)x(a:,t))2 + ((Ul — UZ)t(l‘,t))Q} dx

= /01 [((fl - f2)w(33))2 + ((91 — gz)(x))z} dx (5.18)

This equality tells us that if the initial data of the two solutions are close,
then the solutions will stay close for all time. In particular, we have the
following uniqueness result:

Theorem 5.1 Ifuy,us € C2([0,1]x[0,00)) are two solutions of the initial-
boundary value problem (5.4) with the same initial data, then u; = us.

Proof: If the initial data are the same, then the right-hand side of (5.18) is
zero. Hence, the left-hand side is zero, and as a consequence (u1), = (u2),
and (u1): = (uz2):. Hence, the two solutions can only differ by a constant.
However, since they have the same initial and boundary data, this implies
that u; = us. |

5.3 A Finite Difference Approximation

In this section we shall study an explicit finite difference approximation
of the initial value problem (5.4). An alternative implicit method will be
studied in Exercise 5.9.

In order to derive the difference method, let us first recall that the prob-
lem (5.4) takes the form

Uy = Uz for x € (0,1), t>0,
u(0,t) = u(l,t) =0, t>0, (5.19)
u(z,0) = f(x), u(z,0) = g(x), =€ (0,1).

Let us also repeat some of the notation introduced in Chapter 4. The grid
spacing in the z-direction is Az = 1/(n + 1), where n > 1 is an integer,
and the associated grid points are z; = jAx for j =0,1,2,...,n+ 1. The
discrete time levels are given by t,, = mAt for integers m > 0, where At >
0 is the time step. Furthermore, the grid function v, with v7* = v(z;,tm),
approximates u.

The difference schemes for the heat equation studied in Chapter 4 were
based on the approximation

u(z — Az, t) — 2u(x,t) + u(x + Az, t)

(Az)? ""O((Ax) )

Uge (T, 1) =
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FIGURE 5.3. The computational molecule of the scheme (5.20).

for the spatial derivative 92 /0x2. In the present case it seems rather natural
to use a similar approximation also for the second-order derivative with
respect to time. Hence, we have motivated the difference scheme
-1 +1
vt =200 ol N vty =20 + ol . (5.20)
(At)? (Az)?
The computational molecule for this scheme is illustrated in Fig. 5.3.

The difference scheme (5.20) will be assumed to hold for all interior grid
points in z-direction, i.e. for j = 1,2,...,n, and for m > 1. Of course,
we also require the discrete solution to satisfy the boundary conditions in
(5.19), i.e.

vy = vy =0 for m>0.

It is easy to see that if {v;” 7y and {v}"il %_; are known, then the so-
lutions {v;"+1 %_; can be computed directly from (5.20). Therefore, the
scheme is explicit, i.e. we do not need to solve linear systems. However, we
note that in order to start the process, we need to know v at the first two
time levels. We obviously choose

v;? = f(z;) for j=1,2,...,n. (5.21)

In order to obtain approximations Ujl. for u(x, At) we use a Taylor’s expan-
sion with respect to time to obtain

u(z, At) = u(z,0) + (At)w(x,0) + (A;)zutt(x, 0) +O((At)?)

(an?

= J(@) + (At)g(e) + 5

F(z) +0((A)?).
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Here the last equality follows from (5.19), since
utt(z70) - uzz(z70) = f”(x)'

Hence, we have motivated the following approximation vjl» for u(z;, At):

At)?
(A1) 0 - 211? + U?_H). (5.22)

Ul = U? + (At)g(xj) + 2(A$)2 (UJ

In order to write the finite difference scheme in a more compact form, we
let ¥™ € R™ be the vector v = (v, 5", ..., v™)T and A € R™" the
tridiagonal matrix

2 -1 0 0
12 -1
A:@ T (5.23)
12 -1
0 0 -1 2

Then the difference scheme above can be written
o = (21 — (AY*A)" — 0™ for m > 1, (5.24)

where the initial approximations v and v! are determined by (5.21) and
(5.22).

ExaMpPLE 5.3 Consider the initial-boundary value problem studied in Ex-
ample 5.2, i.e.

f(x) =2z(1—2) and g(z) = 0.

We will compare the exact solution derived in Example 5.2 with solutions
obtained by the finite difference scheme above. First we choose Ax = At =
1/20. The numerical solution for ¢ = 1.00 is compared to the analytical
solution, obtained in Example 5.2, in the left part of Fig. 5.4. As we observe,
the two solutions are so close that we cannot see the difference between
them. Next we change the parameters in the numerical scheme to Az =
1/21 and At = 1/20. This has the effect of modifying the mesh ratio At/Ax
from 1 to 1.05. The result is given in the right part of Fig. 5.4. We observe
that the numerical solution now contains undesired oscillations not present
in the analytical solution.

Hence, it appears that there is a stability condition for the scheme (5.20)
which has been violated in the second computation. We will investigate the
stability properties of the difference scheme further in the next section. H
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FIGURE 5.4. The function u(z,t) for 0 <z <1 andt=1 usingr =1 (left) and
r = 1.05 (right). The numerical solutions are dashed, while the analytic solution
is solid.

5.8.1 Stability Analysis

In order to explain the instability phenomenon observed in Example 5.3
above, we will perform a stability analysis of the finite difference scheme
(5.20). In order to motivate our approach, let us recall the particular solu-
tions (5.11) for the continuous problem (5.19). If we use the complex form
(5.10) for the functions T} (t), then these solutions take the form

up(z,t) = sin (krx)et*rt, (5.25)

As before we let X}, € R™ be the vector with components Xy, ; = sin(kmx;).
For the finite difference scheme (5.24) we will consider possible solutions of
the form

v = Xga™ or v = Xj ja", (5.26)

where a is a complex number.

In order to see that this will define particular solutions of the difference
scheme, we simply need to recall that if 1 < k < n, X} is an eigenvector
of the matrix A given by (5.23). Furthermore, from Lemma 2.9 it follows
that the corresponding eigenvalues py = ﬁ sin?(krAz/2). Therefore, if

we insert the ansatz (5.26) into (5.24), we obtain

a?—(2—-s)a+1=0, (5.27)

where s = (At)%uy, = 4% sin(kwrAx/2). Hence, if we let r be the mesh

ratio, r = At/Ax, then s € (0,4r?).
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The particular solutions given by (5.25) will always have the property
that

!uk(x,t)| < 1L

It is therefore reasonable to demand that the particular solutions (5.26)
of the difference scheme have a corresponding property. We shall therefore
require that

la] < 1. (5.28)

To be more precise, let us note that the roots a of (5.27) will depend on s,
i.e. a = a(s). Since s € (0,4r?), we will therefore define the scheme to be
stable as long as the roots a(s) satisfy (5.28) for all s € (0, 4r?).

Lemma 5.1 Let s > 0 be given. The roots of (5.27) satisfy (5.28) if and
only if s < 4.

Proof: The roots of (5.27) are given by

2—s+ —4
o= 2osEVslsmd) (5.29)
2
If s = 0, there is a double root for a = 1, and if s = 4, the only root is
—1. If s € (0,4), there are two complex roots a; and as. Written in polar
coordinates, these are of the form

a; = pew and a9 = peiie
for p > 0 and 6 € (0,7). Furthermore, from (5.27) it follows that the
product of the roots is 1, i.e.

aias = p2 = 1.

Hence, the roots are of the form e*?, and therefore the bound (5.28) holds.
On the other hand, if s > 4, there are two distinct real roots a; and asg,
with ajas = 1. Hence, one of them must have absolute value greater than
1 in this case. |

As a consequence of this Lemma, the roots will satisfy (5.28) for all
s € (0,47?) if and only if

r = At/Az < 1. (5.30)

We recall that this stability bound is consistent with the observation done
in Example 5.3. If the mesh parameters satisfy this bound, the numerical
solution behaves qualitatively as the exact solution. However, if the bound
is violated, we observe oscillations in the numerical solution which are not
present in the exact solution.
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5.4 Exercises

EXERCISE 5.1 Find the formal solutions of the problem
Ut = Uy, for  wx€(0,1), t>0,
u(0,t) = u(l,t) = 0,
u(@,0) = f(z), w(x,0) = g(z),
for the initial functions
(a) f(z) = 3sin(27x), g(x) = sin(mrx),
(b) f(z) = 3sin (272), g(2) = (1 - ),
(¢) f(x) = 3sin(27x), g(x) = sin(x) cos(4x).

EXERCISE 5.2 (a) Assume that u = u(z,t) solves a wave equation of the
form

_ 2
Uty = C Ugg,

where ¢ is a constant. Let v(z,t) = u(z, ot). Determine a > 0 such
that v satisfies the corresponding equation with ¢ =1, i.e.

Vit = Ugg-
(b) Find the formal solution of the problem:
Uy = g, for  x€(0,1), t>0,
u(0,t) = u(1,t) = 0,
U(IE,O) - f('r)a ut(x,O) - g(x),

when

flz) = Zak sin(krz), g(x) = Zbk sin(kmz).
k=1 k=1

EXERCISE 5.3 (a) Find the formal solution of the problem:
Ugp = Ugp for  x € (0,1), t>0,
uz(0,t) = uz(1,8) = 0,
’U,(LL‘7O) = f($)7 ut(w70) = g(x),

when
flx) = Z ap sin(krz);  g(x) = Z by sin(kmx).
k=1 k=1

(Note that the boundary conditions are of Neumann-type.)
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(b) Show that the energy

E@®) = /0 (u2(z,t) + uf(z,t))d

is constant in time if u is a smooth solution of the problem above.

EXERCISE 5.4 Find the formal solution of the following problem:

Ugp = Uz for x € (0,1), >0,
u(0,t) = a, u(l,t) = b,
u(z,0) = f(x), ue(z,0) = g(z),
for given constants a and b.

EXERCISE 5.5 Find the formal solution of the following problem:

Up = Uy + 22 for  x€(0,1), ¢t >0,
u(0,t) = u(1,t) = 0,
u(z,0) = f(x),  u(2,0) = g(x).

EXERCISE 5.6 Implement the scheme (5.20) for the initial-boundary value
problem (5.19). Investigate the performance of the method by comparing
the numerical results with the analytical solutions given in

(a) Example 5.1,
(b) Example 5.2.

EXERCISE 5.7 In this problem we study the wave equation as a two-point
boundary value problem with respect to time. For 7" > 0 consider the
problem

Uy = Uy for xz€(0,1), 0<t<T,
u(0,t) = u(1,t) = 0,
u(z,0) = f(z), u(@,T) = g(z).

(a) Assume that
flx) = Zak sin(knz);  g(z) = Z by, sin(kma).
k=1 k=1

Find a formal solution of the problem when 7' = 1/2.
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(b) Assume T = 1. Does the problem have a unique solution in this case?

EXERCISE 5.8 Consider a damped wave equation of the form

Ut + Up = Ugy for S (0, 1), t> 0,
u(0,t) = u(l,t) = 0,
w(@,0) = f(x), ui(e,0) = g(z).
(a) Find a formal solution of the problem.

(b) Assume that u = wu(z,t) is a smooth solution of the problem above
and let

1
E(t) = / (ul(z,t) + uf(z,t))de.
0
Show that

E(t) < E(0) for t>0.

EXERCISE 5.9 In this problem we shall study an implicit finite difference
scheme for the problem (5.19). Instead of the scheme (5.24) we consider a
finite difference scheme of the form

(At)®
1

ot oM pmTl = - A(vm+1 + 20™ + vm_l), (5.31)

where the matrix A is given by (5.23).

(a) Write the difference scheme in component form (i.e. similar to (5.20))
and sketch the computational molecule for the scheme.

(b) Assume that v™~1 v™ € R™ are known. Explain how we compute
v™ L from (5.31) and show that v™*! is uniquely determined.

(c) Perform a stability analysis for the scheme (5.31). Show that the
scheme is stable independent of the mesh ratio At/Ax.

EXERCISE 5.10 Implement the implicit scheme (5.31) for the initial-boundary
value problem (5.19). By doing experiments similar to those in Example 5.3
for the explicit method (5.20), try to verify that the method is stable in-
dependent of the mesh ratio At/Ax.
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EXERCISE 5.11 In this problem we shall study first-order initial-boundary
value problems of the form
Uy + cuy, = 0, z € (0,1), t >0,
u(0,t) = g(t), (5.32)
u(‘r70) = f(x)7

where ¢ is a constant. If ¢ > 0, the unique solution of this problem is given
by

| flx—=ct) for x>ct,
u(@,t) = { gt —x/c) for x<ect;

cf. the discussion in Example 1.1 on page 12. From this formula we easily
derive

lu(z,t)| < max{|f(z)],|g(r)|: x €[0,1],7 € [0,]}.

A finite difference method will be called stable if its solution satisfies a
bound similar to this.

(a) Consider the explicit finite difference method

Mt g vt — 'l

J J J j—1 _
At =0 (5.33)

form>0and j =1,2,...,n+ 1, where, as usual, Az = 1/(n + 1).
Sketch the computational molecule for the scheme.

(b) Assume that ¢ > 0. Explain how we can use the difference scheme
(5.33), together with the initial and boundary values, to compute v
form>0and j=1,2,...,n+ 1. Show that the scheme is stable if

Aty
ch_ .

(¢) Assume that ¢ < 0. Show that the scheme is never stable in the
sense defined above. How does this correspond to properties of the
continuous problem (5.32)?

(d) Assume that ¢ > 0 and consider the implicit scheme

pm L L gmtd

J J J Jj—1
= 0.
At T Ag
Sketch the computational molecule, explain how v}" for m > 0 and
j=1,2,...,n+1 can be computed from data. Show that the scheme
is always stable.
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6

Maximum Principles

The purpose of this chapter is to study maximum principles. Such principles
state something about the solution of an equation without having to solve
it.

We will start by studying two-point boundary value problems. For a class
of such problems, we will prove that the solution does not have any interior
maxima or minima; thus the extreme values are attained at the boundaries.
The method for proving this fact can readily be generalized to the case of
time-dependent problems, and we will study the heat equation. Finally, we
will consider Poisson’s equation in the case of two space dimensions.

6.1 A Two-Point Boundary Value Problem

Before we start studying the maximum principle for the heat equation, let
us take one step back and consider a similar problem in a simpler frame-
work. We consider a two-point boundary value problem of the form

' (z) + a(z)u'(z) = 0, xz € (0,1),

where a is a given function and u is known at the endpoints x = 0 and
x = 1. For this problem, we will prove that the solution cannot exceed the
boundary values.

The basic idea in deriving maximum principles is usually the following
elementary property of functions well known from calculus; in a local max-
imum z( of a smooth function v(z), we have v'(xg) = 0 and v”(xg) < 0;
see Fig. 6.1.
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FIGURE 6.1. A smooth function v = v(x) close to a local mazimum.

We will use this property of a smooth function to prove a maximum
principle for the solution of a two-point boundary value problem. In order to
do this, we start by considering a differential inequality. Let v € C2((0,1))N
C([0,1]) be a function satisfying the following inequality:

V" (x) + a(z)v'(z) > 0, z € (0,1), (6.1)

where « is continuous on [0, 1]. Suppose now that v has a local maximum
in an interior point zg, i.e. g € (0,1). Then, as explained above, we have

(a) v'(zg) = 0 and
(b) v"(zg) < 0.

But clearly (a) and (b) imply that v”(x0) + a(xo)v'(z9) < 0 which is a
contradiction of (6.1). Consequently, a smooth function v satisfying the
strict inequality (6.1) cannot have a local maximum in the interval (0, 1).
We have the following result:

Lemma 6.1 A function v € C%((0,1)) N C([0,1]) satisfying (6.1), where
a € C’([O, 1]), satisfies the following mazximum principle:

v(z) <V forall xe€l0,1],
where V' = max(v(0),v(1)).

This is a nice result, but not exactly what we are looking for. Our aim
is to replace the inequality of (6.1) with an equality and still get the same
conclusion. The argument given above almost covers this case, but not
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completely. However, by introducing an auxiliary function, we can use the
result of Lemma 6.1 to prove the result we are aiming at.
Consider the two-point boundary value problem

' (x) + a(x)u'(x) =0, z € (0,1), (6.2)
with boundary conditions
u(0) =up and wu(l) =wuy. (6.3)

Here ug and u; are given constants and a = a(z) is a given continuous
function on [0, 1].

We want to prove that if w € C?((0,1)) N C([0,1]) is a solution of
(6.2),(6.3), then u cannot exceed max(ug,u1) in the interval (0,1). We
do this by constructing a sequence of functions v, = v.(z) satisfying the in-
equality (6.1) and converging towards u as € tends to zero. For this purpose,
let ¢ = sup,¢(o 17 |a(7)], and define

ve() = u(x) + ee1T9? (6.4)

for € > 0. Observe that
ol (@) + alw)ol (@) = e(1 + (1 + ¢ + a(z))e 92,

thus,

v (z) + a(z)vl(z) > 0
for all € > 0. Hence, it follows from Lemma 6.1 that

ve() < max(ve(0),ve(1)). (6.5)
Going back to (6.4), we observe that
u(z) = ve(z) — ee1TO?

< ve(x)

< max(ve(0), ve(1))

= max(ug + €,u1 + eel ).
Now, by letting € — 0 from above, we get!

u(z) < max(u(0),u(1)) = max(ug, uy). (6.6)

Here you may wonder how on earth we found such a smart auxiliary function ve.
The answer is that we found it in the book of Protter and Weinberger [21]. But how can
such a trick be invented if you do not know the answer? The basic idea here is of course
to exploit the fact that we already have a maximum principle for functions satisfying
v +av’ > 0, and we want to use this in order to derive a similar maximum principle for
u satisfying v’/ + au’ = 0. Thus we want to change u slightly such that the perturbed
function satisfies an inequality rather than an equality. If we put ve(z) = u(z) + ey(x),
we get v/ + avl = e(y” + ay’). Hence, any function y satisfying v’/ (z) + a(z)y’(z) > 0
for all € [0,1] will do the job. Now, it is not too hard to see that it is reasonable to
try some kind of exponential function for y.
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So far we have only been concerned with upper bounds for u. Of course,
lower bounds are equally important. In order to derive a similar lower
bound, we could go through the same steps once more. However, a slick
trick enables us to use the result we have already obtained.

Define

w(zr) = —u(z),

and observe that

w”(z) + a(z)w'(x) = 0.
Then, by the argument given above, we get

w(z) < max(w(0),w(1)).
Hence

—u(z) < max(—ug, —u1) = — min(ug, uy),
and consequently
u(z) > min(ug, uy).

By summarizing our observations, we have the following result:

Theorem 6.1 Suppose u € C?((0,1)) N C([0,1]) is a solution of (6.2)-
(6.3). Then u(x) satisfies

min(ug, u1) < u(z) < max(ug, ur)

for all x € [0,1].

We observe that the derivation of the maximum principle given above is
done without finding a formula for the solution u. However, for the rather
simple problem above, it is easy to find an explicit formula for u, and this
formula can be used to give a direct proof of Theorem 6.1 (see Exercise 6.1).
The main reason for presenting the argument above is that this proof may
serve as a guidline for how to construct similar proofs for more complex
problems, where a simple explicit formula is not available.

6.2 The Linear Heat Equation

In the section above, we saw that a maximum principle can be derived for
the solution of a two-point boundary value problem by applying only ele-
mentary properties of smooth functions. In this section we will use exactly
the same technique in order to derive a maximum principle for the linear
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heat equation. We will prove that the maximum value of the solution can-
not be attained in the interior of the solution domain; a maximum value
must be attained either initially or at one of the boundaries. In the next
section, we go one step further and apply this technique to the nonlinear
heat equation.

When reading this section, it may be useful to have a physical interpre-
tation of the heat equation in mind. Consider a uniform rod of unit length
with an initial temperature given by f(z). The temperatures at the left
and right boundaries are given by w,(t) and w,(t) respectively. Then the
temperature u = u(x,t) in the rod is governed? by the following model:

Up = Uy, for x€(0,1), te(0,T],
w(0,t) = ue(t), w(l,t)=u.(t), tel0,7T], (6.7)
u(z,0) = f(z), xz€]0,1],

for an appropriate choice of scales. Here T' > 0 is a finite constant. We
assume that at ¢ = 0 the boundary conditions coincide with the initial
data at the endpoints, i.e. we assume ug(0) = f(0) and u,(0) = f(1).

Let us start by considering the special case u¢(t) = u,(t) = 0, i.e. the
temperature is kept equal to zero at the endpoints. Furthermore, we assume
that the initial temperature is positive throughout the rod. Then, just from
experience, we would expect the temperature to decrease in the rod and
eventually converge towards zero. Also, it would come as a bit of a surprise
if we found a spot within the rod that is hotter than the highest initial
temperature of the rod. Carrying this a bit further by allowing nonzero
temperature on the boundaries, we would expect the highest temperature
to appear either initially or at one of the boundaries. For instance, if we have
a rod with the temperature initially equal to zero and then start heating the
left endpoint but keep the temperature at the right endpoint equal to zero,
we expect, for some fixed time greater than zero, to see a monotonically

2In the field of applied mathematics we often say that a physical phenomenon is
“governed” by a certain mathematical model. Obviously, this should not be interpreted
literally; what we mean is usually that the model gives a reasonable description of the
phenomenon under consideration. Keep in mind that we are only capable of deriving
models. In some fortunate situations, they may provide very accurate predictions, but
they are still models.

On the other hand, you should also be aware of the fact that results from physical
experiments and observations can never, with any rigor, be used as evidence for prop-
erties of the mathematical model. Thus, although we know that there exists a physical
temperature in the rod we are considering, we cannot use this as an argument for the
existence of a solution of the mathematical problem. If the modeling has been properly
done, one may certainly hope that properties that are apparent in the real-world physical
situation may be carried over to our model, but such similarities are not evident.
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decreasing temperature profile. These rather obvious properties® will be
proved for the heat equation in this section.

As for the boundary value problem, we will also consider a finite dif-
ference scheme and prove the proper maximum principle for the discrete
solutions.

6.2.1 The Continuous Case

Our aim is to derive a maximum principle for the solution of (6.7). But as
for the two-point boundary value problem, we find it convenient to start
by considering a differential inequality. Then, through a regularization? of
the problem (6.7), we prove the maximum principle by letting the regular-
ization parameter go to zero.

Define R to be the rectangle in the (z,t) plane given by

R={(z,t):x €]0,1], t€]0,T]}. (6.8)
Let v = v(z,t) be a smooth function satisfying the inequality
v < Vpp for O<az<1, 0<t<T. (6.9)

Here we refer to v as a smooth function if v is continuous on the closed
rectangle R, with v, v, and v, continuous for z € (0,1) and ¢ > 0. We will
show that v cannot have any maximum in the interior of R. More precisely,
a maximum of v has to be attained at the “lower” boundary of R. The
“lower” boundary is defined by

B={(z,t):x=0,0<t<T}U{(x,t):t=0, 0<x <1} (6.10)

see Fig. 6.2.

We will prove the maximum principle by assuming that v has a maximum
in the interior of R, and then derive a contradiction to (6.9).

Suppose that (zg,%0) is a local maximum of v in the interior of R, i.e.
xo € (0,1) and ¢ty € (0,T). Then, by the properties discussed in the previous
section, we have

(i) ve(zo,t0) = 0 and

3 Albeit obvious from a physical point of view, the maximum principle is not at all
trivial from a mathematical point of view. One natural way to try to prove the principle
is to consider the Fourier solution derived in Chapter 3. This attempt fails; it is very
hard to prove a maximum principle based on such a series expansion.

4The term “regularization” is often used in mathematics. Usually, it means to change
something slightly in a favorable direction. For instance, looking at the two-point bound-
ary value problem above, we “regularized” the problem by adding a little term such that
a differential equation was changed to a differential inequality which we know something
about.
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t=T

x=0 B x=1

FIGURE 6.2. Definition of the rectangle R and the lower boundary B.

(11) ’Umm(,fo,to) S 0.
But now (i) and (ii) imply that
ve(20,t0) > vz (20, t0),

which clearly contradicts (6.9). Consequently, we cannot have an interior
maximum for a smooth function satisfying the inequality (6.9). But what
about the upper boundary, i.e. t = T'; can we have a local maximum for
some xg € (0,1) and to = T? Suppose that is the case. Then it follows that

(i) v¢(xo,tp) > 0 and
(IV) Ux:r(xOvtO) S 07
which again contradicts (6.9). Thus we have derived the following result:

Lemma 6.2 A function v € C(R), With vy, Vg, Vpy € C’((O, 1) x (O,TD7
satisfying the inequality (6.9) obeys the following mazimum principle:

v(x,t) <V forall =ze€l0,1], ¢€][0,T],
where

V = sup wv(x,t).
(z,t)eB

This lemma is exactly the tool we need to prove the maximum principle
for the heat equation (6.7). As for the boundary value problem, we uti-
lize this result by introducing a regularization of the solution of the heat
equation.

Let u be a smooth solution of (6.7). With a smooth solution we mean that
u is continuous on the closed rectangle R with u;, u,, and u,, continuous
for z € (0,1) and ¢ > 0. Define

v(x,t) = u(x,t) + ex? (6.11)
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for € > 0. Then

Hence, for any € > 0, we have
vy < VL,
and it follows from the lemma that
vé(x,t) < V€, (6.12)

where V¢ denotes the maximum of v on the boundary B. Now, it follows
from (6.11) that

u(z,t) = v(x,t) — ex? < v(x, ).
Hence, for any € > 0, we have®

u(z,t) <VE= sup (f(x)+ ex® up(t), up(t) + €).
(z,t)eB

By letting € tend to zero from above, we get

u(@,t) < sup (f(x), ue(t), ur(t)). (6.13)
(z,t)eB

In order to derive a similar lower bound for u, we apply the same trick
as for the two-point boundary value problem. Let w(x,t) = —u(z,t). Then
W = Wy, and, using (6.13), we have

wia,t) < sup (=f(z), —ue(t), —ur(t) = = inf (f(2),ue(t), ur(t),
(z,t)eB (z,t)EB

and consequently

u(et) = —w(et) = in (£, ur(t). v ().

We can summarize these observations as follows:

Theorem 6.2 Suppose u € C(R), with ug, Uy, Uy, € C((O, 1) x (07T]), 18
a solution of (6.7). Then u satisfies the mazimum principle®

() w0 ) < ) < swp (FG0) w0 9),
z,t)E (z,t)eB

for all (x,t) € R.
5Note that sup, (a(y), b(y), c(y)) is shorthand for max(sup,, a(y), sup, b(y),sup, c(y)).

A similar notation is used for inf.
6Recall that the domain R and its lower boundary B are defined in Fig. 6.2.
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We should remark here that the proof above requires that u is smooth,
i.e. u is continuous on the closed rectangle R. In particular, this implies
that w is continuous at (z,t) = (0,0) and (z,t) = (1,0) or

ue(0) = f(0) and  u,-(0) = f(1).

Later, in Chapter 10, we shall refer to these relations as compatibility
conditions for the data. Note that these conditions are not satisfied for the
problem studied in Example 3.2. Hence, the maximum principle has not
been established for this case.

6.2.2 Uniqueness and Stability

A maximum principle for a linear differential equation will frequently imply
a uniqueness and stability result for the solution (see Exercise 6.2). This is
also the case for the present model. In order to derive this result, we let u
denote a solution of

Up = Uy, for ax€(0,1), te]l0,T],
w(0,t) = wue(t), wu(l,t)=wu.(t), te€l0,T], (6.14)
u(z,0) = f(z), x=€]0,1],

and similarly, @ denotes a solution of

Ut = Uy, for x€(0,1), te][0,T],
a(0,) = aet), a(l,6) =ar(t), tel0,T], (6.15)
'l_L(.’t,O) = f_(x)7 T e [Ov 1]

Furthermore, we let e denote the difference between these solutions, i.e.
e = u — u. Then e is a solution of the following initial-boundary value
problem:

et = ey, for xe€(0,1), tel0,T],
e(0,t) = Aug(t), e(1,t) = Au,(t), te]0,T], (6.16)
e(x,0) = Af(x), x€[0,1],

where Aug(t) = ue(t) — ae(t), Aup(t) = ur(t) — 4,-(t) and Af(z) = f(z) —
f(z). By Theorem 6.2 above, we get

inf (Af(x), Aug(t), Au.(t)) < e(x,t) < sup (Af(z), Aup(t), Au,(t)),
(z,t)eB (z,t)EB

and then we have the following result:
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Corollary 6.1 The problem (6.14) has at most one smooth solution. Fur-
thermore, the solution is stable with respect to perturbations in the sense
that

sup |u(z,t) —a(z,t)] < sup (|f(z) = f2)], [ue(t) — @e(t)], lur(t) — @, (t)])
(z,t)ER (z,t)eB
where w is the solution of (6.14) and @ is the solution of (6.15). Here, the
domain R and the lower boundary B are defined in Fig. 6.2.

6.2.3 The FExplicit Finite Difference Scheme

Having derived the proper maximum principle for the heat equation, we
proceed by analyzing a numerical method for this initial-boundary value
problem. In the present section we will consider the explicit scheme in-
troduced in Section 4.1. Using a discrete version of Fourier’s method, we
derived a certain stability condition for this scheme. The same type of sta-
bility condition was derived for several other problems in Section 4.3 using
the method of von Neumann. Now we will prove that the stability condition
derived earlier is sufficient in order for the numerical solutions to satisfy a
discrete version of the maximum principle.

In the next section we will address the same question for the implicit
finite difference scheme introduced in Section 4.4. It turns out that the
numerical solutions generated by the implicit scheme satisfy the discrete
maximum principle for any relevant choice of grid parameters.

We consider the explicit finite difference scheme for the initial boundary
value problem (6.7). Let us start by briefly recapitulating the basic nota-
tion. Let v7" denote an approximation to the exact solution u at the grid
point (z;,t,,). As usual, z; = jAz, where Az = 1/(n + 1) for a given
integer n > 1, and t,, = mAt, where At > 0 is referred to as the time step.

The explicit scheme derived in Section 4.1 applied to the initial-boundary
value problem (6.7) can be written in the following form:

11;”+1 =rvity + (1= 2r)vf" + 1oy, j=1,...,n, m>0, (6.17)
where r = At/Axz?. The boundary conditions of (6.7) give
vy' = ue(tm) and vy = up(tm) (6.18)
for m > 0, and the initial condition leads to
v;-) = f(z;) for j=1,... n. (6.19)

Our aim is now to prove that the discrete solution vj" defined by this
explicit scheme satisfies a maximum principle similar to the result in the
continuous case. In order to prove this, we will need some notation which
is very closely related to the notation we used in the continuous case. We
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define Ba to be the grid points located on the lower boundary B, and
RA to be the collection of grid points in the rectangle R. Here B and R
are sketched in Fig. 6.2 above. More specifically, we define the “discrete
rectangle”

Ra ={(zj,tm) :x; €10,1], t, €[0,T]} (6.20)
and the associated “lower boundary”

Ba = {(zj,tm) :x; =0, 0<t,, <T}U{(zj,tm) 1 tn, =0, 0 <az; <1}
U{(zj,tm) cxj =1, 0<t, <T} (6.21)

see Fig. 6.3. For brevity, we define”

Vo= min  (f(x:), ue(te), ur(tr))

(:Ei,tk)EBA

and

VT = max  (f(x:), ue(tr), ur(tr)).
(zitr)EBA

We want to show that a numerical solution generated by the scheme (6.17)—
(6.19) is bounded below by V™~ and above by V*. This will be done under
the assumption that the grid parameters satisfy the following condition:

<1/2. (6.22)
This is exactly the condition we derived in Section 4.1 using discrete Fourier
analysis; see (4.25) on page 130.

Theorem 6.3 Suppose that the grid sizes Ax and At satisfy the condition
(6.22), and let vi* be the numerical approzimation of (6.7) generated by
the scheme (6.17)-(6.19). Then

VT <ot <V
for all grid points (x,tm) € RA.

Proof: The proof of the lower and the upper bound, are similar, so we
concentrate on the upper bound, which is verified by induction on the time
level. Consider one fixed time level ¢,,, and assume that

ot <VT for j=1,...,n.

"Here min;(a;, b;, ¢;) is shorthand for min(min; a;, min; b;, min; ¢;). We use a similar
notation for max.
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FIGURE 6.3. Definition of the rectangle Ra and the lower boundary Ba .

By (6.17) we have

1 .
v;’”r =rvity + (1 =2rv" +rofiy, for j=1,...,n,

and by (6.22), we have 1 — 2r > 0. These facts imply that
v}”“ <rVi4+ @A -2r)VT+rVt =vV"T.

Since this holds for any 7 = 0,... ,n + 1, the result follows by induction
on m. |

As in the continuous case, we can use this result to prove stability of the
numerical solutions with respect to perturbations in the initial or boundary
data. You are asked to formulate and prove such a result in Exercise 6.10.

6.2.4 The Implicit Finite Difference Scheme

We recall from the discussion in Section 4.4 that explicit schemes tend
to become very CPU-time demanding as Ax is reduced. This is due to
the stability condition (6.22) which forces the number of time steps to be
of order O(n?), where n is the number of grid points in the z direction.
This fact motivated the development of an implicit scheme in Section 4.4.
According to the von Neumann method, the implicit scheme is stable for
any positive values of the grid parameters. In this section we will look
at this problem once more, and prove that the scheme indeed satisfies the
discrete maximum principle for any relevant choice of grid parameters. You
should note that this is not a consequence of the von Neumann method,
which merely guarantees that each of the discrete particular solutions are
well behaved.
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Using the same notation as for the explicit scheme, we recall that the
implicit scheme has the following form:

ot —pm i g A
j - i Y AJQ L for j=1,...,n, m>0.
T
(6.23)

The boundary conditions and initial data lead to
vy' = ue(ty) and vy = up(tm), m >0, (6.24)
and
U?:f(a:j) for j=1,...,n (6.25)

respectively. In Section 4.4 we proved that this scheme is well defined;
see in particular Exercise 4.5 on page 149. Now we want to show that
the numerical solution generated by this scheme satisfies the maximum
principle. As above, it is sufficient to consider the problem of deriving an
upper bound, since the lower bound can be derived in exactly the same
manner. Thus we want to show that

oF <Vt = max  (f(z:),uelts), ur(t))
(:L’i,tk)GBA

for all grid points (z;,t;) € RA.
Note that the scheme can be rewritten in the form

(L4 2r)o ™ =0 e 4o, j=1,...,n, m>0,
(6.26)
where we recall that 7 = At/(Ax)2. Consider a fixed time level t,, and
assume that vj" < VT for j=0,...,n+1. Then
(1+ 27")1}2”“ <VT+2r max ot (6.27)
i=0,... ,n+1 ~
for all j =1,... ,n. Since both vj**" and v/"[;" are bounded by V', it fol-

lows that the inequality (6.27) holds for all j = 0,... ,n+ 1. Consequently,

(1+2r) max o™ <VT4+2r max o't
1=0,... ,n+1 i=0,... ,n+1

and thus

max vim'H <VT.
i=0,... n+1

Now the upper bound is proved by induction on m. A similar argument
leads to a lower bound, and we have the following result:
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Theorem 6.4 Let vi* be the numerical approzimation of (6.7) generated
by the implicit scheme (6.23)-(6.25). Then

Vo< <Vt
for all grid points (zj,t,) € Ra.

It is important to note that this result holds for any positive values of Ax
and At.

6.3 The Nonlinear Heat Equation

In the previous section we studied the linear heat equation. In the derivation
of this equation, one major simplification has been made: the parameters
describing the physical properties of the rod are assumed to be constants.
Thus, the parameters do not change as the temperature varies along the
rod. For small variations in the temperature, such approximations can be
justified, but for large variations it is a dubious assumption. For large vari-
ations it is desirable, from a modeling point of view, to allow physical
quantities like the thermal conductivity to be a function of the tempera-
ture. This refinement of the model leads to a nonlinear heat equation, and
it motivates the analysis of problems of the following form:

ur = (k(w)ug), for =z € (0,1), te(0,T], (6.28)
w(0,t) = ue(t), u(l,t) =u-(t), te]l0,T], (6.29)
u(z,0) = f(z), =ze]l0,1]. (6.30)

From physical considerations it is reasonable to assume that the function
k = k(u) is smooth and strictly positive. Specifically, we assume that there
exist constants kg and K such that

for all u. Problems of this form are usually referred to as nonlinear heat
equations. In this section we prove that solutions of the problem (6.28)—
(6.30) satisfy a maximum principle of the same type as the one we derived
in the linear case.

It is important to note that in this section we leave the space of exactly
solvable problems. The Fourier technique derived in Chapter 3 no longer
applies, and there is, in general, no technique available for solving non-
linear heat equations explicitly. Luckily, the finite difference schemes still
work fine, and we will show that a numerical solution generated by an ex-
plicit finite difference scheme satisfies a discrete version of the maximum
principle. Certainly, a stability condition must be satisfied in the discrete
case, and as in the linear case, this implies very short time steps. Thus, we
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want to consider implicit schemes. However, implicit schemes in the non-
linear case lead to tridiagonal systems of nonlinear algebraic equations. We
consider the analysis of such equations to be slightly beyond our scope and
thus we shall confine ourselves to the analysis of explicit schemes. Some
computations showing typical features of implicit schemes will be given,
but no analysis will be presented.

6.3.1 The Continuous Case

We start by considering the continuous case, using the same technique as
above.

Suppose that u = u(zx,t) is a smooth solution of (6.28)—(6.30) and define
v€ by

vi(x,t) = u(x,t) — et (6.32)
for any e > 0. Since, by (6.28),
up = k(w)uss + K (u) (us)?,
we have
vf = k(0" + ety + K (0 + et)(05)? — &,
and thus

vf < k(ve +et)vs, + K (v + et)(vS)? (6.33)

because € > 0.

Let the rectangle R and the lower boundary B be as above (see page
180). Furthermore, we assume that v¢ has a local maximum in the interior
of R, say in (zg,t9) € R\B with tg < T. Then

0= U;("Eo,to) = ’U;(Zo,to) > 'U;z(xo,to). (634)

But since k(ve + €t) > ko > 0, it follows that (6.34) contradicts (6.33), and
consequently there is no local maximum in the interior of R. The upper
boundary (t = T) can be excluded as in the linear case, and thus we have

vé(x,t) < sup v(x,t)
(z,t)eB

for all (x,t) € R. Since v = u — €t, it follows that

u(z,t) —et < sup (f(x),ue(t) — et,u-(t) — et)
(z,t)eB
for all (x,t) € R. By letting € tend to zero from above, we get the desired
upper bound for u. As usual, a corresponding lower bound is derived by
considering w = —u and using the upper bound for w. We leave the details
of this to the reader, and state the maximum principle for the nonlinear
heat equation:
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Theorem 6.5 Suppose u € C’(R), with wg, Uy, Uy € C’((O7 1) x (O,T]), is
a solution of (6.28)—(6.30). Then u satisfies the mazimum principle®

B () un®).0n(0) < ) € sup (Fa)sus(t) ()
.t (z,t)eB

for all (z,t) € R.

Note that, in contrast to the linear case, this theorem cannot be used
to derive a stability result for the initial-boundary value problem. This
indicates a property that is true quite generally; it is much harder to prove
properties of the nonlinear problems than of their linear counterparts.

6.3.2 An Ezplicit Finite Difference Scheme

Obviously, we would like to be able to solve the nonlinear problem (6.28)—
(6.30) numerically. Furthermore, we would like to compute numerical so-
lutions that satisfy a discrete version of the maximum principle given in
Theorem 6.5. We have briefly touched upon this problem earlier. In Exam-
ple 4.5 on page 138 we studied a numerical method for a nonlinear heat
equation. We derived there, somewhat heuristically, a stability condition by
freezing the coefficients in the scheme and then applying von Neumann’s
method. Here we will show that the condition we arrived at using this tech-
nique is sufficient to imply a maximum principle for the discrete solutions.
We consider the following explicit finite difference scheme:

VP = ek ol (U= (k) g + K o) )0 TR v (6.35)

for j =1,...,n, m > 0. The initial values and the boundary conditions
are handled as in the linear case (see (6.18)—(6.19) on page 184). As usual
we have 7 = At/Az?, and in addition we have defined

m 1 m m
kiyije = 5(]“(%' )+ k(vi))-

The derivation of this scheme is discussed in Exercise 4.20 on page 155.
In order to state the maximum principle for a discrete solution generated
by this finite difference scheme, we recall the definition of V= and VT,

Vo= (zi)TtIBIéBA(f(Ii), wp(tr), ur(tg))

and

VY= max (f(x),ue(tr), ur(tr)),
(Ii,tk)EBA

8The domain R and its lower boundary B are sketched in Fig. 6.2 on page 181; see
also (6.8) and (6.10).
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where Ba is defined in (6.21). As in the linear case, a certain stability

condition has to be satisfied. We assume that At and Ax satisfy

At
Koy— <1/2, 6.36
0 (AJ?)Q = / ( )
where K is a upper bound for k(u); see (6.31).

As in the linear case, the discrete maximum principle is derived by in-
duction on the time level. Consider a given time level ¢,, and assume that

o' <VT o for j=1,...,n.
Then by using the scheme (6.35) we get

VP <R oV (L= (K gy + R o))V 7R V=V,

where we have utilized the fact that, by (6.36),

(1 —r(kj%y o+ kji1/0)) = 0.
Since this holds for j = 0,...,n + 1, it follows by induction that the
numerical solution is bounded above by V. In a similar way we can prove
that the discrete solution is bounded below by V~. We summarize these
observations in the following theorem:

Theorem 6.6 Suppose that the grid sizes Ax and At satisfy the condition
(6.36) and that the function k = k(u) satisfies the requirement (6.31).
Furthermore, we let vT" be the numerical approvimation of (6.28)-(6.50)
generated by the scheme (6.35) with boundary conditions and initial data
given by (6.18) and (6.19). Then

Vo <o <Vt
for all grid points (xj,tm) € RA.

In this theorem we only consider functions k = k(u) which satisfy the
requirement (6.31) for all values of w. Thus, the theorem covers the case of
e.g. k(u) = 2+ sin (u) but not k(u) = e*. This requirement is too strong,
and we will discuss how to weaken it in Exercise 6.12.

6.4 Harmonic Functions

Recall that in Chapter 2 we studied two-point boundary value problems
for the differential equation

—Ugg = fﬂ
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defined on a bounded interval. In particular, if f = 0, we obtain the homo-
geneous equation

Uy = 0. (6.37)

Of course, the solutions of this equation are all linear functions of z. In
this section we shall study an analog of the equation (6.37) in two space
dimensions.

The differential equation will be studied on a bounded, connected, and
open domain, Q, in R2. The boundary of € will be denoted 92, and Q will
be the corresponding closed set given by

Q=QUonN.

For the one-dimensional problems studied in Chapter 2, the open interval
(0, 1) corresponds to the domain €, with the two endpoints as its boundary.
Hence, the closed interval [0, 1] corresponds to €2 in this case.

EXAMPLE 6.1 Assume that Q = {(z,y) | 22 + y? < 1}. Then

00 ={(z,y) | 2 +9* =1} and Q={(z,y) |2 +y* <1}.

The Laplace operator A, in two space dimensions, is defined by
P o
0x2  Oy?’

Definition 6.1 A function u € C? (Q) N C(Q) s said to be harmonic in
Q if

AU = Ugy + Uyy =

Au=0 forall (x,y)e . (6.38)

Here the statement u € C? (Q) means that all partial derivatives of total
order < 2 are continuous, i.e. the functions w, ug, Uy, Uzs, Uzy, and u,, are
all continuous in Q. The equation (6.38) is frequently referred to as the
Laplace equation. Hence, a a function v € C? (Q) is harmonic in Q if it
satisfies the Laplace equation in € and if it is continuous in the closed
domain . The corresponding inhomogeneous equation

—Au=f,
where f = f(z,y) is a given function, is usually called Poisson’s equation.
EXAMPLE 6.2 Let u(z,y) be a polynomial function of the form

u(z,y) = a+ bz + cy + dxy,

where a, b, ¢, d are real coefficients. Then it is straightforward to check that
Awu = 0. Hence, v is harmonic in any domain §2. |
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We recall that in one dimension the set of harmonic functions is exactly
all linear functions. From the example above we might think that also in
two dimensions it will be the case that any harmonic function is necessarily
a polynomial function. However, the next example shows that this is not
true.

EXAMPLE 6.3 Let r = r(z,y) = /22 + y? and define

u(z,y) = n(r(z,y)).

This function is continuous in all of R? except for the origin where it is not
defined. A direct calculation shows that
1 222 1 29
Ugpy = —2(1 - —2) and  uyy = —(1 - —5),
r r
and this implies that Au = 0. Hence, the function w is harmonic in any
domain which is bounded away from the origin. |

This example indicates that the set of harmonic functions in two space
dimensions is a more complicated and richer set of functions than the cor-
responding set in one dimension. In fact, as will be clearer below, the set of
harmonic functions in a two-dimensional domain €2 can be identified with
(smooth) functions defined on its boundary 0.

6.4.1 Maximum Principles for Harmonic Functions

We will now focus our attention on the maximum principle for harmonic
functions. Recall first that if u = u(z) is a linear (or harmonic) function of
one variable, then it clearly satisfies the inequality

min(u(a), (b)) < u(x) < max(u(a),u(b)) forall =z € (a,b).

This inequality is in fact also a special case of the more general result given
in Theorem 6.1. The maximum principle for harmonic functions in two
space variables states that a similar inequality holds for such functions.

Theorem 6.7 Assume that u is harmonic in Q. Then u satisfies the in-
equality

My <wu(z,y) < M; forall (z,y) €,
where

My = min wu(x, and M; = max u(x,y).
0= min (@) 1= ul@,y)
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Proof: The proof is rather similar to the proof of Theorem 6.2 in the
sense that the argument requires a similar regularization of the function w.
For any € > 0 define

vz, y) = ulz,y) + e(@® +y).
Then, since Au = 0, it follows that
Ave=4e¢>0 forall (z,y)€ Q. (6.39)

However, if v has a maximum at an interior point (xg,yo) of €, then by
the second derivative test of calculus, it follows that

AvE = v, vy, <0

at the point (zo,yo). Since this contradicts (6.39), we conclude that v¢ has
no interior maximum point. Therefore,

vi(z,y) < My forall (z,y) €Q,
where Mf = max(, ,)co0 v(z,y). By letting € — 0 we obtain
u(x,y) < M.

The desired lower bound can be demonstrated by similar arguments. W

If we inspect the proof above, we will discover that the upper bound,
u < My, will follow as long as u satisfies Au > 0 in . Functions with this
property are referred to as subharmonic functions.

Corollary 6.2 Assume that u is subharmonic, i.e. (Au)(z,y) > 0 for all
(x,y) € Q. Then

u(z,y) < M; forall (x,y)e€ Q.

Proof: Since Au > 0, we still have (6.39), i.e. Av® > 0. The desired
inequality is therefore derived exactly as in the proof above. |

Corollary 6.3 If u is harmonic in 2, then
lu(z,y)| < M forall (z,y)€ Q,
where M = max(; e [u(z, y)|.
Proof: From Theorem 6.7 we have

|u(z,y)| = max(u(z,y), —u(z,y)) < max(My, —My) = M.
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As an application of the maximum principle, we will consider the Dirich-
let problem for Poisson’s equation. For a given function f, defined on €2,
and a given function g, defined on the boundary 0f2, this problem takes
the form

—Au=f in 9 (6.40)
u=g on .

The function f will be referred to as the right-hand side, and g is called
the Dirichlet data. Under proper conditions on the domain € and on the
functions f and g, it can be established that there always exists a solution
u of this problem. Furthermore, the solution is unique. These facts explain
our claim above that the set of harmonic functions on €2 can, in some sense,
be identified with the set of functions on the boundary 9€). The solution of
the problem (6.40), with f = 0, will exactly be a harmonic function with
its restriction to 02 prescribed to be g.

We will return to the construction of solutions of problems of the form
(6.40) in later chapters. However, here we shall use the maximum principle
for harmonic functions to show that this problem can have at most one
solution.

Theorem 6.8 Assume that u',u?> € C? (Q) N C(Q) are two solutions of
the problem (6.40) with the same right-hand side f and the same Dirichlet

data g. Then u' = u?.

Proof: Let v = u' — u2. Then
Av =0,

i.e. v is harmonic. Furthermore, since u' = u? = g on 99, it follows that
v =0 on 0. Hence, we derive from Corollary 6.3 that v = 0 in . |

6.5 Discrete Harmonic Functions

The purpose of this section is to study a finite difference approximation of
Poisson’s equation (6.40). In particular, we shall establish a maximum prin-
ciple for the numerical solution defined by this difference scheme. The finite
difference approximation will be the obvious generalization of the scheme
introduced for the corresponding one-dimensional problem in Section 2.2.

Even if one of the main advantages of numerical methods is that they can
be adopted to rather general domains, in this section we shall, for notational
simplicity, restrict ourselves to a rectangular domain. More precisely, we let
) be the unit square, i.e.

Q={(z,y) | 0< 2,y <1}
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FIGURE 6.4. Definition of Qpn and Qp,.

If n > 1 is an integer, then the spacing is given by h = 1/(n + 1), and the
grid points are (z;,yx) = (jh,kh) for 0 < j,k < n + 1. The set of all the
grid points will be denoted by €, i.e.

Qh = {(xjvyk) | 0 S]ak < TL—I—l},
while the set of interior grid points, 2, is given by
Q= {(zj,m0) | 1< 5.k <n}s

see Fig. 6.4.
The grid points on the boundary, 02, are then given by

oy, = Qh\Qh.

For a grid function v, defined on Q,, we frequently write v, instead of
v(zj,yk). For such functions the finite difference operator Ly, approximat-
ing the negative Laplace operator —A, is now defined by

1
(L) (x5, y0) = 73 [(—vj41,k + 2056 — vj—1.k) + (U k41 + 2056 — V) k—1)]

= 57 (4056 = Uik = Vo1 = Vi1 — Uik

for all interior grid points (z;,yx); see Fig. 6.5. This operator is usually
referred to as the five-point operator, since the value of (Ljv) at an interior
grid point is defined from the value of v at the same point and at the
four neighboring grid points. A finite difference approximation of Poisson’s
equation (6.40) is now defined by

(th) (x,y) = f(x,y) for all ('Ia y) € Qha
(6.41)
v(z,y) = g(z,y) forall (x,y)e€ 0.
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FIGURE 6.5. The computational molecule of the five-point operator.

Since the values of v at the grid points on the boundary are given explicitly,
the system (6.41) is a linear system of n? equations with n? unknowns
given by {v; }7,_;. We will return to the study of the system (6.41) and
its relations to Poisson’s problem (6.40) in the next chapter. Here, we will
focus the attention on maximum principles for this system which will be
discrete analogs of the properties derived above for harmonic functions and
for the problem (6.40).

Definition 6.2 A grid function v is called a discrete harmonic function if
Lyv=0 forall (x,y)€ Q.

It turns out that discrete harmonic functions satisfy a maximum principle
similar to their analytical counterparts.

Theorem 6.9 If v is a discrete harmonic function, then
My <v(z,y) < M; forall (x,y)€ Qy,
where

My = min o(z, and M; = max o(z,y).
0 (z,y) €0, ( y) ! (z,y)€00Q, ( y)

Proof: We will only show the upper bound, since the lower bound follows
by a completely analogous argument. Assume the contrary: that there exists
an interior grid point (z,y) € ), such that

v(Z,y) = max v(z,y) > M. (6.42)
(z,9)€m

Since v is a discrete harmonic function, we derive from (6.42) that

1
v(@,9) = 3 [v@ +h9) + 0@ = h,7) + 0@, § +h) +0(z,7 — h)]

max v(z,y) = v(z, ). (6.43)
(z,y)e,

IN
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We conclude that the inequality has to be an equality, and therefore the
value of v at the four grid points which are neighbors to (Z, ) must also be
v(Z, 7). By repeating this argument until we reach a boundary point, we
conclude that there must be a grid point (Z,y) € 9, such that v(z,7) =
v(Z, 7). However, this contradicts (6.42). |

In the corollary below, the upper bound in Theorem 6.9 is proved under
a weaker hypothesis on v. This result will be useful below.

Corollary 6.4 If Lyv <0 for all (x,y) € Qp, then

v(z,y) < My = max wv(z,y) forall (z,y)<€ Q.
(z,9)€0Q

Proof: We can use the same proof as above. From the assumption Lyv < 0
we conclude that (6.43) still holds if the first equality is replaced by < .
The rest of the argument can be used unchanged. |

Corollary 6.5 If v is a discrete harmonic function, then
|o(x,y)| < M forall (z,y) € Qn,

where M = max(, ,ycaq, lv(z,y)|-

Proof: Argue exactly as in the proof of Corollary 6.3. |

A consequence of these results is that the discrete system (6.41) will
always have a unique solution.

Corollary 6.6 There is a unique grid function v which solves the discrete
Poisson’s problem (6.41).

Proof: Recall that the system (6.41) can be viewed as a linear system
with n? equations and n? unknowns {0k} =1 However, for a square
linear system existence and uniqueness of the solution will follow if we can
show that the corresponding homogeneous system only has the solution
v =0 (see Project 1.2).

Hence, assume that the grid function v satisfies

(Lpv)(z,y) =0 forall (z,y) € Qp,
v(z,y) =0 forall (z,y)€ Q.

We have to show that v = 0 is the only solution of this system. However,
this is now a direct consequence of Corollary 6.5. |

Recall that in Chapter 2 we were able to prove precise results about the
error between the exact solution of a two point boundary value problem
and the corresponding solution of a finite difference scheme (see Theorem
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2.2). Our aim is to establish a similar bound for the difference between
the solution of Poisson’s equation (6.40) and the corresponding discrete
solution of (6.41). This is achieved in the next chapter.

In order to derive such an error bound, we shall use a stability prop-
erty for the difference scheme (6.41) which is a generalization to two space
dimensions of Proposition 2.6. This result will be established below. The
following bound represents a preliminary step in the derivation of the de-
sired stability property.

Lemma 6.3 Assume that v is a grid function such that v =0 on 09, and
Lyv=1 forall (x,y)¢€ Q.
Then
0<wv(r,y) <1/8 forall (z,y) € Q.

Proof: We first observe that the grid function —v satisfies L(—v) < 0
on y,. Therefore, it follows from Corollary 6.4 that —v(z,y) <0, or

v(z,y) >0 foral (x,y) € Q.

In order to obtain the upper bound, we will compare v with the grid func-
tion w defined by

1 _
w(z,y) = 536(1 —z) forall (z,y)€ Q.
Since w is independent of y, it follows directly from Exercise 2.16 that
Lyw=1 forall (z,y)€ Q.

Hence, w — v is a discrete harmonic function. Since w — v > 0 on 98y, we
therefore obtain from Theorem 6.9 that

w—v>0 forall (z,y)¢€ Q.
However, since

max w(z,y) < 1/8,
(z,y)€Qn @) /

we then have

v(z,y) <w(z,y) <1/8 forall (z,y) < Q.

This result is easily generalized to any constant right-hand side.
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Lemma 6.4 Assume that w is a grid function such that w = 0 on 0Q,
and

(Lhw) (r,y)=q forall (z,y)€ Qn,
where ¢ € R is constant. Then
min(0,q/8) < w(x,y) < max(0,q/8) for all (x,y) € Q.

Proof: This follows directly from Lemma 6.3. In fact the linearity of
Ly, implies that w = gv, where v is specified in Lemma 6.3. The bounds
therefore follow from the bound given in Lemma 6.3. |

We now have the following generalization of Proposition 2.6:

Proposition 6.1 Assume that v is a grid function which solves the system
(6.41) with g = 0. Then

[V][n,00 < 1/8 1 f1Ih00s

where ||v||p,00 = max, ,\eq, lv(x, y)].

Proof: Let w be a grid function such that w = 0 on 9, and
Lyw = |fllhoo forall (z,y)€ Q.
Hence, v — w = 0 on 9}, and
Ly(v—w)=f—=|fllhoo <0 on Q.
From Corollary 6.4 we therefore obtain that
v—w<0 on,
and, as a consequence of Lemma 6.4,
o(w,9) S w(e,9) < g I lne forall  (z,y) € O
A similar argument, using a grid function w satisfying w = 0 on 92, and
Lyw =~/ fllnco on Qn,

now implies

1
o(@,9) 2 — 5 1 oo
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6.6 Exercises
In these exercises we use the notation defined in this chapter. In particular,
we use R, B, Ra, and Ba, which are defined in Fig. 6.2 on page 181 and
Fig. 6.3 on page 186.

EXERCISE 6.1

(a) Find the solution of problem (6.1)-(6.2) by multiplying the equation
(6.2) by a proper integrating factor.

(b) Use this formula for u to establish Theorem 6.1.

EXERCISE 6.2 Consider a two-point boundary value problem of the form

u’(z) + a(z)u'(z) = f(z),
w(0) = up, w(l) = uy.

Here a € C([0,1]) and f € C((0,1)) are given functions.

Assume that u, @ € C%((0,1)) N C([0,1]) are two solutions of this prob-
lem, with the same functions a and f, but with boundary values ug, u; and
g, Uy respectively. Show that

|u—lloe < max(|ug — ol |ur — 1),

where

l9llc = sup [g(z)|.
z€[0,1]

EXERCISE 6.3 Let a = a(u) be a uniformly bounded function and suppose
that u is a solution of the following two-point boundary value problem:
'+ a(u)u’ =0, z € (0,1),
with boundary conditions
u(0) =up and wu(l) = wuy.
Show that w satisfies the following maximum principle:
min(ug, u1) < u(z) < max(ug, uq)

for all x € [0,1].
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EXERCISE 6.4 Suppose that w is a solution of the following two-point
boundary value problem:

u” +sin (u)u’ =1, z € (0,1), (6.44)
with boundary conditions
u(0) = u(l) =0.
Show that u(x) <0 for all z € [0, 1].
EXERCISE 6.5 Consider the equation

up = qug, for xe(0,1), te (0,7,
u(0,t) = u(l,t) =0, te][0,T],
u(z,0) = f(z), z€]0,1],

where a > 0 is a given constant. We define an explicit scheme

m+1 m m m m
v =) vt =207 + U
J I =t 32 ks for j=1, ,n, m >0,
At Ax
and an implicit scheme
p g oL — 2t g
J J o J J+1 f -
=« 5 or j=1,...,n, m>0.
At Az

(a) State and prove a maximum principle for the continuous problem.

(b) Derive a stability condition for the explicit scheme such that the nu-
merical solutions satisfy a discrete version of the maximum principle
derived in (a).

(¢) Show that the implicit scheme is unconditionally stable in the sense
that the numerical solutions generated by this scheme satisfy the
discrete version of the maximum principle for any relevant mesh sizes.

(d) Compare the results derived in (b) and (c) with the results obtained
by the method of von Neumann in Exercise 4.12 on page 151.

EXERCISE 6.6 Consider the following initial-boundary value problem:
uy = a(x, )ugy + b(x, t)u, for xe€(0,1), ¢te (0,17,
w(0,8) = ue(t), w(l,t)=wu.(t), tel0,T],
u(z,0) = f(z), =z €[0,1],

where a(x,t) > ag > 0 for all (z,t) € R and where b = b(x, 1) is a bounded
function.
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(a) State and prove a maximum principle for this initial-boundary value
problem.

(b) Derive an explicit finite difference scheme for this problem and prove
a maximum principle for the discrete solutions.

(¢) Derive an implicit scheme and investigate whether numerical solu-
tions generated by this scheme satisfy a discrete maximum principle
for all positive mesh parameters.

EXERCISE 6.7 Consider the following initial-boundary value problem:

Ut + cuy = ug, for  z€(0,1), ¢€(0,T],
u(0,t) = u(l,t) =0, tel0,T],
u(z,0) = f(x), z€]0,1],
where ¢ > 0 is a given constant and where f(0) = f(1) = 0.

(a) Show that a solution of this problem satisfies the following maximum
principle:

inf f(z) <u(z,t) < sup f(x)
z€[0,1] z€[0,1]

for all (z,t) € R.

Derive stability conditions for the following numerical methods such that
the corresponding discrete solutions satisfy a discrete version of the maxi-
mum principle stated in (a).

m+1 _  m m o m m
v; vj N cij Vit _ Uit 20" + vy
At 2Ax Az?
(c)
m+1 _ ' m m __ ,m _9,m m
v; vj +cvj i) vty 21)] + v,
At Ax Az?
(d)
m+1 . m m o, m _ m m
Y I R e Ay £
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m+1 . m _.m +1 m—+1 m—+1
v; ch +CUJ S 207 + i
At Az Az?
()
m+1 . m m+1 __  m+1 m—+1 m—+1 m—+1
v v +cvj v _ v;y 21)j + v
At Az Az?

(g) Compare the results derived in (b)—(f) with the results obtained in
Exercise 4.18 on page 153, using the method of von Neumann.

EXERCISE 6.8 Consider the following initial-boundary value problem:
ur = a(x, t)ugy + au(z,t) for x€(0,1), t¢e(0,T],
w(0,¢) = uw(1,¢) =0, te]0,T7,
f(x), = el0,1],

2
—
£
2
I

where a(x,t) > ag > 0 for all (z,t) € R and where « is a given constant.
(a) Show that
u(t)lloo < e™[|fllc for 0<t<T, (6.45)

where we recall

[u(,)lloc = sup |u(z,t)].
z€[0,1]

Here you may find it useful to consider w = e~**u.

(b) Discuss how the stability with respect to perturbations in the initial
data depends on the parameter a.

(¢) Derive an explicit finite difference scheme and prove that the numer-
ical solutions generated by this scheme satisfy a discrete version of
(6.45) provided that the proper condition on the mesh sizes is satis-
fied.

(d) Consider an implicit scheme and show that a discrete version of (6.45)
is satisfied for any relevant values of the mesh parameters.
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EXERCISE 6.9 Consider the following nonlinear initial-boundary value prob-
lem:

Ut + f(u)'zc = Ugy for T e (Ov 1)a te (OvT]v
U(Oat) = Ug(t), u(lv t) = uT(t)7 le [OaT]a
u(z,0) = h(z), z€]0,1],
where f = f(u) is a smooth given function.

(a) Show that a solution of this problem equation satisfies the following
maximum principle:

(e, w0 un(0) < ) < s () welt) 1),
T,t)E (z,t)eB

(b) Consider the following numerical scheme:

m—+1 m m m m m m
an-‘r —v; N f(uj+1) — f(vjfl) _ Vi — Q’Uj + vilq
At 2Ax Az® '

The boundary conditions give
vy' = ue(tm) and vy = up(tm)
for m > 0, and the initial condition leads to
1}? =h(z;) for j=1,...,n

Suppose that the grid parameters are chosen such that

r=At/Az? <1/2, (6.46)
and
Az y
— < .
5 g mex  Fwl<1, (6.47)
where

Uﬁ:( H;f (h(‘r)auf(t)vur(t)) and U= sup (h(x)vul(t)aur(t))‘
z,t)EB (z,t)eB

Show that if these conditions are satisfied, the numerical solutions
generated by this scheme satisfy a discrete version of the maximum
principle in (a).
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EXERCISE 6.10 Consider the finite difference scheme (6.17)—(6.19). Formu-
late and prove a discrete version of Corollary 6.1 for this difference scheme.

EXERCISE 6.11 Consider the finite difference scheme (6.23)—(6.25). Formu-
late and prove a discrete version of Corollary 6.1 for this difference scheme.

EXERCISE 6.12 In Theorem 6.6 we assume that the function k& = k(u)
satisfies the bound ko < k(u) < K for all values of u. Obviously, this is a
rather strict requirement, and it is the purpose of this exercise to weaken
this assumption considerably.

As usual we define

VTS g, S et 1)

and

VT = max  (f(x:), ue(tr), ur(ty)).
(zitr)EBA

Furthermore, we let

ko= inf k(u) and Ky= sup k(u).
0 u€[V =, V] () 0 welV—,V+] )

Suppose that 0 < ky < Ky < 0o, and that Az and At satisfy the inequality
(6.36) on page 191.

(a) Prove that the numerical solution generated by the scheme (6.35)
with boundary conditions and initial data given by (6.18) and (6.19)
satisfies

Vo <ot <V
for all grid points (z;,tm) € Ra.

(b) Let k(u) = e and u(t) = u,(t) = for ¢ > 0. Furthermore, we
define the initial condition f(z) = 2(1—z). State a precise maximum
principle for the discrete solution of this problem.

EXERCISE 6.13 Assume that u is a solution of Poisson’s equation (6.40)
with f >0 and g > 0. Show that

u(z,y) >0 forall (z,y) € Q.
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EXERCISE 6.14 Let €2 be the unit square, i.e. 2 = {(:c,y) | 0<zy< 1}.
Assume that u solves (6.40) with f =1 and g = 0. Show that 0 <u < 1/8
in Q. (Hint: Compare u with w(z,y) = 12(1 —z) as in the proof of Lemma
6.3 above.)

EXERCISE 6.15 Let © be as in Exercise 6.14 and assume that v € C? (Q) N
C(Q) solves (6.40) with g = 0. Show that

1
[ulloo < Sl f oo

where [|ufloc = sUD(; y)eq [u(z,y)]-

EXERCISE 6.16 In this problem we shall study Poisson’s equation (6.40)
in a general domain Q. We assume that Q C {(z,y) ’ 2?4y < r?} for a
suitable r > 0.

(a) Assume that v =0 on 9 and satisfies —Av =1 in Q.
Show that
0<wv(w,y) <r?/4 forall (z,y)€ Q.

(Hint: Compare v with w(z,y) = $(r* — 22 — y?).)

(b) Assume that u € C*(Q2) N C(Q) is a solution of (6.40) with g = 0.
Show that

2
,
[ulloe < —[1f oo
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7

Poisson’s Equation in Two Space
Dimensions

Poisson’s equation is a fundamental partial differential equation which
arises in many areas of mathematical physics, for example in fluid flow,
flow in porous media, and electrostatics. We have already encountered this
equation in Section 6.4 above, where we studied the maximum principle for
harmonic functions. As a corollary of the maximum principle we have in
fact already established that the Dirichlet problem for Poisson’s equation
has at most one solution (see Theorem 6.8).

The main focus in this chapter will therefore be on how to construct
solutions of this problem. We shall also derive a new qualitative property
of harmonic functions, the mean value property, which in fact will lead to
an alternative proof of the maximum principle. We shall start by utilizing
the separation of variables technique for Poisson’s equation. We will see
that if the geometry of the domain has certain simple structures, then this
method leads to exact (formal) solutions. In the final section of this chapter
we shall also discuss properties of corresponding finite difference solutions.

7.1 Rectangular Domains

Recall that Poisson’s problem, with Dirichlet boundary conditions, takes
the form

—Au=f in £, (7.1)
u=g¢g in 0.
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0 u=20 1 =z
FIGURE 7.1. Dirichlet boundary conditions on the unit square.

Here the domain © C R? is assumed to be bounded, connected, and open.
Furthermore, 02 denotes the boundary of €2. The purpose of this section is
to show how we can use separation of variables to solve this problem when
the domain € is a rectangle. In fact, we will only carry out the analysis
when € is the unit square,

but the techniques can be adapted to any rectangle. Furthermore, we shall
only consider the homogeneous problem, i.e. f = 0. Other examples will be
treated in the exercises (see Exercises 7.2 and 7.18). In order to simplify
the analysis below, we shall consider boundary conditions of the form (see
Fig. 7.1)

u(0,y) = u(l,y) = 0, 0<y<1, (7.2)
u(z,0) = 0, 0<z<1, (7.3)
u(z,1) = g(x), 0<z<l (7.4)

We now make the ansatz that the solution has the form
u(z,y) = X(2)Y (y).
Substituting this in the equation Au = 0, we obtain
X" (@)Y (y) + X (2)Y"(y) = 0,
or, by dividing with XY,
_X(x)  Y'(y)

X(x) Yy

Since the left-hand side only depends on x, while the right-hand side de-
pends on y, we conclude as before that both sides have to be equal to a
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constant A, independent of xz and y. For the function X (x) we therefore
obtain the eigenvalue problem

—X"(z) =XX(z), O<z<l, (7.5)

where the boundary conditions are derived from (7.2). The eigenvalue prob-
lem (7.5) is by now familiar to us, and we conclude immediately from
Lemma 2.7 that the eigenvalues are

Mo = (k) k=1,2,...,
with corresponding eigenfunctions given by
Xi(z) = sin(krx), k=1,2,....

In particular this means that A = 32 > 0 for a suitable 8 > 0.
The function Y (y) has to satisfy

Y (y) = AY (y), 0<y<l,

Y (0) = 0. (7.6)

Here the boundary condition at y = 0 is derived from (7.3), while the
nonhomogeneous conditions (7.4) will be incorporated later.

The general solution of (7.6), with A\ = 32, (observe that there is no
minus sign in front of Y in this case) is linear combinations of €Y and
e~PY. Furthermore, from the boundary condition at y = 0 we conclude that
Y has to be a multiple of the function®

Y (y) = sinh(By).
Hence, with 8 = k7, we obtain particular solutions ug(x,y) of the form
ug(z,y) = sin(knrx) sinh(kry) for k=1,2,....

All these solutions will be harmonic and satisfy the boundary conditions
(7.2) and (7.3). Furthermore, the same properties will carry over to linear
combinations; i.e. we obtain formal solutions

u(z,y) = Z ¢k sin(kmz) sinh(kmy), (7.7)
k=1

where ¢, denotes arbitrary real coefficients.

I'We recall that sinh(z) = (e* — e™%)/2.
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Consider now the final boundary condition (7.4). Assume that the func-
tion g(z) admits a Fourier sine series

(o]
g(z) = ng sin(kmz), (7.8)
k=1
where, as before, the Fourier coefficients g are given by

1
gk = 2/ g(z) sin(krzx) dx.
0

By comparing the series (7.7), with y = 1, and the series (7.8), we obtain
from (7.4) that
¢k = gr/sinh(km) for k=1,2,.... (7.9)

The formulas (7.7) and (7.9) give the complete formal solution of the prob-
lem given by the homogeneous equation Au = 0 and the boundary condi-
tions (7.2)—(7.4). More general Dirichlet boundary conditions are consid-
ered in Exercise 7.3 below.

7.2 Polar Coordinates

If the geometry of the domain €2 is naturally described in polar coordinates,
then it is convenient to consider the unknown function u as a function of
the polar coordinates r» and ¢, where

r=rcos¢ and gy = rsing,

or equivalently

r= \/W and ¢ = arctan <%)

Here r > 0 and ¢ € (—m, 7).
The Jacobian matrix of this transformation is given by

(rsoe orion )

Hence we obtain?

. cos @ sin ¢

B ( ~(sin@)/r (cos §)r ) (7.10)

_or dp sin ¢
um—urax—i-u(ﬁax—(cos@ur—( . )u¢,

2It would have been more precise to distinguish the function of r and ¢ from the orig-
inal function u = u(z,y). For example, we could have used U(r, ¢) = u(z,y). However,
as is more or less standard, we use u to denote both functions.
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and, with some effort (see Exercise 7.6),

9 .
Ugpr = % (COS ¢) Uy — Sll’l(bu¢
2 .
S sin ¢ cos
= (COS2 ¢) Uy + Ljqu — QMUM) (711)
r T
-2 .
sin sin ¢ cos
+ ¢Ur + 2#1@5.
T r
A similar calculation gives
2 .
. cos” ¢ sin ¢ cos ¢
gy = (Si0% )y + 5 ugy + 25—y (712)
2 .
08 sin ¢ cos
" cos w — 2 mgi)2 ¢u¢.
r T

By adding the identities (7.11) and (7.12), we therefore obtain that
1 1
AU = Uy + Uyy = Upp + T—Qud)d) + ;uT. (7.13)

EXAMPLE 7.1 Assume we want to find a harmonic function which is ro-
tation invariant, i.e. u is independent of ¢. In polar coordinates u = u(r),
and from (7.13) we obtain that u(r) has to satisfy the ordinary differential
equation

1

Upr + —up = 0.
r
After multiplication by 7 this can be written
(ru,), = 0.

Hence, we obtain that any harmonic function which only depends on r has
to be of the form
u(r) = ¢ In(r) + ca,

where ¢ and cy are arbitrary real coefficients. We recall that we have al-
ready encountered the harmonic function In(r) in Example 6.3 on page 193.
[ |

7.2.1 The Disc

In order to illustrate the application of the representation (7.13) of the
Laplace operator in polar coordinates, we shall consider a problem of the
form

Au=0 in
u=g¢g on 0f,

)

(7.14)
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I

o0

FIGURE 7.2. The Dirichlet problem on a disc.

where 2 is the disc of radius p > 0 with center at the origin, i.e.
Q= {(z,y) | 2 +y* < p?},

(see Fig. 7.2).

Our aim is to show that the problem (7.14) on this domain Q can be
solved by separation of variables with respect to r and ¢.

Let us first observe that it is reasonable to assume that the function ¢
is a 27-periodic function with respect to ¢. We therefore assume that g is
written in a Fourier series of the form

g(¢) = % + Z [ai, cos(ke) + by sin(ke)], (7.15)
k=1
where?
o= [ a@eostho) do and b=~ [ g(e)sin(ko) do.

We now make the ansatz that u(r, ¢) has the form
u(r, ¢) = R(r)®(¢).

Substituting this into the equation u,, + tu, + Sug 4 = 0, we obtain
/! 1 / 1 1"
0=Au=R'®+-R®+ R,
r r

which implies

3See section 8.1.4.
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Since the left-hand side only depends on r and the right-hand side only
depends on ¢, we must have

—3" =\ (7.16)
and
R’ +rR — AR =0, (7.17)

where ) is independent of r and ¢. Since u should be smooth around the
negative z-axis, we must require that ® is 27-periodic with respect to ¢.
We therefore impose the periodic boundary conditions

O(—7) =®(nr) and P'(—7) = P'(7)
to the differential equation (7.16). Hence we obtain the eigenvalues
e = k2, k=0,1,2,...,
with possible eigenfunctions of the form
D () = ¢1 cos(kd) + cosin(ke), k=0,1,....

Here ¢; and ¢y are arbitrary constants. The equation (7.17) is an ordinary
differential equation with respect to r. The equation is linear, but with
variable coefficients. An equations of the form (7.17) is usually said to be
of Euler type. These equations can be solved analytically; see Exercise 7.7.
The solutions are of the form

R(r) =1,

Substituting this ansatz into (7.17), together with the fact that A = k? we
immediately obtain

BB~ 1)r? + prf — k*rP =0,
which implies that
0= +k.

Hence, for k > 1 we obtain the two linearly independent solutions —* and

r*. For k = A = 0, the equation (7.17) has already been studied in Example
7.1 above. There we found that any solution in this case is of the form

R(r) = c1In(r) + cs.

Observe however that if R(r) is of the form r=*, for k > 0, or In(r), then
u(r, ) — oo as r — 0. Since the origin is in the interior of the domain 2,
this is not acceptable. We therefore adopt the boundary condition

lim R(r) is finite
r—0
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Q
/b

FIGURE 7.3. Wedge with angle 7 /b.

for the equation (7.17). Hence, the solutions In(r) and 7=* are rejected,
and we are left with the solutions

Rk(r):rk for k=0,1,2,....

By taking linear combinations of the particular solutions of the form Rj®y,
we obtain

_ g

=3 + Z % (a}, cos(ke) + b, sin(ke)), (7.18)
k=1

where a) and b, are constants to be determined. Comparing this with
the representation (7.15) for g(¢) we derive, from the boundary condition

u(p, #) = g(¢), that

/! -k ;r _ —k
ap = p "a, e =p "bp,

and hence the solution (7.18) is determined.

7.2.2 A Wedge

Another interesting application of polar coordinates arises when the domain
Q is a wedge. Let Q be of the form

Q:{(r,¢)’0<r<p, 0<q§<7r/b},

where b > £ (see Fig. 7.3).
Assume that we want to find a function w which is harmonic in © and
satisfies the boundary conditions

u(r,0) = u(r,7/b) = 0, 0<r<np, (7.19)
and

u(p,9) =g(¢), 0<¢<m/b. (7.20)

Again we are looking for solutions of the form

u(r, ¢) = R(r)®(¢).
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As above, we derive the equations (7.16) and (7.17) for ® and R. Further-
more, equation (7.16) should be associated with the boundary conditions

®(0) = ®(m/b) =0
obtained from (7.19). Hence, we obtain the eigenfunctions
Dp(¢) = sin(kbp) for k=1,2,...
and the associated eigenvalues
e = (bk)? for k=1,2,....
The corresponding solutions of (7.17), satisfying | R (0)| < oo, are given by
Ri(r) = r¥, k=1,2,....

Therefore, by taking linear combinations of the particular solutions, we
obtain solutions of the form

u(r, o) = Z arr’F sin(kbo). (7.21)

k=1

These solutions are harmonic and satisfy the two boundary conditions
(7.19). From the boundary condition (7.20) we derive that the coefficients
ay, should be determined by g such that

9(¢) =D arp*’ sin(kbe).

k=1

7.2.3 A Corner Singularity

There is one special property of the solution (7.21) we should be aware of.
Consider the first particular solution w1 (r, ¢) given by

up(r, ¢) = 1’ sin(bg).
If we differentiate this function with respect to r, we obtain

9u

or

Hence, if b < 1, the first derivative with respect to r is unbounded as
r — 0. For example, if b = 1/3, then % behaves like 7=2/3 as r — 0. The
function 7°, for b = 1/3 and b = 2, is graphed in Fig. 7.4. Observe that
b < 1 corresponds to a wedge with angle greater than 7 (see Fig. 7.5). It
is well known that corners which form angles greater than 7 will generally
create such singularities in the derivatives of the solution, and that special
care should be taken when such problems are solved numerically.

(r,0) = brt—1 sin(bo).
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r

FIGURE 7.4. The function v for b= 1/3 (solid) and b =2 (dashed).

/b

(DA

FIGURE 7.5. Wedge with angle greater than .

7.3 Applications of the Divergence Theorem

In the two first sections of this chapter we used separation of variables to
find formal solutions of Poisson’s problem when the geometry of the do-
main 2 is simple. However, for more complex domains this approach does
not work. The purpose of the present section is to establish that even if
an analytical expression of the solution is not available, Poisson’s problem
in two space dimensions still has qualitative properties which resemble the
one dimensional case studied in Chapter 2. These properties are for exam-
ple useful for the understanding of numerical approximations of Poisson’s
problem. Such approximations will be studied later in this chapter.

Recall that integration by parts is a very useful tool in the study of Pois-
son’s equation in one space dimension. In particular, in Section 2.3 we use
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FIGURE 7.6. The vector n is not defined at the two points where OS2 is nonsmooth.

integration by parts to establish the symmetry and the positive definiteness
of the operator L = —% defined on a suitable space of functions. In two
space dimensions applications of the divergence theorem, well known from
any calculus course, will replace the use of integration by parts.

We will use the divergence theorem with respect to the domain €2. Hence,
in order for the divergence theorem to hold, we need to assume that the
boundary of 2, 02, satisfies some smoothness assumptions. For example,
it will be sufficient to assume that 0% is a piecewise C''-curve. Hence, we
will allow domains with a smooth boundary, for example a disc, and also
domains with piecewise smooth boundaries like a triangle or a rectangle, or
in fact any polygonal domain.* We will not state these requirements on 9
explicitly below. Throughout this section we will simply implicitly assume
that 0 allows the divergence theorem to hold.

Assume first that

F = F(z,y) = [ Fi(z,y) ]

FQ(xay)

is a differentiable vector-valued function defined on €. At each point (z,y) €
09, where 0Q is C', let n = n(z,y) be the unit outer normal vector (see
Fig. 7.6).

Recall that

divF = Fl,z +F2’y = g.Fl + 2
dy

Fs.
ox 2

The divergence theorem now states that

// divF daxdy = / F - n ds, (7.22)
Q 2Q

4A polygonal domain is a domain where the boundary consists of a collection of
straight lines.
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where s denotes the arc length along 9. Now let F(z,y) be a vector-valued
function of the form

F =vVu,

where v and v are scalar functions defined on (). Here Vu denotes the
gradient of u given by
Vu = ( Uz ) .
Uy

divF = vAu+ Vv -Vu

= V(tga + Uyy) + (Votia + VyUy).

Then

Therefore, it follows from (7.22) that

// (vAu + Vv - Vu) dedy :/ v% ds. (7.23)
Q o

Qan

Here % denotes the normal derivative of u on 92 given by

=Vu-n.

on
The formula (7.23) is frequently referred to as Green’s first identity.
The following observation is a simple consequence of (7.23).

Lemma 7.1 If u is harmonic in 0, then

ou
— ds =0.
o0 On

Proof: Apply the identity (7.23) with v = 1. Since Au = 0 and Vv = 0,
we obtain the desired result. |

The identity (7.23) can be written in the form

// Vu-Vvd;vdy:—//vAudxdy+/ U@ ds.
Q2 Q o0 on

Furthermore, by changing the role of v and v we also obtain

//Vu-Vvdmdy:—//uAvdxdy-q-/ u% ds.
Q Q o0 on

Hence, since the two expressions for [ fQ Vu - Vv dz dy must be equal, we

have
ov ou
uAv — vAu) dvd z/ (u—v) ds. 7.24
//sz( ) Y o0 on on ( )
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This formula is usually referred to as Green’s second identity.
Consider Poisson’s equation with homogeneous Dirichlet boundary con-
ditions, i.e.

—Au = in Q
Z = (ch on 8;2. (7.25)
We shall let L denote the negative Laplace operator, i.e.
L=-A.
Furthermore, let

C2(Q) = {ve C2(Q) N C(Q) | ulog = 0.

Hence, roughly speaking, C3 (Q) consists of all functions in C'? (Q) which are
zero on the boundary of 2. With this notation the homogeneous Poisson’s
equation (7.25) can be written as follows: Find u € C3(2) such that

Lu=f, (7.26)

where the right-hand side f € C (Q) For functions v and v defined on €2,
we let (-,-) denote the inner product

(u,v) ://Q u(z,y)v(z,y) dxdy.

Recall that the operator L is a generalization of the operator —% studied
in Section 2.3. The following result generalizes corresponding results for
the one-dimensional operator given in the Lemmas 2.2 and 2.4.

Lemma 7.2 i) The operator L is symmetric in the sense that
(Lu,v) = (u,Lv) forall wu,ve CF(Q).
i) Furthermore, the operator L is positive definite in the sense that
(Lu,u) >0 forall ueCj(Q),
with equality only if u = 0.

Proof:If u,v € CZ(12), then it follows from Green’s second identity (7.24)
that

// (uAv —vAu) dedy =0,
Q

or

(Lu,v) = (v, Lu).
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On the other hand, Green’s first identity (7.23) implies that if u € C3 (Q),
then

7// uAuda:dy:// Vu~Vudzdy://(ui+u§) dx dy
Q Q Q

(Lu,u) = //Q (u? +u) dody > 0.

Furthermore, if (Lu,u) = 0, then u, and u, are zero throughout §2. There-
fore u is constant in €2, and since v = 0 on 912, we conclude that ©v =0. B

or

A consequence of this result is that Poisson’s problem (7.25) has at most
one solution. Hence, we obtain an alternative proof of Theorem 6.8.

Lemma 7.3 Assume that u',u?> € C? (Q) N C(Q) are two solutions of

Poisson’s problem (7.1) with the same data f and g. Then u' = u?.

Proof: Let v = u! —u% Then Lv = 0 in Q and v € C2(9). Since
(Lv,v) = 0, it therefore follows from Lemma 7.2 that v = 0. |

7.4 The Mean Value Property for Harmonic
Functions

The purpose of this section is to derive the mean value property, or Pois-
son’s formula, for harmonic functions defined on a domain in R?. In order
to motivate the mean value property, let us first explain the corresponding
property for functions u of one variable. Obviously, the requirement u” = 0
implies that u is a linear function. Therefore, u is harmonic if and only if
u is of the form

u(x) =c¢1 + cow

for ¢1,co € R. For any « and a > 0, we compute the mean value

%(u(x —a)+u(z+a)) =c1+c (;(x —a)+ ;(x—i—a)) = u(zx).

Hence, u(z) is always equal to the mean value  (u(z — a) + u(z + a)); see
Fig. 7.7. The mean value property for harmonic functions is a generalization
of this identity to higher dimensions.
In this section it will be more convenient to refer to a point in R? as a
vector X = (x1, 23) instead of the coordinates (z,y) as we have used above.
Let x € R? be fixed. For any real a > 0 let

Bu(x) ={y eR? | [x —y| < a}.
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8

xr—a x xr+a

FIGURE 7.7. The mean value property.

FIGURE 7.8. The disc Ba(x)

Here |x| denotes the Euclidean distance given by

x| = /2% + 3.

Hence, the set B,(x) is the disc with center at x and with radius a; see
Fig. 7.8.

Assume now that u is a harmonic function in B,(x), i.e. Au = 0 in Q.
From the discussion in Section 7.2 above, we can conclude that u must
be determined by its values on the boundary of B,(x). This follows since
the solution of problem (7.14) appears to be uniquely determined by the
Dirichlet data g. In fact, there is a simple formula for u at the center
x expressed with respect to the boundary values of u. The mean value
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property for harmonic functions states that

u(x) = —— / uly) ds. (7.27)

[x—y|=a

Hence, the value of the harmonic function u at the center of the disc B, (x)
is equal to the average of u on its circumference. We state this beautiful
relation as a theorem.

Theorem 7.1 If w is harmonic in the disc B,(x), then u satisfies the
identity (7.27).

Proof: In order to establish (7.27), it is sufficient to consider the case
when x = 0 = (0,0), since a translated harmonic function is harmonic; see
Exercise 7.4. Hence, it is sufficient to show that if u is harmonic in B,(0),
then

1

= — 2
u(0) 5o u(x) ds, (7.28)
|x|=a
or by introducing polar coordinates
1 ™
u(0) = 7 /_Tr u(a, )do. (7.29)

For each r € (0, a] define

U(r) = / u(r, ).

=5 .
Hence, the desired formula (7.29) will follow if we can show that

u(0)=U(r) for 0<r<a. (7.30)
Since u is continuous at the origin, we obviously have

lim U(r) = u(0).

r—0
Therefore, (7.30) will follow if U’(r) = 0 for 0 < r < a. In order to see this,
note first that Lemma 7.1 implies that

T ou

. E(rv (b)dd) =0.

Furthermore, Proposition 3.1 on page 107 implies that
1 (™ du

U'(r) = ) E(T’ ¢)d¢p = 0.
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Hence (7.30) follows. |

The mean value property can be used to prove the maximum principle
for harmonic functions, which we have already established in Section 6.4
(see Theorem 6.7 on page 193). In fact, we can prove a stronger form of
the maximum principle. Assume that u is harmonic in 2 and that there is
a point z € ) (i.e. in the interior) such that

u(z) > u(x) forall x € Q.

Then the mean value property implies that u is constant in €. The details
in the derivation of this strong form of the maximum principle from the
mean value property are discussed in Exercise 7.11.

7.5 A Finite Difference Approximation

On a general domain €2 it is not possible to find an analytical expression of
the solution of Poisson’s equation. Therefore, such problems are frequently
replaced by a corresponding discrete problem.

The purpose of this section is to discuss a finite difference approximation
of Poisson’s equation. In fact, the difference scheme we shall study was
already introduced in Section 6.5.

7.5.1 The Five-Point Stencil

For notational simplicity we shall again consider the case where the domain
Q) is the unit square. We first recall some of our notation introduced in
Section 6.5. The domain 2 is given by

Q= (o) [0<zy<1},
while the set of grid points, Qy, is of the form

Here x; = jh, yx, = kh for a suitable spacing h = 1/(n + 1); see Fig. 7.9.
The set of interior grid points is

= {(aj,u) | 1 <5,k <nj,

while 9Q;, = Qj, \ ©, is the set of grid points on 9.
To be consistent with the notation used in Section 2.3, we let Dy, denote
the set of all grid functions defined on €y, i.e.

Dh:{U’UIQh%RL
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FIGURE 7.9. The grid points Q.

while Dy, ¢ is the subset
Dh70 = {’U € Dy, | 'U|3Qh = 0}

Hence a function in Dy, ¢ is specified by its values on the interior grid points
Qp.

We consider a finite difference approximation of Poisson’s equation on €2
with homogeneous Dirichlet boundary conditions, i.e.

Lu=—-Au=f in

31
u=0 on Of. (7.31)

The finite difference operator Ly, approximating the differential operator
L, is of the form (see Fig. 7.10)

1
(Lh’l)) (xj,yk) = ﬁ [4vj,k — ’Uj+17k — Uj—l,k — Uj,k+1 — ”Uj7k_1] (732)

where, as usual, v, = v(z;, yx).

When we approximate a problem with homogeneous boundary conditions
as in (7.31), it is natural to consider (Lv) for functions v € Dy, o (i.e. with
zero boundary conditions). The values (Lyv)(z;,yx) are then defined for
all interior grid points (z;, yx) € Q.

We recall that the finite difference approximation of the problem (7.31)
can be formulated as follows:

Find v € Dy, o such that

(Lnv)(zj,yk) = flzj,yr) forall  (zj,y) € Q. (7.33)

This is a system of n* linear equations in the n* unknowns {v;x}7 ;.
Furthermore, the existence of a unique solution of this problem was already
established in Corollary 6.6 as a consequence of the maximum principle for
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FIGURE 7.10. The computational molecule for the operator Ly,.

discrete harmonic functions. Here we shall establish that the operator Ly

has symmetry and positive definite properties which are discrete analogs

of the properties for the continuous operator L given in Lemma 7.2 above.
Define the discrete inner product (-, ), by

n
(u,v), = h? Z Uj 5V ke
jok=1
for u,v € Dy, 9. Then we have:
Lemma 7.4 i) The operator Ly, is symmetric in the sense that
(Lpu,v)p, = (u, Lpv)y,  for all u,v € Dy, .
i) Furthermore, the operator Ly, is positive definite in the sense that
(Lpv, vy, >0 for all v € Dy,
with equality only if v = 0.

Proof: Using the summation by parts formula (2.31), it is straightforward
to show that (see Exercise 7.12)

(Lnu,v)n = > > [(wjnk — ujx) (V416 — sk

7=0 k=0
+ (uj k1 — i) (Vies1 — Vs k)] (7.34)
= <’U,7 th>h

for u,v € Dy, . This establishes part i).
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Furthermore, (7.34) implies that

n n
(Lnv,v)n =Y > (a1 = vik)” + (Vi1 — v6)°] > 0.
=0 k=0

Also, if (Lpv,v)p, =0, then vj41, = v;; and vj g1 = v, for 0 < j, k < n.
Since vg ; = 0 and v;¢ = 0, we conclude that v = 0. [ |

As in the continuous case, the positive definite property of the operator
Lj, immediately implies that the discrete system has at most one solution.
Hence, we obtain an alternative proof of Corollary 6.6. You are asked to
complete this proof in Exercise 7.13.

7.5.2  An Error Estimate

Finally, in this section we shall establish an error estimate for the finite
difference scheme (7.33). More precisely, we shall give a bound for the
error between the solution u of the continuous Poisson problem (7.31) and
the solution v of the discrete Poisson problem (7.33). In order to motivate
this result, we will first consider a numerical example.

EXAMPLE 7.2 Let us consider Poisson’s problem (7.31) with Q = (0,1) x
(0,1) and

fl@y) = [Bz+2)y(1 —y) + By + y*)a(l — z)]e" V.

The function f is chosen such that the solution w of (7.31) is known. It is
straightforward to check that u is given by

u(z,y) = z(1 — z)y(1 —y)e" .

In the same way as we did in Example 2.5 on page 48, we compare u and
the corresponding solution v of (7.33). For different values of h we compute
the error

Ep = max |u(z,y) —v(z,y)|.
(z,y)€Q

Furthermore, these values are used to estimate the rate of convergence; see
Project 1.1. The results are given in Table 7.1.

From the table we observe that the error seems to satisfy a bound of the
form

Ej, = O(h?).

This will in fact be established theoretically in Theorem 7.2 below. ]
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n h By Rate of convergence
5 | 1/6 | 0.00244618

10 | 1/11 | 0.00076068 1.926

20 | 1/21 | 0.00021080 1.9846

40 | 1/41 | 0.00005533 1.9992

80 | 1/81 | 0.00001418 1.9996

TABLE 7.1. Mazimum error and estimated rate of convergence

For the discussion in this section we will assume that the solution u of
Poisson’s problem (7.31) is four-times differentiable, i.e. u € C*({2). Let a
be the finite constant given by
Ity

ST (7.35)

o =

max :
0<j+k<4 -

where, as usual, [[ul. = sup(, ,yeq [u(z,y)|. Hence, o bounds all partial

derivatives of u of total order less than or equal to 4. In correspondence
with the notation used in Chapter 2, we also let

V|[h,0o = max |v(z,y
ol = masx fo(a.)

s

for any grid function v. As in Section 2.3, we introduce the truncation error

(@, ye) = (Lnu — f) (x5, yr)

for all (x;,yx) € Q. The following result is a generalization of Lemma 2.6
on page 64.

Lemma 7.5 Assume that u € C*(Q). The truncation error T, satisfies

ah?
175,00 < o

where « is given by (7.35).

Proof: This can be proved exactly the same way as we proved Lemma
2.6 and follows essentially from the error bound (2.12) on page 46. You are
asked to carry this out in Exercise 7.14. [ |

The following error estimate for the finite difference method (7.33) is a
generalization of Theorem 2.2 on page 65.

Theorem 7.2 Letu and v be corresponding solutions of (7.31) and (7.33),
respectively. If u € C* (Q), then

ah?
lu = vhco < TR

where « is given by (7.35).
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Proof: The proof follows the same pattern as the proof of Theorem 2.2
on page 65. Define the error function e € D, o by

e(wj,ye) = (u—v) (@, m)
for all (z;,yx) € Qp. Then
Lie=Lp(u—v)=f+17—f=1
for all (z,y) € Q. From the stability property for the operator L, estab-
lished in Proposition 6.1 on page 200, it therefore follows that

1
llelln,c0 < §|\Th||h,oo~

The proof is completed by applying the bound for 75 presented in Lemma
7.5 above. |

7.6 Gaussian Elimination for General Systems

In Chapter 2.2 we studied Gaussian elimination for tridiagonal systems.
However, the system (7.33) will not be tridiagonal. In order to solve such
systems on a computer, we therefore need a more general algorithm than
Algorithm 2.1 on page 53. You have probably already encountered Gaussian
elimination in a linear algebra course. We will give a brief reminder of the
algorithm here, focusing particularly on computational issues.

7.6.1  Upper Triangular Systems

Consider an n X n system of linear equations of the form
Av = b, (7.36)

where the matrix A is of the form

ai1 1.2 e a1.n
as 1 2.2 . az.n

A= , o , . (7.37)
an,1  QAp.2 N An . n

Alternatively, this system can be written in component form, i.e.
ariv1r + a1V + o+ aptn = by
a21v1 + Q22V2 + -+ 4+ ao vy, = ba

. (7.38)

an,1V1 + An 202 + -+ Unp nUn = bn



7.6 Gaussian Elimination for General Systems 231

We recall that this system is referred to as a tridiagonal system if a; ; = 0
for |i — j| > 1. We refer to the system as a general system, or a full system,
if all the elements are allowed to be nonzero.

In order to derive an algorithm for a general system, let us start with
a special example. The system (7.38) is called upper triangular if a; ; = 0
for ¢ > j, i.e. all elements below the diagonal are zero. Hence, an upper
triangular system is of the form

a1,1v1 + a1V + + aiavp, = by
a22vV2  + + agnv, = b
(7.39)
An—1,n—1Vn—1 + Un—1,nUn = bnfl
QnpUn = by

Furthermore, this system is nonsingular if and only if a;; # 0 for ¢ =
1,2,...,n; see Exercise 7.22.

A nonsingular upper triangular system can easily be solved by so-called
back substitution, given in Algorithm 7.1 below. We simply compute v,
from the last equation in (7.39), then v,,_; from the previous equation and
SO on.

Algorithm 7.1

for i=nn—-1,...,1
’Ui:bi
for j=i4+1,i4+2,...,n
V; = Uy — Q4,55
vi:vi/ai7i.

7.6.2  General Systems

The main strategy in Gaussian elimination is to transform the general
system (7.38) into upper triangular form, and then use the algorithm above
on this transformed system.

A system Av = b is said to be upper k-triangular if a; ; = 0 for i > j and
j < k, i.e. all the elements below the diagonal in the first (k — 1) columns
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are zero. Hence, an upper k-triangular system is of the form

aiv1 + aipve + +  aiav, = b
ap vy + -+ appv, = b
k41,50 + -+ Qry1nUn = brpta
An, kVE + e + Gn,nUn - bn
(7.40)

If ai 1, # 0, we can transform this system to an equivalent system, i.e. with
the same solutions, which is upper (k4 1)-triangular. We just keep the first
k equations, while for 7 > k we replace equation i by

(equation i) — m; (equation k),

where the multiplier is given by m; , = a; r/ak k. The new coefficients ag’j
and b} are given by

/ !
am = Qi — My kA5 and bz = bZ - mi,kbk (741)

for ¢ > k. In particular, aé,k = 0 for ¢ > k and hence the new system is
upper (k + 1)-triangular.

Observe that the original system (7.38) is upper 1-triangular, while an
upper n-triangular system is upper triangular, i.e. of the form (7.39). Hence,
if we perform the transformation above (n — 1) times, we obtain a sequence
of equivalent systems

AWy = s 4@y Z @AMy )

where the first system is the original one and the final system is upper
triangular. Thus the final system can be solved by Algorithm 7.1.

Let a( J) denote the elements of the matrix A®*). The formulas (7.41) lead
to the followmg recurrence relations for those elements:

mi g = a(-k)/agfl)c

(,kjﬂ) _ (,kj) . mz,kaék]) (7.42)
plk+D) _ k) mi kb,(ck)

for 4,7 > k. These algebraic formulas are the basic identities defining the
Gaussian elimination algorithm.
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Algorithm 7.2

fork=1,2,....,n—1
fori=k+1,k+2,...,n
Mik = Qi k/ark
forj=k+1,k+2,...,n
Qjj = Qi j — My KAk,

This algorithm carries out part of the transformation (7.42) by storing all
the elements az(? in the original matrix A. In order to save storage we can
also use the positions a; j, to store the multipliers m; ;. These multipliers
are needed in order to perform the transformation (7.42) on the right-hand
side b. This part of the transformation (7.42) is usually carried out by a
separate algorithm referred to as forward substitution. The reason for this is
that in many practical applications one needs to solve many systems with
the same coefficient matrix A, but with different right-hand sides b. By
separating the calculations for A and b, Algorithm 7.2 is then only needed
once. As we can see below, the algorithm for forward substitution is similar

to Algorithm 7.1 for backward substitution.

Algorithm 7.3

fork=1,2,...,n—1
fori=k+1,k+2,...,n
b; = b — my 1y,

Here we assume that the multipliers m; ; are obtained from Algorithm 7.2.
When the complete triangular system is computed by the Algorithms 7.2
and 7.3, we finally apply the back substitution algorithm, Algorithm 7.1,
to find the solution v.

The Gaussian elimination process will succeed in reducing the general
system (7.38) to upper triangular form as long as all the elements aék,)c #0
(see (7.42)). Below we shall show that if the original matrix A is symmetric
and positive definite, then this will in fact be the case.

If the number of unknowns n in a linear system is very large, then the
Gaussian elimination process above will be impractical, due to either the
required computer time or lack of sufficient storage. The amount of com-
puter time is roughly proportional to the number of arithmetic operations
which are required, i.e. the sum of multiplications, divisions, additions, and
subtractions. By this measure, the cost of carrying out Algorithm 7.2 is ap-
proximately 2n3/3 (see Exercise 7.24). Hence, if we need to solve a system
with 10° unknowns on a computer which can perform % - 109 operations
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per second,” the computing time will be approximately 2 - 10° seconds, or
about 63 years.

7.6.3 Banded Systems

For many linear systems occuring in practice, one can obtain more effective
algorithms by exploiting structures of the system. A simple property which
can be utilized in Gaussian elimination is a so-called banded structure. An
n X n system is called banded, with bandwidth d, if

a;; =0 if |Z—]| >d.

Hence, the coefficient matrix A of a banded system has the form

a/171 DR a/l)d+1 O DR DY P 0
ad+1,1
0
A =
0
An—d,n
0 o 0 appa Un.n

You can convince yourself (see (7.42)) that when Gaussian elimination is

applied to a banded system, then all the elements a( J) and m; ; are zero for

|i — 4] > d. Hence, the computation can be restrlcted to the data structure
required to represent the nonzero elements of the original coefficient matrix.
Therefore, we obtain the following banded version of Algorithm 7.2.

Algorithm 7.4: Banded matrix
fork=1,2,...,n—1
fori=k+1,k+2,...,min(k+d,n)
Mik = Qik/0k,k
for j=k+1,k+2,...,min(k+d,n)

Qi = Qij — M kAk,j

The number of multiplications required by this algorithm is approximately
2nd?; see Exercise 7.24. In order to compare the algorithm for a full matrix
with the banded version above, we consider an example.

5This is, approximately, the performance of the R8000 processor from Silicon Graph-
ics. The CPU time indicated here does not reflect the memory limitations for such a
large, full system.
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EXAMPLE 7.3 Consider the system (7.33), i.e. the discrete Poisson’s equa-~
tion. We let h = 1/(n+1) be the spacing, such that the number of unknowns
is given by n = (ﬁ)2 This system can be written as a linear system in the

form Aw = b, where the vector w € R" is related to the unknowns {v;}
by

Ujk = Wet(j—1)n-

This corresponds to storing the unknowns {v;} row by row in the vector
w. By multiplying each equation in (7.34) by h?, we obtain the linear system
Aw = b, with a banded coefficient matrix given by

4 B -1
Br 4 o
Ba
A -1
-1
- 4 57171
-1 57171 4

Here we have only indicated the nonzero elements, and the solid lines
indicate the boundary of the band. The coefficients (3; are given by

g = 0 if % = integer,
77 1=1 otherwise.

The symmetric matrix A is a banded n x n matrix with bandwidth® n =
V/n. If this system is solved as a full system, the number of operations in
Algorithm 7.2 is approximately %n?’. However, if we use the banded version
of the algorithm, this is reduced to 2n?. Thus, in the case of n = 105 (or i =
10%), with the computer considered above, the computing time is reduced
from about 63 years to about 1 hour and 40 minutes.

SNote that the matrix A has only five nonzero diagonals, while the band contains
27 + 1 diagonals. However, only the elements outside the band will remain zero during
the Gaussian elimination process. Therefore, we need to update all the elements inside
the band.
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Assume that we solve the system above with Algorithm 7.4 for a fixed
h > 0, and that the computing time is approximately 1 second. If we
instead use the spacing h/4, then the number of unknowns n = n? is
roughly multiplied by 16, and hence the estimated CPU time is increased
with a factor of 256. This predicts that the CPU time for h/4 is more than
4 minutes. If the spacing is further decreased to h/8, the CPU time will be

more than an hour. |

7.60.4 Positive Definite Systems

We shall show that if the coefficient matrix A of the original system (7.38)
is symmetric and positive definite, then all the elements a,(f,)c, defined by
(7.42), are nonzero. Hence, the elimination process will not break down and
the solution v can be computed.

We recall here that a symmetric n x n matrix A is positive definite if

vIAv >0 forall veR",

with equality only if v = 0. The proof of the proposition below is a gener-
alization of the proof of Proposition 2.4 on page 56.

Proposition 7.1 If A is symmetric and positive definite, then the ele-

ments a,(f]l, defined by (7.42), are strictly positive for k =1,2,...,n.

Proof: Assume that aﬂ, afi AU agﬁ:ﬁiil > 0, but that a,(f,)c < 0. We shall
show that this assumption leads to a contradiction. For any vector b € R™
the linear system Av = b is transformed by (7.42) to an equivalent upper
k-triangular system A%y = b*) or (see (7.40))

S R P
al(ck—)l,k—lvk*1 + agck—)m”k +ot a’l(ck—)l,nvn = bgck—)1

a,(f,)cvk + -+ aglevn = b,(ck)

ag“,)gvk + -+ aglevn = b,

It follows from (7.42) (see Exercise 7.25) that the vectors b and b*) are
related by

min (i—1,k—1)

Jj=1
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The proof will be completed by constructing a nonzero vector v € R™ such
that

vl Av < 0,

which will contradict the assumption that A is positive definite. Choose
k) _ ()

vy = 1 and vg41 = -+ = v, = 0. Furthermore, since a;; = aj; > 0
for j < k, it follows that we can find unique values vg_1,...,v; such that
bgk) = bgk) =... = bék_)l = 0. Hence, from (7.43) we obtain that b = Av
satisfies
by=by=--=b_1=0 and b =0b" =af).

The vector v is nonzero, since v = 1 and

n

vl Av = Z'Uibi = b, = agf,)c <0.

i=1

This is the desired contradiction, and consequently we conclude that
a,(f,)c >0 for k=1,2,...,n.
|

We end this section with a warning. Although Gaussian elimination,
in theory, can be used to solve linear systems arising from discretizations
of partial differential equations, they are not commonly applied to large
systems of practical interest. They are simply too slow. There are much
faster iterative methods available for these problems, which also require
less storage. An introduction to such methods can be found in Hackbusch
[13].

7.7 Exercises

EXERCISE 7.1 Let © be the unit square. Find a function u(x,y) which
is harmonic in 2 and satisfies the boundary conditions (7.2)—(7.4) with
g(z) = x(1 — x) (see Exercise 3.1).

EXERCISE 7.2 Let 2 be the unit square. Consider the problem
—Au=0 in
together with the boundary conditions (7.2)—(7.3) and
uy(z,1) = g(z), 0<z<1L

Explain how this problem can be solved by separation of variables.
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EXERCISE 7.3 Consider the Laplace equation
Au=0

with inhomogeneous boundary conditions

uw(0,y) =q1y), 0<y<l,
u(l,y) =g2(y), 0<y<1,
u(x,0) = gs(x), 0<z<1,
u(z, 1) = ga(x), 0<z<l1.

Explain how we can obtain a formal solution of this problem from formal
solutions of simpler problems with boundary conditions similar to (7.2)—
(7.4), i.e. with an inhomogeneous boundary condition at only one edge.

EXERCISE 7.4 (Invariance under rigid motions.)

(a) (Translation) Let
¥ =x+a, Y =y+b

for fixed real numbers a and b and let u and v be functions such that
v(z’,y") = u(x,y). Explain why Au = Aw, i.e.

(u.L.L + uyy) (xa y) = (U;c’;c’ + Uy'y’) (xlv y/)-
(b) (Rotation) Let
2’ = xcos(p) + ysin(¢),
y' = —wxsin(p) + y cos(¢).

Explain why this corresponds to a rotation of the coordinate system,
and show that if v(z’,y") = u(x,y), then Av = Aw.

EXERCISE 7.5 Let Q be the rectangle
Q:{(x,y) | 0<z<lL, 0<y<M},

where L and M are positive constants. Assume that u is harmonic in
and let

v(z,y) = u(zL,yM)

for (z,y) in the unit square. Show that v satisfies the equation

2
Vex + vay =0.
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EXERCISE 7.6 Give a detailed derivation of the identities (7.10), (7.11),
and (7.12).

EXERCISE 7.7 Consider the Euler equation (7.17), i.e.
r?R"(r) +rR(r) — kK*R(r) = 0, (7.44)

where 7 > 0.
Define a new function v(z) = R(e?) for z € R.

(a) Show that

(b) Find the general solution of equation (7.44).

EXERCISE 7.8 Let Q be a wedge with angle w/b and radius p > 0, i.e.
Q={(r¢)|0<r<p 0<¢<m/b}.

(a) Explain how we can use separation of variables to find a harmonic
function wu(r, ¢) which satisfies boundary conditions of the form

ug(r,0) = ug(r,m/b) =0
and

u(p; d) = 9(9)-

(b) Does this type of boundary condition imply a singularity in the so-
lution of the form discussed for the Dirichlet condition in Section
7.2.37

EXERCISE 7.9 Consider a Poisson problem with Neumann boundary con-
ditions of the form

—Au=f in € (7.45)
g—z =g on 0N

(a) Show that a necessary condition for this problem to have a solution

is that
// fdxdy = —/ g ds. (7.46)
Q a0
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(b) Counsider the problem (7.45) for two given functions f and g satisfying
(7.46). Show that there is at most one solution of this problem such

that
// u drdy = 0.
Q

Why do we need this extra condition 7

EXERCISE 7.10 Consider a Poisson problem with Robin boundary condi-
tions of the form

—Au=f in

%+o¢u:g on S,
On

where a > 0 is a constant.
Show that this problem has at most one solution.

EXERCISE 7.11 The strong maximum principle states that if a harmonic
function u reaches its maximum in the interior of the domain 2, then w is
necessarily constant on ).

Explain how this property follows from the mean value property for
harmonic functions. Does this argument put restrictions on the domain ?

EXERCISE 7.12 Use the identity (2.31) on page 60 to establish the identity
(7.34).

EXERCISE 7.13 Let € be the unit square. Use the result of Lemma 7.4 to
show that a discrete Poisson problem

(th)(xay) = f(xay)v (x,y) € Qha
v(x,y) - g(xvy)a (m,y) € 0,
has a unique solution.
EXERCISE 7.14 Use the bound (2.12) on page 46 to prove Lemma 7.5.

EXERCISE 7.15 Assume that € is the unit square. State and prove a strong
maximum principle for discrete harmonic functions (see Problem 7.11).

EXERCISE 7.16 Consider the Poisson problem
—Au =2z(1 —2) 4+ 2y(l —y) (7.47)

with v = 0 on 0f2.
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(a) Show that the exact solution is given by
u=z(l—z)y(l —y).
(b) Use the numerical approximation (7.32) to establish a linear system
Aw=b (7.48)
of the form considered in Example 7.3.

(¢) Implement Algorithm 7.4 for the linear system (7.48).

(d) Use the program developed in (c) to analyze the sharpness of the
estimate given in Theorem 7.2 for the problem (7.47).

EXERCISE 7.17 Assume that  is the unit square and consider and eigen-
value problem of the form

—Au=MXu in €,

7.49
u=0 on 09, ( )

where the eigenfunction u # 0.
(a) Use Green’s first identity to show that A > 0.

(b) Assume that for each x € (0, 1), u(z,-) can be written in a sine series
with respect to y of the form

u(z,y) = Z ag(x) sin(kmy).
k=1

Explain that this leads to eigenfunctions of the form
u(z,y) = sin(jrz) sin(kny) for j k=1,2,...
and eigenvalues

>‘j = (j’/T)2 + (kﬂ')z.

EXERCISE 7.18 Let Q) be the unit square and consider an inhomogeneous
Poisson problem of the form

—Au=f in Q,
u=0 on 0N
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Assume that the right-hand side f has a representation of the form
oo
flzyy) = Z a;  sin(jra) sin(kmry),
Jik=1

where {a; 1} are suitable constants. Find a formal solution u(z,y) of the
form

u(z,y) = Z bj i sin(jmz) sin(kmy).
k=1

EXERCISE 7.19 Consider the heat equation in two space variables x and
y. Hence, for a given domain Q C R? we consider

u = Au in Q,t>0,
u(z,y,t) =0 for (z,y) € 09, (7.50)
u(z,y,0) = fz,y) for (z,y) €

(a) Use energy arguments to show that any solution of this problem sat-

isfies
//ng(x,y) dx dy < //QfQ(x,y) dz dy.

(Hint: In the same way as in Section 3.7, consider % [ [ u?(z,y, t)dzdy.
In addition, Green’s first identity (7.23) will probably be useful.)

(b) Explain why the initial and boundary value problem (7.50) has at
most one solution.

(¢) Assume that Q is the unit square. Try to use the results of Exercise
7.17 above to construct a formal solution of (7.50).

EXERCISE 7.20 Assume that 2 is the unit square. Consider the following
eigenvalue problem:
Find v € Dy, o such that

Lyv = .

Find all eigenvalues and eigenvectors. (Hint: The problem has at most n?
eigenvalues. Try to consider eigenfunctions v of the form sin(jnz) sin(kny).)
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EXERCISE 7.21 Let u € C?(B,(0)) N C(B4(0)) be a solution of the prob-
lem

—Au =0 in B,(0),
u = g on 0B,(0),

for a > 0. Here g is a continuous function on 9B, (0). The purpose of this
exercise is to derive Poisson’s formula for this solution; the formula states
that

u(x) = CLQ""'Z)/(? &) (7.51)

2ma B.(0) Ix —y|?

Observe that this formula reduces to the mean value property (7.27) when
x = 0.
Define

o= X 9)
u( )77/6 2 d

2ma Ba(o) X—¥>

(a) Assume we can show that v is harmonic in B, (0) and that v 05.(0) =g
Ba(0

Explain why this implies that (7.51) holds.
(b) Show by direct computations that the function
a® — |x?
x —y[?
is harmonic in B,(0) as a function of x if |y| = a.

(¢) Use Proposition 3.1 on page 107 to show that v is harmonic in B, (0).

Let

a? — |x|? ds
2ma 9B, (0) Ix -yl

Hence w corresponds to the function v with g = 1.
(d) Show that w is rotation invariant, i.e. w = w(|x|) = w(r).

(e) Use the fact that w is harmonic and rotation invariant to show that
w=1.

(f) Let z € 0B,(0). Use the fact that g(z) = w(x)g(z) to show that

lim v(x) = g(z).

X—2Z
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EXERCISE 7.22 Show that an upper triangular matrix of the form (7.39) is
nonsingular if and only if the diagonal elements a; ; # 0 for i =1,2,...,n.

EXERCISE 7.23 Give an example of a nonsingular linear system which has
the property that Gaussian elimination will fail, i.e Algortithm 7.2 will
break down.

EXERCISE 7.24
(a) Consider the Algorithm 7.2. Show that the required number of oper-
ations is approximately 2n3/3 + O(n?).
Hint: You can use the identities

1

3
|

n—1
e 2 Lom— _
k= 2n(n 1) and ; k= Gn(n 1)(2n —1).

~
Il

1

(b) Consider the Algorithm 7.4 for a banded matrix. Show that the num-
ber of operations is approximately 2nd?.

EXERCISE 7.25 Consider the recurrence relations (7.42) and assume that
al) #0fori=1,2,....k— 1.

(a) Show the identity (7.43).
(b) Show a similar relation for the ¢** columns of A and A%, i.e.

min (i—1,k—1)

_ (k)
Ajq = ;4 + E M ja; k-
j=1

(c) Assume that agcl)c # 0 for k=1,2,...,n — 1. Show that A = LU,
where L is a nénsingular lower triangular matrix and U is upper
triangular. (This factorization is frequently referred to as an LU-
factorization of A).
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Orthogonality and General Fourier
Series

In the previous chapters Fourier series have been the main tool for obtain-
ing formal solutions of partial differential equations. The purpose of the
present chapter and the two following chapters is to give a more thorough
analysis of Fourier series and formal solutions. The Fourier series we have
encountered in earlier chapters can be thought of as examples of a more
general class of orthogonal series, and many properties of Fourier series
can be derived in this general context. In the present chapter we will study
Fourier series from this point of view. The next chapter is devoted to con-
vergence properties of Fourier series, while we return to partial differential
equations in Chapter 10. There the goal is to show that the formal solutions
are in fact rigorous solutions in a strict mathematical sense.

Let us first recall some of our earlier experiences with Fourier series.
For example, in Sections 3.3-3.4 we expanded the initial function f of the
initial and boundary value problem (3.1)—(3.3) for the heat equation in a
Fourier sine-series of the form (cf. (3.25))

fz) =" cpsin (krx) (8.1)
k=1
to obtain the formal solution

o0
u(z,t) = Z cpe” %t gin (kmx).
k=1
A similar procedure was carried out in Section 3.6, where the corresponding
Neumann problem was solved by expanding the initial function f in a
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Fourier cosine series of the form

+ Z ¢ cos(kma), (8.2)
k=1

‘o
2
while in Exercise 3.15 we used a full Fourier series of the form

oo
flx) = % + Z(ak cos (krz) + by, sin (knz)) (8.3)
k=1
to solve a corresponding problem with periodic boundary conditions.

In all the three examples mentioned above, a key property is that we
are expanding the function f as a linear combination of orthogonal basis
functions. For example, in (8.1) the set of basis functions, {sin (kmv)};ozl,
is an orthogonal set in the sense that

1
. . ] 0 k #m,
/0 sin (kmx) sin (mmx)dx = { 12 k=m,

(cf. Lemma 2.8). This immediately leads to the formula

cL = 2/1 f(x) sin (krx)dx
0

for the coefficients. Similar formulas hold for the coefficients in (8.2) and
(8.3).

Below we shall see that the Fourier sine series (8.1) and the Fourier cosine
series (8.2) are in fact special cases of the full Fourier series (8.3).

8.1 The Full Fourier Series

Let f be a function defined on [—1, 1]. The full Fourier series of f is given
by

NE

flz) =1

50 +Y " (ay cos (krz) + by sin (knz)) (8.4)

el
Il

1
where

ap = fil f(z) cos (krx)dx, k=0,1,...,

b, = fi1 f(z)sin (krx)de, k=1,2,.... (8.5)

We will assume that f is a piecewise continuous function on [—1,1].

Definition 8.1 A function f is called piecewise continuous on an interval
[a,b] if it is continuous in all but a finite number of interior points {x;},
where limg~ o, f(2) and limy ~,, f(x) both exist' (see Fig. 8.1) |
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Y

FIGURE 8.1. A piecewise continuous function.

Since f is assumed to be piecewise continuous on [—1, 1], the coefficients
ay, and by, given by (8.5) are well defined. However, at this point we would
like to be more careful with the equality sign used in (8.4). Since we have
an infinite sum on the right-hand side, this equality sign indicates that the
partial sums

] =

Sn(f)(x) =2

?0 + ) (agcos (kmx) + by sin (k7))

b
Il

1

converge to f(z) as N — oco. However, so far we have not discussed this
convergence. All we have argued is that if f can be represented in the
form (8.4), then the coefficients must be given by (8.5). The question of
convergence of Fourier series will be discussed in detail in the next chapter.
With the purpose of being more precise, we shall therefore write

~ 50 + ; a, cos (kmx) + by sin (kmx)) (8.6)

instead of (8.4). Here the symbol ~ should be read as “has the Fourier
series.”

1 . _ . . I
Here llmx\xj = hmzﬁzj,z>zj and hmx/xj = hmzﬂzj,z<zj.
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FIGURE 8.2. Periodic extension of a function.

Definition 8.2 Let f be piecewise continuous® on [—1,1] and let the coef-
ficients ay, and by, be given by (8.5). The infinite series

% + kz:l ay, cos (kmx) + by sin (kwx))

is referred to as the full Fourier series of f. The notation in (8.6) will be
used to indicate the relation between f and its Fourier series. |

Let us observe that since the trigonometric functions sine and cosine are
defined on all of R, the partial sum Sy (f) can naturally be considered to
be functions on all of R. Furthermore, since the trigonometric functions
are 27-periodic, the functions Sy (f) are 2-periodic. Here, we recall that a
function defined on R is called p-periodic, with period p, if

g(x +p) = g(z). (8.7)

On the other hand, if g is defined on an interval of length p then it can be

uniquely extended to a p-periodic function defined on all of R (see Fig. 8.2)
by enforcing (8.7). This function is called the p-periodic extension of g.

Let us return to the situation for Fourier series. If Sy (f) converges to f

n [—1,1], it will in fact converge to the 2-periodic extension of f on all of

R. Therefore the full Fourier series can either be considered as an expansion

2Throughout this book we will discuss Fourier series for piecewise continuous func-
tions. Fourier series for less regular functions will not be considered.
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of a function defined on [—1, 1] or as an expansion of a 2-periodic function
defined on all of R.

8.1.1 FEven and Odd Functions

Before we consider an example of a full Fourier series, let us recall that a
function f is called an even function if f(—z) = f(x). Similarly, f is called
an odd function if f(—z) = —f(x). Typical examples of even functions are
22 and cos(z), while 23 and sin(x) are odd. Furthermore, the product of
two even or odd functions is even, while the product of an even and an odd
function is odd. Finally, if f is odd, then

/ 11 f(@)da =
/_11 F(@)dz = 2/01 f(z)dz

You are asked to discuss these properties of even and odd functions in
Exercise 8.2.

and if f is even, then

EXAMPLE 8.1 Let f(x) = x for z € [—1, 1]. In order to find the full Fourier
series of f, we have to compute the coefficients ag, by. Since f is an odd
function and cos (krz) is an even function, we conclude that aj = 0 for
k=0,1,2,... .

Furthermore, integration by parts implies that for k£ > 1,

1
by, :/ xsin (krz)dz

—1

1 1 1 [t
= k — kmz)d
P [z cos (kmx)]” | + - /_1 cos (knz)dx

_i (cos (km) + cos (—km))
2 1
= (=DM

Hence, we have
o l )i+
Z = sin (krx).
k=1

The 2-periodic extension of z is plotted on Fig. 8.3. Hence, if the Fourier
series converges to x on [—1,1], it converges to this extension on all of R.
|
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FIGURE 8.3. Periodic extension of f(z) = x.

In the example above we found that the full Fourier series of the function
f(z) = x is the same as the Fourier sine series of this function (cf. Example
3.4 on page 97). In fact, this will be the case for any odd function.

Lemma 8.1 If f is an odd function defined on [—1,1], then
f(z) ~ Z by sin (kmx),
k=1
where
1
b = 2/ f(z)sin (kra)dx.
0
Proof: Since f(x) is odd and cos (kmx) is even, f(z)-cos (krz) is odd and
1
ay = / f(z) cos (krx)dx = 0.
~1
Furthermore, since f(z) - sin (kmx) is even, we have
1 1
by = / f(z)sin (krx)dx = 2/ f(z)sin (krx)de. [ |
~1 0

We observe that the coeflicients by, given above coincide with the coef-
ficients in the Fourier sine series. (see (3.29)). Hence, we have established
that full Fourier series of an odd function is the same as its Fourier sine
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FIGURE 8.4. Odd extension of a function.

series. On the other hand, if f is a function defined on [0, 1], then f can be
extended to an odd function on [—1, 1] by letting

f(=x) = —f(2);
see Fig. 8.4.

Furthermore, the full Fourier series of the odd extension is exactly the
sine series of f.

Similar observations can be made for even functions. The full Fourier
series of an even function is exactly the cosine series of f. Furthermore, the
cosine series of any function f defined on [0, 1] is the full Fourier of its even
extension defined by

see Fig. 8.5.

ExaMPLE 8.2 Consider the function f(z) = 1. Note that this function
already has the form of a full Fourier series. By directly computing the
coefficients ay, and by in (8.5), we easily conclude that

1~1;

i.e. the full Fourier series has only one term. Since f is an even function,
the full Fourier series is also the cosine series of f. However, in Example 3.3
on page 96 we also computed the sine series of this function. Hence, since
sign(z) is the odd extension of f, it follows that
_ 4o~ 1
sign(x) ~ 2o

sin ((2k — 1)mzx) .
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A

FIGURE 8.5. Even extension of a function.
Here

-1 for z<0,
sign(z) = 0 for x=0,

1 for x>0.
This Fourier series will potentially converge to the 2-periodic extension

of sign(x) plotted in Fig. 8.6.

[ |
ExAMPLE 8.3 In Example 3.6 on page 102 we found that the function
f(z) = 2 had the cosine series

1 o4& 1\’
2_7r22<2k—1> cos ((2k — 1)mx).
k=1

Since the even extension of f is |x|, we have

o~ S (Y s (2= 1)
i 2 71_2 2 2]{}—1 COS ™).

8.1.2 Differentiation of Fourier Series

One of the important applications of Fourier series is solving differential
equations. In such applications we typically like to express the coefficients
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FIGURE 8.6. Periodic extension of sign(x).

of the Fourier series of f'(x) by the coefficients of the Fourier series of f(x).
Let us assume that f’(x) is piecewise continuous and that

F(@) ~ % + 3 (ay cos (krx) + By sin (krz)) . (8.8)
k=1
Similarly
~ ?0 + kz_l a, cos (kmx) + by sin (kmx)) . (8.9)

Hence, from the definition of the full Fourier series we have

ap = /1 f'(x) cos (krx)dz, Br = /1 [/ (z) sin (knz)dx,
—1 —1

and ay, by are given by (8.5).

Assume that we have ordinary equality (instead of ~) in (8.9) and that
we can differentiate the series term by term. Then we obtain from (8.9)
that

Z —kmay sin (kmz) + kwby, cos (kmz)) ,
k=1

or
Qp = kﬂ'bk and Bk = 7]€7T(lk. (810)

However, in general these identities are not true. Assume for example that
f(z) = z. From Example 8.1 we have

Z k'i DL sin (kna).
k=1
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Therefore, if (8.10) were true, it would follow that

1~2 Z 1) cos (k).

However, this is not true since 1 ~ 1.
On the other hand, recall that in Example 8.3 we derived

o~ S (Y s (2= 1))
i 2 7{'2 2 2]{;71 COS ™).

Furthermore (lz|) = sign(z) for = # 0, and from Example 8.2 we have

’dr

=~

sm ((2k — )7z)

o0
sign(x — Z
k=1

:1

which is exactly in agreement with formula (8.10).
The following result gives a criteria for when the Fourier coefficients of f’
can be determined from term-by-term differentiation of the Fourier series

of f.

Theorem 8.1 Assume that f is continuous on [—1,1], [ is piecewise con-
tinuous,® and f(—1) = f(1). If the Fourier series of f' and f are given by
(8.8) and (8.9), then oy =0 and

k= kmby and B = —kway
fork=1,2,....

We observe that the condition f(1) = f(—1) is satisfied for the function
f(x) = |z|, but not for f(x) = . Therefore, this theorem is consistent with

what we observed above for these two examples.
Proof of Theorem 8.1: Since f(—1) = f(1), we have

a0 = / e = £(1) = f(-1) =0

3Here the phrase “f’ piecewise continuous” means that f is differentiable everywhere,
except for a finite number of points {z;} where the one-sided derivatives both exist.
Furthermore, the function f’ is required to be piecewise continuous.
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Furthermore, by using integration by parts we obtain for £ > 1

ap = /_11 f'(z) cos (knx)dx
1

= [f(z) cos (kwm)]l_l + kw/ f(z)sin (krx)dx

-1

1
=k in (krz)d

W/_lf(m)s (kmx)dx
Zk‘ﬂ'bk.

The formula for g follows by a completely similar argument. |

8.1.8 The Complex Form

The full Fourier series can be written in a more elegant, and slightly more
compact, form by introducing the complex exponential function. Recall
that if y € R then

e = cos (y) + isin (y),

where ¢ = /—1. Since cos (y) is an even function and sin (y) is odd, this
also gives

e = 'Y = cos (y) — isin (y),
and hence we obtain

1

1, .
cos (y) = 3 (e + e ™) and  sin(y) = %

(e —e ). (8.11)

Consider now the full Fourier series (8.4). By using the complex represen-
tation (8.11), we obtain

o) %)
ao Ak ¢ ikrw —ikmx bk ik —ikmx ik
f<x>“z+kz_1<z(ek P T ) ) = 3 et

k=—oc0
where

Cp = (ak — Zbk)/Q for k>0,
Co — a0/2, (812)

C_f = (ak + ibk)/Q for k> 0.

It is straightforward to show (see Exercise 8.7) that the coefficients ¢, can
alternatively be expressed as

e .
cp = 7/ fz)e*dy,
2 ),
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Furthermore, from the expressions for ¢, above it follows that if f is a
real-valued even function, then

Ck:C_k:?.

In particular, the coefficients ¢; are all real. On the other hand, if f is a
real-valued odd function then ¢y = 0 and

Hence, in this case all the coeflicients ¢ are purely imaginary, i.e. of the
form ir, where r is real.

8.1.4 Changing the Scale

An obvious question to ask is how do we define the Fourier series of func-
tions defined on intervals other than [—1,1]. For example, let | > 0 be
arbitrary and assume that f is a given piecewise continuous function on
[—1,1]. In fact, the Fourier series of f can be defined by a simple rescaling
of the z-axis. Define a new function f on [—1,1] by

fly) = ).

Hence, we can use Definition 8.2 to define the Fourier series of f in the
form

~ ?0 + ; ay, cos (kmy) + by sin (k7y)) .
Introducing « by y = x/l and f(z) = f(z/l), we obtain
flz) ~ % + Z (ay cos (kma /1) + by sin (krxz /1)) . (8.13)
k=1

Expressed in terms of the function f, the coefficients a; and b, will be
given by (see Exercise 8.8)

l
ap = %/ f(x) cos (krz/l)dx
—
(8.14)
1 l
= Z/ f(x)sin (kra/l)dx
-1
We should note that the functions {cos (kmz/l)};-, and {sin (krz/l)};~,

are orthogonal with respect to the natural inner product for functions de-
fined on [—,1]. This follows by the corresponding property for [ = 1 and a
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simple change of variable. We should also note that these functions corre-
spond to eigenfunctions of the eigenvalue problem

—X"(z) = A\X(z), x e (=11) (8.15)

X(-) = X(),  X'(=)=X) '

i.e. the periodic problem for the operator —% on the interval [—,1].
The complex form of the Fourier series on [—[, ] is

oo

f(x)m Z Ckeilwmﬁ/l’

k=—o0

where

e "
- —ikma/l
k= 5 /_lf(a:)e dx.

8.2 Boundary Value Problems and Orthogonal
Functions

In the previous section we studied the full Fourier series of piecewise con-
tinuous functions. A key tool for obtaining the formulas (8.5) for the
coefficients is the orthogonality property for the trigonometric functions
{cos (kmx)}72, and {sin (k7z)}2, on [—1,1] (cf. Exercise 3.15). At first
sight this property may seem to be a mere coincidence. However, already
in Section 2.4.1 it was indicated that this is not an accident, but is closely
related to the fact that the trigonometric functions are eigenfunctions of a
proper boundary value problem. In this section we will study this connec-
tion more systematically.

8.2.1 Other Boundary Conditions

So far in this chapter we have essentially studied three sets of orthogonal
functions {X}. If Xj,(z) = sin (kmz), then the set {Xj},-, is orthogonal
with respect to the inner product on the interval [0, 1]. Furthermore, these
functions are the eigenfunctions of the eigenvalue problem

—X"=)\X (8.16)

with homogeneous Dirichlet boundary conditions. Similary, the orthogonal
set {Xy}re o, where Xy (z) = cos (kmz) for z € [0,1], corresponds to the
eigenfunctions of (8.16) with Neumann boundary conditions. Finally, the
set

{Xk}reo = {1,cos (mz),sin (7x), cos (2rx), sin (27x), ... }
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consists of all the eigenfunctions of (8.16) with periodic boundary condi-
tions with respect to the interval [—1,1]. Hence, all these three orthogonal
sets are generated by the eigenvalue problem (8.16), but with different
boundary conditions. However, there are more possible boundary condi-
tions.

EXAMPLE 8.4 Consider the eigenvalue problem (8.16) with “mixed bound-
ary conditions” of the form

X(0) = X'(1) = o (8.17)

We will show that the problem (8.16)—(8.17) generates a set of orthogonal
eigenfunctions {X;}. It is straightforward to check by integration by parts
that if X (x) and Y (z) both satisfy the boundary conditions (8.17), then
the symmetry relation

1
(LX)Y) = / X'(2)Y'(2)dx = (X, LY) (8.18)
0
holds, where L = fdd—; and the inner product is given by

(X,Y}z/o X(2)Y (z)dz.

If A#p are two distinct eigenvalues of the problem (8.16)—(8.17), with cor-
responding eigenfunctions X (z) and Y'(z), then (8.18) implies that
AMX,Y) = (LX,Y) = (X,LY) = p(X,Y),
or, since A\ # L,
(X,Y) = 0.
Hence, two eigenfunctions corresponding to different eigenvalues must be
orthogonal. Furthermore, (8.18) implies that

1
X, X) :/0 (X' (z))*dx >0

for any eigenvalue \ with associated eigenfunction X. Here the strict in-
equality follows since the eigenfunctions X (x) must satisfy X(0) = 0 and
X # 0, which implies X’ # 0. Therefore all eigenvalues are positive.

All eigenvalues and eigenfunctions can now be determined by calculations
similar to those we have performed earlier. If A = 32, where § > 0, the
equation (8.16) implies that X (z) takes the form

X(z) = ¢1 cos (Bx) + cosin (),



8.2 Boundary Value Problems and Orthogonal Functions 259

while the condition X (0) = 0 forces ¢; to be zero. Hence, up to multiplica-
tion by a constant, X has to be given by

X (x) = sin (Bz).

The second boundary condition X’(1) = 0 will be satisfied if 3 = (k + ) ,
where k > 0 is an integer. Hence, we conclude that the set of functions
{Xi}re o, where Xy (z) = sin ((k + 1) mz), are eigenfunctions of the prob-

lem (8.16)—(8.17) with eigenvalues A\, = (k + %)27r2. Furthermore, since
eigenfunctions corresponding to different eigenvalues are orthogonal, we
conclude that the set { X}, is orthogonal, i.e.

(Xg, Xim) =0 for k#m.

|
ExaMpPLE 8.5 In this example we consider the eigenvalue problem
LX =-X"=)X (8.19)
with the boundary conditions
X'(0) = X(0), X'(1) = =X (1). (8.20)

These conditions are an example of what is usually referred to as Robin
boundary conditions. Using integration by parts, we have

1
(LX,Y) = —X'(m)Y(x)|(1)+/ X'(2)Y'(z)dz. (8.21)
0
However, if the functions X and Y both satisfy (8.20), then
1 1
X'(ac)Y(x)|O: X(a:)Y’(a:)|O.
From this relation and (8.21) we again obtain
(LX,Y) =(X,LY). (8.22)

By arguing exactly as in the previous example, the symmetry relation (8.22)
implies that eigenfunctions corresponding to different eigenvalues must be
orthogonal. Furthermore, from (8.20) and (8.21) we find that

1
X, X) = (X(1)* + (X(0))* +/ (X'(2))* dw > 0
0
for any eigenfunction X with eigenvalue A, and hence all eigenvalues must
be positive.
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If A = 3%, where 3 > 0, then (8.16) implies that the eigenfunction X has
the form

X(z) = ¢1 cos (Bzx) + cosin ().
Hence,

X'(x) = —c18sin (Bz) + cof8 cos (Bz).

The condition X (0) = X'(0) therefore implies that ¢; = co3. Hence, up to
multiplication by a constant, we must have

X(z) = Bcos (fz) + sin (Bx). (8.23)

With this expression for X, the second boundary condition X’(1) = —X (1)
can be written as

20

T

Hence, solving the eigenvalue problem (8.19)—(8.20) is equivalent to finding
the positive roots 3 of the nonlinear equation (8.24).

If numerical values for these roots are needed, we must solve the equa-
tion (8.24) by a numerical method, e.g. the bisection method or Newton’s
method.* However, qualitative information can be derived from a graphical
analysis. In Fig. 8.7 we have plotted the functions tan(3) and 23/(5% — 1)
for f > 0. It follows from these plots that there is a sequence of roots
{Br}i— of the equation (8.24) such that

1
O € <k7r, <k+ 2) 7r> .
Hence, there is an increasing sequence of eigenvalues Ay, = (7 with corre-
sponding eigenfunctions

tan(3) = (8.24)

Xi(z) = Br cos (Bx) + sin (Brx).

Furthermore, the orthogonality property derived above for the eigenfunc-
tions implies that the set {X;};—, is an orthogonal set of functions on
[0, 1].

We finally remark that the results of this example can be used to derive
formal solutions of the heat equation with Robin boundary conditions. This
discussion is left as an exercise; see Exercise 8.13. |

4Newton’s method for solving nonlinear algebraic equations is discussed in Exercise
8.9 For the bisection method, consult any introductory text in numerical analysis.
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A

Y

FIGURE 8.7. The stars """ denote the eigenvalues determined as solutions of

the equation tan () = 6%‘31. In the plot we have used the notation: — : tan(3)
28

521

and - - -:

8.2.2  Sturm-Liouville Problems

In the previous section we derived different sets of orthogonal functions by
studying the eigenvalue problem (8.16) with different boundary conditions.
However, in many applications we are forced to study more complicated
problems than the simple equation (8.16).

Assume that we want to solve an initial and boundary value problem of
the form

ur = (pug). — qu, z € (0,1), t >0,
u(0,t) =u(l,t) =0, t>0, (8.25)
u(z,0) = f(z), z € (0,1),

where p = p(z) and ¢ = ¢(x) are functions of z. If p = 1 and ¢ = 0, the
differential equation in (8.25) reduces to the heat equation. However, in
many physical applications we are forced to study more general problems,
where p and/or ¢ are not constants.

In order to derive formal solutions of (8.25), we have to consider a more
general eigenvalue problem than (8.16).

Let L denote the differential operator of the form

(Lu)(z) = —(p(x)u' ()" + q(z)u(z). (8.26)

Here geC*t ([0, 1}) and pGC([O, 1]) are given functions of x. Furthermore,
the function p is strictly positive, while ¢ is nonnegative, i.e. there exists a
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positive number « such that
p(x) >a>0 for all z€][0,1] (8.27)
and
q(z) >0 for all x€]0,1]. (8.28)

The operator L is often referred to as a Sturm-Liouville operator.

We observe that if p = 1 and ¢ = 0, the operator L reduces to the
operator —%.

An eigenvalue problem of the form

(LX) (z) = \X(z),  X(0)=X(1)=0 (8.29)

is referred to as a Sturm-Liouville problem with Dirichlet boundary condi-
tions.

The eigenvalues and eigenfunctions of the problem (8.29) can be used
to find formal solutions of the initial and boundary value problem (8.25).
The details of this discussion are outlined in Exercise 8.14. Here, we shall
restrict ourselves to deriving some of the fundamental properties of the
Sturm-Liouville problem (8.29).

A fundamental property of the problem (8.29) is that eigenfunctions
corresponding to different eigenvalues are orthogonal. This result will be
established in Corollary 8.1 below, and is in fact a simple consequence of
the symmetry property for the Sturm-Liouville operator L. As above, let
(+,+) denote the inner product

(u, v) = /O ' w(@)o(o)da.

We now have the following generalizations of the results given in Lemmas
2.3 and 2.4:

Lemma 8.2 The operator L is symmetric and positive definite in the sense
that for any u,v € C3((0,1)),°

(Lu, vy = (u, Lv)
and
(Luyu) >0,

with equality only if u = 0.

5The space C’g((O7 1)) is introduced in Section 2.1.2 on page 44.
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Proof: As above, these properties follow from integration by parts. For
u,v € C3((0,1)) we derive

@ww:i/{4mmqu+qumu»wmw
/{p (@) + g()u(@)o()}dz

= (u, Lv),

where all the boundary terms have disappeared due to the boundary con-
ditions on u and v. In particular, this implies that

(L, u) /{p +q(ﬂ()foZaA(M@»m%

where we have used (8.27) and (8.28). Hence, if (Lu,u) = 0, we must have
= 0. Therefore u is constant, and since u(0) = 0, we get u = 0. |

Corollary 8.1 If X and Y are eigenfunctions of (8.29), corresponding to
distinct eigenvalues X and p, then (X,Y) =0.

Proof: Since L is symmetric, we have
MX,Y)Y=(LX,Y)=(X,LY) = p(X,Y)
or
(A= 1) (X,Y) = 0.
Since A — pu # 0, we have (X,Y) = 0. |
From the positive definite property of the operator L, we also obtain

that all eigenvalues of (8.29) are positive. For if X is an eigenvalue with
corresponding eigenfunction X, then

MX, X) = (LX,X) >0
and since (X, X') > 0 for an eigenfunction, we conclude that A > 0.
Corollary 8.2 All eigenvalues of the problem (8.29) are positive.

For most problems of the form (8.29), where p or ¢ are not constants, it is
impossible to derive analytical expressions for the eigenfunctions. However,
for a few problems this can be done.

EXAMPLE 8.6 Consider the eigenvalue problem (8.29) with p(z) = (1+xz)?
and ¢(z) = 0. Hence, we consider the eigenvalue problem

—((1+2)2X"(z)) = A\X (2),

(8.30)
X(0) = X(1) =0.
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Let
1 . log(1 + x) B
Xip(z) = \/msm (kﬂl()g(2)> for k=1,2,.... (8.31)

It is straightforward to check that these functions are eigenfunctions of

2
problem (8.30) with eigenvalues \;, = (102%)) + . In fact, in Exercise 8.15

you are asked to show that all the eigenfunctions are given by (8.31). In
particular, it follows that the set {Xj},—, is an orthogonal set of functions
with respect to the inner product (-, -). |

8.3 The Mean Square Distance

The purpose of the next section is to start the discussion of convergence
of Fourier series. However, first we will introduce the mean square dis-
tance function.® The convergence of Fourier series is intimately related to
properties of this distance function.

Let f and g be two piecewise continuous functions defined on an interval
[a,b]. Already in Chapter 2 (see page 58) we introduced an inner product

of the form
b
g) = / f(@)g(x)da

The corresponding distance function, or norm, is defined by

£l = ()12 = </f ) "

In general, the quantity

b 1/2
If —gll = ( / (f(x) - g(z))zdx>

is a measure of the distance between two functions f and g. We will refer
to ||f — g|l as the mean square distance between f and g. In particular, || f||
is a measure of the size of f, or the distance from f to the zero function.
The quantity ||f|| has properties which resemble corresponding properties
of the absolute value of real numbers, or more generally the Euclidian norm
of a vector (cf. Project 1.2). For example, ||f| > 0, with equality if and
only if f is identically zero. Furthermore, if & € R then

llecf [l = lel[lA1]-

SIn more advanced courses in analysis or partial differential equations, this distance
function will usually be referred to as the L2-norm.
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We shall also see below that the mean square distance satisfies a triangle
inequality of the form

I+ gl <A1+ llgll- (8.32)

This will in fact be a consequence of the following version of Cauchy-
Schwarz inequality.

Lemma 8.3 If f and g are piecewise continuous functions on [a,b], then

[(F < fHlgll-

Proof: If f=0 then we have zero on both sides of the desired inequality,
which therefore holds. Since this case is covered, we will assume in the rest
of the proof that || f|| > 0. For any ¢ € R consider

o) = | "t o) da
- t2/ab P2(a)da — 21 /ab F(@)g(x)dz + /ab *(z)dz

= 1% = 26(f,9) + llgl*.

Hence, p(t) is a second-order polynomial with respect to ¢ which has the
property that

p(t) >0 forall teR.

In particular, p(tg) >0, where ¢ is chosen such that p’(¢g) = 0, i.e.

= 9
= o
I1£1]
Hence,
(f.9°  (f.9)" o (L9 2
0§p(t0)= 3 -2 3 +||g|| = - 3 +||g||
I1£1] £l 1/
or
2 2, 12
(fr9)” <IFI7Ngll”
The desired inequality now follows by taking the square roots. |

Observe that

b
1540 = [ (£@)+ 2f(@)g(a) + (@) da

= I£1* +2(f.9) + g’
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Therefore, it follows from the Cauchy-Schwarz inequality above that

1+ g7 < IF1% + 20 £ 1lgll + gl

= (I£11+ llglh*,

and hence the desired triangle inequality (8.32) follows by taking square
roots. The inequality of Lemma 8.3 also implies the inequality

b
/ [f(@)[lg(@)ldz <[ £]llgll, (8.33)

which appears to be a stronger inequality since, in general, | [ fg|<[]f]|gl.
However, (8.33) follows if we apply Lemma 8.3 to the functions | f| and |g|.

A useful generalization of Cauchy-Schwarz inequality is Holder’s inequal-
ity, which states that

b b 1/p b 1/a
[ 1#@)igtaide < ( / f<x>|pdx> ( / g<x>|qczx> SENCEN

where p, ¢ are real numbers such that p,q > 1 and % + % = 1. Note that
the choice p = ¢ = 2 gives (8.33). A proof of Holder’s inequality is outlined
in Exercise 8.16.

Let us recall that || f — g|| can be interpreted as the distance between the
two functions f and g. This distance can therefore be used to define the
concept of mean square convergence.

o o0 . . . .
Definition 8.3 A sequence {fn}y_, of piecewise continuous functions on
[a, b] is said to converge in the mean square sense to a piecewise continuous
Sfunction f if

Jim [y = £l =0,

In the next chapter we will discuss the convergence of sequences of func-
tions in more detail. In particular, we will compare mean square conver-
gence to other concepts of convergence. However, in the present chapter we
will restrict ourselves to mean square convergence, which in some sense is
the natural notion of convergence for Fourier series.

EXAMPLE 8.7 Let fy(z) =2 for z € [0,1]. Then

1
IinlP = [ oo =
0

as N — oo. Hence { f} converges to the function f = 0 in the mean square
sense. Observe that fy(1) =1 for all N. Hence, {fn(z)} does not converge
to f(z) for all €[0,1]. The mean square convergence simply means that
the area bounded by = 0, 2 = 1, y = 0, and the curve y = 2?V tends to
zero as N tends to infinity (see Fig. 8.8).

1

— 0
2N +1
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Y

FIGURE 8.8. Plot of 2* for N =1,3 and 5.

EXAMPLE 8.8 Let fy(z) = N/(1 + N2z?) for x € [0,1]. Hence

lim fy(z)=0 for x>0,
N—00

while fx(0) = N—oo.
Does {fn} converge to zero in the mean square sense? We have

1 ) 1 N 2
de = ———— | d
| vt = [ (55em) @
1 1 2
/0 (1 + N2:1c2> *
N 1 2
= N/ (2) dy - >
o \1l+y
as N—oo. Hence, we do not have mean square convergence to the zero
function. [
8.4 General Fourier Series

In this section we will start the discussion of convergence of Fourier series.
If Sy (f) is the partial sum

N
Sn(f) = ?0 + kz::l ay, cos(kmx) + by, sm(kmv))
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corresponding to the full Fourier series (8.6) of f, we like to know if the
sequence of functions {Sn(f)} converges to f in the mean square sense.
Below we will derive some partial answers to this question. However, the
discussion here will only depend on basic orthogonality properties of Fourier
series. Therefore, the results will be true for a more general class of orthog-
onal series which is introduced below. In the next chapter we will return
to the more specific Fourier series of the form (8.6).
As above, let (-, -) denote the inner product

b
(19) = [ f@lg(wyis
and ||-]| the corresponding norm

171l = (f, ).

Throughout this section {Xk}zozl will be an orthogonal set of piecewise
continuous functions with respect to the inner product (-,-). Furthemore,
none of the functions X are allowed to be identical to the zero function,
ie. || Xk| > 0 for all k.

We recall that in Sections 8.1 and 8.2 above we discussed several examples
of sets of orthogonal functions. The theory below will only depend on the
assumption that the set {X}} is orthogonal, and hence the theory applies
to all the examples discussed above.

If f is a piecewise continuous function on [a, b], then the general Fourier
series of f with respect to the orthogonal set {X}} are series of the form
> e ckXk. We note that if the identity f = Y77, ¢ X holds, then it
follows from the orthogonality property of the set {Xj} that

(f, Xi) = el X >
Hence, we have motivated the following definition:

Definition 8.4 The infinite series Y-, cx Xi(x), where ¢ = %, 18
called the general Fourier series of f with respect to the orthogonal set
{ Xk}

The most fundamental problem for Fourier series is the question of con-
vergence. Will the partial sums Sy (f), where

N
Swf) =S X, o = m (8.35)
k=1

converge to the function f7
In general the answer to this question will depend on the choice of orthog-
onal set {X;}. The purpose of the discussion here is to give an important
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partial answer, (see Theorem 8.2 below), which will be used in the next
chapter to derive complete convergence results.

We first establish the following formula for the norm of a finite linear
combination of the basis functions { X} }.

Lemma 8.4 Let Py be any function of the form Py = Zgﬂ ap Xy, ap €
R. Then

1Pl = Zak 112 (8.36)

Proof: From the orthogonality property of the set { X} we get
b
I = [ PRGe) e = 3 3 e (30X zak DA
@ k=1m=1

Next we derive an orthogonality property for the difference between f
and its finite general Fourier series Sn(f).

Lemma 8.5 If f is piecewise continuous on [a,b] and Sy (f) is given by
(8.35), then

(f=5Sn(f),Pn)=0
for any function Py of the form Py = Zszl ag Xk, ap € R.

Proof: If 1 < k < N, then

N
(SN () Xi) =Y em (X, X)) = el [ Xel[* = (f, Xa).
m=1

Therefore,
(f = Sn(f),Xk)=0 fork=1,2,...,N.

By linearity of the inner product we therefore obtain

(f = Sw (), Pr) = / £ Sn(f Zakxk

N
=D ar(f—Sn(f), Xp)=0. ™
k=1

The two simple results above have immediate consequences. First, by
letting Py = Sn(f) in Lemma 8.5, we get

(f. Sn () = ISn (HII*.
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Hence, by using (8.36) we derive the identity

I1Sn(HII* = (f, Sn(f ch [ Xk|I%, (8.37)

where the coefficients ¢, are given by (8.35).
Note that any piecewise continuous function f can be written as the sum
of the finite Fourier series Sn(f) and the error f — Sy(f), i.e.

f=8n(f)+ (f=Sn(f))

Furthermore, it is a direct consequence of Lemma 8.5 that this decomposi-
tion is orthogonal, i.e.

(f =Sn(f), Sn(f)) =0.

This orthogonality property is illustrated in Fig. 8.9. As a consequence of
this property, the decomposition will satisfy a “Pythagoras theorem” of the
form

AP = 1SN (HIP +11f = Sw (DI (8.38)
This identity follows since
If = Sn(DIP = (f = Sn(f), f = Sn(H)) = (f = Sn(f), ) = {f = Sn(f), Sn(F))
= (f = Sn(), ) = lIf1I> = IS (DI,

where the final equality follows from (8.37). Hence, (8.38) is established. By
using (8.37) to express ||Sn(f)||? with respect to the Fourier coefficients,
this final identity can be rewritten in the form

N
1f = Sv(DIP = AP =D R Xkl (8.39)

k=1

This formulation of the Pythagoras identity is very useful.

Since || f — Sy (f)]|? >0 it follows directly from (8.39) that

N

2
Do alxel><Ifl
k=1

for all N. Hence, since the partial sums only contain positive terms, the
series > po; 2| Xk||? converges and satisfies

> GIXelP<If1% (8.40)

k=1
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J—=Sn(f)

e

FIGURE 8.9. An orthogonal decomposition of f.

This inequality holds for any orthonormal set {X;} and any piecewise
continuous” function f. The inequality (8.40) is usually referred to as
Bessel’s inequality. If this inequality becomes an identity, i.e. if

Al Xkl = I1£1%, (8.41)
k=1

then this identity is called Parseval’s identity. From the identity (cf. (8.39))

If = Sn(HI7 = I£1” ch”XkHQ

we see that Parseval’s identity will hold, if Sy (f) converges to f in the mean
square sense. Alternatively, if Parseval’s identity holds, then this implies
the mean square convergence of Sy (f) to f. We summarize this important
result:

Theorem 8.2 Let f be a piecewise continuous function on [a,b]. A gener-
alized Fourier series of f with respect to an orthogonal set { Xy} converges
to f in the mean square sense if and only if the corresponding Parseval’s
identity (8.41) holds.

A set of orthogonal functions {X}72 ,, defined on [a, b], is called complete
if Parseval’s identity holds for all piecewise continuous functions on [a, b].
We will show below (see Corollary 9.1) that the orthogonal set

{1, cos(mx),sin(mx), cos(2rz), sin(2rz), ... },

"In fact, it holds as long as f f2(x)dz is finite.
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corresponding to the full Fourier series, is complete with respect to the
interval [—1,1]. Similarly, the sets {sin(knz)}?2, and {cos(kmz)}°, are
complete on [0,1]. However, these sets of functions are not complete on
[—1,1] (see Exercise 8.19).

EXAMPLE 8.9 Assume that f is a piecewise continuous function on [—1, 1]
and let
% + kz_:l (ay, cos (kmz) + by sin (kmx))

be the full Fourier series of f. What do we obtain from Bessel’s inequality
in this case?
In order to see this, we define

XQ(.’E) =1
and
Xop(x) = cos (kmx), Xop_1(x) =sin(krx) for k>1.

Hence || Xo||? = 2, while
1
| X 5|2 =/ X3(z)dz =1 for k > 1.
—1

Furthermore, by letting co = % and
Cop = ap, Cop—1 =0by for k>1,

the full Fourier series is rewritten as Z,;“;O cx X1.. Hence, Bessel’s inequality
gives

o0

2

2+ > i <|Ifl
k=1

or
a? s 1
>+ X:: (ai +0%) < [ RROIE (8.42)

k=1

EXAMPLE 8.10 Let f be piecewise continuous on [0, 1] with Fourier sine
series

ch sin (kmx).
k=1
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Since the sine series is the full Fourier series of the odd extension of f, we
obtain from the previous example that

o0 1
i <2 [ f*(x)de. (8.43)
i)

This is the proper form of Bessel’s inequality in this case. |
ExAMPLE 8.11 Recall from Example 8.1 that
2 o= (—1)FH!

e

k=1

sin (knz).

Since f_ll 22dr =2 fol x?dz = 2/3, we obtain from (8.42) (or (8.43)) that
or

The results of the next chapter will in fact imply that this inequality is an
identity. |

8.5 A Poincaré Inequality

We will end this chapter by deriving a simple version of what is usually
referred to as a Poincaré inequality. The main tool for obtaining this in-
equality is the Cauchy-Schwarz inequality (8.33). As an application of the
Poincaré inequality, we will improve the energy estimates for the heat equa-
tion derived in Chapter 3.7.

Let f be a function defined on [a,b] such that f is differentiable and
1" is piecewise continuous. Furthermore, assume that f(a) = 0. Note that
this last condition implies that if f'=0, then f=0. More generally, since
|f(x)] can be large only if |f’| is large, it is reasonable to believe that an
inequality of the form

/a ’ 2a)da <A / (@) de

holds, for a suitable positive constant A. In fact, we have the following
result:
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Lemma 8.6 Let f : [a,b] — R be such that f(a) = 0, f’ exists and is
piecewise continuous. Then

HEE—CT!

Proof: Since f(a) = 0 we have from the fundamental theorem of calculus
that

flx) =2 /m f'(y)dy.

Hence, we obtain from the Cauchy-Schwarz inequality (8.33) that

f@F < [ 1dy [ 17 6Py = @ - a1
or

(b—a)?

1917 < [ (@ adall P < E55 0.

The desired result is obtained by taking sqare roots. |

ExXAMPLE 8.12 As an illustration of the use of Poincaré’s inequality we will
reconsider the study of energy arguments for the heat equation (cf. Chapter
3.7). Recall that we studied the solution u(z,t) of the heat equation on the
interval [0, 1], with Dirichlet boundary conditions. The idea was to study
the dynamics of the scalar variable

Bt) = /0 "2 (et

Above we found that F(t) is nonincreasing with time. Here we shall show
that

Et)<e ™E(0) for t>0. (8.44)

In particular, this will imply that lim; ., F(t) = 0.
In Chapter 3.7 (see page 104) we showed that

1
E'(t) = —2/ u?(x,t)dr < 0.
0

However, from the Poincaré inequality given in Lemma 8.6, we have

1 1
1
/uQ(x,t)d:ESf/ u?(x,t)dr,

0 2Jo
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and hence we obtain
1
E'(t) = —2/ u?(x,t)de< — 4E(t). (8.45)
0
If instead of this inequality we have the equality E'(t) = —4FE(t), then we
immediately obtain
E(t) = e *E(0).

Hence, it seems reasonable that the inequality (8.45) implies (8.44). In order
to see this, let

Then
Z(t) = e (B'(t) +4E(t)) <0,

where the last inequality follows from (8.45). Hence, z(t) is nonincreasing,
ie.

z(t)<z(0) for t>0.

From the definition of z(t) we therefore obtain (8.44). Since the definition
of E(t) implies that E(t) is nonnegative, we therefore have

0<E()<e *FE(0) for >0,
which implies that lim;_,, E(t) = 0. [ |

An even sharper upper bound for E(t) will be derived in Chapter 10
from an improved Poincaré inequality (see Example 10.2).

A main part of the discussion above was how the estimate (8.44) was
obtained from the differential inequality (8.45). Such a result is usually re-
ferred to as Gronwall’s inequality. For later references we state the following
result.

Lemma 8.7 Let y : [0,b] =R be continuous, differentiable, and satisfy
y(t) <ay(t), te(0,b),
for a suitable « € R. Then
y(t) <e*y(0) for tel0,b).

Proof: We repeat the argument used in Example 8.12. Let z(t) = e~ “'y(¢).
Then

Z(t) = e (Y (t) — ay(t)) <0.
Hence, z(t) < z(0) or
y(t) <e®'y(0) for telo,b].
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8.6 IExercises

EXERCISE 8.1 Sketch the periodic extension of the function
(a) f(z) = |z| defined on [—1,1]
(b) g(x) = sin(z) defined on [0, 7]

(c) h(z) = 22 defined on [0, 1].

EXERCISE 8.2 (a) Show that the product of two functions which are ei-
ther both even or both odd is even.

(b) Show that the product of an even and an odd function is odd.

(¢) Show that if f is an odd function defined on [—1, 1], then

[wa=

EXERCISE 8.3 Find the full Fourier series of the functions

defined on [—1,1].

EXERCISE 8.4 Find the full Fourier series of the functions
(a) f(2) = sin(a)
(b) f(x) = cos*(x)

defined on [—, 7].

EXERCISE 8.5 Let f(z) be piecewise continuous on [—1, 1] and assume that
~ Z ay, cos (krx) + By sin (krx)) .
k=1

Let g(z) satisfy ¢'(z) = f(x); i.e. g is an integral of f. Show that the Fourier
series of g can be obtained from term-by-term integration, i.e.

g(x) ~ 5 T i <Z§ sin (krx) — % cos (k:mc)) )

where ag = f_ll g(z)dx.
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EXERCISE 8.6 Let f(z) = 3 —x for z € [0,1].
(a) Find the Fourier sine series of f.
(b) Find the Fourier cosine series of f.

(¢) Use the results above and the result of Exercise 8.5 to find the Fourier
sine series of

1
g(x) = 5(1 —z)x.
EXERCISE 8.7 Consider the complex form of the Fourier series:
f({L‘) -~ Z ckeikww.
k=—00

Derive the formula
1 ! —ikmx
cr == fz)e "™ dy
2/,

from (8.12).

EXERCISE 8.8 Derive the formulas (8.14) from the corresponding formulas
(8.5).

EXERCISE 8.9 The purpose of this exercise is to derive Newton’s method
for solving nonlinear algebraic equations, and to apply the method to the
equation (8.24), i.e.

29
-2

But we begin by considering a general equation f = f(/3), and we want to
find B* such that

tan ()

f(B7) =0. (1)

Newton’s method is an iterative procedure for computing numerical ap-
proximations of solutions of (1). The first step in the procedure is to guess
an initial value By. Now we can use a Taylor series to obtain that

F(B) = f(Bo) + (B = Bo)f'(Bo) + O((B — Bo)?)-

(a) Explain why it is reasonable to choose

f(Bo)
J'(Bo)’

Pr = fo—
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Newton’s method is defined by the following algorithm:

1. Choose ¢, By and put n = 0.
2. While |f(8n)] > € do

ﬂn+1 = ﬂn - f(ﬂn)/f/(ﬂn)
n=n-+1.

Here € > 0 is a given tolerence.
(b) Implement the scheme above and apply it to solve the equation
f(B)=e’—e=0
using 3y = 3/4 and € = 1076,
(c) Apply the same procedure for
F(B)=a*~4
with By = 3 and e = 1076,

(d) Explain the geometric interpretation of Newton’s method given in
Fig. 8.10, and use this interpretation to discuss the speed of conver-
gence observed in the two examples above.

ﬁ* ﬁn-‘rl ﬂn

Y

FIGURE 8.10. A geometric view of Newton’s method.

(e) Use the program developed above to compute the first 100 eigenvalues
of the operator considered in Example 8.5. In other words, compute
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the first 100 roots of the equation

20
- FoT

Here the first root 3§ is in the interval [1,7/2], 87 is in [r/2, 7], and

in general
N 1
Br € <k7r, <k+ 27r)> for k>1.

Discuss the following choices of initial values:

f(B) = tan(p)

(i) pBg =13, 52=(k+i)w, E>1

(i) By =13, B =57/4, Bl=pFi_1+m k>2.

Again you can choose ¢ = 1076,

EXERCISE 8.10 Consider the eigenvalue problem

—X"(z) - AX(z), O<z<l, (8.46)

X'(0) = 2X(0), X'(1) = X(1).
(a) Show that if A is an eigenvalue with eigenfunction X, then

1
0

1
)\/ X?(z)dx :/ (X' ()% dz + 2(X(0))? — (X(1))2.
0
Can we conclude from this that all eigenvalues are positive?

(b) Show that A = —u? < 0 is a negative eigenvalue of (8.46) if and only
if ;o > 0 satisfies

tanh(p) = 5

(¢) Show that the problem (8.46) has exactly one negative eigenvalue.

(d) Compute this negative eigenvalue by Newton’s method.
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EXERCISE 8.11 Consider the initial and boundary value problem

Ut = Ugq, HAS (0,1), t>0,
ug(0,t) = 2u(0,t), wu.(1,t) = wu(l,t), t >0,
u(x,0) = f(z)

Explain why the solution of this problem does not satisfy an energy
estimate of the form

1 1
/ u?(z,t) dr < / () da for t > 0.
0 0

(Hint: Use the results of Exercise 8.10.)

EXERCISE 8.12 Consider the eigenvalue problem

X'(x) = MX (), 0<z<l1,
X(0) = X(1).

(a) Show that A = 0 is the only real eigenvalue of this problem.

(b) Derive complex eigenvalues of this problem by considering eigenfunc-
tions of the form

X (z) = % = cos (Bz) + isin (Bx),
where 3 € R.

EXERCISE 8.13 Consider the heat equation with Robin boundary condi-
tions, i.e.

Ut = Ugg, IE(O,l), t>0,
ug(0,8) = u(0,t), wu,(1,t) =—u(l,t), t >0, (8.47)
u(z,0) = f(x).

(a) For each t > 0 let
E(t) = /1 u?(z,t) d.
Use energy arguments to show tohat
E(t) < E(0) fort>0.

Here you are allowed to assume that

1
E'(t) = / %(uQ(Lt)) dz; cf. Proposition 3.1.
0
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(b) Discuss how you can use the eigenvalues and eigenfunctions of the
problem (8.19)—(8.20) to find a representation of the solution wu.

EXERCISE 8.14 Consider the initial and boundary value problem (8.25),
where we assume that p € C([0,1]) and ¢ € C([0,1]) satisfy the conditions
(8.27) and (8.28).

(a) Use energy arguments to show that
1 1
/ u?(z,t) do < / f2(z) dx for t > 0.
0 0

(b) Discuss how you can use the eigenvalues and eigenfunctions of the
problem (8.29) to find a formal representation of the solution u.

(Hint: Use the ansatz u(z,t) = >, Ty (t) Xr(x), where {X}} are the
eigenfunctions of (8.29).)

EXERCISE 8.15 Consider the second-order differential equation
(1 +2)X' (@) = X (2)
for x > 0, where 8 > 0 is a parameter.

(a) Show that the functions X (z) = ﬁ cos (Blog (14 x)) and Xo(z) =
1

7 sin (Blog (1 + x)) are both solutions of this equation.

(b) Explain why any solution of the equation is of the form
aX(x)+ Y (),
where ¢q,co € R.

(c) Show that all the eigenfunctions of problem (8.30) are given by (8.31).

EXERCISE 8.16 The purpose of this exercise is to prove Holder’s inequality
(8.34). Let p,q > 1 be real numbers such that

1 1
=1
ZE
and consider the function
AP gt
o(x) = " +— -z

for >0, where A\ >0 is a parameter.
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(a) Show that ¢/(z) = 0 if and only if 2 = AT
(b) Show that the inequality

P q
A< % + % (8.48)

holds for any A, u>0.

(¢) Apply the inequality (8.48), with

x)l(Lblf(w)pdw>_1/p and  p = (/ lg(= I‘?dw)_l/q,

to establish Holder’s inequality.

EXERCISE 8.17 Consider the sequence of functions { fn } _,, where fn(z) =
N3/2ge=(N©)* for 2 € —1,1].

(a) Show that fy(x) — 0 for all z € [-1,1].

(b) Show that fn does not converge to zero in the mean square sense.

EXERCISE 8.18 Use Bessel’s inequality and the full Fourier series for the
function sign(z) to derive the inequality

> (5) <%

EXERCISE 8.19
(a) Show that
1
/ sin(krz) de =0 for k=1,2,...
—1

and explain why this implies that the set {sin(k7z)}32, is not com-
plete on [—1,1].

(b) Show that the set {cos(kmxz)}72, is not complete on [—1,1].
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EXERCISE 8.20 The purpose of this exercise is to derive a result which is
usually referred to as “the best approximation property” for general Fourier
series. Let {X},}72, be an orthogonal set of piecewise continuous functions
defined on [a, b]. Furthermore, let f be an arbitrary piecewise continuous
function with general Fourier series with respect to { Xy} given by

f ~ ZCka.
k=1

For N > 1, let Sy(f) be the partial sums
N
Sn(f) = Xy
k=1

and Py an arbitrary function of the form Py = ngvzl o, X}.. Show that

1f = Sn(NDII < I = Pwll;

where || || is the mean square distance function with respect to the interval
[a, b]. Give a geometric interpretation of this result.

EXERCISE 8.21 The purpose of this exercise is to derive a generalization
of Gronwall’s inequality given in Lemma 8.7.
Let y(t) be a continuous and differentiable function defined for ¢ > 0
which satisfies
y'(t) <ay(t)+b fort>0,

where a,b € R, a # 0. Show that

EXERCISE 8.22 Consider a two-point boundary value problem of the form

Lu=f for O<z<l,
(8.49)

u(0) = u(l) =0,
where f € C([0,1]) is given. Here the differential operator L is the Sturm-
Liouville operator (8.26), and we assume that the conditions (8.27) and
(8.28) are satisfied.

(a) Explain why Lemma 8.2 implies that the problem (8.49) has at most
one solution.
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(b) Consider the initial value problem
Lw=0, w(0)=0, w'(0)=1.
Show that the solution of this problem is strictly positive in [0, 1].

(¢) Consider initial value problems of the form
Lu=f, u(0)=0, u(0)=z

where z € R. Show that there exists a unique choice of z such that u
solves (8.49).

EXERCISE 8.23 Throughout this exercise we assume that the functions
p(z) and ¢q(z) satisfy the conditions (8.27) and (8.28). The Sturm-Liouville
operator L, given by (8.26), can be approximated by the finite difference
operator

x hy(v(@t+h)—v(x)) T — hy ([ v(x)—v(z—h)
ey - O >hp( 2 S

where h > 0. Consider the finite difference approximation of the two-point
boundary value problem (8.49) given by

(Lpv)(z;) = f(xj) for j7=1,2,...,n,
v(0) =ov(1) =

where n > 1 is an integer, h =
points.

(8.50)

=y +1) and where {z; = jh}” are the grid

(a) Let v,b € R™ be the vectors given by

v = (v(acl),v(mQ)7 . ,v(xn)>Tand b= h? (f(ml), flxa),... f(xn))T

Identify an nxn matrix A such that the problem (8.50) can be written
in the form Av = b. Is the matrix A symmetric and tridiagonal?

Show that the matrix A is positive definite.

Explain why the system (8.50) always has a unique solution.

Can we use Algorithm 2.1 on page 53 to compute the solution of the
systen (8.50)? Justify your answer.

)

¢) Explain why all eigenvalues of A are real and positive.
)
)



9

Convergence of Fourier Series

Let f be a piecewise continuous function defined on [—1,1] with a full
Fourier series given by

a = .
50 + kz_l (ay cos (kmz) 4 by sin (krx)) .

The main purpose of this chapter is to discuss the convergence question for
Fourier series, i.e. “Do the partial sums

N
Sn(f) ==+ ) (agcos(krx)+ by sin (kmx))
k=1

converge to the function f ?” If we here refer to convergence in the mean
square sense, then a partial answer to this question is already established
by Theorem 8.2. At least we have seen that we have convergence if and only
if the corresponding Parseval’s identity holds. However, we like to establish
convergence under assumptions which are easier to check. Also, frequently
we are interested in notions of convergence other than convergence in the
mean.

9.1 Different Notions of Convergence

In Chapter 8 we defined mean square convergence of a sequence of piece-
wise continuous functions. Before we continue the study of convergence
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of Fourier series, a few different concepts of convergence for sequences of
functions will be discussed.

Let {fn}x—; be a sequence of piecewise continuous functions defined on
[a, b]. Recall that the sequence converges to a piecewise continuous function
f in the mean square sense if

Jim [[fy — 7] =0,

where || - || is the mean square norm given by

b 1/2
|f||:< / fQ(x)dx> .

Another norm, or distance function, which we encountered several times
before is the uniform norm, || - ||eo, given by

[fllc = sup [f(z)].

z€[a,b]
This distance function leads to the notion of uniform convergence.

Definition 9.1 The sequence {fn} converges to f uniformly in [a,b] if
Jim [[f— fll =0,

In addition to the two notions of convergence described above, we also
mention pointwise convergence. A sequence {fy} defined on an interval I
(closed or open) is said to converge pointwise to f on I if

lim fy(x) = f(2)
N—oo
forall z € I.

EXAMPLE 9.1 In Example 8.8 we studied the sequence {fy} given by

N

@) = TN

for x€[0,1].

We found that {fn} converges to the zero function pointwise in (0, 1], but
not in the mean square sense on [0, 1]. Furthermore, fy(0) = N. Therefore,

[N lloo = N,
and we do not have uniform convergence to the zero function on [0,1]. H
EXAMPLE 9.2 Let

—14+ (142N for xe[-1,0],
fn(@) = { 1—(1—az)N for x€][0,1].
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y A

Y

1 1 x

FIGURE 9.1. f5(x) and f(z).

Hence, {fn} is a sequence of continuous functions defined on [—1, 1],
with values in [—1,1]. From the fact that

lim ¢V =

for |y| < 1, it follows that {fx} will converge pointwise to the function

-1 for ze€[-1,0),
flx)=4¢ 0 for =0,
1 for € (0,1].

(see Fig. 9.1).
Furthermore, a straightforward calculation shows that

2
2N +1’

1 1
v = fIP =2 [ = Ndo=2 [ 2Vaz =

0 0
and hence mean square convergence follows. However, for each N we have

Ifn = flle = sup |fn(z) = f(z)| =L

z€[—1,1]

Therefore, we do not have uniform convergence.
We conclude that {fx} converges to f pointwise and in the mean square
sense, but not uniformly on [—1, 1]. [ |

The following result shows that uniform convergence will always imply
pointwise and mean square convergence.
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Proposition 9.1 Assume that { fn}3_; is a sequence of piecewise contin-
wous functions which converges uniformly to a piecewise continuous func-
tion f on [a,b]. Then the sequence also converges pointwise and in the mean
square sense on [a,b).

Proof: Recall that uniform convergence means
lim ||fx — flleo = 0.
N—o00
However, for each x € [a, b] the inequality

(@) = f@) <IIf = fulls
holds. Therefore,

lim fy(z) = f(x)

N—o0

for all x € [a,b], i.e. {fn} converges to f pointwise. Similarly, mean square
convergence follows since

b
Iy — FI1? = / (@) — F@) P dz < (b—a) | fy — F11%.
|

The next result shows that if a sequence {fy} converges to f uniformly,
and all the functions fy are continuous, then the limit function f also
has to be continuous. We note that such a result will not contradict the
results of Example 9.2. There the sequence {fy} converges pointwise (and
in mean) to a discontinuous function f. However, we observed that the
convergence is not uniform.

Proposition 9.2 Assume that { fn}3_, is a sequence of continuous func-
tions on [a,b] which converges uniformly to f. Then f is continuous on

[a, b].

Proof: Let « € [a, b] be arbitrary. In order to show that f is continuous
at x, we have to show that for each ¢ > 0 there is a § > 0 such that

[z —yl <o implies |[f(z)— f(y)| <e.

Let € > 0 be given. Since {fy} converges uniformly to f, there exists a
function fy, such that

1No = flloo < €/3.

Furthermore, since fy, is continuous there is a § > 0 such that

[z —yl <0 implies |fn,(x) = fn,(y)| <e€/3.
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Now, for |z — y| < § we have

[f(@) = fFW)] < [f (@) = fno (@) 4 [0 (@) = o W]+ [ () = F (W)
<2/f — Folloo + [ Fnvg () — Fvg (1)

< €. | |

The result above states that a uniform limit of continuous functions
is continuous. The next result, which will be useful in the application of
Fourier series to differential equations, states that a proper uniform limit
of continuous differentiable functions is continuously differentiable.

Proposition 9.3 Assume that { fn}3_, is a sequence of continuously dif-
ferentiable functions on [a,b] which converges uniformly to a continuous
function f. Suppose furthermore that {fy} converges uniformly to a con-

tinuous function g. Then [ is continuously differentiable and f' = g.

Proof: From the fundamental theorem of integral calculus we have

) = futa) + [ " )y (9.1)

for each x € [a,b]. Our purpose is to take the limit of this identity. From
the uniform convergence of {fy} it follows that

lim fy(x)= f(z) and lim fy(a)= f(a).
N—o00 N—o00
Furthermore, from the uniform convergence of { f} } it follows that

I/jfz’v(y)dy/ dy|</ ) — 9@)ldy

—a)lfx = gl

— 0

as N tends to infinity. Therefore

Jim /: fa(y)dy = /;g(y)dy-

By letting N tend to infinity in (9.1), we now obtain

@) = o)+ [ " g(y)dy,

and hence f' = g. [ |
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9.2 Pointwise Convergence
Let f be a piecewise continuous function on [—1, 1] with full Fourier series

?0 + ; ay, cos (kmx) + by sin (kmx)) .

Hence, the coefficients a, and by are given by

ap, = [ f(y) cos (kry)dy,
/‘1 (9.2)

b = /[1f(y>sha<kwy>dy.

We will start by investigating pointwise convergence of the Fourier series.
More precisely, if

N
Sn(f)=——+ Z ay, cos (kma) + by, sin (kma)) (9.3)

k=1

_ o
2

are the partial sums, then we will give conditions which guarantee that
{Sn(f)} converges pointwise to f on [—1,1].

As a preliminary step in this discussion we will derive an alternative
representation of the functions Sy (f). By combining (9.2) and (9.3), we
obtain

1Ty N

Sn(f)(x) = / 3 + Z (cos (kmx) cos (kmy) + sin (kmx) sin (kwy))] fy)dy.
k=1

—1

Furthermore, by using the trigonometric identity
cos(u) cos(v) + sin(u) sin(v) = cos(u — v),

this expression simplifies to

e N
Sn(f)(z) = 5/ 142 cos(kr(x — y))} f(y)dy.
-1 k=1
Hence, if we let
N
Kn(z) =142 cos(krz), (9.4)
k=1

we obtain the representation

:%/!KN@—yH@My (9.5)
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for the partial sums Sy(f). The function Ky(z) is called the Dirichlet
kernel. The next step in our convergence analysis is to study the properties
of this function.

Observe that the periodicity of the trigonometric functions implies that

1
/ cos (krz)dz =0 for k>1.

-1

Hence, we obtain from (9.4) that

%[1KN(Z)dZ =1 (9.6)

In addition to this the series for Kn(z) can be summed.

Lemma 9.1 The function Kn(z) has the alternative representation

i L)yrz
KN(z)—Sm(gi]Z(tf)) ). (9.7)
2

Proof: We use the complex representation (8.11) of sine and cosine. Fur-
thermore, let § = wz. If i = v/—1, we obtain from (9.4) that

N N
Kn(z) =1 JrQZcos (k0) = 1+ Z (eike +67ik0)
k=1 =1
N N .
= etkd — (eie)
k;N k:Z—N

or
2N X
KN(Z) — e—iGN Z (ew) ]
k=0

However, the sum of this finite geometric series is given by

N0 (N0 ()0

_ i _

KN(Z) - et —1 N e% —e‘%
B sin ((N + %) 7rz)
T (3

In addition to the properties (9.6) and (9.7), it is also easy to see that
Ky is a 2-periodic function. It will also be convenient to assume that the
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function f, which we have assumed to be given on [—1, 1], is extended to a
2-periodic function on R. Hence, substituting z = y — x, we have

Sn(f)(x) = / Exta = )f )y

1
3
- /_ (=)t )

However, since K is an even function and since K- f is 2-periodic, this
can be written as

S (f)(z) = %/_1 Kn(2)f(x + 2)dz. 9.8)

Furthermore, by (9.6) we can rewrite f(z) as

1 1
f@) = f@1 =5 [ Kn)(@=

Therefore, the error Sy(f) — f admits the representation

Sx(N@ —f@) =3 [ Ko (fe+2)—f@)d 09)

From this error representation it is straightforward to establish pointwise
convergence of the Fourier series under proper assumptions on the function
f. In order to avoid unnecessary technical difficulties, we will first assume a
rather strong condition on f, i.e. we will assume that the periodic extension
of f is continuous and differentiable. Later the conditions on f will be
relaxed.

Theorem 9.1 Let f be a function defined on [—1, 1] such that its 2-periodic
extension is continuous and differentiable for all x € R. Then {Sn(f)}

converges pointwise to f on [—1,1], and hence to the periodic extension of
f onR.

Proof: Although it may seem unlikely, this theorem will be derived from
Bessel’s inequality (8.40).
Let = € [—1,1] be fixed. We have to show that

lim Sy (f)(x) = f().

N—oc0

From (9.7) and (9.9) we obtain that the error can be written in the form

-1

Sn(N@) ~ @) = 5 /1 g(2)sin ((N + ;) m> iz, (9.10)



9.2 Pointwise Convergence 293

where
f@+2) - f(z)
sin (%) '
Of course, in addition to z, g also depends on x. However, since z is fixed
throughout the proof, this dependence is suppressed. Note that the function

g is obviously continuous at all points in [—1, 1], with the exception of the
origin, where it is not defined. However, since

2 fletz) - flx) mz/2
;g%g( ?) = ilg%); z sin (7z/2)

25 @),

9(z) =

it follows that g can be defined to be continuous in all of [—1,1]. Hence, ¢
is bounded and, in particular,

1
gl = (g.9) = / )z <o (9.11)

Next let us consider the functions

1
Zi(z) = sin <(k+ 2) 7rz) for k=1,2,...

Recall from Example 8.4 that these functions are orthogonal on [0, 1].
Hence, since these functions are odd they will also be orthogonal on [—1, 0]
and, as a consequence of this, they are orthogonal on [—1, 1]. Furthermore,
a straightforward calculation using the formula

sin?(a) = = (1 — cos (2a))

l\D\>—~

shows that || Zx||?> = 1. You are asked to verify this in Exercise 9.9. Hence,
from Bessel’s inequality (8.40) with respect to the function g and the or-
thogonal set {Z}, we derive from (9.11)

o0
S (9. 242 < g2 < .
k=1

In particular, this means that

(9, 2Zn) = /119(2)8111 ((N + ;) 7Tz> dz—0

as N tends to infinity, and by (9.10) this implies that

lim Sy(f)(z) = f(z). u
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We would like to extend the argument above such that it also applies
when the 2-periodic extension of f is only piecewise continuous. For such
functions let!

flo=) = Jim fla—h) and  flot) = lim f(z+ )

Hence, f is continuous at z if f(z—) = f(x+).

Definition 9.2 A piecewise continuous function f is said to be “one-sided
differentiable” at x if the two limits

i f@) = fa—h) L fla k) = fla)
hN\0 h hN\0 h

both exist.

EXAMPLE 9.3 The function f(x) = |z| is one-sided differentiable at z =0
since

P B ]

=1.
hN\0 h h\O h

EXAMPLE 9.4 The function f(x) = sign(z) is one-sided differentiable at
x = 0 since
lim sign(0—) — sign(—h) "0 and  lim sign(h) — sign(0+)
R\0 h AN h

=0.

We now have the following stronger pointwise convergence theorem:

Theorem 9.2 Let f be a piecewise continuous function on [—1,1] such
that its 2-periodic extension is one-sided differentiable for all v € R. Then
the sequence {Sn(f)(x)} converges pointwise to & [f(z—) + f(z+)] for all
z €R.

Proof: We will do a proper modification of the proof of Theorem 9.1
above. First we write (9.8) as

0 1
:% {/1 KN(Z)f(x-I-z)dz—i-/o Kn()f(x+2)dz|.  (9.12)

Furthermore, since Ky (z) is an even function, it follows from (9.6) that
[ e g [t

1Here the symbol limp\ o means limp_,0, p>0 -
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Let f(x) be the average value

F@) = 31 e=) + f+)]

We obtain
f@=y Uol Kn(2)f(a—)dz + /01 KN(z)f(:H—)dz} .
Together with (9.12) this means that we can rewrite (9.10) in the form
sy -T@ =3 [ [ s @zveie [ g @z, o013
where
Jn = L)~ ft)

sin (%)

However, since f is one-sided differentiable at z, the two functions g~
and g* are continuous on the two intervals [—1,0] and [0, 1], respectively.
Therefore, we have

0 1
/ 0™ () 2dz, /|g+<z>|2dz <
—1 0

Furthermore, we recall that the functions {Zx(x)} are orthogonal on each
of the two intervals [—1,0] and [0, 1]. Hence, by applying Bessel’s inequal-
ity with respect to each interval, we conclude, as above, that each of the
two integrals on the right-hand side of (9.13) tends to zero as N tends to
infinity. ]

ExXAMPLE 9.5 Recall from Example 8.3 on page 252 that

MINESNET o (NS S TV .
X 2 2k:1 2k—1 COS ™).

Since the 2-periodic extension of |z| is continuous and one-sided differen-
tiable, the Fourier series will converge to |x| for each « € [—1, 1]. Hence, by

letting « = 0 we have
1 o4& 1\’
=323
2 72 2k —1

k=1

or
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EXAMPLE 9.6 The Fourier series of sign(x) is derived in Example 8.2 on
page 251. We have

sign(x sm ((2k — )mx) .

Mg

T

Since sign(x) is piecewise continuous and one-sided differentiable, we obtain
for x = % that

4 & _
E;% '

or

9.3 Uniform Convergence

In this section we shall establish necessary conditions which will guaran-
tee that the Fourier series converges uniformly to f. Recall from Propo-
sition 9.1 above that uniform convergence always implies pointwise con-
vergence. Therefore, we would expect that the conditions required on f to
guarantee uniform convergence must be at least as strong as those required
for pointwise convergence. The conditions below are slightly stronger than
those assumed in Theorem 9.2.

Theorem 9.3 Let f be a function defined on [—1,1] such that its periodic
extension is continuous and let f' be piecewise continuous. Then Sy(f)
converges uniformly to f on [—1,1].

Proof: Let us first observe that since the conditions on f above are
stronger than the ones given in Theorem 9.2, we have, for any x € [—1, 1],
that

f(z) = lim Sy(f)(z) =

ag
R 5 + kz_l ay, cos (kma) + by sin (kma))

where the Fourier coefficients are given by

1 1
ap = [1f(y) cos (kmy)dy, by, = /71 f(y) sin (kry)dy.



9.3 Uniform Convergence 297

Therefore,

If = Sn(f)llec = sup Z ay, cos (kwa) + by, sin (kmra)
w€[-1,1] |, 2 N1

< S (al + b))

k=N+1

The proof will be completed by showing that the right-hand side of this
inequality tends to zero as N tends to infinity. In fact, we will show that

> (lak| + [bxl) < (9.14)
k=1

i.e. this series converges to a finite number. This will immediatly imply the
desired convergence.
In order to establish (9.14) let

1 1
an = [ Fweos(kry)dy and = [ ' (w)sin (kmy)dy

be the Fourier coefficients of f’. Since f’ is assumed to be piecewise con-
tinuous, it follows from Bessel’s inequality (8.42) that

1

Oé% > 12 ! 2
DY @) < 1P = [ (e d<oe.  (015)
k=1

-1

Furthermore, since f(1) = f(—1), it follows from Theorem 8.1 that cg = 0
and

o = k?‘rbk , ﬂk = —kﬂ'ak.

For any integer N > 0 we therefore have

N N

(lak| + 1bx]) = =
=1 k=1

(k| + 1B%l) -

By applying the Cauchy-Schwarz inequality, (cf. Project 1.2 in Chapter 1),
we obtain

M=
=
)
=
IA A
/N
M= [[M=
Tl T
N— " ~—
= =
no N
7N N
M= [[M]=
) 2
+ T
= ™
T
N———
Z
[\
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1
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FIGURE 9.2. So(f) (dashed) and S7(f) when f(x) = |z|.
Together with a similar inequality for Zi; %| Bk| we now have
N N /2 , § 1/2
St < 2 (X ) (Do)
k=1 k=1

= (9.16)

IN

T g
22if
< 171

where we have used (9.15) and the inequality

derived in Example 8.11. Hence, by letting N tend to infinity in (9.16), we
have established (9.14). The proof is therefore completed. [ |

EXAMPLE 9.7 Let f(x) = |x| for € [—1,1]. Then the periodic extension
of f is continuous and f’ = sign(x) is piecewise continuous. Theorem 9.3
therefore implies that Sy(f) converges uniformly to f on [—1,1]. This
convergence is illustrated in Fig. 9.2, where we have plotted Sy(f) for
N=2T. O

EXAMPLE 9.8 Let f(z) = sign(x). Since this function is not continuous,
we cannot conclude that Sy (f) converges to f uniformly on [—1,1]. In fact,
from Proposition 9.2 we know that it is impossible that Sy (f) converges
uniformly to f, since this would imply that f itself is continuous. Still, it
may seem reasonable to belive that Sy (f)(z) always takes values in the
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N:1 N=2

e

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5

0
-1
-1 05 0. 05 1 -1 05 0. 05 1
1 1
0 0
-1 -1
-1 -05 0 05 1 -1 -05 0 05 1

FIGURE 9.3. Sen—1 for different values of N when f(x) = sign(x).

interval [—1,1]. However, this is not the case. In Fig. 9.3 we plotted the
functions

4L 1
Son-1(f)(@) = — > o7 0 ((2k — D)
k=1

for N =1,2,3,5, 10, 15.

We see that Sy (f)(z) takes values larger than 1 and smaller than -1 for x
close to zero. This overshoot is usually referred to as the Gibbs phenomenon.
It can in fact be shown that there is a § > 0 such that

lim sup | Sx (f)loc = 1+6,
N —oc0

ie. ||Sn(f)|lec does not converge to 1. We refer for example to Strauss [25]
for a further discussion of this phenomenon. |
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9.4 Mean Square Convergence

Finally, we shall consider mean square convergence of Fourier series. Re-
call from Proposition 9.1 that uniform convergence implies mean square
convergence. Hence, if the periodic extension of f is continuous, with f’
piecewise continuous, it follows from Theorem 9.3 that Sy (f) converges in
the mean square sense to f. However, these conditions are unnecessarily
strong. In fact, we have mean square convergence for any piecewise contin-
uous function f.

Theorem 9.4 Let f be a piecewise continuous function on [—1,1]. Then
Sn(f) converges to f in the mean square sense.

Proof: The idea is to approximate f by a smoother function fs which
satisfies the hypothesis of Theorem 9.3.

First we extend f to a 2-periodic function on R. For each § > 0 let fs5(x)
be defined by averaging the original function f around the point z. More
precisely,

x+0
file) = 55 [ fan

Since f is 2-periodic, f5 will be 2-periodic. The fundamental theorem of
integral calculus implies that

5(@) = 5 (@ +0)-) = (e = 9)+)].

Hence, f; is piecewise continuous, and since any differentiable function is
continuous, f5 is continuous. We have therefore verified that fs satisfies the
hypothesis of Theorem 9.3, i.e. Sy (fs5) converges uniformly to f5 as N tends
to infinity. Since uniform convergence implies mean square convergence (see
Proposition 9.1), we therefore obtain

lim (S (f5) — f5]| = 0. (9.17)
N—o00
Furthermore, it can be shown that
lim [1fs — f]| = 0. (9.18)
6—0

In fact, you are asked to establish this convergence in Exercise 9.17.
Observe now that the Fourier series Sy (f) depends linearly on f. This
follows since the Fourier coefficients depend linearly on f. Therefore,

Sn(f) — Sn(fs) = Sn(f — fs)-

From the Pythagoras identity (8.38) it follows that ||.S, (f)|| < ||f|| for any
piecewise continuous function f. In particular,

ISN(f = fll < If = fsll- (9.19)
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Now write

Sn(f) = f=5Sn(f = f5) + (Sn(fs) = fs) + (fs — ).

By using the triangle inequality for the mean square norm and (9.19), we
therefore obtain

1SN (f) = fIE<20F = fsll + 1SN (fs) = fall- (9.20)

In order to show that Sx(f) converges to f in the mean square sense, we
have to show that ||Sn(f) — f|| can be made arbitrarily small by choosing
N sufficiently large.

Let € > 0 be given. Since fs converges to f (see (9.18)), it follows that
we can choose a ¢ such that

If = fsll < 5.

Furthermore, with ¢ fixed, it follows from (9.17) that we can choose Ny
such that

ISn(fs) = fill < 5 for N> No.

Hence, by (9.20)
I1Sn(f) = fll <e for  N=No.

Since € > 0 is arbitrary, this shows that
lim ||Sn(f) = fIl = 0.
N—o00
|

We recall from Theorem 8.2 that mean square convergence of the Fourier
series implies Parseval’s identity

2 (oo}
Qa
o+ (ak+05) =" (9.21)
k=1

Hence, the following result is a simple consequence of Theorem 9.4 above.

Corollary 9.1 If [ is piecewise continuous on [—1,1], then Parseval’s
identity (9.21) holds.

ExaMPLE 9.9 In Example 8.11 on page 273 we studied the full Fourier
series of f(x) = x and we concluded from Bessel’s inequality that

=1 w2
k=1

By Corollary 9.1 this inequality is an identity. |
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ExXAMPLE 9.10 Recall from Example 8.2 on page 251 that the full Fourier
series of f(x) = sign(z) is given by

o0
sign(z — Z
k=1

W

sm ((2k — )mx).

3

Hence, since f is piecewise continuous and || f||* = 2, it follows from Par-

seval’s identity that
6o~ 1\ _,
2 2k—1)
k=1

or

o0

2 () <%
P 2k —1 8

In fact, this formula was also derived in Example 9.5 above as a consequence
of the pointwise convergence of the Fourier series of |z| at = 0. |

9.5 Smoothness and Decay of Fourier Coefficients

We will end this chapter with a short discussion of the relation between
the smoothness of a function f and how fast its Fourier coefficients a; and
by, tend to zero as k tends to infinity. Recall from Corollary 9.1 that if f is
piecewise continuous, then

V)

a oo
é@; (a7 +b7) = If]I* < 0.

Since the infinite series converges this implies, in particular, that
ag, bp — 0 as k — oc.

We shall see below that the smoother f is the faster the Fourier coefficients
will converge to zero. Here, the rate at which the Fourier coefficients tend
to zero will be measured by checking if

Zk2m (af +b7) < o0
k=1

for positive integers m. Larger values of m indicate faster convergence to
zero for the Fourier coefficients.
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Throughout this section we let C}* denote the set of functions on R such

that f, f/,..., f0" are all continuous and 2-periodic. Hence, if f € C™
then

fO(=1) = D) for j=0,1,...,m. (9.22)

In fact, since any 2-periodic function is uniquely determined by its values
n [—1,1], the space C}' can be alternatively defined as all functions f €
C™([~1,1]) which satisfy (9.22).

Assume first that f € C’S and that f’ is piecewise continuous. Let ay
and (3 denote the Fourier coefficients of f’. From Theorem 8.1 we have

ap = knby, and O = —kmway. (9.23)
Furthermore, Parseval’s identity (9.21) implies that

(ek +82) = IF1%,

k=1

or by using (9.23),

ZkQ k+b2 Hf/||2

The following theorem is a generalization of this identity.

Theorem 9.5 Let m>1 be an integer. Assume that f € C':Z,”’1 and f™)
s piecewise continuous. Then

SO (a4 17) = 7,

where ag and by are the Fourier coefficients of f.

Proof: We prove this by induction on m. For m = 1 the result was
established above. Assume the result holds for m. If f € C}" with f (m+1)
piecewise continuous, then f € C7*~! with AT = f (m+1) piecewise
continuous. Therefore, the induction hypothesis applied to f gives

o0
DK (af + B7) = m 2
k=1

where oy, and . are the Fourier coefficients of f’. From the identities (9.23)
we obtain

2 Z k2(m+1) (ai + bi) _ 7r—2m||f(m+l)||2’
k=1
which is the desired result for m + 1. |
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EXAMPLE 9.11 Let f(x) = sign(z). Recall from Example 9.10 above that
the Fourier series is given by

A 1
= kZ:l ST sin((2k — 1)7x).

We have already checked Parseval’s identity (9.21) in Example 9.10. How-
ever, we observe that the series

00 oS} 2
0

diverges. But this does not contradict Theorem 9.5 above since f ¢ Cp. B

EXAMPLE 9.12 Let f(z) = |z|. Then f € C) and f'(x) = sign(z) is piece-
wise continuous. Hence, Theorem 9.5 predicts that

oo

SR (@t +1) = w2l =

k=1

On the other hand we recall from Example 9.5 on page 295 that

1 4 1\
~ _— —_— S 2 —1
|| <2k ) cos ((2k — 1)mz),

2 72 -1
k=1
and that
> () - %
= 2k —1 8
This gives
S (@) < O3 ()2
kTR md 2k —1 w2’
k=1 k=1
We have therefore confirmed the theorem for this example. |

The interpretation of Theorem 9.5 is that the smoother f is, the faster
the Fourier coefficients will decay to zero. However, we can also show the
converse, i.e. that fast decay of the Fourier coefficients implies that f is
smooth. In fact, the argument needed to prove this has already been intro-
duced in the proof of Theorem 9.3. Assume first that {ax}7>, and {bx}72,
are real coefficients such that

ZkQ P b7) (9.24)
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For N >1 let

N
ag
=5 + ; ay, cos(kmx) + by sin(knz)) .

We like to show that Sy converges to a function f € CS. Since all the
functions Sy € C’g, this will follow if we can show that Sy converges
uniformly to a function f; see Proposition 9.2.

Let z € [-1,1] be arbitrary. If M > N, then

M

Sar(@) = Sn (@) <Y (Jax| + [bx])
k=N+1
M

S 3 (kllal + [oel)

k=N+1

2< i ;)1/2< ]ij kg(ai—i—bi))lm.

k=N+1 k=N+1

IN

Here, the final inequality follows from the Cauchy-Schwarz inequality. Hence,

o \? [ 1/2
st -si<e( 55 L) (Sewien)
k=1

k=N+1

Since >, 1/k* < oo (see Example 9.10 above), it follows that
My o0 D pe niq 1/E% = 0. Together with (9.24) this implies that

M}]{[Igoo |SM((£) — SN(l‘)‘ =0.

Therefore, since {Sy(x)} is a Cauchy sequence, Sy (z) converges. We call
the limit f(x). Furthermore, by replacing Sys(x) by f(z) in the calculation
above, and by taking supremum over = € [—1, 1], we derive

If = Snlloe < > (larl + b&])

k=N+1
~ 1/2 o 1/2
§2< Z k:2> <Zk2(ai+bi)> — 0as N — 0.
k=N+1 k=1

Therefore Sy converges uniformly to f, and by Proposition 9.2 we can
conclude that f € C’g . Furthermore, it is straightforward to show that
Sy = Sn(f), or equivalently, that

f~ C;i + ;(ak cos(kmz) + by sin(kmz)).
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You are asked to establish this in Exercise 9.13.
The following result is a generalization of this observation.

Theorem 9.6 Letm >1 be an integer and assume that {ax} 32, and {br}72,
are real coefficients such that

oo

Zkzm (ap +b}) < oo

k=1

Let

N
= ?0 + kz_l ay, cos(kmz) + by sin(kmz)) . (9.25)

Then there exists a function f € C’;,"il such that

S](\?) — 9 uniformly as N — oo

for 0 < j <m — 1. Furthermore, the Fourier series of f is given by

a oo
50 + kz_l ar, cos(kmx) + by sin(krz)). (9.26)

Proof: We will use induction on m to establish the uniform convergence

of the functions S . For m = 1 the result is derived above. Assume that
the result holds for m, where m > 1, and that

oo

ZkQ(mH) (ai + bi) < 00

k=1

Since this assumption is stronger than (9.24), we can conclude from the
discussion above that there is a function f € C’S such that Sy converges
uniformly to f. We have to show that f € C}" and that

S%) — U uniformly for 0<j<m as N — oc.

Let
N
Tn(z) Z ay, cos(kmx) + B sin(krx)) ,
k=1
where ay = kb, and B, = —kmag. The coeflicients «a and [y satisfy

(o9}

Zka (o} +B7) = WQZkz(mH) (az +b}) < oo

k=1 k=1
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Hence, the induction hypothesis implies that there is a function g € C’;,“*l
such that

7O =80T g0 for 0<j<m-—1.

From Proposition 9.3 on page 289 we can also conclude that g = f/ and
hence the desired uniform convergence is established. Finally, we have to
show that the Fourier series of f is given by (9.26). However, this is a
consequence of the fact that the functions Sy, given by (9.25), converge
uniformly to f. You are asked to verify this in Exercise 9.13. |

Note that the two theorems established in this section are close to pro-
viding an equivalence between the property that the Fourier coefficients of
f satisfies

Zka (af +b3) < oo (9.27)
k=1

and the property that f € C’;"_l. In fact, Theorem 9.6 states that the
convergence of the series (9.27) implies that f € C;*~'. On the other hand,
Theorem 9.5 implies that if f € C;”_l, and if in addition f(™) is piecewise
continuous, then the series (9.27) converges. However, strict equivalence
between convergence of the series (9.27) and smoothness properties of f
would require the introduction of Lebesgue integration and Sobolev spaces.
This is beyond the scope of this book.

9.6 Exercises

EXERCISE 9.1 Let fy(x) = 1/(N + z) for « € [0,1]. Show that {fn}
converges uniformly to zero as N tends to infinity.

EXERCISE 9.2 Let fy(z) = e /N for x € [~1,1]. Show that fy — 1
uniformly as N — oo.

EXERCISE 9.3 Let fy(z) = e 1#IN,
(a) Show that fy(xz) — 0 as N — oo for all z # 0.

(b) Consider the functions fx on [—1,1]. Does {fn} converge to zero in
the mean square sense?

(¢) Does {fn} converge uniformly to zero on [—1,1]7
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EXERCISE 9.4

(a) Let fn(z) =1/(Nz+ 1) for € [0, 1]. Show that fx(z) — 0 for all
x € (0,1], but that the convergence is not uniform on [0, 1].

(b) Show that {fn} converges to zero in the mean square sense.

(¢) Let gn(z) = x/(Nz + 1). Show that {gn} converges uniformly to
zero on [0,1].

EXERCISE 9.5 Let fy(v) = 2/(1 + Na?) for z € R.

(a) Find the two pointwise limits

fe) = lim fy(z) and  g(z) = lim fy(z).

=1
N—o0 N—o0
(b) Show that f/(x) exists for all z, but that f/(0) # g(0).

(¢) Explain why this does not contradict Proposition 9.3.

EXERCISE 9.6 Let fy(z) = N~le V%" for 2 € R.

(a) Show that fy(x) — 0 as N tends to infinity and that the convergence
is uniform on any closed interval.

(b) Show that fj(z) — 0 for all x € R, but that the convergence is not
uniform on any closed interval containing the origin.

EXERCISE 9.7 Let ||f]|c be the uniform norm given by

1flloc = sup [f(z)|

z€[a,b]
for f € C([a,b]).
(a) Establish the triangle inequality
1+ 9lloo < [ f1loo + l19lloo
for f,g € C([a,b]).
(b) Use the triangle inequality to show that

1110 = llglloe| <11 = gl

for f,g € C([a,b]).
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(¢) Show that || - ||~ is continuous with respect to uniform convergence,
i.e if {fn} C C([a,b]) converges uniformly to f, then
Jim |l fxlloe = 1]l
—00
(d) Let {fn} be a sequence of piecewise continuous functions on an in-

terval [a,b] which converges to a piecewise continuous function f in
the mean square sense. Show that

Jim 7wl =171

where |1£]] = (/2 ) dx) .

EXERCISE 9.8 Use a computer program to plot the Dirichlet kernel Ky (2)
for increasing values of V.

EXERCISE 9.9 Consider the functions
1
Zy(z) = sin((k + 5)7‘(2) for k=1,2,...
appearing in the proofs of Theorems 9.1 and 9.2. Use the trigonometric
identity

sin*(a) = = (1 — cos(2a))

| =

to show that

1
12 = [ Zi()as =1

EXERCISE 9.10

(a) Use the full Fourier series of f(z) = x? and Parseval’s identity to
show that

$1r
k4 90"

k=1
You can use the result from Exercise 3.2 that

I 4 K (—1)F
2
’ N§+ﬁz k2

cos(kmz).

(b) Use the full Fourier series of f(z) = |z| and Parseval’s identity to
compute
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EXERCISE 9.11
(a) Recall from Example 8.1 on page 249 that the Fourier series of f(x) =
T is
X~ Z by sin(kmx),
k=1
where by, = 2 (—1)F+1.
Find the largest integer M > 0 such that

o0

> B < o
k=1

Explain how your conclusion relates to the results of Theorems 9.5
and 9.6.

(b) Repeat the problem above with f(z) = 2?2

EXERCISE 9.12 Let f(z) be the 2-periodic function defined by
f(x) =2z forxze[-1,1].
(a) Show that f e C}, but f ¢ C2.

(b) Let aj and by denote the Fourier coefficients of f. Explain why

o0

Z k* (a3 4 b}) < oo,
k=1

without calculating aj, and by. Is the sum Y 7o | k%(af + b7) finite?

(¢) Use the fact that f”(z) = 6z to compute the Fourier series of f.
Compare the results with your conclusions above.

EXERCISE 9.13 Let {ax}72, and {bx}72, be real coefficients such that
(9.24) holds, and let f € C be the function derived from Theorem 9.6, i.e.
f is the uniform limit of the sequence {Sx} defined by (9.25). Show that

00
a

f~ ?0 + ;(ak cos(krx) + by sin(kmz)).
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EXERCISE 9.14

(a) Find the full Fourier series of the function

f(z) = cos (ax)

with respect to the interval [—m,7]. Here a € R, but a is not an
integer. You will probably find the formula

2 cosucosv = cos (u+ v) + cos (u — v)
useful.

(b) Use the Fourier series above to establish the formula

cos(ma) _

1 e~ 1
LI L Y
sin(ra)  wa W;kQ —a?

(¢) Use Theorem 8.1 to find the full Fourier series of g(x) = sin (ax).

(d) Find a formal series for cos(ax) by differentiating the full Fourier
series of g term by term. Compare the result with the full Fourier
series for f. Explain what you observe.

EXERCISE 9.15 Let f:[—1,1] — R be defined by

fa) = { a—|z| for |z|<a,

0 for |z| > a,
where a € R satisfies 0 < a < 1.
(a) Find the full Fourier series of f.

(b) Perform a term-by-term differentiation of the Fourier series above.
Explain why this series converges for all x € R. Sketch the graph of
the sum g(x) for z € [—2,2]. What is the value of g(a) and ¢(0)?

EXERCISE 9.16

(a) Let f be a piecewise continuous function defined on [0, 1] with Fourier
sine series

Z ¢k sin(krz).
k=1
Use Corollary 9.1 to explain why Parseval’s identity,
) 1
Zci = 2/ f2(z) de,
k=1 0

holds.
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(b) Formulate the corresponding result for Fourier cosine series.

EXERCISE 9.17 The purpose of this exercise is to establish the convergence
(9.18). Hence, for a given 2-periodic piecewise continuous function f, we
like to show that the functions fs(x) given by

T+
fs(x) = 2%/76 fy)dy for §6>0

converge in the mean square sense to f as 0 tends to zero.
(a) Let H(z) be the 2-periodic function defined by

[ 1 for z€(0,1]
H(z) = { 0 for xe(—1,0].

Note that the function H is piecewise continuous.
Show that lims_,q || Hs — H|| = 0, where ||-|| denotes the mean square
norm on [—1,1].

(b) Let g be a 2-periodic continuous function. Show that lims_. ||gs —
gll = 0.

(c) Explain why any 2-periodic piecewise continuous function can be
written in the form

M
f(x) = g(x) + ZCJH(J? — ),

where g is continuous, M is a finite positive integer and c; are suitable
coefficients.

(d) Use the results above and the triangle inequality for the mean square
norm to show that lims_o || fs — f|| = 0 for any 2-periodic piecewise
continuous function f.



10
The Heat Equation Revisited

The two previous chapters have been devoted to Fourier series. Of course,
the main motivation for the study of Fourier series was their appearance
in formal analytic solutions of various partial differential equations like the
heat equation, the wave equation, and Poisson’s equation.

In this chapter we will return to partial differential equations. We will
reinvestigate formal solutions derived above and discuss the consequence
of the results on Fourier series for these formal solutions. The convergence
results for Fourier series, derived in the previous chapter, will be used
to show that, under proper assumptions, the formal solutions are in fact
rigorous solutions in a strict mathematical sense.

In order to avoid this discussion becoming too long, we shall concentrate
on the solution of the heat equation in one space dimension with Dirichlet
boundary conditions.

Other formal solutions can be treated in a similar manner, and some
examples are discussed in the exercises. In the final section of this chapter
we shall also derive a rigorous error estimate for a finite difference method
for the heat equation.
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10.1 Compatibility Conditions

Consider the initial and boundary value problem

Up = Uz for x€(0,1), >0
w(0,t) =u(l,t) =0, t>0 (10.1)
u(z,0) = f(z), =z€(0,1).
Recall that if

o0
flz) = ch sin(kmx)
k=1
is the Fourier sine series of the initial function f, then the formal solution
of this problem is given by

u(z,t) = che*(’”)zt sin (kmrx). (10.2)
k=1

The purpose of the next section will be to show that the solution (10.2)
is not only a formal solution, but a rigorous mathematical solution. How-
ever, before we start this discussion, we will focus attention on a possible
difficulty.

Assume that u is a solution of (10.1) which is continuous in the domain
[0,1] x [0, 00). In particular, this means that w is continuous at the origin
(x,t) = (0,0). Hence,

0 = limu(0,¢) = u(0,0) = lim u(x,0) = f(0).
t—0 z—0
A similar argument shows that f(1) = 0. Therefore, if u is a solution of
(10.1) which is continuous in the entire domain [0,1] X [0,00), then the
initial function f must satisfy the compatibility condition

f(0) = f(1) = 0. (10.3)

ExXAMPLE 10.1 Consider the problem (10.1) with f = 1. Note that the
function f does not satisfy (10.3). Hence, it follows from the discussion
above that there is no solution w which is continuous in the entire domain
[0,1] x [0, 0).

On the other hand, a formal solution of this problem was derived already
in Example 3.2 on page 93. There we computed the formal solution

AN L (emeum) g (o
u(z,t) = - kz::l T sin((2k — 1)7z). (10.4)

In fact, it will follow from the discussion in the next section (see Exer-
cise 10.11) that the series (10.4) defines a solution of (10.1). However,
this solution will not be continuous at the corners (z,t) = (0,0) and
(z,t) = (1,0). |
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f

d

FIGURE 10.1. f and the odd extension f.

The compatibility condition (10.3) is closely related to the space C}
introduced in Section 9.5 above. We recall that the space C}" consists of
functions defined on [—1,1] such that the 2-periodic extension is m-times
continuously differentiable, i.e. f € CJ* if and only if f € C™([-1,1]) and

f(j)<_1) - f(j)(l) for j =0,1,...,m.

In order to see the relation between the space C) and the condition (10.3),
let us first recall from Chapter 8 that the Fourier sine series of a function
f defined on [0,1] is simply the full Fourier series of the odd extension of
f. Let f denote the odd extension of f, i.e.

f(=z) = —f(z) for xze€(0,1].

Hence, it follows that f € CS if and only if f is a continuous function on
[0, 1] which satisfies (10.3); see Fig. 10.1.
In general, from the chain rule we derive

FO(—a) = (1 D (@) for  w e [0,1]
As a consequence of this identity we conclude that we always have
FO=1) = FO) and fO(0-) = FO (0
if j is odd. On the other hand, if j is even then
FO-1) = =F0) and FO(0-) =~ (0+)
Therefore, f € Cp if and only if f € Cm([O, 1}) with

f(2j)(0) - f(Qj)(l) =0 for 0<25<m. (10.5)
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This result motivates the definition of the space
Cy = {recm(01) | F(0) = fE)(1) =0 for 0<2 <mf,
where m > 0 is an integer. For example, the space C’;O is given by
Cho={f€C*([0,1))|£(0) = f"(0) = f(1) = f"(1) = O}.
The discussion above can be summarized as follows:

Lemma 10.1 Let f be the odd extension of a function f defined on [0,1].
Then f € Cy" if and only if f € CJ,.

Hence, the space O}, corresponds exactly to all the odd functions in C}".

Recall that in Section 9.5 above we studied the relation between the
smoothness of f and decay to zero of the Fourier coefficients. As a conse-
quence of Lemma 10.1 and the fact that the Fourier sine series of a function
is the full Fourier series of its odd extension, these relations can be trans-
lated to sine series.

The theorem below follows directly from the Theorems 9.5 and 9.6. In
this chapter, || f]| is defined with respect to [0, 1], i.e.

1
1712 = / 12 (x)de

Theorem 10.1 Let f be a piecewise continuous function defined on [0,1]
with Fourier sine series

flx) ~ ch sin (kmax)
k=1

and let m > 1 be an integer.

(i) If | € C’;’?(fl and f™) is piecewise continuous, then
Sk = 22 |2
k=1

(ii) 1f

Zkac% < 00
k=1

then f € Cz’f{jl. Furthermore, S%)(f) converges uniformly to f9) for
0<j<m-—1, where

Sn(f) = Z e sin(kmz).
k=1
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Note that the condition (10.5) reduces to (10.3) when m = 0. Further-
more, recall that the condition (10.3) has to be satisfied if the solution
u of the problem (10.1) is continuous at the corners (x,t) = (0,0) and
(x,t) = (1,0). The more general condition (10.5) also arises naturally in
connection with the initial and boundary value problem (10.1).

If u; and wu,, are both continuous at the origin, we must have

0=1 0,t) = li ) =1 1) = 1i 0) = £"(0).
i ue(0,1) = lhm,ue(@,?) = lim, vea(®,1) = liy uea(, 0) = 7(0)
In this manner we can argue that if (%u and %u for 0 < j < k all are
continuous at the origin, then

fE0)=0 for 0<j<k.

A similar discussion applies to the other endpoint z = 1. The conditions
(10.5) for the initial function f are therefore referred to as compatibility
conditions of order m for the initial and boundary data of the problem
(10.1).

Before we end this section we will reconsider Poincaré’s inequality (see
Lemma 8.6 on page 274) and the use of this inequality in obtaining energy
estimates for the problem (10.1). In fact, from Theorem 10.1 we obtain the
following strong version of Poincaré’s inequality:

Corollary 10.1 Assume that f € 0370 with f' piecewise continuous. Then

1 /
1A= — - (10.6)

Proof: From Parseval’s identity (see Exercise 9.16) we have

1
||fH2 = §Zciu
k=1

and from Theorem 10.1

VA
2
k=1

Therefore,
o0 o0
2r 2| P = YK = Y e = 20If11%
k=1 k=1
which implies the desired inequality. |

We note that this result represents an improvement over Lemma 8.6, in
the sense that the constant appearing in front of || f’|| is smaller. Further-
more, by taking f(x) = sin(7x) we obtain equality in (10.6). Therefore, the
constant in front of || f/|| in (10.6) is the smallest possible.
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EXAMPLE 10.2 We will consider energy estimates for the problem (10.1)
once more. Recall that this has been studied in Section 3.7, where we
derived that the energy

Bt) = /01 W2(z,t) do

is nonincreasing with time, and in Example 8.12 on page 274, where we
established the decay estimate

E(t) <e ™E(0) for t>0.
However, by assuming that u(-,t) € C’S}O, with (-, t) piecewise continuous

for any ¢ > 0, and using (10.6), this decay estimate can be improved further.
In fact, we have

E(t) < e 27t E(0). (10.7)

To see this, we recall from Example 8.12 (see (8.45)) the identity

E'(t)= —2/0 u?(x,t) da.

However, (10.6) implies that
1

—2/ u?(x,t) do < —27°E(t)
0

and therefore
E'(t) < —2m%E(t).

Hence, the estimate (10.7) follows from Gronwall’s inequality (see Lemma 8.7
on page 275). It is also easy to see that the decay estimate (10.7) cannot
in general be improved. In fact, if we consider the problem (10.1) with
f(z) = sin(mz), then we have equality in (10.7) (see Exercise 10.4). |

We remark that in the discussion above, the estimate (10.7) is derived
by energy arguments, i.e. no representation of the solution u is used. All
we have used is the fact that u is a solution of problem (10.1). For the
present problem, the estimate (10.7) can also be derived directly from the
representation (10.2); see Exercise 10.6. However, the advantage of energy
arguments is that they can be used for more complex problems, where no
representation of the solution is available. This will for example be illus-
trated by the study of nonlinear reaction-diffusion equations in Chapter 11.
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10.2 Fourier’s Method: A Mathematical
Justification

The purpose of this section is to show that the formal solution (10.2) is a
rigorous solution in a strict mathematical sense. We shall also discuss the
smoothing property of the heat equation.

We will assume that the initial function f is just a piecewise continuous
function. Compatibility conditions of the form (10.5) will not be assumed.
In particular, we will allow f(0) and f(1) to be different from zero. Hence,
we will permit the initial function f = 1, studied in Example 10.1, and also
a discontinuous function like

- 1 for 0<z<1/2,
f(x){—l for 1/2<uz<1.

For this function, f” is not defined at = 1/2. Hence, for t = 0 the
differential equation u; = wu,, cannot be satisfied. However, in (10.1) we
only require this equation to hold for ¢ > 0. We shall see below that this
will in fact be the case, even if the initial function f is discontinuous.

Let us also note that the maximum principle stated in Theorem 6.2 on
page 182 requires that u be continuous down to t = 0. Hence, in general
we cannot apply the result of Theorem 6.2 to our solution.

10.2.1  The Smoothing Property

Let ), cisin(kma) be the Fourier sine series of the piecewise continuous
function f. It follows from Parseval’s identity that

> e =2|fIP < o (10.8)

k=1

Below we will show that even if f is just piecewise continuous, the series
(10.2) for t > 0 will define a C*°-function u(-,t) as a function of x. In fact,

we will show that u(-,t) € C;%,, where O35, = (,-_, C},. Alternatively,

the space €, can be defined by

Cre ={g€C™([0,1]) | g*(0) = g®*(1) =0 for j=0,1,2,...}.
The following technical result will be useful:

Lemma 10.2 Let a and b be positive real numbers. There is a positive
constant M, depending on a and b, such that

0<z% <M for x>0.

Proof: Let g(x) be the function



320 10. The Heat Equation Revisited

We note that g(x) > 0 for z > 0 and that
g(0)=0 and lim g(x)=0.
Tr—r00
Furthermore,

g (z) =2 te b (a — bx),

which implies ¢’(z) = 0 only if 2 = a/b. Hence, we can take

a a\e _,
M=a(3)=(5)
|
Consider the series for u(x,t), i.e.
che_(k”)2tsin(k7rx). (10.9)

k=1

For each fixed ¢t > 0 we can view this as a Fourier sine series with respect
. . . p— 2
to z, where the Fourier coefficients are given by cpe~ (™)t

Theorem 10.2 Assume that f is piecewise continuous. For each t > 0 the
series (10.9) converges uniformly to a function u(-,t) € CJ5,.

Proof: Consider the Fourier sine series (10.9). For each integer m > 1

(km)2t

and ¢ > 0 the Fourier coefficients cpe™ satisfy

o0 [e.e]
S TkEmegem2 b0 < MY < 2M||f]? < oo, (10.10)
k=1 k=1

where we used Lemma 10.2 to obtain the bound

k2me—2(k7r)2t < M.

Here M depends on m and t, but is independent of k. Hence, we can
conclude from Theorem 10.1 that for any ¢t > 0

u(-,t) e Ct
However, since m > 1 is arbitrary, this must imply that u(-,¢) € C5%,. B

Let u(z,t) be the function defined by (10.9), i.e.

u(z,t) = Z cpe” (™%t sin(kmz). (10.11)
k=1
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It follows from the theorem above that for any t > 0, u is a C*°-function
as a function of x. Furthermore, for ¢t > 0
0%u(0,t)  0%u(l,t)
0x2 0z

=0 for ;j=0,1,2,.... (10.12)
In particular, this means that u satisfies the boundary conditions
u(0,t) =u(l,t) =0 for ¢>0. (10.13)

The property that u(-,t), for t > 0, is a C°°-function, even when the
initial function f is just piecewise continuous, is frequently referred to as
the smoothing property of the heat equation. A similar property for the
Cauchy problem for the heat equation was observed in Section 1.4.4 of
Chapter 1.

10.2.2  The Differential Equation

Above we observed that the function u(x,t), defined by (10.11), satisfies
the boundary conditions u(0,t) = u(1,t) = 0 for ¢ > 0. Next, we shall show
that w satisfies the differential equation in (10.1), i.e we shall show that

up = Uz, for xe€(0,1), t>0.

We can conclude from Theorem 10.1 and the bound (10.10) that the
derivatives of u with respect to  can be obtained as a uniform limit of
corresponding derivatives of the partial sums, i.e. for t > 0

0% 2
ch e~ k™)t sin(krx). (10.14)

xQJ

Here, the equality sign means that the rlght hand side, as a function of z,

converges uniformly to the C'*°-function a O u(-,t).
Next, we would like to establish that ug(z,t) exists and that

ug(z,t) ch kr)? e~ (km)? tsin (kmx).
k=1

In order to show this, let un(z,t) be defined by the finite sum

N
un(x,t) = Z cpe (k) sin(kmz).
k=1

It is straightforward to check that (un): = (un)ze. In order to establish
the corresponding identity for uy replaced by u, we first show the following
preliminary result:
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Lemma 10.3 Let z € [0,1] and 6,T > 0, 6 < T, be arbitrary. For each
integer j > 0 consider the sequence {atj un(z,-)}¥_, as a function of t.

This sequence converges uniformly to 2 o u(x,-) in the interval [6, T).

Proof: Throughout the proof x,d, T, and j will be fixed, and with prop-
erties as described in the lemma. In order to simplify the notation we let

R
g(t) = ﬁu(az, )

and

Our goal is to show that {vy}37_; converges uniformly to g in [, 7.
Since uniform convergence implies pointwise convergence, we obtain from
(10.14) that

Z Ck —(km)*t sin(kmx)
k=1

for any ¢t > 0. Furthermore, by differentiating the finite series for uy with
respect to t j-times, we get

I g=(km)? tsin(kra)

Mz
§”

=
Il
—

and hence,

oo

un(t) —g(t) = — Z ck(—(kw)Q)je_(k”)Qtsin(k:ﬂ'x).

k=N+1

For any ¢ € [0, 7] we therefore have the bound

(oo}

o () = g(t)] < D fenl (km)2 e 0%,

k=N+1

At this point we use Lemma 10.2 to conclude that there is a constant M,
independent of k, such that

k2j+16_”25k2 <M for k>0.

Hence, by letting M; = M=%, we have

ow (8) = g()] < My Y %

k=N+1
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for any ¢ € [, T]. By applying the Cauchy-Schwarz inequality, this implies

sup [o() — gl <20 (S @) (% k)

te[s,T] k=N-+1 k=N-+1
(> @)"
k=N-+1

where we have used the bound Y k72 < 72/6 (see Example 8.11 on
page 273). However, the identity (10.8) implies that

oo

lim ( 2) =
N—o00 Z Ck O’
k=N-+1
and hence the desired uniform convergence is established. |

An immediate consequence of the lemma above and Proposition 9.3 is
the following desired result.

Theorem 10.3 Let the function u(x,t) be defined by (10.11). For each
t >0 and x € [0,1], the partial derivative ui(x,t) exists. Furthermore,

ug(x,t) = ugy(x,t) for ¢t>0, z€][0,1].

Proof: Let x € [0, 1] be fixed and consider the sequence {un(z,-)}¥_; as
functions of ¢. It follows from Lemma 10.3, with j = 0, that this sequence
converges uniformly to u(z, ) in any interval of the form [, T|, where 6 > 0.
Similarly, by applying Lemma 10.3 with j = 1 we obtain that {(un):(z,-)}
converges uniformly to uy,(x,-) in [, T]. However, by Proposition 9.3 this
implies that u;(x,t) exists, and is equal to u,,(z,t) for any ¢ € [d,T]. Since
4 > 0 can be chosen arbitrarily small and 7" > 0 arbitrarily large, we must
have

up(x,t) = gy (x,t)

for any t > 0. |

10.2.3 The Initial Condition

Recall that the purpose of this section is to show that the formula (10.11)
defines a strict mathematical solution of the initial-boundary value problem
(10.1). Up to now we have shown that (10.11) defines a function u which
solves the differential equation for ¢ > 0 (see Theorem 10.3), and by (10.13)
u satisfies the boundary conditions for ¢ > 0. However, so far we have not
discussed the initial condition. Hence, we have to show that

u(-,t) — f as t—0, t>0. (10.15)
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Recall that we are only assuming that f is piecewise continuous. Therefore,
in general, we cannot expect the convergence (10.15) to be uniform for
x € [0, 1], since Proposition 9.2 will then imply that f is continuous. Instead
we shall establish the convergence (10.15) in the mean square sense.

From Parseval’s identity (10.8) we obtain that for ¢ > 0

1 2 2
() = £ = 532k (1= e )
k=1

1 (& ST
3 (Z cr (1 — ¢~ (km) t) + Z ci)

k=1 k=N+1

IN

for any integer N > 1. Let € > 0 be given. Since the sum Zci converges,
by (10.8) we can choose N so large that

o0

Z i < e/2.

k=N+1

Furthermore, when N is fixed it follows from (10.8) that the finite sum is
bounded by

N 2 2 2 2
S (1-e ) <2 (1 e @) g2 — 0
k=1

as t tends to zero. Therefore, by taking ¢t > 0 sufficiently small we obtain
lu(-,t) = fII* < e
Since € > 0 was arbitrary, this implies that

tim u(-,6) = £ = .

We summarize the discussion above in the following theorem:

Theorem 10.4 Assume that the initial function [ is piecewise continuous.
Let the function u(x,t) be defined by (10.11), where the coefficients ¢y, are
the Fourier coefficients in the sine series of f. Then

tsn fu(-,£) = £]| = .

The results obtained in this section, up to this point, establish that
(10.11) defines a solution w of the initial-boundary value problem (10.1)
under the weak assumption that f is just piecewise continuous. The dif-
ferential equation holds as a consequence of Theorem 10.3, the boundary
conditions are verified in (10.13) and the initial condition is satisfied in the
sense described in Theorem 10.4.
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10.2.4  Smooth and Compatible Initial Functions

Before we end our discussion on the justification of Fourier’s method, we
would like to show that if we assume slightly stronger conditions on the
initial function f, then we can show that the convergence (10.15) is uniform.
In fact, this will follow from the maximum principle derived for smooth
solutions of the heat equation (see Theorem 6.2). Assume that f € CJ,
with f’ piecewise continuous. We would like to show that

li ) = flloe =0,
tm fu(-,t)  fI

where || fllcc = sup,eo,1)[f(z)|. Under the present assumptions on f it
follows from Theorem 9.3 that

i [[Sn(f) = fllee =0, (10.16)

where the finite series Sy (f) is given by

N
Sn(f) = Z e sin(kmz).
k=1
As above, let

N
un(z,t) = Z cxe” Pt gin (kmx),
k=1

i.e. the solution of (10.1) with initial function Sy (f). We recall from The-
orem 10.2 above that uy(+,t) converges uniformly to u(-,t) for any ¢ > 0.
Furthermore, since uy is defined from a finite series, it is easy to see that

lim flun (-, 2) = Sn(f)lloe =0, (10.17)

for every fixed N. This follows since

N
lun (1) = Sn(f)lloo < (1 - e—<N”>2f) D e — 0 ast—0.
k=1

Next, we apply the maximum principle for the heat equation to the
smooth solutions uy(x,t). Let N, M > 1 be integers. From Corollary 6.1
we obtain

lun () = unr (-5 8)l[oo < 1SN () = Sas(f)loo-

By letting M tend to infinity, we can replace ups (-, t) by u(-,t) and Sy (f)
by f in this inequality. This follows since ups(-,t) and Sps(f) converge
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uniformly to u(-,t) and f respectively, and since || - || is continuous with
respect to uniform convergence (see Exercise 9.7). Hence, we have
Jun (- 8) = ul lleo < ISN(F) = Fllo (10.18)

for ¢ > 0. From (10.18) and the triangle inequality we now have for ¢ > 0
[ul-s8) = flloo < [lust) —un ()l + [[un (1) = Sn(lloo + 1S3 (f) = Fllo
< un () = Sn(Hlloo + 2[1S8 (f) = flloo-

In order to see that we can get ||u(-,t)— || less than any € > 0 by choosing
a small ¢, first choose N so large that

€
IS8 () = Flle < &
This is possible by (10.16). But when N is fixed it follows from (10.17) that

lun (1) = Sw ()]l <

for ¢ sufficiently small. Hence,
Ju(-t) = flloo <€
or

li ) = Flloe = 0.
lim u(-,6) = /e =0

Hence, we have established that if f € C’S)O, with f/ piecewise continuous,
then u(-,t), given by (10.11), converges uniformly to f as ¢ tends to zero.
We summarize this discussion in the following theorem:

Theorem 10.5 Assume that the initial function f € 0270 and that [ is
piecewise continuous. Let the function u(z,t) be defined by (10.11), where
the coefficients ci are the Fourier coefficients in the sine series of f. Then

lim fu,6) =l =0 (10.19)

Before we end this section we shall also note that the discussion above
has implications for the maximum principle for the solution u defined by
(10.11). The maximum principle for a solution u of (10.1) will imply that

lu(-Ollw < [l for >0 (10.20)

(see Corollary 6.1).
However, the derivation of this inequality relies on the assumption that
u is continuous in the domain {(x,¢) : © € [0,1],¢ > 0}, and, in general,
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the solution u will not have this property (see Example 10.1 above.) As
we observed in Section 10.1, a necessary condition for continuity at the
endpoints z = 0 and = 1 for ¢t = 0 is that the compatibility conditions

are satisfied. On the other hand, we have seen above that if f € CS,O,
with f” piecewise continuous, then (10.19) holds. Hence, u is continuous in
[0,1] x [0,00) and the maximum principle (10.20) holds.

In fact, we have the following result:
Corollary 10.2 Let j > 0 be an integer and assume that the initial func-
tion [ in (10.1) is such that f € C’fﬂo with {9+ piecewise continuous. If
u s given by (10.11), then the estimate

7 521 .
55700 Ollee = Iz, Ollso < 1w for 20

holds.

Proof: For j = 0 the estimate corresponds to (10.20), and the result

follows from the discussion above. For j > 0 we just note that v = %i;-‘ =
0% is a solution of (10.1) with v(-,0) = f(2/). [ |

10.3 Convergence of Finite Difference Solutions

The purpose of the final section of this chapter is to establish a rigorous
error bound for finite difference approximations of the initial-boundary
value problem (10.1). Recall that we have derived such error bounds in
earlier chapters for other problems. In Chapter 2 (see Theorem 2.2 on
page 65) we considered the finite difference approximations of the one-
dimensional Poisson’s equation, while the corresponding problem in two
space dimensions was discussed in Chapter 7 (see Theorem 7.2 on page 229).

If you look at the proofs of these theorems, you will discover that they are
quite similar. The main strategy in both cases is to characterize the solution
of the differential equation as a solution of the difference equation, but with
an extra forcing term referred to as “the truncation error.” If the truncation
error has the property that it tends to zero as the grid becomes finer, we
call the difference scheme “consistent” with the differential equation. The
desired error bound is then derived from a proper “stability estimate” for
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the finite difference scheme. To summarize, we have!
consistency + stability = convergence.

This approach to deriving error estimates is rather general. Here we shall
apply this methodology to the heat equation, or more precisely, the system
(10.1).

We shall study the implicit finite difference scheme introduced in Chapter
4.4. Assume we consider the initial-boundary value problem (10.1) with a
nonhomogeneous forcing term in the differential equation, i.e. we consider

Up = Ugg + g(x,t) for xe€(0,1),¢>0,
w(0,t) = u(l,t) =0, t>0, (10.21)
u(z,0) = f(z), =z€(0,1),

where g is assumed to be a continuous function in x and ¢. The correspond-
ing implicit finite difference approximation is given by

m—+1 _,m
j Yy i1

At N (Ax)?
+ 9@ tmsr) j=1,...,n, m>0  (10.22)
m

m
vy =vpaq = 0, m >0,

v T 211;7”'1 + oM tt

j+1

UJO- = f(z;) for j=1,2,...,n,

where v} approximates u(jAz, mAt) = u(x;,t,) and where Az = %H
Our goal is to show that v7" tends to u(z;,t,) as the grid parameters Az
and At tend to zero.

We introduce the notation

£ a0 = max 1£(,)].

The following stability result for the difference scheme (10.22) is closely
related to the maximum principle for this scheme discussed in Section 6.2.4.

Lemma 10.4 A solution of the finite difference scheme (10.22) satisfies
the estimate

o™ < t, max ot .
[0 lse < Ifllae +tm 5 g 16)]15.00
Proof: The difference scheme can be rewritten in the form
+1 +1 +1 +1
(L42r)0f" = o +r(] + o) + Atgl"™,
Mn fact, if formulated properly this implication can also be reversed, i.e. conver-

gence implies stability and consistency. This result is then known as the Lax equivalence
theorem. We refer to [26] and references given there for a further discussion.
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where r = (ﬁ—rt)Z and g' = g(x;,t,,). Hence, if we let
VT =v"aee and  G™ = [lg™ A 00,
we obtain
(14 2r) [T < V™ 4 20V 4 ALG™H

However, by taking the maximum with respect to j on the left-hand side,
this implies

ymtl <ym 4 ApGm T

Hence, by repeated use of this inequality,

m
V< VO ALY G
k=1
<V%+t, max GF.
1<k<

m

The lemma above contains the stability estimate we will use to derive
convergence. Next, we will study the truncation error, or consistency.

Let u be a solution of (10.1), i.e. (10.21) with g = 0. Define a grid function
{u'} by letting u}* = u(x;,t,) = u(jAz, mAt). Obviously, this function
will satisfy the boundary conditions and initial conditions given in (10.22).
Furthermore, we recall (see Chapter 2.2 on page 46) that Taylor’s theorem
implies that

(Az)? Otu(-t)

12 e ozt loc-
(10.23)

w(xj_1,t) — 2u(z;,t) + u(zjy1,1)
(Az)?

-

A corresponding result for the time difference is (see formula (1.13) on
page 7) that

w(z, tyg1) — ulx, ty)
At

At
< —  sup  |uw(z,t)|. (10.24)
2 te[tnz7tnL+1]

—ug(w, tmq1)

Assume now that the initial function f = u(-,0) is in C} , with f(®) piece-
wise continuous. From Corollary 10.2 above it then follows that

0
e o N < 70 (10.25)
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for t > 0. As a consequence of the estimates (10.23)—(10.25) above, we
therefore conclude that {u["} satisfies a difference equation of the form

u;_n+1 _ u;n u;n7+11 _ 2u;_n+1 + u;nﬂl B . 1096
At N (Ax)? = 7a (), tmt1), (10.26)
where
At (Az)?
[7a (2, tm)| < (2 + 1| oo- (10.27)

‘We now have all the information needed to derive the desired error estimate.

Theorem 10.6 Let f € C’;{O, let fO) be piecewise continuous, and let u be
the solution of (10.21) with g = 0. Furthermore, let v be the corresponding
solution of the difference scheme (10.22). Then for any m >0

2
(s tm) — 0™ Ao < tm (A; + (Aé)) 17900 (10.28)

Proof: This result follows more or less directly from the stability estimate
given in Lemma 10.4 and the estimate (10.27) of the truncation error. Let
ef* = uj’ — v". Then, by subtracting the first equation of (10.22), with
g = 0, from (10.26) we obtain that {e'} is a solution of the difference
scheme

e}”“ —el e}"jl — 26’;”'1 + e}’fil
At (Az)2 +7a (5, tmt1),
moo__ m —
60 - 6nJrl - 07
e = 0.

J

Hence, it follows from Lemma 10.4 and (10.27) that

[e"[[a00 <t max [[7a(tk)[a,00
1<k<m

At (Ax)? )
< tm < PERET) ) 17 oo
|

The theorem above implies that if ¢, is fixed, for example ¢,, = 1, then
the error ||u(-,tm) — ™| A0 tends to zero as the grid parameters At and
Ax tend to zero. This is exactly the desired convergence result.

However, there is a weakness in the estimate given above. If At and
Ax are fixed, the right-hand side of the estimate (10.28) tends to infinity
as t,, tends to infinity. This result cannot be sharp, since obviously both
lu(-, t)]|oo and [[v™||a,c0 are bounded by the maximum principle. In fact,
in proper norms both the continuous and discrete solutions tend to zero as
t tends to infinity.
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An alternative error estimate, which is an improvement on the estimate
given above when ¢ is large, will be derived in Exercise 10.14. The main
difference in the argument is that we use a discrete mean square norm to
measure the error.

10.4 Exercises

EXERCISE 10.1 Let f be a continuous function on an interval [0,[], with
£(0) = f(I) =0 and f' piecewise continuous. Show the Poincaré inequality

l
/ 2(z) dz < i [f'(x)]? da.

EXERCISE 10.2 Let f be a continuous 2-periodic function with f piecewise
continuous. Furthermore, assume that

[iﬂ@dw=

(a) Show that if f' =0, then f = 0.

(b) Establish Poincaré’s inequality
1 1t
[ P@ass [ (P
-1 ™ J-1

EXERCISE 10.3 Find a function f € C*([0,1]), with f(0) = 0, such that

111> 2111

Explain why your result does not contradict Corollary 10.1. Compare your
result with the inequality established in Lemma 8.6 on page 274.

EXERCISE 10.4 Consider the initial-boundary value problem (10.1) with
f(x) = sin(wz). Show that in this case the inequality (10.7) becomes an
equality.

EXERCISE 10.5 Consider the problem (10.1), but with the Dirichlet bound-
ary conditions replaced by the corresponding Neumann conditions, i.e.

ug(0,t) = u,(1,¢) = 0.

Does the decay estimate (10.7) hold in this case? Justify your answer.
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EXERCISE 10.6 Consider the initial and boundary value problem (10.1).
Assume that the initial function f is piecewise continuous. Use the repre-
sentation (10.11) and Parseval’s identity to establish the energy estimate
(10.7).

EXERCISE 10.7 In this problem we study the heat equation with periodic
boundary conditions (see Exercise 3.15 on page 111). Hence, we consider

Up = Uy, for ax€(=1,1), t>0,
u(flvt) = U(l,t), uz(flat) = Uz(l’t) =0,
u(z,0) = f(z),

where the initial function f is assumed to be piecewise continuous. If the
Fourier series of f is given by

% + kz_l ay, cos(kmx) + by sin(krz)),

then the formal solution is given by

u(z,t) = % + Z e~ (km)’t (ak cos(kmz) + by sin(krx)). (10.29)
k=1

(a) Show that (10.29) defines a function u with the property that u(-,t) €
Cp° for any ¢ > 0. Here Cp° = Noo_ 1 €', and the spaces C}" are
defined in Section 9.5.

(b) Let E(t) denote the corresponding energy given by

B(t) = / " (e t) do.

-1
Explain why it is not true, in general, that

lim E(t) =

t—o0

(c¢) Assume that the initial function f is such that
1
IRCUE
—1

E(t) < e > ' E(0).

Show that
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EXERCISE 10.8 In this problem we shall study a procedure for defining
C>-approximations of a piecewise continuous function f. Let f be a piece-
wise continuous function defined on [0, 1] with Fourier sine series

flx) = Z ¢ sin(kmx).
k=1
For each ¢ > 0 define
fi(x) = Z cre *sin (k).
k=1

(a) Show that f; € C5%, for any ¢ > 0.
(b) Show that lims o ||f: — f|| = 0.

The two properties above show that the functions f;, ¢ > 0, are all C'*°-
functions, but at the same time they can be arbitrarily close to the piecewise
continuous function f in the mean square sense. Another set of functions
which has this property is the functions wu(-,¢) given by (10.11), i.e. the
solution of the heat equation. The two properties are in fact a consequence
of the Theorems 10.2 and 10.4.

EXERCISE 10.9 In this exercise we shall study the formal solution of the
wave equation with Dirichlet boundary conditions. In order to simplify the
discussion, we only consider problems with wu;(-,0) = 0. Hence, we consider
the initial and boundary value problem
U = Uz for  x € (0,1), t>0,
uw(0,t) = u(l,t) =0, ¢>0,
u(z,0) = f(z), wu(z,0)=0, ze€(0,1).

If the initial function f has a Fourier sine series given by

Z ay sin(kmz),
k=1

then the formal solution is given by

u(z,t) = Z ay, cos(kmt) sin(krx); (10.30)
k=1

see formula (5.15) on page 162. Throughout this problem we assume that
f e, with f piecewise continuous.

(a) Show that the function wu(z,t) defined by (10.30) has the property
that u(-,t) € C7 , for any ¢t € R.
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(b) Show that

tim [[u(-,£) — ]| = 0.

(c) Show that u(z,-) € C?(R) for any x € [0, 1].
(d) Show that uy = uy, for z € [0,1], t € R.
(e) Show that

lim [|ue (-, t)|| = 0.

t—0

EXERCISE 10.10 This exercise is a continuation of Exercise 10.9 above.
Here we again study the wave equation, but with nonzero data for w(-,0).
We consider the initial and boundary value problem

U = Uy Tor  x e (0,1), t>0,
u(0,t) =wu(l,t) =0, t>0,
u(z,0) =0, w(x,0)=g(x), z€(0,1).

Throughout the problem we assume that g € C) , with g” piecewise con-

tinuous. If

,O

x) = Z by sin(kmx)
k=1

is the Fourier sine series of g, then the formal solution u(z,t) is given by
Z k;i sin(knt) sin(kmz); (10.31)
k=1

see formula (5.15) on page 162.

(a) Show that u(z,t), defined by (10.31), has the property that u(-,t) €
Cg’o for any ¢t € R.

(b) Show that

tim [fu(, -, £)]| = 0.

(c) Show that u(z,-) € C*(R) for any x € [0, 1].

(d) Show that wg = uy, for x € [0,1], t € R.
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(e) Show that

tim [ (- 1) — g = 0.

EXERCISE 10.11 Consider the problem (10.1) with f = 1, i.e. the problem
studied in Example 10.1. The formal solution u(z,t) is given by (10.4).

(a) Explain why u(-,t) € Cp5, for any t > 0, and explain why

li t) = fll=0.
lim fu(-,1) = fI| = 0

(b) Explain why

[lu(-,t) = flloo =1 for ¢>0.

(¢) Show that

li t)=1 f 0,1).
t%u(x,) or any z € (0,1)

You should compare the results of the exercise with the plots of the solution
u(+,t), for t =0,0.01 and 0.1, presented in Fig. 3.4 on page 95.

EXERCISE 10.12 Assume that the initial-boundary value problem (10.1)
is approximated by the corresponding explicit finite difference scheme, i.e
the scheme (4.2) on page 120. Show that if the stability condition r =
At/(Az)? < 1/2 is satisfied, then the error estimate (10.28) holds.

EXERCISE 10.13 Let {07} denote the finite difference solution for the non-
homogeneous problem (10.21) obtained by replacing the scheme (10.22) by
the Crank-Nicholson scheme studied in Exercise 4.16 on page 153.

(a) Show that the estimate given in Lemma 10.4 holds for this difference
solution.

(b) Assume that the initial function f in (10.1) is in C5 , with f() piece-
wise continuous and that this problem is approximated by the Crank-
Nicholson scheme. Establish the error estimate

(Az)? (At)®

) — ™ < N ZAN T IC)) B 4(8) )
a8 =™ llae < tm (S5 117D lloe + <5 1P loc

We note that, compared to the estimate (10.28), this error estimate is of
second order with respect to both Az and At. However, stronger assump-
tions on the initial function f are required.
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EXERCISE 10.14 For a grid function v let || - ||a denote the discrete version
of the mean square norm, i.e.

n 1/2
lvl[a = <A3:ZU]2> ,
=1

where, as above, Az = ——.
) ) ntl

(a) Show that [[v[|a < [[v[|a,cc for any grid function v.

(b) Let v = {v]"} be a solution of the finite difference scheme (10.22).
Show that v satisfies the stability estimate

1

14 p At <k<

m
) Sl a0l

wmm<(

where p; = py(h) = %sin2 (%h)
We note that this result generalizes the result of Exercise 4.26¢ for an
equation where g # 0. Furthermore, compared to the stability estimate
given in Lemma 10.4 we observe that t¢,, does not appear in front of the
term maxj<g<m ||g(-, tx)||a. However, we have replaced || - [[a.c0 by || - ||a-

(¢) Let u, v, and f be as in Theorem 10.6. Use the results above and the
fact that pq > 4 (see Exercise 2.27) to establish the error estimate

At Ax)?
futetm) = 0"l < (5 + S ) 170l

for any m > 0.

Note that the right-hand side of this estimate is independent of m. This
result therefore represents an improvement of the result given in Theorem
10.6 when t,, is large.



11

Reaction-Diffusion Equations

Reaction-diffusion equations arise as mathematical models in a series of
important applications, e.g. in models of superconducting liquids, flame
propagation, chemical kinetics, biochemical reactions, predator-prey sys-
tems in ecology and so on. Both numerical and mathematical analysis of
reaction-diffusion equations are currently very active fields of research. Ob-
viously, we cannot study the subject at an advanced level in the present
text, but we can get a general feeling of what these problems are about. Our
aim is merely to present some simple models and to explore some of their
properties using finite difference schemes and energy estimates. Further
examples can be found in the exercises.!

11.1  The Logistic Model of Population Growth

We start our discussion of reaction-diffusion equations by considering a
simple model arising in mathematical ecology. In order to understand the
foundation of this model, we first recapture the logistic model of population
growth. This model states that the growth of a population facing limited

LIf you want to read more about reaction-diffusion equations, the book by Smoller [23]
is an excellent source. This book is a standard reference in this field. Another excellent,
yet less demanding, guide to these problems can be found in the book by Logan [19].
For those interested in models arising in biology, Murray [20] presents a huge collection
of interesting models.
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Population growth
2 7 7 7

1.8 q

1.4 ,

FIGURE 11.1. The solution of the logistic model of population growth for various
initial values fo. We have used A = a = 1 in these computations.

resources is governed by the following ordinary differential equation:
V' (t) = av(t)(A —v(t)), v(0) = fo. (11.1)

Here v = v(t) is the population density, & > 0 is the growth rate, and A > 0
is the so-called carrying capacity of the environment. The model states
that for small populations, we get exponential growth governed by v'(t) &~
aAv(t). But as v increases, the term —aw? becomes significant, the growth
slows down, and the population gradually reaches the carrying capacity of
the environment. The problem (11.1) can be solved analytically,?

_ Afo
fo+ (A= fo)e—aAt’

o(t) t>0, (11.2)

and we note that v = A is the asymptotic solution as ¢ — oo for any
initial data fy > 0. We have plotted this solution? for some values of fy in
Fig. 11.1.

2The solution formula (11.2) is derived in most courses in ordinary differential equa-
tions. If you are not familiar with this formula, you should take a look at Exercise 11.1.

3You can read about applications of this model in the book by Braun [5]; see also
Murray [20].
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11.1.1 A Numerical Method for the Logistic Model

Below we will study the properties of the logistic model when spatial varia-
tions in the population are taken into account. This will result in a diffusion
term added to the right-hand side of (11.1). In order to prepare ourselves
for the study of this model, we shall derive some results for the discrete
version of the purely logistic model.

We consider the case of a = A =1, i.e.

V() = v(t)(1 —v(t)), v(0) = fo, (11.3)
and the associated explicit scheme
Umt1 = Um + Atvg, (1 — vy, vy = fo. (11.4)

Here v,, denotes an approximation of v at time ¢ = t,,, = mALt.
Since the solution of (11.3) is given by

_ fo
fo4 (1= fo)e t’

the asymptotic solution is v = 1 for any fy > 0. It is also easy to see that if
0 < fo <1, then 0 <w(t) <1 forall t > 0. Moreover, v(t) is nondecreasing
for all t > 0.

Now, we want to prove similar properties for the discrete solutions gen-
erated by (11.4), and we start by considering the invariance property, i.e.
that data in [0, 1] imply solutions in [0, 1]. We assume that

v(t)

t>0,

At < 1, (11.5)
and define the polynomial
G(v) =v+ Atv(l — v). (11.6)
Then
G'(v) =14+At(1—2v) > 1-At >0 (11.7)

for all v € [0, 1].
Consequently, by assuming that 0 < v,,, <1 for a given time t,,, we get

Umt1 = Gluy) < G(1) =1
and
Um+1 = G(vy) > G(0) = 0.

Hence it follows by induction that if fj is in the unit interval, then v,, is
in the unit interval for all ¢,,, > 0. It is also easy to see that fy = 0 implies
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that v, = 0 for all ¢,,, > 0, and that {v,,} is nondecreasing for initial data
in the unit interval.

Next we want to show that, also in the discrete case, v=1 is the asymp-
totic solution for any 0 < fo < 1. Since v, is in the unit interval for all m,
we have

U1 = U + Aty (1 — vp,) > U,
and thus
0<fo=vw<vm<yml--- <1
By using this property, we get

1 —vmi1 = 1 — vy — Atvg, (1 — vy,)
= (1 —vp)(1 — Atv,,)
S (1 - UT}'L)(l - Atf(])a

and consequently
1-— Um S (1 — ’Uo)(]. — Atfo)m
by induction. This implies that

1-— (1 — fo)(l — Atfo)m S Um < 17 for m Z 1,

and then, since fy > 0, we conclude that v, converges towards 1 as m goes
to infinity. We can summarize our observations concerning v, as follows:

Lemma 11.1 Let v, be the approzimate solution of (11.3) generated by
the scheme (11.4), and assume that At < 1. Then {v.,} has the following
properties:

(a) f0 < fo <1, then 0 < vy, < w1 < 1 forallm > 1.
(b) If fo =0, then v, =0, and if fy = 1, then v, = 1 for all m > 0.
() 0 < fo <1, then v, — 1 as m — <.

These results will be valuable in the discussion of the reaction-diffusion
model below.

11.2  Fisher’s Equation

In deriving the logistic model (11.1), it is assumed that spatial variation in
the density of the population is of little importance for the growth of the
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population. Thus, one simply assumes that the population is evenly dis-
tributed over some area for all time. For real populations, this assumption
is often quite dubious. In the next level of sophistication, it is common to
take into account the tendency of a population to spread out over the area
where it is possible to live. This effect is incorporated by adding a Fickian
diffusion term to the model. Then we get the following partial differential
equation:

Ut = dtgy + au(A — u). (11.8)

Here d is a diffusion coefficient and u = u(z, t) is the population density. In
mathematical ecology, this model of population growth is called Fisher’s
equation. Obviously, the introduction of a diffusion term leads to a partial
differential equation which in contrast to the ordinary differential equation
(11.1) cannot in general be solved analytically.

We mentioned that the term du,, models the diffusion of the population.
Similar terms arise in a lot of applications where we want to capture the
tendency of nature to smooth things out. For instance, if you drop a tiny
amount of ink into a glass of water, you can watch how the ink spreads
throughout the water by means of molecular diffusion. This situation is
modeled by the diffusion equation where Fick’s law is used to state that
there is a flux of ink from areas of high concentration to areas of low con-
centration. Similarly, if you consider a long uniform rod and start heating
it at some fixed location, Fourier’s law of heat conduction states that there
is a flux of heat from hot areas to cold areas. Similarly again, a Fickian
diffusion term in a model of population density states that there is a mi-
gration from areas of high population density to areas of low population
density.*

Usually Fisher’s equation (11.8) is studied in conjunction with a Neu-
mann-type boundary condition, i.e.

uz(0,t) = uy(L,t) =0, (11.9)

where L denotes the length of the domain. The reason for this boundary
condition is that we assume the area to be closed, so there is no migration
from the domain. We may consider a valley surrounded by mountains, or
we can simply think of an island.

Since we are interested in the qualitative behavior of this model rather
than the actual quantities, we simplify the situation by putting d = o =
A =L =1, and study the following problem:

U = Ugy +u(l —w) for =ze(0,1), te(0,7],
Uz (0,1) = u,(1,t) =0, t€0,T], (11.10)
u(z,0) = f(x), z € [0,1],

4Human beings do not always obey this sound principle.
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where f = f(z) denotes the initial distribution of the population. Since
A =1, we assume that the initial data satisfy®

0< f(z) <1 (11.11)

for all z € [0,1].

11.3 A Finite Difference Scheme for Fisher’s
Equation
We want to study Fisher’s equation using a finite difference scheme. Let

u* denote an approximation of u(x;,,,); then an explicit finite difference
scheme can be written as follows:

u;'nH ruity + (1= 2r)u” +rujy + Atu (L —uf'), j=1,...,n,
(11.12)

where r = At/ Ax? and m > 0. We initialize the scheme by

uf = f(x;), j=0,...,n+1. (11.13)
The boundary conditions of (11.10) at z = 0 and = 1 are incorporated
by introducing the auxiliary points z_; = —Az and z,412 = 1 + Az. Since
uz(0,1) = uz(1,t) = 0, we use the following discrete boundary conditions:

uy' —u™ Up' g — Uy
_ = d —]———=0. 11.14
2Azx 0 an 2Azx 0 ( )
Combining (11.12) and (11.14), we get
ud™t = (1= 2r)ug + 2rul + At (1 —uf'), m>0 (11.15)

at the left boundary and
uprtt = 2rul + (1= 2r)ulty + Atull (1 —uly), m >0  (11.16)

at the right boundary. The finite difference scheme is now fully specified by
the initial condition (11.13), the scheme (11.12), and the boundary condi-
tions (11.15) and (11.16). For ease of reference we summarize the scheme
as follows:

5Note that it is perfectly reasonable to study this problem with initial population den-
sities exceeding the carrying capacity. Negative initial conditions are, however, beyond
any reasonable interpretation.
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u?:f(xj), j=0,...,n+1 for m>0

ud ™t = (1 = 2r)uf + 2ruf + Atul (1 — ull),
(11.17)

u;f’“b+1 =ruty + (1= 2r)u]" +rufly + Atu] (1 —uj’), 1<j<n,

umjll =2ru)t + (1 —2r)up' ) 4+ Atu) (1=l ),

In Fig. 11.2 we have plotted an approximate solution of the problem
(11.10) using the scheme above with the data

At =0.001, Az =0.05, and f(x)= cos®(mz).

The numerical solution is plotted as a function of x for different values of
t, and we observe that the approximate solution seems to remain within
the unit interval. Furthermore, the approximate solution seems to converge
towards the value u =1 for all z as ¢ increases. The fact that u}* remains
in the unit interval indicates a kind of a maximum principle. Let us look
at one more example of the same flavor in order to investigate this issue a
bit further. In Fig. 11.3 we have solved the problem again using the same
grid parameters, but we have changed the initial condition to read

1 2
x) = — cos” (mx).
f(@) = 55 cos® (rz)
Again we note that the numerical solution remains within the unit interval
and that it seems to converge towards u = 1.

11.4 An Invariant Region

Both the numerical experiments discussed above and also the origin of the
model suggest that the solution always will stay within the unit interval;
thus the unit interval is referred to as an invariant region for this model.
We will prove this property provided that the mesh parameters satisfy the
requirement

(Az)?

At < —————
T (Az)?’

(11.18)

which is slightly more restrictive than the corresponding condition for the
heat equation; r < 1/2 or At < (Ax)?/2.
We start by considering a fixed time level ¢, and assume that

0<u<1 for j=0,...,n+1 (11.19)
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FIGURE 11.2. An approzimate solution of the nonlinear population model using
the initial distribution f(z) = cos® (mz). The numerical solution is plotted as a
function of x fort =0,0.05,0.5,5.

Furthermore, we define the following auxiliary functions:
K(u)=2r+ (1 —2r)u+ Atu(l — u)
and
H(u) = (1 —2r)u+ Atu(l — u).

Now it follows, using the scheme defined by (11.17) and the assumption
(11.19), that

m—+1 m m my __ m
wl™ <20+ (1= 2r)ul" + Atuf (1 —uf") = K(u]") (11.20)

and that
m—+1 m m my __ m
ul™ > (1= 2r)uy" + Atuf" (1 — uj") = H(uj"). (11.21)
Observe that the stability condition (11.18) implies that
1—2r— At >0,

hence

Ku)=H(@u)=01-2r)+(1—-2u)At>1—-2r — At >0
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FIGURE 11.3. An approzimate solution of the nonlinear population model using
the initial distribution f(z) = & cos® (wz). The numerical solution is plotted as
a function of x fort =0,0.05,3,7.

for all u € [0, 1]. Since K and H are strictly increasing functions, it follows
from (11.20) and (11.21) that
uI < K(uf') < K(1) =1,
and that
w > H(uf') > H(0) = 0.
Thus we have

OSu}”‘H <1

for j =0,...,n+ 1. By induction on the time level, we have the following
result.

Theorem 11.1 Suppose ul" is generated by the scheme (11.17) and that
the mesh parameters satisfy the condition (11.18). Furthermore, we assume
that the initial data satisfy

0< f(z)<1 for ze€l0,1].

[

Then
0< u;” <1

forj=0,... . n4+1 and m > 0.
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As mentioned above, the unit interval is referred to as an invariant region
for the scheme.® You should note that a maximum principle and an invari-
ant region are not exactly the same. For the heat equation, which is known
to satisfy a maximum principle, the values that the solution can attain are
bounded by the data given initially or at the boundaries. Thus, by giving
small data, say less than a given ¢ < 1 in magnitude, we know that the
absolute value of the solution itself is bounded by e. Conversely, for the
nonlinear model (11.10), we noticed in the computations presented above
that an initial condition bounded by 1/10 gives a numerical solution that
converges towards v = 1 as time increases. Generally, maximum principles
imply the existence of an invariant region, but an invariant region does not
necessarily imply a maximum principle.

11.5 The Asymptotic Solution

In the numerical experiments discussed above, we observed that the ap-
proximate solutions always stayed within the unit interval and that they
approached the state u = 1 as time increased. The first observation is fully
explained in the light of Theorem 11.1, where it is proved that the unit
interval is an invariant region for the discrete solutions. But what about
the asymptotics? Is it correct that as t increases, the limiting solution is
always u = 17 Before we start analyzing this issue, let us challenge this
hypothesis.

ExAMPLE 11.1 Motivated by a similar problem above, we choose the ini-
tial function

f(z;) =rand(z;), j=0,...,n+1,

where “rand” is a random number in the unit interval. We have used the
“rand” function in Matlab. This function generates uniformly distributed
random numbers in the unit interval. In Fig. 11.4 we have plotted the
numerical solution as a function of x at time t = 0,0.05,1.5,5. In the
experiment we have used At = 0.001 and Ax = 0.05, which satisfy the
stability condition (11.18). Note that the initial condition is evaluated sim-
ply by calling the rand function for each grid point x; and assigning the
result to f(x;). From the figure, we observe that even for this wild initial
distribution the population is smoothed out and converges towards v = 1
for all x € [0,1] as time increases.

|

6The notion of invariant regions plays a fundamental role in the mathematical theory
of reaction-diffusion equations. This is carefully discussed in Chapter 14 of Smoller’s book
(23].
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FIGURE 11.4. The numerical solution of Fisher’s equation using random numbers
as the initial condition. The numerical solution is plotted as a function of x for
t =0,0.05,1.5,5.

Motivated by the numerical experiments, we want to prove that u = 1 is
the asymptotic solution of the finite difference scheme. We start analyzing
this issue by considering some particular cases. First we observe that if the
initial density is identically equal to zero, i.e, f(z) = 0 for all € [0,1],
then it follows from the scheme that u7" = 0 for all j and m. It also follows
from (11.10) that u = 0 is a solution of the continuous problem. Thus, in
order to prove that u = 1 is the asymptotic solution, we have to assume
that the initial data is nonzero.

Next we consider the case of nonzero but constant initial data, i.e. f(x) =
Jo = constant. Then it follows by induction that u}* = v,,, where vy, is
computed by (11.4). Consequently, the properties of the discrete solution
are given by Lemma 11.1.

Finally, we turn our attention to the problem of asymptotic behavior
in the case of nonconstant initial data. Our aim is now to prove that the
approximate solution of the partial differential equation (11.10) converges
towards u = 1 as time increases. In order to avoid technical difficulties of
limited interest, we assume that the initial density distribution f satisfies
the following requirement:

0< flz)<1 (11.22)
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for all z € [0,1]. In Exercise 11.2 we will study what happens if we allow
the initial density to be zero or greater than one in parts of the domain.

Let us first recall that by Theorem 11.1, the assumption (11.22) on the
initial data implies that

0<ul<1
for j =0,... ,n+1and m > 0. In order to analyze the scheme (11.17), we
define
Up = min " (11.23)

7=0,...,n+1 J

and observe that, obviously, 0 < 4, < 1 for all m > 0. By the assumption
(11.22), it also follows that

ug > 0,
and by the scheme (11.17), we have
m—+1 — m m m
ul > 20ty + (1= 2r)uf" + Atu]" (1 — uf")

for = 0,...,n + 1. By assuming that the mesh parameters Az and At
satisfy the stability condition (11.18), it follows that the polynomial

P (u) = 2rty, + (1 — 2r)u + Atu(l — u)
satisfies
P (u)y=1-2r+At(1—2u)>1-2r— At >0
for all u € [0, 1], and then
w > P (u]') > Pry(tin) =t + Attt (1 = ).
Since this holds for all j =0,... ,n+ 1, it follows that
U1 = U + Aty (1 — Uy (11.24)

for m > 0.
Now we can prove that @,, tends to 1 as m tends to infinity by comparing
U, With v, generated by the discrete logistic model, i.e.

Umt1 = Um + Atvg, (1 — vy, vo = Ug > 0. (11.25)
Assuming that u,, > v,,, we get
U1 — Va1 > G(Um) — G(vm) = G (0) (tm — vm) > 0,
and thus it follows by induction that
Uy, = Um

for any m > 0. By using part (c) of Lemma 11.1, we conclude that @,
tends to 1 as m tends to infinity. We have derived the following result:
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Theorem 11.2 Suppose uf* is generated by (11.17) and that the mesh
parameters satisfy the condition (11.18). Furthermore, we assume that the
initial condition satisfies

0< f(z) <1 for =z €]0,1].
Then, for all 7 =0,1,... ,n+1,
u' — 1

as m — Q.

The case of 0 < f(x) < 11is covered by this theorem. Generalizations are
studied computationally in Exercise 11.2.

11.6 Energy Arguments

Above we have studied some properties of discrete approximations of Fisher’s
equation,

Ut = Uge + u(l —u) (11.26)

with boundary data
uz(0,8) = uz(1,8) =0 (11.27)

and initial condition
u(z,0) = f(z). (11.28)

In this section we will derive some results for the continuous model. Through-
out this section we will assume that a smooth solution exists” and derive
properties of such a solution.

Above, we studied discrete approximations of this problem, and some
interesting properties were recorded. First we noted that the discrete solu-
tions are bounded in an invariant region. This property was analyzed for
the discrete solutions in Section 11.4. Secondly, we noted that v = 1 is
the asymptotic solution as proved in Section 11.5. A final observation is
that the derivatives seem to decay rapidly as time increases. This effect is
particulary apparant in the computations graphed in Figure 11.4 on page
347.

In this section, all these three observations will be discussed for the con-
tinuous model.

"For existence arguments we refer the interested reader to Chapter 14 of Smoller [23].
These arguments are beyond the scope of the present text.
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11.6.1 An Invariant Region

As mentioned above, we assume that the problem (11.26)—(11.28) has a
solution. More precisely, we assume that there is a unique smooth function®
u satisfying the requirements (11.26)—(11.28).

We will show that the interval

le,1+¢], 0<e<l, (11.29)
is an invariant region for u. To this end, we assume that
O0<e< f(z)<1+e (11.30)

for all z € [0, 1].

In order to prove that u will remain in the interval [, 1 + €], we assume
the opposite; specifically, we assume that u exceeds the value 1 4 e. Then,
by the regularity of u, there must exist a time ¢y such that

u(z,t) <1+e¢

for all x € [0,1] and ¢ < to. Furthermore, at ¢ = ¢y there must be a location
x = xg such that

(i) ut(zo,t0) > 0,
(ii) uza(wo,t0) <0,
(iii) u(xo,to) = 1 + ¢
(see Fig. 11.5). Using (11.26), (ii) and (iii) we get
u(z0,t0) = Uza(zo,t0) + ulzo, to) (1 — u(xo, to))

<(1+e)(1—(14¢)
= —e(l4¢) <0,

which contradicts (i). Hence, there is no such point (xg,tp), and conse-
quently u remains in [g,1 + £].

By a similar argument, it follows that u cannot become smaller than .
We have derived the following result:

Theorem 11.3 Suppose that u, satifying w, Uy, gy, U € C([O, 1] x [0, oo)),
solves (11.26)—(11.28). Then, if the initial condition f satisfies (11.30), we
have

0<e<u(zt)<l+e

for any x € 10,1], t > 0.

8We assume that u, ug, Ugz, Ut € C’([O, 1] x [0, oo))



11.6 Energy Arguments 351

1+¢ uzx(fEOatO) <0

Y

To T
FIGURE 11.5. The solution u close to a local mazimum.

11.6.2 Convergence Towards Equilibrium

We showed above that the discrete solutions generated by the scheme
(11.17) converge towards u} = 1 as t, — oo. Now we want to show a
similar result for the continuous model using an energy estimate.

Let u be the solution of (11.26)—(11.28) for initial data f satisfying
(11.30), and define

E(t):/o (u(z,t) — 1)%da (11.31)

for ¢ > 0. By using the equation (11.26) and the boundary conditions
(11.27), we obtain

1
E'(t) = 2/0 (u — 1ugdz
= 2/0 (u— Dtge — u(l —u)’de

-2 /Ol(uz)gdx - 2/01 u(1 — u)?da.
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Now it follows from Theorem 11.3 that
u(z,t) >e >0

for all z € [0,1], t > 0, and consequently

1
E'(t) < —25/ (1 —u(x,t))*de = —2¢E(t). (11.32)

Hence, Gronwall’s inequality (see Lemma 8.7) implies that
E(t) < e *'E(0), (11.33)

and we have the following result:

Theorem 11.4 Let u be the solution of (11.26)—(11.28) with initial data
f satisfying

O<e<f(x)<l+e

for all x € [0,1]. Then u approaches the asymptotic solution u = 1 in the
sense that

1 1
/ (w(z,t) — 1) da < e*m/ (1— f(z)*dz (11.34)
0 0

fort>0.

11.6.3 Decay of Derivatives

Our final discussion of Fisher’s equation concerns the decay of the deriva-
tives exposed in Figure 11.4 above. To study this effect, we define

F(t):/o1 (up (2, D) dz, 130, (11.35)

where again u solves (11.26)—(11.28). By differentiating the equation
Up = Uy +u(l —u)
with respect to z, we get
(uz)t = (Ug)ge + (Uy — 2uty).
Hence, if we define
V= Uy,
it follows that v satisfies

Vp = Uy + (1 — 2u)v (11.36)
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with boundary conditions
v(0,t) = v(1,t) = 0. (11.37)

Now,

Flt) = d/1 V(2 1) da
dt Jo ’

= 2/0 v(x, t)o(x, t)de

1
= 2/ Ve + (1 — 2u)v?de (11.38)
0

1 1
= 2vv,] — 2/0 (vg)3dx + 2/0 (1 — 2u)v?dx

1 1
< —2/ (vx)zd;v—i—Q/ vide,
0 0

where we have used the fact that e < wu(z,t) <1+ ¢ for all € [0,1] and
t > 0. Next we recall Poincaré’s inequality stating that if w(0) = w(1) =0,
then

1 1
772/0 (w(x)) dx§/0 (w'(x))” dx (11.39)

for any continuously differentiable function w = w(x); see Corollary 10.1
on page 317.
Due to the boundary conditions (11.37), it follows by (11.39) that

/01 (vm(x7t))2 dzx > 72 /01 (v(oc,t))2 dex,

and then (11.38) implies that

F'(t) < —2r? /1 vida + 2/1 vida
=2(1— 7702)F(t). i (11.40)
From Gronwall’s inequality we therefore obtain
F(t) < 2= F(0),
and thus we have the following result:

Theorem 11.5 Let u be a smooth solution of (11.26)-(11.28) for a con-
tinuously differentiable initial function f = f(x) satisfying (11.30). Then
the spatial derivative of u decays as follows:

1 1
g (. 1)) do < 27t ")) de.
/Ou(,t))ds /O(f())d
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11.7 Blowup of Solutions

So far we have used energy-type arguments to derive various upper bounds
for the solutions of reaction-diffusion equations. This strategy will be pur-
sued even further in Project 11.2, where a precise decay estimate is derived.
Here, we will take the opposite view and use a kind of energy estimate to
show that the solution of a reaction-diffusion equation can blow up in the
sense that u goes to infinity for a finite time ¢t = t* < co. Such behavior is
of course important to characterize.
For a Neumann problem,

Uy = Uz + g(u),
uz(0,t) = uz(1,t) = 0, (11.41)

it is easy to see that the solution can blow up for certain choices of g. To
see this, we note that if the initial condition f is constant, e.g.

f@)=fo (11.42)
for all = € [0,1], then
u(z, t) = v(t), xz€10,1], t>0,

where v is the solution of

Hence the solution of (11.41) is given by the solution of an ordinary differ-
ential equation which is known to blow up in finite time for some functions
g. Let, for instance,

glv)=v> and fo >0,

then

fo

u(t) = 7m7

and we note that

1
v(t) — o0 as t—r —.
2f3

Hence, the solution of (11.41) blows up in finite time for data satisfying
(11.42) when g(u) = u? and fo > 0.
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Next we consider the Dirichlet problem

Up = Uy + U°, (11.43)
u(0,t) = u(1,t) = 0, (11.44)
u(x’ 0) = f(x)v (1145)

for x € [0,1], ¢ > 0.
Obviously, because of (11.44), we cannot use the argument above to show
that the solution may blow up; a more sophisticated analysis is needed.
As above we assume that u is a smooth solution and that

f(x) >0, x € (0,1). (11.46)
Then it follows that
u(z,t) >0 (11.47)

for any (x,t) where the solution exists. This feature is left as an exercise
for the reader; see Exercise 11.9. Next we define the quantity

1
aft) = / u(z, t) sin(max)de, (11.48)
0
and we assume that
1
a(0) = / f(z) sin(mra)dz > 2. (11.49)
0

It is our aim to prove that «(t) blows up in finite time. Due to the properties
of the sine function, this implies that u also blows up in finite time.
In order to prove that o blows up, we consider

1
o' (t) :/ ug(z,t) sin(rz)dz.
0
By (11.43), we get
1 1
o (t) = / Uy Sin (7)) dx Jr/ u® sin (rz)de,
0 0
and thus integration by parts implies
1
o (t) = —m2a(t) +/ u®sin (rz)da. (11.50)
0
Here we want to relate

1
/ u® sin (7x)dx
0
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and «a(t). To do this, we need Holder’s inequality,

b b 1/p b 1/q
/ y(zv)z(z)ldr§< / |y<:c>|pdx) < / |z<x>|de> (s

where % + % = 1; see (8.34) on page 266. Choosing p = 3/2 and g = 3, we
get

aft) = /01 usin (7x)dx
:/O (Sin2/3(7rx)) (usinl/g(ﬂx)) dx (11.52)

< ( /0 1 (sin2/3(m))3/ de) o’ ( /0 1 ( sin1/3(7rx))3 dx)

_ (i)m (/01 W sin (mx)dm)l/g,

and consequently

1/3

/1 u®(z,t) sin(rx)de > %2043(75) (11.53)
0
for t > 0.
By using (11.53) in (11.50), we get
o/ (t) > —mPa(t) (1 — (%)2). (11.54)

Hence, if a(t) > 2, then o/(t) > 0. Since «(0) > 2, this implies that
a(t) > 2 for all ¢ > 0 where the solution exists. If the inequality in (11.54)
had been an equality, this nonlinear differential equation could be linearized
by defining

B(t) =1/a’(t); (11.55)

see Exercise 11.1. By using this definition of 5 in the inequality (11.54), we
obtain

a3 -
i <2 - /0,

and thus
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From this differential inequality we immediately obtain an upper bound on
B(t); see Exercise 8.21. Multiplying this inequality by e=2™ ¢ and integrating
in time, we get

B < 7+ (5(0) ~ 1/4). (11.56)

By (11.49) and (11.55), we have that
0 < B3(0) < 1/4,
and then it follows from (11.56) that there is a finite time ¢y such that
Blt) <0
for ¢ > to. Consequently, there is a time ¢t* € [0, ¢o] such that
alt) — oo as t—t" < 0.

This proves that the solution of (11.43)—(11.46) blows up in finite time
if the condition (11.49) is satisfied.

11.8 Exercises

EXERCISE 11.1 Consider the nonlinear ordinary differential equation

2

V' (t) = av(t) + b(v(t))".
Here a and b are given constants.

(a) Assume that v(t) # 0 and define w(t) = 1/v(t). Show that w(t)
satisfies a linear differential equation.

(b) Verify formula (11.2).

(¢) Assume that v(t) satisfies a differential equation of the form
V'(t) = av(t) + b(v(t))n.

Explain how this equation can be linearized by a proper change of
variables.

EXERCISE 11.2 The purpose of this exercise is to study the asymptotic
behavior of the numerical solution of Fisher’s equation generated by the
scheme (11.17). In particular, we are interested in initial data not satisfying
the requirements of Theorem 11.2.
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(a) Implement the scheme (11.17).

(b) Use your computer program to investigate the asymptotic behavior
of the initial function defined by f(z) = 0 for z < 3/7 and for x > 5/7
and f(x) =1/2 for x € [3/7,5/7].

(¢) Repeat (b) for the initial function given by f(x) = 10(1+cos (107x)).

EXERCISE 11.3 Consider the problem

U = Uy +u(l—u) for z€(0,1), ¢€(0,T7,
w0,t) = u(l,t)=1,  telo,T), (11.57)
u(z,0) = f(x), x € 10,1],

where f = f(x) denotes the initial data, which we assume to be in the unit
interval.

(a) Define an explicit finite difference scheme for this problem.

(b) Show that under appropriate conditions on the mesh parameters, the
unit interval is an invariant region for the discrete solutions.

(¢) Show that u =1 is the asymptotic solution of the scheme.

(d) Use an energy estimate to show that v = 1 is also the asymptotic
solution for the continuous model.

EXERCISE 11.4 Consider the problem

U = Uz —u® for x€(0,1), te(0,T],
w0,t) = u(l,t) =0,  te[0,T], (11.58)
u(z,0) = f(x), x €10,1],

where f = f(x) denotes the initial data, which we assume to be bounded.
(a) Derive a maximum principle for this problem.

(b) Define an explicit finite difference scheme and derive, under appro-
priate conditions on the mesh parameters, a discrete version of the
maximum principle.

(¢) Show that u = 0 is the asymptotic solution of the scheme.
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EXERCISE 11.5 The following reaction-diffusion equation arises in the mod-
eling of the electrical activity in the human heart:

Up = Uy + u(3u — 1)(1 — u). (11.59)

Here, we consider this model equipped with boundary data

u(0,t) =u(l,t) =0 (11.60)
and an initial condition
u(z,0) = f(z) (11.61)
satisfying
0< f(z) <1 (11.62)

with f(0) = f(1) = 0.
Put o = At/(Az)?, p(u) = u(3u—1)(1—u), and consider the two schemes

v]mH = avi; + (1 = 20)v]" + vy + Atp(v]"), (11.63)

1 1
w}”“‘ = aw;’; + (1 = 20)w]" + awji; + Atp(w}”"' ). (11.64)
These schemes are referred to as explicit and semi-implicit respectively.

(a) Derive a bound on At such that [0, 1] is an invariant region for {v}"}
generated by (11.63).

(b) Derive a similar bound for {w}"}.

(c¢) Discuss the properties of these two schemes with respect to the sta-
bility condition and the complexity of the implementation.

EXERCISE 11.6 Prove the following discrete version of Jensen’s inequality:
I EF W
- Vi | &> — Ui
T\ i=1 = !

for a convex function g. A continuous version of this inequality is derived
in Project 11.2 below.

EXERCISE 11.7 The purpose of this exercise is to prove a discrete version
of Gronwall’s inequality (cf. Lemma 8.7).
Suppose that

Upt1 < Uy + Atawv,, n>0, At>0, t,=nAt,
for a constant . Show that

vy < eXryyg.
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EXERCISE 11.8 We observed above that the derivatives of the solution of
Fisher’s equation decayed rapidly; see Fig. 11.4 and Theorem 11.5. The
purpose of this exercise is to show that this is a feature of the solution of
many reaction-diffusion equations in the presence of Neumann-type bound-
ary data.

Consider the problem

uy = Dug, + p(u),
uy(0,t) = uy(1,t) =0,
u(z,0) = f(2), (11.65)

where D > 0 is a constant and where we assume that

sup [p'(u)] < M < occ.
u

(a) Show that if

we have

(b) Show that if

sup [p'(u)| < D%,
u

then wu, decays to zero as t goes to infinity.

EXERCISE 11.9 Show that the solution of (11.43)—(11.45), under the as-
sumption of (11.46), satisfies (11.47) whenever u exists.

11.9 Projects

Project 11.1 Population models

As explained above, Fisher’s model can be used to study the evolution
of a single species in the presence of limited resources. In this project we
will consider some more complicated models. For simplicity, we consider
only prototypical models and do not care about the scaling of the variables
involved.
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Throughout this project u and v denote the density of two populations
residing in a common district. A large class of models can be written in the
following form:

Ut = Uy + uM (u,v), u(z,0) = u’(z),
Vp = Uge + 0N (u,v), v(z,0) = v%(z),

where M and N are given functions.

(a)

(b)
(¢)

Consider the system above on the unit interval and with the boundary
conditions u, = v, = 0 for x = 0 and = = 1. Generalize the scheme
(11.17) in order to handle this problem.

Implement the finite difference scheme derived above.

Consider an interaction of two predator-prey type species. Let u de-
note the density of the prey, and let v be the density of the predator.
Explain why it is reasonable to assume

M,<0 and N,>0

in this model.

Put M =1 —wv and N = u — 1. Derive, under proper conditions on
the mesh parameters, an invariant region for the scheme generalized
in (a).

Implement the scheme and try to answer the following questions by
doing numerical experiments:

e What is the asymptotic solution of the scheme if u%(z) = 0 for
all z7

e What is the asymptotic solution of the scheme if u°(z) = 1 and
v0(z) = cos? (5mrz)?

Consider next a situation of two competing species; u denotes the
density of species S; and v denotes the density of species S;. Ex-
plain why the competition of the two species leads to the following
requirements:

M,<0 and N, <O.

Put M = (A4 —u—v) and N = (Ay — u — v). Here A; and A,
are given positive constants representing the environmental capacities
for feeding species S7 and Ss respectively. Show that the rectangle
defined by 0 < u < Ay and 0 < v < Ay is invariant for the scheme
generalized in (a).
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(h) Explore, using numerical experiments, how the asymptotic behavior
of the scheme depends on the values of A; and As.

(i) Finally, we consider the case of symbiosis. Explain why such an in-
teraction leads to the following requirement:

M,>0 and N, >0.

(j) Put M = (1 +v—wu) and N = (1 +u — v) and prove that for this
model, the unit square is invariant for the discrete solutions generated
by the scheme derived in (a).

Project 11.2 More on Asymptotics

The purpose of this project is to show that energy estimates can be ap-
plied to get accurate information about the solution of a reaction-diffusion
equation. On page 105 we considered the problem

Up = Uy — U>, x € (0,1), t>0, (11.66)
with boundary conditions
u(0,t) = u(l,t) =0, t>0, (11.67)
and initial condition
u(z,0) = f(z). (11.68)

It was proved there that

1 1
/ u? (2, t)dx < / f(z)dx (11.69)
0 0
for any t > 0.
In this project our aim is to sharpen this result.

(a) Define an explicit finite difference scheme for the problem (11.66)—
(11.68).

(b) Show that under suitable assumptions on the mesh parameters, the
interval [—1, 1] is invariant for the numerical solutions.

(c) Define
Ea(tn) = Az Z(uy)Q,

where {u;’} is the numerical solution, and plot this quantity as func-
tion of ¢ for some grid sizes using
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(i) f(x) = sin (7z),
(i) f(z) = 2°(1 — 22)0esn (32)
(iii) f(x;) = sin (10rand(z;)).

Here the “rand” function in (iii) is as described in Example 11.1 on page
346. Use these computations to conclude that the estimate (11.69) seems
a bit weak. We will now try to sharpen it.

(d) Show that [—1, 1] is an invariant region for the continuous solution of
(11.66)(11.68).

(e) Define

1
Bt) = /0 2(z, ) da,

and show that
1 1
E(t) = —2/ (ugg(ac,t))2 dx — 2/ u4(a:,t)dx. (11.70)
0 0

Of course, (11.70) directly implies (11.69), but now we want a more accurate
estimate. We shall use the inequalities of Poincaré and Jensen to bound the
right-hand side of (11.70).

(f) Use Poincaré’s inequality to show that
1
E'(t) < —212E(t) —2/ ut(z,t)de, (11.71)
0

and conclude that

E(t) < e > E(0). (11.72)

We note that (11.72) is a much sharper bound than (11.69). But an even
better result can be obtained by also taking the second term on the right-
hand side of (11.71) into account. In order to do so, we use the inequality
of Jensen. This states that if g is a smooth convex function, then

g (/Olv(x)dx> < /Olg(v(x))dac. (11.73)

This inequality will be derived below.
(g) Use (11.73) to show that

( /0 1 u2(x,t)dx>

2 1
< / ut(z,t)dx. (11.74)
0
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(h) Use (11.71) and (11.74) to conclude that
E'(t) < —272E(t) — 2E%(t). (11.75)

(i) Show that

2
E
™ (0) 6727r2t )

Et) < — TE0) (1—e 27

(11.76)

(j) Plot Ea defined in (c) together with the bounds defined by (11.72)
and (11.76) for the initial conditions (i), (ii), and (iii) also defined in
(c). Comment on the sharpness of (11.76) for these initial conditions.

(k) Finally we have to prove the inequality of Jensen. Let g be a smooth
convex function. Use a Taylor-series approximation to show that

g9(t) + (s = t)g'(t) < g(s) (11.77)

for any s,t € R. Put

s = z(x), = /0 z(y)dy,

and integrate (11.77) with respect to x and conclude that

g </01z(x)dx> < /Olg(z(:c))da:, (11.78)

which is Jensen’s inequality.
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Applications of the Fourier Transform

In this chapter, we briefly discuss the Fourier transform and show how this
transformation can be used to solve differential equations where the spatial
domain is all of R.

In the same way as Fourier series arise in the analysis of linear partial
differential equations on an interval, the Fourier transform is an appropriate
tool for the corresponding problems when the spatial domain is extended to
the whole real line. This can for example be illustrated by the heat equation

Up = Ugpy. (12.1)

We have seen (see Chapter 3) that when the spatial variable x is restricted
to an interval, then separation of variables leads to eigenvalue problems of
the form

~X"(z) = AX(z) (12.2)

with proper boundary conditions. For example, the eigenvalue problem
(12.2), with Dirichlet boundary conditions, leads directly to Fourier sine
series. As we shall see below, the Fourier transform can be used in a similar
way to study the pure initial value problem for (12.1), i.e. the initial value
problem where the spatial variable x is defined for all of R.

In deriving the properties of the Fourier transform below, we will assume
that the functions are sufficiently well behaved to justify our calculations.
We will not specify clearly for which class of functions the formulas hold.
This would lead to a more technical discussion which is beyond our current
scope. Therefore, the present chapter should be seen more as an informal
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illustration of how the Fourier transform can be applied to partial differen-
tial equations, and not as a rigorous discussion of properties of the Fourier
transform. The solution formulas for certain differential equations which
we derive here are therefore only formal solutions. However, by direct in-
spection we can of course check the validity of these solutions.

12.1 The Fourier Transform

If f is a function defined on R, then the Fourier transform, f (w), is a new
function defined on R given by!

flw) = /_ h f(z)e ™ dx, (12.3)
where i = /—1.

We note that even if f(z) is real for all z, the new function f will in
general not be real valued. Also, since the integral in (12.3) is over all of
R, the value f(w) will not exist unless the function f(z) behaves properly
for z near +oo. However, for well-behaved functions, which tend to zero
sufficiently fast at oo, the integral in (12.3) will be well defined.

ExXAMPLE 12.1 Let H(z) be the Heaviside function given by

0 =<0,
H(I){l x;O

and let
f(z) = H(a— |z]),

where a > 0 is a parameter. Alternatively,

f(z) = { 1 for |z| <a,

0 otherwise.

The function f, which is usually referred to as a square pulse, is plotted in
Fig. 12.1. Since f(x) = 0 for |z| > a, the Fourier transform f(w) is given
by

A @ . 1 . r=a 2
= 7lwxd = —— W = —_— 3] .
f(w) [a e x e v—a = sin(aw)

You may find slightly different definitions of the Fourier transform in other texts.

In particular, f (w) will frequently be defined with the scaling factor \/127 in front of the

integral.
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\
Q
S booood

FIGURE 12.1. A square pulse.

EXAMPLE 12.2 Let a > 0 be a parameter and let
f(x) = 2H(x) — H(x +a) — H(z — a).
Alternatively (see Fig. 12.2),

0 for =z < —a,
-1 for € (—aqa,0],

fz) = 1 for x€(0,al,
0 for x> a.
f
1 x
—a a

FIGURE 12.2. A square wave.
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The Fourier transform f (w) is given by

~ O . a .
flw) —/ e_“”‘”dx—i—/ e "“rdx
0

—a

_ ie—iwx’x=0 _ i —iwm|x=a
- W r=—a W =0
_ 20 _ A
= (1 — cos(aw)) = —sin (aw/2).

In both the examples above, the function f(x) is real valued. In Example
12.1 we also obtained a real-valued function f(w), while f(w) is purely
imaginary in Example 12.2. In fact, by rewriting (12.3) in the form

fw) = [ ra)oostwnda i [ flasinon) do

we easily see that if f is a real-valued even function, then f (w) is real.
On the other hand, if f is a real-valued odd function, then f(w) is purely
imaginary.

EXAMPLE 12.3 Let f be the real-valued even function
f(JU) = 67b|m\7

where b > 0 is a parameter. Then f (w) is given by

f(w) = / el e=iwr gy

0 oS
_ / e(bfiw):cdx + / 67(b+iw)xd17
—o0 0

R S
b—iw b4iw b2 4 w2’

which is real. | |

12.2  Properties of the Fourier Transform

The Fourier transform can be considered as a map which takes functions
f(x) into its transform f(w). To indicate more clearly that the function f
is derived from f, we sometimes write F(f)(w) instead of f(w).

From the definition of F(f)(w) it follows that the map F is linear, i.e.

F(af +Bg) = aF(f) + BF(g), (12.4)

where f, g are functions and «, 8 € R.
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EXAMPLE 12.4 Let
f(z) = el —aH (0 — |a]).

Together with the results of Examples 12.1 and 12.3, the property (12.4)
leads to

F(f)w) = flw) = bQiiba)Q — gsin(aw)_
|

The property (12.4) is derived directly from the definition (12.3). We
have

Flag+09) = [ (af(a)+ Byla))eda
= a/jO f(z)e ™ dy —|—ﬂ/jo g(x)e " dx
= aF(f)w+ BF(g)w.

When the Fourier transform is used to solve differential equations, we
need a relation between F ( f) and F ( b ) From integration by parts we
have

F)w = [ e
= f(x)e_i”’;iioo + tw /00 f(z)e ™ da.

Hence, if we assume that |f(z)| tends to zero as x tends to +o0o such that
the boundary terms disappear, we have

f(f’)(w) = iw]:(f)(w) = iwf(w). (12.5)

This formula expresses that differentiation of f is transformed into a
multiplication with the function iw by the Fourier transform.

EXAMPLE 12.5 Let us assume that v = u(z) satisfies a differential equa-
tion of the form

au”(z) + bu' (z) + cu(z) = f(z), (12.6)

where f is a given function and a, b, ¢ € R. Assume we can take the Fourier
transform of each side of the identity (12.6). By using the properties (12.4)
and (12.5), we then obtain

(—aw? + biw + ¢)i(w) = f(w). (12.7)
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Hence, the differential equation (12.6) is transformed into the algebraic
equation (12.7). Since algebraic equations usually are easier to solve, this
example clearly indicates that the Fourier transform is potentially useful
in solving differential equations. |

The property (12.5) has a counterpart which states that the Fourier
transform of the function z f(x) is given by if’(w), i.e.

F(zf)(w) = i%]—"(f) (W) = if'(w). (12.8)
At this point we should be a little careful with our notation. In (12.8)
the function f'(w) = %}'(f) (w) is obtained by first computing f(w) =
F(f)(w) and then differentiating this function with respect to w. This is
not the same as F ( I ) (w), which is obtained by first differentiating f with
respect to z and then computing the Fourier transform.
The property (12.8) follows by differentiating the expression for F ( f ) (w)
with respect to w. If we assume that we can differentiate under the integral,
then we obtain

d d > —iwT
%}"(f)(w) = @[mf(x)e dx

—i/_oo af(z)e” ™" de = —iF (2f)(w).

Property (12.8) follows by multiplying both sides of this equality by i.
Another useful property of the Fourier transform is the following scaling

property (a # 0):
). (12.9)

This follows from a change of variables, since
f(f(a,x))(w) = / flaz)e ™ dx

= [Ciweren < 2r ()

w
a

The properties (12.5) and (12.8) are fundamental to the use of the Fourier
transform in differential equations. A less obvious application of these prop-
erties is given in the following important example.

ExaMPLE 12.6 Consider the function

flx) = e /2,
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We want to compute f (w). A direct evaluation of the integral
~ o0 2 .
flw) = / P
— 00

can be done by using the “residue theorem” of complex analysis. Here,
we shall instead use an indirect differential equation argument, which is
based on the properties (12.5) and (12.8) of the Fourier transform. It is
straightforward to check that the function f(z) satisfies the linear initial
value problem

fl(z) = —zf(z), f(0) = 1. (12.10)

Furthermore, f(x) is the unique solution of this problem. In fact, by mul-

tiplication of the integral factor e’/ 2. the differential equation is reduced
to

(e$2/2f(m))l = 0.

If we take the Fourier transform of both sides of (12.10), we obtain from
(12.5) and (12.8) that

or

flw) = —wf(w). (12.11)

We note that this equation corresponds exactly to the differential equation
in (12.10). Furthermore, from the formula

/ e Vdy = (12.12)

(see Exercise 1.11 on page 24), we obtain

f(0) = /OO e 24y = \/5/_00 e_yzdy = V2r.

But the unique solution of (12.11) with f(0) = v/27 is given by
flw) = Vare /2,

Hence, up to a multiplication of the factor /27, the functions f and f are
equal. |
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EXAMPLE 12.7 Let g(x) = e=9" where a > 0. We would like to compute
§(w). If f(z) = e *"/2 as in Example 12.6 above, then

g(x) = f(av2a).
By property (12.9) we therefore obtain

) = —=F () = [Zeerm,

12.3 The Inversion Formula

As explained in Example 12.5 above, the Fourier transform will replace
certain differential equations by corresponding algebraic relations for the
transforms. For example, the differential equation

—u"(z) + u(z) = f(z)
implies the relation
(@2 + i) = ()

for the corresponding Fourier transforms, and hence

. 1 2
i) = T flw).
However, in order to obtain the solution u(x) from this expression, we need
to know how we can derive a function from its Fourier transform. In fact,
so far in our discussion it is not even clear that a function is uniquely
determined by its Fourier transform.

The tool we seem to need is an inverse transform which describes how a
function f(x) can be computed from f(w). The proper inversion formula
is given by

f(z) = %/jo f(w)e™®dw. (12.13)

We should note the similarity between this inversion formula and the def-
inition (12.3) of the Fourier transform. The formula nearly states that f
is the Fourier transform of f. However, we note the missing minus sign
in the term e“? and the extra factor 1/(2n) in front of the integral. An
alternative formulation of (12.13) is therefore

flx) = %f(f)(—x)- (12.14)

Before we try to justify the inversion formula, let us show that it is consis-
tent with the result of Example 12.7.
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ExaMpLE 12.8 For any a > 0 let

2

falz) = e,
In Example 12.7 we showed that

F(fa) = \/Zfl/(éla) = \/Zfb,

where b = 1/4a. Hence, since a = 1/4b and ab = 1/4, this implies
~ e s ™
F(fa) = \/;]:(fb) = \/;\/;fu(%) = 2rf,

ful) = 5= F(F) @)

Since fq(x) = fo(—x), this is consistent with (12.14). |

fa

or

In order to try to justify the inversion formula (12.13), we first recall the
complex form of the Fourier series; see Sections 8.1.3 and 8.1.4. If f(x) is
a function defined on the interval (—I,1) which can be represented by its
Fourier series, then

f(z) = i e/l (12.15)

k=—oc0

where the coefficients are given by

1/ ,
o = ﬁ/lf(y)eﬂ’”y/l dy. (12.16)

We shall see that the inversion formula (12.13) arises formally as a limit of
the Fourier series as [ — oc.
Let

1
fulw) = / Ty,

Then for sufficiently regular functions f we clearly have
filw) — flw) as | — oco. (12.17)

Furthermore, the Fourier series (12.15)—(12.16) can be written in the form

flx) = % > flwr)e (12.18)
k=—oc0
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where wy, = km/l.
Let Aw = 7/l denote the distance between these points. The “grid
points,” {wy = k(Aw)}zo:_oo, define a uniform partition of the real line.

Therefore, it is more convenient to rewrite (12.18) in the form

f(z) = % Aw Y filws)e™ ] . (12.19)

k=—o0

We observe that this expression for f(x) resembles the inverse formula
(12.13).
Of course, an expression of the form

o0

Aw Z glwy)e™”

k=—o00

is just a “trapezoidal approximation” of the integral

/ g(w)e™dw.
—oo

Note also that if [ tends to infinity, then Aw tends to zero. Hence, together
with (12.17) this suggests that

Aw Z Filwr)e™® —>/ f(w)e“?dw as 1 — oo.

k=—o0

By combining this with (12.19), we therefore obtain the inversion formula
1 [ ;
fla) = 5= [ Fwrera.

The derivation of the inversion formula outlined above is far from being
a strict mathematical proof. We shall not provide a rigorous proof here.
However, it is interesting to note that the main tool in a rigorous proof
is frequently the fact that the inversion formula holds for the functions
e~ studied in Example 12.8 above. The reason for this is roughly that
any smooth function can be approximated to any accuracy by weighted
integrals of translations of such functions. For a proof of the inversion
formula which essentially uses such an argument we refer for example to
Rauch [22].

The inversion formula can be used to compute Fourier transforms which
may be hard to compute directly.

EXAMPLE 12.9 Let us recall from Example 12.3 that the function

f(x) = e_blw‘7
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where b is positive, has the Fourier transform

2 2b
W) =pye

Since f(—z) = f(x), we therefore obtain from the inversion formula that
1 A
f=5-F()

Hence, by reversing x and w, if

1 0

;m then Q(W) = e_b‘w‘.

g(x) =

12.4 The Convolution

Let us consider the pure initial value problem for the heat equation (12.1),
ie.,

Uy = Uy for xR, >0,

u(z,0) = f(z), zeR. (12:20)

For each ¢ > 0 let 4(w, t) = F(u(-,t))(w) be the Fourier transform of u(-, ).
Here u(+,t) denotes the function = — wu(x,t) for a fixed value of t. Hence,

(w,t) = / u(z, t)e”“dz. (12.21)
It follows from property (12.5) that
f(um(-,t))(w) = —w?i(w,t). (12.22)

Furthermore, by differentiation under the integral sign (see Proposition 3.1
on page 107) we obtain

> : 0
Flu(, 1) (w) = / ug(x,t)e "“dr = aﬁ(w,t). (12.23)
However, since we know that u; = wu,, from the differential equation

(12.20), we can conclude from (12.22) and (12.23) that

%a(w,t) = —w?i(w,t), t> 0. (12.24)



376 12. Applications of the Fourier Transform

This last equation can be regarded as an ordinary differential equation with
respect to t, where w is just a parameter. The solution is given by

W(w,t) = e aw,0) = e f(w). (12.25)

Let now S(x,t) be the function

S(x,t) = \/%e*f/‘“, (12.26)

~

and let S(w,t) = F(S(-,t)) be the Fourier transform with respect to . It
follows directly from Example 12.7, with a = 1/(4t), that

S(w,t) = et
Hence, the identity (12.25) can be rewritten in the form

i(w,t) = S(w,t)f(w), (12.27)

which states that the Fourier transform of the solution w is the product of
two Fourier transforms. Furthermore, the function S (and S) is explicitly
known, while f is the given initial function. Therefore, the Fourier trans-
form of u is the product of the Fourier transforms of two known functions.
From this information we would like to obtain u.

Let us consider a slightly more general situation. Let f(z) and g(z) be
given functions. We would like to identify a function h such that h= f - g
From the definition of the Fourier transform we have

T -
= [m[mf(y)g(Z)e’i”(y+z)dydz
_ /_Z/_Zf(x — )g(z)e " d dz,

where the last identity is obtained from the substitution = y+z. However,
by changing the order of integration we obtain

/ / flx —2)g(2)dze ™*dx

:[mh(x)e_w”:da: = h(w),

-/ o;f(:c ~ 2)g(z) dz

(12.28)

where
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The function A is usually referred to as the convolution of the functions
f and g, and is usually denoted by f % g. Hence, the function (f * g) (z) is
given by

(fxg) = /O;f(xy)g(y) dy = /o;f(y)g(xy) dy,  (12.29)

where the last identity follows by a change of variables. From (12.28) we
obtain that the Fourier transform of f x ¢ is the product of f and g, i.e.

F(f*9)w) = F(f)w)F(9)(w) = f(w)g(w). (12.30)

Let us now return to the pure initial value problem for the heat equation
(12.20). As a consequence of (12.27) and (12.30), we obtain the solution
formula

wot) = (5600w = [ Se-p0fwdn 0230

where the function S(z,t) is defined by (12.26). Hence, we have obtained
a formal solution of the pure initial value problem (12.20).

We should remark here that we have encountered the function S(z,t) and
the formula (12.31) already in Chapter 1. In Exercise 1.17 we established
the solution formula (12.31) when the initial function f is a step function.
Below we will check the validity of this solution for more general initial
functions.

12.5 Partial Differential Equations

In the discussion above we have derived most of the important properties of
the Fourier transform which are used in differential equations. In this final
section of this chapter we will illustrate the use of the Fourier transform by
considering two examples. First we will complete the discussion of the pure
initial value problem for the heat equation, and afterwards we will study
Laplace’s equation in a half-plane.

12.5.1 The Heat Equation

The formal solution u(z,t) of the pure initial value problem for the heat
equation (12.20) is given by (12.31) above, i.e.

wert) = [~ S0y = = [ S )y 23

The function S(z,t), given by

1 2
S(x,t) = ﬁe*m /4t (12.33)
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is usually referred to as the fundamental solution of the heat equation. We
observe that when the initial function f is known, u(-,¢) can be derived
from a convolution of f and the fundamental solution S(-,t).

Before we check the validity of the solution (12.32), let us observe some
properties of the function S(z,t).

For any ¢t > 0 we have

S(x,t) > 0 and / S(z,t)dx = 1. (12.34)

— 00

The first of these claims is obvious, while the integral property follows

since
& 1 > 2 d.l?
S(z,t)dr = — e /A T
/_oo (=) ﬁr/_m VAt

! /ooe*ZQd ! 1
= — 2 = —+/m = 1.
VT o VT

Here we have used the identity (12.12).
Because of the two properties (12.34), the formula (12.32) has the inter-
pretation that u(x,t) is a proper weighted average of the initial function

I
Another interesting property of the function S is that

lim S(z,t) = 0 for a#0, (12.35)
t—0
while
lim S(0,t) = oo.
t—0

Hence, as t tends to zero, the “mass” of the function will be concentrated
close to zero. In Fig. 12.3 the function S(z,t) is plotted for three different
values of ¢.

A final property we shall note is that the function S(x,t) satisfies the
heat equation, i.e.

Si(x,t) = Sypy(x,t) for ¢>0. (12.36)

This property should be of no surprise, since its Fourier transform

S(w,t) = e’
satisfies the equation

gt = —(.«JQS’,
and by the property (12.5) this is consistent with (12.36). A direct verifica-
tion of (12.36) is also straightforward and is left to the reader as an exercise
(see Exercise 12.5).
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FIGURE 12.3. The function S(z,t) for t = 0.1 (---), t = 1.1 (—), and
t=21(——).

In order to verify that the formal solution (12.32) is a solution of the pure
initial value problem (12.20), we have to show that this solution satisfies the
differential equation and the initial condition. Observe that the integral in
(12.32) is with respect to y. Hence, the variables 2 and ¢ act as parameters
with respect to this integral, and for proper functions f we should have
that

wle.)= [ 8o =5 )dy,
o (12.37)

Uy (1) :/7 See(x —y,t) f(y) dy.

In fact, the proper tool for verifying these formulas is a generalization
of Proposition 3.1 on page 107 to integrals over all of R (instead of a
bounded interval). Such a generalization is fairly straightforward and will
not be discussed further here. However, if the formulas (12.37) hold, then it
follows immediately from (12.36) that u given by (12.32) satisfies the heat
equation u; = ug,. We can therefore conclude that the formal solution
(12.32) satisfies the heat equation in a strict mathematical sense as long as
the initial function f allows differentiation under the integral sign in the
variables = and ¢.

We also have to check that the function u(z,t) satisfies the initial con-
dition. It is of course straightforward to see that as long as the Fourier
transforms (-, t) and f exist, then

lim 4w, 1) = th\ng)e-wztﬂw) = f(w).
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Y

FIGURE 12.4. The upper half-plane.

Hence, the Fourier transform of u(-, t) converges pointwise to the Fourier
transform of the initial function f. However, a more reasonable requirement
seems to be that

limu(z,t) = f(z) for z€R, (12.38)
N0
i.e. we require that u converges pointwise to f. In Exercise 12.10 an outline

of a proof for (12.38) is given under proper assumptions on the initial
function f.

12.5.2  Laplace’s Equation in a Half-Plane

In this section we will use the Fourier transform to obtain a formal solution
of Laplace’s equation

AU = Upg +Uyy =0 for zeR, y>0. (12.39)

Hence, the solution will be a harmonic function in the upper half-plane;
see Fig. 12.4. On the z-axis we require Dirichlet boundary conditions of
the form

u(z,0) = f(z). (12.40)

Furthermore, u should tend to zero as y tends to infinity in the sense

/ |u(z,y)|de — 0 as y — oc. (12.41)

—00
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In order to find a formal solution of the problem (12.39)—(12.41), we let

i(w,y) :/ u(z,y)e” “rda.

— 00

Hence, 4 is the Fourier transform of u with respect to x. The differential
equation (12.39) will be transformed into

—w (W, y) + lyy(w,y) = 0. (12.42)

For each fixed value of w this is an ordinary differential equation with
respect to y, with general solution

U(w,y) = cr(w)e™ Y + ca(w)e”. (12.43)

We note that ¢; and ¢y are allowed to depend on w.
The “boundary condition” (12.41) implies that

|a<w,y>|s/ fu(z, ) dz — 0 as gy — oo.

—00

Therefore, we must choose

ci(w) =0 for w<0
and

ci(w) =0 for w>0.

Furthermore, since the boundary condition (12.40) implies that 4(w,0) =
f(w), this leads to the representation

a(w,y) = e IV f(w). (12.44)
Let P(z,y) be given by
Iy
P =<
(@,y) = —— >

From Example 12.9 we recall that

Plw,y) = / P(z,y)e”“?dy = e~ 1@,

— 00

Hence, the formula (12.44) can be written as

i(w,y) = P(w,y)f(w),
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and by property (12.30) this implies that

u(z,y) = (P('7y) *f)(x) = /OO Pz — z,y)f(2) dz. (12.45)

—00

The function P(z,y) is called the Poisson kernel. This function has prop-
erties which resemble the properties of the fundamental solution S(z,t) for
the heat equation. For example, it is straightforward to show that

oo

P(z,y) > 0 and / P(z,y)dz = 1. (12.46)

— 00

Therefore the formula (12.45) has the interpretation that u(x,y) is a proper
weighted average of the boundary function f. The reader is asked to verify
a number of properties of the Poisson kernel P and of the solution formula
(12.45) in Exercise 12.11.

12.6 Exercises

EXERCISE 12.1 Find the Fourier transform of the following functions (a > 0):

(@
o - { g i<k

otherwise.

flz) = { z |z <a,

0 otherwise.

R

otherwise.

EXERCISE 12.2 Compute the function g(z) = (f * f)(z) when (a > 0).

(a)
flx) = { 1 |z| <a,

0 otherwise.

flw) = el
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EXERCISE 12.3 Assume that f(w) = =" /(1 + w?). Determine f(z).
EXERCISE 12.4 Let f(z) be a given function and define g(z) by

g9(z) = f(z —a),
where a is constant. Show that §(w) = e~ f(w).

EXERCISE 12.5 Let S(z,t) be the fundamental solution of the heat equa-
tion given by (12.26). Show by a direct computation that

St = Sa:z; fOI' t> 0.

EXERCISE 12.6 Use formula (12.31) to find the solution of the pure initial
value problem (12.20) when

(a)

o) =) = { | 250

(b)

flx) = 67”2, where a > 0.

Compare your solution in (a) with the discussion in Section 1.4.4.

EXERCISE 12.7 Let a be a constant. Use the Fourier transform to find a
formal solution of the problem

Up = Ugy +au, for xR, >0

u(z,0) = f(x).

EXERCISE 12.8 Consider the Laplace problem (12.39)—-(12.41). Assume that
the Dirichlet condition (12.40) is replaced by the Neumann condition

uy(x,0) = f(z), xzeR.
Use the Fourier transform to find a formal solution in this case.
EXERCISE 12.9 Consider the Laplace problem:

(Au)zO for z€eR 0<y<l,
u(z,0) =0, z€R,
u(z,1) = f(x), z=eR.

Use the Fourier transform to find a formal solution of this problem.



384 12. Applications of the Fourier Transform

EXERCISE 12.10 The purpose of this exercise is to analyze the pointwise
limit (12.38). We assume that f(x) is a continuous and bounded function,
ie.

f(z)] < M for z€R,

where M is a positive constant.

(a) Show that u(x,t) — f(z) has the representation

u(e) - 1) = [ T (e —y) - F(@) S, t)dy.

(b) Show that

tl{(I(l)u(l‘ t) = f(x).

(Hint: |u(x,1) 2)| < [ | f(x—y) — f(2)|S(y,t)dy. Break the integral
up into two pleces \y| <4 and ly| > (5 )

EXERCISE 12.11
(a) Show that the Poisson kernel P(x,y) satisfies the properties (12.46).

(b) Show by a direct computation that

AP =0 for (x,y)# (0,0).

(c) Discuss the validity of the formal solution (12.45) of the boundary
value problem (12.39)—(12.41).
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divergence theorem, 218
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Fickian diffusion, 341
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finite Fourier series, 71, 80, 95

first order, 2
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asymptotic behavior, 358
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invariant region, 358
maximum principle, 358

five-point operator, 196

formal solution, 90, 101, 108
forward sweep, 51
Fourier
analysis, 122
coefficients, 95, 96
cosine series, 101, 108
Joseph, 87
method, 87
series, 31, 96, 245, 256
sine series, 96
transform, 365
fourth order, 2
freezing the coefficient, 137
fundamental solution, 378
fundamental theorem of calculus,
40

Gaussian elimination, 50, 55, 149
general Fourier series, 245

Gibbs phenomenon, 299
governed, 179

Green’s first identity, 220, 222
Green’s function, 42, 72-74
Green’s second identity, 221

grid points, 47, 57, 206

grid size, 48, 121

Gronwall’s inequality, 275, 359

harmonic, 220

harmonic functions, 191

heat equation, 18, 87, 178, 377
nonlinear, 138, 188

Heavyside function, 18, 20, 27, 366

homogeneous, 3

Holder’s inequality, 266, 356

implicit scheme, 140, 186

inequality of Jensen, 364

infinite series, 118

initial condition, 4, 10

inner product, 33, 58, 95

instability problem, 122

integration by parts, 59

interpolation, 81

invariant region, 343, 346, 349, 350,
358



inverse transform, 372
inversion formula, 372

Jacobian matrix, 212
Jensen’s inequality, 359, 363

Laplace operator, 192

Laplace’s equation, 192, 380

linear algebra, 31

linear combination, 34

linear equations, 3

linear independent vectors, 31

linearizing the equation, 138

linearly dependent set, 31

linearly independent, 71

logistic model of population growth,
337, 339

Matlab, 346
matrix
determinant, 32
diagonal dominant, 53
nonsingular, 32
polynomial, 35
positive definite, 35, 55
positive real, 36
positive semidefinite, 35
singular, 32
symmetric, 34, 69, 79
tridiagonal, 50
maximum principle, 44, 61, 175,
181, 182, 188, 346, 358
harmonic functions, 191
heat equation, 178
Laplace, 192
nonlinear heat equation, 188
Poisson, 192
two-point boundary value prob-
lem, 44, 61, 175
mean square convergence, 266
mean square distance, 264
mean value property, 222
measured quantity, 5
memory requirements, 118
method of characteristics, 11

Index 391

Neumann, 98
-type boundary values, 73
boundary conditions, 98, 341
problem, 98

Newton’s method, 260

nonhomogeneous, 3

nonlinear equations, 3

nonlinear heat equation, 138, 140,

155

nonlinear problems, 117

nonsingular matrix, 32

nontrivial, 65

nonzero function, 65

norm, 33

odd extension, 251
odd function, 249
orthogonal, 67, 71, 245
orthonormal, 33
oscillations, 124, 130

p-periodic, 248
parallel computing, 118
particular solution, 89, 100, 123,
133, 135
periodic boundary condition, 74,
98
periodic extension, 248
perturbations, 104
piecewise continuous, 246
Poincaré’s inequality, 353
Poisson kernel, 382
Poisson’s equation, 39, 40, 175,
192
polar coordinates, 212
population models, 360
positiv, 55
positive
definite, 35, 60, 142
definite matrices, 35
real, 36
semidefinite, 35, 100
predator-prey, 361
Pythagoras, 34

random number, 346



392 Index

rank, 33

rate of convergence, 28, 48, 50,
148

reaction-diffusion equations, 337

regularization, 180

Robin boundary conditions, 98, 259

round-off error, 55

scheme
consistent, 64
convergence, 63, 148
explicit, 119, 184, 190, 359
finite difference, 117
Fisher’s equation, 340
implicit, 186
oscillations, 122, 124
semi-implicit, 359
stability, 129, 132, 137, 140,
143
truncation error, 64
second order, 2
semi-implicit scheme, 359
semidiscrete approximation, 113
separation of variables, 89, 90, 160
singular matrix, 32
smooth functions, 10
smoothness, 43
spectral methods, 118
stability, 74, 104, 129, 183
analysis, 143
conditional, 145
conditions, 130, 140
unconditional, 145
von Neumann, 123, 132, 137
stable, 5
stencil, 120, 225
Sturm-Liouville operator, 262
Sturm-Liouville problems, 261
summation by parts, 59, 60
superlinear convergence, 29
superposition, principle of, 89, 92
symbiosis, 362
symmetric operator, 68
symmetry, 58, 142

Taylor series, 30, 46

timestep, 119

trapezoidal rule, 58, 83, 129

triangle inequality, 34, 265

tridiagonal, 53, 56

truncation error, 64, 152, 229

two-point boundary value prob-
lem, 39, 175

unconditionally stable, 145
uniform convergence, 286
uniform norm, 286
uniqueness, 39, 183
unstable, 5

variable coefficient, 10

variable coefficients, 2, 117

vectors
Cauchy-Schwarz inequality, 34
inner product, 33
linear combination, 34
linearly dependent set, 31
linearly independent set, 31
norm, 33
orthonormal, 33
Pythagoras, 34
triangle inequality, 34

von Neumann method, 186

von Neumann’s stability, 123
analysis, 132

wave equation, 15
wave speed, 160
wedge, 216

zero determinant, 32
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