n
©
-
<
p=
L
=
<
=
=
n
N
@)
O
08}
-
X
Lu
-

=l
B
-
<
B
o
L]
il
=
o
=
<
-
<
o

7
<
O
<
=
O
T

Victor Henner

Tatyana Belozerova
Alexander Nepomnyashchy



Partial Differential

Equations
Analytical Methods and Applications



Textbooks in Mathematics
Series editors:
Al Boggess and Ken Rosen

CRYPTOGRAPHY: THEORY AND PRACTICE, FOURTH EDITION
Douglas R. Stinson and Maura B. Paterson

GRAPH THEORY AND ITS APPLICATIONS, THIRD EDITION
Jonathan L. Gross, Jay Yellen and Mark Anderson

COMPLEX VARIABLES: A PHYSICAL APPROACH WITH APPLICATIONS, SECOND EDITION
Steven G. Krantz

GAME THEORY: A MODELING APPROACH
Richard Alan Gillman and David Housman

FORMAL METHODS IN COMPUTER SCIENCE
Jiacun Wang and William Tepfenhart

AN ELEMENTARY TRANSITION TO ABSTRACT MATHEMATICS
Gove Effinger and Gary L. Mullen

ORDINARY DIFFERENTIAL EQUATIONS: AN INTRODUCTION TO THE FUNDAMENTALS, SECOND EDITION
Kenneth B. Howell

SPHERICAL GEOMETRY AND ITS APPLICATIONS
Marshall A. Whittlesey

COMPUTATIONAL PARTIAL DIFFERENTIAL PARTIAL EQUATIONS USING MATLAB®, SECOND EDITION
Jichun Li and Yi-Tung Chen

AN INTRODUCTION TO MATHEMATICAL PROOFS
Nicholas A. Loehr

DIFFERENTIAL GEOMETRY OF MANIFOLDS, SECOND EDITION
Stephen T. Lovett

MATHEMATICAL MODELING WITH EXCEL
Brian Albright and William P. Fox

THE SHAPE OF SPACE, THIRD EDITION
Jeffrey R. Weeks

CHROMATIC GRAPH THEORY, SECOND EDITION
Gary Chartrand and Ping Zhang

PARTIAL DIFFERENTIAL EQUATIONS: ANALYTICAL METHODS AND APPLICATIONS
Victor Henner, Tatyana Belozerova, and Alexander Nepomnyashchy

https://www.crcpress.com/Textbooks-in-Mathematics/book-series/ CANDHTEXBOOMTH


http://www.crcpress.com

Partial Differential

Equations
Analytical Methods and Applications

Victor Henner
Tatyana Belozerova
Alexander Nepomnyashchy

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

A CHAPMAN & HALL BOOK




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

(© 2020 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed on acid-free paper
International Standard Book Number-13: 978-1-138-33983-5 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize
to copyright holders if permission to publish in this form has not been obtained. If any copyright material
has not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, trans-
mitted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter
invented, including photocopying, microfilming, and recording, or in any information storage or retrieval
system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive,
Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and regis-
tration for a variety of users. For organizations that have been granted a photocopy license by the CCC, a
separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


http://www.crcpress.com
http://www.copyright.com
http://www.copyright.com/
http://www.taylorandfrancis.com

In memory of the wonderful scientist
and friend Sergei Shklyaev



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Contents

Preface

1

Introduction
1.1 Basic Definitions . . . .
1.2 Examples . ... .. ..

First-Order Equations

2.1 Linear First-Order Equations . . . . . . . ... .. ... ... .....

2.1.1 General Solution
2.1.2 Initial Condition

2.2 Quasilinear First-Order Equations . . . . . .. ... ... ... ... ....
2.2.1 Characteristic Curves . . . . . . . . . . e

2.2.2 Examples . . ..

Second-Order Equations

3.1 Classification of Second-Order Equations . . . .. .. ... ... .. ....

3.2 Canonical Forms . . . .

3.2.1 Hyperbolic Equations . . . . . ... ... .. ... L.

3.2.2 Elliptic Equations

3.2.3 Parabolic Equations . . . . . ... ... 0 oo

The Sturm-Liouville Problem

4.1 General Consideration .

4.2 Examples of Sturm-Liouville Problems . . . . ... ... ... .. ... ..

One-Dimensional Hyperbolic Equations

5.1 Wave Equation . . . ..

5.2 Boundary and Initial Conditions . . . . . . ... .. .. ... ... ... ..
5.3 Longitudinal Vibrations of a Rod and Electrical Oscillations . . . . . . ..
5.3.1 Rod Oscillations: Equations and Boundary Conditions . . . . . . . .
5.3.2 Electrical Oscillations in a Circuit . . . ... ... ... ... ....
5.4 Traveling Waves: D’Alembert Method . . . . ... ... ... ... .....
5.5 Cauchy Problem for Nonhomogeneous Wave Equation . . . .. ... .. ..
5.5.1 D’Alembert’s Formula . . . . . ... ... ... 0.

5.5.2 Green’s Function
5.5.3 Well-Posedness of

the Cauchy Problem . . . . . . ... ... .....

5.6 Finite Intervals: The Fourier Method for Homogeneous Equations . . . . .
5.7 The Fourier Method for Nonhomogeneous Equations . . . . . ... ... ..
5.8 The Laplace Transform Method: Simple Cases . . . . ... ... ... ...
5.9 Equations with Nonhomogeneous Boundary Conditions . . . .. ... ...
5.10 The Consistency Conditions and Generalized Solutions . . . . . . ... ..

5.11 Energy in the Harmonics

xi

= =

10
12
12
14

21
21
22
23
24
26

29
29
34

43
43
45
48
48
50
52
57
o7
98
99
60
71
76
78
83
84

vii



viii Contents

5.12 Dispersion of Waves . . . . . . . . .. ..
5.12.1 Cauchy Problem in an Infinite Region . . . .. ... ... ... ...
5.12.2 Propagation of a Wave Train . . . . . . ... ... ... ... ....

5.13 Wave Propagation on an Inclined Bottom: Tsunami Effect . . . ... ...

6 One-Dimensional Parabolic Equations
6.1 Heat Conduction and Diffusion: Boundary Value Problems . . . ... ...
6.1.1 Heat Conduction . . . . . . . . ... ..
6.1.2 Diffusion Equation . . . . . . . ... ... L
6.1.3 One-dimensional Parabolic Equations and Initial and Boundary
Conditions . . . . . . . . ..
6.2 The Fourier Method for Homogeneous Equations . . . . . . ... ... ...
6.3 Nonhomogeneous Equations . . . .. ... ... . ... .. ... .. ...
6.4 Green’s Function and Duhamel’s Principle . . . . ... ... ... .. ...
6.5 The Fourier Method for Nonhomogeneous Equations with
Nonhomogeneous Boundary Conditions . . . . . . ... ... ... .....
6.6 Large Time Behavior of Solutions . . . . . .. .. ... ... ... .....
6.7 Maximum Principle . . . .. ... L
6.8 The Heat Equation in an Infinite Region . . . . ... ... ... ... ...

7 Elliptic Equations
7.1 Elliptic Differential Equations and Related Physical Problems . . . . . ..
7.2 Harmonic Functions . . . . . . ... .. . o
7.3 Boundary Conditions . . . . .. ... .. L
7.3.1 Example of an Ill-posed Problem . . . . ... .. ... ... .....
7.3.2  Well-posed Boundary Value Problems . . . .. ... ... .. ....
7.3.3 Maximum Principle and its Consequences . . . . . . .. .. .. ...
7.4 Laplace Equation in Polar Coordinates . . . . . .. ... ... .......
7.5 Laplace Equation and Interior BVP for Circular Domain . . . ... .. ..
7.6 Laplace Equation and Exterior BVP for Circular Domain . . . ... .. ..
7.7 Poisson Equation: General Notes and a Simple Case . . . . ... ... ...
7.8 Poisson Integral . . . . . . .. L
7.9 Application of Bessel Functions for the Solution of Poisson
Equations in a Circle . . . . . . . . ... ...
7.10 Three-dimensional Laplace Equation for a Cylinder . . . ... .. ... ..
7.11 Three-dimensional Laplace Equation fora Ball . . . . .. .. ... ... ..
7.11.1 Axisymmetric Case . . . . . . . . ...
7.11.2 Non-axisymmetric Case . . . . . . . . . ... .. ..
7.12 BVP for Laplace Equation in a Rectangular Domain . . . . . .. .. .. ..
7.13 The Poisson Equation with Homogeneous Boundary Conditions . . . . . .
7.14 Green’s Function for Poisson Equations . . . . . ... ... ... ... ...
7.14.1 Homogeneous Boundary Conditions . . . . ... .. ... ... ...
7.14.2 Nonhomogeneous Boundary Conditions . . . . ... ... ... ...
7.15 Some Other Important Equations . . . . . ... .. ... ... .......
7.15.1 Helmholtz Equation . . . . .. ... .. ... ... ... ..
7.15.2 Schrodinger Equation . . . . . .. ... . oo

8 Two-Dimensional Hyperbolic Equations
8.1 Derivation of the Equations of Motion . . . . . .. .. ... .. .......
8.1.1 Boundary and Initial Conditions . . . . . . ... ... ... .....
8.2 Oscillations of a Rectangular Membrane . . . . . . . .. .. ... ... ...



Contents

8.2.1 The Fourier Method for Homogeneous Equations with
Homogeneous Boundary Conditions . . . .. ... ... ... ....
8.2.2 The Fourier Method for Nonhomogeneous Equations with
Homogeneous Boundary Conditions . . . . . ... ... ... ....
8.2.3 The Fourier Method for Nonhomogeneous Equations with
Nonhomogeneous Boundary Conditions . . . . . ... ... .....
8.3 Small Transverse Oscillations of a Circular Membrane . . . . . .. ... ..
8.3.1 The Fourier Method for Homogeneous Equations with
Homogeneous Boundary Conditions . . . . . ... ... ... ....
8.3.2 Axisymmetric Oscillations of a Membrane . . . . . . ... ... ...
8.3.3 The Fourier Method for Nonhomogeneous Equations with
Homogeneous Boundary Conditions . . . . .. ... ... ... ...
8.3.4 Forced Axisymmetric Oscillations . . . . . . . . .. ... ... .. ..
8.3.5 The Fourier Method for Equations with Nonhomogeneous
Boundary Conditions . . . . . . .. ... .. ... ... ...

9 Two-Dimensional Parabolic Equations
9.1 Heat Conduction within a Finite Rectangular Domain . . . . . . ... ...
9.1.1 The Fourier Method for the Homogeneous Heat Equation
(Free Heat Exchange) . . . . . . .. ... ... ... ... ....
9.1.2 The Fourier Method for Nonhomogeneous Heat Equation with
Homogeneous Boundary Conditions . . . .. ... ... ... ....
9.2 Heat Conduction within a Circular Domain . . . . . .. ... ... .. ...
9.2.1 The Fourier Method for the Homogeneous Heat Equation . . . . . .
9.2.2 The Fourier Method for the Nonhomogeneous Heat Equation . . . .
9.2.3 The Fourier Method for the Nonhomogeneous Heat Equation
with Nonhomogeneous Boundary Conditions . . . ... .. ... ..
9.3 Heat Conduction in an Infinite Medium . . . . . .. ... ... ... ....
9.4 Heat Conduction in a Semi-Infinite Medium . . . . . ... ... ... ...

10 Nonlinear Equations
10.1 Burgers Equation . . . .. .. ... L o
10.1.1 Kink Solution . . . . . . . . ... Lo
10.1.2 Symmetries of the Burger’s Equation . . . . . . ... ... ... ...
10.2 General Solution of the Cauchy Problem . . . ... ... ... ... ...
10.2.1 Imteraction of Kinks . . . . . . . ... .. ... .. L.
10.3 Korteweg-de Vries Equation . . . . . . ... .. ..o L.
10.3.1 Symmetry Properties of the KdV Equation . . . ... ... ... ..
10.3.2 Cnoidal Waves . . . . . . . . . . . .. ...
10.3.3 Solitons . . . . . ..
10.3.4 Bilinear Formulation of the KdV Equation . .. ... .. ... ...
10.3.5 Hirota’s Method . . . . . . . .. ... .. oo
10.3.6 Multisoliton Solutions . . . . . . .. .. .. ...
10.4 Nonlinear Schrodinger Equation . . . . . . . . . .. ... ... ... ....
10.4.1 Symmetry Propertiesof NSE . . . . ... ... .. .
10.4.2 Solitary Waves . . . . . . . . .. L

A Fourier Series, Fourier and Laplace Transforms
A.1 Periodic Processes and Periodic Functions . . . . .. ... ... ... ...
A.2 Fourier Formulas . . . . . . . .. .. ...
A.3 Convergence of Fourier Series . . . . . . . . ... ... ... ... ... .

ix

192

199

203
205

206
209

214
216

218

227
227

230

233
237
238
241

246
248
250

261
261
261
262
264
265
267
267
268
270
271
272
274
277
277
278



X Contents

A.4 TFourier Series for Non-periodic Functions . . . . . . .. .. ... ... ... 288
A.5 Fourier Expansions on Intervals of Arbitrary Length . . . . . ... ... .. 289
A.6 Fourier Series in Cosine or in Sine Functions . . . . . ... ... ... ... 290
A7 Examples . . . . ... e 292
A.8 The Complex Form of the Trigonometric Series . . . . . . .. ... .. ... 294
A.9 Fourier Series for Functions of Several Variables . . . ... ... ... ... 295
A.10 Generalized Fourier Series . . . . . . . . . . ... 296
A.11 The Gibbs Phenomenon . . . . . . . . . .. ... ... 298
A.12 Fourier Transforms . . . . . . . .. ..o 299
A.13 Laplace Transforms . . . . . . . . . ... L 303
A.14 Applications of Laplace Transform for ODE . . . . . ... ... ... ... 306
B Bessel and Legendre Functions 309
B.1 Bessel Equation . . . .. ... ... 309
B.2 Properties of Bessel Functions . . . . . . .. ... ... ... ... 312
B.3 Boundary Value Problems and Fourier-Bessel Series . . . . ... ... ... 315
B.4 Spherical Bessel Functions . . . . .. ... oL oo 320
B.5 The Gamma Function . . . . . ... .. .. ... .. 322
B.6 Legendre Equation and Legendre Polynomials . . . . ... ... ... ... 324
B.7 Fourier-Legendre Series in Legendre Polynomials . . . . . . ... ... ... 328
B.8 Associated Legendre Functions . . . . . .. ... . ... ... ... ... .. 331
B.9 Fourier-Legendre Series in Associated Legendre Functions . . . . . ... .. 334
B.10 Airy Functions . . . . . . . . .. 335
C Sturm-Liouville Problem and Auxiliary Functions for One
and Two Dimensions 341
C.1 Eigenvalues and Eigenfunctions of 1D Sturm-Liouville Problem for Different
Types of Boundary Conditions . . . . . ... ... ... .. .. ....... 341
C.2 Auxiliary Functions . . . . . . ... . 343
D The Sturm-Liouville Problem for Circular and Rectangular Domains 349
D.1 The Sturm-Liouville Problem for a Circle . . . ... ... ... ... .... 349
D.2 The Sturm-Liouville Problem for the Rectangle . . .. ... ... ... .. 352
E The Heat Conduction and Poisson Equations for Rectangular
Domains — Examples 355
E.1 The Laplace and Poisson Equations for a Rectangular Domain with
Nonhomogeneous Boundary Conditions — Examples . . . . . ... ... .. 355
E.2 The Heat Conduction Equations with Nonhomogeneous Boundary
Conditions — Examples . . . . . ... . .. L 366
Bibliography 375

Index 377



Preface

This book covers all the basic topics of a PDE course for undergraduate students and a
beginner course for graduate students. The book is written in simple language, it is easy to
read, and it provides qualitative physical explanations of mathematical results. At the same
time, we keep all the rigor of mathematics (but without the emphasis on proofs — some
simple theorems are proved; for more sophisticated ones we discuss only the key steps of
the proofs). In our best judgment, a balanced presentation has been achieved, one which is
as informative as possible at this level, and introduces and practices all necessary problem-
solving skills, yet is concise and friendly to the reader. A part of the philosophy of the
book is ‘teaching-by-example’, and thus we provide numerous carefully chosen examples
that guide step-by-step learning of concepts and techniques, and problems to be solved by
students. The level of presentation and the book structure allow its use in the engineering,
physics and applied mathematics departments as the main text for the entire course.

The primary motivation for writing this book was as follows. Traditionally, textbooks
written for students studying engineering and physical sciences are concentrated on the three
basic second-order PDEs, the wave equation, the heat equation, and the Laplace/Poisson
equation. A typical example of such an approach is the popular book by J.W. Brown and
R.V. Churchill [1]. As a rule, only the method of separation of variables is presented and
only the simplest problems are discussed. On the other hand, complete books in that field
(for instance, the excellent book by R. Haberman [2]) contain too much information and
therefore they are difficult for beginner reading or for a one-semester course. In the presented
book, we tried to get rid of those shortcomings. The book contains a simple and concise
description of the main types of PDEs and presents a wide collection of analytical methods
for their solutions, from the method of characteristics for quasilinear first-order equations
to sophisticated methods for solving integrable nonlinear equations. The text is written in
such a way that an instructor can easily include definite chapters of the book and omit
some other chapters, depending on the structure of a particular course syllabus. Numerous
examples, applications, and graphical material make the book advantageous for students
taking a distance learning course and studying the subject by themselves.

The structure of the book is as follows.

Chapter 1 presents a general introduction. Examples of physical systems described by
basic PDEs are given, and general definitions (order of equation, linear, quasilinear and
nonlinear equations, initial and boundary condition, general and particular solutions) are
presented. Also, we consider some problems that can be solved without knowing any special
methods.

Chapter 2 is devoted to first-order PDEs. The consideration starts with linear PDEs,
where the problem can be reduced to ODEs by a coordinate transformation, and then the
approach is generalized so that it includes quasilinear equations. We consider the formation
of a shock wave and explain its geometrical and physical meanings, and discuss some other
nontrivial examples. The conditions of existence and uniqueness of the solution are also
explained.

xi
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In Chapter 3, we provide the general classification of second-order PDEs, show its invari-
ance to transformations of coordinates, and consider the transformation of equations to their
canonical forms.

The subject of Chapter 4 is the Sturm-Liouville problem, which gives the basis for the
development of the classical technique of variables’ separation in the consequent chapters,
where three types of second-order PDEs are considered, hyperbolic (Chapter 5), parabolic
(Chapter 6), and elliptic (Chapter 7). In each case, physical systems described by the cor-
responding type of equations are presented. Besides the method of separation of variables,
Green’s function method is described. These chapters cover the full range of relevant sub-
jects including the notion of well-posedness, consequences of wave dispersion, Duhamel’s
principle, maximum principle, etc.

Chapter 8 is devoted mostly to multidimensional hyperbolic equations, with oscillations
of an elastic two-dimensional membrane as a primary example. In Chapter 9, the method
of separation of variables is applied to the two-dimensional heat equation in a rectangular
domain and in a circular domain.

The last chapter of the book, Chapter 10, is devoted to three famous nonlinear PDEs,
which have numerous applications in physics. First, we consider the Burgers equation, obtain
the solution of the Cauchy problem for that equation using the Hopf-Cole transformation,
and consider the interaction of shock waves. Further, the analysis of the Korteweg-de Vries
equation gives us the opportunity to present an example of an integrable equation. By means
of the Hirota transformation, we obtain its multisolitons solutions. Finally, the nonlinear
Schrédinger equation is considered. We discuss its symmetry properties and obtain some
basic particular solutions.

The appendices are an important part of the book. Appendices A and B are written
in the same style as the chapters of the main text, with reading exercises, examples, and
problems for solving. The subjects of these appendices (Fourier series, Fourier and Laplace
transforms, Bessel and Legendre functions) do not belong formally to the field of PDEs,
but they give mathematical tools, which are crucial for solving boundary-value problems for
different kinds of second-order partial differential equations. Therefore, they can be included
in the course syllabus if the class time allows. Appendices C, D, and E contain mathematical
materials related to the Sturm-Liouville problems which are used in several chapters of the
book.

We are grateful to Profs. Kyle Forinash and Mikhail Khenner, our former coauthors, for
sharing their experience in writing books.
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Introduction

1.1 Basic Definitions

Let us start with the discussion of the basic notion of partial differential equation. In a
contradistinction to an algebraic equation, e.g., a quadratic equation

az?® + bz + ¢ =0,

where one has to find the unknown number x, and to an ordinary differential equation
(ODE), e.g., that corresponding to Newton’s second law,

d%x

mﬁ = F(.fl'7t),

where the unknown object is the function z(t) of one variable, a partial differential equa-
tion (PDE) is an equation that determines a function u(x1,xa, ..., x,) of several variables.
Because we live in a four-dimensional world, which has three spatial dimensions and one
temporal dimension, the natural phenomena are described by fields of physical quantities
(velocity, temperature, electric and magnetic fields etc.) that depend on spatial variables
and evolve in time. Therefore, it is not surprising that partial differential equations provide
the language for the formulation of the laws of nature.

Let us consider the following simple example. A metal rod of length L is subject to an
external heating (that may be a barbecue skewer), see Figure 1.1.

0 L
S A

FIGURE 1.1
Heating a rod.

The temperature of the rod, u(x,t), is governed by the heat equation,

ou 0%u

where z is the coordinate along the rod, t is time,  is thermal diffusivity, and ¢(z,t) is the
rate of heating. It is assumed that x and ¢(z,t) are known, while u(z,t) is the unknown
function that has to be found. When dealing with that equation, we have to indicate the
region 2 where that equation is defined, say,

Q: 0<z<L, 0<t<T. (1.2)
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Any function u(z,t) satisfying Equation (1.1), is a solution (or particular solution) of
that equation. It is assumed that the derivatives du/dt and 9%u/0xz?, which appear in the
equation, really exist and are continuous in the whole region 2; in that case we call u(z,t) a
classical or strong solution (in Chapter 5 we shall extend the notion of solution). Note that
there are infinitely many solutions of Equation (1.1); for instance, if u(z,t) is a solution,
then any function w(z) + ax + b, where a and b are constant, is also a solution. The set of
all the particular solutions of a PDE form its general solution.

When we consider a definite real physical process, we are interested to describe it in a
deterministic, unique way; hence finding the general solution of the corresponding PDE is
not the final goal. In the case of the heat equation (1.1), as it will be shown in Chapter 6,
for getting a unique solution, it is sufficient to add the following data.

First, we have to present an initial condition, i.e., the distribution of temperature over
the whole rod including its ends in the very beginning of the process, i.e., at t = 0:

u(z,0) =up(x), 0<x<L. (1.3)

Secondly, we have to indicate boundary conditions, i.e., the law of heating or cooling at
the ends of the rod, x = 0 and x = L. For instance, as it will be shown in Chapter 6, if the
rod ends are thermally insulated, the appropriate boundary conditions are

ou ou

—(0,t) =0, —(L,t)=0, 0<t<T. 1.4

0, =0, SE(LY) <t< (1)
More precisely, it is assumed that the functions that appear in the boundary conditions
are continuous by approaching the boundaries, i.e., relations (1.3) and (1.4) are actually
understood as

i = <z <L .
tlg%u(xvt) ’Lbo(x), Offoa (1 5)
ou ou
1 — 1 [ = < < . .
il_r)% o (z,t) =0, Ih_r)nL o (x,t)=0, 0<¢t<T (1.6)

The full formulation of the problem, which includes Equation (1.1), (1.2), initial con-
dition (1.3) and boundary conditions (1.4), is called initial-boundary value problem (see
Figure 1.2). Under a natural assumption that ug(z) is a continuous function, that problem
has a unique solution that allows us to predict the process of heating.

At

T
ou ou o'u ou
0,1)=0 — = ~+q(x,t L1)=0
ax( ) ot Kax‘ g(x.1) 6x( )
X
0 u(x,0)=u,(x) L

FIGURE 1.2
Initial-boundary value problem.

There is one more subtle point that should be kept in mind. It is clear that the initial
temperature distribution, ug(z), and the rate of heating, g(x,t), cannot be measured abso-
lutely precisely. There is always a certain error in the measurement data. If an arbitrary
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small error in those data leads to a drastic change of the solution, than the mathemat-
ical model is of no use. Fortunately, as we shall see in Chapter 6, problem (1.1)-(1.4) is
stable with respect to the measurement error: using that model, one can obtain the solution
with arbitrary precision, if the measurement data are precise correspondingly. Existence
and uniqueness of the solution, and its continuous dependence of the initial data and the
heating rate mean that model (1.1)-(1.4) is physically sound, or well-posed. An example of
an unsatisfactorily formulated, ill-posed, problem will be given in Chapter 7.

Equation (1.1) describes many other dissipative processes (e.g., diffusion and viscosity)
where initial inhomogeneities tend to be smoothed and exterminated in an irreversible way.
It is one of the three basic equations of the mathematical physics. Let us mention the other
two equations.

The wave equation

2 2
%—cﬁ%:o, O<z<L, 0<t<T (1.7)
describes the propagation of waves of different physical nature, including sound waves,
oscillations of a string, electromagnetic waves etc. We will discuss the initial and boundary
conditions for that equation, which make the initial-boundary value problem well-posed, in
Chapter 5.

Static distributions of the temperature u(z, y) in a two-dimensional body 2 are governed

by the Poisson equation

Pu Fu_ gl
ox? 0y ko

(,y) € (1.8)

here the meaning of variables is the same as in (1.1) but now the temperature depends on
two spatial variables. This equation is valid for electrical potential, gravitational potential
etc. The question about the adequate boundary conditions is not trivial, and we will discuss
it in Chapter 7. If ¢(x,y) = 0, Equation (1.8) is called the Laplace equation.

Generally, a PDE for the function u(x1, s, ...,z,) can be written as
Ou Oou
Flay .o, 22 2 ) =o. 1.9
(ml v 0z 0z, ) (1.9)

The order of a PDE is the highest order of derivatives that appear in that equation. Thus,
Equations (1.1), (1.7) and (1.8) are of the second order.

If function F'in (1.9) is a linear function of v and its derivatives (while the dependence
on xy,...,%, can be arbitrary), the PDE is called a linear equation. For instance, the most
general form of the second-order linear PDE for function u(x,y) is

2 2 2

0%u O0%u U Ju

ou
+ e(x,y)afy + f(x,y)u= g(%y), (1.10)
where a(z,y), b(z,y),...,g(x,y) are known functions. The second coefficient is written

as 2b(z,y) in order to simplify some formulas that will be obtained in Chapter 3. All
the Equations (1.1), (1.7), (1.8) are linear. If g(x,y) # 0, the equation is inhomogeneous;
otherwise it is homogeneous.

As an example of a nonlinear equation, let us present the non-viscous Burgers equation

ou ou
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which describes the propagation of an intense sound wave (as well as many other phenomena,
including traffic waves). We shall consider that equation in detail in Chapter 2. Note that the
expression in the left-hand side of (1.11) is linear with respect to highest order derivatives,
Ou/0t and Ju/Ox. In that case, the nonlinear equation is called a quasilinear equation.

Later on, we will use often the following compact form of the notation for partial deriva-
tives:

ou ou 0%u 0%u 0%u (1.12)
Uy = 7=, Uy = 55 Uzgax = 7 5, Uzy = o Uyy = 55 .
Oz Y oy Ox? Y 9x0y Y9 gy2
etc.
.|

1.2 Examples
Let us consider some simple example of PDEs that can be solved without knowing any

special methods.

Example 1.1 Let us consider equation

du

8x:a(x,y), —c0o<x <00, —00<yY<oo (1.13)

for a function u(zx,y) of two variables.

If u and a were functions of one variable x, the general solution of the ODE

du
e a(x) (1.14)

would be

u(x) = /OI a(z)dz + C,

where C' is an arbitrary constant. In the case of a PDE, one can see that the expression

ule,y) = / "z )z + 1) (L.15)

where f(y) is an arbitrary function, presents the general solution of (1.13). Thus, in a
contradistinction to general solutions of ODEs that contain arbitrary numbers, general
solutions of PDEs contain arbitrary functions.

Generally, if a PDE contains only derivatives with respect to one variable, it can be
solved by the same methods which are used for solving ODEs, and the solution looks like
a solution of an ODE with constants replaced by functions. Let us consider the following
example that we will use below in Chapter 2 when studying the methods for solving linear
equations of the first order.

Example 1.2 Find the general solution u(z,y) of PDE

0
%—l—c(x,y)uzd(x,y), —00 <z <00, —00<yY < 00. (1.16)
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Like in the case of an ODE, Equation (1.16) can be solved by means of an integrating factor.
Let us multiply both sides of (1.16) by a still unknown function u(x,y),

b,y 0+ o e,y = (e, y)d(e ),

and demand that the left-hand side will be a full derivative:

Ju 0
wa,y) o+ ulz, y)e(e, y)u = o [u(z, y)ul.
That gives the relation
op(z,y)
5 M)l y),

thus, we can take

pu(w,y) = exp U c(t, y)dt} : (1.17)

0
Solving the obtained equation
0
5 (@ y)ul = plz,y)d(e, y) (1.18)

in the same way as in Example 1.1, we find:

p(w,y)u = /OI Wz, y)d(z,y)dz + f(y),

where f(y) is an arbitrary function, thus

= [ / " (e y)d(zy)dz + £y)] - (1.19)

p(z,y

Formulas (1.17) and (1.19) together give the general solution of Equation (1.16).
In some cases a PDE can be reduced to “the form of an ODE” by a transformation of
independent variables.

u(z,y) =

Example 1.3 Let us consider equation
0 0
a—zfa—Z:(), —co<x <00, —00<yY<oo. (1.20)
This equation contains both derivatives with respect to  and y. Let us perform the following
change of variables:
s=x+vy, =z—vy, ulz,y)=uv(s(z,y), tlz,y)). (1.21)
Using the chain rule, we find:
Ou Ovds Ovdt Odv Ov Ou Ovds Ovdt v v

dr 50w 0tz 0s O 0y Osdy ooy o5 o )
Substituting (1.22) into (1.20), we obtain:
Ov
25 =0.
Thus, v is an arbitrary function of ¢;
v = f(s).
Returning to u(z,y), we find that
u= f(z+y), (1.23)

where f is an arbitrary differentiable function, is the general solution of Equation (1.20).
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Let us consider one more example, that we will use below in Chapter 5, when considering
the propagation of waves.

Example 1.4 Find the general solution of equation

Ou =0, —oco<z<oo, —00<y<o00 (1.24)
&’an — Y ’ Y . .
We will apply the reduction of the given equation to ODEs twice. First, define
ou
= 1.25
v=5 (1.25)
and rewrite (1.24) as
v
— =0. 1.26
e (1.26)
The general solution of Equation (1.26) is
v=f(y), (1.27)
where h(y) is an arbitrary function of y. Let us consider now (1.25) as an equation for u:
Ju
thus y
u(ey) = [ FE)z+ gla), (1.28)
0

where g(z) is an arbitrary function of x. Because the integral of an arbitrary function is
also an arbitrary function, we can write the general solution of Equation (1.24) as

u(z,y) = h(y) + g(x), (1.29)
where both f(y) and g(x) are arbitrary differentiable functions.

Applying the change of independent variables, as in Example 1.3, and/or the dependent
variable, as in Example 1.4, one can find general solutions of the following problems.

Problems
Find general solutions u = u(x,y) of the following PDEs.

duy +uy =0, —o0 <z, y < oo.
YUgy = COST, —00 < T < 00, y > 0.

22Upy + Uy —u=0, >0, —00 <z < 00.
Y Uy —u =0, —00 < x < o0, y > 0.

Ugyy =0, —00 <z, y < 00.

Ugy = z2e¥, —oo <z, y < o0.

e AWy

Ugy + Uy + Uy +u =0, —00 <z, y<oo.
8. Ugy + YUy +uy +yu =0, —co <z, y < oo.

Find solutions u = u(x, y) of the following initial value problems.
9. uy+2u, =0, —o0o <z, y<oo; ux,z) =2z

10. Ugy — Uy = Y, —O0 <z, y <o U(J},O) :O’ U(O7y) =0.



2

First-Order Equations

In the present chapter, we consider basic methods for solving first-order partial differential
equations for an unknown function u(z,y) of two independent variables.

.|
2.1 Linear First-Order Equations
2.1.1 General Solution

We have acquired already some experience in dealing with linear first-order equations (see
Section 1.2, Examples 1.1-1.3.) Our next step is solving the general linear first-order equa-
tions,

a(z, y)ug + b(z, y)uy + c(z, y)u = d(z, y); (2.1)
here and below, we use notation (1.12),
T 7
ot Y oy’

All the coefficients in (2.1) are assumed to be continuous functions. The approach that we
describe in this section (method of variable transformation), has actually been applied in
Example 1.3: we will construct a transformation of variables,

s = s(ac,y), L= t(&y), u(:c,y) = v(s(x,y),t(x,y)), (22)

which allows us to obtain a solvable equation of Example 1.2.
Using the chain rule,

Uy = VsSg + Utly, Uy = UsSy + Usly, (2.3)

we rewrite (2.1) as
(asg + bsy)vs + (aty + bty)vy + cv = d. (2.4)

Thus, if we find a function s(z,y) such that
asg +bsy =0, (2.5)

we shall obtain an equation that contains only one partial derivative v, i.e., an equation of
the type of (1.16).
Equation (2.5) has a simple geometric meaning. Define a vector field

T(Z‘,y) = (a(m,y),b(x,y)); (26)

then Equation (2.5) can be written as
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VS\ T =(aab)

FIGURE 2.1
Characteristic curve.

The vector Vs is normal to the level curves of function s(z,y) determined by the relation
s(z,y) = C, (2.8)

where C is a constant (see Figure 2.1). Therefore, vector 7(z,y) is a tangent vector to curve
(2.8), which passes through the point (x,y). Thus, we arrive at the following geometric
problem: for a given vector field (2.6), find the family of characteristic curves

y=y(z;0), (2.9)

such that in each point, 7(z,y) is a tangent vector to a certain curve of that family.
Differentiating (2.8) along a level curve, we obtain,

ds(z,y(z)) _ dy
dx _SI—‘_Syalac_O7
hence
dy _ sz
dr s,
Using (2.5), we find:
dy _ b(z,y)
& ) (2.10)

Thus, in order to find the appropriate function s = s(z,y), we have to solve the ordinary
differential equation (2.10) (the characteristic equation) and present the solution in the
implicit form (2.8).

The choice of ¢t = t(z,y) is almost arbitrary, but we have to take care of a one-to-one
correspondence between coordinates (s,t) and (z,y). According to the Inverse Function
Theorem of calculus, the Jacobian determinant of the transformation (2.2),

J(a,y) = o= =

= Syty — Syts, (2.11)
has to be non-vanishing. That allows us to invert the transformation (2.2) and find relations

x=ux(s,t), y=uy(s,t), (2.12)

that will allow us to present the coefficients in Equation (2.4) as functions of s, t.
When coordinates (s, t) are used, the first term in (2.4) vanishes; thus we obtain equation

(aty + bty) vy +cv =d, (2.13)

which contains only a derivative with respect to t, while s appears just as a parameter.
We can integrate the linear equation (2.13) keeping s constant, i.e., along the characteristic
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curves, as it was done in Section 1.2, Example 1.3. That integration gives us the solution
in the form

v =uv(s,t). (2.14)

At the last stage, we obtain the solution

u(z,y) = v(s(z,y), t(z,y)). (2.15)
Note that a(x,y) can vanish at a certain point, which creates a problem with using
Equation (2.10) near that point. If b(z,y) # 0 at that point, one can use equation
dr _ a(z,y)

dy — b(z,y)

instead of (2.10). A simultaneous vanishing of a(x, y) and b(z, y), is a true difficulty: different
characteristic curves cross at that point.
Let us apply the approach described above to the following problem.

Example 2.1 Consider equation

Tz + Yuy +u = 1. (2.16)
The characteristic equation is
dy _y
- == 2.17
dr «x ( )

Let us assume that x # 0 for now. The family of solutions of Equation (2.17),

y(x) = Cux,
can be presented as
v_o
T )
thus we find that y
==, 2.18
sy) =2 (215)
Let us choose
t(z,y) = x. (2.19)
The Jacobian (2.11) of the transformation (2.18), (2.19) is
1
J=——
x

which is acceptable if x # 0. The chain rule (2.3) gives

Y 1
ux:_vsp""vty uy:vsg;
the inverse transformation of variables is
x=t, y=st, (2.20)
hence s v
Ug = ~Vsy +up, Uy = 78 (2.21)

Substituting (2.20) and (2.21) into (2.16), we obtain

tog +v=1. (2.22)
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Solving (2.22), we find

(s t) = @ +1, (2.23)

where f(s) is an arbitrary differentiable function. Substituting (2.18), (2.19) into (2.23), we
obtain the general solution of Equation (2.16):

u(z,y) = % +1, x#0. (2.24)

Alternatively, we can rewrite the characteristic Equation (2.17) as

dz T
oV = Yy 7& 0
dy vy
and use the transformation
T
s(x,y) = 7 t(z,y) =y. (2.25)

That will lead us to the following presentation of the solution:

u(z,y) = 9(/y) +1, y#0, (2.26)

Y
where ¢ is an arbitrary differentiable function. In the region x # 0, y # 0, both forms (2.24)

and (2.26) are equivalent, with
L Y
o(3)=22)
Yy z” \x

In the point (0, 0), where the characteristic lines intersect, all the solutions of Equation (2.16)
are singular except u = 1, which corresponds to f =0 or g = 0.

2.1.2 Initial Condition

As expected, the general solution of a first-order equation includes an arbitrary function.
For getting a unique solution, we have to formulate an initial value problem, i.e., impose
an initial condition that assigns some definite values to function u(x,y) on a certain initial
curve I'. Let us consider several examples.

Example 2.2 Find the solution of Equation (2.16) satisfying the additional condition,
u(l,y) =2, —oo<y<oo. (2.27)

In this example, the initial curve I' is the line x = 1. Substituting (2.24) into (2.27), we find
f(y) =1, hence we get a unique solution

u(z,y) = i +1. (2.28)

This solution diverges at z = 0. Note that though formula (2.28) describes a certain solution
of Equation (2.16) in the region x < 0, it does not present a solution of the initial value
problem (2.16), (2.27) in that region. Indeed, the classical solution of an initial value problem
for a first-order PDE has to be continuously differentiable in the whole region where it is
defined, including the line where the initial condition is imposed. The solution of the initial
value problem, (2.28), cannot be continued from the region 2 > 0 into the region < 0 in a
continuously differentiable way, because of its singularity on the line x = 0. Therefore, the
definition region of the solution of the initial value problem (2.16), (2.27) is > 0.
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rl/
s=2
<
5=0
s=-1
5=-2

=0 =1

FIGURE 2.2
(a) Example 2.1; (b) Examples 2.2 and 2.3.

Example 2.3 Find the solution of Equation (2.16) satisfying the additional condition,
u(z,x) =2, —oo <z < o0. (2.29)

In this case, the initial curve I' is the line y = x. Substituting (2.24) into (2.29), we find
the relation f(1)/xz = 1, which cannot be satisfied. Thus, the initial value problem (2.24),
(2.29) has no solutions.

Example 2.4 Let us take the same initial curve y = x but demand
w(z,z) =1, —o0<x < 0. (2.30)
Substituting (2.24) into (2.29), we find that the initial condition is satisfied if

f(1)=o. (2.31)

Thus, there are infinitely many solutions corresponding to different functions f(y/z) in
(2.24), which satisfy condition (2.31).

What is the origin of the difference between these three cases? In Example 2.2, the
characteristic curves (actually, straight lines) y = sz, s = const pass through the initial
line z = 1 transversally, i.e., forming a non-zero angle with it (see Figure 2.2a). Thus, when
definite values of u(x,y) are assigned on the initial curve, the value of u(x,y) in any other
point with = > 0 is determined in the unique way by integrating along the characteristic
line connecting that point with a certain point on the initial curve I'. In the point z = 0
the solution diverges, and one cannot extend the classical solution beyond that point.

In Examples 2.3 and 2.4, the initial line y = x is a characteristic line itself (see Figure
2.2b). Thus, we get two prescriptions for the calculation of u(x,y) on I': one of them is
given by Equation (2.22), and another one by the initial condition. If these two prescriptions
contradict each other, there are no solutions of the initial value problem. If they match each
other, there are infinitely many solutions, because the initial condition given on the initial
curve I' does not influence the solution outside that line.

We will formulate the conditions for the existence and uniqueness of solutions of initial
value problems in the next section in a more general context.



12 Partial Differential Equations: Analytical Methods and Applications

2.2 Quasilinear First-Order Equations
In the present section we develop an approach for solving initial value problems for more
general, quasilinear, first-order equations,

a(z,y, u)uy + bz, y, u)u, = c(z,y,u) (2.32)

That approach is based on a generalization of the notion of characteristic curve defined in
the previous section.

2.2.1 Characteristic Curves

Our success in solving the linear equation, (2.1), was based on finding the curves
I:QZ(&t), y:y(S,t) (233)

such that the transformed equation contains only a directional derivative in the direction
7 = (a(z,y), b(x,y)) along that curve. Now we will apply the same idea to a more general
equation, (2.32).

Consider a particular solution of Equation (2.32),

u= f(z,y), (2.34)

which satisfies equation

a (1‘,y, f(ZC, y)) Jot b(iE, Y, f(:r,y)) fy - c(az,y, f(ZE, y)) =0. (235)

The plot of this solution is a surface in the three-dimensional space (z,y, u), which is called
the integral surface of the partial differential equation (2.32). Let us present relation (2.34)
as

F(z,y,u) = f(z,y) —u=0. (2.36)

Thus, the integral surface of the equation is the surface where a certain function F(x,y,u)
vanishes. Note that

VF = (fz, fy,—1) (2.37)

determines the direction of the normal vector in every point of the surface (2.36). Define
the vector field

T(z,y,u) = (a(x,y,u), b(z,y,u), c(z,y,u)). (2.38)
On the integral surface (2.36),
T = (a(z,y, f(z,9)), b(z,y, f(z,y)), c(z,y, f(2,9))). (2.39)

Obviously, Equation (2.35) can be written as
T VF=0. (2.40)

The geometric meaning of that relation is quite clear: 7 is tangent to surface (2.36), therefore
the directional derivative of F' along the direction 7 vanishes (see Figure 2.3).

We come to the following geometric reformulation of the partial differential equation
(2.32): for a given vector field (2.38), find a smooth surface u = f(z,y) such that vector
(2.39) is tangent in every point of that surface. The obtained surface will be an integral
surface of equation (2.32).



First-Order Equations 13

integral surface:
F(x,y,u)= f(x,y)—u=0

7=(a,b,c)
VE_

u 0/?

initial curve
X X =x,(5), ¥y=y,(5), u=uys)

FIGURE 2.3
Integral surface, characteristic curves, and initial curve.

As the first step for solving that problem, let us consider the following system of ordinary
differential equations:

dx(t)

ddtt = ala(®).y(®),u(®), =g =b(),y(t)u(b)), (2.41)
1;155 ) = c(z(t),y(t), u(t)),

which is solved with some initial conditions
2(0) =0, y(0) =yo, u(0)=1ug (2.42)

(t is changed in both positive and negative directions). The solution of the problem (2.41),
(2.42), (z(t),y(t),u(t), determines a curve (called the characteristic curve of the PDE) in
the three-dimensional space (x,y,u). According to (2.41), vector 7 = (a,b,c) is tangent
to that curve at each of its points. Changing the initial condition (2.42), we can obtain
many curves of that kind. Taking a one-parametric family of such curves, we can obtain
a surface such that vector 7 is tangent at every point of that surface. That will solve the
geometric problem formulated above, which is equivalent to finding a certain integral surface
of Equation (2.32).
For instance, if we take initial conditions corresponding to a certain parametrically
defined curve,
xo =20(8), Yo =1yo(s), uo=wup(s), (2.43)
called the initial curve (see Figure 2.3), then solving the system of Equations (2.41) with
initial conditions (2.43) will give us an integral surface, which is the plot of the solution
u = u(z,y) of Equation (2.32) with the initial condition (2.43). The solution is obtained in
the parametric form:
z=uz(ts), y=uyt,s), (2.44)

u = u(t, s). (2.45)

In order to get the solution u = wu(x,y) in the explicit form, we have to invert relations
(2.44),
t=t(x,y), s=s(xy), (2.46)
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and substitute (2.46) into (2.45):

u=1u (t(x’y)7 8($a Z/)) :

Thus, we have developed the following algorithm for solving quasilinear first-order equa-
tion (2.32) with definite initial conditions.

1. Present initial condition in the parametric form (2.43).

2. Solve ordinary differential equations

W) _ oot o)t utt ). B — bt 0),y(t, 0, utt. ).
% =c(z(t, s),y(t, s),ult,s))
with initial conditions
z(0,8) =zo(s),  y(0,s) =wyo(s), u(0,s)=1uo(s). (2.47)

That will give the solution in the parametric form,
z=uz(ts), y=yts), u=ults).

The existence and uniqueness of that solution in a certain interval of ¢ around 0
is guaranteed if functions a(z,y), b(x,y) and c¢(x,y) are smooth.

3. Determine ¢t = t(z,y), s = s(z,y) and find the solution in the explicit form,
u=u(t(z,y),s(z,y)).

The general solution of Equation (2.32) is found as a set of all particular solutions with
arbitrary functions (2.43).

2.2.2 Examples

In order to find some “underwater rocks” in the way described above, let us consider the
following examples.
First, let us apply the approach described above to the linear equation,

TUz + Yuy = 1 —u, (2.48)
formerly solved in Section 2.1 with different initial conditions (Examples 2.2-2.4).
Example 2.5 In Example 2.2, we have applied the initial condition

u(l,y) =2, —oo <y < oo. (2.49)

This initial condition determines the initial curve that can be presented in the parametric
form as
xo(s) =1, wyo(s)=s, wup(s)=2; —00<s<0. (2.50)

In order to find the set of characteristic curves crossing different points of the initial curve
(2.50), we solve the system of ordinary differential equations

dx dy

E(t?s)zxv E(tﬂg):ya

du

o (t,s)=1—u (2.51)
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with initial conditions
x(0,s) =1, y(0,5)=s, u(0,s)=2. (2.52)

The general solution of the equation for x is z(¢,s) = C1(s) exp(¢); from the initial condi-
tion x(0,s) = 1 we find C1(s) = 1. Similarly, we get y(¢,s) = C2(s)exp(t) while solving
the equation for y, with Cy(s) = s. Finally, solving the equation for u gives u(t,s) =
C3(s) exp(—t) + 1, with C3(s) = 1. Relations

x(t,s) = exp(t), y(t,s) = sexp(t), (2.53)

u(t,s) = exp(—t) +1 (2.54)

determine the solution of the initial value problem (2.51), (2.52) in the parametric form. To
obtain the solution in its explicit form, u = u(z,t), we have to invert relations (2.53):

t(z,y) =lnz, s(z,y)=y/z, (2.55)

and substitute expressions (2.55) into (2.54). We get

1
u(z,y) = —+1, (2.56)
T
which coincides with the result obtained in Example 2.2.

The inverse transformation (2.55) is successful, because the projections of characteristic
curves on the plane (z,y) cross the projection of the initial curve (2.50) transversally, i.e.,
neither of the characteristic curves is tangent to the initial curve anywhere. Indeed, the
projection of the tangent vector to (2.50) is

1‘6(8) = .735(0, S) =0, y{)(s) = ys<0’ 5) =1, (257)

while the projection of the tangent vector to the characteristic curve on the line ¢t = 0,
according to Equations (2.53), is

2¢(0,8) = 2(0,5) =1, w:(0,s) =y(0,s) =s. (2.58)

To check whether vectors (2.57) and (2.58) are nonparallel, we have to calculate the deter-

minant

xt(oﬂs) yt((),s)
25(0,5) ys(0,s)
Because that determinant is different from 0 at the initial curve, the possibility of the

inversion of relations (2.53) is granted in a certain vicinity of the initial curve. For arbitrary
t, the Jacobian of transformation (2.52)

J(0,s) = =-1.

|1 s
01

exp(t) sexp(t)

It 5) = 0 exp(t)

‘ = exp(2t) = 22

Thus, we can expect that something wrong may happen at © = 0, where the Jacobian
vanishes. Indeed, the construction of the solution following the characteristic curves, which
starts at x = 1, cannot be continued below z = 0. When ¢t — —o0, then x — 0 and y — 0
for all s. Thus, all the characteristic curves merge at the point x = 0, y = 0, and they
cannot be continued further.

In the region x > 0, the solution is defined in a unique way.
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Example 2.6 Let us consider now the same equation (2.48) with boundary conditions of
Example 2.3,
u(z,x) =2, —oo <z < o0. (2.59)

Presenting the initial curve in the parametric form,
xo(s) =s, wyo(s)=s, wo(s)=2; —oo<s<o0, (2.60)

we formulate the problem for finding the characteristic curves that consists of the same
system of ordinary differential equations, (2.51), and initial conditions

2(0,8) =s, y(0,8)=s, u(0,s)=2. (2.61)
First, let us check the transversality of the characteristic curves to the initial curve:

s 8

1120.

J(0,5) = xt(O,s% yt(O,s;

Thus, the projection of the tangent vector to the initial curve, (1,1), is parallel to the
projection of the tangent vector of the characteristic curve, (s, s), hence our approach fails:
instead of leaving the initial curve and forming the integral surface, the characteristic curves
go along the initial curve. Moreover, we get a contradiction between the prescriptions of
(2.51) and (2.61). According to (2.51), the tangent vector to the integral surface with the
projection (s, s) is

(xt(oa8)7yt(075)aut(075)) = (x’ya 1- u)lt:O = (Sa S, _1)'

At the same time, the initial condition demands that the tangent vector with the projection
in that direction has to be

(‘rs(()? S)?:US(O’ S),US(O, S)) = (17 17 0)'

These two vectors are not parallel; thus it is impossible to simultaneously satisfy the equa-
tions and the boundary conditions: the solution of (2.51) and (2.61) does not exist.

Example 2.7 Let us return to Example 2.4, i.e., consider Equation (2.48) with the initial
condition
u(z,z) =1, —oo <z < o0.

The initial curve is
xO(S) =S, yO(S) =S, uO(S) = 17

hence we have to consider system (2.50) with initial conditions

x(0,8) = s, y(0,8) = s, u(0,s) = 1. (2.62)
Again,
_ [ 2(0,8) (0, 5) 5 s|
TO9= 09 wal0.9)| =1 1=

This time, however, the tangent vector to the characteristic curve, (:(0, s), y:(0, s), u.(0, s))
= (s,8,0), and that to the initial curve, (25(0,s),ys(0,s),us(0,s)) = (1,1,0), are parallel
for every s. Thus, we do not get any contradictions: the characteristic curve just coincides
with the initial curve. But our approach does not work: instead of the set of characteristic
curves forming the integral surface, we obtain only one characteristic curve which coincides
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with the initial curve. Thus, though the initial condition (2.62) is not harmful, it is also not
helpful in finding the solution.

In order to construct the solution in the whole region of its existence, let us return to
the general solution of (2.51),

z(t,s) = Ci(s)exp(t), y(t,s) = Ca(s)exp(t), wult,s)=Czexp(—t)+1. (2.63)

It is useless to substitute that solution into the initial condition (2.62), because that gives
us the solution only at the line y = x. Let us apply the following trick. Instead of the useless
initial condition along the line y = z, we take a curve that is transversal to projections
of the characteristic curves, e.g., the line z = 1 of Example 2.5. Impose artificial initial
conditions,

l‘o(S) =1, yO(S) =3, UO(S) = h(s)’

where h(s) is a certain unknown function, and substitute (2.63) into those conditions:

Ci(s) =1, Cs(s)=s, C3(s)=h(s)—1,

Hence
2(t,s) = exp(t),  y(t,5) = sexpl(t) (2.64)
u(t,s) = (h(s) — 1) exp(—t) + 1. (2.65)
Inversion of relations (2.64) and substitution into (2.65) gives the solution,
h -1
u(z,y) = 7@/? +1. (2.66)

The original initial condition (2.62) determines the value of h only in one point:
u(z,z) = h(l) = 1.
The obtained solution coincides with (2.24), (2.31), where f(y/x) = h(y/z) — 1.

Examples 2.5-2.7 allow us to come to the following conclusions (the proof can be found
elsewhere, e.g., in [3]).

1. If the determinant (0.5) (0.5)
— Tt O,S Yt 075
TO=00,5) we05)| 7

everywhere, the unique solution exists near the initial curve.
2. In the points where J(¢,s) = 0, the solution may cease to exist.

If J(0,s) = 0 everywhere along the initial curve, then it is necessary to check
whether the vectors

(2+(0, 8),4:(0,5),u:(0,5)) = (a,b,¢) and

(5(0,5),55(0, 5), us(0, 5)) = (25(5), 9o (5), uo(s))

are parallel. If they are parallel everywhere, there are infinitely many solutions.
Otherwise, the solution does not exist.
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Example 2.8 Let us consider equation
Uy +uu; =0, —oco<z<oo, y>0 (2.67)

with initial condition
u(z,0) = p(x), —oo < z < o0, (2.68)

where p(z) is a known continuously differentiable function. As mentioned in Section 1, this
equation is called the non-viscous Burgers equation.

Equation (2.67) describes the propagation of a strong sound wave in a gas. The physical
meaning of z is the coordinate along the direction of the wave propagation; the variable
y denotes time. The wave propagation is described in the reference frame moving at the
speed of sound. Function u has the meaning of pressure.

Applying the approach described above, we present the initial curve in the parametric
form

xo(s) =s, yo(s) =0, wup(s)=p(s) (2.69)
and consider the system of ordinary differential equations depending on the parameter s
d
d—f(t, s) = u(t, s), (2.70)
dy
—(t,s) =1 2.71
s =1 (2.71)
du
—(t,s) = 2.72
5 (1) =0, (2.72)
with initial conditions
x(0,8) = s, (2.73)
y(0,5) =0, (2.74)
u(0,s) = p(s), (2.75)

which determine the characteristic curves.

First, let us calculate the value of the Jacobian J(0,s) of the transformation (z,y) —
(t,s) on the initial curve ¢t = 0:

_ z¢(0,8) (0, 5)
.135(0,8) ys(oas)

Therefore, we expect that the solution of the problem (2.70)-(2.75) exists at least for values

of y sufficiently close to 0, and it is unique.
Solving Equation (2.72) with initial condition (2.75), we find

J(0,s)

_|p(s) 1] _
A ——

u(t, s) = p(s). (2.76)
Solution of Equation (2.72) with initial condition (2.74) is
y(t,s) =t. (2.77)

Finally, substituting (2.76) into (2.70) and solving the latter equation with initial condition
(2.72), we find

x(t,s) = s+ p(s)t. (2.78)

Formulas (2.76)-(2.78) describe the solution of the initial value problem (2.70)-(2.75)

in a parametric way. We cannot write that solution in an explicit way u = u(x,y) for an
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Xq(#0)

~

FIGURE 2.4
Example 2.8.

arbitrary function p(s). However, the evolution of the spatial pressure distribution u = u(z)
with time y = ¢ can be easily understood. For sake of simplicity, assume that the plot of
function u(x,0) = p(z) has a shape shown in Figure 2.4 (line 1): p(x) grows from 0 to p,
for —oc0 < & < z, and decreases from p, to 0 for z, < x < oo. In the intervals of the
monotonicity of function p(x), we can invert the relation u = p(z) and present x(u) as
x_(u) in the region where p/'(z) > 0 (hence 2’ (u) > 0) and z4(u) in the region where
p'(z) < 0 (hence 2/, (u) < 0) (see Figure 2.4).
For y > 0, the solution in both regions can be written in implicit form as

z=xz(y,u) = rx(u) + uy. (2.79)

That means that with the growth of y = ¢, according to (2.76), each point of the plot
u = u(x) keeps its height. According to (2.78), that point moves horizontally with the
velocity u = p(s) corresponding to its height: the higher the point, the faster it moves (see
line 2 in Figure 2.4). One can see that the curve u(z) becomes more gently sloping with
time in the region where du/dx > 0 and steeper in the region where du/dz < 0. Indeed,
differentiating (2.79) with respect to u, we find that
% =a' (u) +y. (2.80)

Because 2’ (u) > 0, 0x/0u > 0 grows with y, i.e., Ju/0x > 0 decreases. But 2/, (u) < 0,
therefore with the growth of y, |0z/0u| decreases, and |0u/dz| grows. In the latter case,
according to (2.80), dx/du becomes equal to zero when y = —z/, (u). First it happens at
the time instant )
max, [—p/(s)]
At y = ypm, the derivative du/dx diverges at a certain point. The classical solution cannot
be extended beyond that time instant.

Let us calculate the Jacobian of the transformation (x,y) — (t,s) for the obtained
solution (2.76)-(2.78):

Y = Ym = min, [~ (u)] = (2.81)

st = [20%) it

_ p(s) 1 _ /
- ‘ R 0‘ — —(1+D(s)D).
One can see that J(t, s) first becomes equal to zero exactly at the time instant t = y =y,
determined by relation (2.81), which is the formal reason for the failure of the approach.
In the case of gas motion, the divergence of du/Ox corresponds to the appearance of a

shock wave. For the description of the further evolution of the physical system, a modification
of model (2.67) is needed (see Chapter 10).
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Problems

Find the general solution of the equation and solutions satisfying initial conditions.

1.

Equation: u, =1, —oco <z < oo, y > 0; initial conditions:

(a) u(z,0) =0, —o0 <z < o0;

(b) u(z,0) =z, —00 < = < o0;

(c) u(z,2?) =0, —00 <z < c0.

Equation: u, +uy, =1, —00 < z < 00, —00 < y < 00; initial conditions:
(a) u(z,0) =v(x), —00 < & < 00;

(b) u(z,z) =v(z), —00 < x < 00;

(c) u(z,2?) =0, —c0 <z < 1/2.

Equation: uy, + (azu), =0, a = const, —oo < x < 00, y > 0; initial conditions:
(a) u(x,0) =v(z), —00 <z < o0;

(b) u(0,y) =v(y),y = 0.

Equation: zu; — yu, = 0, x > 0, y > 0; initial conditions:

(a) u(z,z) = h(z), z >0

(b) w(z,k/x) = h(z), k = const, k >0, x > 0;

(¢) u(z,1—z)=h(z),1/2<z<]1.

Equation: zu, — yu, =0, £ > 0, y > 0; initial conditions:

(a) u(z,0) =v(x), 0 <z < oo

b) w(z,v1—22=v(z),0<x<1;

(¢) u(z,1)=2,0<z < o0;

(d) u(z,1) =22 0<z < cc.

Solve the following initial value problems.

uy + uu, =0, —00 < z < 00, y > 0; u(x,0) = p(z); p(x) is a bounded function.
Find the solution in the implicit form. Find its existence region.

Uy + ULy = —au, —00 < & < 00, Y > 0; a = const, a > 0; u(z,0) = p(z); p(z) is a
bounded function. Find the solution in the implicit form. What is the condition
for the existence of the solution for any y?

Upg+(x—wuy, =0, >0, —oo<y<oo; ulx0)=uz.
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Second-Order Equations

Now we start studying the most important class of PDEs, the linear equations of the second
order.

3.1 Classification of Second-Order Equations

In the Introduction, we already formulated the most general form of the second-order linear
PDE for function u(z,y),

0fr.0) 3 + 2 0) e+ el ) 3 )
+e(a, y)% + flz,y)u = g(z,y), (3.1)
and considered three basic examples, the wave equation
22;; - cg% =0, (3.2)
the heat equation ,
e R (33)

(in order to unify notations, we denote time as y in the examples above), and the Poisson
equation
?u  0%*u

92 + 02 9(@,y). (3.4)

It has been announced that these three equations correspond to three types of prob-
lems, namely description of wave propagation, dissipative processes and static fields. What
kind of solution behavior is expected for Equation (3.1) with a definite set of functions

a(z,y),...,g9(x,y)?
Let us calculate the discriminant

(5(.%‘, y) = b2(l‘7y) - a(myy)c(amy) (35)

for each of Equations (3.2)-(3.4).

For the wave equation, a = —c2, b = 0, ¢ = 1, hence § = ¢ is positive. We shall call
the equation hyperbolic in that case. As we shall see in Chapter 5, equations of this kind
describe waves.

For the heat equation, a = —k, b = ¢ = 0, hence § = 0. Equations of this kind are
called parabolic. They describe a non-wave evolution of the system (like heat conductivity
and diffusion).

21
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For the Poisson equation, a = ¢ =1, b = 0, hence § = —1 < 0. The negative values of §
correspond to the elliptic type of equations. Equations of this kind are used for description
of static physical fields (e.g., temperature, concentration, pressure, gravity potential, electric
potential etc.).

Note that the equation type is determined by the first three terms of (3.1), which contain
derivatives of the second order. These terms form the principal part of the equation.

It is crucial that the type of the equation is not changed by transformation of coordinates

s=s(z,y), t=txy), ulxy)=v(s(zy), txy); (3.6)
it is assumed that the Jacobian of the transformation,
As:t) |sa sy
J(z,y) = D) |t | Saly — Syla, (3.7)
is different from 0 everywhere. Using the chain rule,
Up = VsSg + Vtly, Uy = VsSy + Uyly, (3.8)
we find that
Ugpy = Usssi + 2Ust81'tw + Uttti + VsSzx + Uttl'.’L'v (39)
Upy = VssSzSy + Ust (Spty + Syts) + Vutaty + VsSpy + Vitay, (3.10)
Uyy = Vg5 Sy + 205t 5yty + Vits + VsSyy + Vetyy. (3.11)
Substituting (3.9)-(3.11) into (3.1), we obtain:
Avgs + 2Bvg + Cuge + g (s, t, 0,05, v¢) = 0, (3.12)
where
A = asl + 2bsysy + s, (3.13)
B = asyty, + b (syty + Syts) + csyty, (3.14)
C = at} + 2btyt, + ct, (3.15)

and g does not contain derivatives of the second order of v.
It can be shown directly that

(5 e)=(x )G )@ n) 519
Calculating the determinants of the both parts of (3.16), we find that the discriminant
characterizing the type of Equation (3.12),
8 =B%* - AC = J*(b® — ac) = J*6.
Because J2 > 0, the type of the equation is not changed by transformation (3.16).

3.2 Canonical Forms

By means of a definite transformation (3.16), one can transform the principal part of Equa-
tion (3.1) to a certain standard form called canonical form. That transformation standard-
izes and simplifies the further analysis of the equation.
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3.2.1 Hyperbolic Equations

Let us start with hyperbolic equations, § = b*> — ac < 0. The canonical form for those

equations is defined as
vst + G (s,t,v,v5,0¢) = 0, (3.17)

where G does not contain derivatives of the second order.
Obviously, in order to obtain the form of (3.17), it is necessary to make A and C' in
(3.12) equal to zero:

as? + 2bs, s, + csi =0, at?+ 2bt,t, + cti = 0. (3.18)

The transformation is needed if at least one of the coefficients a and c¢ is nonzero. Assume
that a # 0 in the whole region of the definition of the equation. Solving quadratic equations
(3.18), we find that

B —b:I:\/bZ—acs B —b:l:\/bQ—act
=Sy, log = ly.

a a

Sz

Because we are interested in finding a transformation with s # ¢, let us take different signs
of the root for s, and t;, e.g.,

—\/ph2 —
Sp + Wsy -0, (3.19)

b4+ vb% — act
a

te + y =0 (3.20)

For solving first-order partial differential equations (3.19), (3.20), we can apply the
approach described in Section 2.1.1. For (3.19), we obtain the characteristic equation

diy_b—\/b2—ac

- = . (3.21)

If the general solution of (3.21) is found in the implicit form f_(x,y) = const, then we can
choose the appropriate change of variable as

5= (z,9). (3.22)
Similarly, finding the general solution of the characteristic equation

@_ b+ Vb2 —ac

3.23
dx a ( )
in the form fy(x,y) = const, we obtain the corresponding variable

L= fi(2y). (3.24)

Using transformation (3.22), (3.24), we obtain the equation
Bvst +9= 07

where B is determined by formula (3.14) and g does not contain derivatives of the second
order. Dividing by B, we get an equation in the canonical form,

Ust—FG:O, G:g/B.
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Instead expressions (3.13) and (3.15), one can use the following simple mnemonic rule.
The characteristic curves (3.21) and (3.23) satisfy the following quadratic equation:

dy 2 dy _
a (dm) — 2b£ +c=0 (3.25)

that can be written immediately while looking at Equation (3.1) (just do not forget to
change the sign in the term with b). Below we shall see that this rule is useful also for other
types of equations.

Example 3.1 The wave equation
Uyy — CoUaw = 0 (3.26)
is given. Let us transform it to the canonical form and find its general solution.

In this example, a = —c3, b = 0, and ¢ = 1; hence, as shown above, § = b> —ac = ¢ > 0.
This, Equation (3.26) is of the hyperbolic type. The equation (3.25) for the characteristic

curve is )
—c? @ +1=0
0\ dx ’
hence J )
Y
= =4 3.27
dzr Co ( )
Solving (3.27) gives
s=x—coy, t=uz+coy. (3.28)

Using formulas (3.8)-(3.11), we obtain equation
v = 0. (3.29)

As shown in Example 1.4, the general solution of Equation (3.29) is the sum of two arbitrary
functions (with continuous second derivatives); each of them depends only on one variable:

v(s,t) = Fy(s) + F_(¢).
Returning to original variables according to (3.28), we find:
w(z,y) = Fy(z — coy) + F—(z + coy). (3.30)
The physical meaning of Equation (3.26) and the obtained solution (3.30) will be dis-

cussed in Chapter 5.

3.2.2 Elliptic Equations
In the case of elliptic equations, § = b? — ac < 0, the canonical form is
Vss + v + G (8, t,0,v5,v) =0, (3.31)

where G does not contain derivatives of the second order.
As the first step, let us apply exactly the same transformation as in the hyperbolic case.
Consider the complex transformation

§= g(xa y)7 t= E('T’y)7 u(x,y) =0 (5(33,:1/),7?(.73, y)) ) (332)
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determined by equations

. b—ivac—b? _

T, =0, (3.33)

- b+ivac— B2

£, 4 lvac=0 (3.34)
a

Note that £(x,y) = 5(x,%), where a bar is the sign of complex conjugation. Following the
derivation given in Section 3.2.1, we obtain equation

bs; + G (3,1, 0,95, 07) = 0. (3.35)

At the second step, we introduce real variables

s=5+t, t=(5-1)/i, wv(st)="0(51). (3.36)
According to the chain rule,

0 g .0 0 o .0
&«— %"'l&, % = g_2§7 (337)

hence we obtain Equation (3.31). Note that Equation (3.25) can be used in the case of an
elliptic equation for finding characteristic curves in a complex space.

Example 3.2 Let us consider equation
AUgg + 2bUgy + cyy =0 (3.38)

with constant coefficients.
Following the algorithm described above, we write the characteristic Equation (3.25)

and obtain its solutions,
dy bEivac—"b?

o= . (3.39)

Integrating Equations (3.39), we find the transformation
§:ay7(b7i\/H) x, f:ayf(bJri\/H)x, (3.40)
which brings Equation (3.38) to the form
— (3.41)

thus, the general solution is given by the formula

6(‘;’ t) = F+(‘§) + F*(t)v
or

u(z,y) = Fy (ay — (b —ivac— b2> x) + F_ (ay - (b +ivac — b2) x) ) (3.42)

where F, and F_ are arbitrary continuously differentiable functions.

Generally, solution (3.42) is complex, but it can be used for construction of the real
general solution. Note that if ui(z,y) and us(x,y) are solutions of a linear homogeneous
equation (e.g., Equation (3.38)), then any linear combination of those solutions, c¢ju;(x,y)+
cous(x,y) is also a solution of that equation (that feature of solutions of linear homogeneous
equations is called the superposition principle). Also, for equations with real coefficients, if
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u(x,y) is a solution, then the complex conjugate function, @ (x,y), is a solution. Therefore,
starting with (3.42), one can construct two real solutions of Equation (3.38),

ui(z,y) = Reu(z,y) = 5 [u(z,y) +u(z,y)] (3.43)

|~

and
us(,y) = Re u(z,y) = o [ule,y) — a(z, ) (3.44)

The set of linear combinations of (3.43) and (3.44) with real coefficients form the real general
solution of (3.38).
According to formulas (3.36), the transformation

s=2(ay —bx), t=2vac—b2z, v(s,t)=70(51)

leads to the canonical form
Vss + Vgt = 0;

which is the Laplace equation.

3.2.3 Parabolic Equations

In the case of a parabolic equation, § = b?> — ac = 0, the canonical form is
wss + G (8,1, w, ws,w) =0, (3.45)

where GG does not contain derivatives of the second order. This time, the characteristic
equation (3.25) gives only one equation for a characteristic curve,

dy b
- =— 3.46
T o (3.46)
which corresponds to the equation for the change of only one variable, say,
t=1t(z,y); (3.47)
that equation is
b
As the second variable, let us choose
s=ux. (3.49)

According to (3.14), (3.15),
B =at, +bt, =0,

b2 b2 2
C = at? + 2tyty, + —t =a (tx + ty> -0,
a a
hence the transformation (3.47), (3.49) brings Equation (3.1) to the canonical form (3.45).
Example 3.3 Let us transform equation
AUy + 20Uy + Cuyy =0, b* —ac=0 (3.50)

with constant coefficients a, b and ¢ to the canonical form, and find its general solution.



Second-Order Equations 27
Following (3.46), we apply the transformation
t=ay—bxr, s==x
and obtain the canonical form of the equation,
Vgs = 0.

Its general solution is
v(s,t) = fi(t)s + fa(t),
hence
u(x,y) = xfl(ay - bx) + f2(ay - b$)7

where f; and fo are arbitrary functions, which are twice continuously differentiable.

Problems

Transform the equation to the canonical form and find its general solution.

1. uge +2upy +u, =0, —oco<xr<oo, —oo<y-—o0.

2. Upy — Mgy +4uy, =1, —oco<x<oo, —00<yYy—00.

3. xum—l—szuwy—ux:l, O0<zr<oo, —o0<y—o0.

4. Uy — 20YUgy + YPUyy + 2uy +yuy, =0, 0<z <00, —00<y— 0o.

Transform the equation to the canonical form.

O, Ugpy —TUyy =0, 0<z<oo, —o00<y-—o0.
6. Upz +2%uy, =0, 0<x <00, —00<Yy—o00.
7. g — 2?uy, =0, 0<z<oo, 0<y<oo.
8

sin? Tug, + sin(2z)ug, + cos? TUyy =0, O0<z<m, 0<y<oo.
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4

The Sturm-Liouville Problem

4.1 General Consideration

In the following chapters we carry out a systematic study of methods for solving second
order linear PDEs. We will develop a powerful approach, the method of separation of vari-
ables (or Fourier expansion method), which is efficient for solving all three types of PDE
equations. That method includes solution of a certain kind of problems for ordinary differ-
ential equations, the Sturm-Liouville problem, which is not always included in a standard
course of ODEs. Therefore, we devote the present chapter to consideration of that problem.

The Sturm-Liouville problem consists of a linear, second order ordinary differential equa-
tion containing a parameter whose value is determined by the condition that there exists
a nonzero solution to the equation which satisfies a given boundary conditions. The set of
orthogonal functions generated by the solutions to such problems gives the base functions
for the Fourier expansion method of solving partial differential equations.

Consider a general linear second order ordinary differential equation

a()y” (z) +b(x)y' (x) + c(2)y(z) + Ad(z)y(x) = 0 (4.1)

with a parameter X, generally a complex number, multiplied by the function y(x), which is
generally a complex function, while the functions a(z), b(z), ¢(z) and d(z) are real.
This equation can be written in the form

L (@) (@) + fa(e) + M) y(z) = (4.2
where
p(z) = o) o g(z) = p(a)e(z) r(z) = M (4.3)

Reading Exercise: Verify that substitution of Equations (4.3) into Equation (4.2) gives
Equation (4.1).

As we will see studying PDE, many physical problems result in the linear ordinary
Equation (4.2) where the function y(z) is defined on an interval [a, b] and obeys homogeneous
boundary conditions of the form

alyl -+ 51y|x:a — 07
a2y’ + Bayl,_,, = 0. (4.4)

This kind of condition, imposed in two different points, strongly differs from the set of
initial conditions y(a) = yo, ¥'(a) = y; imposed at the same point, which most often are
considered in ODE problems.

It is clear that the constants a; and (7 cannot both be zero simultaneously, nor the
constants ag and fB2. The constants aj and fi, which are determined by physical laws,
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are real. We note also that the relative signs for «y and ), are not arbitrary; we generally
must have 81 /a3 < 0 and S3/as > 0. This choice of signs (details of which are discussed in
books [7,8]) is necessary in setting up boundary conditions for various classes of physical
problems. The very rare cases when the signs are different occur in problems where there is
explosive behavior, such as an exponential temperature increase. Everywhere in the book
we consider “normal” physical situations in which processes occur smoothly and thus the
parameters in boundary conditions are restricted as above.

Equations (4.2) and (4.4) define a Sturm-Liouville problem. Solving this problem involves
determining the values of the constant A for which nontrivial solutions y(z) exist. If ag, =0
the boundary condition simplifies to y = 0 (known as the Dirichlet boundary condition),
if B = 0 the boundary condition is ¥’ = 0 (called the Neumann boundary condition),
otherwise the boundary condition is referred to as a mized boundary condition.

Notice that for the function y(z) defined on an infinite or semi-infinite interval, the
conditions (4.4) may not be specified and are often replaced by the condition of regularity
or physically reasonable behavior as @ — 00, for example that y(co) be finite.

Later on we let p(z), ¢(z), r(z) and p’(x) be continuous, real functions on the interval
[a,b] and let p(x) > 0 and r(x) > 0 on the interval [a,b]. The coefficients oy and B in
Equations (4.4) are assumed to be real and independent of A.

The differential Equation (4.2) and boundary conditions (4.4) are homogeneous which
is essential for the subsequent development. The trivial solution y(x) = 0 is always possible
for homogeneous equations but we seek special values of A (called eigenvalues) for which
there are nontrivial solutions (called eigenfunctions) that depend on .

If we introduce the differential operator (called the Sturm-Liouville operator)

Ly(z) = —% (@)y' ()] = q(z)y(z) = —p(x)y" (=) — p'(2)y () — q(z)y(z) (4.5)
or )
L= () — (o) — q(a),
then Equation (4.2) becomes
Ly(z) = Ar(x)y(x). (4.6)

As it is seen from Equation (4.5), Ly(x) is a real linear operator. When r(z) = const. (in
this case one can take r(z) = 1) this equation appears as an ordinary eigenvalue problem,
Ly(z) = Ay(z), for which we have to determine A and y(z). For r(z) # 1 we have a modified
problem where the function r(z) is called a weight function. As we stated above, the only
requirement on r(x) is that it is real and chosen to be nonnegative. Equations (4.2) and
(4.6) are different ways to specify the same boundary value problem.

Now we discuss the properties of eigenvalues and eigenfunctions of a Sturm-Liouville
problem. Let us write Equation (4.6) for two eigenfunctions, y,(z) and y,,(z), and take the
complex conjugate of the equation for y,,(x). Notice that in spite of the fact that p(x), ¢(x),
and r(z) are real, we cannot assume from the very beginning that A and y(x) are real: that
has to be checked. We have

Lyn(2) = Anr(2)yn(z)
and
Ly (@) = A r(@)yn, (@)

Multiplying the first of these equations by ¥, (x) and the second by y, (x), we then integrate
both from @ to b and subtract the two results to obtain

b b b
/ﬁm%%mm—/%ww%wmzuwmm/mwmw%wm. (4.7)



The Sturm-Liouville Problem 31

Using the definition of L given by Equation (4.5), the left side of Equation (4.7) is

dyy, dy, 1"
m — oyt (x) 2 . 4.
{p(w) [ 1o In (@) = ¥ (2) dx]}a (4.8)
Reading Ezercise: Verify the previous statement.

Then, using the boundary conditions (4.4), it can be easily proved that the expression (4.8)
equals to zero.

Reading Ezercise: Verify that the expression in Equation (4.8) equals to zero.

Thus, we are left with

b b
/ v (@) Ly (2)dz = / () Lyt (2) . (4.9)

An operator, L, that satisfies Equation (4.9), is named a Hermitian or self-adjoint oper-
ator. Thus, we may say that the Sturm-Liouville linear operator satisfying homogeneous
boundary conditions is Hermitian. Many important operators in physics, especially in quan-
tum mechanics, are Hermitian.

Let us show that Hermitian operators have real eigenvalues and their eigenfunctions are
orthogonal. The right side of Equation (4.7) gives

b
(e = A) / r(@)y (2)yn ()de = 0. (4.10)

When m = n the integral cannot be zero (recall that r(x) > 0); thus A = A, and we have
proved that the eigenvalues of a Sturm-Liouville problem are real.
Then, for A\, # A\, Equation (4.10) is

b
/ 7(2) Y (2)yn(2)dz = 0 (4.11)

and we conclude that the eigenfunctions corresponding to different eigenvalues of a Sturm-
Liouwille problem are orthogonal (with the weight function r(x)).
The squared norm of the eigenfunction y,(z) is defined to be

b
lynll? = / (@) yn ()| 2dz. (4.12)

Note that the eigenfunctions of Hermitian operators always can be chosen to be real. This can
be done by using some linear combinations of the functions y,(z), for example, choosing
sinz and cosz instead of exp(fix) for the solutions of the equation y” + y = 0. Real
eigenfunctions are more convenient to work with because it is easier to match them to
boundary conditions which are intrinsically real since they represent physical restrictions.

The above proof fails if \,, = A, for some m # n (in other words there exist different
eigenfunctions belonging to the same eigenvalue) in which case we cannot conclude that the
corresponding eigenfunctions, y,, (z) and y, (z), are orthogonal (although in some cases they
are). If there are f eigenfunctions that have the same eigenvalue, we have an f-fold degeneracy
of the eigenvalue. In general, a degeneracy reflects a symmetry of the underlying physical
system (examples can be found in the text). For a Hermitian operator it is always possible
to construct linear combinations of the eigenfunctions belonging to the same eigenvalue so
that these new functions are orthogonal.
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If p(a) # 0 and p(b) # 0 then p(z) > 0 on the closed interval [a, ] (which follows from
p(z) > 0) and we have the so-called regular Sturm-Liouville problem. If p(a) = 0 then we
do not impose the first of the boundary conditions in Equations (4.4), instead we require
y(x) and y'(z) to be finite at © = a. Similar situations occur if p(b) = 0, or if both p(a) = 0
and p(b) = 0. All these cases correspond to the so-called singular Sturm-Liouville problem.

Beside problems with boundary conditions (4.4) imposed separately in points 2 = a and
x = b, we will also consider the periodic Sturm-Liouville problem with periodic boundary
conditions y(a) = y(b), y¥'(a) = y'(b). (In that case, it is assumed also that p(a) = p(b),
4(a) = q(b), and r(a) = r(b).)

The following summarizes the types of Sturm-Liouville problems:

i. For p(z) > 0 and r(z) > 0 we have the regular problem;

x)
ii. For p(z) > 0 and r(z) > 0 we have the singular problem;
a)

iti. For p(a) = p(b) and r(z) > 0 we have the periodic problem.
Notice that if the interval (a,b) is infinite, the Sturm-Liouville problem is also considered
as singular.

The following theorem gives a list of several important properties of the Sturm-Liouville

problem:

Theorem 1

i) Fach regular and each periodic Sturm-Liouville problem has an infinite number
of non-negative, discrete eigenvalues 0 < Ay < Ay < ... < A, < ... such that
An — 00 as n — oo. All eigenvalues are real numbers.

i1) For each eigenvalue of a regular Sturm-Liouville problem there is only one eigen-
function; for a periodic Sturm-Liouville problem this property does not hold.

111) For each of the types of Sturm-Liouville problems the eigenfunctions correspond-
ing to different eigenvalues are linearly independent.

iv) For each of the types of Sturm-Liouville problems the set of eigenfunctions is
orthogonal with respect to the weight function r(x) on the interval [a, b].

v) If g(z) <0 on [a,b] and B1/a1 < 0 and Bz/ag > 0, then all A, > 0.

Some of these properties have been proven previously, such as property iv) and part of
property i). The remaining part of property i) will be shown in several examples below, as
well as property v). Property i) can be easily proved when there are two eigenfunctions
corresponding to the same eigenvalue. We then apply Equations (4.2) and (4.4) to show
that these two eigenfunctions coincide or differ at most by some multiplicative constant.
We leave this proof to the reader as a Reading Exercise. Similarly, can be proven property
iii).

Solutions of some important Sturm-Liouville problems will be considered in subsequent
chapters. Many of them cannot be written using elementary functions. They form new
classes of functions called special functions. Specifically, Bessel functions and the orthogonal
polynomials, such as Legendre polynomials, arise from singular Sturm-Liouville problems;
thus the first statement in the above theorem is not directly applicable to these important
cases. In spite of that, singular Sturm-Liouville problems may also have an infinite sequence
of discrete eigenvalues which we will later verify directly for Bessel functions and for the
orthogonal polynomials (see Appendix B).

Since Equation (4.11) is satisfied, eigenfunctions y,(z) form a complete orthogonal set
on [a,b]. This means that any reasonable well-behaved function, f(z), defined on [a,b] can
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be expressed as a series (called a generalized Fourier series) of eigenfunctions of a Sturm-
Liouville problem in which case we may write

f@) =" enyn(), (4.13)

where it is convenient, in some cases, to start the summation with n = 1, in other cases
with n = 0. An expression for the coefficients ¢,, can be found by multiplying both sides of
Equation (4.13) by r(z)yX(x) and integrating over [a, b] to give

b *
o L@@y @) i

2
[1yn

Let us substitute (4.14) into (4.13). Changing the order of summation and integration
(we can do it due to uniform convergence), we obtain:

=3 / € (E)yn ()57 (€)de.

That means that

This is the completeness property for eigenfunctions of a Sturm-Liouville problem.

The Sturm-Liouville theory provides a theorem for convergence of the series in Equation
(4.13) at every point z of [a, b]:

Theorem 2

Let {yn(z)} be the set of eigenfunctions of a regular Sturm-Liouville problem and
letf(z) and f’(z) be piecewise continuous on a closed interval. Then the series
expansion (4.13) converges to f(x) at every point wheref(x) is continuous and to
the value [f(zo + 0) + f(zo — 0)]/2 if x¢ is a point of discontinuity.

The theorem is also valid for the orthogonal polynomials and Bessel functions related to
singular Sturm-Liouville problems. This theorem, which is extremely important for appli-
cations, is similar to the theorem for trigonometric Fourier series.

Formulas in Equations (4.11) through (4.14) can be written in a more convenient way
if we define a scalar product of functions ¢ and 1 as the number given by

b
o = / r(@)p(@)d" ()da (4.15)

(the other notation of the scalar product is (g, 1)).
This definition of the scalar product has properties identical to those for vectors in linear
Euclidian space, a result which can be easily proved:

P =(Y-9),
(ap) - =ayp -1, (where a is a number)
(ay) = a*¢ -9, (4.16)

(pa
- (ap+bp) =a*p- - +b"p- 9,
p-p=lp>>0.
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The last property relies on the assumption made for the Sturm-Liouville equation that
r(z) > 0. If ¢ is continuous on [a, b], then ¢ - ¢ = 0 only if ¢ is zero.

Reading Ezercise: Prove the relations given in Equations (4.16).

In terms of the scalar product, the orthogonality of eigenfunctions (defined by Equation
(4.11)) means that
Yn Ym =0, if n#m (4.17)

and the formula for the Fourier coefficients in Equation (4.14) becomes

en = L Un (4.18)
Yn " Yn
Functions satisfying the condition
b
p-p= / r(z)|o(z)?dz < oo (4.19)

belong to a Hilbert space, L?, which is infinite dimensional. The complete orthogonal set of
functions {y, (z)} serves as the orthogonal basis in L2.

4.2 Examples of Sturm-Liouville Problems

Example 4.1 Solve the equation
¥ (@) + Ayl(z) = 0 (4.20)
on the interval [0,!] with boundary conditions
y(0) =0 and y(I) =0. (4.21)

Solution. First, comparing Equation (4.20) with Equations (4.5) and (4.6), it is clear that we
have a Sturm-Liouville problem with linear operator L = —d?/dz?, i.e. functions g(z) = 0
and p(x) = r(z) = 1. As a Reading Ezercise, verify that L is Hermitian.
Let us discuss the cases A = 0, A < 0 and A > 0 separately. If A = 0, then a general
solution to Equation (4.20) is
y(x) = Crz + Cy

and from boundary conditions (4.21) we have C; = Cy = 0, i.e. there exists only the trivial
solution y(x) = 0. If A < 0, then

y(x) = CreV =" 4 Cpe Ve

and the boundary conditions (4.21) again give C; = Cy = 0 and therefore the trivial solution
y(z) = 0. Thus we have only the possibilityA > 0, in which case we write A = p? with p
real and we have a general solution of Equation (4.20) given by

y(x) = Cy sin px + C3 cos px.
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The boundary condition y(0) = 0 requires that Co = 0 and the boundary condition

y(l) = 0 gives Cysinpul = 0. From this we must have sinul = 0 and u, = “F since the
choice C7 = 0 again gives the trivial solution. Thus, the eigenvalues are
2
Ap = 412 = (”li) L on=1,2,... (4.22)

nmT

and the eigenfunctions are y,,(z) = C, sin “T=, where for n = 0 we have the trivial solution
yo(z) = 0. Tt is obvious that we can restrict ourselves to positive values of n since negative
values do not give new solutions. These eigenfunctions are orthogonal over the interval [0, []
since we can easily show that

l
/ sin ? sin @dm =0 for m#n. (4.23)
0
The orthogonality of eigenfunctions follows from the fact that the Sturm-Liouville operator,
L, is Hermitian for the boundary conditions given in Equation (4.21).
The eigenfunctions may be normalized by writing

1
Cﬁ/ siHdex:CZ~£:L

which results in the orthonormal eigenfunctions

2
yn(x) = \/;sin nrx, n=1,2.... (4.24)

Thus, we have shown that the boundary value problem consisting of Equations (4.20)
and (4.21) has eigenfunctions that are sine functions. It means that the ezpansion in eigen-
functions of the Sturm-Liouville problem for solutions to Equations (4.20) and (4.21) is
equivalent to the trigonometric Fourier sine series.

Reading Ezxercise: Suggest alternatives to boundary conditions (4.21) which will result in
cosine functions as the eigenfunctions for Equation (4.20).

Example 4.2 Determine the eigenvalues and corresponding eigenfunctions for the Sturm-
Liouville problem
y'(@) + Ay(z) =0, (4.25)

y'(0)=0, y()=0. (4.26)
Solution. As in the previous example, the reader may check as a Reading Ezercise that the
parameter A\ must be positive in order to have nontrivial solutions. Thus, we may write
A = 1?2, so that we have oscillating solutions given by

y(x) = Cy sin px + Cy cos px.

The boundary condition y'(0) = 0 gives C; = 0 and the boundary condition y(I) = 0
gives Cy cos ul = 0. If Co = 0 we have a trivial solution; otherwise we have p,, = (2n+1)7 /21,
for n =0,1,2,.... Therefore, the eigenvalues are

2
2n -1
)\n :Mi = |:(,n21)ﬂ—:| 5 n = 1,2,... (4.27)

and the eigenfunctions are

om—1
Cn-Dme o a=12.... (4.28)

yn(z) = Cy, cos 57 , ,
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FIGURE 4.1
The functions tan p,l and —p,/h (for h = 5) plotted against u. The eigenvalues of the
Sturm-Liouville problem in Example 4.3 are given by the intersections of these lines.

We leave it to the reader to prove that the eigenfunctions in Equation (4.28) are orthog-
onal on the interval [0,1]. The reader may also normalize these eigenfunctions to find the
normalization constant C,, which is equal to /2/I.

Example 4.3 Determine the eigenvalues and eigenfunctions for the Sturm-Liouville prob-
lem
y" () + Ny(z) = 0, (4.29)

y(0) =0, y'(1) +hy(l) = 0. (4.30)

Solution. As in the previous examples, nontrivial solutions exist only when A > 0 (the reader
should verify this as a Reading Evercise). Letting A = u? we obtain a general solution as

y(x) = Cy sin px + Cy cos px.

From the boundary condition y(0) = 0 we have Cy = 0. The other boundary condition
gives pcos ul + hsin pl = 0. Thus, the eigenvalues are given by the equation

tan !l = —p, /h. (4.31)

We can obtain these eigenvalues by plotting tan u,! and —u,/h on the same graph as
in Figure 4.1. The graph is plotted for positive u, because negative pu do not bring new
solutions.

From the figure it is directly seen that there is an infinite number of discrete eigenvalues.
The eigenfunctions

yn(x) = Cpsinppz, n=1,2,... (4.32)
are orthogonal so that
1
/ sin i, - sin pzdr =0 for m # n. (4.33)
0
The orthogonality condition shown in Equation (4.33) follows from the general theory as a
direct consequence of the fact that the operator L = f% is Hermitian for the boundary

conditions (4.30). We leave it to the reader to verify the previous statement as a Reading
Exzercise.
The normalized eigenfunctions are

2 (2 + h?)

———————— sin u, . 4.34
l(u%—&—h%—khsmﬂx (4.34)

Yn(z) =
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Example 4.4 Solve the Sturm-Liouville problem

Yy +dly=0 0<zx<l, (4.35)
on the interval [0, ] with periodic boundary conditions

y(0) =y(), ' (0)=4'(1). (4.36)

Solution. Again, verify as a Reading Ezercise that nontrivial solutions exist only when A > 0
(for which we will have oscillating solutions as before). Letting A = 2 we can write a general
solution in the form

y(x) = C cos px + Cy sin px.

The boundary conditions in Equations (4.36) give

(4.37)

Cy(cospl — 1) + Cysinpl =0,
—Cysinpl + Cy(cospul — 1) = 0.

This system of homogeneous algebraic equations for C; and Cs has a nontrivial solution
only when its determinant is equal to zero:

cospul —1 sinpl |
—sinpl  cospul —1 ’ =0, (4.38)
which yields
cosul = 1. (4.39)
The roots of Equation (4.39) are
2mn\ *

With these values of A,,, Equations (4.37) for C; and Cs have two linearly independent
nontrivial solutions given by

Clz((l)) and 02:((1)) (4.41)

Substituting each set into the general solution we obtain the eigenfunctions

y M (x) = cos Az and 3P (z) = sin v/ Nz (4.42)

Therefore for the eigenvalue A\g = 0 we have the eigenfunction yo(z) = 1 (and a trivial
solution y(z) = 0). Each nonzero eigenvalue \,, has two linearly independent eigenfunctions
so that for this example we have two-fold degeneracy.

Collecting the above results we have that this boundary value problem with periodic
boundary conditions has the following eigenvalues and eigenfunctions:

27n \ 2
An = - n=20,1,2,... (4.43)

cos(2mnx /1),

Yvo(x) =1, yn(z)= {sm(mx/l), (4.44)
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l

2 2

||y0|| :l7 ||ynH = 5 (fOI' n:1,2,)
In particular, when [ = 27 we have

cosnx,

Mo=02 yolx) =1, yulz) = { .
sinnz.
From this we see that the boundary value problem consisting of Equations (4.35) and
(4.36) results in eigenfunctions for this Sturm-Liouville problem which allows an expansion
of the solution equivalent to the trigonometric Fourier series expansion.

Example 4.5 In the book we meet a number of two-dimensional Sturm-Liouville problems.
Here we present a simple example.

Consider the equation
u 0%
— 4 = + k*u =0, 4.45
0x?2 = Oy? * (4.45)
where £ is a real constant which determines the function u(z,y) with independent variables
in domain 0 < x <[, 0 < y < h. Define the two-dimensional Sturm-Liouville operator in a
similar fashion as was done for the one-dimensional case.

Solution. We have
@ @ 4.46
L=——0 — —. .
dz?  dy? ( )

Let the boundary conditions be Dirichlet type so that we have
u(0,y) = u(l,y) = u(z,0) = u(z,h) = 0. (4.47)

Reading Fzercise: By direct substitution into Equation (4.45) and using boundary conditions
(4.47) check that this Sturm-Liouville problem has the eigenvalues

1 (n?2 m?
2 _
and the corresponding eigenfunctions

unm:sinnlﬂsin$7 n,m=12,... (4.49)

In the case of a square domain, [ = h, the eigenfunctions u,,, and t,,, have the same
eigenvalues, kpy, = kmn, which is a degeneracy reflecting the symmetry of the problem with
respect to x and y.

Example 4.6 Obtain the expansion of the function f(x) = 22(1 — z) using the eigenfunc-
tions of the Sturm-Liouville problem

'+ Xy =0, 0<z<7/2, (4.50)

y'(0) =y'(n/2) = 0. (4.51)

Solution. First, prove as a Reading Exercise that the eigenvalues and eigenfunctions of this
boundary value problem are

A=4n? y.(x) =cos2nz, n=0,1,2,... (4.52)
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FIGURE 4.2
Graphs of the function f(x) = 22(1 — z) (dashed line) and partial sum with n = 10 of the
Fourier expansion of f(x) (solid line).

A Fourier series expansion, given in Equation (4.13), of the function f(z) using the eigen-
functions above is

1 —x) i Cnyn(x i Cp, COS 2NT. (4.53)
= n=0

Since f and f’ are continuous functions, this expansion will converge to z2(1 — z) for
0 < x < /2 as was stated previously. In Equation (4.50) we see that the function r(z) = 1;
thus the coefficients of this expansion obtained from Equation (4.14) are

I 221 — 2)da ﬂ2<1 w),

Co = = —

fﬂ/2 da 4 \3 8
w/2 o
Jo " 2*(1 — x) cos 2nx dx
Cn =
foﬂ/2 cos? 2nx dx
(=™ 3m 3 3
= 1—— - — =1,2,3,...
nt 4 +27m2 omnt’ T O
Figure 4.2 shows the partial sum (n = 10) of this series, compared with the original

functionf(z) = 2%(1 — ).

Two important special functions, Legendre and Bessel functions, are discussed in
Appendix B. In the two following examples they serve simply as illustrations of Sturm-
Liouville problems.

Example 4.7 (Fourier-Legendre Series).
The Legendre equation is

d

. [(1=2*)y ]+ =0 (4.54)

for z on the closed interval [—1,1]. There are no boundary conditions in a straight form
because p(z) = 1 — 2% vanishes at the endpoints. However, we seek a finite solution, a
condition which in this case acts as a boundary condition.

Solution. The Legendre polynomials, P,(z), are the only solutions of Legendre’s equation
that are bounded on the closed interval [—1,1]. The set of functions {P,(x)}, where n =
0,1,2,..., is orthogonal with respect to the weight function r(z) = 1 on the interval [—1, 1]
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in which case the orthogonality relation is

/1 P, (z)Py(x)dz =0 for m # n. (4.55)
-1

The eigenfunctions for this problem are thus P,(z) with eigenvalues A = n(n + 1) for
n=0,1,2,... (see Appendix B).
If f(x) is a piecewise smooth function on [—1, 1], the series

> enPu(x) (4.56)
n=0

converges to

1
5 f(@o +0) + f(zo — 0)] (4.57)
at any point g on (—1,1). Because r(z) = 1 in Equation (4.14) the coefficients ¢,, are
1
z) P, (x)dx
cn:f‘llf( [P (2) (4.58)
S, P%(x)dx
or written in terms of the scalar product,
f(z) - Po(z)
= 4.59
o Py(z) - Po() ( )
Example 4.8 (Fourier-Bessel Series).
Consider the Sturm-Liouville problem
y/ 1/2
y' 4+ = ()\—2>y=0, 0<z<l1 (4.60)
x x
with boundary conditions such that y(0) is finite and y(1) = 0. Here v is a constant.
Solution. The eigenvalues for this problem are A\ = j2 for n = 1,2,..., where ji, jo,
Js, .. .are the positive zeros of the functions J, (z) which are Bessel functions of order v (see

Appendix B). If f(z) is a piecewise smooth function on the interval [0, 1], then for 0 < z < 1
it can be resolved in the series

> endy(Gn), (4.61)

which converges to

1
B [f(zo +0) + f(zo —0)]. (4.62)
Since, in this Sturm-Liouville problem, r(x) = x, the coefficients ¢,, are
1 .
Ju d
2 (GO T w6
fo xJE(]nx)dx
or in terms of the scalar product,

Cp = - - .
Jl/(]nx) : Ju(]nx)
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Problems

In problems 1 through 7, find eigenvalues and eigenfunctions of the Sturm-Liouville problem
for the equation

Y (2) + Ay(a) = 0

with the following boundary conditions:

L y(0)=0, y'(I)=0;

2. y'(0)=0, y(m)=0;

3. y'(0)=0, y'(1)=0;

4. y'(0)=0, y'(1)+y(1)=0;

5. ¥'(0)+y(0)=0, y(m)=0;

6. y(=1) =y(), y'(=1) =y () (periodic boundary conditions). As noted above,
if the boundary conditions are periodic then the eigenvalues can be degenerate.
Show that in this problem two linearly independent eigenfunctions exist for each
eigenvalue.

7. For the operator L = —d?/dz? acting on functions y(x) defined on the interval

[0,1], find its eigenvalues and eigenfunctions (assume r(z) = 1):

(a) y(0)=0, ¥'(1)+y(1)=0;
(b) ¥'(0) —y(0) =0, y(1)=0;
(c) y(0) =y(1), ¥'(0)=y'(1).
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5

One-Dimensional Hyperbolic Equations

5.1 Wave Equation

In Chapter 3 (Example 3.1) we introduced the wave equation as an example of hyperbolic
PDE and obtained its general solution. In the present chapter, we study that equation in
more detail. Let us start with the following physical example. Consider the problem of small
transverse oscillations of a thin, stretched string. The transverse oscillations mean that the
movement of each point of the string is perpendicular to the z axis with no displacements or
velocities along this axis. Let u(z, t) represent displacements of the points of the string from
the equilibrium at location z and time ¢ (u plays the role of the y coordinate, see Figure
5.1). Small oscillations mean that the displacement amplitude u(z,t) is small relative to the
string length, and what is important is our assumption that the partial derivative wu,(z,t)
is small for all values of z and t (i.e. the slope is small everywhere during the string’s
motion), and its second power can be neglected: (u;)?> < 1 (u, has no dimension). With
these assumptions which are justified in many applications, the equations that we will derive
will be linear partial differential equations.

Consider an interval (x, z+ Az) in Figure 5.1. Points on the string move perpendicularly
to the z direction; thus the sum of the z components of the tension forces at points = and
x + Az equals zero. Because the tension forces are directed along tangent lines, we have:

—T(z)cosa(z) + T(xz + Az) cos a(x + Azx) = 0.

Clearly, tana = u, and for small oscillations cosa = 1/v1 +tan’a = 1/y/1 +u2 =~ 1;
thus
T(z) ~T(x + Ax),

that is, the value of tension T does not depend on x, and for all z and ¢ it approximately
equals its value in the equilibrium state.

\# T(x+Ax)

=Y

X X+AXx

FIGURE 5.1
Small oscillations of a string.
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In the situation shown in Figure 5.1, at point x the vertical component of force of tension
is
Tyert = —T'sina(x).

The same expression with a positive sign holds at the point z+ Ax: Tyere = T sin a(x + Ax).
The signs of Tey at z and x4+ Az depend on the orientation of the string segment and are
opposite for the two ends of the segment.

For small oscillations sin o = tan a/v/1 + tan® a = u, //1 + u2 = uy, so that
Tyert = —Tug(x,t) (5.1)
and the sum of vertical components of tension forces at points x and = + Az is
Trel =T [sina(x + Az) —sina(z)] = T [ug (v + Az, t) — uy(x,t)].

As Az — 0 we arrive at

0%u
Tgleer,tt = T@d:ﬂ
On the other hand, the force T'¢!, acting on segment Az is equal to the mass of this

segment, p(z)dz (where p(x) is a linear mass density of the string) times acceleration:

0%u
Ty = p(z) g da-
If there is also an additional external force F'(z,t) per unit length acting on the string
perpendicular to the z axis (for small oscillations the force should be small with respect to
tension, T'), we obtain the equation for forced transverse oscillations of a string:

0%u 0%u

For the case of a constant mass density, p = const, i.e. for a uniform string, this equation
can be written as 5 o2
U 20U
— =a" = z,t), 5.3
52 = ¢ g2 (1) (5.3)
where a = /T/p = const, f(x,t) = F(z,t)/p. For instance, if the weight of the string
cannot be neglected and the gravity force is directed down perpendicularly to the z axis,

we have f(xz,t) = —mg/lp = —g. If there is no external force, F(z,t) = 0, we have the
equation for free oscillations of a string
u 0%
— =a‘=— 5.4
o2~ " a2 (5:4)

which is referred to as the homogeneous wave equation; Equation (5.3) is called the nonho-
mogeneous wave equation. With subscripts for derivatives, Equation (5.4) is

uge(x,t) = Uy (z,t).

Equation (5.4) was considered in Section 3.2.1 (Example 3.1), up to a change of nota-
tions. We have found (see Equation (3.30)) that the general solution of that equation is the
sum of two solutions,

u(z,t) = fi(z —at) and wu(x,t) = folx + at),

where f; and fy are arbitrary, twice differentiable functions. Each of these solutions has a
simple physical interpretation. In the first case, the displacement u = f; at point z and
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time ¢ is the same as that at point x + aAt at time ¢ + A¢. Thus, the disturbance moves
in the direction of increasing = with velocity a. The quantity a is therefore the “velocity
of propagation” of the disturbance, or the wave speed. In the second case, the displacement
u = fo at point = at time ¢ is found at the point with coordinate x — aAt at a later time
t + At. This disturbance therefore travels in the direction of decreasing x with velocity a.
The general solution of Equation (5.4) can be written as the sum of f; and fs:

u(z,t) = fi(z —at) + fa(z + at). (5.5)

This solution is considered with more details in the section devoted to the method of
D’Alembert.

Equation (5.4) describes the simplest situation with no external forces (including string’s
weight) and no dissipation. For a string vibrating in an elastic medium when the force on
the string from the medium is proportional to the string’s deflection, F = —au (that is
Hooke’s law; « is a coefficient with the dimension of force per length squared, F' is a force
per unit length) we have the wave equation in the form

2u 2u
p 88? = T% — au. (5.6)

When a string oscillates in a medium with force of friction proportional to the speed,
the force per unit length, F, is given by F' = —ku,, where k is a coefficient of friction. In
that case, the equation contains the time derivative u;(x,t):

0%u 0%u ou
o = %o~ Wy (51)

where 2k = k/p (k has the dimension of inverse time).
All Equations (5.4), (5.6), and (5.7) are hyperbolic type (as we discussed in Chapter 3).
Next, consider the homogeneous wave equation with constant coefficients in the general
form
Ut — @2 Uy + brue + bouy + cu = 0. (5.8)

If we introduce a new function, v(z,t), using the substitution

u(z,t) = Ty (2, t), (5.9)
with A = b1/2 and p = by/2 Equation (5.8) reduces to a substantially simpler form

Vit — 02Vpp + cv = 0. (5.10)
Exzercise: Prove the statement above.

It is immediately seen that if ¢ # 0 Equation (5.10) does not allow a solution in the form
f(x £ at). Physically this result is related to the phenomena of wave dispersion which will
be discussed in Section 5.12.

5.2 Boundary and Initial Conditions

As we have seen in Chapter 2, where first order PDEs were considered, for a problem
described by a differential equation additional conditions are needed to find a particular
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solution describing the behavior of the system. These additional conditions are determined
by the nature of the system and should obey the following demands:

i) They should guarantee the uniqueness of the solution, i.e. there should not be two
different functions satisfying the equation and additional conditions;

it) They should guarantee the stability of the solution, i.e. any small variation of these
additional conditions or the coefficients of the differential equation results in only insignifi-
cant variations in the solution. In other words, the solution should depend continuously on
these additional conditions and the coefficients of the equation.

These additional conditions may be categorized as two distinct types: initial conditions
and boundary conditions.
Initial conditions characterize the function satisfying the equation at the initial moment
t = 0. Equations that are of the second order in time have two initial conditions. For
example, in the problem of transverse oscillations of a string, the initial conditions define
the string’s shape and speed distribution at zero time:
ou

u(z,0) = ¢(z) and E(xv 0) = (), (5.11)

where ¢(x) and ¥(x) are given functions of z.

Boundary conditions characterize the behavior of the function satisfying the equation at
the boundary of the physical region of interest for all moments of time ¢. In most cases, the
boundary conditions for partial differential equations give the function wu(x,t) or u.(x,t),
or their combination at the boundary.

Let us consider various boundary conditions for transverse oscillations of a string over
the finite interval 0 < 2 < from a physical point of view.

1. If the left end of the string, located at = = 0, is rigidly fixed, the boundary
condition at x = 0 is
u(0,t) = 0. (5.12)
A similar condition exists for the right end at « = [, if it is fixed. These are called
fized end boundary conditions.
2. If the motion of the left end of the string is driven with the function g(t), then

u(0,1) = g(t) (5.13)

in which case we have driven end boundary conditions.

3. If the end at £ = 0 can move and experiences a force f(t) perpendicular to the z
axis (e.g., a string is attached to a ring which is driven up and down on a vertical
rod), then from Equation (5.1) we have

T, (0,) = f(t). (5.14)

If this boundary condition is applied to the right end of the string at x = [, the
left-hand side of this formula will have a positive sign. These are called forced end
boundary conditions.

4. If the end at = 0 moves freely, but is still attached (e.g., a string is attached to
a ring which can slide up and down on a vertical rod with no friction), then the
slope at the end will be zero. In this case, the last equation gives

1y (0,) = 0 (5.15)

with similar equations for the right end. The conditions in this case are called
free end boundary conditions.
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5. If the left end is attached to a surface that can stretch, we have an elastic bound-
ary, in which case a vertical component of elastic force is Tyert = —au(0,1).
Together with Equation (5.1) this results in the boundary condition

ug(0,t) — hu(0,t) =0, h=«/T >0. (5.16)
For the right end we have
ug (1, t) + hu(l,t) = 0. (5.17)

If the point to which the string is elastically attached is also moving and its
deviation from the initial position is described by the function g(t), replacing
u(0,t) in Equation (5.17) by u(0,t) — g(¢) leads to the boundary condition

s (0,) — B [u(0,t) — g(t)] = 0. (5.18)

It can be seen that for stiff attachment (large h) when even a small shift of
the end causes strong tension (h — 00), the boundary condition (5.18) becomes
u(0,t) = g(t). For weak attachment (h — 0, weak tensions), this condition (5.18)
becomes the condition for a free end, u,(0,¢) = 0.

In general, for one-dimensional problems, the boundary conditions at the ends x = 0
and x = [ can be summarized in the form

atu, + Brul,_o = g1(t), ooug + Paul,_, = ga(t), (5.19)

where ¢1(t) and go(t) are given functions, and «ay, (1, ag, B2 are real constants. As is
discussed in Chapter 4, due to physical constraints the normal restrictions on these constants
are 31/a; < 0 and By/as > 0.

When functions on the right-hand sides of Equation (5.19) are zero (i.e. g1 2(¢t) = 0), the
boundary conditions are said to be homogeneous. In this case, if uy (x,t), ua(x,t),. .., uy(x,t)
satisfy these boundary conditions, then any linear combination of these functions

Chuq(z,t) + Couz(x,t) + ... + Crup(x,t)

(where C4,...,C, are constants) also satisfies these conditions. This property will be used
frequently in the following discussion.

We may classify the above physical notions of boundary conditions as formally belonging
to one of three main types:

1. Boundary conditions of the first kind (Dirichlet boundary condition). For this case
we are given u|,_, = g(t), where here and below A = 0 or I This describes a
given boundary regime; for example, if g(¢) = 0 we have fixed ends.

2. Boundary conditions of the second kind (Neumann boundary condition). In this
case, we are given u|,_ 4 = ¢(t), which describes a given force acting at the ends
of the string; for example, if g(¢) = 0 we have free ends;

3. Boundary conditions of the third kind (mized boundary condition). Here we have
Uy + hu|,_ , = g(t) (minus sign for A = 0, plus sign for A = [); for example, an
elastic attachment for the case h = const.

Applying these three conditions alternately to the two ends of the string results in
nine types of boundary problems. A list classifying all possible combinations of boundary
conditions can be found in Appendix C, part 1.



48 Partial Differential Equations: Analytical Methods and Applications

As mentioned previously, the initial and boundary conditions completely determine the
solution of the wave equation. It can be proved that under certain conditions of smoothness
of the functions ¢(x), ¥ (x), g1(t), and g2(t) defined in Equations (5.11) and (5.19), a unique
solution always exists. The following sections investigate many examples of the dependence
of the solutions on the boundary conditions.

In some physical situations, either the initial conditions or the boundary conditions may
be ignored, leaving only one condition to determine the solution. For instance, suppose the
point My is rather distant from the boundary and the boundary conditions are given such
that the influence of these conditions at M is exposed after a rather long time interval.
In such cases, if we investigate the situation for a relatively short time interval, one can
ignore the boundaries and study the initial value problem (or the Cauchy problem). These
solutions for an infinite region can be used for a finite one for times short enough that the
boundary conditions have not had time to have an effect. For short time periods, we may
ignore the boundary conditions and search for the solution of the equation

Uy = a*Ugy + fx,t) for —oco <z < o0, t>0
with the initial conditions

u(,0) = ¢(e) for —oo <z < o0.
Ut<$, O) = ¢($)

Similarly, if we study a process close enough to one boundary (at one end for the one-
dimensional case) and rather far from the other boundary for some characteristic time
of that process the boundary condition at the distant end may be insignificant. For the
one-dimensional case, we arrive at a boundary value problem for a semi-infinite region,
0 < z < oo, where in addition to the differential equation we have initial conditions

u(z,0) = ()

ut<x,o>:¢<x>}’ beree

and a boundary condition
u(0,t) = g(t), t>0.

Here as well as in the previous situation, other kinds of boundary conditions described above
can be applied.

5.3 Longitudinal Vibrations of a Rod and Electrical Oscillations

In this section we consider other boundary value problems which are similar to the vibrating
string problem. The intent here is to show the similarity in the approach to solving physical
problems, which on the surface appear quite different but in fact have a similar mathematical
structure.

5.3.1 Rod Oscillations: Equations and Boundary Conditions

Consider a thin elastic rod of cylindrical, rectangular or other uniform cross section. In
this case forces applied along the axis, perpendicular to the (rigid) cross section, will cause
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FIGURE 5.2
Arbitrary segment of a rod of length Azx.

changes in the length of the rod. We will assume that the forces act along the rod axis
and each cross-sectional area can move only along the rod axis. Such assumptions can be
justified if the transverse dimensions are substantially smaller compared to the length of
the rod and the forces acting on the rod are comparatively weak.

If a force compresses the rod along its axis and is then released, the rod will begin
to vibrate along this axis — contrary to transverse string oscillations, such considered rod
oscillations are longitudinal. Let the ends of the rod be located at the points x = 0 and x =1
when it is at rest. The location of some cross-section at rest will be given by z (Figure 5.2).
Let the function u(z,t) be the longitudinal shift of this cross-section from equilibrium at
time t. The force of tension T is proportional to u,.(x,t) — the relative length change at
location z, and the cross-sectional area of the rod (Hook’s law); thus, T'(x,t) = FAu,(x,t),
where E is the elasticity modulus.

Consider the element of the rod between two cross-sections A and A; with coordinates
at rest of z and = + dz. For small deflections, the resultant of two forces of tension at these
cross-sections is
0%u

ou
Tac-l—da: =T, = =FEA %

ou
_ A
a xT

r+dx

The acceleration of this element is 9%u/0t? in the direction of the resultant force. Together,
these two equations give the equation of longitudinal motion of a cross-sectional element as
0%u 0u

pAd:x8 EA@ sdz,

where p is the rod density. Using the notation
a=+/E/p (5.20)
we obtain the differential equation for longitudinal free oscillations of a uniform rod:

Pu 0%

— =a‘=—. 5.21

o2~ " 922 (5.21)
As we already know, solutions of such hyperbolic equations have a wave character with the
speed of wave propagation, a, given by (5.20).

If there is also an external force per unit volume, F'(z,t), we obtain instead the equation

0?%u 0?u
pAdr—— pre EA6 sdz + F(z,t)Adz,

or
Pu o2 Pu 1
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This is the equation for forced oscillations of a uniform rod. Note the similarity of Equa-
tion (5.22) to Equation (5.3) for a string under forced oscillations: the two equations are
equivalent.

For longitudinal waves there is an important physical restriction: the derivative u;(z,t)
must be small in comparison to the speed of wave propagation: u; < a.

The initial conditions are similar to those for a string:

ou

U(I’,O) = <)0(‘1')7 a(zvo) = 1/)(:17),

which are initial deflection and initial speed of points of a rod, respectively.

Now consider boundary conditions for a rod.

1. If the left end (here and below similarly for the right end) at = 0 is fized, the
boundary condition is
u(0,t) = 0.

2. If the left end at * = 0 is driven, and its displacement is determined by the
function g1 (t), then
u(0,t) = g1(t),
where g1 (t) is a given function of ¢.

3. If the end at x = 0 can move and experiences a force f(t) along the rod axis,
then from equation 7'(z,t) = FAu,(x,t) we have

—u(0,1) = f()/EA.

If a force f(t) is applied, instead, to the right end at z = [, the left-hand side of
this formula will have an opposite sign. These are forced end boundary conditions.

4. If the left end is free, the tension at that location is zero, T'(a,t) = 0. Then, from
T(x,t) = EAu,(x,t), the condition follows that

uz(0,t) = 0.

5. If the either end of the rod is attached to an elastic material (a wall that “gives”

in the horizontal direction) obeying Hook’s law, F' = —qu, it is an elastic end
boundary condition. For the left end of the rod at = 0, similarly to (5.16) we
have

u,(0,t) — hu(0,t) = 0.
For the right end of the rod, located at x = [, similarly to (5.17) we have

ug (1, t) + hu(l,t) =0,

where h = a/ EA > 0 is the elasticity coefficient.

5.3.2 Electrical Oscillations in a Circuit

Let us briefly set up the boundary value problem for a current and a voltage in a circuit
which contains resistance, capacitance and inductance R, C, and L as well as the possibility
of leakage, G. For simplicity, these quantities are considered uniformly distributed in a wire
placed along the z-axis and defined to be per unit length. The functions i(x,t) and V(x,t)
represent current and voltage at a location z along the wire and at time ¢. Applying Ohm’s
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law for a circuit with nonzero self-inductance and using charge conservation, the so-called
telegraph equations can be obtained (for more details see books [7, 8]):

ize(2,t) = LCiy(z,t) + (RC + LG)it(z,t) + RGi(z,t) (5.23)

and
Ve (2,t) = LCVy(z,t) + (RC + LG)Vi(x,t) + RGV (x, ). (5.24)

These equations are similar to the equations of string oscillations; therefore they describe
electrical oscillations in an RCL circuit, which can be considered as a longitudinal wave
along a conductor. When R = 0 and G = 0, the equations have the simplest form. For
instance, for current

0% 9 0%
oz = ¢ a2
where a? = 1/LC, once again we have the wave Equation (5.4). If G = 0, the equation is
similar to Equation (5.7) describing oscillations in a medium with the force of resistance
proportional to the speed:
0% 5 0% di

a2~ ¢ a2 "ot
where a? = 1/LC, 2k = (R/L + G/C).
Consider initial and boundary conditions for a current and voltage. Let initially, at t = 0,
the current be ¢(z), and the voltage along the wire be 1)(x).
The equation for current contains the second-order time derivative; thus, we need two
initial conditions. One initial condition is the initial current in the wire

i(z,0) = ¢(x). (5.25)
The second initial condition for the current is:
. 1
it(2,0) = *ZW(SE) — Ro(z)]. (5.26)

Two initial conditions for V(z,t) are:

V(z,0) = ¢(z), (5.27)
Vi(e,0) = 510/ (2) - G()]. (5.25)

For the details on how to obtain conditions (5.26) and (5.28) see [7, 8].

Let us give two examples of the boundary conditions.

1. One end of the wire of length [ is attached to a source of electro-motive force
(emf) E(t), and the other end is grounded. The boundary conditions are

V(0,t) = E(t), V(,t)=0.
2. A sinusoidal voltage with frequency w is applied to the left end of the wire, and
the other end is insulated. The boundary conditions are
V(0,t) = Vosinwt, i(l,t) =0.
One-dimensional wave equations describe many other periodic phenomena, among others

the acoustic longitudinal waves propagating in different materials, and transverse waves in
fluids in shallow channels — for details see [7, 8].
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5.4 Traveling Waves: D’Alembert Method

In this section, we study waves propagating along an infinite (—oo < z < o00) interval. In
this case, a physically intuitive way to solve the wave equation is D’Alembert’s method. Our
physical model will be waves on a string; however, as shown in the previous sections, the
same wave equation describes many different physical phenomena and the results derived
here apply to those cases as well. The material related to semi-infinite intervals, 0 < x < oo
and —oo < z < 0 is discussed in books [7, §].

It is clear that oscillations in the parts of a very long string very distant from its ends
do not depend on the behavior of the ends. (This is correct during the time interval needed
for a wave to arrive from the ends.) Recall that for oscillations we consider, there should
be (u;)? < 1; also u(z,t) is supposed to be small relative to some characteristic scale
(instead of the string’s length) which always appears in scientific problems. Also, in most
physical applications u; should be small compared to the speed of propagation of a wave,
u; < a. Physically this is equivalent to the condition 42 < 1 and u, ~ u/L, where L is the
characteristic scale of the string deformation.

The general solution of the equation

Pu ,0%u

oz~ o T

can be presented, as we discussed earlier, in D’Alembert’s form as a sum of two twice
differentiable functions

(5.29)

u= fi(x —at) + fa(x + at), (5.30)

wheref; and fy represent the waves moving with constant speed a to the right (along the
z-axis), and to the left, respectively.

In order to describe the solution for free oscillations in a particular physical case we
should find the functions f; and fs for that particular situation. Since we are considering
boundaries at infinity, these functions will be determined only by the initial conditions of
the string. Actually, the solution of (5.29) has form (5.30) also when the ends are considered;
just f; and fo are not determined by initial conditions but also by boundary conditions.

The Cauchy problem for the infinite string is defined as the search for a solution of
Equation (5.29) which satisfies the initial conditions

0
ul,_o = @(x) and 8—1: = (). (5.31)
t=0

Substituting Equation (5.30) into Equation (5.31) gives
fi(@) + fa(z) = o(2),
—afi{(z) +afy(z) = ¥ ().

From the second relation

—afi(z) +afa(z) = /Ox Y(x)dx + aC,

(where C' is an arbitrary constant), thus

hi) =3 v - 3 [ v -c|.
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FIGURE 5.3
The characteristic triangle with vertex at point (zg, to).

1 1 [*
R0 = o) +3 [ viads s c].
Therefore
1 1 r—at
u(z,t) = 5 {ga(x —at) — 5/0 P(z)dr — C
xz+at
+ o(z + at) + - / Y(x)dx + C’] ,
0
which finally gives
_px—at)+e(x+at) 1 [T
u(z,t) = 5 + %/ziat Y(z)dx. (5.32)

If the function ¥(x) is differentiable and ¢(x) twice differentiable, this solution satisfies
Equation (5.29) and initial conditions (5.31). (The reader may check this as a Reading
Ezercise.) The method of construction of the solution given by Equation (5.29) proves its
uniqueness. The solution is stable if functions ¢(x) and ¥ (x) depend continuously on z.

Another way to write the solution of Equation (5.29) is to use the characteristic triangle
shown in Figure 5.3. Suppose we want to find the solution at some point (z,tp). The
vertex of this triangle is the point (x,to) and the two sides are given by the equations
T —at = xg — atg and x + at = g + atg. The base of this triangle, i.e. the line between the
points P(xg — atp,0) and Q(xg + atg, 0), determines the wave amplitude at point (zo, to);
all other points beyond this base do not contribute to the solution at this point, as follows
from Equation (5.32):

P)+ 1 /@
w(zg, o) = LI HA@) | L / ¥(z)dz. (5.33)
2 2a P
We now discuss, in more detail, two physical situations which are typically encountered:

waves created by a displacement and waves created by a pulse.

a) Waves created by a displacement. Let the initial speeds of points on the string be zero,
but the initial displacements are not zero. The solution given by Equation (5.32) in this
case is

u(z,t) = = [p(xr — at) + o(z + at)] . (5.34)

DN =
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FIGURE 5.4
Propagation of an initial displacement.

The first term, %ga(x — at), is a constant shape disturbance propagating with speed a in the
positive z direction, and the term %go(;v + at) is the same shaped disturbance moving in
the opposite direction. Suppose that the initial disturbance exists only on a limited interval
—l < x < [. This kind of disturbance is shown schematically in Figure 5.4, where the
function ¢(x) is plotted with a solid line in the upper part of the figure. The dashed line
shows the function 2¢(z). We can consider u(z,t = 0) given by Equation (5.34) as two
independent disturbances, %gp(x), each propagating in opposite directions with unchanged
amplitude. Initially, at ¢ = 0, the profiles of both waves coincide, after which they separate
and the distance between them increases. The bottom part of Figure 5.4 shows these waves
after some time ¢ > [/a. As they pass a given section of the string, this part returns to rest.
Only two intervals of the string of length 2/ each are deflected at any instant ¢.

Note that the function (5.34), which corresponds to the initial condition shown in
Figure 5.4, is not differentiable in some points; hence (5.34) is not a classical solution
of Equation (5.29) in that case (the classical solution assumes that the derivatives of the
unknown function u(x,t) exist and are continuous). However, it can be understood in the
following way.

We can change the non-smooth function ¢(z) a little to make it smooth, i.e., consider
©(z) as a limit of a sequence of smooth, twice differentiable, functions ¢, (z), n = 1,2, ...
such that

lim ¢, (z) = ¢(z) (5.35)

n—oo

for any . For any finite n, we can construct a classical solution of Equation (5.29) satisfying
the initial condition wu,(z,0) = @, (z),

1
U (z,t) = 5 [on(z — at) + pn(z + at)].
Obviously,
lim wu,(x,t) = u(z,t) (5.36)
n—oo

of classical solutions, which slightly differ from the formal solution (5.34) and converge to
it as n — oo. In that case, we say that u(z,t) is a generalized solution of the wave equation
(5.29) with the initial condition ¢(x).
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FIGURE 5.5
Propagation of an initial pulse.

Reading Ezercise: Let the initial displacement be ¢(z) = exp(—z?/b%); b is a constant. Use
Equation (5.31) to obtain

u(z,t) = % [exp (—(z — at)?/b%) + exp (—(z + at)?/b?)] .

Notice, that introducing constant b (as well as other constants to keep proper dimension in
the Examples and Problems everywhere in the book) is not necessary if x is dimensionless —
it is very common that problems’ parameters are used in dimensionless form.

b) Waves created by a pulse. In this case we let the initial displacement be zero, p(z) = 0,
but the initial velocity is given as a function of position, 1(x). In other words, points on
the string are given some initial velocity by an external agent. An example of a distribution
of velocities is schematically shown in Figure 5.5, where, to simplify the plot, a constant
function ¢ (z) on —I < x < [ was chosen. As in the case considered above, the solution
corresponding to Figure 5.5 is a generalized solution. The function ¢ (z) is plotted with a
solid line in the upper part of Figure 5.5. Consider the integral

1 x
% /_OC Y(z)de,

which is zero on the interval —oco < z < —I; for > [ the function W (x) is constant and

equal to
1 l
y /_ Ua)da.

The graph for W(x) is shown with a dashed line in Figure 5.5. From Equation (5.31)
we have

xz+at

() = — / W(2)dz = W(z + at) — Wz — at). (5.37)
2a r—at

Equation (5.37) means that we again have two waves moving in opposite directions, but

now the waves have opposite signs.

At some location z for large enough time, we have x + at > [ and the wave W (z + at)
becomes a constant and at the same instant of time « — at < —! and the wave W(x — at) is
equal to zero. As a result, the perturbation propagates in both directions but, contrary to
the case of a wave created by a displacement, none of the elements of the string return to
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the initial position existing at ¢t = 0. The bottom part of Figure 5.5 illustrates this situation
for an instant of time ¢t = I/a. When ¢ > l/a we have a similar trapezoid for u(x,t) (with
the same height as at ¢ = [/a), which expands in both directions uniformly with time.

Example 5.1 Let p(z) = 0, ¥(x) = 9o = const for z1 < z < x2 and ¥(z) = 0 outside of
this interval.
In this case we have

0, r < Ty
I o,
W(l‘) = % w(x)dsc = 2 (I $1), 1 <x < X2

0
— (X2 —x1) = const, x > xa.
5, (12— 21) 2
Reading Exercise: Solve the problem in Example 5.1 and generate the wave propagation
with the parameters a = 0.5, I = 1, )9 = 1. Explain why the maximum deflection is
Umaz = 2, and why, for the point z = 0, this maximum deflection value is reached at time
t=1/a=2.

Example 5.2 An infinite stretched string is excited by the initial deflection

B A
224+ B

o(x)

with no initial velocities. Find the vibrations of the string. Write an analytical solution
representing the motion of the string and illustrate the spatial-time-dependent solution
u(x,t) with an animation sequence including snapshots at times t =0,1,...,n.

Solution. The initial speeds of points on the string are zero (¢(z) = 0), so the solution
given by Equation (5.34) is

ol —at)+p(x+at) A 1 1
t) = = — .
u(, 1) 2 2 (x—at)Q—&—BJr(at—&—at)Q—i—B

Figure 5.6 shows the solution for the case when a? = 0.25, A = B = 1. The black bold
line represents the initial deflection and the bold gray line is the string profile at time ¢t = 12.

FIGURE 5.6
Graph of the solution to Example 5.2.
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The gray lines show the evolution of the string profile within the period of time from ¢t = 0
tot=12.

Notice, that for a proper dimension of ¢(z), the values of A and B should have dimen-
sions of length cubed and squared, correspondingly (if we consider string oscillations). In the
problems following this and other chapters, in most cases we use dimensionless parameters
and leave it to the reader to discuss particular physical situations.

|
5.5 Cauchy Problem for Nonhomogeneous Wave Equation
5.5.1 D’Alembert’s Formula

Let us consider now the nonhomogeneous wave equation,

2 2
%_az%zf(%t), —co<r<oo, 0<t<T (5.38)

with the same initial conditions,

ou

U|t:0 = %0(30)7 E

=(z), —oo<z < o0 (5.39)
t=0

In the previous section, we defined the characteristic triangle A that contains all the

points (z,t) that can influence the value u(zg, tp) in the world where the signals propagate
with velocity a. Let us integrate Equation (5.38) over that triangle:

// Uy — ug)dxdt = / f(z, t)dzdt

Recall Green’s theorem from calculus: for any differentiable functions p(z,t) and ¢(x,t),
the following relation exists between the double integral over a two-dimensional region A
and the integral along its boundary L,

// [qz(z,t) — p(z, t)] dedt = % [p(x, t)dx — q(z, t)dt] . (5.40)
A L

The integration has to be carried out counterclockwise.
In our case the integration path consists of three sides of the triangle, Ly, Lo and L3
(see Figure 5.3). Substituting ¢ = au, and p = u; into (5.40), we find that

// (a2um — utt) dxdt = 7{ (utdx + a2uxdt) , (5.41)
A L

where L = L1 @] L2 U L3.
Along the base of the triangle L1, t = const, hence dt = 0 and

To+atg zo+ato
/ (wpdz + a’u,dt) = / u(x,0)dx = / Y(z)de.
Ly x x

o—atop o—atop

Along the side Lg, x + at = const, hence dzx 4 adt = 0. Replacing dz with —adt and dt with
—dx/a, we find:

R
/ (utdx + azuldt) = —a/ (uedt + u,dz) = —a/ du
L2 Lg Q

= —a[u(zo,to) — u(zg + atg,0)] = —a[u(zg, to) — @(xo + ato)] .
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Similarly, along the side L3z x — at = const, hence dx — adt = 0, dz = adt and dt = dz/a,
thus we get

P

/ (utdx + a2uzdt) = a/ (ugdt + v dx) = a/ du
L3 LS

R
= a[u(zg — atp,0) — u(xg, to)] = a[p(zo — aty) — u(xo, to)] .

Summating the expressions obtained above, we find:

zo+tato
/ (wrdz + a®uydt) :/ Y(x)dx
L

o —ato

+ alp(xo — ato) + p(xo + ato)] — 2au(xzo, o). (5.42)
Substituting (5.42) into (5.41), we find:

w(xo — ato) + p(wo + ato)
2
1 zo+ato

+ L (z)dz + % / /A o, t)dadt, (5.43)

2a xog—ato

u(.’to, tO) =

To unify the notations with D’Alembert’s formula (5.31) obtained for the homogeneous
wave equation, let us replace (z,to) with (x,t) and (x,t) with (£, 7):

T —a x vtat
u(z,t) = &L t);”ﬁ( + at) +%/7t w(f)d£+i//Af(§,T)d£dT. (5.44)

5.5.2 Green’s Function

Solution (5.44) is a sum of two functions,
u(z,t) = v(z, t) + w(z,t),

where

(e, t) = - | v

is the contribution of nonzero initial conditions and

w(x,t) = %//A f(&, m)d&dr (5.45)

oz —at) + p(z + at) n 1 /g”“”

r—at

is produced by the inhomogeneity. This expression can be rewritten as

we) = [ e /0 drGla, 6, 7)F (6 7). (5.46)

where the kernel G(z,t;€,7) of the linear transformation (5.46), which is called Green’s
function, is equal to 1/2a for (§,7) inside the characteristic triangle of the point (z,t)
and equal to zero outside it. Green’s function can be written in a compact form using the
Heaviside step function H(y),

H(y)=1, y>0; H(y)=0, y<0. (5.47)

Indeed,

Gz, t;&,7) = %H (t -7 M) . (5.48)

a
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Note that Green’s function depends only on differences of its arguments, ¢t —7 and = —¢€.
It satisfies Equation (5.38) with the nonhomogeneous term f(z,t) = d(x — £)o(t — 7),

PG tiE,7)  0PG(abE,T)
ot? “ Oz
—o<r<oo, 0<t<T; —o0o<é<oo, 0<7<T,

=d(x —&)o(t —7); (5.49)

and zero initial conditions:

0G(x,0;&,7)
ot

—o<r<oo; —oo<é<oo, O0<T<T.

G(z,0;¢,7) = =0, (5.50)

Example 5.3 Using Green’s function (5.48), find the solution of the following initial value
problem:
Pu 0%
o2~ a2
with initial conditions

=d(x), —oco<z<o00, t>0.

u(z,0) =0, w(zr,0)=0, —oo<ux<o0.

Because of zero initial conditions, the solution is determined by expression (5.46). It is
convenient to change the order of integrations,

ety = [ ar [~ aesien (- B = L [V (- B,

The argument of the Heaviside function decreases monotonically from ¢t — |z|/a at 7 =0 to
—o0 as T — oo. Thus, it is always negative, if |z| > at, hence u(z,t) = 0 in that region. If

|z| < at, then
Lol 1 g
t) = — dr=—(t———=—.
u(@, 1) 2a/0 T ( a >

5.5.3 Well-Posedness of the Cauchy Problem

Equation (5.44) gives the explicit solution of the Cauchy problem (5.38), (5.39). Substitut-
ing (5.44) into (5.38), one can show that solution (5.44) is the classical solution; i.e., the
derivatives of u(x,t) which appear in (5.38) exist and are continuous, if (i) ¢(x) is twice
continuously differentiable, (ii) ¥ (x) is continuously differentiable, and (iii) f(z,t), fu(z,t)
are continuous. Also, this solution is unique.

There is one more property of the solution that has to be checked. It is clear that in
reality the functions ¢(z) and 9 (x), which describe the initial conditions, and the external
load f(x,t) cannot be measured precisely. There is always a certain difference between the
actual functions ¢q(z), ¥1(x), fi(z,t) and the measured function ¢o(x), a(x), fa(z,t);
the corresponding solutions wj(z,t) and wus(x,t) are not equal. It is the crucial question
whether both solutions are arbitrarily close to each other if the measurements are sufficiently
precise. If that is not the case, the solution obtained with not perfectly measured data
is of no use. That argument leads to the following mathematical question: can we get
|ui(x,t) — ua(z,t)| < €, where ¢ is an arbitrary small number, by means of sufficiently
precise measurements, i.e., under conditions |¢1(x) — 2 (x)| < d(g), |P1(x) — P2(x)| < d(e),
[fi(z,t) = fala,t)] < 0(e)?

To estimate the difference |uj(x,t) —ua(x, t)|, we shall use the following inequalities that
can be easily checked.
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1. For any real a and b,
la + b| < la|] + |b].

2. A similar inequality is correct for an arbitrary number of terms:

a1+ as+...an| <lai| +|az] + ... |an]-

3. The further generalization is for integrals:

/abF(x)dx < /ab |F(2)| dz.

4. If Fl(a:) S FQ(Z‘), then

/ab Fi(z)dx < /ab Fy(z)dx.

Using the inequalities listed above, we get the following sequence of inequalities for
lug(x,t) — ug(x, t)]:

fur(,8) — (o, £)| = ]; (pr(x — at) — pa(x — at)] + 3 [1(« + at) — pale +at)]

x+at
*% @ =9 d€+i/ [A1(6,7) — fa(€,7))] ddr
<%| (x —at) - WZ(x_atﬂ-ﬁ- |<,01(x—|—at) ©o(z + at)|

r+at
t30 [ Iate w2<5>|d5+%/A|f1<§,7>—f2<5,r>|d§dv
1

) 5 1
0+ =0+—-2aT+ —-=(2aT) - T=6(1+T+=T7%).
<26+25+2a ol + o 2(a) 5<+ +3 )
Thus, for any ¢, if
14+T+12%/2°

then
lui(x,t) —ug(z, t)] < e.

The problem, which has a unique classical solution and depends continuously on initial
conditions, is well-posed.

In Chapter 7 we shall see that the Cauchy problem for an elliptic equation is ill-posed,
i.e., not well-posed.

5.6 Finite Intervals: The Fourier Method for Homogeneous
Equations

In this and the following sections, we introduce a powerful Fourier method for solving partial
differential equations for finite intervals. The Fourier method, or the method of separation
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of variables, is one of the most widely used methods for an analytical solution of boundary
value problems in mathematical physics. The method gives a solution in terms of a series
of eigenfunctions of the corresponding Sturm-Liouville problem (discussed in Chapter 4).
Let us apply the Fourier method in the case of the general one-dimensional homogeneous
hyperbolic equation
0%u 9 ou 5, 0%u
oz T T e
where a, k,7y are constants. As we discussed when deriving Equations (5.6) and (5.7) in
Section 5.1, for physical situations the requirement is: £ > 0, > 0'. Here we will work on
a finite interval, 0 < z <, and obviously ¢ > 0.
To obtain a unique solution of Equation (5.51), boundary and initial conditions must be
imposed on the function u(z,t). Some of them can be homogeneous, some not. Initially, we
will search for a solution of Equation (5.51) satisfying the homogeneous boundary conditions

+yu =0, (5.51)

Pilul = aqu, + fiul,_y =0, Plu] = apuy + foul,_, =0, (5.52)

with constant aq, 81, as and B2, and initial conditions

u(@, t)|,—g = @), w(z, )],y = P(), (5.53)

where ¢(x) and t(x) are given functions. As we discussed in Section 5.2, normally there
are physical restrictions on the signs of the coefficients in Equation (5.52) so that we have
a1/B81 < 0 and ag/Bs > 0. Obviously, only these ratios are significant in Equations (5.52),
but to formulate a solution of the Sturm-Liouville problem for functions X (x) it is more
convenient to keep all the constants ay, 81, as and fSs.

We begin by assuming that a nontrivial (non-zero) solution of Equation (5.51) can be
found that is a product of two functions, one depending only on z, another depending only
on t:

u(z,t) = X (2)T(t). (5.54)
Substituting Equation (5.54) into Equation (5.51), we obtain
X(2)T"(t) + 26X (2)T'(t) — a®* X" (2)T(t) + vX (2)T(t) = 0
or, by rearranging terms,

T"(t) + 26T (t) +7T(t)  X"(x)
a?T(t)  X(x)’

(5.55)

where primes indicate derivatives with respect to ¢ or z. The left-hand side of this equation
depends only on ¢, and the right-hand side only on z, which is possible only if each side
equals a constant. By using the notation —\ for this constant, we obtain

T"(t) + 26T () + /T () X"(x)

a?T(t) X(z) —A

(it is seen from this relation that A has dimension of inversed length squared).
Thus, Equation (5.55) gives two ordinary second-order linear homogeneous differential
equations:
T"(t) 4+ 26T (t) + (a®X +7) T(t) = 0, (5.56)

ITypical wave problems do not contain terms like bu,, but if included in Equation (5.51), the substitution
u(z,t) = ebz/2“2u(a},t) leads to the equation for function v(z,t) without v, term.
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and
X"(z) + XX (z) = 0. (5.57)

Therefore, we see that we have successfully separated the variables, resulting in separate
equations for functions X (z) and T'(¢). These equations share the common parameter \.
To find A\, we apply the boundary conditions. The homogenous boundary condition of
Equation (5.52), imposed on u(z,y), gives the homogeneous boundary conditions on the
function X (x):
OélX/ + 51X|x:0 =0, O[QX/ + ﬁQX'x:l =0 (558)

with restrictions a;/8; < 0 and as/B2 > 0.
This result therefore leads to the Sturm-Liouville boundary value problem, which may
be stated in the present case as the following:

Find values of the parameter \ (eigenvalues) for which nontrivial (not identically equal
to zero) solutions to Equation (5.57), X (x) (eigenfunctions), satisfying boundary condi-
tions (5.58) eist.

Let us briefly recall the main properties of eigenvalues and eigenfunctions of the Sturm-
Liouville problem given in Equations (5.57) and (5.58) (see Chapter 4).

1. There exists an infinite set of real nonnegative discrete eigenvalues {\,} and
corresponding eigenfunctions {X,,(x)}. The eigenvalues increase as the number n
increases:

0< A <A <A3< ... <Ay < ... (lim A, =+00).

2. Eigenfunctions corresponding to different eigenvalues are linearly independent and
orthogonal:

!
/0 Xi(x)X;(x)de =0, i#j. (5.59)

3. The completeness property states that any function f(x) which is twice differen-
tiable on (0,1) and satisfies the homogeneous boundary conditions in Equations
(5.58) can be resolved in an absolutely and uniformly converging series with eigen-
functions of the boundary value problem given in Equations (5.57) and (5.58):

oo 1 l
T) = nXn(T), n="—"=> )X, (x)dx, 5.60
10 =S X = [ 0% (5.60)

where || X, |° = fol X2dz.

Eigenvalues and eigenfunctions of a boundary value problem depend on the type of the
boundary conditions: Dirichlet, Neumann or mixed. The values of the constants «; and 3;
in Equation (5.58) determine one of these three possible types. All possible variants are
presented in Chapter 4. For all of these variants, the solution for the problem given in
Equations (5.57) and (5.58) is

X () = Cy cos V Az 4 Cy sin vV Az (5.61)
The coefficients Cy and C are determined from the system of Equations (5.58):

C151 + Cra1 VA =0,

5.62
4 |:*O[2\/XSiI1 VA + B2 cos \[\l] + Cy [ag\f)\cos VA + B9 sin V| =o. ( )
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This system of linear homogeneous algebraic equations has a nontrivial solution only when
its determinant equals zero:

(ara) + B182) tan VAL — VA (o B2 — Brova) = 0. (5.63)

It is easy to determine (for instance by using graphical methods) that Equation (5.63) has
an infinite number of roots {\,}, which conforms to the general Sturm-Liouville theory. For
each root \,, we obtain a nonzero solution of Equations (5.62).

It is often convenient to present the solution in a form that allows us to consider in a
unified way a mixed boundary condition and two other kinds of boundary conditions as
well, when some of the constants a; or 5; may be equal to zero. We will do this in the
following way. Using the first expression in Equations (5.62), we represent Cy and Cs as

Ci=CaivA, Cy=-0Cp,

where C' # 0 is an arbitrary constant (because the determinant is equal to zero, the same Cy
and Cs satisfy the second equation of the system of Equations (5.62)). For these constraints
the choice

C =1/\/ a2 + B2

(with positive square root and a? + 52 # 0) allows us to obtain a simple set of coefficients
C4 and Cs. For Dirichlet boundary conditions, we assign «; = 0, 81 = —1 (we may also use
B1 = 1 because the overall sign of X,,(x) is not important) so that C; = 0 and Cy = 1. For
Neumann boundary conditions 81 =0, a; = 1, and we have C; =1, C5 = 0.

With this choice of C, the functions X, (z) are bounded by the values +1. The alternative
often used for the coefficients Cy and Cy corresponds to the normalizations || X,,||* = 1. Here
and elsewhere in the book we will use the first choice because in this case the graphs for
X, (z) are easier to plot.

From the above discussion, the eigenfunctions of the Sturm-Liouville problem given by
the equations

X"+ XX =0,

041X/+61X|$:0:07 a2X’+ﬁ2X‘z:l:O

can be written as

Xn(x) = m [al\/xcos VAnz — B sin \/Ex} . (5.64)

The orthogonality property in Equation (5.59) can be easily verified by the reader as a
Reading Exercise. The square norms of eigenfunctions are

1
1 (Beon — Braz)(Anaran — B132)
anz/XQxdx:{l 5.65
= Jy X0 =3 [+ ) (e 1 3) 09
The eigenvalues are A\, = (“l" )2, where p,, is the nth root of the equation
— l
tan pu = (182 = asfu)ln (5.66)

praras + 125182

This equation remains unchanged when the sign of p changes, which indicates that
positive and negative roots are placed symmetrically on the u axis. Because the eigenvalues
An do not depend on the sign of u, it is enough to find only positive roots u, of Equation
(5.66) since negative roots do not give new values of A,. Clearly, p has no dimension.
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— tanp _ 2hip

W=l

FIGURE 5.7
A graphical solution of Equation (5.64) for [ = 100 and h = 0.07.

Tt is not difficult to demonstrate (for instance using a graphical solution of this equation)
that pn4+1 > Wy, again in accordance with the Sturm-Liouville theory. In the cases when
either both boundary conditions are of Dirichlet type, or Neumann type, or when one is
Dirichlet type and the other is Neumann type, a graphical solution of Equation (5.66) is not
needed and we leave to the reader as the Reading Ezrercises to obtain analytical expressions
for X,,(z). The obtained results can be compared with those collected in Chapter 4.

Let us find the roots of Equation (5.66) for mixed boundary conditions

uz(0,t) — hu(0,t) =0 and  wy(l,t) + hu(l,t) = 0. (5.67)
Such a particular case with equal values of h in both Equations (5.67) is rather common.
The eigenvalues are determined from Equation (5.66), where oy = 1, 81 = —h, as =1,
=t ohl
s
This equation has an infinite number of roots, u,. Figure 5.7 shows curves of the two

functions y = tanp and y = %, plotted on the same set of axes. The values of u at

the intersection points of these curves are the roots of the Equation (5.68).
For the values I = 100 and h = 0.07 the first six positive roots of this equation are:

py = 2.464 € (W 3”), j12 = 5.036 € (3” 5”) s = 7752 € (3” 5”)

272 272 272

om Tm Tm 9w I 11w
= 10. —_—, = =132 —_, = = 16.51 —,— .
Ha O59€<2a2>7 Hs 356(272)5 He 65E<2a 2)

The line p = hi (dashed line in Figure 5.7) is the asymptote of the graph y = 2hlu/(u? —
h21%). In our example p = 7 € (37/2,57/2), and we notice that this interval includes two
roots, ps and pg, whereas each of the other intervals, ((2k — 1)7/2, (2k 4+ 1)7/2), contains
one root of Equation (5.68). This is a commonly met situation.

Each eigenvalue

An:(“T")Q, n=1,2,3,... (5.69)
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corresponds to an eigenfunction

Xn(x) =

m[\/ic%\/ix—khbm\/ix] (5.70)

The norms of these eigenfunctions are

l h

X,
1%l = 5+ 2

(5.71)

The next step of the solution is to find the function T'(t). Equation (5.56) is an ordinary
linear second-order homogeneous differential equation. For A = A,

TV (t) + 26T (t) + (a* A, + )T (t) = 0 (5.72)
and a general solution of this equation is

T(t) = anytV (t) + by (1), (5.73)

where a,, and b,, are arbitrary constants. Two particular solutions, y( )( t) and yslz)(t), are

e fteosw,t, if K2 < a\, +7,
y P () = e "coshwnt, if k2> a?\, + 7, (5.74)
e "t if x2=a%\, +7,
and
e "t sinwyt, if K% <a’)\, +7,
y 2 () = { e Fsinhw,t, if K2 > a2), + 7, (5.75)
te= "t if k%2=2a’\,+7,
where
wn =/ a2\, + v — K2

(obviously, wy, has the dimension of inversed time).
Reading Ezercise: Verify the above expressions.
It is clear that each function
(1) = Tu(t) Xa (@) = [anyD (1) + buy ()] Xu(2) (5.76)

is a solution of Equation (5.51) and satisfies boundary conditions in Equation (5.52).
Then we compose the series

i [a”yn )+ bay D (t )} X (2), (5.77)

which can be considered as the expansion of the unknown function u(z,t) into a Fourier
series using an orthogonal system of functions {X,,(x)}.

The superposition (5.77) allows us to satisfy the initial conditions (5.53). The first one
gives

ul,_y = p(z) = Z anXp (). (5.78)
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If the series (5.77) converges uniformly, it can be differentiating with respect to ¢ and the
second initial condition gives

ou

ot

= (@) =Y [wnbn — kan] X (2) (5.79)

t=0

(here and in (5.81) we replace w,, by 1 when % = a?),, + v to consider all three cases for
k2 in (5.75) simultaneously).

For “reasonably smooth”, like piecewise continuous, initial conditions, the series (5.78)
and (5.79) converge uniformly which allows us to find coefficients a,, and b,,. By multiplying
both sides of these equations by X,,(x), integrating from 0 to /, and using the orthogonality
condition defined in Equation (5.59), we obtain

l
:m /0 o(2) X, (x)dx (5.80)

Qn

and

1 1 :
by, = o [W /0 P(x) X, (x)dz + Kay, (5.81)

The series (5.77) with these coefficients gives the solution of the boundary value problem
given in Equations (5.51) through (5.53).

Recall that the success of this method is based on the following details: the functions
{X,,(x)} are orthogonal to each other and form a complete set (i.e., a basis for an expansion
of u(z,t)); the functions {X, ()} satisfy the same boundary conditions as the solutions,
u(x,t); and solutions to linear equations obey the superposition principle (i.e., sums of
solutions are also solutions).

The obtained solution describes free oscillations. Processes with not very big damping,
ie., k2 < a®)\, + v, are periodic (or quasi-periodic) and have a special physical interest.
For k = 0, the motion is purely periodic; thus w,, = ay/)\,, are the frequencies. The partial
solutions u,(z,t) = T, (t)X,(z) are called normal modes. The first term, wu;(x,t), called
the first (or fundamental) harmonic, has time dependence with frequency w; and period
27 Jwy. The second harmonic (or first overtone), us(x,t), oscillates with greater frequency
wa (for Dirichlet or Neumann type boundary conditions and k = v = 0, it is twice w;); the
third harmonic is called second overtone, etc. The points where X, (z) = 0 are not moving
are called nodes of the harmonic u,(z,t). Between the nodes the string oscillates up and
down. The waves wu, (x,t) are also called standing waves because the position of the nodes
are fixed in time. The general solution, u(z,t), is a superposition of standing waves; thus,
any oscillation can be presented in this way.

Clearly, w,, = a\/)\,, increase with the tension and decrease with the length and density:
tuning any stringed instrument is based on changing the tension, and the bass strings are
longer and heavier. The loudness of a sound is characterized by the energy or amplitude
of the oscillations; tone by the period of oscillations; timbre by the ratio of energies of the
main mode and overtones. The presence of high overtones destroys the harmony of a sound
producing dissonance. Low overtones, in contrast, give a sense of completeness to a sound.

We give two examples for homogeneous wave equations with homogeneous boundary
conditions. Note, that to simplify the formulas and the graphs for X, (x), we take them in
dimensionless form; in particular X, (z) are bounded by the values +1. From that it follows
that the coefficients a,, and b,, have dimension of function u(z,¢) which, for a case of string
oscillations, is a length.

Example 5.4 The ends of a uniform string of length [ are fixed and all external forces
including the gravitational force can be neglected. Displace the string from equilibrium by
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FIGURE 5.8
Eigenfunctions X (x) through X4(z) for Example 5.4.

shifting the point x = zy by distance A at time ¢ = 0 and then release it with zero initial
speed. Find the displacements u(x,t) of the string for times ¢ > 0.
Solution. The boundary value problem is

Uy — @2Ugy =0, 0<z<I,t>0,

A
—, 0 <z <z,
u(w,0)={ *° 02,00 = 0, u(0,1) = ull,t) = 0.
A(l - ) L, o
e —— X T
1— o ) 0 )

This initial condition is not differentiable in the point & = x(; it means we are searching
for a generalized solution.
The eigenvalues and eigenfunctions are those of the Dirichlet problem on 0 < z < I:

2 l
An = (”i) , Xp(@) =sin 2E L 1XuP =5, n=1,23,....
l l 2
Figure 5.8 shows the first four eigenfunctions for I = 100.
Using Equations (5.80) and (5.77), we obtain
2412 nwTLo
n — i s b, = 0.
“ m2xo(l — xo)n? S

Therefore, string vibrations are given by the series

nmwat
— sin ——— sin Ccos
n2 l l {
n=1

2412 =1 nTry . NI
o 24T . . nmT
U(Qf, ) 7T2.’E0(Z — QL'()) Z

Figure 5.9 shows the space-time-dependent solution u(z,t) for Example 5.4 (for the case
when a? = 1, 1 = 100, A = 6, and 2o = 25). The animation sequence in Figure 5.9 shows
snapshots of the animation at times t = 0,1,...,12. Because there is no dissipation, it is
sufficient to run the simulation until the time is equal to the period of the main harmonic
(until 2//a = 200 in this Example).
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FIGURE 5.9
Solutions, u(z,t), at various times for Example 5.4.

For t = 0 the obtained solution gives
= nwx
u(z,0) = ,; Gn Sin ——

—this is the Fourier expansion of the initial condition function.

In the solution u(z,t) the terms for which sin(nmzy/l) = 0 vanish from the series, that
is, the solution does not contain overtones for which z = z¢ is a node. For instance, if zq is
at the middle of the string, the solution does not contain harmonics with even numbers.

The formula for u(x, t) can be presented in a more physically intuitive form. Let us denote

nma

VAn as kp, where k, = % which are called wave numbers. The frequencies w,, = *7* give

the frequency spectrum of the problem. The solution to the problem now can be written as

o0
u(z,t) = Z A, coswyt - sink,x,

n=1

where the amplitude A,, = % sin #57 with D = #ﬁzo)'

The first harmonic (or mode), u;(z,t), is zero for all z when wyt = 7/2, that is, when
t =1/2a. It becomes zero again for t = 31/2a, t = 5l/2a, etc. The second harmonic us(x,t)
is zero for all z for the moments of time ¢ = [/4a, t = 31/4a, etc.

The bar chart in Figure 5.10 represents |V,,(t)| = |An|coswy,t (in units of D) for the
case tg = 1/4 =25 and t = 0 (i.e. [V,(t)] = |An|). The terms with numbers n = 4k vanish

from the series. Note that the amplitudes A,, decrease as 1/n?.

Example 5.5 A homogeneous rod of length [ elastically fixed at the end x = [ is stretched
by a longitudinal force Fjy = const, applied to the end at x = 0. At time ¢ = 0 the force Fj
stops acting. Find the longitudinal oscillations of the rod if initial velocities are zero; the
resistance of a medium as well as external forces are absent.

Solution. Let us first find initial displacements of locations along the rod, u|,_, = ¢(x).
Because in each cross section the force of tension T is constant and equals Fy we have
¢ (x) = —Fy/EA, where E is Young’s modulus and A is the cross-sectional area of the
rod. Negative ¢'(x) corresponds to a decrease of the longitudinal shift from the left end
to the right. If Fy is a compressing force, the expression for ¢’(z) will have the opposite
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V1
\

FIGURE 5.10
Bar charts of |V,,(t)| for Example 5.4.

sign. Integrating and using ¢'(1) + he(l) = 0 (since the rod is elastically fixed at & = 1)

we obtain - |
_ 1o -
@(x)—EA<l+h x)

Here, h is the elasticity coefficient. Thus, we have the equation
utt:a2um, O<ax<l, t>0,

with initial and boundary conditions

u(z,0) = fo (l+;l—ac), u(x,0) =0,

ug(0,8) =0, wug(l,t) + hu(l,t) =0.

Figure 5.11 shows graph curves of the two functions tan y and hl/p, plotted on the same
set of axes. The roots pu,, are at the intersection points of these curves.

The boundary conditions are the Neumann type at © = 0 (the free end) and mixed type
at © = [ (an elastic connection). The eigenvalues are easily obtained and are:

2
An = (”—") C n=1,23. ..

l
where p,, is the nth root of the equation tanu = % Each eigenvalue corresponds to an

eigenfunction X,,(z) = cos v/ A,z with the norm

1 h
2—7
1 Xall” = 5 <1+An+h2>.

Figure 5.12 shows first four eigenfunctions for [ = 100, h = 0.1.
Because the initial speeds are zero, all coefficients, b,,, are zero. Coefficients a,, are found
using Equation (5.76):

! /Ol () cos(y/Ana)da = 20 L= €08 Vb4 (V2 /) sin VXL

TAE T EA M L+ 1) (0 + 12)]

an

The results of the computation of A, || X,||> and a, for the first ten eigenfunctions are
summarized in the table presented in Figure 5.13.
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FIGURE 5.11
Graphical solution of the eigenvalue equation for [ = 100, h = 0.1.
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FIGURE 5.12
Eigenfunctions X (x) through X4(x) for Example 5.5.

n A, 1 X,0]12 an
1 0.0002042 54.9000 4.460800
2 0.0018540 54.2180 0.497415
3 0.0052247 53.2842 0.179607
4 0.0104045 52.4504 0.091622
5 0.0174615 51.8207 0.055257
6 0.0264367 51.3722 0.036816
7 0.0373534 51.0559 0.026218
8 0.0502246 50.8302 0.019585
9 0.0650576 50.6662 0.015169
10 0.0818565 50.5443 0.012085

FIGURE 5.13
Eigenvalues, norms, || X, ||?, coefficients a,, for Example 5.5.
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Factor cos+/Apat describing the time dependence of the solution, can be written as
cos wyt, thus harmonics’ periods are 27 /w, = 27// A a.
Finally, we have the series that describes the rod’s oscillations:

2F) ~= 1—cos VAl + (vVAn/h)sin vl
EA )‘n [l + h’/()\n —+ hZ)] Cos \/Eat + COS \/Eg)

n=1

u(z,t) =

5.7 The Fourier Method for Nonhomogeneous Equations

Consider the nonhomogeneous linear equation

2 2
% + 2/{2—1; - aQ% +yu = f(x,t). (5.82)
As we will show below, generally a solution has a form of a sum of the infinite number
of terms of the (5.54) with X,,(z) being the eigenfunctions of the same Sturm-Liouville
problem as in the case of a homogeneous equation.
First, let the function u(z, t) satisfy homogeneous boundary conditions given in Equation
(5.52) and initial conditions given in Equation (5.53). The approach is to search for the
solution as a sum of two functions

u(x,y) = ul(xvy) +u2($7y), (583)

where uy(x,t) is the solution of the homogeneous equation satisfying given boundary and
initial conditions

8211,1 8u1 2 82U1
s = .84
52 K ~ 0 52 + yu; =0, (5.84)
8u1
w(@, e = 0@), Zr(@n)|  =v) (5.85)
t=0
Uz + ﬁ1u1|m:o =0, oaguiz+ 52”1\95:1 =0, (5.86)

and usg(x,t) is the solution of a nonhomogeneous equation satisfying the same boundary
conditions and zero initial conditions

2 - - = t N 5.87
8t2 + 8t 8 2 +’}/U2 f(‘rﬂ ) ( )
ou
()] = 0, SE(@t)] =0, (5.88)
t=0
a1z + Prusl,_o =0,  aouagy + Pous|,_, = 0. (5.89)

Clearly, the function uq(z,t) represents free oscillations (i.e., the oscillations due to
initial perturbation only) and the function wus(x,t) represents forced oscillations (i.e., the
oscillations due to an external force when initial disturbances are zero).

The methods for finding the solution in the case of free oscillations, u;(x,t), have been
discussed in the previous section; therefore we turn our attention in this section to finding
the forced oscillation solutions, uz(x,t). Similar to the case of free oscillations, let us search
the solution for the function us(z,t) as the series

us(z,t) = Y Tn(t)Xn (), (5.90)
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where X,,(z) are eigenfunctions of the corresponding boundary value problem for uq(x,t),
and T,,(t) are unknown functions of ¢ (they are different from the functions 7;,(¢) in Equation
(5.73) obtained for the homogeneous wave equation).

We choose the functions T}, (¢) in such a way that the series (5.90) satisfies the nonhomo-
geneous Equation (5.87) and zero initial conditions given in Equation (5.88). Substituting
the series (5.90) into Equation (5.87), we obtain (assuming that this series can be differen-
tiated the necessary number of times)

NE

{[T () + 26T, (t) + YTu(t)]) Xn(2) — *T,, () X)) (2) } = f(x,t).
1

3
Il

Because X,,(z) are the eigenfunctions of the corresponding homogeneous boundary value
problem (5.84) — (5.86), they satisfy equation

X' (x) + M\ Xy (z) = 0.

Using this, we obtain
Z [T/(t) + 26T, (1) + (a*Ny + )T (t)] Xn(z) = f(2,2). (5.91)

Because of the completeness of the set of functions {X,(z)}, we can expand the
functionf(z,t) on the interval (0,!) into a Fourier series of the functions X, (z) so that

t) = Z In(t) Xn(z), (5.92)

where
1 l

Comparing the series in Equation (5.91) and that in Equation (5.92), we obtain an
ordinary second order linear differential equation with constant coefficients for each function
T, (t):

TV (t) + 26T, (t) + (a®X + )T (t) = fult), n=1,2,3,.... (5.94)
In order that the function us(z,t) represented by the series given in Equation (5.90) satisfies
initial conditions in Equation (5.88), it is clear that functions T,,(t) should satisfy the

conditions
T,(0)=0, T.(0)=0, n=1,23,.... (5.95)

Solutions of linear equation (5.94) can be easily obtained in a standard way, but here we
give the solution of the Cauchy problem given in Equations (5.94) and (5.95) for functions
T, (t) as an integral representation which is very convenient for our further purposes:

/ fu (7)Y (t — 7)dr. (5.96)

Here

1
—e " sinwyt, if k% <a\, +7,
W,
- 1
Yolt) = — e "sinhwyt, if k2> a’\, +7, (5.97)
Wn
te="t, if K% =a%\, +7,

where w, = \/|a2\, + 7 — K?|.
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To prove that the representation in Equation (5.96) yields Equation (5.94), we differen-
tiate Equation (5.96) with respect to ¢ twice to get

/fn S Yalt = )7 + Y (0)a(0)

and
10 = [ o) S ¥alt = )i + VO al0)

By using these formulas, we can prove that Equation (5.94) and the initial conditions
in Equation (5.95) are satisfied.

Reading Ezxercise: Verify this result for k = 0 (i.e., for Y;,(t) = sin(wpt)/wy).

With expression (5.96) for T),(¢) the series (5.90) gives, assuming that it converges
uniformly as well as the series obtained by differentiating by = and ¢ up to two times, the
solution of the boundary value problem given in Equations (5.87)-(5.89).

Combining the results for the functions u;(x,t) and us(z,t), the solution of the forced
oscillations problem with initial conditions (5.53) and homogeneous boundary conditions
(5.52) is

u(z,t) = uy(x,t) + us(x,t)

= 3 { o0+ k0] + T} Xot0), 559

where the T,,(t) are defined by Equation (5.92) and y(l)( t), y) (t), an, and b, are given by
the formulas (5.74), (5.75), (5.80) and (5.81).

Let us consider two examples of nonhomogeneous problems with homogeneous boundary
conditions.

Example 5.6 Consider a homogeneous string of mass density p with rigidly fixed ends.
Starting at time ¢ = 0 a uniformly distributed harmonic force with linear density

F(z,t) = Fysinwt

acts on the string. The initial deflection and speed are zero. Neglecting friction find the
resulting oscillations and investigate the resonance behavior.

Solution. The boundary value problem modeling this process is

02u 28 u FQ .
i ?smwt, O<zx<l, t>0, (5.99)

u(z,0) =0, wu(z,0)=0,
u(0,t) = u(l,t) = 0.
The boundary conditions here are homogeneous Dirichlet conditions, thus the eigenvalues

and eigenfunctions are

2 I
Anz(%ﬂ), Xof@) =sin 00, |IXal2 =5, n=1,2,3,....
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Because the initial conditions are ¢(x) = ¥ (x) = 0, the solution of the homogeneous wave
equation, u (z,t) = 0, and the only nonzero contribution is the solution of the nonhomoge-
neous equation, us(x,t), which is given by the series

Z t) sin @. (5.100)

We can find T,,(¢) by using Equation (5.96):

/ Fo(T)You(t — 7)dr,
1

where w,, = ay/A, = 27¢ are the natural frequencies and Y, (t) = —- sin 25%. We then have

2 F, :
Il / f(z,t) Sln@d =2 %inwt / Sin@dgc7
1 L p 0 l
which gives
4F,
ne1(t) = ——2  sinwt, fon(t) =0
fon-1(t) @n—1)mp S w fan(t)

Then, for T, (t)we have

! 4Fy " :

Ton—1(t) = @n = 1)ra @n—1mp Jo sinwt sin [wa,—1(t — 7)) dr
_ 4Fyl Waop_1 Sinwt — wsinwagy, 1t
~an?(2n—1)2p w3, — w? ’

Ton(t) = 0.

These expressions apply when, for any n, the frequency of the external force, w, is not
equal to any of the natural frequencies of the string. Substituting 7,,(¢) into Equation (5.100)
we obtain the solution

2 _ 2
Woin—1 — W !

4Kyl = Wop—1Sinwt — wsinws, 1t . nmx
u(z, = Z e sin ——. (5.101)
Because w,, is proportional to n, terms in (5.101) with sin wt, which are purely periodic with
frequency w, decrease as 1/n, whereas terms with sinws,_1t, which represent oscillations
(eigenmodes) with different frequencies, decrease as 1/n2.

Figure 5.14 shows the spatial-time-dependent solution u(zx,t) for Example 5.6 (for the
case when a? = 1,1 = 100, p = 1, Fy = 0.025, w = 0.3). With these parameters the period of
the main harmonic is 2//a = 200. The animation sequence in Figure 5.14 shows snapshots
of the animation at times t =0,1,...,n.

If for some n = k, the frequency of the external force w = wsyr_1, we have a case of
resonance. To proceed, we apply L’Hopital’s rule to this term, taking the derivatives of the
numerator and denominator with respect to wsi_1 to yield

2F,l Wap—1t COSwap_1t — sinway,_1t
pam?(2k — 1)2 Wak—1
2F,1?

= m [SinUJQn_lt — wzn_ltCOSWQk_lt] .
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In this case, one can rewrite the solution in the form

4Fyl 1 Wap—1 Sinwt — wsinwa, 1t .
t) =
u(z,t) par? Z (2n —1)2 w3, — w? s
n=1
n#*k
2Fy12 (2k — )7z

sin wt — wt cos wt] sin

+pa27r3(2k - 1)3[ l

nmx

(0]

(5.102)

Let us obtain a periodic solution for Example 5.6. Contrary to the solution obtained
above in the form of an infinite series, a steady-state solution is described by a finite formula
which is more convenient for the analysis of the properties of the solution. Let us write the

equation as
0%u 0%u
2=~ = Asinwt

ﬁ_a Ox?

and seek a steady-state solution in the form
u(z,t) = X (z) sinwt.

For X (z) we obtain an ordinary linear differential equation

2 A
X// (g) X - _
@)+ (2) X@) =-5,
which has a general solution
X(z) = cicoskz + casinkr — —
w

(5.103)

(5.104)

(5.105)

(5.106)

where k = w/a. The boundary conditions X (0) = X(I) = 0 give ¢; = A/w? and ¢y =

A 1—coskl
w?  sinkl

2A sin(kz/2) sinfk(l — x)/2]

in wt.
w? cos(kl/2) S

u(z,t) =

Notice, that for this solution the initial speed is not zero.

u
A - p(x)
b —_— (Xx,250)

FIGURE 5.14
Graph of solutions, u(z,t), at various times for Example 5.6.

. Then, using standard trigonometric formulas for double angles we obtain

(5.107)
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Example 5.7 The upper end of an elastic homogeneous heavy rod is rigidly attached to
the ceiling of free falling elevator. When the elevator reaches the speed vq it stops instantly.
Set up the boundary value problem for vibrations of the rod.

Solution. The mathematical model for this problem is:
U — QP Uy = —g, O<az <, t>0,
u(z,0) =0, wu(z,0) = vy,

u(0,t) =0, wu,(l,t)=0,

where ¢ is the acceleration of gravity.

The boundary conditions are of Dirichlet type at = 0 (the fixed end) and Neumann
type at © = [ (the free end). From our previous work, we have eigenvalues and eigenfunctions
for the problem given by

2
2n —1 2n—1
Anz{(”%)”}’ Xn(m)zsmw, n=1,23,....

From Equations (5.76), (5.77), (5.89), and (5.92), we have

8Vol
n - ) bn - G YZ YRR
an =0 am?(2n — 1)2
4g 16912 (2n — 1)ant
)= T () = T |1 st AT
L0 R W= gman = |17 3

Thus, a general solution of this boundary value problem is

8l 1
t =
u(@, ) am? 21 (2n — 1)2

n=

" —2gl 1 — cos (2n — 1)ant
ar(2n — 1) 2l

+vosi 2n—Dmat) . (2n—1)7x
vosin 57 sin 57 .

5.8 The Laplace Transform Method: Simple Cases

In this section we demonstrate how Laplace transform (LT) can be applied to solve heat,
or generally a PDE equation. The LT allows us to obtain an ODE from PDE and then an
algebraic equation from an ODE.
As a simple illustration, let us consider oscillations of a semi-infinite string governed by
the wave equation
Uy — @ Uzy =0, x>0, —oo<t< 0. (5.108)

Initially, the string is at rest, u(x,t) = 0 for ¢ < 0 (hence also us(z,0) = 0 for ¢ < 0). At
t = 0, the left end of the string starts moving according to a certain law w(0,t) = f(¢t),
while at infinity, function u(oco,t) has to be bounded.

Let us find the solution of the problem at ¢ > 0 using the Laplace transform with respect
to t.

Denote

e, p) = / " e, 1)t

0
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and

fp) = / T e ().

0

Because u(z,0) =0, ui(x,0) = 0 for any = > 0, the Laplace transform of Equation (5.108)
leads to the ODE with respect to x,

prL(x’p) - azﬁmm(xap) =0
with the boundary condition R
a(0,p) = f(p).
The solution of this problem bounded on infinity is

i(z,p) = f(p)e ™™/, x>0,

Using the Delay Theorem, we find that u(x,t) = 0 for t < z/a, i.e., x > at, and u(z,t) =
flx —t/a) for t > z/a, ie., z < at.

Example 5.8 Solve the nonhomogeneous equation,

™

Ut — @2 Uyy = Sin R t>0, (5.109)

with zero initial and boundary conditions
u(z,0) =0, wu(x,0) =0, (5.110)
w(0,8) =u(l,t) =0, ¢>0. (5.111)

Let us apply the Laplace transform to Equation (5.109) in order to obtain an ordinary
differential equation. Taking into account the initial conditions (5.110), we obtain the ODE

with respect to x:
. A 1. mx
p2u(x,p) - GQUmz(x,p) = ESID 77

or
2
. P . 1 | 7z
U (2, p) — a—Qu(x,p) = sin —-. (5.112)

Solving the ordinary differential equation (5.112) with boundary conditions

@(0,p) =a(l,p) =0, (5.113)

we obtain

o) = ey = (se) [ ] 7

The inverse Laplace transform (see the table in Appendix A) gives

u(z,t) = L i 1—cosw—at sin °X
"\ 7ra ! 1

Let us present some general consideration for the Cauchy problem for function T, (¢)
satisfying the nonhomogeneous ODE (5.94),

TV (t) 4+ 26T (1) + (a* X +Y)Tn(t) = fult), n=1,2,3,....
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The solution has an especially simple form when the initial conditions are zero, T, (0) = 0,
77 (0) = 0.
Defining

Fal®) = L [fu() = / T et (),

we obtain the following algebraic equation for 7}, (p):

(p* + 26p + a® Xy +7)Tn(p) = fu(p),

hence .
2 fn(P
T.(p) = 5 n( )2 .
p? +2kp + @A, +
Using the convolution property, we find that

T.(t) = /0 fu(T)Zn(t — 7)dT,

where

1
(p+ f<a)2 + (a®X, +7 — K2)

1
Z, ) =Lt =Lt
n(®) p2+2mp+a2)\n+v}

To find the inverse Laplace transform, we can use the table given in Appendix A.
If a®\, +v — k? = w?2 > 0, we can see that

1
Zn(t) = —e " sinw,t.
Wn
If a®\, +v — k? = —w2 < 0, we can use the Shift Theorem:
1 1 1
Zyt) =L | ——————s| = "L | —— | = —e "sinhwyt.
(p+r)?—wf pP—wi]  wn
If a®\, + v — k2 = 0, we find that
1 1
Z,t) =L |—— | =e "L | S| =te
) [(P + fi)z] P?
This is the same result as obtained in formulas (5.96), (5.97) with the replacement Y, (¢) by
Zn ().
Notice, that the LT is not really useful for PDEs without formulas for the inverse Laplace

transforms — obtaining the final results needs the technique of integration in the complex
plane.

5.9 Equations with Nonhomogeneous Boundary Conditions

With the preceding development, we are prepared to study a general boundary value
problem for the nonhomogeneous equation with nonhomogeneous boundary conditions
defined by

0%*u ou  ,0%

w+2nafa @+7U:f(l',t), (5.114)
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u(x,t)|t20 = (p(x)v ut(x7t)|t:0 = ¢($), (5'115)
Q1 Uy + 51u|$=0 = gl(t) ; Qoly + 62u|x=l = gg(t) (5116)

The Fourier method cannot be applied to this problem directly because the boundary
conditions are nonhomogeneous. However, we can reduce this problem to the previously
investigated case with homogeneous boundary conditions.

To proceed, let us search for the solution as a sum of two functions

u(z,t) = v(z,t) + w(z,t), (5.117)

where v(z,t) is a new, unknown function and the function w(z,t) is chosen in a way that
satisfies the given nonhomogeneous boundary conditions

1wy + frwl,_g = g1(t), aawy + Bowl|,_; = ga2(t). (5.118)
The function w(x,t) should also have the necessary number of continuous derivatives in
and t.

For the function v(z, t), we obtain the boundary value problem with homogeneous bound-

ary conditions
0% o 0% :

ﬁ—i—Qﬁa—a ﬁ—&—'yv:f(m,t), (5.119)
U(:L‘,t)|t:0 = 95(‘%')’ Ut(ﬂ;‘,t)|t:0 = ’LZJ(:L‘), (5'120)
a1vy + Biv|,_q =0, agvy + PBov|,_, =0, (5.121)
where o2 5 52
Fz,t) = fa,t) — T;: - 258—7“;’ + a2a—;§, (5.122)
o(x) = p(z) — w(z,0), (5.123)
(x) = P(x) — wy(z,0). (5.124)

The solution to this problem has been described above.
Reading Ezxercise: Verify Equations (5.119)-(5.124).

For the auxiliary function, w(z,t), a number of choices are possible. One criterion is to
simplify the form of the equation for the function, v(z,t). To this end, we search for w(x,t)
in the form

w(z,t) = Pr(x)g1(t) + Pa(x)ga(t), (5.125)
where P; (z) and P»(z) are polynomials; we will show that in some cases we need polynomials
of the first order, and in some of the second order. Coefficients of these polynomials should
be chosen in such a way that the function w(x,t) satisfies the boundary conditions (5.118);
therefore the function v(z,t) satisfies homogeneous boundary conditions (5.121).

First, consider the situation when parameters 5; and Sy are not zero simultaneously.

Let us take P 2(x) as polynomials of the first order and search for the function w(z,t)
in the form

w(x,t) = (y1 + 0hx)g1(t) + (92 + dax)g2(t). (5.126)
Substituting this into boundary conditions (5.118), we obtain two equations which may be
written as

{ a1[61g1(t) + 0292(t)] + B1 [1191(t) + 1292(1)] = g1(2),
@z[01g1(t) + 02g2(t)] + B2 (71 + 610)g1(t) + (72 + 020) g2(t)] = g2(t),
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or as
{ (161 + B1y1 — 1)g1(t) + (a1d2 + Bi72)g2(t) = 0,

(261 + Boy1 + B2011)g1(t) + (@202 + Payz + P22l — 1)ga(t) = 0.
To be true, the coefficients of g;(¢) and g2(t) should be zero, in which case the following
system of equations is valid for arbitrary ¢:
@101 + i —1=0,
102 + f1y2 = 0,
Q201 + Bay1 + B201l =0,
Q202 + Baye + 202l — 1 = 0.

From this system of equations we obtain coefficients 1, 61, v2 and J- as

Qg + Pol — B2

"7 BiBal + Bras — Baar’ o1 = 3182l + Bras — Bacs” (5.127)
— - B br
= B1B2l + Brag — 620517 0p = B1Bal + Bras — Paay : (5128)

Therefore, the choice of function w(x,t) in the form (5.118) is consistent with the boundary
conditions (5.127).

Reading Ezercise: Obtain the results (5.127) and (5.128).
Now, consider the case when [ = 2 =0, i.e. ug|,_o = 0g1(t), uz|,_;, = g2(t).

In this situation, the system of Equations (5.126) is inconsistent, which is why the polyno-
mials P; o(z) in the expression for w(z,t) must be of higher order. Let us take the second
order polynomials:

P, (Z‘) =y + 6z + §1l‘2, PQ(J)) = vy + dox + 523?2. (5.129)
Equations (5.118) yield a system of simultaneous equations which, to be valid for arbitrary
t, leads to 71 = 72 = d3 = 0 and the expression for w(x,t) given by
2

w(z, t) = [g: - %

22
} g1(t) + 2792(15)- (5.130)

Reading Ezxercise: Check that when (; = 5 = 0 such a choice of w(x,t) satisfies the
boundary conditions (5.118).

Combining all described types of boundary conditions, we obtain nine different auxiliary
functions, which are given in Appendix C part 2.

The following two examples are applications of the wave equation with nonhomogeneous
boundary conditions.

Example 5.9 The left end of a string is moving according to
g(t) = Asinwt,

and the right end, x = [, is secured. Initially, the string is at rest. Describe oscillations when
there are no external forces and the resistance of the surrounding medium is zero.
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Solution. The boundary value problem is
utt:azum, O<z<l, t>0,
u(z,0) =0, wu(z,0)=0,
u(0,t) = Asinwt, wu(l,t) =
Let us search for the solution as the sum
u(z,t) = v(z,t) + w(z,t),
where we use an auxiliary function

w(z,t) = (1 — %) Asinwt,

which satisfies the same as wu(z,t), boundary conditions, i.e., w(0,t) = Asinwt and

w(l,t) = 0. This obvious choice of w(x,t) can also be obtained from Equations (5.127),

(5.128) which give v; = 1, 8 = —1/1, 72 = 0, §3 = 1/I. For v(z,t) we arrive to the bound-

ary value problem for the nonhomogeneous wave equation with external force (5.122):
f(:z:,t) = Aw? (1 — %) sin wt,

initial conditions (5.123), (5.124):

Glx,t) =0, P(z,t) = —Aw (1 - %)

and homogeneous boundary conditions.
The eigenvalues and eigenfunctions are

2 [
M= () Ko@) =sinZE IXGIP =5 =123

From Equations (5.80), (5.81), and (5.93), we have

nmTxr 2A(A}l
n — 07 bn = * i dx = — 5 5>
a i} || TLHQ /0 '(/J (a’:) Sin I xrax 5 o

2

sin wt.

2Aw
falt) =
We can find T,,(t) by using Equation (5.96):

2Aw?l  wsinwy,t — w,, sinwt

T’n (t) = 2

am?n? w? —w?

This expression applies, when, for any n, the frequency of the external force f (z,t) is not
'nﬂ'(l

equal to any of the natural frequencies w,, = 2% of the string (i.e., w # wy, ). In this case,
the solution is

oo
. nTT
u(z,t) = w(z,t) Z t) + by, sinwpt] sin ——
(1—7)A51nwt+ QAL;}Z > %wn (wn sin;,unt —2wsinwt) sin V7T
am? f=n w? —w? l

Figure 5.15 shows the spatial-time-dependent solution u(z,t) for Example 5.9 for the
case when a? =1, 1 = 100, A = 4, w = 0.3. With these parameters the period of the main
harmonic is 21/a = 200.
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FIGURE 5.15
Graph of solutions, u(zx,t) at various times for Example 5.9.

Example 5.10 Find the longitudinal vibrations of a rod, 0 < x <[, with the left end fixed.
To the right end at z = [ the force

F(t) =Bt (A= const)
is applied starting at time ¢ = 0. The initial deflection and speed are zero. Neglect friction.
Solution. We should solve the equation
Uy = @PUgy, O0<z <, t>0
with the boundary and initial conditions
u(z,0) =0, wu(z,0)=0,

u(0,t) =0, wuy(l,t) = Bt/EA.

Assuming
u(z,t) = v(z,t) + w(z,t)

it is clear that we may choose the function w(z,t) to have the form

B
w(z,t) = ﬂxt

such that w(z,t) satisfies both boundary conditions (this choice also can be formally
obtained as explained above). For v(z,t), we obtain the boundary value problem

Vit = a2an:7
v(m,t)|t:0 = 0’ Vi (x’ t)'t:O = _Bx/EA’
v(0,t) =0, wv,(l,t) =0.
Eigenvalues and eigenfunctions of this problem are

(2n— 1w
20 7

(2n — )7z

)\n = ’
21

X (x) =sin n=123....
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FIGURE 5.16
Time-traces of solutions u(z,t) at various values of x for Example 5.10.

From Equations (5.80) and (5.81) we have

(—1)" 16BI?
EAa (2n —1)373

CLn:O, bn:

in which case the solution for v(z,t) is

v(z,t) = 164 <> (=" sin (2n — Dart sin (2n — Vmz
’ a ESG/]T3 1 (2n — 1)3 2l 2l .

Thus, the solution of this problem is

w(a,t) = Ext n 16B12 S (—1) ‘in (2n — 1)ant “in (2n — D)7z
’ N EA EACLT{'B oyt (27’7,- 1)3 2l 21 .

Figure 5.16 shows the solution u(z,t) as a function of ¢ (0 < ¢ < 500) for several values of
coordinate z for Example 5.10. This solution was obtained in the case when a? = 1, [ = 100,
E=1,A=1, B=0.0002.

5.10 The Consistency Conditions and Generalized Solutions

Let us briefly discuss the consistency between initial and boundary conditions and situations
when functions representing these conditions are not perfectly smooth. Assuming that the
solution of a boundary value problem, u(z,t), and its first derivatives are continuous on
the closed interval [0,1], the initial condition u(z,t)|,_, = ¢(x) and wu(x,t)|,_, = ¥(x) at
x =0 and z = lead to the relations

a1z + Biol,_o = 91(0),  aps + Baypl,_; = 92(0), (5.131)

and 9
7 (0),

992
E (O) .

o (5.132)

a1z + 1],_y = aothy + Botf|,_, =
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If not all of these consistency relations are satisfied, or the functions f(x,t), p(z), ¥(x),
g1(x,t), g2(x,t) and their derivatives are not continuous on the entire interval [0,1], we
still can solve a problem by the methods described above. In such cases, as well as for
real, physical problems in which these functions always have some limited precision, such
obtained solutions are generalized solutions.

A simple example is the problem of string oscillations in a gravitational field. The exter-
nal force (nonhomogeneous term) is not zero at the ends of the string and if the ends are
fixed, the boundary conditions are not consistent with the equation. But the situation is
not that bad because the formal (generalized) solution converges uniformly at any point in
the interval.

Also notice that in Example 5.4 from Section 5.6 the boundary condition wu.(0,t) = 0
and initial condition u(z,0) = Fy(l+ 1/h —x) /EA are inconsistent. This inconsistency
may lead to the non-uniform convergence of the series for derivatives.

Reading Ezercise: Solve the problem of a string oscillating in gravity field

0%u 5 0%u

=4’ —yg

ot? Oz?
if the ends are fixed and initially the string was displaced at some point from the equilibrium
position and released with zero speed. Discuss the properties of the analytical solution and
its behavior at the end of the interval. Suggest inconsistent initial and boundary conditions
and analyze the obtained (generalized) solution.

5.11 Energy in the Harmonics

Next, we consider the energy associated with the motion of the string. The kinetic energy
density (energy per unit length) of the string is

1 [(ou\’
2"\ ot
and the total kinetic energy then is

1t fou\?

Next, we determine an expression for the potential energy. If a portion of the string of
initial length dz is stretched to a length ds when displaced, the increase in length is

ou\
ds —dx = 1+(=— | —1]| d=x.
ox

In the approximation of “small vibrations” (Ou/dx < 1), this becomes

1 /0u)?

| =) dz.

2 (8:5)
Since this stretching takes place against a force of tension T, the potential energy gain on
the interval dx, which is the work done against tension, is

1 ou\
§T (81’) dx.
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Thus, the potential energy of the string is

1 2
Epot(t):%/o T(ZZ) da. (5.134)

The total energy is therefore

Brot = Eyin + B —p/l AN E A P (5.135)
tot — Lkin pot — 2 0 ot a o X, .

where we have used the fact that T = pa?.

It is easy to see (we leave the proof as the Reading Exercise), that for homogeneous
boundary conditions of Dirichlet or Neumann type (e.g., the ends of a string are rigidly
fixed or free) the derivatives of functions X, (x) are orthogonal (like the functions X, (x)

themselves):
l
dX, dXm,
dx = 0. 5.136

/0 de dx " ( )

The physical significance of this equation is that in this case the individual terms in the
Fourier series solution are independent and energy in a harmonic cannot be exchanged with
the energies associated with the other terms.

The nth harmonic is

wn(w,8) = {Ta(®) + [y (0) + buyP (1)) | Xu(2) (5.137)

(for homogeneous boundary conditions the auxiliary function w(z,t) = 0).
Its kinetic energy is

n : Ouy, 2
- [ (%)

and its potential energy is

n Oy, T 2 (lrax, \?
S (1) / (52 ) =5 [0 + a0 + 0P 0] [ (G ) de G130
0

It is evident that there are no terms representing interactions of the harmonics in either
the kinetic or potential energy expressions. The total energy of the nth harmonic is the sum
of these two energies.

Consider, as an example, free vibrations that occur in a medium without damping,

.y
2

JT, dyu) iy ,
= tan, b, X2( 1
St an— / (5.138)

0%u 0%u
In this case

To(t) =0, y(t)=cosav/It, yP(t) =sinar/Ant, (5.141)

and the kinetic energy of the nth harmonic is

2/\ 2
E,(C?Z(t) = paT" [—an sin av/Apt + by, cos av/ )\nt} 1X,11% (5.142)
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the potential energy of nth harmonic is

n T 3 2
Ez(m) (t) = 3 [an cos ay/ A\t + by, sinay/ )\nt} H p)
For boundary conditions of Dirichlet or Neumann type we have
l 2 ! 2
l dX dX Anl
Xl = [ X2t = ¢, ] n|"_ ( ) dr = = 2 (5.140)
0

dx 2
The potential and kinetic energies of a harmonic taken together give a constant, the total
energy, which is (taking into account T' = pa?)

(5.143)

n n n paAnl )\ l
B (t) = By (t) + Bl (1) = (a2 +02). (5.145)
In each harmonic, the energy oscillates between kinetic and potential forms as the string

itself oscillates. The periods of the oscillations of the string are

2

(5.146)

and those of the energy are half that value.

Reading Ezercises: We leave it to the reader to work out a few more results:

2,2

1. If both ends of the string are rigidly fixed or both ends are free, then A\, = 2
and the total energy is

2,2

B (1) = % (a2 +2). (5.147)
2. If one end of the string is rigidly fixed and the other is free, then A\, = %
and the total energy is
n 2,2 2 1 2
Eéot) (t) = patm®(2n +1)° (ai + bi) ) (5.148)

161

3. As an example of another physical system, consider energy oscillations in the RLC
circuit. Magnetic and electric energies are

L-2 2
ELZTZ and EC:OV

With i = dq/0t this gives (for a wire from 0 to 1)

_ = 9q 20 9q
E; = /L <8t> dr and E¢ = /R <8t> dz. (5.149)

Reading Exercises: Using the material described in Section 5.3.1, obtain the expressions for
these energies for boundary conditions of Dirichlet and Neumann type.

Let us use Examples 5.3 and 5.5 from Sections 5.6 and 5.7 to find the energy of a
string under various conditions. In both examples, as the Reading Fzercises, find analytical
expressions for kinetic, potential and total energies of the string as functions of time.
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FIGURE 5.17
Energies of the string for Example 5.3.
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FIGURE 5.18
Distribution of kinetic, potential and total energies in harmonics at t = 200 for Example
5.3.

In Example 5.3 (fixed ends, no external forces), the string was displaced from equilibrium
by shifting the point x = x by a distance h at time t = 0 and then released with zero initial
speed. Figure 5.17 shows the energies on the string; the following values of the parameters
were chosen: a®> =1, K =0, [ = 100, h = 6, and z¢ = 25.

Figures 5.18 demonstrate energy in harmonics at time ¢ = 200.

We may solve the same problem when the force of friction is not zero. Here we again use the
same values of the parameters and with the friction coefficient, £ = 0.001 (see Figure 5.19).

In Example 5.5 from Section 5.7, we considered a string with rigidly fixed ends and no
friction. Starting at time ¢ = 0 a harmonic force with linear density F'(x,t) = Fysinwt acts
on the string. In Figure 5.20 we present the energy graphs for the following values of the
parameters: a> = 1, K = 0, [ = 100, p = 1, Fy = 0.025, w = 0.3. Obviously, the energy is
not conserved.

Figure 5.21 represents a resonance case. As the Reading Ezxercises describe and explain
the difference between the cases presented in Figures 5.20 and 5.21.
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1 e Egin(t)  =——Epot(t) = Ew(t)
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FIGURE 5.19
Energies of the string for Example 5.3 with dissipation included.

E
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FIGURE 5.20
Energies of the string for Example 5.5.

5.12 Dispersion of Waves
5.12.1 Cauchy Problem in an Infinite Region

Let us return to hyperbolic equations in an infinite region. Is it possible to extend the
method of separation of variables to the case of an infinite region? In the case of the wave
equation,
0%u 0%u
w(l‘,t) = a2@(fﬁ,t>, (5150)
there is no need in that, because the D’Alembert’s formula (5.30) provides the full solution
of the Cauchy problem. How can we tackle more general equations? As the basic example,
let us consider the following equation with constant coefficients,
0%u ou 5 0%u
w-ﬁ-Qlia—a @—l—'yuzo, k>0, v>0. (5.151)
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h Efin(t)  =——Epo(t) —— Ew(t)

FIGURE 5.21
Energies of the string for the same values of the parameters and with a driving frequency
w = ws = 57/100.

In Section 5.6 the initial-boundary value problem for that equation was solved in a finite
spatial region. Now we define that equation in an infinite region,

—o <z <oo, t>0. (5.152)

We impose initial conditions
w(@, t)|i=o = @(x), u(z,t)|t=0 = ¥(x) (5.153)

and the boundary conditions

lim w(z,t) =0. (5.154)

z—+o0

Recall that in the case of a finite region, we presented the solution of the problem as an
infinite sum of particular solutions of a special kind, u,(z,t) = X, ()T, (¢). In the case of
an infinite region, a similar role is played by particular solutions

ug(z,t) = a(k, t)e*? (5.155)

which are spatially periodic with the period 27/k, where k is an arbitrary real number called
wavenumber. Substituting (5.155) into Equation (5.151), we obtain the following ordinary
differential equation for function a(k,t):

Lo di
T+ 2R+ (7 + k)i = . (5.156)

The general solution of Equation (5.156) is
a(k,t) = ay (k)e ™+ Wt L g (k)ew-(R (5.157)
where ay (k) are arbitrary numbers and
wi (k) = —ik + /v — K2 + a?k? (5.158)
are the roots of the dispersion relation

W (k) + 2ikw(k) — v — a®*k? = 0. (5.159)
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If v — k2 + a?k? > 0, solution (5.157) can be written as
ﬁ(k,t) — a+(k,)ei(kx—«/7—&2+a2k2t)—mt + aﬁ(k)ei(kx-i-\/7—n2+a2k2t)—r@t- (5.160)

The first term in the right-hand side of (5.160) corresponds to a wave moving to the right

with phase velocity
VY — K2+ a?k?

Uph(k) = k ’

while the second term describes a wave moving to the left with the same velocity; both
waves decay with the decay rate x. If v — k? + a?k? < 0, both terms monotonically decay
with time:

’a(k,t) —a ( ) thkx—(k—+/KZ2—y— a2k2)t ( ) ikx—(k+ nzf'yfazk?)t'

Note that functions (5.157) satisfy Equation (5.151) but do not satisfy conditions (5.153)-
(5.154).

Equation (5.151) is linear; therefore any linear combinations of solutions (5.155) with
different k are also solutions of that equation (this is the superposition principle). Because k
is changed continuously, the most general expression for the linear superposition of spatially
periodic waves (5.155) is the integral

u(z,t) = /OO a(k,t)e iks IR (5.161)

oo 2w

(the factor 1/27 is introduced for convenience). Thus, the general solution of Equation
(5.151) can be written as

o , , dk
u(z,t) = / [a+(k)e’(“*“’+(’“)t)+a_(k)ez(’”7“’*(k)t) 5 (5.162)

— 00

where a4 (k) and a_(k) are arbitrary functions of k.

Formula (5.161) shows that @(k,t) is just the Fourier tmnsform of the solution wu(z,t)
(see Appendix A). If a(k, t) is absolutely integrable, i.e., [*_|u(k,t)| & is finite, then u(x,)
satisfies condition (5.154) (see Appendix A).

Let us determine the coefficients a4 (k) that allow us to satisfy the initial conditions
(5.153). Apply the Fourier transform to both sides of (5.153):

a(k,0) = @(k), i (k,0) = (k), (5.163)
where - " . ”
o) = [ e D) = [ vtk (5.164)

Substituting (5.157) into (5.163), we find

ay(k) +a_(k) = ¢(k), —iwy(k)ay (k) —iw_(k)a_(k) = ¢,

hence

w- (k)@ (k) + it (k) _ uJ+(k)sﬁ(’~€)—i¢(1€).

(k)
“h = e Y= e )

Formulas (5.162), (5.164)-(5.165) describe the solution of problem (5.151)-(5.154). Note that
the solution u(x,t) is real, if ay (k) = a’(—k).

(5.165)
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We emphasize that wave equation (5.150) provides a unique example where the phase
velocity vp, (k) = a does not depend on k, hence all the waves with different k£ move (to
the left and to the right) with the same velocity. Therefore, their superposition (5.162)
consists of two waves moving to the left and to the right without changing their shapes.
In any other cases, different constituents of (5.162) move with different velocities and/or
decay with different rates; therefore their superposition changes its shape with time. That
phenomenon is called dispersion of waves.

5.12.2 Propagation of a Wave Train

To better understand the evolution of dispersive waves, let us consider some simple
examples.

Example 5.11 First, consider a wave moving rightwards with a definite wavenumber kg
w(x, t; ko) = ay et kor—w+(ko)t) (5.166)
which is perfectly periodic in space and time,
u(x + 2w ko, t; ko) = u(x, t; ko), w(x,t+2m/wit; ko) = u(z,t).
Note that this solution is complex; the real solution can be constructed as

u(z, t) = ul(x, t; ko) + u™(x,t; ko)
= 2|ay | cos(ko — Rewy (ko)t + arga. )e™«+ ko)t (5.167)

where
arga, = tan~ ' (Imay /Reay ).

The Fourier transform of (5.167) is

w(k,t; ko) = / u(z,t)e” *da

= 21a;.8(k — ko)e ™+t 4 2w §(k + ko)eiwr ko), (5.168)
If wy (ko) is real
u(z,t) = 2|ay|cos(kor — iw (ko)t + argay) (5.169)

describes a monochromatic traveling wave, periodic in time and space, which moves with
velocity vpn(ko) = wy(ko)/ko without changing its shape. Otherwise, it simultaneously
grows or decreases exponentially in time, depending on the sign of Imw (k).

Example 5.12 Let us consider a particular solution which is the superposition of two
monochromatic waves (5.169) with different wave numbers and equal amplitudes,

u(x,t) = 2a cos(kr1x — iwy (k1)t) + 2a cos(kex — iw (ka)t)

= 4qa cos (kl ; k2m — w+(k;1) ;w+(k2)t)

X COS (kl i kzx _ walk) £ w+(k2)t) . (5.170)

2 2
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Let k1 and ks be close: k1 = kg + Ak, ks = kg — Ak, 0 < Ak < ko; then the solution can
be written as

u(z,t) = 4acos {Ak (x _ walho + Ak;;:+(k° — Ak) t)]

% oS |:k0 (1: _ W+(k0 + Ak)24]; W+(k0 — Ak) t):| '
0

This modulated wave is a product of a rapidly oscillating carrier wave with the spatial
period [ = 27/kg, which moves with the velocity

w (ko + Ak) + wy (ko — Ak)  wy (ko)
~ = Uph(ko),
2k ko

and the long-periodic envelope function with the spatial period L = 27/Ak > [, which
moves with the velocity

wy (ko + Ak) —wy (ko — Ak)  dwy

2Ak T dk

(ko).

The latter expression,

dw +

U!JT(kO) = W(ko)a

is called group velocity. Note that
L -Ak=2r=0(1)

when Ak is small.

Of course, solutions (5.167) and (5.170) are not physically feasible: the wave can actually
occupy only a finite part of the space of a certain length Axz. As mentioned in Appendix A,
the corresponding characteristic interval Ak is connected with Ax by the relation AzAk ~ 1
which in quantum mechanics is called the uncertainty relation.

Let us consider a nearly periodic wave train moving rightwards with the Fourier trans-
form concentrated in a narrow interval of the width Ak < 1 around the mean value k.
For sake of simplicity, assume that wo (k) is real (e.g., x = 0 in Equation (5.151)). The real
solution can be written as

o0 ; dk
u(z,t) :/ a+(k)el[’”*“+(k)t]% + c.c., (5.171)

— 00

where c.c. means the expression which is a complex conjugate to the written one.

Define q = k — ko, ay (ko + q) = f(¢q) and present solution (5.171) as

U(]},O) = ei(kom—w+(ko)t) /oo f(q)eiqx—i[w+(ko+q)—w+(ko)]t;ij 1 oce
PSS T

Let us expand w, (ko + ¢) into the Taylor series:

1
w (ko + q) — wi (ko) ~ Wiy (ko)g + §wl(ko)q2 +...,

hence _
u(z,t) = etfor—w+ ko)l (2 ¢) 4 c.c.,
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0 ~ . ’ .11 2 d
I(x,t) ~ / F(@)etarm e o gminti oyt 22, (5.172)
oo T

Because the main contribution into the integral is given by the interval of |g| < Ak, one
can omit the term with w// (ko), if ¢ < [w/] ! (Ak)~2. In that case,

. oo . , d
u(w,t) ~ ez[koa:fcwr(k?o)t]‘/_ f(q)ezq(wwar(ko)t)ﬁ T ce.
_ eiko[&ﬂ—(w+(ko)/k0)t]f(m _ W;(ko)t) + ce.

Thus, the solution is a product of a rapidly oscillating carrier wave moving with the phase
velocity vpp (ko) = w(ko)/ko and the slowly changing (with the characteristic spatial scale
1/Ak > 1) envelope moving with the group velocity vy, (ko) = w', (ko). For dispersive waves
(wy (ko) # ak) these two velocities do not coincide.

At large ¢, the term with w// (ko) in (5.172) cannot be ignored. Let us calculate I(x,t)
in the point = w/, (ko)t moving with the group velocity of the wave:

e ~ 7 dq
7= 7zw+(k0)q2t7.
/m f(g)e o

In order to calculate the integral, let us carry out formally the change of variables,

2

= A\ i (ko )t

(the justification of this transformation can be done using the complex analysis). Thus,

W kio / ( ?ko) >6Z227r.

Because only the region z = O(1) gives an essential contribution into the integral, we can

replace f (z W”%W with f(0). Using the relation
+

/ e dy = Nz

— 00

we get
IO
2miw’] (ko )t
We come to the conclusion that in the case of the dispersion (w/f (ko) # 0), the intensity

of the wave decreases with time. We shall return to this phenomenon in Chapter 10 when
considering the properties of the Schrédinger equation.

5.13 Wave Propagation on an Inclined Bottom: Tsunami Effect

In the previous sections of this chapter we considered equations with constant coefficients.
It may happen however that the wave velocity depends on the coordinate. For instance, the
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velocity a of a long gravity wave in a liquid layer is determined by the relation a? = gh,
where g is the gravity acceleration and h is the layer depth. When the depth x is not
constant, h = h(x), > 0, the wave velocity a(z) = \/gh(z) is not constant as well. Using
equations of fluid dynamics, one can derive the following modification of the wave equation,

@_g 2( )@
oz ox |© oz

where u(z,t) is the deviation of the liquid surface.
Let us consider a solution of (5.173) corresponding to a wave with frequency w,

} , a®(x) = gh(x), (5.173)

u(z,t) = v(z)e™ + c.c.. (5.174)

For v(x) we obtain the ordinary differential equation (check this result as a Reading Ezer-
cise):

d*>v  h'(z) dv w?

— + ———+ ——v=0. 5.175

dz?  h(z) dz + gh(x)v ( )
Let us consider a gravity wave near the coast. Assume that the bottom slope is constant,
i.e., the depth is changed linearly,

hz) = ax, > 0.

Then we obtain,

d*>v  1dv w?
— 4+ —-——4+—2v=0 0. 5.176
dx? mdx+gaxv ) &> ( )

s= \/g (@) = w(s).

Let us apply the transformation

Substituting
5 d ds d 1 d 1d
x:28,7:7—: —:——’
dr drds 2¢/2xds 4sds
in (5.176) we obtain the Bessel equation:
dPw  ldw 8uw?
— - =0,¢=—, s>0. 5.177
gz g Tew=0 =" ( )
The appropriate bounded solution of (5.177) is
w(s) = cJo(gs),
where c¢ is a complex constant, i.e.,
u(x,t) = Jo 2—w\/5 (ce™ +cfe™™), >0 (5.178)
) \/gia ) N .

One can see that the wave amplitude grows significantly towards the coast, i.e., with
the decrease of x. That phenomenon, called tsunamsi effect, can be explained qualitatively
in the following way. The wavelength of the wave, A(z) = 2wa(x)/w, decreases when the
wave moves towards the coast, i.e., the wave is compressed in the horizontal direction. The
conservation of the water volume leads to the growth of the wave in the vertical direction.

Actually, everybody has observed that phenomenon when being on a beach: near the
coast, the waves are higher than far in the sea. In the case of long waves created far in the
ocean by an earthquake, that effect can lead to a catastrophic tsunami.
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Problems

Write an analytical solution, representing the motion of a string (a rod, etc.). Solve these
problems analytically which means the following: formulate the equation and initial and
boundary conditions, obtain the eigenvalues and eigenfunctions, write the formulas for coef-
ficients of the series expansion and the expression for the solution of the problem.

The reader can also obtain the graphs of eigenfunctions and illustrate the spatial-time-
dependent solution w(z,t) with Maple, Mathematica or software from books [7, §].

When you choose the parameters of the problem and coefficients of the functions (ini-
tial and boundary conditions, and external forces) do not forget that the amplitudes of
oscillations should remain small. All the parameters and the variables (time, coordinates,
deflection u(x,t)), are considered to be dimensionless.

Infinite strings

In problems 1 through 4 an infinite stretched string is excited by the initial deflection
u(z,0) = p(x) with no initial velocities.
Find the vibrations of the string.

A
Lowlo) =g

2. o(x) = Ae=B7*,

AP ==?),  zel-Ll],
3. ela) = {0, v [-1,1].
) Asin®F, x € [=1,1],
A ple) = {07 l v [-11].

In problems 5 through 8 an infinite stretched string is initially at rest. Assume at time t = 0
the initial distribution of velocities is given by u:(z,0) = ¥(z).
Find the vibrations of the string.

A

6. ¥(z) = Aze B

) vo =const, x € [—1,1],
7. )= {0, xd [-1,1].

NEZ x € [-1,1],
8. vla)= {o, e [-11].

9. Let an infinite string be at rest prior to t = 0. At time ¢ = 0 it is excited by a
sharp blow from a hammer that transmits an impulse I at point x = xg to the
string.

Find the vibrations of the string.

10. Consider an infinite thin wire with resistance R, capacitance C, inductance L and
leakage G distributed along its length. Find the electrical current oscillations in
a circuit if GL = CR. For the following initial voltage and current in the wire
2

V(2,0) = fi(z) = e, i(2,0) = falz) =e " .

find electrical voltage oscillations in the wire.
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Loaded infinite string

Find the solutions of the following initial value problems.

11.
12.
13.
14.
15.

Ut — Uge = cOsz, u(x,0) =cosz, u(z,0)=1.

Ut — Uz = 28int, u(x,0) =cosz, u(z,0)=1.

Upt — Uge =  + cost, u(z,0) =sinz —1, wu(z,0)=cosz.

Upp — Ugy = — tanh®(z/v/2) cost, u(x,0) = tanh(x/v/2), wu(z,0) = 0.
Upt — Uge = H(x) — H(x — 1), where H(z) is the Heaviside function;
u(z,0) = u(x,0) = 0.

Transverse oscillations in finite strings

Problems 16 through 39 refer to uniform finite strings with the ends at « = 0 and « = [.
In problems 16 through 20 the initial shape of a string with fixed ends is u(x,0) = ¢(z),
the initial speed is u(x,0) = ¢ (z). External forces and dissipation are absent. Find the
vibrations of the string.

16.

17.
18.

19.

20.
21.

22.

o(z) = Az (1 - %) , Y(z)=0.

o(z) = Asinﬁl—x7 P(x) = 0.
e(x) =0, (x)=uvy= const.

pla) =0, () = Tall ~ )

B
o(z) = Az (1 — %) , U(x)= Tx(l —x).
A string with fixed ends is displaced at point x = x¢ by a small distance h from
equilibrium and released at ¢ = 0 without initial speed. No external forces or
dissipation act. Describe the string oscillations. Find the location of zg so that
the following overtones are absent: a) 3'%; b) 5t1; ¢) 7th.

A string with fixed ends is displaced at point x = x¢ by a small distance h from
the x axis and released at ¢t = 0 without initial speed. Find the vibrations of the
string if it vibrates in the constant gravitational field g, and the resistance of a
medium is proportional to speed.

In problems 23 through 27 the end at x = 0 of a string is fixed while the end at x = [
is attached to a mass less ring that can slide along a frictionless rod perpendicular to the
z axis such that the tangent line to the string is always horizontal. The initial shape and
speed of the string are u(z,0) = ¢(x) and us(z,0) = tp(x). No external forces act except
that the surrounding medium has a resistance with coefficient . Find string oscillations.

23.

24.
25.
26.

X

L,D(LL') = A?? w(m) = 0.
o(z) = Asin o P(x) =0.

o(x) =0, ¥(x)= vy = const.

olx) =0, (z)= Az (1—%).
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27. o(x) = Ax (1 - %), P(x) = vg cos %

28. The ends of a string are rigidly fixed. The string is excited by the sharp blow
of a hammer, supplying an impulse I at point xy. No external forces act, but
the surrounding medium supplies a resistance with coefficient . Find the string
oscillations.

In problems 29 through 32 the ends of a string are rigidly fixed. An external force F'(t)
begins to acts at point xy at time ¢ = 0. Find the string oscillations in a medium with
resistance coefficient . The zero initial conditions are zero.

29. F(t) = Fysinwt.
30. F(t) = FO cos wt.
31. F(t) = At gin wt.

32. F(t) = Foe ¢ coswt.

In problems 33 through 36 the ends of a string are rigidly fixed. The initial conditions
are zero with no resistance. Starting at time ¢ = 0 a uniformly distributed force with linear
density f(x,t) acts on the string. Find oscillations of the string.

33. f(z)= Ax(x/l — 1).
- ft)

flz,t) = (x/l — 1) sinwt.
36. f(xz,t) = Az(x/l — 1) coswt.

\

In problems 37 through 39 the left end, z = 0, of a string is driven according to u(0,t) =
g1(t), the right end, = [, is fixed. Initially the string is at rest.

Find oscillations of the string when there are no external forces and the resistance of a
medium is zero. Find the solution in the case of resonance.

37. g1(t) = Asinwt.

38. g1(t) = A(1 — coswt).

39. ¢1(t) = A(sinwt + coswt).

Longitudinal oscillations in rods

In problems 40 through 42 starting at ¢ = 0 the end of a rod at = 0 is moving horizontally
according to u(0,t) = g(t) and an external force F' = F(¢) is applied to the end at = = [ along
the axis. Assume zero initial conditions and an embedding medium which has a resistance
proportional to speed. Describe the oscillations u(z, t) of the rod.
Hint: The equation and the boundary conditions are:
U + 26U — 6% uge = 0,
u(z,0) =0, wu(z,0)=0,
w(0,8) = g(t), ua(l,t) = F(t)/EA,
40. F(t) = Fo(1 —coswt), g(t) = go-
41. F(t) = Fo, g(t) = gosinwt.
42. F(t) = Fpe Atsinwt, g(t) = gosinwt.
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FElectrical oscillations in circuits

In problems 43 through 47 a conductor of length [ is perfectly insulated (G = 0) and R, L
and C are known. Current at ¢t = 0 is absent and the voltage is V(x,t)[,_, = V(x). The
end at x = 0 is insulated and the end at z = [ is grounded. Find the current i(zx,¢) in the
wire.
43. V(z) = Vpsin ?
T
M. Viz) =V, (1 — cos T) .
45. V(z) = Vox(l — x).
S (N
(x—1/2)2+ A
47. V(x) = Voexp [—A(z —1/2)?].

46. V(x)=

In problems 48 through 50 initially the current and voltage in an insulated (G = 0)
conductor are zero. The left end at = = 0 is insulated; the right end at « = [ is attached to
a source of emf E(t) at t = 0. The parameters R, L, G and C are known. Find the voltage
V(z,t) in the wire.

48. E(t) = Eysinwt.

49. E(t) = Eo(1 — coswt).

50. E(t) = Eo(sinwt + coswt).

Dispersive waves

51. The evolution of the complex wavefunction u(z,t) of a quantum particle is gov-
erned by the (non-dimensional) Schrodinger equation

iut:—ium, —co<zx<oo, t>0.

(a) find the dispersion relation, phase and group velocities of waves;
(b) find the exact solution of the equation with initial condition u(z,0) = d(z);
(c) find the exact solution of the equation with initial condition

u(z,0) = exp(—2? + ikox).

52. The evolution of small-amplitude long water waves is governed by the linear
Korteweg-de Vries equation

Ut + Upze =0, —00< <00, t>0.

(a) find the dispersion relation, phase and group velocities of waves;
(b) find the exact solution of the equation with initial condition u(x,0) = §(x).

Hint: use the Airy function described in Appendix B.
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One-Dimensional Parabolic Equations

In this chapter we consider a general class of equations known as parabolic equations, and
their solutions. We start in Section 6.1 with two physical examples: heat conduction and
diffusion. General properties of parabolic equations and their solutions are discussed in
subsequent sections.

6.1 Heat Conduction and Diffusion: Boundary Value Problems
6.1.1 Heat Conduction

Heat may be defined as the flow of energy through a body due to a difference in tempera-
ture. This is a kinetic process at the molecular level and it involves energy transfer due to
molecular collisions. We introduce the equations which model heat transfer in solids where
there is no macroscopic mass transfer.

Heat flow through a solid due to a temperature change is assumed to obey the linear
heat flow equation established by Fourier:

qd=—rVT. (6.1)

Here ¢'is the heat flux (or current density) which is the heat (or energy) that flows through
a unit cross-sectional surface area of the body per unit time. The quantity VT is the
temperature gradient (the difference in temperature along a line parallel to the flux) and
the coefficient k is called the thermal conductivity.

Functions ¢'and T are also connected by the continuity equation:

oT

where p is the mass density of medium and c is its heat capacity.
Equation (6.2) may be stated as:

The amount of heat (or energy) obtained by a unit volume of a body during some unit
time interval equals the negative of the divergence of the current density.

Using the relation
div @ = div [~k VT] = —k VT,

Equations (6.1) and (6.2) lead to the heat conduction equation given by

aT
5= XV2T. (6.3)

The coefficient x = x/cp is called the thermal diffusivity.

99
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In a steady state — for instance with the help of some external heat source — the tem-
perature in the solid becomes time independent and the heat equation reduces to Laplace’s
equation given by

VT = 0. (6.4)

If @ is the rate at which heat is added (or removed) per unit time and unit volume, the
heat conduction equation becomes

ar
ot

Q

= VT + = (6.5)
pc

6.1.2 Diffusion Equation

Diffusion is a mixing process which occurs when one substance is introduced into a second
substance. The introduced quantity, by means of molecular or atomic transport, spreads
from locations where its concentration is higher to locations where the concentration is
lower. Examples include the diffusion of perfume molecules into a room when the bottle is
opened and the diffusion of neutrons in a nuclear reactor. Given sufficient time, diffusion will
lead to an equalizing of the concentration of the introduced substance. We may imagine
situations, however, where equilibrium is not reached. This could occur, for example, by
continually adding more of the introduced substance at one location and/or removing it at
another location.

For low concentration gradients, diffusion obeys Fick’s law in which the current den-
sity of each component of a mixture is proportional to the concentration gradient of this
component:

I'=—DVe. (6.6)

Here I is the current density, and D is the diffusion coefficient. The case I = const. corre-
sponds to steady-state diffusion where a substance is introduced and removed at the same
rate.

Let us derive an equation that describes changes of concentration of the introduced
substance. The continuity equation

dc

ot

is a statement of conservation of mass:

+divI=0 (6.7)

Any increase in the amount of molecules in some volume must equal the amount of
molecules entering through the surface enclosing this volume.

Substituting I from Equation (6.6) we obtain the diffusion equation

— = DVZc. 6.8
py c (6.8)
If the introduced substance is being created (or destroyed) — for example in chemical

reactions — we may describe this action by some function f of time and coordinates on the
right side of the continuity equation. The diffusion equation then takes the form

Jc

— =DV?c+f. 6.9
e ct+f (6.9)
If we now compare Equations (6.8) and (6.9) to Equations (6.3) and (6.5) we see they
are identical parabolic equations: (6.3) and (6.8) are homogeneous and (6.5) and (6.9) are
nonhomogeneous.
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6.1.3 Omne-dimensional Parabolic Equations and Initial and Boundary
Conditions

We start by considering the boundary value problem on the bounded interval [0,!] for the
one-dimensional heat conduction equation (we use “heat terminology” just for convenience)
in its most general form

0 02 0
u—aQ—quf

S =5 Y it f(at) (6.10)

oz

The term linear in u in the heat equation can appear ([7]) if one considers the possibility
of heat exchange with the environment in the case when the lateral surface of the body is
not insulated. In the diffusion equation such a term appears if the diffusing substance is
unstable in the sense that particles may disappear (such as an unstable gas or a gas being
absorbed) or multiply (as with neutron diffusion). If the rates of these processes at each
point in space are proportional to the concentration, the process is described by

— = DV?c+ B, (6.11)

where D > 0, 3 is the coefficient of disintegration (8 < 0) or multiplication (8 > 0).

The term with u, can appear, for instance, if one considers the possibility of a diffusing
substance participating in the motion of the material in which it is diffusing (which can be
a fluid or gas). Suppose the fluid and diffusing substance flow along the z-axis with velocity
v. Selecting the element (x, 2 + Axz) and considering the amount of substance which flows
through cross-sections at z and x + Ax due to diffusion as well as fluid motion we arrive
to an equation that includes the first derivative of ¢ with respect to z in addition to the
second derivative:

dc 0?%c dc
ot~ To22 o

Knowledge of the initial temperature distribution means that, at time ¢t = 0, the initial

condition is

(6.12)

w(z,0) =p(z), O0<z<l, (6.13)

where ¢(x) is a given function.

Boundary conditions can be specified in several ways.

1. Dirichlet’s condition

The temperature at the end x = a (here @ = 0 or [) of the bar changes by a
specified law given by

u(a,t) = g(t), (6.14)
where ¢(t) is a known function of time ¢ In particular, g is constant if the end of
the bar is maintained at a steady temperature.

2. Neumann’s condition

The heat current is given at the end & = a of the bar in which case

__ o
1= "Foz
This may be written as
ou
— =g(t 6.15
5 g(t), (6.15)

r=a
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where ¢(¢) is a known function.

If one of the ends of the bar is insulated, then the boundary condition at this end

takes the form
ou

gz = 0. (6.16)

a

3. Mixed condition

In this case the ends of the bar are exchanging heat with the environment which
has a temperature, 6. Actual heat exchange in real physical situations is very
complicated but we may simplify the problem by assuming that it obeys Newton’s
law, ¢ = H(u — 0), where H is the coefficient of heat exchange.

Thus, in the case of free heat exchange, the boundary conditions at the x = a
end of the rod have the form

@ﬂ:hu

o =9(t) (6.17)

T=a

with given function ¢(¢) and h = const.

It may also be the case that the external environments at the ends of the bar are
different. In this case boundary conditions at the ends become

/{SAt% = Hy[ul,_y—01],
5 v=0 (6.18)
u

—K,SAtaim - = H2 [u‘z:l — 92] 5

where the temperatures of the environment at the left and right ends, 6; and
05, are considered to be known functions of time. In the simplest case they are
constants.

In general, the boundary conditions are

0
Pl =i+ By = i),
xz =0
5 (6.19)
u
Pg[u] = aga =+ BQU - = gg(t)

At the end z = 0 when a; = 0 we have Dirichlet’s condition, when 8; = 0 we have
Neumann’s condition, and when both constants iy and 1 are not zero we have the
mixed condition (clearly the constants «; and 31 cannot be zero simultaneously).
The same holds at the end x = [. As we have discussed in Chapter 4, physical
limitations most often lead to the restrictions /81 < 0 and as/B2 > 0 for the
signs of the coefficients in boundary condition (6.19).

Now let us show how Equation (6.10) with the help of a proper substitution can be
reduced to the equation without the term with Ju/0z.
Substituting
u(z,t) = e"*o(z,t),

where p = —¢/ (2a?) into Equation (6.10) yields the equation

Ov 5 0%

Eza @—ﬁv—l—f(x,t),
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where )

T=at g et = e ).

The initial condition for the function v(z,t) has the form
v(z,0) = ¢(x)

with @(x) = e #p(x). Boundary conditions for the function v(z,t) are as follows:

o - o - )
Py = 0116*2 + B =q(t), Pv]= azaf:; + fov = §a(t),
=0

=l

where ~ ~
Br=B1+pu-ar, Bo=Potp as Got)=e " gt

(check these results as Homework). Keeping in mind this result, in future calculations we
will consider a parabolic equation without the term with du/0x.

We have focused here on the heat conduction equation because the associated terminol-
ogy is more concrete and intuitively fruitful than that for diffusion. But because the diffusion
and heat conduction equations have identical forms, the solutions to diffusion problems can
be obtained by a trivial replacement of D and ¢ by x and 7. The boundary condition in
Equation (6.14) corresponds to the concentration maintained at the ends, condition (6.15)
corresponds to an impenetrable end, and condition (6.17) corresponds to a semi-permeable
end (when diffusion through this end is similar to that described by Newton’s law for heat
exchange). An analogue from chemistry is the case of a reaction on the boundary of a body
when the speed of reaction, i.e. the speed of creation or absorption of one of the chemical
components, is proportional to the concentration of this component.

Let us briefly notice the uniqueness of the solution of the heat conduction equation under
the conditions in Equations (6.12), (6.13) and (6.19) and the continuous dependence of this
solution on the right-hand terms of the boundary and initial conditions. This material and
the important principle of the mazimum we discuss in Section 6.7.

6.2 The Fourier Method for Homogeneous Equations

Let us first find the solution of the homogeneous equation

ou 5, 0%u
5= Vg O<z<l, t>0, (6.20)
which satisfies the initial condition
u(z, t)],—g = o(x) (6.21)
and has homogeneous boundary conditions
0 0
Piu) = ala—z + Bru » =0, Pu]= aga—z + Bou . = 0. (6.22)

Notice that the linear parabolic equation (6.20) has no solutions in the form of propagating
waves, f(x £ at), like hyperbolic equations have.
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The Fourier method of separation of variables supposes that a solution of Equation
(6.20) can be found as a product of two functions, one depending only on z, the second
depending only on t:

u(z,t) = X(z) T(t). (6.23)

Substituting Equation (6.23) into Equation (6.20) we obtain
X(z) [T'(t) +9T(t)] — a®* X" (z)T'(t) = 0.
The variables can be separated and denoting a separation constant as —\, we obtain

T'(t) +9T(t) _ X"(x)

T X = - (6.24)

Thus Equation (6.24) gives two ordinary linear homogeneous differential equations, a first
order equation for function T'(¢):

T'(t)+ (a®X+7)T(t) =0 (6.25)
and a second order equation for function X (z):
X"(z)+ A X(z) =0. (6.26)

To find the allowed values of A we apply the boundary conditions. Homogenous bound-
ary condition (6.22) imposed on wu(z,t), yields homogeneous boundary conditions on the
function X (x) given by

ole' + 51X|120 = 0, O(QX/ + B2X|$:l =0. (627)

Thus, we obtain the Sturm-Liouville boundary problem for eigenvalues, A, and the corre-
sponding eigenfunctions, X (z). As we know from Chapter 4, there exist infinite sets of the
real non-negative discrete spectrum of eigenvalues {)\,,} and corresponding set of eigenfunc-
tions { X, (x)} (clearly A = 0 is also possible if 51 = 82 = 0).

As we obtained in Chapter 4, the eigenvalues of the Sturm-Liouville problem stated in
Equations (6.26) and (6.27) are

An = (%)2 (6.28)

where p,, is nth non-negative root of the equation

(a1 fa — aofr)lp
tan pu = .
a pragog + 126152

The corresponding eigenfunctions can be written as

1 .
Xn(x) = \/ﬁ [al\/xcos \/Ex — [ sin \/Ex} . (6.30)

Now consider Equation (6.25). It is a linear first order differential equation and the
general solution with A = A, is

(6.29)

T (t) = Cpe™ (@ Ant)t, (6.31)

where C), is an arbitrary constant. Non-negative values of ), are required so that the
solution cannot grow to infinity with time. Now we have that each function

U (7,) = Tpy () Xn(z) = Cre™ @At X, (1)
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is a solution of Equation (6.20) satisfying boundary conditions (6.22). To satisfy the initial
conditions (6.21), we compose the series

u(a,t) = Y Cpe” @AY, (), (6.32)

n=1

If this series converges uniformly as well as the series obtained by differentiating twice by
z and once by ¢, the sum gives a solution to Equation (6.20) and satisfies the boundary
conditions (6.22). The initial condition in Equation (6.21) gives

uli—g = p(x) = Y Cr Xy (@), (6.33)
k=1

where we have expanded the function ¢(z) in a series of the eigenfunctions of the boundary
value problem given by Equations (6.26) and (6.27).

Assuming uniform convergence of the series (6.32) we can find the coefficients C,,. Mul-
tiplying both sides of Equation (6.33) by X, (), integrating from 0 to [ and imposing the
orthogonality condition of the functions X, (z), we obtain

1
Cy, = ||X1n||2/o o(x) X, (x)de. (6.34)

If the series (6.32) and the series obtained from it by differentiating by ¢ and twice differ-
entiating by z are uniformly convergent then by substituting these values of coefficients,
C, into the series (6.32) we obtain the solution of the problem stated in Equations (6.20)
through (6.22).

Equation (6.32) gives a solution for free heat exchange (heat exchange without sources of
heat within the body). It can be considered as the decomposition of an unknown function,
u(x,t), into a Fourier series over an orthogonal set of functions { X, (z)}.

Let us substitute (6.34) into (6.32). Changing the order of summation and integration
(that is allowed due the uniform convergence), we obtain:

l
u(z, t) = / ol &, ) p(E)de, (6.35)

where -
g(@,&t) = X”fﬁ())i’;(g) e~ (@A)t (6.36)
n=1 n

Note that u(z,0) = ¢(x), therefore, g(z,,0) in (6.35) should be equal to §(x —&). That
means that
X (2)Xn(€)
— 2 =§(x —§). (6.37)
P o
Actually, this completeness relation is correct for an arbitrary complete set of eigenfunctions
of a Sturm-Liouville problem (see Chapter 4).

Example 6.1 Let zero temperature be maintained on both the ends, x = 0 and = = [,
of a uniform isotropic bar of length [ with a heat-insulated lateral surface. Initially the
temperature distribution inside the bar is given by

l
%uo for 0<a< ok
u(z,0) = plx) =
l—x l
ug for <z <l

2
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where ug = const . There are no sources of heat inside the bar. Find the temperature
distribution for the interior of the bar for time t > 0.

Solution. The problem is described by the equation

Ou 5 0%u

—=a"7, 0 l.

ot ¢ a2 Srs

with initial and boundary conditions (in this Example they are consistent)
u(z,0) = p(x), u(0,t) =u(l,t)=0.

The boundary conditions of the problem are Dirichlet homogeneous boundary conditions,
therefore eigenvalues and eigenfunctions of problem are

nm\ 2 . nmx , 1
)\n—<T), Xn(x)—smT, [ X5 =3 n=123,...

Equation (6.34) gives:

Ch

2/l (ac)sin@dac—élﬂsinn—7T
U Jo 7 l  n2p2 2
0, n = 2k,
= dug b k=1,2,3,...

Hence the distribution of temperature inside the bar for some moment is described by the
series - i
4dug -1 _a?ee-12<2 ., (2k — 1)7x
u(x,t) = ?Z (2(16_)1)26 o tsm%.
k=1
Figure 6.1 shows the spatial-time-dependent solution w(x,t). This solution was obtained
for the case when [ = 10, ug = 5 and a? = 0.25. All parameters are dimensionless. The
dark gray line represents the initial temperature, black line is temperature at time ¢t = 100.
The gray lines in between show the temperature evolution within the period of time from
0 until 100, step At = 2. The series for the solution converges rather rapidly because of the
exponential factor.

u
A ) - p(x)
/2\\ - u(x,100)
24 / \\'\\
y \
\\
) N\
\\\\\‘ .
1 N\
V £ \,
/ \
V4 \
) \
0 T T T T X
2 4 6 8 10

FIGURE 6.1
Solution u(z,t) for Example 6.1.
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Clearly the approach to equilibrium (the time for temperature fluctuations to decay) is
governed by the factor exp[—(a?\, + 7)t].

As a Reading Ezxercise, choose values of parameters in real physical units and estimate
how much time it takes to reach equilibrium for different materials and for samples of
different size. Make sure that the answers are physically reasonable.

Example 6.2 Consider the case when the ends, = 0 and = = [, of a bar are ther-
mally insulated from the environment. The lateral surface is also insulated. In this case the
derivatives of temperature with respect to z on the ends of the bar equal zero. Initially the
temperature is distributed as in the previous example:

l
%uo for O<x§§,
p(z) =
i for £<ac<l
I U 2 )

where uy = const . Sources of heat are absent. Find the temperature distribution inside the
bar for ¢ > 0.

Solution. We are to solve the equation

ou 5 0%u
a =a @, O<z<l
with initial and boundary conditions
ou ou
= —_ t = - l t == U.
u(@,0) = pla),  SE(0,0) = 22(1,0) = 0

Notice that the initial and boundary conditions in this case are not consistent (they are
contradictory); in such situations we can only obtain a generalized solution. The boundary
conditions of the problem are Neumann homogeneous boundary conditions. The eigenvalues
and eigenfunctions are (see Chapter 4):

nm\2 nmx 9 l n =20, B
)\nf(7>, Xa(a) = cos 715, [|X| {1/2, noo =012

Having applied Equation (6.34), we obtain

1/2 l
Ug Ug
= — d l—x)dz| = —
Co 12 [/o * er/z/z( =) x] 4’

9 1/2 9 1
Cn:ﬂ/ xcos@dx—i—ﬂ/ (l—x)cos@dx
2 Jy l 2 Jis l

0, n=2k—1,
k=1,2,3,...
(%) k ) Ly 9y
) [(—l) — 1] , n=2k
Thus the only nonzero C,, are those for which n = 2k with k =2m+1, m =0,1,2,...
n = 4m + 2; so we have

C - 2’&0
2T om 4 1)2a2”
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u
A 9(x)
/ —_ u(x,50)

FIGURE 6.2
Solution, u(z,t), for Example 6.2.

Finally, the temperature distribution inside the bar for some moment is expressed by
the series

uo  2ug 1 _ 4m+2)2a2x2 . (4m + 2)7x
=7 2 @yt ¢ s
m=0
At x =1/4 and x = 31/4 all cosine terms equal zero, hence at these points u = ug/4 for
any t > 0. It is also clear that

: 1
/ u(z, t)dr = —upl.
0 4

Notice that this area (the definite integral) is proportional to the amount of energy (heat) in
the bar. The insulated ends of the bar correspond to a graph of u(x,t) which has horizontal
tangents at x = 0 and © = [. As t — oo the first term of the series dominates. From this
and from physical considerations we conclude that ©w — ug/4 as t — oc.

Figure 6.2 shows the space-time dependent solution u(z,t). This solution was obtained
for the case when [ = 10, ug = 5 and a® = 0.25. All parameters are dimensionless. The dark
gray line represents the initial temperature; the black line is temperature at time ¢ = 50.
The gray lines in between show the temperature evolution within the period of time from
0 until 50, step At = 2.

Example 6.3 Consider the situation where heat flux is governed by Newton’s law of cooling
and a constant temperature environment occurs at each end of a uniform isotropic bar of
length [ with insulated lateral surface. The initial temperature of the bar is equal: uy =
const. Internal sources of heat in the bar are absent. Find the temperature distribution
inside the bar for ¢ > 0.

Solution. We need to solve the equation

ou 5 0%u
— =a"—=, 0 I, t>0
o = Vo 0<z<l t>
for the initial condition
u(z,0) = ug

and boundary conditions

ou ou
8?(0,15) — hu(0,t) =0, %(l,t) + hu(l, t) = 0.
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2hlp
AY uz _nr

FIGURE 6.3
Graphical solution of the eigenvalue equation for Example 6.3.

Obviously, as in the previous example, we can only obtain a generalized solution.
The boundary conditions of the problem are mixed homogeneous boundary conditions,
so eigenvalues are
\o— (H)? _
- (T) . n=1,23,...
where p, is the nth root of the equation tan y = % Figure 6.3 shows curves of the

two functions, y = tan u and y = %, plotted on the same set of axes. The eigenvalues

are the squares of the values of p at the intersection points of these curves divided by
length .
Each eigenvalue corresponds to an eigenfunction

1 .
Xn(z) = W [\/xcos \/Esc + hsin \/Ex}

with the norm || X,,||* = % + )\7%
Figure 6.4 shows the first four eigenfunctions of the given boundary value problem.

I;x

Xi(x)

X,(x)

0.5-
0
-0.5 Xu(x)
14 x
0 2 4 6 8 10

FIGURE 6.4
Eigenfunctions X (x) through X4 (z) for Example 6.3.
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u o(x)
3 — u(x,100)
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FIGURE 6.5
Solution u(z,t) for Example 6.3.

Applying Equation (6.34) we obtain

1 l
o= e Jy T [VAncos Vo hsin ] s

2w/ TR [ — —
= m |:Sln )\nl — \/E (COS )\nl - 1>:| .

Hence the temperature distribution inside the bar for some moment of time is expressed by
the series

oo 2 1
u(z,t) = Che @Mt |\ /A, cos \/ Az + hsin v/ Az | .

Figure 6.5 shows the spatial time-dependent solution u(x,t) for Example 6.3. This solution
was obtained for the case when | = 10, ug = 5 and a? = 0.25. All parameters are dimen-
sionless. The dark gray line represents the initial temperature; the black line is temperature
at time ¢t = 100, step At = 2.

In this example the boundary and initial conditions do not match each other; as a result
at t = 0 the temperature, u(x,0), given by the solution in the form of an eigenfunction
expansion does not converge uniformly. The convergence is poor at points close to the
ends of the rod and the solution appears to have unphysical oscillations of temperature
initially. Increasing the number of terms in the series smoothes these oscillations at all
points except the ends — this is the Gibbs phenomenon which is discussed in Appendix A.
These oscillations do not occur physically and, in fact, they disappear from the solution
for any finite time ¢ > 0 in which case u(x,t) converges rapidly to a physically reasonable
result.

Next, let us give an example of the solution of a BVP with Laplace transform.

Example 6.4 The heat propagation in a semi-infinite rod is governed by the heat equation,
Uy = ot2um7 x>0, t>0.

Initially, the temperature of the rod was u;. At t = 0, the temperature at the left end
suddenly becomes equal to ug # u1. Thus, the initial condition is u(x,0) = uy, the boundary
conditions are u(0,t) = ug, |u(oo,t)| < oco. Find u(z,t) for t > 0.
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Applying the Laplace transform (Appendix A) to the equation we obtain
pi(z,p) = a*lps(z,p).
This ordinary differential equation with boundary conditions
(0, p) = uz/p, |i(o0, p)| < oo

has the solution

w(z,p) = & 4 Y27 WM —oyp/a
p p

The inverse Laplace transform gives (see the Table of LT in Appendix A).

u(z,t) = uy + (ug — uy )erfe <2;‘"ﬁ> .

6.3 Nonhomogeneous Equations

First, let us consider an example of a nonhomogeneous equation with a simple right side:

U — a2 Uugy = COS ?, t>0, (6.38)
u(z,0) =0, wu(z,0)=0, (6.39)
ug(0,t) = uz(l,t) =0, t>0. (6.40)

Similarly to the example considered in Chapter 5, Section 5.8, we apply the Laplace
transform to Equation (6.38) while taking into account the initial conditions (6.39):

1
pﬂ(l‘,p) - azr&xw(xJ)) = — COS ?,
p

or
" D . 1 T
lig (2, p) — aﬁu(xvp) = " pa? cos 7~ (6.41)

The solution of (6.41) satisfying the boundary conditions

@(0,p) = a(l,p) =0, (6.42)
oy L me (UN[L p ]
Wop) = plp + (ma/1)?] l <7ra> [p p+ (Wa/l)Q]} 1

Taking the inverse Laplace transform (see the table in Appendix A), we obtain

e (L) {1 o [0 e

Now consider the general form of the nonhomogeneous linear equation

ou 5 0%u

%% e —yu+ f(z,t), (6.43)
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where f(z,t) is a known function, with initial condition
u(z,t)]—g = ¢(x) (6.44)
and homogeneous boundary conditions
Pilu] = ajuy + fiul,_y =0, Plu] = apuy + foul,_, = 0. (6.45)
To start, let us express the function u(z,t) as the sum of two functions:
u(x,t) = uy (z,t) + ua(z, t),

where wuj(x,t) satisfies the homogeneous equation with the given boundary conditions and
the initial condition:

ouq 9 0%y
ot = o2 Yu1,
uy(z,t)|,— = ¢(2),
Pilug] = oqur, + fruil|,_o =0,  Polui] = aguy, + four|,_, = 0.

The function uy(z,t) satisfies the nonhomogeneous equation with zero boundary and initial

conditions:
a’LLQ - 2821@

5 =9 gz T + flz,y), (6.46)
uz(z, 1)}y = 0, (6.47)
Pilug] = arug, + frugl,_o =0, Palug] = agug, + Bous|,_, = 0. (6.48)

The methods for finding us(z,t) have been discussed in the previous section; therefore
here we concentrate our attention on finding the solutions us(z,t). As for the case of free
heat exchange inside the bar let us expand function us(x,t) as a series

ug(,t) =Y Tn(t) X (), (6.49)

where X,,(z) are eigenfunctions of the corresponding homogeneous boundary value problem
and T,,(t) are unknown functions of t.

Boundary conditions in Equation (6.48) for ug(x,t) are valid for any choice of functions
T,.(t) (when the series converge uniformly) because they are valid for the functions X,, ().
Substituting the series (6.49) into Equation (6.46) we obtain

S TH®) + (020 +7) Tu(t)] Xn(z) = f(a,1). (6.50)

Using the completeness property we can expand the functionf(x,t), as function of z,
into a Fourier series of the functions X, (z) on the interval (0,/) such that

Fa,t) =" fult)Xn (). (6.51)
n=1
Using the orthogonality property of the functions X, (z) we find that

Fult) = IXillg /0 )X (). (6.52)
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Comparing the two expansions in Equations (6.50) and (6.51) for the same functionf(z,t)
we obtain a differential equation for the functions T, (t):

T (1) + (a®An +9) Tu(t) = fult)- (6.53)

In order that us(z,t) given by Equation (6.49) satisfies the initial condition (6.47) it is
necessary that the functions T,,(¢) obey the condition

T,,(0) = 0. (6.54)

The solution to the ordinary differential equation of the first order, Equation (6.53), with
initial condition (6.54) can be represented in the integral form

T,(t) = fn( Je~ (@ AntNE=T) g, (6.55)

or

/ fu(M)Y,(t — 7)dT, where Y, (t—71)= e (@ Ant)(t=7)

Thus, the solution of the nonhomogeneous heat conduction problem for a bar with
boundary conditions equal to zero has the form

o0

u(z, t) = ui(x,t) + ua(z,t) Z [ )+ Ch e~ (@At X (x), (6.56)

where functions T,,(t) are defined by Equation (6.55) and coefficients C,, have been found
earlier when we considered the homogeneous heat equation.

Example 6.5 A point-like heat source with power @) = const is located at xg (0 < z¢ <)
in a uniform isotropic bar with insulated lateral surfaces. The initial temperature of the bar
is zero. Temperatures at the ends of the bar are maintained at zero. Find the temperature
inside the bar for ¢t > 0.

Solution. The boundary value problem modeling heat propagation for this example is

ou 282u Q
5 =@ 5 + pé(m—xo)

u(z,0) =0, wu(0,t)=u(l,t)=

where §(z — ) is the delta function.
The boundary conditions are Dirichlet homogeneous boundary conditions, so the eigen-
values and eigenfunctions of problem are

nm\ 2 . nmx l
An = (7) , Xp(z) = sin 7% ||Xn||2:§

=1,2,3,...).
l l (n ) 737 )

In the case of homogeneous initial conditions, ¢(z) = 0, we have C,, = 0 and the solution
u(zx,t) is defined by the series



114 Partial Differential Equations: Analytical Methods and Applications
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FIGURE 6.6
Solution u(z,t) for Example 6.5.

where f,, and T, are defined by Equations (6.52) and (6.56):

2 [ 9

fn(t) = A %5(17 — o) sin nlﬂdaz = gsin mrl:codx’
2Ql — n2a212¢/12 . hmxo
To(t) = s (1= ) sin 20

Substituting the expression for T),(t) into the general formulas we obtain the solution of the

problem:
(o]

2Q1 i (1 e n2a27r2t/l2) sin nTxy . NAT

U(CC, t) = 2,9 2 S ——.
cpasm 1 n

l

Figure 6.6 shows the spatial-time-dependent solution w(z,t) for Example 4. This solution
was obtained for the case when [ = 10, Q/cp = 5, o = 4 and a? = 0.25. All parameters are
dimensionless. The dark gray line represents the initial temperature; black line is tempera-
ture at time ¢ = 100. The gray lines in between show the temperature evolution within the
period of time from 0 until 100, step At = 2.

6.4 Green’s Function and Duhamel’s Principle

In the present section, we consider the relation between the solution of the homogeneous
equation with nonzero initial condition, u;(z,t), and that of the nonhomogeneous equation
with zero initial condition, us(x,t).

In Section 6.2. we have found that uq(x,t) can be presented in the form

l
wi () = /O ol &, 1)) de, (6.57)
where -
g(m 6= Xn(li()fgn'é(g) e (6.58)

n=1
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Let us obtain a similar formula for us(z,t). Substituting (6.52) and (6.55) into (6.49),
we find (a uniform convergence is assumed):

ua(,t) = /0 ar /0 €y X"(ﬁg)i’;(f)e—wzwﬂﬁ—ﬂ fE7). (6.59)
— n
Define f(§,7) =0, if 7 < 0. Then expression (6.59) can be rewritten as
uz(x,t) = /jo dr /Ol déG(z, &t — 1) f(&,T), (6.60)
where Green’s function
Gz, &t —71)=H(t —1)g(z,&,t —7) (6.61)

(H(t — 7) is the Heaviside step function). Thus, we see that the same function g appears in
expressions (6.57) and (6.60), but (6.60) contains an additional integration in time. That
circumstance allows us to find the relation between the solution of the nonhomogeneous
problem (6.46)-(6.48) with zero initial condition and that of a homogeneous problem with
an appropriate initial condition. That relation is determined below.

Let us define the following homogeneous problem for a function v(z, t; 7), which depends
on the parameter 7:

vi(x, t;T) = aPvge (2, 6 7) —yu(a, t;7); 0<a <, t>T; (6.62)

v(x,7;7) = f(z,7), 0<2x<I; Piv]=0, Pfv]=0. (6.63)
By the change of variables s =t — 7, 9(z, s;7) = v(x,t; 7), we obtain the standard problem
f)S:aQﬁm; O<ax<l, s>0;
0(x,0;7) = f(z, 7)), 0<z<Il; P[0o]=0, Po]=0.

Its solution, according to (6.35), is

l
¥z, 5:7) = /0 o(e.€,8)f(6,7)dE, s >0,

hence .
vetir) = [ gle.&t-nfE s >

Let us show that the solution of the nonhomogeneous problem (6.46)-(6.48) can be found
as

ug(az,t):/0 v(x,t; T)dr. (6.64)

Indeed, us(x,t) satisfies the initial condition (6.42) and the boundary conditions (6.48).
Substituting (6.64) into (6.46), we find:

t
s (2, 1) = v(z, ;1) + / vil, £ 7)dr,
0

¢
uzm(x,t):/ Vgo (x, t; 7)dT,
0
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hence
g4 (2,1) — a®ug 4o (2, 1) + YUz

=wv(z, t;t) + /t [vt(x,t; T) = a®Vge (2, 1 7) + (2, t; T)} dr = f(z,t).
0

Relation (6.64) is called Duhamel’s principle.

Note that the dimension of the space does not influence the proof presented above. Hence,
Duhamel’s principle is valid also for parabolic problems in higher dimensions considered in
Chapter 9.

Example 6.6 Using Duhamel’s principle, find the solution of the following BVP for a
nonhomogeneous heat equation:

U = a%ugy +tsin2z, 0<z<m, t>0;
u(z,0) =0, 0<a < m;
u(0,t) = u(m,t) =0, t>0.
First, let us formulate problem (6.62)-(6.63) for function v(z,¢;7):
ve(2,t;7) = aPvge(x, t;7), O0<a <7, t>T;
v(z,7;7) =7sin2z, 0<z<m;
v(0,t;7) =v(m,t;7) =0, t>T.

The latter problem can be solved by separation of variables (see Section 6.2). Because
X(x) = sin2x is an eigenfunction satisfying (6.26), (6.27) for A = 4, only one term in
expansion (6.32) is different from zero. The corresponding function T'(¢), which satisfies
equation

Ty(t;7) +4a*T(t;7) =0, t>7

with initial condition
T(r;7T) =T,
is )
T(t;7) = e 4 (t=7),

thus ,
vz, t;7) = 7e 4 () gin 2.,

Substituting v(x,t; 7) into formula (6.64), we find
t 2 2 t 2
u(zx,t) = / re 4 (=) gin(22)dr = e~4® tsin(2w)/ et T dr
0 0

1 e
W (4a2t — 1 +e 4 t) SIH(Q.'L').

Note also that a similar relation exists for hyperbolic problems. For instance, let us
consider the nonhomogeneous wave equation with homogeneous initial conditions

ug(z,t) = azum(m,t) + flz,t), O<z<l, t>0;

u(x,0) =0, u(z,0)=0, 0<z<Il; u0,t)=u(l,t)=0, t>0.
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Define function v(x,t;7), t > 7 > 0, which solves the problem

Vit (2,85 7) = AP vpe(x, t;7), 0<a <, t>T;
v(z,7;7) =0; vz, 7)) = flz,7), 0<a<l.
v(x,757) =0; vz, 7i7) = fa,7), 0< 2 <1

v(0,t;7) =v(l,t;7), T>t.
One can show that

w(z, t) = /Ot’u(x,t;T)dT.

Example 6.7 Using Duhamel’s principle, find the solution of the following BVP for a
nonhomogeneous wave equation:

utt:a2um+sin3x, O<zxz<m, t>0;
u(z,0) =0, 0<z<m,

u(0,t) = u(m,t) =0, t>0.

Duhamel’s principle allows us to reformulate the problem using a homogeneous wave equa-
tion:

Utt(.’L',t;T)ZGQUmx($7t;T)7 O<(E<7T7 t>T,
v(z,7;7) =0; v(x,7;7) =sin3z, 0<z <

v(0,t;7) =v(m,t;7) =0, t>T.

That problem can be solved by the method of separation of variables (see Section 5.6).
Because function X (z) = sin 3z is an eigenfunction of problem (5.57)-(5.58) with boundary
conditions X (0) = X (7) = 0, corresponding to A = 9, only one term is nonzero in expansion
(5.77). The corresponding function 7T'(t) satisfies equation

Tyt (t;7) +9a*T(t;7) = 0
with initial condition T;(7;7) = 1, hence
1
T(t;T)= 3 sin(3at)
and
1. .
v(z, t;7) = 3 sin(3at) sin(3x).

Thus,

u(z,t) = /0 v(x, t;T)dr = 9fi2 [1 — cos(3at)] sin(3z).
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6.5 The Fourier Method for Nonhomogeneous Equations with
Nonhomogeneous Boundary Conditions

Now consider the general boundary problem for heat conduction, Equation (6.43), given by

du 0%u
o 02@ —yu+ f(z,t)

with nonhomogeneous initial (Equation (6.44)) and boundary conditions

w(@, t)|,—o = ¢(2),

P1 [U] = Uy + ﬂlu'x:() = gl(t), Pg[u] = Uy + B2u|x:l = gg(t) (665)
We cannot apply the Fourier method directly to obtain a solution of the problem because
the boundary conditions are nonhomogeneous. However, the problem can easily be reduced
to a problem with boundary conditions equal to zero in the following way.
Let us search for the solution of the problem in the form

u(z,t) = v(z,t) + w(z,t),

where v(x,t) is a new unknown function, and the function w(z, t) is chosen so that it satisfies
the given nonhomogeneous boundary conditions

Pilw] = ayw, + frwl|,_o = g1(t), Prlw] = cpw, + Baw|,_; = ga(t).

For the function v(x,t) we obtain the following boundary value problem:

ov 0% :
Yo — v+ f(x,1),
'U(xvt)lt:O = (ﬁ(l‘),
Pilv] = aqvg, + f1v],_y =0, Palv] = av, + fov|,_; =0,
where
~ ow 9?
f($,t):f($,t)—a Qﬁ_ry )

The solution of such a problem with homogeneous boundary conditions has been considered
in the previous section.

The auxiliary function w(zx,t) is ambiguously defined. The simplest way to proceed is
to use polynomials and construct it in the form

w(z,t) = Pi(x)g1(t) + Pa(x)g2(t),

where Pj(z) and P(z) are polynomials of the 15¢ or 2" order. Coefficients of these poly-
nomials will be chosen so that the function w(x,t) satisfies the given boundary conditions.
We have the following possibilities.

Case I. If f; and S5 in Equation (6.65) are not zero simultaneously we may seek the
function w(z,t) in the form

w(z,t) = (y1+012)g1(t) + (v2 + d27)ga(t).
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Substituting this into boundary conditions (6.65), and taking into account that the derived
system of equations must be valid for arbitrary ¢, we obtain coefficients 71, d1, 72 and Jo as

= s + Baly 5 — — [
YT BiBole + Pras — Boar’ ' BiPaly + Bras — Baay
Y2 — 1) b

" BiBaly + Broz — Baar’ 2 BiPaly + Pras — Bacs

Reading Ezercise: We leave it to the reader to obtain the results above.

Case II. If f; = 85 = 0, that is {Zx (O’f) f g1(t) the auxiliary function has the form

wle.t) = [o= 5| a0+ % - )

Reading Ezercise: Verify the statement above.
Tt is easily checked that, defined in such a way, the auxiliary functions w(z, t) satisfy the
boundary conditions in Equation (6.65).

Reading Ezercise: Prove the statement above.

Combining the different kinds of boundary conditions listed above, we obtain nine dif-
ferent auxiliary functions which are listed in Appendix C part 2.

In the following examples we consider problems which involve the nonhomogeneous heat
conduction equation with nonhomogeneous boundary conditions.

Example 6.8 Let the pressure and temperature of air in a cylinder be equal to the atmo-
spheric pressure. One end of the cylinder at = 0 is opened at the instant ¢ = 0, and the
other, at x = [, remains closed. The concentration of some gas in the external environment
is constant (ug = const). Find the concentration of gas in the cylinder for ¢ > 0 if at the
instant ¢ = 0 the gas begins to diffuse into the cylinder through the opened end.

Solution. This problem can be represented by the equation

ou  ,0%u
—_— = _— = D
ot a2 “ :

under conditions 5
w(z,0) =0, u(0,t) = uo, DSa—Z(l,t) — 0,

where D is the diffusion coefficient.
Clearly the eigenvalues and eigenfunctions of the problem are (see Chapter 4):

_[@n—-1D)r 2 . (2n—-1)7=z o 1 B
/\n{ 2 , Xp(x) =sin 57 , 1 Xn] =3 n=1,23,....

and the solution will be of the form
u(z,t) = v(x,t) + w(z,t).

In general, for a specific problem an auxiliary function is easily obtained from general
formulas for w(x,t) found in Appendix C part 2. We may often guess what the function
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FIGURE 6.7
Solution u(x,t) for Example 6.8.

must look like based on the physical observation that we are searching for a terminal or
steady state solution. In the present case

w(x,t) = ug .

We also have

flz,t) =0, @(x) =—up.
Applying formula (6.34), we obtain

2up (1. (2n—1)7z dug
- sin dr = — .

Cp =

Substituting the expression for C, into the general formula, we obtain the final solution:
> 2 2 2
_a2@n-1)%x (2n — V)rzx
t) = t E C T fgip - 77
u(z,t) = w(z,t) + '€ a sin 5

n=1
oo

a?(2n—1)272 —
n=1
Figure 6.7 shows the spatial-time-dependent solution w(x,t). This solution was obtained for
the case when | = 10, ugp = 10 and a? = D = 1. All parameters are dimensionless. The
dark gray line represents the initial temperature and the black line is temperature at time
t = 20, step dt = 2.

Example 6.9 Find the temperature change in a homogeneous isotropic bar of length [
(0 < z < 1) with a heat-insulated lateral surface during free heat exchange if the initial

temperature is given by

2

u(,0) = $(z) = uo

The left end of the bar at * = 0 is insulated and at the right end temperature is held
constant:

u(l,t) = up, where wo = const > 0.
Solution. The problem is described by the equation

ou_ atPu
ot - 02
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with the conditions

u(z,0) = p(x) = uoz® /1,

ou

%(O’t) =0, u(l,t)=up.

The solution of the problem will be of the form

u(z,t) = v(x, t) + w(z,t).

The auxiliary function can be easily obtained from the general formulas above (do this as
a Reading Ezercise; the answers are found in Appendix C part 2) and we find

w(z,t) = ug.

This function corresponds to the steady-state regime as t — co. The eigenvalues and eigen-
functions are easy to obtain (you can also find them in Appendix C part 1) and we leave it
to the reader as a Reading Fxercise to check that they are:

N = {(271— 2n — 1)mx

Dr]? ( l
= 2 _ —_ =
57 } , Xn(x)=cos 57 , Xl = 5 (n=1,2,3,...).

Following the same logic as in previous problems, for the function v(z,t) we obtain the
conditions

f(x’t) =0,

_ x? z?
@(x):UOZj_UOZUO <12—1)'
We apply Equation (6.34) to obtain

2 ! 2n — 1
Cp 7/¢(x)costx
A 2

2 [t [a? (2n — 1)z 32ug .
= 7/0 Ug <12 - 1) cos wa = fm(fl) .

With these coefficients we obtain the solution of the problem:

u(x,t) = up — cos

e n
32uo Z (-1) o (2%;)221127r2 . (2n—1Dmx '
3 (2n—1) 21
n=1

Figure 6.8 shows the spatial-time-dependent solution u(z,t) for Example 6.9. This solution
was obtained for the case when [ = 10, up = 5 and a? = 0.25. All parameters are dimension-
less. The dark gray line represents the initial temperature and the black line is temperature
at time ¢t = 250, step At = 2.

Example 6.10 Let the pressure and temperature of air in a cylinder length [ (0 < x <)
be equal to the atmospheric pressure. One end of the cylinder at * = 0 is opened at the
instant t = 0, and the other, at x = [, remains closed. The concentration of some gas in
the external environment is constant (ug = const). Find the concentration of gas in the
cylinder for ¢ > 0 if at the instant t = 0 the gas begins to diffuse into the cylinder through
the opened end.
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FIGURE 6.8
Solution u(z,t) for Example 6.9.

Solution. This problem can be represented by the equation

ou 5 0%u 9
- == JE— frng D
ot “ oz ’
under conditions 5
w(z,0) =0, u(0,t) = uo, DSa—Z(l,t) =0,

where D is the diffusion coefficient.
Clearly the eigenvalues and eigenfunctions of the problem are (see Appendix C part 1):

(2n—1)r)? . (2n— D7z 5
- X = ~_ 7= X = - =1,2,3,....
)\n |: 2] ) n(x) sm 21 ) || TL|| 27 n ) 537

and the solution will be of the form
u(z,t) = v(z,t) + w(z, ).

In general, for a specific problem an auxiliary function is easily obtained from general
formulas for w(zx,t) found in Appendix C part 2. We may often guess what the function
must look like based on the physical observation that we are searching for a terminal or
steady state solution. In the present case

w(z,t) =ug .

We also have

f(z,t) =0, @)= —uo.
Applying formula (6.34), we obtain
2 Po(en-1 4
Cp =20 [ Cn= bz, o

A 2 (2n— D)7’

Substituting the expression for C), into the general formula, we obtain the final solution:

> a?(2n—1)2x2 on—1
U(xvt) — 'U}(.’L',t) + E C’n€7 : 4"21 ¢ Sin %
n=1

dug o~ 1 _efen—n o (2n— 1)

:“O_TZanle " ST

n=1
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FIGURE 6.9
Solution u(x,t) for Example 6.10.

Figure 6.9 shows the spatial-time-dependent solution u(zx,t) for Example 6.10 for [ = 10,
up=10and a> =D = 1.

Example 6.11 The initial temperature of a homogeneous isotropic bar of length [ (0 <
x<l)is
u(z,0) = up = const.

There exists a steady heat flux from the environment into the ends of the bar which is given
by

ou @ Ou q2

—(0,)=Q1=——=, —(,t)=Qy=—=.

asc(’) @ kS’ 8x(’) @ kS
Convective heat transfer occurs with the environment through the lateral surface. Find the
temperature u(x,t) of the bar for ¢ > 0.

Solution. The problem is described by the equation

ou 5, 0%u 5 K h
E:a@—VUa a =-— 7=

with initial and boundary conditions

u(z,0) = ¢(z) = uo,
ou ou

%(Ovt):Qla %(lvt):Q2

The boundary conditions of the problem are Neumann boundary conditions and the eigen-
values and eigenfunctions are, respectively,

n\ 2 nmwx 2 2 n =0,
M= () Kale) =cos 55, [1X) { /2, n>0.

The auxiliary function is (see Appendix C part 2):
2

2 2
w(x,t) = (ZL’—;Z) Q1+%Q2:$Q1+%(Q2—Q1)-

We leave it to the reader as a Reading Ezercise to obtain this auxiliary function and the
eigenvalues and eigenfunctions.
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FIGURE 6.10
Solution u(z,t) for Example 6.11.
The solution is
u(x,t) = w(z,t) + Z [Tn(t) +Ch - e*(“2’\"+7)t] cos nlﬂ .
n=0

To obtain the coefficients we find first
< a? x? x?
flz,t) = 7(@2 - Q1) [(w - 21) Q1+ 21@2} ;
. x? x?
@(x) = uo — <x - 21) Q1 — EQ}
Applying Equations (6.34), (6.52) and (6.55), we obtain

l 2 2
C’oz%/o [uo— (m—zl) Ql—;QQ] dﬂC:UO_é(2Q1+Q2)’

9 [l x? nwx 21
Cn= 7/ {Uo —Qiz+ (@1 — Q2) ] COSTdI = a0 Q1 — (=1)"Q2],
/f R S)

ot) = /0 fo(r) - e dr = % : {CLZ(Qng) - %l (2Q1+Q2)| - (1—e).

For n > 0,

/f (z,t) cos@d 2” 5 Q1 — (=1)"Q2],

/ Fulr) - =@t t=) g

2ly

_ . _(_1\n . _ —(a2 nt+7)
-~ n2n2 (a2\, +7) (@ = (1)@ (1 € e t)'

Figure 6.10 shows the spatial-time-dependent solution w(z,t). This solution was obtained
for the case when [ = 10, v = 0.02, ug = 10, Q; = —5, @2 = 10 and a® = 0.25. All
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parameters are dimensionless. The dark gray line represents the initial temperature and the
black line is temperature at time ¢ = 150, step At = 2.

Example 6.12 Find the temperature distribution inside a thin homogeneous isotropic bar
of length ! (0 < z <) with insulated lateral surface if the initial temperature is zero. The
temperature is maintained at zero on the right end of the bar (x = [), and on the left it
changes as governed by

u(0,t) = ug coswt,

where ug, w are known constants. There are no sources or absorbers of heat inside the bar.

Solution. The temperature is given by a solution of the equation

ou  ,0%u

ot~ " a2
with conditions

u(z,0) =0,

u(0,t) = ugcoswt, wu(l,t)=0
For these Dirichlet boundary conditions the eigenvalues and eigenfunctions of the problem
are

2
Ap = (E) , Xp(z)=sin——, || X,|" = (n=1,2,3,...).

l
The solution will be of the form

u(z,t) = v(z,t) + w(z,t).

The auxiliary function follows from the general case (also see Appendix C part 2):

w(z,t) = (1 — ?) g oS wt.
Then
f(z,t) = uow (1 - %) sinwt and @(x) = —ug (1 - %) .

Applying Equations (6.34), (6.52) and (6.55), we obtain

2 [ nmT 2ug
Cn =7 D ——dx -

i /0 @(z) sin ;i o

2 b 2
falt) == f(a:) sin 2L gp = 210 iy wt,

l nm
o= A (t=7) QUOW " (=)

T, (t) = fn dr sinwrt e " dr

2uow
S [az)\n sin wt — w cos wt + we

— a2)\nt:|
nm(a*)2 + w?) ’

Substituting the expressions for C,, and T),(t) into the general formulas, we obtain the
solution:

nmwx

u(z,t) = (1 - 7) up cos wi+ Z [ )+ Cre™ a2)‘"1 sin e

T 20— 1
= 1——)u coswt + =2 _—
( 1) T Z n(a*A2 4+ w?)
n=1
nmwT
X [az)\nw sinwt — w? coswt + aA,e” “2)‘“1 sin %
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FIGURE 6.11
Solution u(z,t) for Example 6.12.

Figure 6.11 shows the spatial-time-dependent solution w(x,t). This solution was obtained
for the case when I = 10, w = 0.5, ug = 5 and a? = 4. All parameters are dimensionless.
The dark gray line represents the initial temperature and the black line is temperature at
time ¢t = 15, step At = 2.

Reading Exercise: Check that for ¢ — oo the solution obtained above is a sum of purely
periodic harmonics and can be presented in the form

2up o 1
u(z,t) = (1 - %) ug coswt + % Z - sin ,, - sin(wt — J,,) - sin nlﬂ,
n=1

where the phase shifts are given by §,, = tan™1(w/a%\,,).

6.6 Large Time Behavior of Solutions

Next, we consider frequently encountered physical situations where knowledge of initial
conditions is not important. It is seen from the previous examples that the influence of the
initial conditions decreases with time for cases where heat propagates through a body. If
the moment of interest is long enough after the initial time, the temperature of a bar, for
example, is for all purposes defined by the boundary conditions since the effects of the initial
conditions have had time to decay. In this case we may suppose that after a long enough
time the initial condition vanishes. This situation also frequently applies when boundary
conditions change periodically, for example in the previous Example 6.12. In these cases we
may assume that after a large interval of time the temperature of a body varies periodically
with the same frequency as the boundary condition. After this time the initial temperature
can always be assumed to be equal to zero (even if it is not). In problems like Example 6.12
we can specify this time — as can be seen from the solution temperature does not depend
on the initial condition when ¢ > (I/a)?.

Another situation when initial conditions are not important occurs when the equation
contains periodically changing terms so that the solution varies with the same frequency
after a long enough time. The example below presents such a situation.
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Example 6.13 Consider the motion of fluid between two parallel plates, located at z =0
and x = H, under a periodically changing pressure gradient parallel to the y-axis. Clearly
this is a one-dimensional problem; the function for which we are searching is the y-
component of the fluid speed, u(z,t). Since we are searching for a steady-state regime we
assume the solution does not depend on the initial condition and formally we set u(z, 0) = 0.

Solution. This problem is described by the equation that follows from the Navier-Stokes
equation for fluid motion given by

ou 5 0%u
;;{ =a Zi;g +'bCOSCUt, (6.66)

where a? = v is the coefficient of kinematic viscosity. The boundary conditions
u(0,t) = u(H,t) =0
correspond to zero velocity at the plates and the initial condition is
u(z,0) =0.

The eigenvalues and eigenfunctions of the problem we have seen a number of times
before and are

? H
/\n:<%), Xn(x):SinnZ.I’ HX"HQZE’ n=1,23,....

The coefficient, C,, = 0, since p(z) = 0. Applying Equations (6.52) and (6.55) we obtain

2 (M 2b cos wt
fu(t) = ﬁ/o bcoswt - sin n;r]xdx = :):_w [1-(-1)"],

21— (-1 [ D 2HP[1— (<1
T, (t) = s /0 coswT e H dr = o [ + 2 1]

a2n2n2
. — t
X [a2n2772 coswt + wH? sinwt — a’n?m2e H2 } .

Obviously from above we see that Ty (t) = 0. Also

a’n?7m? coswt + wH?sinwt = \/atnint + w2 Hisin(wt + 6,),

a2n2‘n’2
wH?
4H? X1 sin(wt + Oax_1)
u(x,t) = . Z 2% — 1 { \/a4(2k; — 1)t + w2H1
k=1
B —a?(2k — 1)272 o a2<2k1;21)27r2 gy (2k — Dz
[a*(2k — 1)47t + W2 HY H '

where 6,, = arctan . Hence, the solution of the problem has the form

Figure 6.12 shows the spatial-time-dependent solution w(z,t). This solution was obtained
for the case when H = 10, w = 0.5, b = 5 and a® = v = 1. All parameters are dimensionless.
The dark gray line represents the initial temperature and the black line is velocity at time
t = 30, step At = 2.

Clearly as ¢t — co (more accurately, when ¢ > H?/a?) we have

2 o0 . o
w(z,t) — 4bH Z sin(wt + O2x—1) sin (2k 1)7rx.
T = (2k —1)\/a'(2k — 1)*xt + w2 H? H
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FIGURE 6.12

Solution u(z,t) for Example 6.13.

We can also see that u(0,t) = u(H,t) = 0 as it should be. Also u(z,t) takes its maximum
value at x = H/2.

Notice that the initial conditions and the solution formally disagree but in this periodic
problem the role of the initial condition becomes negligible for times ¢t > H? / a?.

In this and similar problems it is easy to obtain an asymptotic solution in a closed form
(not as the series). From the physical point of view it follows that such a solution is periodic
with frequency w because in systems with dissipation (described by parabolic equations)
the internal oscillations decay exponentially with time (which is exactly the opposite of the
case of hyperbolic equations). This allows us to search for a solution in the form

u(z,t) = X (z) exp(iwt). (6.67)

Notice that we cannot look for a time dependence for the solution in the form of an external
force coswt only - the reason is that the derivative in time mix the sin and cos functions
and we have to take into account both of them. Another way is to use an exponential form
(6.67).

Substituting Equation (6.67) into Equation (6.66) we obtain the ordinary differential
equation

podw b
X" — a—QX = (6.68)
First, we solve the homogeneous equation,
X" - ;—U;X = 0. (6.69)

The characteristic equation for this linear equation has two roots:
Vi Vw/2
Viw _  V@I20 ) (6.70)
a a

Thus, a general solution to the homogeneous Equation (6.69) is

X(z) = Cyexplg(1 +i)x] + Coexp[—q(1 +9)x], qg=—4/=. (6.71)
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A particular solution of the nonhomogeneous Equation (6.68) is (—ib/w), in which case
we may write a solution of this equation which satisfies zero boundary conditions as

X(z) = -2 (1_0(’80‘(%5)), a=q(l—i). (6.72)

w COS Ozg

From this we have
u(z,t) = Re X coswt — Im X sin wt. (6.73)

X (z) is complex and the system response will be, as follows from the previous formula,
shifted in phase relative to the external influence.
To obtain a final form we use the identity

cos z = cos (z + iy) = cos x cos iy + sin x sin iy = cosx coshy + ¢ sinz sinhy (6.74)

to yield the result for Re X and Im X that, with Equation (6.73), gives the final answer for
the steady state solution:

Re X — _ bsingzsinhg(z — H) —sing (z — H)sinhgz

w cos ¢H + cosh ¢H ’ (6.75)
ImX——é 1_cosq:ncoshq(:z:—H)+cosq(1:—H)coshq:v ’
w cos qH + cosh gH '
|
6.7 Maximum Principle
Let us consider the homogeneous heat equation
ou 0%
— =a"— l t<T .
5 = ¢ 5o O<z<l, 0<t< (6.76)
with the initial condition
w(z, t)|t=0 = p(z), 0<z <] (6.77)
and Dirichlet boundary conditions
Piu] = tu|pg—0 = q1(t), Polu] = ulz=y = g2(t), 0<t<T. (6.78)

The initial-boundary value problem (6.76)-(6.78) describes the temperature field in a rod
heated or cooled at the ends, when there are no sources of heating or cooling inside the rod.

Let M; be the maximum initial temperature, M; = max, ¢(x), My be the maximum
temperature ever imposed on the rod’s ends,

M5 = max [max:g; (t), max:ga(t)] ,

and M is the largest number among M; and My, M = max(M;, Ms). It is intuitively clear
that the temperature inside the rod can never exceed M. Indeed, when the temperature does
not exceed M in the beginning, the ends of the rod are never heated to the temperature
higher than M, and there is no internal heating, there is no reason for the temperature
inside the rod to exceed M somewhere. Thus, the maximum of function u(z,t) in the whole
region 0 < z <1, 0 <t < T is reached either at the initial time instant t = 0, or at the ends
x = 0 or x = [, i.e., on the boundary ~ shown in bold in Figure 6.13. The maximum
cannot be reached in an internal point x = zg at a certain time instant ¢ = ¢, neither for
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FIGURE 6.13
Boundary v is shown in bold.

0 <ty < T, nor at t = T. This property of the solution is called the mazimum principle.
Though this property looks rather obvious, its mathematical proof is a bit tricky, and we
present it below.

First, let us prove the maximum principle for a function v(z, t) satisfying the inequality
vy — vy, = f(x,t) < 0, ie., in the case of internal cooling. Assume that the maximum
of v is reached in a certain point (zg,tg), where 0 < xg < I, 0 < to < T. According to the
properties of a maximum, v; = 0 and v, < 0 in that point, hence, v; — a?v,, > 0, i.e., we
get a contradiction. If we assume that the maximum of v(z, t) in the whole region 0 < = <[,
0 <t < Tisreached at t =T in a certain point xg, 0 < g < [, then it should be v; > 0,
otherwise u will take higher values at t < T. Still, v,, < 0 at x = xg, hence we get again
a contradiction: v; — a?v,, > 0. Thus, we have proved the maximum principle for function
v(z,t).

Let us prove now the maximum principle for function u(x,t) satisfying (6.76)-(6.78).
Let M be the maximum of u on the boundary 7 indicated in Figure 6.13. Define function
v(z,t) = u(z,t) +ex?, where € > 0. Then v; — a®v,, = —2a%¢ < 0. Applying the maximum
principle to function v(z,t), we obtain the following sequence of inequalities:

u(z,t) = v(z,t) — ez < v(z,t) <v(z,t)], <M+el?, 0<x<l, 0<t<T.

In the limit ¢ — 0, we find that u(x,t) < M for 0 <z <1, 0 <t < T, ie., u(z,t) satisfies
the maximum principle.

A similar property is correct for the minimum of function wu: it is reached at ~. That is
just the maximum principle for function —u(x,t), which is the solution of the heat equation
with function —¢(x) in the initial condition and functions —g;(t), —g2(t) in boundary
conditions.

Note that the maximum/minimum principle guarantees the well-posedness of problem
(6.76)-(6.78). Indeed, assume that we have two solutions u; and ug of the homogeneous heat
equation for slightly different initial and boundary conditions, and apply the maximum and
minimum principles to function w = u; — uy which is also a solution of the homogeneous
heat equation. We find that the absolute value of the difference between solutions in the
whole definition region of the problem cannot exceed its maximum on ~. Thus, the solution
depends continuously on the initial and boundary conditions. If both functions u; and wus
satisfy the same initial and boundary conditions, then their difference w = u; — us is equal
to zero on «. Because of the maximum/minimum principle, w = 0 everywhere, i.e., the
solution of (6.76)-(6.78) is unique. The conditions of the existence of a classical solution
were discussed in Section 6.2.
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6.8 The Heat Equation in an Infinite Region

Let us consider the Cauchy problem for the homogeneous heat equation in the infinite
region:
Ouy 5 Ou?

ﬁ_aasﬁzo’ o< x<oo, t>0, (6.79)
ur(z,t)]i=0 = p(z), o0 <z < oc0. (6.80)

It is assumed that at infinity
lim wy(z,t) =0, t>0. (6.81)

rz—Fo0

We can solve the initial value problem (6.79)-(6.81) by means of the Fourier transform, as
was done in Section 5.11.1 in the case of a hyperbolic equation. It would be more instructive,
however, to obtain the same result taking a limit [ — oo in the problem in a finite region.
That is done below.

First, let us consider the Cauchy problem in a symmetric finite region —1/2 < z < [/2
with homogeneous Dirichlet boundary conditions

l l
(5% (—2,t> = Uz <2,t> :0, t > 0.

The solution can be written in the form

9(@,& t;1) = i Me*‘*m, (6.83)

where

2
("—W) C n=1,2,3,...

l l
R R o

l 2

(see (6.57), (6.58)). Note that for even n =2m, m =1,2,...,
2 2 2
sin nlm' (x + é) = sin <777T.T + mﬂ) = (—1)"sin ml7rx7

and forodd n=2m+1, m=0,1,...

?

[0 (o )] [0, (1) ] = s

thus, the kernel (6.83)

g(l‘,f,t;l) = gs(xagatJ) + gc(x,§,t;l),

where

00 2
2 2mma . 2mmx . 2mmé
gs(x, & 1) = 7 E exp l— ( 7 ) t] sin —— sin ——, (6.84)
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(2m + 1)ma]® 2m + 1 2m + 1
(z,&,t51) Zexp M t cos( mt )chos( mt )7r§' (6.85)
l l l
In order to find the limit of (6.84) at I — oo, let us define
2mm 27
m ) An = 7
! I I
then
1 o0
) =— —a*t m mEA
gs(x, &, 7rmZ: sin N, @ sin N, EAN.
In the limit An — 0 we obtain
. 1 . 2 . .
gs(w,&,t) = lim gy(x,&,4;0) = — [ e 7" sinnzsinnédn.
l—o0 ™ Jo

Similarly, we can obtain

1 o0
ge(z,&,t) = lim g.(z,&,8;1) = f/ e~ cos nx cos nédn.
l—o00 ™ 0
Thus,

g(iE7£,t) = llifgog(x’é"tl) = gs(.T,f,t) + gC(I7§7t)

1 x© 2,
= ;/ e" v cosn(z — &)dn. (6.86)
0

To calculate this integral, let us present it as

1= 1 o0 .
(Qf f t) / e—a2172t COST](J? _ §)d77 — 7Re/ e_a2n2t+m(m—§)dn

27 oo 27
1 [ i(x—¢&
=5 . exp (—azt {772 — ( oy )77]> dn

- e [ e [ e <—a2t - “gagt@r) |

Define ( o)
i(z —
= t —
¢=avt {77 2a2t ] ’
1 ) 5 o0 2 e~ xr— 4a“t
) = —(2—€)*/1a t/ Gy T 6.87
g(m &) 27raﬁe _Ooe ¢ 2a+/ 7t ( )

Finally, the solution of the problem (6.79)-(6.80) is

w(et) = [ gl 00
where g(z,&,t) is determined by formula (6.87).
Similarly to (6.60), (6.61), the solution of the nonhomogeneous heat equation with zero
initial conditions,
Ouy 5 Ou?

5 ¢ @:f(x,t), oo < x<oo, t>0; (6.88)
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u2(z,t)|t=0 = 0, 00 <z < o0; Erf ug(x,t) =0, t>0, (6.89)

can be found as

ug(x,t) = /_OO dr /_OO déG(z, &t — 1) f (&, 1), (6.90)

where Green’s function

G et — 1) = H(t — 7)g(a, €, 1) = L =T) [ (z—¢)° ] . (6.91)

da/alt —7) T da(t—7)

The solution of the nonhomogeneous heat equation with non-zero initial condition can
be found as u(z,t) = ui (z,t) + ua(x, t).

Example 6.14 Using the expression for Green’s function (6.91), solve the following BVP
for a nonhomogeneous heat equation:

Uy — a*Upy = 0(x), —00 < x <00, t>0,

u(z,0) =0, —oo <z < o0 lim wu(z,t) =0, t>0.

r—too

Substituting f(£,7) = §(§)H () into Equation (6.90), we find:

u(z,t) = /_O; dTm /_O; d€ exp [—4(;(;5);} 6(¢)

1 /t 1 z?
= exp | —————| -
2a/7 Jo Vt—T 4a?(t — 1)
To calculate that integral, it is convenient first to apply the following change of the inte-
gration variable:

Then
1

[e%s} 2
t) = —3/2 S
u(z,t) NG /1/t y exp{ 12y

Using tables of integrals, or Mathematica one finds:

u(z,t) = iexp —I—Q - ﬂerfc il .
’ a/m 4a?t 4a? " a0/t

Problems

Problems 1 through 30 involve the temperature distribution inside a homogeneous isotropic
rod (or bar) of length I Solve these problems analytically which means the following: formu-
late the equation and initial and boundary conditions, obtain the eigenvalues and eigenfunc-
tions, write the formulas for coefficients of the series expansion and the expression for the
solution of the problem. You can obtain the pictures of several eigenfunctions and screen-
shots of the solution and of the auxiliary functions with Maple, Mathematica or software
from books [7, 8].

In problems 1 through 9 we consider rods which are thermally insulated over their lateral
surfaces. In the initial time, ¢ = 0, the temperature distribution is given by u(z,0) = ¢(z),
0 < z < I. There are no heat sources or absorbers inside the rod.
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1. The ends of the rod are kept at zero temperature. The initial temperature of the
rod is given as

901(:1:) =1, 902(‘/1") =7, <p3(x) = .T(l - $)

2. The left end of the rod is kept at zero temperature and the right end is thermally
insulated from the environment. The initial temperature of the rod is

p1(z) =2°, @o(z) =2, @3(z)=2 (l - g) )

3. The left end of the rod is thermally insulated and the right end is kept at zero
temperature. The initial temperature of the rod is

pr(@) =z, @) =1, @3(z) =1 -2>
4. Both ends of the rod are thermally insulated. The initial temperature of the rod

is
2x
o1(x) =z, @a(x)= 12 — 22, p3(x) = 22 (1 — 3) .

5. The left end of the rod is kept at zero temperature and the right end is subject
to convective heat transfer with the environment. The initial temperature of the
rod is

p1(x) =1, @a(r) =z, gag(a:)zx(l—g).

6. The left end of the rod is subject to convective heat transfer with the environment,
which has zero temperature, and the right end is kept at zero temperature. The
initial temperature of the rod is

1
l—2x)+ —-.
(1—20) +
7. The left end of the rod is thermally insulated and the right end is subject to
convective heat transfer with the environment which has constant temperature

of zero. The initial temperature of the rod is

@) =1, eolx) =1, gos(x):(l—”f).

pr(x) =1, @a(x)=1l-2, @3(z)=

w8

8. The left end of the rod is subject to convective heat transfer with the environment
(whose temperature is zero) and the right end is thermally insulated. The initial
temperature of the rod is

(z —1)°

p1(x) =1, po(x) =2, @3(r)=1- ;

9. Both ends of the rod are subject to convective heat transfer with the environment,
which has a temperature of zero. The initial temperature of the rod is

3
pr(z) =1, pa(x) =2, @s(z)= (1 - g) :
In problems 10 through 18 we consider rods whose lateral surfaces are subject to
heat transfer according to Newton’s law. In problems 10 through 14 the environ-
ment has constant temperature, which of course can be taken as zero. The initial
temperature of the rod is given as u(x,0) = ¢(z). Again there are no heat sources
or absorbers inside the rod.
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10.

11.

12.

13.

14.

15.

16.

17.

The ends of the rod are kept at a constant temperature, the left end has tem-
perature u(0,t) = uy and the right end has temperature u(l,t) = ug. The initial
temperature of the rod is

x
pi(@)=a% @)=z, psla) =z (1-3).
The left end of the rod is kept at a constant temperature «(0,t) = u;, and a
constant heat flow is supplied to the right end of the rod. The initial temperature
of the rod is

p1(z) =22, pa(z) =2z, @3(z)=2 (l - E) )

2
A constant heat flow is supplied to the left end of the rod from outside and the
right end of the rod is kept at a constant temperature u(l,t) = uy. The initial
temperature of the rod is

pi(x) =2z, o) =1, p3(x)= 12— 22

Constant heat flows are supplied to both ends of the rod. The initial temperature
of the rod is

pi(@) =, po() =12 —a% ga(a) = a? (1 - 23) .

The left end of the rod is kept at a constant temperature w(0,t) = u; and the
right end is subject to convective heat transfer with the environment, which has
a constant temperature of ug. The initial temperature of the rod is

oi(z) =1, @i(x)=1, @3(z)=2 (l - g) )

The left end of the rod is subject to convective heat transfer with an environment
which has a constant temperature of ug, the right end is kept at the constant
temperature u(l,t) = ug. The initial temperature of the rod is

pi(x) =1, @o(x)=1l—z, @3(x)=5(—-2x)+ %

w8

A constant heat flow is supplied to the left end of the rod from outside and the
right end of the rod is subject to convective heat transfer with an environment
of constant temperature, ug. The initial temperature of the rod is

pr(@) =1, o) = a, ¢3<x>_(1f).

The left end of the rod is subject to convective heat transfer with an environment
of constant temperature ug, and a constant heat flow is supplied to the right end
of the rod. The initial temperature of the rod is

(z—1)°

pr@) =1, a2) =2, @32)=1- "

135
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18. Both ends of the rod are subject to convective heat transfer with an environment
of constant temperature ug. The initial temperature of the rod is

3
x
=1 ) =o @@= (1-1).
Problems 19 through 21 consider rods whose lateral surfaces are subjected to
heat transfer according to Newton’s law and the environment has a constant
temperature 6. One internal source of heat acts at the point x( inside the rod
and the power of this source is Q.

19. The ends of the rod are kept at constant temperatures — the left end has a
temperature u(0,t) = uy and the right end has a temperature u(l,t) = us. The
initial temperature of the rod is

T
pi()=a% (@) =7, pa(a) =z (1-3).
20. Constant heat flows, ¢; and ¢o, are supplied to both ends of the rod from outside.
The initial temperature of the rod is

or(z) =7, palx) =1 — 22, puz) = o (1 _ 2;’) .

21. At both ends of the rod a convective heat transfer occurs with the environment
which has a constant temperature of . The initial temperature of the rod is

3
Al =1 ) =o @@= (1-1).
In problems 22 through 24 we consider rods whose lateral surfaces are subjected
to heat transfer according to Newton’s law and the environment has a constant
temperature 6. Internal heat sources and absorbers are active in the rod and their
intensity (per unit mass of the rod) is given by f(x,t). The initial temperature
of the rod is zero, u(z,0) = 0.

22. The ends of the rod are kept at constant temperatures — the left end has temper-
ature u(0,t) = uy and the right end has temperature u(l,t) = ug. The intensities
of heat sources and absorbers are

fi(z,t) = Asinwt, fa(z,t) = Ae™* sinwit,
f3(z,t) = Acoswt, fa(z,t) = Ae™t cos wt,
f5(z,t) = Asinwtcoswt, fe(z,t) = Ae ! (sinwt + coswt).

23. The constant heat flows, ¢; and g, are supplied to both ends of the rod from
outside. The intensities of heat sources and absorbers are

fi(z,t) = Asinwt, fo(z,t) = Ae “tsinwt,
f3(z,t) = Acoswt, fa(z,t) = Ae coswit,
f5(z,t) = Asinwtcoswt, fo(z,t) = Ae™*!(sinwt + coswt).

24. Both ends of the rod are subjected to convective heat transfer with the environ-
ment at constant temperature 6. The intensities of heat sources and absorbers
are

fi(z,t) = Asinwt, fa(z,t) = Ae “* sinwt,
fa(x,t) = Acoswt, falx,t) = Ae=* cos wt,
J5(x,t) = Asinwtcoswt, fo(z,t) = Ae™(sinwt + coswt).
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In problems 25 through 30 we consider rods with thermally insulated lateral
surfaces. The initial temperature of the rod is zero u(x,0) = 0. Generation (or
absorption) of heat by internal sources is absent. Find the temperature change
inside the rod for the following cases:

25. The left end of the rod is kept at the constant temperature u(0,t) = u; and the
temperature of the right end changes according to go(t) = A coswt.

26. The temperature of the left end changes as g1(t) = A coswt and the right end of
the rod is kept at the constant temperature u(l,t) = us.

27. The left end of the rod is kept at the constant temperature u(0,¢) = uy, and the
heat flow go(t) = Asinwt is supplied to the right end of the rod from outside.

28. The heat flow g;1(t) = A coswt is supplied to the left end of the rod from outside
while the right end of the rod is kept at the constant temperature u(l,t) = us.

29. The left end of the rod is kept at the constant temperature u(0,t) = u; and the
right end is subjected to a convective heat transfer with the environment which
has a temperature that varies as u;,q(t) = Asinwt.

30. The left end of the rod is subjected to a convective heat transfer with the envi-
ronment which has a temperature that varies as u,,q(t) = Acoswt and the right
end is kept at the constant temperature u(l,t) = uo.

In problems 31 through 32 find Green’s functions for the following problems:
31, uy — a’ugy = F(x,t), u(0,t) =u.(L,t)=0,t>0; wu(z,0)=0.
32, uy — a’ug, = F(x,t), 0<x<oo, u(0,t)=0,t>0; wu(z,0)=0,2>0.
33. Show that Duhamel’s principle is valid for the heat equation in an infinite region.

34. Show that the maximum principle holds for equation u; + vu, = a®ug,., where
v = const.

35. The following boundary value problem is given:
Ut = Uy, (heat equation), 0 <z <7, 0 <t <T;u(0,t) =u(m,t)=0,0<t<T;
u(z,0) = sin?z, 0<az <.

Without solving that problem, show that 0 < u(z,t) < e ‘sinz in the region
0<z<m,0<t<T.
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7

Elliptic Equations

7.1 Elliptic Differential Equations and Related Physical Problems

When studying different stationary (time-independent) processes, very often we meet the

Laplace equation
Viu = 0. (7.1)

The nonhomogeneous equation
Viu=—Ff (7.2)

with a given function f of the coordinates is called the Poisson equation.
Laplace and Poisson partial differential equations are of Elliptic type.

The Laplace operator (Laplacian) in Cartesian coordinates is
V= + 5+ . (7.3)

In spherical coordinates, , 0, ¢, related with Cartesian coordinates as (see Figure 7.1)
x=rsinfcosp, y=rsinfsiny, z=rcosb,

the Laplacian is

210 (5,0 1 90/, 0 1 8, 1,
v 2or \| or + r2sin 6 96 smHae + 2 sin? § 0p2 Vi+ 2 Vi (7.4)

2
where V2 = %2% (7“2%) =254+20,

In cylindrical coordinates r, p, 2, related with Cartesian coordinates as
r=rcosp, yYy=rsing, 2=z,

the Laplacian is

10 ( 0 19> o
VQ:;E (Tar> +T7237§02+@. (7.5)

For the particular case of cylindrical coordinates, a polar coordinate system r, ¢ with no

dependence on z, we have
T =Tcosp, Yy=rsinp

v2—18<a>+182. (7.6)

and the Laplacian is

~ror\ar) Tag

Consider several physical problems.

139
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FIGURE 7.1
Spherical coordinates.

1. If a temperature distribution created by external heating does not change with
time, 0T /0t = 0, the homogeneous heat equation (7.2), Chapter 6, reduces to
the Laplace equation,

V2T = 0. (7.7)

If a medium contains a heat source or heat absorber, (), and the temperature is
time independent, the heat conduction equation (7.7), Chapter 6, becomes

vir— -9
pex
which is a particular example of the Poisson equation (7.2).
2. The diffusion equation (6.9), Chapter 6, for stationary diffusion, d¢/dt = 0,
becomes

(7.8)

Vic=—f/D, (7.9)

where c is the concentration of a material diffusing through a medium, D is the
diffusion coefficient and f is a source or sink of the diffusing material. This is also
the Poisson equation (or Laplace equation when f = 0).

3. The electrostatic potential due to a point charge ¢ is

q
-1 1
p= (7.10)

where r is the distance from the charge to the point where the electric field is
measured.

For continuous charge distribution with charge density p, the potential ¢ is related to
p as:
V2o = —4np. (7.11)
Equation (7.11) is the Poisson equation for an electrostatic potential. In regions that do
not contain electric charges, for instance at points outside of a charged body, p = 0 and the
potential which the body creates obeys the Laplace equation

V2o =0. (7.12)

Reading exercise: Prove that the scalar potential (7.10) satisfies the Laplace equation for
any r > 0.
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7.2 Harmonic Functions
Let us consider the two-dimensional Laplace equation,

Pu  0%u

in the entire z, y-plane.

In Section 3.2.2, we have obtained the general solution of elliptic equation (3.38) with
constant coefficients. The Laplace equation is its particular case with a = ¢ = 1, b = 0.
Formula (3.42) gives the general solution of the Laplace equation:

w(z,y) = Fy(y +iz) + F_(y —ix), (7.14)

where functions F; and F_ are continuously differentiable twice. Define the complex vari-
ables

z=x+1iy, 2*=x—1y, (7.15)
then
u(z,y) = Fy(iz*) + F_(—iz). (7.16)
Define G1(z) = F_(—iz) and Ga(z*) = Fy(iz*), then
u(z,y) = Gi(2) + G2(2"). (7.17)

Functions G; and G should be twice differentiable. It is proved in the theory of functions
of complex variables that a differentiable function of a complex variable z is actually dif-
ferentiable infinitely many times; such a function is called an analytical function. Thus, we
come to the conclusion that the arbitrary solution of the Laplace equation is a sum of two
functions, an analytical function of z and a function which is a complex conjugate to an
analytical function of z.

Solution (7.17) is real if Go(2*) = (G1(2))*, i.e., u(z,y) = G1(2)+(G1(2))*. A particular
real solution of the Laplace equation is called the harmonic function. For any non-constant
analytical function G(z), we can obtain two harmonic functions taking its real part,

1 *
ui(z,y) = ReG(2) = 5 [G(2) + (G(2))"],
and its imaginary part,
1 *
uz(z,y) = ImG(2) = o~ [G(2) = (G(2))].
For instance, the analytical function G(z) = e* generates two harmonic functions,

ui(z,y) = ReG(2) = e* cosy and us(z,y) = ImG(2) = e*siny.
If G(z) is a polynomial of z, then functions wu;(x,y) and us(z,y) are harmonic polyno-
mials. For instance, the analytical functions

G(2) = 22 = (z +iy)? = 2% — y* + 2ixy
give two harmonic polynomials,
ui(z,y) = ReG(2) = 2> —y* and uz(x,y) = ImG(z) = 2xy.

A real constant function is both analytical and harmonic.
According to the superposition principle, any linear combination of harmonic functions
is also a harmonic function.
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7.3 Boundary Conditions

As in the case of hyperbolic and parabolic equations, a unique solution of an elliptic equa-
tion can be obtained when some additional conditions are imposed. Note that because the
problems described by elliptic equations do not contain time, they do not need initial con-
ditions. Physically it is also clear that the Laplace and Poisson equations by themselves
are not sufficient to determine, for example, the temperature in all points of a body, or the
electric potential outside the conductor.

7.3.1 Example of an Ill-posed Problem

In order to understand the difference between elliptic boundary value problems and appro-
priate problems for other types of PDEs, let us consider the Laplace equation in an infinite
stripe:

Ugg +Uyy =0, —c0o <z <00, 0<y<yYnm. (7.18)

In the case of a hyperbolic equation,
Uyy — Ugp =0, —00 <z <00, 0<Y<Ym. (7.19)
(variable y plays role of time) we have seen that conditions
w(@, Y)ly=0 = ¢(x), uy(2,y)ly=0 = P(x), —o0 <z <0 (7.20)

with sufficiently smooth functions ¢(x) and ¥(z) determine a unique classical solution
which depends continuously on these functions, i.e., the Cauchy problem (7.19), (7.20) for
hyperbolic equation is well-posed.

In the case of an elliptic equation, the situation is different. Though solution of problem
(7.18), (7.20) exists, and it is unique, it does not depend continuously on the boundary
functions ¢(z) and ¥(x). That means that arbitrary small errors in measured boundary
functions lead to significant errors in the solution. Hence, the problem is ill-posed.

As an example, let us find the solutions u, (x, y) of problem (7.18), (7.20) for the following
sequence of boundary conditions:

1
on(z) =0, Pp(z)= - sinnz, —oco<zxz<oo, n=12,... (7.21)
Obviously,
p(z) = ILHI on(x) =0, P(z)= 1Lm Yn(r) =0, —o00 <z <00,

and the solution corresponding to the boundary conditions ¢(z) = ¥ (x) = 01is just u(z,y) =
0. To find w,(z,y), we can apply the method of separation of variables. One can guess that
the solution of (7.18), (7.20), (7.21) has the structure

un(x,y) = Y, (y) sinnx. (7.22)
Substituting (7.22) into (7.18), (7.20), we obtain the ordinary differential equation,
Y (y) = n®Yaly) =0, 0<y<ym (7.23)

with initial conditions
(7.24)
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Solving (7.23), (7.24), we find

1
Ya(y) = o sinh ny,

hence, we obtain a unique classical solution,
1. .
un(z,y) = — sinhnysinnz, 0<y <y,.
n

For any y > 0, the limit lim wu,(z,y) does not exist, because the expression sinh ny/n>
n—oo

tends to infinity, instead of tending to zero. Thus, time small-scale oscillations in the bound-
ary conditions create a catastrophic change of the solution. That means that the problem
is ill-posed, and it cannot be applied to any real physical problem.

What boundary conditions for the Laplace and Poisson equations would create well-
posed boundary value problems?

7.3.2 Well-posed Boundary Value Problems

In the present subsection, we give several examples of well-posed elliptic boundary value
problems. From physical reasoning it is clear that, for instance, if the temperature distribu-
tion on the surface of a body is known, the solution of such a boundary value problem which
consists of the Laplace or Poisson equation together with a boundary condition should exist
and be unique.

Boundary conditions can be set in several ways and in fact in our discussion above
of various physical problems we have already met several kinds of boundary conditions.
Below we categorize three primary kinds of boundary conditions which correspond to the
three different heat regimes on the surface (here we use temperature terminology but the
arguments apply equally to other physical systems).

Consider some volume V bounded by a surface S. The boundary value problem for a
stationary distribution of temperature, u(z,y, z), inside the body is stated in the following
way:

Find the function u(z,y, z) inside the volume V satisfying the equation

VQU = _f(xvya Z)
and satisfying one of the following kinds of boundary conditions:

1. uw= f; on S (boundary value problem of the 15* kind)
2. % = fo on S (boundary value problem of the 2" kind)
%4 + h(u—f3) =0on S (h>0) (boundary value problem of the 3'¢ kind),

where f1, fa, f3, b are known functions and Ou/On is the derivative in the direction of the
outward normal to the surface, S.

We may use the above formulation in two distinct ways. If we want to find the temper-
ature, inside the volume V for the bounded region we have what is referred as an interior
boundary value problem. If instead we need to find the temperature outside of a heater, or
the electrostatic potential for an unbounded region outside the charged volume V., we have
an exterior boundary value problem.

The physical sense of each of these boundary conditions is clear. The first boundary
value problem when the surface temperature is prescribed is called Dirichlet’s problem. The
second boundary value problem when the fluxr across the surface is prescribed is called
Neumann’s problem. The third boundary value problem is called the mixed problem. This
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boundary condition corresponds to the well known Newton’s law of cooling, which governs
the heat flux from the surface into the ambient medium.

Obviously, a stationary temperature distribution is possible only if the net heat flow
across the boundary is equal to zero. From here it follows that for the interior Neumann’s
problem the function f5 should obey the additional requirement:

/ /S fodS = 0. (7.25)

In a similar way a boundary value problem can be formulated for the two-dimensional
case when an area is bounded by a closed contour L. In this case the requirement that the
net heat flow through the boundary for the interior problem is equal to zero becomes

f fodl = 0. (7.26)
L

Let us demonstrate the solution of a boundary value problem for a one-dimensional case.
When the function u(x) depends only on one variable, the Laplace equation becomes an
ordinary differential equation and the solution is trivial.

Example 7.1 Solve the one-dimensional Laplace equation in Cartesian coordinates,
d’u / dx® = 0, and apply Dirichlet boundary conditions to find a simple solution.

Solution. Integrating the equation gives u = ax + b. Dirichlet’s problem with boundary
conditions u(x = 0) = uy and u(z = 1) = ug gives the solution as u(z) = (ug — u1)x/l + u;.

Reading ezercise: In Cartesian coordinates obtain a solution of the one-dimensional Neu-
mann’s problem for the Laplace equation.

Reading ezercise: Solve Dirichlet’s problem in the case of axial symmetry with boundary
conditions u(r = a) = uy, u(r = b) = us. The result will give a solution to the problem of
a stationary distribution of heat between two cylinders with common axis when cylinders’
surfaces are kept at constant temperatures. The same solution also gives the electric poten-
tial between two equipotential cylindrical surfaces. (The solution is a harmonic function
between the surfaces with the axis r = 0 excluded.)

Hint: Use the Laplace operator in cylindrical coordinates when there is no dependence
on ¢ and z.

Reading exercise: Solve Dirichlet’s problem in the case of spherical symmetry with boundary
conditions u(r = a) = uy, u(r = b) = us. The result will give a solution to the problem of a
static distribution of heat between two spheres with a common center when the surfaces are
kept at constant temperatures. It also gives the electric potential between two equipotential
spherical surfaces. As in the previous case, the solution is a harmonic function between the
surfaces and the center at r = 0 is excluded.

Hint: Use the Laplace operator in spherical coordinates for the case of no dependence
on ¢ and 6.

7.3.3 Maximum Principle and its Consequences

In this and the following sections, except 7.10, 7.11 and 7.15, we consider two-dimensional
problems.
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Let us prove the well-posedness of the Dirichlet problem. For that goal, we will use the
maximum principle for the Laplace equation.

Theorem 1 If the function u is harmonic in some domain D bounded by the curve S, it
reaches its mazimum (minimum) value at the boundary.

The physical reasoning for that principle is clear: there is no reason for maximum sta-
tionary temperature to be inside the bulk if there are no internal sources of heat. The proof,
which is similar to the proof of the maximum principle for the heat equation (see Chapter
6), is presented below.

First, let us consider a function v(z,y) satisfying the equation

Viv=—f>0, (7.27)

which corresponds to the internal cooling. If its maximum is reached in an internal point
(w0, 90), then vyx(xo,y0) < 0, vyy(wo,y0) < 0, thus V?v < 0, which contradicts to (7.27).
Thus, the maximum principle is valid for v(x,y).

For the harmonic function wu, which satisfies the Laplace equation V?u = 0, define
v(z,y) = u(x,y) + e(z® + y?), where € > 0. Assume that M = maxg u(x,y) and define
R = maxp (2% + 4?). Because V?v = 4¢ > 0, the maximum of v is reached on the boundary
S, hence in any point (z,y),

v(z,y) < maxgv(z,y) < M +cR.
Then in any point
u(z,y) = v(z,y) —e(2® + y?) < v(z,y) < maxgv(z,y) < M +eR.
Taking the limit € — 0, we get
u(z,y) < M = maxg u(zx,y),
i.e., the maximum of the harmonic function w is reached at the boundary.

The proof for minimum is similar.
The maximum/minimum principle has important consequences.

1. The solution of the Dirichlet problem depends continuously on the boundary
conditions.

Indeed, if
V2uy =0in D, wu;=f; on S

and
V2U2:0 in l)7 U2:f2 on S,

then the difference w = u; — uo satisfies the problem
Viw=0in D, w=f; —f, on S.
Applying the maximum/minimum principle to w, we find

|ur — uo| = Jw| < maxg|fi — fa.
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2. The solution of the Dirichlet problem is unique.

If u; and wus are solutions of the same Dirichlet problem, then for w = uy — us,
V2w=0in D, w=0 on &S.

Applying the maximum/minimum principle to w, we find that |u; —ug| = 0

everywhere, i.e., u; = us.

In the consequent sections, we present examples showing that the classical solu-
tion of the Dirichlet problem exists for a continuous boundary function. In that
case, the Dirichlet problem is well-posed.

7.4 Laplace Equation in Polar Coordinates

In Sections 7.4-7.9 we consider two-dimensional problems which have a symmetry allowing

the use of polar coordinates. Solutions to corresponding problems contain simple trigono-

metric functions of the polar angle as well as power and logarithmic functions of the radius.
In polar coordinates, (r, ), the Laplacian has the form

9 19 19

Vi 4o o
or? +r8r+r2 Op?

1
— 2 2
=Vi+ 5V (7.28)

We begin by solving the Laplace equation V2u = 0 using the Fourier method of separa-
tion of variables. First, we represent u(r, ) in the form

u(r, ) = R(r)®(p). (7.29)
Substituting Equation (7.29) into V2u = 0 and separating the variables we have
r’V,R  Vi®
R @

Because the first term does not depend on the angular variable ¢ and the second does not
depend on r, each term must equal a constant which we denoted as A. From here we obtain
two separate equations for R(r) and ®(y):

A

"+ \D =0, (7.30)

R’ +rR — AR =0. (7.31)
Clearly, the periodic solution of Equation (7.31),
D(p +2m) = (), (7.32)

exists only for positive integer values of A(this problem was considered in detail in Chapter 4
(Example 4.4)) The periodicity condition leads to a discrete spectrum of eigenvalues:

Ap=n% n=0,1,2...;

thus, the eigenfunctions are:
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Negative values of n correspond to the same eigenfunctions and therefore need not be
included in the list of eigenvalues.
The equation for R(r)
R’ +rR —n’R=0 (7.33)

is known as the Fuler equation. The general solution to this equation is
R=R,(r)=Cir"+Cor™", n#0,
Ro(r)=Cy1 + Calnr, n=0. (7.34)
Combining the above results for ®,(¢) and R, (r) we obtain the following particular and

general solutions of the Laplace equation:
a) Under the condition that the solution be finite at » = 0 we have

o cosnep B
un(r,p) =r {sinngp}’ n=20,1,...

We can write a general solution for the Laplace problem for an interior boundary value
problem, 0 < r <[, via the expansion with these particular solutions u, (r, ¢) as

o0

u(r, ) = Z r" (A, cosnp + By sinng) .

n=0

The term with n = 0 is more conveniently written as Ag/2, thus we have
A | on :
u(r, ) = - + Z r" (A, cosnp + By sinng). (7.35)
n=1

b) For the case that the solution is finite at r — oo we have

1
un(n(p)—{cosmp}, n=0,1,...

rn | sinnep

These functions may be used as solutions to the Laplace problem for regions outside of
a circle. The general solution of the Laplace equation for such an exterior boundary value
problem, r > 1, limited (i.e. bounded) at infinity, can be written as

Ay =1
u(r, @) = 70 + Z ey (A, cosny + By, sinng) . (7.36)
n=1

c¢) We also have a third set of solutions,
_ n J cosng 1 fcosngp B
up(ryp) =1, Inr, r {sinmp}’ r”{sinmp}’ n=12,...

for the cases where the solution is unbounded as » — 0, as well as r — oo. This set
of functions is used to solve the Laplace equation for regions which form a circular ring,
ll S r S l2.

7.5 Laplace Equation and Interior BVP for Circular Domain

In this section we consider the first of the three cases presented in the previous section —
solve the boundary value problem for a disk:
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Viu=0 in 0<r<l, (7.37)
with boundary condition
u(r,)l,— = f(e)- (7.38)
Applying (7.38) to formula (7.35) we obtain
Ao = :
5 + Z 1" (A, cosny + By sinng) = f(p). (7.39)
n=1

From this we see that I A,, and [ B,, are the Fourier coefficients of expansion of the function
f(¢) in the system (or basis) of trigonometric functions {cos np, sinng}. We may evaluate
the coefficients using the formulas
1 27 1 2
At = — flp)cosnpdp, Bul" = — flp)sinnpdp, n=0,1,2,.... (7.40)
™ Jo ™ Jo

Thus, the solution of the interior Dirichlet problem for the Laplace equation is

A i\ .
u(r,p) = 70 + Z <Z> [Ay, cosng + B, sinny] . (7.41)
n=1

Example 7.2 Find the temperature distribution inside a circle if the boundary is kept at
the temperature Ty = Cy + C5 cos ¢ + C3 sin 2.

Solution. It is obvious that for this particular case the series given by Equation (7.39)
reduces to three nonzero terms:

Ay =20y, 1A =Cs, [?By=Cs.

In this case the solution given by Equation (7.41) is
r 2 .
T:C’1+C’27coscp+03 (?) sin 2¢.

Similarly, we can obtain solutions of the second and third boundary value problems for
the Laplace equation for a disk. We leave to the reader as Reading Ezercises to check that
the resulting formulas presented below are correct for the following two cases of Neumann
and mixed boundary conditions.

The Neumann problem for the Laplace equation with boundary condition

ou
— = 7.42
| fle) (7.42)
has the solution
u(r, @) = Z # [A,, cosng + B, sinny| + C, (7.43)
n=1

where C' is an arbitrary constant. We remind the reader that a solution of the interior
Neumann problem can exist only under the condition

2m
/ fdl = fle)dp = 0. (7.44)
el 0
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We discussed the meaning of that condition in Section 7.3.2: if heating and cooling of
the body through its boundary are not balanced, the temperature of the body cannot be
time-independent. It grows if integral (7.44) is positive and decreased otherwise, hence the
problem is described by the heat equation rather than the Laplace equation.

Note that the average temperature of the body

1 2 l
— d dr=C
7le/o so/o ru(r, o)dr

is not determined by BVP (7.37), (7.42). Indeed, the boundary condition (7.42) does not
provide any reference temperature for the body: a spatially homogeneous change of the
body’s temperature does not violate that boundary condition. Thus, the solution is unique
up to an arbitrary constant.

The mized problem for the Laplace equation with boundary condition

Ou + hu = f(p), h = const, (7.45)
or r=I
has the solution
u(r )_@‘FiLM cosny + By, sin ng] (7.46)
TR T A (ot O ST P ST ‘

Clearly, in the case of homogeneous boundary conditions (f(¢) = 0) all three problems have
only trivial solutions (i.e. equal to zero, or for the Neumann problem, any constant).

Coefficients in the expansions in Equations (7.41), (7.43) and (7.46) are determined using
Equation (7.40). Let us briefly discuss the convergence of the series in these expansions. If
the function f(y¢) defining the boundary condition can be integrated absolutely, its Fourier
coefficients are bounded and, as can be seen from the structure of these series, they converge
in any interior point of the circle (r < I). The smoother the function f(y) is, the faster these
series converge. The series can be differentiated term by term any number of times and the
sums satisfy the Laplace equation, i.e. they are harmonic functions. The same can be said
for the problems discussed in the following sections.

Example 7.3 Letu(r, ¢)|,_, = sin(¢/2) at 0 < ¢ < 27. Find the temperature at several
points P(r,¢) (here r is in units of ) of the circle: P;(0,¢), P»(0.2,7/18), P5(0.3,7/18).
Evaluate the precision of the calculations.

Solution. The coefficients in (7.39) are

4 4
Ag= 2, Aj=——2
0T x 7 (1 — 4n?)

(for n=1,2,...), and B,, = 0. Thus, we have the expansion

2 |« n 4
u(r, ) = P +7;1 (%) 7“1 ~ 1) COS NY.

At point P;(0,0), the temperature is u(0,0) = 2/7 and the error is zero because r = 0.
At point P»(0.2,7/18), keeping six terms in the partial sum and rounding off the result
with accuracy, e1 = 107%, we obtain (0.2, 7/18) = 0.5496. Because the terms in the series
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above monotonically decrease, the error when we keep six terms is less than or equal to the
absolute value of the 7" term in the series,

~0.5-107°.

c<|(2) 1
“I\10) 7(1-4-7%) 1-2

The total error is € + &1 ~ 104,
Similarly, u(0.3,7/18) = 0.5031, e ~# 10~* and ¢ + &1 ~ 2- 1074

Example 7.4 Let an infinite homogenous cylinder with a circular surface of radius a be
kept at a constant temperature

_ T07 OSSO<7T7
u(r, @)‘r:l = { Ty, w<p<2nm

for any 2. After a long period of time the temperature inside the cylinder will become
constant, i.e. the system reaches equilibrium. Find the temperature distribution inside the
cylinder when this occurs.

Solution. This is the Dirichlet’s interior problem for a circle. The solution to this problem
is given by the series (7.41); the coefficients (7.40) are

AT,

n P 2k ) 2k+1 7T(2k+ 1)7

k=0,1,2....

The coefficients decrease as 1/n, rather than 1/n? in Example 7.3, because of disconti-
nuity in the boundary condition.

The results of numerical summation of the series in Equation (7.41) with N terms are
presented in Figure 7.2 using the dimensionless variables, length in units of the radius [ and
temperature in units of 7. Because of the symmetry of the problem we have

u(rm—p)=—u(rm+g)
and we can search for the solution in the half-domain (¢ < ).

Figure 7.2 shows the temperature distribution on the boundary of the cylinder for dif-
ferent values of N. As can be seen from the graphs, closer to the points ¢ # 0, T we need
more terms to keep the same precision. It is clear that at the discontinuity points ¢ = 0
and ¢ = 7 the series gives a value of zero for the temperature.

1,2 ua 12 s 142_"
4 ¥
08 0.8 0.8
0.4 0.4 0.4
0 T T T 1oz 01 T T T T 0 T T T
0.5 177 70 05 1977 05 o=

FIGURE 7.2
Temperature distribution on the circle boundary (r = 1) obtained with partial sums of the
series in Equation (7.41) for the number of terms; (a) N = 20, (b) N = 50, and (¢) N = 100.
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7.6 Laplace Equation and Exterior BVP for Circular Domain
In this section we consider the second of the three cases presented in Section 7.4. This
problem is formulated as

Viu=0 for r>I.

With the boundary condition u|,_, = f(¢) we directly obtain the solution of the Dirichlet
problem as (7.36):

Ay = (1" ,
u(r, @) = 5 + nE:1 (7’) [Ay, cosng + B, sinng) . (7.47)
The Neumann problem with boundary condition

ou
e — 7.48
5 =) (7.48)

has the solution

e 1 [t

u(r, @) = — Pl [A,, cosnp + By, sinng| + C, (7.49)

n=1

where C' is an arbitrary constant. We remind the reader again that the exterior Neumann
problem for a plane has a solution only under the condition

27
/ fai= [ flp)dp=0 (7.50)
C 0

and its solution has an arbitrary additive constant.
The mized problem, with a boundary condition

ou
_ — .51
o~ =) (7.51)
has the solution
AO > anrl
=——— —[A B, si . .52
u(r, ) 5h 3:1 CEN [Ay, cosng + B, sinny) (7.52)

Notice that different signs for & in Equation (7.51) as compared to Equation (7.45) are
because of different directions of the vector normal to the boundary. For the interior problem
this vector is directed outward; for the exterior problem it is inward.

Coefficients A,, and B,, in the series (7.47), (7.49) and (7.52) are the Fourier coefficients
of function f(y) and are calculated with Equations (7.40). We leave to the reader as useful
Reading Ezercises to prove the results in Equations (7.47), (7.49) and (7.52).

|
7.7 Poisson Equation: General Notes and a Simple Case
Let us briefly discuss how to find a solution of a Poisson equation

Viu=—f (7.53)
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with the Dirichlet boundary condition:

u(r, @)l,—; = 9(¢). (7.54)

Either the interior or exterior problem can be considered. Note that, contrary to the solu-
tion of the Laplace equation, the solution of the Poisson equation is not zero even for
homogeneous boundary conditions g(¢) = 0.

The way to solve the problem (7.53), (7.54) is to solve the nonhomogeneous equation
(Poisson equation) without taking into consideration the boundary condition, and then
to add a solution of the Laplace equation in a way that the sum satisfies the boundary
condition. In other words, the function u is presented as the sum of two functions, u =
U, + ug, where u,, is a particular solution of the Poisson equation

Viu, = —f (7.55)
and ug is a solution of the Laplace equation
V2uy = 0. (7.56)

The function u should satisfy the necessary boundary condition from which follows the
boundary condition for wug:
uo(r,)l,— = 9(®) — up. (7.57)
The boundary value problem defined by Equations (7.56) and (7.57) was considered in
Sections 7.5 and 7.6, thus now we turn to the solution of Equation (7.55). The question is
how to find a particular solution of the Poisson equation which is finite in the center (for
the interior problem) or at infinity (for the exterior problem) irrespective of the boundary
condition at r = [. It should be emphasized that changing the type of boundary condition
for the Poisson equation, (7.53), we need only to change the boundary condition for the
Laplace Equation (7.56).
Let us consider a particular case: very often the inhomogeneous term f(r,¢) has the
form
f(r,@) =1 cosnep. (7.58)

(or perhaps r™ sinny). Here m is an arbitrary real number, n is an integer since the function
f(r, ) should be periodic in ¢, thus f(r, p+27) = f(r,¢). In this case a particular solution
of the Poisson equation can be obtained using the method of undetermined coefficients.
Note that m > —2 corresponds to an interior problem, while m < —2 to an exterior one.
Indeed, the function f(r,¢) can be infinite at = 0 for the interior problem; we should only
ensure that the integral

/ ()| dS
S

remains finite (for example, in electrostatics it means that the full charge inside the domain
is finite). With dS = rdrdy in polar coordinates, it is obvious that at m > —2 corresponds
to a finite value of

l
/ flryo)rdr.
0

On the other hand, at m < —2 both f (r — 00, ¢) and the integral [ f(r, ¢)rdr remain
finite — this situation corresponds to an exterior problem. The value m = —2 can be used
only for a boundary problem involving solutions inside an annulus (ring).

In polar coordinates Equation (7.53) is

or2 " ror  r20p? ne
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and because of
V2rm 2 cosng = [(m +2)° — nz} r™ cosnp,

the particular solution of equation

V2u = —1™ cos ng
is o
w, = — T c;)bngo . (7.59)
(m+2)" —n?

A difficulty occurs if m+2 = +n in which case we cannot apply Equation (7.59). In this
case we may seek the solution in the form

up = R (r)cosny
and obtain for R (r) the equation
1 n?
/1 / +n—2
R + ;R - TTR = —T ,

where the derivatives with respect to r are denoted by primes. The particular solution of
this equation is

:I:nl
4 Qn” at n#0 (7.60)
and )
1
- HZT at n=0. (7.61)

Recall that m > —2 corresponds to an interior problem, whereas n stays in the argument
of cosny, i.e. there is no need to consider negative values of n. The result is the solution in
Equation (7.60) with the upper sign used for the interior problem, r < [, and the lower sign
for the exterior problem, r > [. The solution in Equation (7.61) with n = 0 is the particular
solution for a boundary value problem inside an annulus.

Example 7.5 Solve the boundary value problem for a disk given by
Viu=—Azy, r<Il, u|._,=0. (7.62)

Solution. The function, f, on the right side of the Poisson equation is f = Azy =
Ar? sin 2@/2, thus we have the situation described by Equation (7.58) with m = n = 2.
Using the result of Equation (7.59) we obtain a particular solution of Equation (7.62) as

A
up(r, 0) = 3 127’4 sin 2¢p (7.63)

Taking the solution given by Equation (7.63) into account, the boundary value problem of
Equations (7.56) and (7.57) takes the following form:

VQ’U,O = 0,

A
r=10l: wuy=—-u,= ﬂl4sin2go.

Since the boundary condition contains only one Fourier harmonic, we can conclude that
uo(r, ) = Cr?sin 2¢p with C' = —Al?/24. Thus, the function u = u, + ug that satisfies the
given boundary condition is

A
u(r,p) = ﬂrz (12 - r2) sin 2¢.
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7.8 Poisson Integral

It is possible to present a solution of Dirichlet’s problem for the Laplace equation as an
integral formula. Let us do this first for the interior problem for a circle. Substituting the
formulas for Fourier coefficients in Equation (7.40) into Equation (7.41) and switching the
order of summation and integration, we obtain

u(r,p) = ;/0% f(®) {; + i": (%)n [cosn¢cosngp+sinn¢sinmp]} do
i/:ﬂ { +Z( ) cosn(¢p — cp)}d(b. (7.64)

Since t = 7/l < 1, the expression in the parentheses can be transformed as follows:

1 I 1
Ei—i—g cosn(p — ) = §+§;t [e (p=¢) 4 g=inle=¢)
1 i . n . n
=2 { Z tez(so—qb)) n (te—ma—qs)) } } _
Using
> " =) A=y —
n=0 n=1 n=0
we have
1 tei(p—9) te—Hp—9) 1 1—¢2
Z=—-|1 . + . == .
2 1 —teile=9) 1 —te—ile—9) 21— 2tcos(p — @) + t2

Therefore Equation (7.64) becomes

1 27 l2 2

—r
o f((b) —2lrcos(p — @) + 12

u(r, ) = dg. (7.65)

This formula gives the solution to the first boundary value problem inside a circle and is

called the Poisson integral. The expression

2 —r?
r2 —2lrcos(p — ¢) + 12

u(r,,l,¢) = (7.66)
is called the Poisson kernel.

Expression (7.65) is not applicable at » = [, but its limit as » — [ for any fixed value
of ¢ is equal to f(yp) because the series we used to obtain Equation (7.65) is a continuous
function in the closed region r < [. Thus, the function defined by the formula

1 2 l2 _ 7'2 .
u(r,¢) = g/o /() r2 — 2lrcos(p — ¢) + 12 dg, if r<i,
f(#), T

is a harmonic function satisfying the Laplace equation V?u = 0 for r < [ and continuous in
the closed region r <.
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Similarly, we obtain the solution to the exterior boundary value problem for a circle as

1 [ r2 — 2 .
u(r, ) = %/0 1(9) r2 — 2lrcos(p — @) + 12 de, it r>1, (7.67)
f(e), if r=1.

Poisson integrals cannot be evaluated analytically for an arbitrary function f(p); how-
ever they are often very useful in certain applications. In particular, they can be more useful
for numerical calculations than the infinite series solution.

Example 7.6 Consider a stationary membrane’s deflection from the equilibrium position.
For the stationary case the membrane surface is described by the function u = wu(z,y) which
satisfies the equation
0?u  0%u B
0x? + oy?
If the membrane contour projection onto the zy-plane is a circle of radius I/, we can consider
this problem as an interior Dirichlet’s problem for a circle.
Let the equation of the contour be given by function u = f(p), where f is a z-coordinate
of the contour at angle ¢. As an example, consider a film fixed on a firm frame that has a
circular projection onto the zy-plane with radius [ and center at point O. The equation of
the film contour in polar coordinates is u = C'cos2¢ (0 < ¢ < 27), r = [. Find the shape,
u(r, @), of the film.

0.

Solution. The solution is given by the Poisson integral:

1 2m l2 _ ’f‘2
— — | Ccos2¢-
ulr, ) 27 Jo cos 2¢ r2 — 2lr cos(p — ) + 12

do.

To evaluate this integral we use the substitution ¢ — ¢ = (. The limits of integration will
not change because the integrand is periodic with period 27 (an integral in the limits from
— to 2w — ¢ is equal to the same integral in the limits from 0 to 27r). Thus, we have

c(?—r?) /2” cos(2¢ + 2¢) i
27 o 12—2lrcos¢+1?

_ow-r?) cos 2 /2” cos 2¢d( sin2e /2” sin 2¢d¢
27 o 12—2lrcos¢+1? o 1r2—2lrcos¢+1?

u(r, ) =

The second of these integrals is equal to zero as the integral of the odd function on the
interval (0, 27). So, for this case

C(I2 —r?) T cos 2¢
ulr ) = 21 o8 2@/7, r2 — 2lrcos ¢ + (2 de.-

With the substitution tan ({/2) = v finally we obtain

C(1? —r?) ‘ 2712 Cr? ‘
o cos 2(,0[2(12 ) = cos 2¢p.

u(r, ) =

The function C (r/ l)2 cos 2¢ is harmonic and takes the values C'cos2¢ on the contour of
the circle. It has a shape of a saddle, shown in Figure 7.3.

Reading Ezercise. Solve this problem using the method of Section 7.6.
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FIGURE 7.3
Shape of the film in Example 7.6.

7.9 Application of Bessel Functions For the Solution of Poisson
Equations in a Circle

In this section we will show how to solve Poisson equations for the general form of functions
f(r, ), not necessarily " sinngp, like in Section 7.7. Such solutions can be obtained with
Bessel functions.

Let us consider the following interior boundary value problem for the Poisson equation:

0%u  10u 1 0%u

aw +pulr 9)|  =9(%), (7.69)

u(r, o) = u(r, ¢ +2m), |al+[6] #0.

To separate variables when a boundary condition is nonhomogeneous, we should split
function u(r, ¢) into two functions:

u(r, o) = v(r, o) +w(r, @), (7.70)

where the introduced auxiliary function w(r, ¢) must satisfy the nonhomogeneous boundary
condition (7.69) and leaves the boundary condition for the function v(r, ¢) homogeneous.
The function w(r, @) satisfying the boundary condition (7.69) can be chosen in different
ways; the only restriction is that it should be continuous and finite. Let us seek it in the
form
w(r, @) = (co + err + c2r?) - g(p).
Because

Low(r,¢) (e
T = (T ) et

we have to put ¢; = 0 and as the result
w(r, ¢) = (co + car®)g(p)- (7.71)

Case 1. For a =0, =1 we have:
a) Boundary condition u(r,¢)|,_, = g(¢) with auxiliary function

w(r,9) = F9()- (7.72)
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b) Boundary condition u(r,¢)|,._, = go = const with auxiliary function

w(r,¢) = go. (7.73)
Case 2. For o = 1, B = 0 we have the boundary condition % (r, @)‘r:l = g(p) with
auxiliary function
2
r
w(r,¢) = 579(p) +C, (7.74)

where C' is an arbitrary constant.

Case 3. For a = 1, # = h > 0 we have the boundary condition Z2%(r, ¢) + hu(r, (p)‘
g(p) with auxiliary function

r2

mg(@- (7.75)

w(r, ¢) =
It is easy to verify by direct substitution that the above expressions for w(r,¢) satisfy
boundary condition (7.69).

Thus, the simple expressions for auxiliary functions w(r, ¢) given by one of the Equations
(7.72) through (7.75) allow us to reduce nonhomogeneous conditions given in Equation
(7.69) to homogeneous.

Let us consider now the solution of Poisson’s equation with homogeneous boundary
condition. For function v(r, ¢) we have the BVP

8%v 10w 1 9%v

o 0 10v 1%
Viv= or? + r or + 72 Op2 F(r ). (7.76)
a%;‘so) +Bv(l, )| =0 (7.77)

with function f(?", ®)

0w 10w 1 9%w

f(ﬁ‘ﬂ)zf(rﬁp)‘*‘W‘F;E‘*‘ (7.78)

r2 9p?’
Check the result (7.78) as a Reading Exercise.

Let us show that the solution to the problem of Equations (7.76) and (7.77) can be
obtained by expansion of function v(r, ¢) in a series by eigenfunctions of the Sturm-Liouville
problem for the Laplace operator as

Z Z |:Anmv ) + Bn"LVTS?,z (’I“7 QO) s (779)

n=0m=0

where V,g,l,z (r, ), V,ﬁfg (r,) are the eigenfunctions of the Laplacian satisfying the corre-
sponding homogeneous boundary value problem. As shown in Appendix D part 1, the
eigenfunctions of the Laplacian in polar coordinates for Dirichlet, Neumann and mixed
interior problems can be expressed in terms of the Bessel functions

M(n) M(n)
v =, Tmr cosnp, V. =, Tmr sin n. (7.80)

Different types of boundary conditions lead to different eigenvalues uSﬁ ),
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Because of orthogonality, the coefficients in Equation (7.79) can be obtained via the
(unknown) function v(r, ) by multiplying (7.79) by dS = rdrdy and integrating over the

disc’s area:
27
|V(1)||2 / / (r, p)rdrdep,

27
_ (2)
= ||V,§1272||2 /0 /Ov(r,go)Vnm(r,go)rdrdgp. (7.81)

To find a final form for these coefficients we first multiply Equation (7.76) by Vi (r, )
and V,ﬁﬁ% (r, ), and integrate over the circular domain:

27 27
/ / VoV (r,p)rdrde = / / f Vn(1 (r, p)rdrde, (7.82)

2m 2
/ / V2 V.2 (r, )rdrdp = / / f(r, ) V. (r, o)rdrde. (7.83)

Now substitute Equation (7.79) into Equations (7.82) and (7.83). Because V.1 (r,¢) and
V.2 (r,¢) are the eigenfunctions of the Laplacian we have

V2V, (r,0) = =Aam Vi (1, 0), (7.84)

2
where the eigenvalues A, = (ugf)/l) . The left sides of Equations (7.82) and (7.83)

become:

o0 oo 271
DN / A5V 0) + BV (r.0) | Vi p)rdrdg.

i=0 j=0

Due to the orthogonality relation for the functions Vi) (r,o)(p =1,2), the only term in the
sums that differs from zero is

2 2
—AnmA m p1 O — AnmBnm V',S%)H 6p2-

Comparing with the right sides in Equations (7.82) and (7.83) we obtain
AnmAATLm :fy(;l) )\ Bnm *f(Q) nam:071727'-'7

LM nm?’
where
(p) —

nm ~

27
|V(P)||2 / 0 f ) nm(r @)TdeQO (7.85)

From this the coefficients A,,,,,, By, can be obtained.

In the case of boundary conditions of the 1°¢ or 3"¢ type (Dirichlet’s condition or mixed
condition) the eigenvalues A, # 0 for all n, m = 0,1,2,... in this case the solution is
defined uniquely and has the form

Z Z { ViR + F2VE(re)] . (7.86)

n=0m=0
In the case of boundary conditions of the 2" type (Neumann’s condition) the eigen-

value Agp = 0 (Vo(ol =1, VO(O2 ) = O) and all other eigenvalues are nonzero. There are

two options.
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27 l
&) = / / f(ryp) rdrdp =0,
0 0

then the coefficient Agg is undefined. The other coefficients are defined uniquely. A solution
to the given problem exists but is determined only up to an arbitrary additive constant.
The solution in this case is

If

S [V o) + SRV )] +eonst. (787)
nm

n=0m=0
27 l N
/ / F(r, @) rdrdp #0,
0 0

then the solution to the given problem does not exist.
Thus, the general solution of the Poisson problem in a circular domain with nonzero
boundary condition has the form

If

u(r, ) = w(r, ) +o(r, )

—uw(r @)+ YD [Aum VR0 0) + BanViB 0 %)] (7.88)
n=0m=0
where

(1) 2w (1)

Apm = 220 / / f r, ) Vo (r,o)rdrde, (7.89)
— nmnvn(inHQ

(2) 27 @
Bpm = % = / / (r,0) V) (r, 0)r drd 7.90
N nmIIW e fr.e) p)rdrdp (7.90)

with V,%) (r, ») defined by Equation (7.80) and the auxiliary function w(r, ¢) (7.71). Notice,
that the norms are different for different types of the BVP. The expressions for them are
given in Appendix D part 1.

Example 7.7 Find a stationary temperature distribution in a thin circular plate of radius
! if a boundary of the plate is kept at zero temperature and the plate contains a distributed
source of heat with

Q(r, ¢) = 12 cos 2.
Solution. The BVP is formulated as the Poisson equation

?u  10u 1 0%u 9
ﬁ+;a+r—28—¢2:fr cos2¢ (0<r<l, 0<¢<2m)

with zero boundary condition
u(l,p,t) = 0.

This is the Dirichlet BVP and the eigenvalues u&n) are p081tive roots of equation
2 2
Jn(pr/l) = 0. From there, A\, = (,ugff)/l) and ‘ 7”1712)‘) = an7r2 [J’( (n))} ,

2, if n=0, )
In = { 1, if n#0, (see Appendix D part 1).
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The boundary condition is zero, so the solution u(r, ) is defined by the series (7.79)

Yy [ AV, 0) + BamVi2 ()]
n=0m=0

(1) 2 p(1) (2) (2)

f'nnL l fn?n. Bnm —_— f’!L’"L —_ l f'L7YL

where A,,, = JL = Aty = =

() Ko = ()T

Next find fy(ﬁ,)l, f,(ﬁy)l using formulas (7.85). Integrals in (7.85) contain

2m . 2m
m, if n=2 . .
/0 cos2pcosny dp = {O, it on Ak /0 cos 2¢sinnp de = 0,
thus fnm =0 for n # 2 and fmn = 0 for all values of n.
Figure 7.5 shows the graph of function Jy(u) and the respective table lists the roots of

equation Ja(p) = 0.
To find f5,, () Jot us use the recurrence formula for Bessel functions

/x”Jn_l(x)dx = 2" J,(x),

which gives

Thus

o @)
(1) _ / / 7 o8 2p - cos 2¢ - Jo (7’) rdrdy
| ”H
I (1) = 2 s (1)
2 [Jg (uﬁﬁ))] ey 4@ [JQ( (z))}

Therefore, the solution of the problem wu(r, ) is the series (see Figure 7.4):

(’I“ 2 f2 X (/’Lgb) )
) =1%cos2p Z Jo T
m=0 (,Uf'gn))

The coefficients in fQ(,IT)L can be evaluated, for instance by using Maple, Mathematica or
software from books [7, 8]).

7.10 Three-dimensional Laplace Equation for a Cylinder

Up to now we did not discuss three-dimensional problems. In this section we will show that
they can be solved in a way similar to two-dimensional ones.
Let us separate the variables in the three-dimensional Laplace equation

Viu=0 (7.91)

inside a circular bounded cylinder, r < a, 0 < p < 27, 0 < 2 < L.
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(a)
FIGURE 7.4
Surface plot (a) and lines of equal temperature (b) of the solution u(r, ¢) for Example 7.7.
\
0.5 - Jz(/l)
m @)
Hm
/\ /\ / 0 | 5.1356
0 T T T T T > [ 1 8.4173
4 \/ 16 N\ 2 | 11.6198
3 | 14.7959
4 | 17.9598
-0.5- ) 21.1169
FIGURE 7.5

Graph of function J(p) (a short notation for Jy(ur/l) and table for the roots of equation
Ja(p) = 0.

Let us represent the unknown function « in the following form:
u(r,p,z) =V (r,p)Z(z). (7.92)

Substituting (7.92) into Equation (7.91), after the separation of variables, we get

—A (7.93)

Lo (ovy, 1oV 10
Vr2 02 Z 022 77

el _
Vror \' or

where A > 0 is the separation constant which will be determined from the conditions of

existence of a non-trivial solution of the problem. As a result, we obtain the equation for

the function V (r, )
10 ([ 0V 1 0%V
2 (2= 4 A\V = .94

r@r(rar)+r23<p2+v 0 (7.94)
and the equation for the function Z(z)

7' —\Z =0 (7.95)
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with a solution which can be written in the form
Z(z) = dy cosh V/Az + dy sinh VAz. (7.96)

A separation of variables in Equation (7.94)

V(r, ) = R(r)®(p) (7.97)
results in » OR
v
19 (o8 A— 7) - :
r@r(rar)+( r2 r=0 (7.98)
and
" 4+ 1P =0, (7.99)
where v is a separation constant. From periodicity condition, ®(¢) = ®(¢ + 27), we have
v=mn? where n =0,1,2,..., and two sets of eigenfunctions ®,,(¢):
D, (p) =sinnp and P,(p) = cosnep. (7.100)

Equation (7.98) for the function R (r) is the Bessel equation which is bounded at r = 0;
solutions are the Bessel functions

R(r) = J, (\FAT) . (7.101)

This result explains our choice of the sign, A > 0 - only in this case the separation of
variables leads to the Bessel function R(r). If A < 0, the solutions of Equation (7.98) for
R(r) give the modified Bessel functions, I,, (v/=Ar). Also, when A < 0, the solutions of
Equation (7.95) for function Z(z) are periodic functions, sin (v/=Az) and cos (v=Az), with
the eigenvalues A = \,, determined by the boundary conditions at z = 0 and z = [. The
physics of the problems governs what sign of A has to be chosen: in one case we expect
oscillatory behavior of function u(zx,y,z) in z, in the other the exponential behavior. In
books [7, 8] the reader can find a solution of Equation (7.93) for both signs of A.
Consider the Dirichlet boundary value problem with zero boundary condition at the
lateral surface
ul,_, =0 (7.102)

and boundary conditions at the bottom and top surfaces
ul,_og=g(r,¢), ul,_, =F(r,¢), (7.103)

where g (r, ) and F (r, @) are given functions.
Assume that an expected solution is not periodic in z, thus A > 0. The boundary
condition at the lateral surface (7.102) results in R(a) = 0 which gives

T (u;’ﬁ) —0, (7.104)

where ,u,(ff) =+vAa, m=0,1,2... numerates the roots of this equation.
2
Therefore, Equation (7.94) gives the eigenvalues Ay, = (,ugff) /a) for Dirichlet BVP; the

corresponding eigenfunctions are

M(") ,u(")
V) — g [ Zr ) cosng, V2 =J, [ Z2r | sinne. (7.105)
a a
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The norms in the case of Dirichlet BVP are

|

where 0, =2 forn =0and o, =1 forn #0.

V(l)

nm

, (7.106)

=TO0pn—

2 2
7 [ () and |

I (uﬁlf)) i

Using the above results, the solution of the first BVP for Equations (7.91) with zero
boundary condition at the lateral surface can be represented as the series

u(r, o, z Z Z {[alnm o (1, @) + binmV, ,fnz (r, cp)} cosh (Mz)

n=0m=0

+ {azané},Z (r, ) + banm Vi) (r, @)} sinh ( )\nmz>} ) (7.107)

From the boundary condition at z = 0 we have

> [alanéiﬁ(T, ) + biam Vi) (r, @)} =9(r, ),

n=0m=0

where the coefficients a1, and b1y, may be determined by expanding the function g(r, )
in a Fourier series in the basis functions V,%(r, ®) and V,% (r,p):

1 a 27
72 /O /O g(r, @)V, (r, )rdrde,

HV(2)H // "2 (r, p)rdrde. (7.108)

Analogously, we find the coefficients as,,, and bay,,, using the boundary condition at z = I:

21
/ / ) (r, @)rdrdy,
!V“

’V(Q / / ) N (1. p)rdrdip. (7.109)

In a similar way the three-dimensional Laplace and Poisson equations can be solved in
a cylindrical domain for other types of boundary conditions on the lateral surface. The only
difference is that Equations (7.104) and (7.106) should be replaced by the proper ones for
the corresponding types of the boundary conditions.

Inm —

Example 7.8 Find an expression for the potential of the electrostatic field inside a cylinder
r <a, 0 <z <, the upper end and outside surfaces of which are grounded, and the lower
end is held at potential A sin 2¢p.

Solution. The problem is formulated as

Viu=0ul,_,=0ul_,=Asin2p, wul_,=0.
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Coefficients agpmp = bamn = 0. Clearly all a1,,, = 0 because of orthogonality of function

sin 2¢ and functions cosng on [0,27]. Among coefficients b1, only coefficients byg,, # 0
are not zero:

A a 27 1(7%) A a srzL)
biom = 72/ / Ja Am_ . sin 2¢ sin 2prdrde = %/ Jo Hm . rdr,
EREIS ERIS
2m 2m

and with (7.2.1) we have

biam = W Iy J2 (@r) rdr — this integral can be calculated numerically.
Thus,
ad (2)
u(r, ¢, z) = sin2¢ Z biomJ2 (/er> cosh (,uﬁ?z/a) .
m=0 a
I

7.11 Three-dimensional Laplace Equation for a Ball
The next important example is the three-dimensional Laplace equation
Viu=0

in a ball of radius a. Using the spherical coordinates, we obtain the following equation for
function u = u(r, 6, @),

10 Ju 1 0 ou 1 0%u
V2y= —— (222 ——  — (sinf=— — =0, 7.110
YT 2 (r 87“) * r2sin 6 00 (sm ) N r2 sin? 0 Op? ( )
r<a,0<0<m0<ep <27 We shall discuss only the Dirichlet boundary value problem,
u(a,0,0) =F(0,p), 0<60<m, 0<¢p<2r. (7.111)

7.11.1 Axisymmetric Case

Let us start with the case where the function in the boundary condition does not depend
on the azimuthal angle ¢,

u(a,0,9) = F(0), 0<60<m, (7.112)
hence the solution also does not depend on ¢,
u=u(r,0). (7.113)
Equation (7.110) is reduced to

10 Ju 1 0 ou
‘72 — 2 —_— 1 — =
YT 2 (r 8r> r2sin 6 00 <sm9 89) 0 (7.114)

As usual, we apply the method of separation of variables and find particular solutions in
the form

u(r,0) = R(r)©(0). (7.115)
Substituting (7.115) into (7.114), we get

(2R (r)) ©(0) + }?Lg [sin 06/ (8)] = 0, (7.116)

Sin
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hence ,
2R’ in 00’ ()]
(*R() __meeo) _ —_
R(r) sin 60 (0)
where A\ is constant.
It is convenient to introduce the variable x = cos @,
4a__14d
dr  sinfdb’
which allows us to rewrite the equation for ©(0) = X (z) as
d dX
— (1 —2?%) — X = 1<z<l. 11

Thus, function X (z) is determined by the Legendre equation.

The properties of solutions of that equation are described in Appendix B. It is shown
that the bounded solutions of that equation, the Legendre polynomials, X,(z) = P.(z),
exist only for A, =n(n+ 1), where n =0,1,2, ...

The equation for R, (r)

[r2R,(r)] —n(n+1)R, =0 (7.119)

has two particular solutions,

n

™ and (D,

The solution 7~ (") has to be dropped because it is unbounded when r — 0.
Finally, the bounded solution of Equation (7.114) can be presented in the form

[e%s) -~
u(r,0) = ;An (5) P, (cosb). (7.120)
The boundary condition (7.112) prescribes
u(a,0) = ApPy(cost) = F(0). (7.121)
n=0

Using the orthogonality property of the Legendre polynomials,

1
5
P P, = — , 122
/_1 () P (@) = 5B, (7.122)
we find that 5 1
A, = ”; / F(6) Py (cos 0) sin 6d0. (7.123)
0

7.11.2 Non-axisymmetric Case

Let is consider now the general case of (7.110)-(7.111). First, we search particular solutions
in the form

u(r,0,¢) = R(r)0(0)®(p). (7.124)
Similarly to (7.117), we find

/ ’

(PR'(r) _ _[sin0e'(0)] 1 9"(p)

R(r) — sinfO(0)  sin20 ()

=\ (7.125)
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The second equality in (7.125) leads to relation

’

. ., [sin 00’ (0)] 2"(¢)
)\sm29—|—sm0[sm =— =4,
o) o(p) "
where p is a constant.
Equation
"+ u® =0

is solved with periodic boundary condition ® (¢ + 27) = ®(¢), hence

tm :m2, m=20,1,2,...
The eigenfunctions are

®4 = ag, Py = a4, cOsSMP + by sSin M, M # 0,
where ag, a., and b,, are arbitrary constants.
The equation for ©(f) becomes
sin 0 [sin 06/ (0)] + (Asin# — m?) ©(0) = 0.

By means of the change of variables

x=cosf, X(zx)=0(0),

it is transformed to
% [(1 ) C;ﬂ + (A = 17”12) X =0, (7.126)
Its bounded solutions are associate Legendre polynomials:
Xon(z) =P (z), Ap=n(n+1); n=012..., 0<m<n
(see Appendix B). Thus
Onn(0) = P (cos 0).

For R, (r) we obtain the same Equation (7.119) for any m, hence the bounded solution
is R, (r) =1r"
Finally, we obtain

u(r,8,p) = i (2)71 z": P (cos 0)(Apn cosmp + By, sinmep).
n=0 m=0

The coefficients A,,, and B,,, are found from the boundary condition (7.111),

u(a, 8, p) = Z Z P (cos 0) [Amn cosmp + By sinmy)] .

n=0m=0

We leave the computation of coefficients A,,, and B,,, to the reader. When carrying
out the computations, one has to use the known orthogonality properties of trigonomet-
ric functions, orthogonality properties of associate Legendre polynomials (with the weight
sin ), and the relation (see Appendix B).

/1 [P7 ()] da = /OTr [P (cos 0))° sin 6df = (7.127)

-1
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7.12 BVP for Laplace Equation in a Rectangular Domain
Boundary value problems for the Laplace equation in a rectangular domain can be solved

with the method of separation of variables. We begin with the Dirichlet problem defined by

Viu=0 ((O<z<l, 0<y<l,), (7.128)
u(x, y)|m:0 =0 (y)a u(m?y”a::lw = 92(:1/)7

wl@, 1)l = 95(@), (@ y)l,cy, = 01(2). (7.129)
Let us split the problem in Equations (7.128) through (7.129) into two parts, each of

which has homogeneous (zero) boundary conditions in one variable. To proceed we introduce

U(.’E,y) = ul(‘rvy) +U2(1',y), (7130)
where uq(z,y) and ug(z,y) are the solutions to the following problems on a rectangular
boundary:

VZu; =0, (7.131)
Ui (l‘7y)‘z:0 = ux (.Z', y)|;p:lz = 07 (7132)
(@9l = 93(2),  w(z,9)l,_y = ga(o), (7.133)
and
V2uy = 0, (7.134)
U/Q(x7y)|y:0 = u2('r) y)|y:ly = O) (7'135)
(2, Y)|pmo = 91(y)s  w2(2,9)|,—y, = 92(y). (7.136)

First, we consider the problem for the function w;(x,y) and search for the solution in the
form
w(@,y) = X(@)Y (1), (7.137)

Substituting Equation (7.137) into the Laplace equation and separating the variables yields

X'w) _ _Y'(y)
X() Y(y)
where we take A > 0 for the further solution.
From here we obtain equations for X (z) and Y (y). With the homogeneous boundary
conditions in Equation (7.132) we obtain the one-dimensional Sturm-Liouville problem for
X (z) given by

Y (7.138)

X"4+AX =0, 0<z<ly,
X(0)=X(,)=0.
The solution to this problem is

™n

Lz
With these eigenvalues, A.,, we obtain an equation for Y (y) from Equation (7.138):
Y =AY =0, 0<y<l,. (7.140)

2
X, =sin\/ Az, )\m:< ) , n=123,.... (7.139)
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A general solution to this equation can be written as
Y, = C,(Ll) exp < )\my) + C,(f) exp (— )\my) . (7.141)

Such a form of solution does not fit well the purposes of the further analysis. It is more
suitable to take a fundamental system of solution {Y(l) v,? } of Equation (7.140) in the

way that function Y,§ )
and another at y = [:

and Y,g ) satisfy the homogeneous boundary condition, one at y = 0

Y(0) =0, YP(,)=0.

It is convenient to choose the following conditions at two other boundaries:
YyO@,) =1, ¥O0 =1
As a result the proper fundamental solutions of Equations (7.140) are:

v _ SV Ay ey sinh Ve (0 —y)

sinh v Agnly " sinh v/ Az ly

It is easily verified that they both satisfy Equation (7.140) and are linearly independent;
thus they can serve as a fundamental set of particular solutions for this equation.

Using the above relations we may write a general solution of the Laplace equation
satisfying the homogeneous boundary conditions at the boundaries x = 0 and = [, in
Equation (7.132), as a series in the functions v, (y) and v, (y):

(7.142)

i[A YD (y +BnYTE2)(y)} sin v/ Agna. (7.143)

The coefficients of this series are determined from the boundary conditions (7.133):

y 0= ZB sin v/ Aznx = g3(x

ur(z, )]y, = Z Ay sin v/ Apnx = ga(x). (7.144)

We see from here that B,, and A,, are Fourier coefficients of functions gs(z) and g4(x) in
the system of eigenfunctions {sin v )\mx}:o:

la:
B,=2 / 93(6) sin v/ AonEdé.
0
2 [
A, = —/ 94(&) sin v/ Azp&dE. (7.145)
0

This completes the solution of the problem given in Equations (7.131) through (7.133).

Obviously, the solution of the similar problem given in Equations (7.144) through (7.145)
can be obtained from Equations (7.143) and (7.145) by replacing y for z, I, for I, and gs3(z),
ga(x) for ¢1(y) and g2(y). Carrying out this procedure yields

Z {c XW(z) + D X® (z )} sin /Agn, (7.146)

n=1
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where

. . 2
X(l)(ac) _ sinh \/Ayn2 Cx® (2) = sinh /Ay (lz — m)’ - (m) 7 (7.147)
" sinh /Aynls " sinh /Aynls Y

ly

and

2 ly . 2 ly .
Co=1 / g2 (€) sinv/Anéd, Do = / 91 (&) sin v/ Ayn&de. (7.148)
y Jo y Jo
Finally, the solution to the problem (7.128) and (7.129) has the form

u(z,y) = ui(z,y) + uz(z,y), (7.149)

where functions u(z,y) and us(z,y) are defined by formulas (7.143) and (7.146), respec-
tively.

In the same way can be solved a BVP for the Laplace equation in a rectangular domain
with other types of boundary conditions. The only difference is that the other fundamental
solutions should be used. Fundamental systems of solutions for different types of boundary
conditions are collected in Appendix E part 1.

Example 7.9 Find a steady state temperature distribution inside a rectangular material
which has boundaries maintained under the following conditions:

Yy

T(x,y)|,—o = To + (I3 — To) ]
Y

T(z,y)pey, = T1 + (T2 = T1)

S

)

and

x

I’

i.e. at the corners of the rectangle the temperatures are Ty, 11, T, T3, and on the boundaries
the temperatures are linear functions.

X
T(@yly=o=To+ (N1 =To) = T@ylym, =T+ (T2~ T3)
x

Solution. Introduce the function u = T — Tj so that we measure the temperature relative
to Tp. Then g1 (y) = (T3 — T1) %, etc. and evaluating the integrals in Equations (7.145) and
Yy
(7.148), we obtain
2

1"
A, = — [T3 — Ty — (—1)" Tg] , B,=-2 )
™ ™

—~

(Ty — Tp),

2 n —-1)"
Chn=—[T—To— (-1)" T3], Dn:_2( ) (T3 —To) .
™ ™

These coefficients decay only as 1/n; thus the series in Equations (7.145) and (7.147) con-
verge rather slowly.

|
7.13 The Poisson Equation with Homogeneous Boundary
Conditions
Consider a boundary value problem for the Poisson equation
Ou

@—F a2 —flz,y) O<zx<l;,0<y<ly) (7.150)
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with homogeneous boundary conditions

0 0
ou du
Pilu] = ag— + fsu| =0, Piful = cuz + fau —0. (7.151)
T =0 T =,

The solution to the problem (7.150), (7.151) can be expanded in a series by eigenfunctions
of the Sturm-Liouville problem for the Laplace operator over a rectangular domain

oo o0

u(@,y) =Y > ComVam(@,y), (7.152)

n=1m=1

where Vi, (2, y) are eigenfunctions of the respective Laplace boundary value problem and

coefficients are
Crm = HV P // w(@,y) Vom (, y)dady. (7.153)

Let us multiply the Equation (7.150) by V,,(x,y) and integrate over the rectangle
[0,14;0,1,]:

/ / L’)x? } Vo (2, y)drdy = /Olz /Oly F@, )V (z,y)dady.  (7.154)

Now substitute Equation (7.152) into Equation (7.154). Because V,,,(x,y) are the eigen-
functions of the Laplacian we have

where the eigenvalues A, correspond to the boundary condition (7.151). The left sides of
Equations (7.154) become:

*ZZ ”/ / Cij - Vij (@, y) Vam(z,y)dzdy.

1=1 j=1

Due to the orthogonality relation for the functions V,,.,,(z,y), the only term in the sums
that differs from zero is

Comparing with the right side in Equation (7.154) we obtain
A Cnm = fam, n,m=1,2.3,..., (7.156)
where
1 la ly
fom = | [ @) Vi) dady. (7.157)
(Vamll? Jo  Jo

From (7.156) and (7.157) the coefficients C,,,, can be obtained.

In the case of boundary conditions of the 1st or 3rd type (Dirichlet condition or mized
condition) eigenvalues A, # 0 for all n, m = 1,23, ..., thus Chyy = frum/Anm and the
solution (7.152) is defined uniquely:

u(@,y) = Y f” Vo (2, 9)- (7.158)
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In the case of boundary conditions of the 2nd type (Neumann conditions) eigenvalue
Aoo =0 (Voo = 1) and all other eigenvalues are nonzero. Then there are two options.

If l .
foo = / / " fla,y)dedy =0,
0 0

then coefficient Cyg is uncertain, and the other coefficients are defined uniquely. The solution
to the given problem exists but is determined only up to an arbitrary additive constant.
The solution is

u(z,y) = Z i"m Vym (,y) + const. (7.159)

If
Ly ly
- y)dxdy # 0,
foo /O/Oﬂxy):cy;é

then the solution to the given problem does not ezist.

The solution of the Poisson equations with nonhomogeneous boundary conditions needs
to introduce auxiliary functions to switch to homogeneous boundary conditions. It can
be done similarly to the cases we already considered several times, but for a rectangular
domain a determination of an auxiliary function needs more technical steps. That is why
this problem is placed into Appendix C part 2.

7.14 Green’s Function for Poisson Equations
7.14.1 Homogeneous Boundary Conditions

In the present subsection, we apply Green’s function approach for finding the solution of
the Poisson equation

?u 9%u

— + = = —f(x, 7.160

o2 T = ! (2,y) (7.160)
defined in a certain region D, with some homogeneous boundary conditions imposed on
the boundary L of that region. Our goal is to find the kernel G(z,y;&,n) of the integral
transformation

w(,y) = — //D G,y €.m) (€. m)dédn (7.161)

that transforms the right-hand side of Equation (7.160) (heat source or charge density) into
the solution of the boundary value problem (temperature or potential field). Recall that
formerly we obtained such integral transformations for the wave equation (Section 5.5.2)
and the heat equation (Section 6.4). For that goal, it is necessary to solve the Poisson
equation with the source localized in the definite point in the region D, i.e.,

Gz, y;€,m) N O*G(z,y;€,m)
Ox? Oy?

=6(x = &)y —n) (7.162)

with the same homogeneous boundary conditions at the boundary L. Due to the superpo-
sition principle, for an arbitrary right-hand side, f(x,y), the solution will be determined by
integral formula (7.161).

Let us consider some basic examples.
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Example 7.10 First, let us find the solution of the Poisson equation (7.162) in the whole
plane —oco < & < 00, —o0 < Yy < 0.

Of course, any harmonic function can be added to that solution. However, we are inter-
ested in the particular solution which corresponds to the action of the localized source rather
than external heating. Therefore, we impose the condition of zero flux on infinity:

0G(z,y;&m) _ 0G(x,y:§,m) 2 0
= = . .1
5 oy 0 as z°+y° = o0 (7.163)

Because the right-hand side of Equation (7.127) depends only on differences
X=x— 67 Y = y—n,

it is natural to expect that the solution of the problem (7.162), (7.163) also depends only
on those differences,
G(z,y;:€,m) = T(X,Y), (7.164)

hence

PI(X,Y) 82I(X,Y)
e Y2

=6(X)(Y), —oo<X <oo, —c0<Y <o0. (7.165)

Moreover, because the point heat source is localized at the origin X = Y = 0, the
problem is rotationally invariant; hence we expect that the temperature field depends only

on the radial coordinate:
r=T(R), R=vX2+Y2 (7.166)

Except for the point R = 0, function I'(R) satisfies the Laplace equation,
1 d dar
—— | R— | =0,
RdR ( dR)

I'R)=c1In R+ cs.

hence

The constant ¢, is arbitrary, and it is not related to the point source. Later on, we choose
¢z = 0. The constant ¢; has to be found using the full Poisson equation (7.165).
Let us integrate both sides of (7.165) over the disk D of radius Ry. Recall the formula

of vector analysis,
// V- vdzdy = 7{ v - nds, (7.167)
D L

where v is a vector field, L is the boundary of D, n is the outward normal vector to L,
and the line integral over L is taken counterclockwise. Using this formula, we obtain in the
left-hand side of the equation:

dar C1
Aldxdy = // V.- VIldzdy = j{ —ds = — - 27 Ry = 27cy,
//D D LdRT T Rg T T T

while the right-hand side is equal to 1. Hence, ¢; = 1/2.

Solution ) .
Pe-&y-m=5 mR= Eln[(x—f)zﬂy—n)r"] (7.168)

is called the fundamental solution of the Poisson equation.
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We can use the obtained solution in order to transform the boundary value problem
(7.162) for the Poisson equation to a certain boundary value problem for the Laplace equa-
tion. For instance, let us consider Equation (7.162) in D with a homogeneous Dirichlet

boundary condition,
G(z,y:§,m) =0, (z,y) € L. (7.169)

Let us present the solution in the form
G(x,y»f;ﬂ) :F(x_fay—ﬁ)"‘ﬂ(x»y»fﬂ?) (7170)

Then function v(z,y; £, n) satisfies the Laplace equation

O*v(z,y; &, n) N %v(x,y; €, n)
Ox? Oy

=0, (z,y)eD (7.171)

with the nonhomogeneous Dirichlet boundary condition

v(z,y;6,m) = -T(x—-&y—mn), (z,y)€lL. (7.172)

Example 7.11 Let us find Green’s function for the Poisson equation in the half-plane
y > 0 with the homogeneous Dirichlet boundary condition,

G(z,0;¢,m) = 0.

Using transformation (7.170), we obtain the Laplace equation (7.171) in the region y > 0
with the nonhomogeneous Dirichlet boundary condition,

v(z,0,&,n) = -T(x—¢& —n) = 7% In[(z — €)% +7?), —oco<z < 0. (7.173)
Thus, the addition v(z,y; £, n) is produced in the region y > 0 by the boundary temperature
distribution (7.173) at y = 0.
The natural way to create such a temperature distribution is to extend the problem to
the region of negative y and put a negative point heat source (“an image”) in the point
=&, y = —n. Indeed, let us consider the problem

O*v(z,y; €, n) N O%v(z, y;€,m)
Ox? Oy?

=—0(x—&d(y+mn) (7.174)
in the whole plane. Using the results of Example 7.10, we find that

Woybn) =T —&y+m) =~ hlle— P + g+ (7179)

Solution (7.175) satisfies condition (7.173) at y = 0.
Substituting (7.175) into (7.170), we obtain Green’s function for the Dirichlet problem
in a half-plane,

Gz, y;¢,n) =F(x—£7y—n)—1“($—f’y+”):%ln Ei—g218+32

—o<r<oo, y>0; —oco<E<oo, n>0.

Example 7.12 Let us find now Green’s function for the Poisson equation in the half-plane
y > 0 with the homogeneous Neumann boundary condition,

oG
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It is easy to guess that in this case we have to put the image of the same sign in the
point (£, —n), i.e., v(x,y; &, n) should satisfy the equation

v(z,y; €, n) N v(z,y; &, n)
Ox? Oy?

=6(x = &)o(y +n),

thus
v(%%fﬂ?) = F(iC - 5; Y+ 7])
Indeed, Green’s function
= i {[e -+ -0 (e - &7 + w+0)?])

is an even function of y, therefore it satisfies boundary condition (7.176).

Example 7.13 Consider now Equation (7.162) in a disk 22 +y? < 1 with the homogeneous
Dirichlet boundary condition,

Gz, y;6,m) =0 as 2°+y° =1,

According to formula (7.172), we have to find the solution of the Laplace equation that
creates the distribution

1
@y &) = Tz =&y —n) = =~ l@ =+ (y =)’ (7.177)
on the circle 22 4+ y? = 1. Following the approach applied above, we search that solution in
the form

ooy &) = € = -l — 2+ (y — 7)), (7178)

where (é ,7) are the coordinates of the “image”. Using the symmetry arguments, we can
suggest that the image is located on the straight line that passes the points (0,0) and (£, 7),
i.e., it is in a certain point (£,7) = ¢(€,n), where ¢ is a constant to be found.

Equating (7.177) and (7.178) on the circle 22 4+ y? = 1,

- % In[(z — 65)2 +(y— C77)2] = —% In[(z — 5)2 Ty — 77)2]
we obtain
el =€) + (g —en)’) = [l =+ (v =) (r.179)

Equation (7.179) is satisfied on the whole circle 22 + y? = 1, if
e Ce=1, e+ A+ )] =1+ + 02 (7.180)
Solving (7.180), we find

1 1
c=arp O= e )

Thus,

8o, 56,) = =5 (€ +7) = - Inl(e — €7 + (v — )]
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and ) )
1 _ _
G(z,y;€,1m) = 4—111 5 (xQ 3 +~(§/ n) o (7.181)
T (& +n)(x =82+ (y— 1)
where €.
; o~ i
7)) = . 7.182
(&) e (7.182)
In polar coordinates,
r=rcosh, y=rsinf, &=pcosp, n=psingp,
formulas (7.181), (7.182) can be written as
1 2 22 s(6 —
G(r,0;p,9) = —1n e rpcos(f — ¢) ; 0<r<l, 0<p<l. (7.183)

4 r2p2 4+ 1—2rpcos(6 — )

7.14.2 Nonhomogeneous Boundary Conditions

Green’s function can be used also for solving the nonhomogeneous boundary value problem,

Ugy + Uyy = 7f(xay)7 ($, y) € Da (7184)

u(z,y) = p(z,y), (2,y) €L, (7.185)

where L is the boundary of region D.

In order to obtain the generalization of formula (7.161) in the case of non-homogeneous
boundary conditions, we have first to derive some relations.

Let us integrate the obvious identity

V- (fVg—gVf)=fVig—gV’f

over the region D. Using formula (7.167), we obtain Green’s identity

/(fn~nggn'Vf)ds: // (fV%g — gV?f) dzdy. (7.186)
L D
Let us take now f = G(x,y;&1,m) and g = G(x, y; &2, 12), where

V2G(z,y; &,mi) = 0(x — &)o(y —mi), (x,y) €D, (7.187)

here (£1,m1) and (£2,12) are two different points in D. Substituting f and ¢ into Green’s
identity, we find that Green’s function is symmetric,

G(&r,m; &2, m2) = G(&2,m2;&1,m)- (7.189)

Let us take now f = u(x,y) and g = G(z,y;&,n). Substituting into the Green’s identity,
we obtain,

/ (un-VG — Gn-Vu)ds = // (uV2G — GV?u)dzdy.
L D

Taking into account (7.187), (7.188), we find that

u(é,m) = //D G,y €, 0)V2u(e, y)dedy + / u(,y) (n(z,y) - VoG(a, y:€,m)) ds,
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where V, = (0/0x,0/0y). Let us interchange the notations of (z,y) and (£, 7n), and take
into account the symmetry of Green’s function (7.189):

u(z,y) = //D G, y; €, m)Au(E, m)deds + / u(€,n) (n(E,m) - VGl €,m)) do,

where V¢ = (0/0€,0/0n), and integration over do is performed along the region’s boundary
in the plane (£,7). Using (7.184), (7.185), we obtain Green’s representation formula

u(z,y) = —//D G(z,y;&m) f(§n)dEdn
+ /L o(&n) (&, n) - VeG(z,y;€,n)) do, (7.190)

which provides the contributions of both the source and the boundary condition into the
solution.

Note that the Poisson integral formula (7.62) obtained in Section 7.8 is just a consequence
of formula (7.190) with Green’s function given by (7.183).

Example 7.14 Solve the following boundary value problem:
Viu=—f(z,y), —oo<z<oo, y>0;

u(z,y) = p(z), —oo <z < o00.

Formerly, we have found Green’s function for the Poisson equation in the half-plane
y > 0 (see Example 7.12):

_ 1, @9+ -n)?
Ao e = e N e e

The outward normal vector is (0, —1), therefore

oG
n(fﬂ?) : V§G<xay7£7n)|n:0 = _w
n n=0
_ 1 [ y—n y+n ]
27 (=& +(w—n)? @—-8>*+ W+l
_1 y
o (=62 +y?
Thus,
1 [ee] n _ 2+ _ 2 [e’e] é-
o =g [ e [} i =g e+ 1 i

7.15 Some Other Important Equations

In the present section we consider some other important equations.



Elliptic Equations 177

7.15.1 Helmholtz Equation

The Laplace equation considered above can be obtained as a static limit of dynamic equa-
tions which describe temporal evolution of physical fields, e.g., the wave equation

57 = a*V3u, (7.191)
or the heat equation

ou 99

Friakc VZu, (7.192)

where u = u(x,t) is a function of two or three variables (x is (z,y) or (z,y,2)). Problems
(7.191) and (7.192) will be considered in detail in Chapters 8 and 9. Here we note that
instead of time-independent solutions of Equation (7.192) we can consider a monochromatic
wave

u(x,t) = U(x) cos(wt + C). (7.193)

Solutions of this kind, which correspond to oscillations and waves with a definite frequency,
appear in a natural way when the method of separation of variables is applied. Substituting
(7.193) into (7.192), we find that U(x) satisfies the Helmholtz equation

VU + k*U =0, (7.194)

where k = w/a (the physical meaning of k is the wavenumber).

Note that the wave velocity a can depend on the coordinate x, when the wave propagates
in a heterogeneous medium. For instance, the velocity of light in a medium depends on the
local refraction index. In that case, the Helmholtz equation for a monochromatic wave is

V32U 4 k*(x)U = 0. (7.195)

For solving the Helmholtz equation, we can apply approaches similar to those used for
the Laplace equation. Let us consider some examples.

Example 7.15 Find the general solution of the Helmholtz equation in a plane in polar
coordinates,

2
18(7«‘9U> LOU o=,

ror \ or r2 02 +
Using the separation of variables,
Ulr, o) = R(r)®(p),
we obtain two ordinary differential equations,

" + A\ =0 (7.196)

and
R’ +rR + (k> = A\) R=0. (7.197)

Equation (7.196) along with periodic condition, ®(p+ 27) = ®(p), gives the eigenvalues

Am =m?, m=0,1,2,... (7.198)

and the eigenfunctions

Oy = Ag, Du(p) = A, cosme + By, sinmy for m #£ 0. (7.199)
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Equation (7.197) is the Bessel equation,
1" 1 / 2 m2
T r
its solution is
R (1) = Con I (k1) + Dy Ny (Kr)
(see Appendix B). Thus, the general solution of the Helmholtz equation can be written as

U(r,p) = Z(Am cosmy + By, sinmp)(Cy J o (k1) + Dy Ny (k7)) (7.200)

n=0

If the general solution is applied for a boundary value problem in a disk, so that the
solution has to be regular in the point » = 0, thus D,, = 0 for all n. We shall use the
obtained solution in Chapter 8 when considering oscillations of a membrane.

The solution of a three-dimensional Helmholtz equation in cylindrical coordinates,

10 ([ oU 182U 09U,

can be obtained in a similar way using the separation of variables,
U(r,z,¢) = R(r)Z(2)®(¢).

For ®(p), we obtain the same equation (7.196) and the same set of eigenvalues (7.198) and
eigenfunctions (7.199). Also, we obtain equation

Z//
for function Z(z) and equation
1 m?
R’ + ;R’ + (k2 +p— r?) R=0 (7.202)

for R(r). We find that
Z(z) = Eexp(y/uz) + Fexp(—+/uz).
In an infinite space, p is arbitrary; in the case of a boundary value problem, the set of
allowed values of u is discrete, u = p,, n = 0,1,2,... (see Section 7.10). In that case, we

get
Rmn = Canm(r V ln + k2) + DmnNm(T V Un + k2)
and
U(r,z,p) = Z Z (A, cosmp + By, sinmep)
n=0m=0

X {Canm (r\/m) 4+ Dypn N, (r\/mﬂ
X [Ep exp (vEn2) + Fnexp (—y/1nz)] -

Example 7.16 Let us consider the Helmholtz equation in spherical coordinates,

10 ([ oU 1 o (. oU\ 10U
v or <a) T 250 06 (Smeaa> T g TRU=0
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Similar to the case of the Laplace equation (see Section 7.11), the general solution can be
obtained by separation of variables:

U(r,0,0) = R(r)©(0)2(¢).

Like in the case of the Laplace equation, we find that functions ®,,(yp) are linear combina-
tions of cosmy and sin me, and functions

O,m1(0) = P (cos ).
The functions ®,,(¢) and ©,,;(0) can be combined into spherical harmonics
Y0, 0) = Ny P (cos 0)e™?; 1=0,1,2,...; m=—l,—1+1,...,1,

where the coefficients N,,; are determined by the normalization condition (see
Appendix B).

2 T
| de [ dosingy; 0.0)" V0,0 = s
0 0

The parameter k? appears only in the equation for the radial function R(r),

r*R" +2rR + [k*r* —1(1+1)] R=0. (7.203)
Changing the variable,
_ _Z(r)
R(T‘) (kT)1/2 )

we obtain the Bessel equation,

r2Z" + 207 + Z =0. (7.204)

2
1
k2 2 l -

Its solutions are Jy1/2(kr) and Nyyq/o(kr).
Using spherical Bessel and Neumann functions (see Appendix B),

™

Ji(w) = \/ZJZ+1/2(1')’ n(x) = %Npﬂ/g(ﬂi) (7.205)

the general solution of the Helmholtz equation is

0o l

U(r,0,0) = > [Amji(kr) + Bumni(kr)] Y0, 0). (7.206)
=0 m=-1

A solution is regular in the point r = 0 if all By, = 0.

Note that the wave velocity a can depend on the coordinate x, when the wave propagates
in a heterogeneous medium. For instance, the velocity of light in a medium depends on the
local refraction index. In that case, the Helmholtz equation for a monochromatic wave is

V32U + k*(x)U = 0. (7.207)
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7.15.2 Schroédinger Equation

Let us consider a three-dimensional Helmholtz equation
Ugg + Uyy + Uz + ku = 0,

which describes the propagation of a monochromatic electromagnetic wave. Assume that
the wave has a form of a beam which propagates mostly in the direction of the z-axis.
Substituting

u(z,y, 2) = Uz, y, 2)e*?, (7.208)

we obtain the reduced wave equation for the envelope function U(x,y, z),
Uze + Uyy + U, + 2ikU, = 0. (7.209)

The physical field is the real part of (7.208). If the characteristic spatial scale of the beam
is large compared to the wavelength A\ = 27 /k, then |U,,| < |kU,|, hence the term U, can
be neglected. We arrive at the paraxial wave equation,

Use + Uyy + 2ikU. = 0. (7.210)

Equation (7.210) can be also called the Schréidinger equation, because it is equivalent,
up to rescaling of variables, to the equation governing the propagation of a free quantum

particle,
ov h?
ih—— = —— V2. 7.211
o 2m ( )
Here W is the wave function of the particle, i = h/2m is the reduced Planck constant, and
m is the mass of the particle.
Note that in the case of the light beam propagation, the longitudinal coordinate z plays

the role of time.

Example 7.17 As an example of the application of the paraxial wave/Schrodinger equa-
tion, let us consider the diffraction of a Gaussian beam.
Let us rewrite Equation (7.210) using cylindrical coordinates,

1 1 )
U’I’T + ;U’r‘ + erUwé‘o + 2ZkUZ =0

and consider an axially symmetric beam (U = U(r, z)) governed by equation

1
Urr + ;U,- + 2tkU, = 0. (7.212)
Let us search for the particular solution of this equation in the form
ikr?
U(r,z) = A(z) exp {} , 7.213
(r.2) = Az} exp | S (7.213)

where A(z) and ¢(z) are complex functions that depend only on z. Substituting the ansatz
(7.213) into (7.212), we find:

A dA k2r2A (dq
2ik | — 4+ — ——-1)=0. .214
Z (q+dz>+ 7 (dz ) ’ (7214
Relation (7.214) is satisfied for any r, if
dq dA A
21, = =_ .21
dz Todz q (7.215)
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(5]

i.e., at z = 0, the beam is characterized by a Gaussian distribution with the characteristic
radius rg. Then

Let us impose the initial condition

U(r,0) = Cexp

A(0) =C, q(0) = —ikrg/2.
Solving (7.215) in the direction of the beam propagation, z > 0, we find that

C
g2 _
q(z) = —ikr§/2 + z, A(z) 15 20 /knd

ie.,

U(r,z) = —————5 ex —#
T 2i k2 O | T2 (Ut 20z kD) |

Let us calculate the wave intensity

5 02 2,,.2
I(r,2) =|U(r2)" = 1+422/k2rg P 1 422 [k2rg |

One can see that the characteristic radius of the beam 7(z) grows with z as

7(2) = roy/1 + 422 /k?r,

while the maximum intensity of the beam I(0, z) decreases as
C?r}
[F(2)]*
We have seen that the Schrodinger equation is obtained from the Helmholtz equation in
the paraxial approximation. Vice versa, we obtain the Helmholtz equation from the time-

dependent Schrodinger equation (7.211) when considering a particle with a definite energy
E,

1(0,2) =

I
Indeed, substituting (7.216) into (7.211), we obtain Equation (7.194) with

k* = 2mE/h%.

W(x, 1) = U(x) exp (—iEt> . (7.216)

In quantum mechanics, equation

VU +k*U =0
is called the time-independent Schrodinger equation. Thus, Example 16 of this section
describes the motion of a free particle. The motion of a quantum particle with energy
F in a certain external potential V(x) is governed by Equation (7.207) with

k*(x) = 2m(E — V(x))/h>.
If the potential is spherically symmetric, V = V(r), equation
VAU + E*(r)U =0

can be solved by separation of variables. Acting as in Example 16, we obtain the same
functions of angular variables Y;"(6, ). Only the equation for the radial function R(r) is
modified,

r’R" +2rR + [K*(r)r* = l(l+ 1) R = 0. (7.217)
Solutions of Equation (7.217) for typical potentials can be found in textbooks in quantum
mechanics. For the one-electron atom the solution can be also found in books [7, 8].
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Problems

Solve these problems analytically which means the following: formulate the equation and
boundary conditions, obtain the eigenvalues and eigenfunctions, write the formulas for coef-
ficients of the series expansion and the expression for the solution of the problem. You can
obtain the pictures of several eigenfunctions and screenshots of the solution and of the
auxiliary functions with Maple, Mathematica or software from [7, 8.

In problems 1 through 5 we consider rectangular plates (0 < z <, 0 <y <) which
are thermally insulated over their lateral surfaces. There are no heat sources or absorbers
inside the plates. Find the steady-state temperature distribution in the plates.

1. The sides x = 0, y = 0 and y = [, have a fixed temperature of zero and the side
x =, follows the temperature distribution u(l,,y) = sin®(ry/l,,).

2. The sides x = 0, z = [, and y = 0 have a fixed temperature of zero and the side
y = 1, follows the temperature distribution u(z,1,) = sin®(rz/l,).

3. The sides © = 0 and y = 0 have a fixed temperature of zero, the side z = [, is
thermally insulated, and the side y = [, follows the temperature distribution

u(z,ly) =sin (5rzx/l;) .

4. The sides z = 0 and = = [, have a fixed temperature of zero, and the sides y = 0
and y = [, follow the temperature distributions

3
u(x,0) = sin ?—x and wu(z,l,) = sin ;m

5. The sides y = 0 and y = [, have a fixed temperature of zero, and the constant
heat flows

Uy (07 y) = ul(l-L7 y) = sin (Sﬂ-y/ly)

are supplied to the sides x = 0 and = = [, of the plate from outside.

In problems 6 through 10 we consider a rectangular plate (0 <z <1,,0 <y <
l,) which is thermally insulated over its lateral surfaces. One internal source of
heat @ = const. acts at the point (xg,yo) of the plate. Find the steady-state
temperature distribution in the plate.

6. The edges x =0, y = 0 and y = [, of the plate are kept at zero temperature and
the edge x = [, is subjected to convective heat transfer with the environment
which has a temperature of zero.

7. The edges x = 0 and y = 0 of the plate are kept at zero temperature, the edge
y = ly is thermally insulated and the edge x = [, is subjected to convective heat
transfer with the environment which has a temperature of zero.

8. The edges x = [, and y = [, of the plate are kept at zero temperature, the edge
x = 0 is thermally insulated and the edge y = 0 is subjected to convective heat
transfer with the environment which has a temperature of zero.

9. The edges y = 0 and y = [, are thermally insulated, the edge x = 0 is kept at
zero temperature and the edge x = [, is subjected to convective heat transfer
with the environment which has a temperature of zero.
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10.

11.

12.

13.

14.

15.

16.
17.
18.
19.

The edges © = 0, z = I, and y = [,, are thermally insulated and the edge y = 0
is subjected to convective heat transfer with the environment which has a tem-
perature of zero.

In problems 11 through 15 we consider a heat-conducting rectangular plate (0 <
z < l;, 0 <y <,) thermally insulated over its lateral surfaces. Let heat be
generated throughout the plate; the intensity of internal sources (per unit mass
of the plate) is Q(z,y). Find the steady-state temperature distribution in the
plate.

Part of the plate bound (x = 0 and = = [,;) is thermally insulated, and the other
part is subjected to convective heat transfer with a medium. The temperature of
the medium is u,,q = const. The intensity of internal sources (per unit mass of
the plate) is
T ™
Q(x,y) = Acos — cos LS
s ly
Part of the plate bound (y = 0 and y = [,;) is thermally insulated, and the other
part is subjected to convective heat transfer with a medium. The temperature of
the medium is u,,q4 = const. The intensity of internal sources (per unit mass of
the plate) is
T T
Q(z,y) = Acos — cos LS
le ly
Sides £ = 0 and = = [, of the plate are thermally insulated, and sides y = 0 and
y =1, are held at fixed temperatures u(x,0) = 0 and u(z,!,) = cos(bnz/l;). The
intensity of internal sources (per unit mass of the plate) is

Q(z,y) = Azsin %
y

Sides y = 0 and y = I, of the plate are thermally insulated , and sides x = 0 and
x =l are held at fixed temperatures u(0,y) = 0 and u(l,y) = cos(3my/ly).

Q(x,y) = Ax cos .

by

Sides y = 0 and y = [, of the plate are thermally insulated, side x = 0 is held at
fixed temperature u = u; and side z = [, is subjected to convective heat transfer
with a medium. The temperature of the medium is zero. The intensity of internal
sources (per unit mass of the plate) is

Q(!B, y) = Axy.

In problems 16 through 20 an infinitely long rectangular cylinder has its central
axis along the z-axis and its cross-section is a rectangle with sides of length .
The sides of the cylinder are kept at an electric potential described by functions
u(z,y)|r given below. Find the electric potential within the cylinder.

u|a::0 = u|w:ﬂ' = y27 u|y:0 =z, u|y:7r =0.
u|a::0 =Y ulz:‘n’ = yQ, U"y:O = u|y:7r =0.
ul,_o=0, ul,__ =1y ul,_o =0, wul,_, =cosz.

ul,_g = ul,_, =cos2y, wul, _,=ul,_ =0

183
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20. ul,_q=cosdy, wul,_, =0, ul,_,= z2, ul,_, = 0.

In problems 21 through 23 we consider a circular plate of radius ! which is ther-
mally insulated over its lateral surfaces. The circular periphery of the plate is
kept at the temperature described by functions of the polar angle u(l, ¢) = g(v),
given below. Find the steady-state temperature distribution in the plate.

21. g(p) = cos3p.
2. glp) = cos + 2.
23. g(p) =cos % +sin Z.

In problems 24 and 26 a thin homogeneous circular plate of radius [ is electrically
insulated over its lateral surfaces. The boundary of the plate is kept at an electric
potential described by functions of polar angle u(l,¢) = g(¢) given below. Find
an electric potential in the plate.

24. g(p) = sindp.
25. g(p) =sin g +_
26. g(p) =2cosp — 3siny.

TR

In problems 27 through 29 we consider a very long (infinite) cylinder of radius
l. The constant heat flow Q(y) is supplied to the surface of the cylinder from
outside. Find the steady-state temperature distribution in the cylinder.

27. Q(p) = 3sinp + 2sin® .

28. Q(p) = 4cos? o + 2sin .

29. Q(p) = 5sinp — cos .
In problems 30 through 32 we consider a very long (infinite) cylinder of radius
I. At the surface of the cylinder there is a heat exchange with the medium. The

temperature of the medium is u,,q(¢). Find the steady-state temperature distri-
bution in the cylinder.

30. uma(p) =sing + cos4p.
31, Uma(p) =1+ 4cos? .
32, Uma(p) = 2sin® o + 1.

In problems 33 through 35 we consider a circular plate of radius ! which is ther-
mally insulated over its lateral surfaces. One constant internal source of heat acts
at the point (rg, ©g) of the plate. The value of this source is @) = const. Find the
steady-state temperature distribution in the plate.

33. The edge of the plate is kept at zero temperature.

34. The edge of the plate is subjected to convective heat transfer with the environment
which has a temperature of zero.

35. The edge of the plate is subjected to convective heat transfer with the environment
which has a temperature of u,,q = const.



Elliptic Equations 185

In problems 36 through 38 we consider a circular plate of radius ! which is ther-
mally insulated over its lateral surfaces. The contour of the plate is maintained
at zero temperature. A uniformly distributed source of heat with power Q(r, ¢)
is acting in the plate. Find the steady-state temperature distribution in the plate.

36. Q(r, ) = rcos2p.

37. Q(r,p) =r?sin.

38. Q(r, ) = r?(cos 3p + sin 3p).

39. Find homogeneous harmonic polynomials of degree 3 and 4.

40. Solve the following Dirichlet problem:
Vu=0, 0<r<a, 0<f<a, 0<¢<2rm; 0<a<m;

u(a,ﬂ,gi)):l, OSQSO{, OS§0S27T7
u<r7a7¢):07 0<r<a, 0<¢p <27

41. Solve the following Dirichlet problem:

Vu+ku=0, 0<r<a, 0<f<m 0<¢<2m

u=-cos’d, r=a, 0<BO<m 0<¢<2r.
Hint: Use the transformation of the kind f(z) = 2%v(z) to transform the obtained
ODE to the Bessel equation.

42. Derive Green’s function of the Dirichlet problem for the Poisson equation in the
region 0 <r<1,0< ¢ <.
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8

T'wo-Dimensional Hyperbolic Equations

In this chapter we consider physical problems related to two-dimensional flexible surfaces
called membranes. A membrane may be defined as a thin film which bends but, in the
present analysis, does not stretch. The boundary of the membrane may be fixed or free or
have forces applied to it. We will also consider cases where the membrane interacts with
the material in which it is embedded and is thus subject to external forces such as driving
forces or friction. Examples of membranes include drum heads, flags, trampolines, biological
barriers such as cellular membranes. The surface of liquids may be treated as membranes
when covered by surfactant that makes it rigid.

Our consideration of the membrane behavior will parallel our previous discussion of a
vibrating string, but now we analyze the motion of a two-dimensional object oscillating in
a third direction. First let us consider a membrane in equilibrium in the z-y plane limited
by a smooth, closed boundary, [, under tension, T, which acts tangent to the surface of
the membrane. In the following we will treat external forces acting on the membrane in a
direction perpendicular to the z-y plane only, except at the boundary of the membrane.
Under the action of such a force or in the case of an initial perturbation from equilibrium,
points on the membrane move to a new position which we will describe by the distance
from equilibrium, u = u(x,y) at location (x,y). The distance of the membrane surface from
equilibrium may also vary in time so that the displacement u(x,y,t) is a function of time
as well as location.

We consider only cases where the curvature of the membrane is small; hence we can
neglect powers of u and derivatives (squared and higher orders): u? ~ 0, u2 =~ 0, etc.

In Figure 8.1 a small section, o, of the membrane whose equilibrium position is limited
by the closed curve [ is shown. When the membrane is displaced from the equilibrium
position this section is deformed to the area o', limited by the closed curve I’ as shown in
Figure 8.1. The new area ¢’ at some instant of time is given by

U’:// 1/1+u%+u§dwdy%// dzdy = o.

From this result we see that, for small oscillations with low curvature, we may neglect
changes of area of the membrane. As in the case of small string vibrations, we assume that
the tension in the membrane does not vary with = or y.

8.1 Derivation of the Equations of Motion

To derive an equation of motion for the membrane let us consider its fragment, the deformed
area o’ limited by the curve I’. The tension acting on this area is evenly distributed on the
contour, !’ and is perpendicular to the contour and tangent to the surface of the deformed
area. For a segment ds’ of the curve I’ the tension acting on the segment will be T'ds’ (T is
tension per unit length). Since motions of the membrane are constrained to be perpendicular
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AU

0 n

<\

—— -

FIGURE 8.1

Small surface element of a membrane, o displaced from equilibrium into stretched element
o’. The angle 0 is between the force of tension, T, which is tangent to the curved surface
element, and the direction of the displacement, u. The vectors n and n’ are the normal
vectors to the surfaces o and o', respectively.

to the z-y plane we consider the component of the tension in the direction v (perpendicular
to the a-y plane) which is T'ds’ cos @ where 6 is the angle between T' and the direction of the
displacement u. For small oscillations of the membrane, cos @ is approximately equal to %
where n is the normal perpendicular to the curve [ the boundary of the original equilibrium
area o. From this we have that the component of tension acting on element ds’ of contour
" in the direction of displacement u is

g—uds

We now integrate over the contour !’ to find the component of tension acting on area
element ¢’ and perpendicular to the equilibrium surface as

7(1 !
l/

For small oscillations of the membrane ds =~ ds’ (i.e. the boundary ! does not deform much
as the element o is stretched). Using Green’s formula we have, in rectangular coordinates,

—ds = // (82 + g:) dady. (8.1)

The above only includes forces due to the original tension on the membrane. If an additional
external force per unit area F'(z,y,t) (which may vary in time) acts parallel to the direction
u(z,y,t), then the component in the wu direction of this force acting on area ¢’ of the

membrane is given by
// F(x,y,t)dzdy. (8.2)

The two forces in Equations (8.1) and (8.2) cause an acceleration of the area element o’.
If the mass per area of the membrane is given by the surface density, p(z,y), the right-hand
side of Newton’s second law for the motion of this area element becomes

9%u
//U p(2,y) 55 dady.
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Setting the forces acting on this element equal to the mass times acceleration of the area
element we have

// [ 8t2_T(222+g2>+F($y, )]dxdyzo.

We began with an arbitrary surface element, o, from which it follows that

0%u %u  Ou

Equation (8.3) is the linear partial differential equation which describes small, trans-
verse, forced oscillations of a membrane.

In the case of a membrane of uniform mass density (p = const) we may write this
equation as

0%u ?u  0%u
w - (82 + ay) = f($7y,t), (84)

where a = /T/p, f(x,y,t) = F(x,y,t)/p. In cases where the external force is absent,
ie. F(x,y,t) = O then from Equation (8.4) we obtain the homogeneous equation for free
oscillations of a uniform membrane given by

0%u ?u  0%u
— =d’ (== +=]. (8.5)

ot? oxr? = 0y?
If, in addition to the internal tension, the membrane is subject to an external restoring
force proportional to displacement, we may add a force F' = —awu per unit of area of the

membrane, where « is the elasticity coefficient of the ambient material. For such a membrane
embedded in an elastic or spongy environment, Equation (8.4) becomes

0%u u 0%u

— — — + == u= f(x,y,t), 8.6

o (5o + 5 ) + 0= Font) (5.6)
where v = a/p.

If the membrane is embedded in a material which produces a drag on the motion of
the membrane such as the case for biological membranes, which are normally immersed
in a liquid environment, a friction term must be added to Equation (8.4). Friction forces
are generally proportional to velocity and we have F' = —ku; as the force per unit area
of membrane where k is the coefficient of friction. The equation of oscillation in this case
includes the time derivative of displacement, u:(z,y,t)and we have

0%u ou 0?u  0%u

4 2%— —ad® [ =— + =— | = f(z,y, 1), 8.7

oz T (3x2+5y2) S (8:7)
where 2k = k/p.

All the equations from (8.4) through (8.7) are linear partial differential equations of
hyperbolic type. In the following we solve the above equations for various cases and give
examples. First, we consider the physical limitations presented by requirements at the
boundaries of the membrane.

8.1.1 Boundary and Initial Conditions

The equations of motion (8.4), (8.5), (8.6) and (8.7) are not by themselves sufficient to
entirely specify the motion of a membrane. Additional conditions need be specified: initial
conditions and boundary conditions.
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If the position and velocity of points on the membrane are known at some initial time,
t = 0 and are given by the functions ¢(x,y) and ¥(z,y), respectively, we have the initial

conditions
ou

3| = V) (53)

u|t:0 = @(xay)y

As in the case of the vibrating string we may be given, along with initial conditions,

information about the behavior of the membrane at its edges at all times, ¢, in which case

we have boundary conditions. In the following we outline several variants of conditions on
the boundary, L, of the membrane.

1. If the edge of the membrane is rigidly fixed then we have as the boundary condi-
tion

ul, =0,
which is referred to as a fized edge boundary condition.

2. If the behavior over time of the displacement, u(x,y,t), of the boundary is given
by some function g(¢) then we have

U|L = g(t)v
which is called a driven edge boundary condition.

3. In the case of a boundary which is free (for example the edges of a flag under
small oscillations) so that the displacement is only in a direction perpendicular
to the z-y plane we have free edge boundary conditions given by

ou
I 0.

L

4. The edge may also be subject to a force with linear density, f; in the z-y plane
which affects the tension at the boundary. In this case we have the stretched edge

boundary condition,
ou
==
(75 1)

5. If the force density, f1, in the stretched edge condition, Equation (8.9), is a spring-
like force (for example the boundary of a trampoline fixed to its support with
springs) we may write —ku for f; and we have

Ju
— +h
(5r )
6. If the edges to which a membrane is elastically attached are moving in some
prescribed way, the right sides of Equations (8.9) and (8.10) will contain some

function of time, g(t), describing the motion of the edges. In this case we have
nonhomogeneous boundary conditions.

=0. (8.9)
L

=0, where h==Fk/T. (8.10)
L

We may combine all of these conditions in a generic form given by

a % + Bu| = g(t). (8.11)
L

The Dirichlet boundary condition corresponds to & = 0, 5 = 1 in which case we have the
driven edge situation. The Neumann boundary condition corresponds to o = 1, § = 0
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and we have the stretched edge condition, or the free edge if g(t) = 0. Mixed boundary
conditions, when both a # 0 and 8 # 0, correspond to the two last cases; if g(t) = 0 we
have homogeneous (g(t) # 0 nonhomogeneous) mixed boundary conditions. Clearly, the
types of boundary conditions can vary along the boundary, and we will consider such a
situation in the following section.

8.2 Oscillations of a Rectangular Membrane

In this section we consider the Fourier method for a rectangular membrane limited by the
straight lines ¢ = 0, x = I, y = 0 and y = [,, (Figure 8.2).

AY
ly

FIGURE 8.2

Rectangular membrane in its equilibrium position.

We begin with the most general case of a membrane subject to friction forces, a restoring
force and external forcing, f(x,y,t). From the previous discussion we see that the equation
of motion for such a problem is given by

0%u Ju u  0%*u
2% —a® | = + = | +yu= f(x,y,t 8.12
AR L (W ayg) = f(a,y,1) (8.12)

with generic boundary conditions given on the boundary of the rectangle as

Piu] = oqug + Brul,_q = 91(y, 1), Palu] = asus + Baul,y, = 92(y, 1),

Pslu] = agu, + Bgu\yzo =gs(z,t), Piu] = cuuy, + 54u|y:ly = ga(z,t), (8.13)

where g1(y,t),...,g4(x,t) are the given functions of time and respective variable, and aq,
b1, asz, B2, as, B3, ay and B4 are constants subject to the same restrictions from physical
arguments which we saw in Chapter 4. We also consider initial conditions

du
at |,y

where ¢(z,y) and ¥ (z,y)are given functions. The compatibility of initial and boundary
conditions will be discussed in Subsection 8.2.3.

As in the case for the movement of a string we will use the Fourier method and separation
of variables to solve this equation. In a manner exactly parallel to the solution of a vibrating
string, but instead for an object described initially by two spatial dimensions, we will obtain
solutions in the form of a series of eigenfunctions of the corresponding Sturm-Liouville
problem.

u|t:0 = @(x’ y)v = ¢($7y)a (814)
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8.2.1 The Fourier Method for Homogeneous Equations with
Homogeneous Boundary Conditions

We start with the homogeneous equation (i.e. no external forcing)

O*u ou (9w %
S T - <W+6y2>+7u—0 (8.15)

with homogeneous boundary conditions

Pilu] = aqug + fiul,_y =0, Plu] = apu, + Bgu\z:lw =0, (316)
Pslu] = asuy + 63u|y20 =0, Pufu] = aquy + ﬁ4u|y:ly =0, ’

and initial conditions in Equation (8.14) given by

ou

a —o = 1#(3779)

u|t:0 = @(xa y))

As we did before, assume that solutions can be written as the product of two functions,
one a function of time and the second a function of z and y:

u(z,y,t) = V(x,y)T(t). (8.17)
Substituting Equation (8.17) into Equation (8.15), we get
V(2 y)T" () + 26V (2,9)T'(t) — a*[Vau (2, y) + Vyy (2, )| T(t) + 1V (2,9)T(t) = 0
or, upon rearranging terms,

T"(t) + 26T"() +9T(t) _ Vaa(x,y) + Viy(z,y)

a?T(t) V(x,y) ’

where we have used the shorthand notation for the derivatives in z and y and primes denote
derivatives with respect to time.

The left-hand side of the previous equality is a function of ¢ only and the right-hand
side only of = and y, which is only possible if both sides are equal to some constant value.
Denoting this constant as —\ we have

22T(1) =T Vaw

For the function T'(t) we get the homogeneous linear differential equation of second order
T"(t) + 26T (t) + (a*X +v)T'(t) = 0. (8.18)
For the function V(z,y) we have the equation
Vaa(@,y) + Vyy(2,y) + AV (2,9) = 0 (8.19)
with boundary conditions

PV]= a1V + BiV],g =0, P[V]= sV, +BV|,_, =0,
PV] = a3V, + 53V|y:0 =0, BV]=aV,+ 64V\y:ly =0.
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To solve Equation (8.19) for V(z,y) we again make the assumption that the variables are
independent and attempt to separate them using the substitution

Viz,y) = X(2)Y (y)-
From here we obtain two separate BVP:
X"(x)+ XX () =0 (8.20)
with boundary conditions
a1 X'(0) + f1X(0) =0, a2 X'(ls) + X (Is) =0,
and
Y (y) +A,Y(y) =0 (8.21)

with boundary conditions
OégYI(O) + ﬁ3Y(O) =0, 044Y/<ly) + ﬁ4Y(lu) =0,

where A\, and A, are constants from the division of variables linked by the correlation (see
Appendix D, part 2) Ay + Ay = A

If A\zn and X, (x) are eigenvalues and eigenfunctions of Equation (8.20), and A, and
Y. (y) are eigenvalues and eigenfunctions of Equation (8.21), then

Anm = Aam + Aym (8.22)

and
are eigenvalues and eigenvectors, respectively, of the problem in Equation (8.19).
The functions V., (z,y) are orthogonal and the square norms are given by

Ve |* = 11Xl 1 Yo (8.24)

The system of eigenfunctions, V.., given in Equation (8.23) form a complete set of basis
functions for a two-dimensional rectangular membrane. By this we mean that any smooth
(i.e. twice differentiable) shape of the deformed rectangular membrane with the generic
boundary conditions given above can be expanded in a converging series of the functions
Vim.-

We now return to Equation (8.18) describing the time evolution of the membrane. This
is an ordinary linear differential equation of 2"¢ order which we have seen previously for
one-dimensional oscillations. It should clear in this case, however, that T'(¢) now depends
on two indexes corresponding to the eigenfunctions X, (z) and Y, (y). Specifically we may
write A = A,y and denote T'(t) as Thn (t) which is a general solution of Equation (8.18):

T (t) = @nmy o) (8) + brmy 2 (1), (8.25)

where ay., and b,,, are arbitrary constants. Similar to the case for the one-dimensional
problem, we have

e CosWnmt,  Wnm = V02 Anm + 7 — K2, K2 < a®Apm + 7,
y%ln)@(t) =9 e "t coshwpmt, Wnm = VK2 — a2XApm — 7, K2 > a? A + 7,
e—mt7 52 = a2)\nm + s

(8.26)

et sinWpmt,  Wom = V@2 um + 7 — 62, K2 < a®Xm + 7,

(2) 2 — a2/\nm -7, KQ > ag)\nm + v,

Ynm(t) = e sinhwpmt, Wom = VK

te— "t K2 = a’ XAy + .

)
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Reading Ezercise: Following the arguments used in the chapter for the one-dimensional case,
verify the above formulas.

Thus, particular solutions for the free oscillations of a rectangular membrane may be
written as

which form a complete set of solutions to Equation (8.15) satisfying boundary conditions

in Equation (8.16).
The general solution can be presented as a sum

u(a,y,t ZZTW Viim (2, y). (8.28)

Substituting the initial conditions in the series (8.28) and, as always, assuming the
uniform convergence of this series, which allows us to differentiate the series term-by-term,

we have:
o = 2@, 9) = DY anmVam (@, 1), (8.29)

ou = [wWambnm — Enm] Vam (2,7) (8.30)

at

t=0

(to treat simultaneously all three cases for x? we replace in (8.30) wp,, by 1 when k2 =
a*Xm + 7).

Formulas (8.29) and (8.30) show that functions ¢(z,y) and v (x,y) can be expanded in
a complete set of functions, Vp,,, (z,y), which form the solution of the Sturm-Liouville BVP
of Equation (8.19).

Again, supposing the series in Equations (8.29) and (8.30) converge uniformly we may
determine the coefficients a,,, and b,,, by using the orthogonality of the eigenfunctions
Vaum (2, y). Multiplying Equations (8.29) and (8.30) by V.. (x,y) and integrating over z
from 0 to [, and over y from 0 to [,, yields the Fourier coeflicients

1 x Yy
o = [ oo Vi ) dads, (5:31)

1

bnm =
Wnm

1 Y
W/O/O (&, y)Vam (xy)dzdy + Kanm | - (8.32)

The coefficients ay,, and by, substituted into the series (8.28) yield a complete solution
to Equation (8.15) with boundary conditions (8.16), and initial conditions (8.14), under the
assumption that the series in Equation (8.28) converges uniformly and can be differentiated
term by term in z, y and t. Therefore, we may say that Equation (8.28) completely describes
the free oscillations of a membrane. This solution thus has the form of a Fourier series on
the orthogonal system of functions {V,,(z,v)}, each function of which represents a mode
characterized by two numbers, n and m.

Particular solutions ., (2, y,t) = Tym(t) Vam (z,y) where the time and space compo-
nents are separate are called standing wave solutions and are analogous to standing waves
on a one-dimensional string. The profile of the standing wave is defined by the function
Vim (2, y) with an amplitude which varies as a function of time Ty, (¢). Lines, along which
Vi (2,y) = 0 does not change with time, are called node lines of the standing wave. Loose
sand placed on a vibrating membrane will collect along node lines because there is no motion
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at those locations. Locations where V,,,,, (z,y) has a relative maximum or minimum at some
instant of time are called antinodes of the standing wave. The general solution, u(x,y,t),
is an infinite sum of these standing waves as was the case for the vibrating string. This
property of being able to construct arbitrary shapes from a sum of component waves (or
modes) is referred to as the superposition of standing waves and is a general property of
linear systems of all dimensions.

Consider a simple case of a rectangular membrane with sides clamped at the boundary.
The vibrations are caused only by initial conditions; thus we want to solve the equation

0%u 5 ((0%u . 0%u

2=

ot? 0x2 = 0y?
satisfying boundary conditions

u(O’ y? t) = u(l'x’y7 t) = u(x’ 07 t) = u(:r’ ly7t> = 07

and initial conditions (8.14).
We leave to the reader to check as a Reading Exercise that, using the results from the
generic case presented above, eigenvalues and eigenfunctions for this problem are

2

Lz
Aon= ("), Xa(@)=sin 00, X P =%, n=1,23,...,

ly ly 2

mr\ 2 mm l
Ay = (22) ) Yoly) =sin 2 [VulP=2, m=1,23,...,

‘ I, I 2

with ) 9

N 2 n m

and we have that
ol
Vnm(x,y):Xn(x)Ym(y):sinn;msinﬂzﬂy with  [[Vam|* = 2.
x Yy

It is obvious that these functions form a complete set of orthogonal functions for oscillations
of the rectangular membrane. The time evolution function can be written as

T (t) = Gpm €OS Wt + by SIN Wit

. 2 2 . .
where the frequencies are wpm = aAn, = am,/7r + . Bach pair of integers (n, m)
x y

corresponds to a particular characteristic mode (called a normal mode) of vibration of the
membrane. An arbitrary membrane deflection may then be represented as a superposition
of normal modes:

W) = 3 3 TV = 30 3¢

n=1m=1 n=1m=1

y cos(Wnmt + Inm),

ly

where we have introduced coefficients ¢, and phase shifts d,,, via the relations a.,,, =
Crnm COS Onams Dnm = —Crm SN Oy, -

If the membrane vibrates in one of its normal modes, then all points on the membrane
participate in harmonic motion with frequency wy,,,. As an example consider the (2,1) mode
(i.e. n =2, m = 1). The eigenfunction is
Y

. 2mx
Voi1(z,y) = Xa(x)Y1(y) = sin sin —=
Lo
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- - +
(a) + (b) | + | - (d)

+ + | -
n=1 n=1 n=2 n=2
m=1 m=2 m=1 m=2

FIGURE 8.3

Modes of vibration V. (x,y) = X, (2)Y,,(y). Plus signs indicate motion out of the page,
minus signs indicate simultaneous motion into the page.

The only nodal line is the straight line = [,,/2. Similarly, the (1,2) mode (n =1, m = 2)
has the nodal line y = l,,/2 (see Figure 8.3). Nodal lines split the membrane into zones and
all points of each zone move with the same phase, i.e. all up or all down (labeled with +
and -) at some instant (although not necessarily with the same amplitude).

Generally speaking, each node vibrates with its own frequency, wy,,. However, if [, /1, is
a rational number, two or more modes could possesses the same frequency. As an example
consider a square membrane where [, = [, in which case wi2 = wo;. This frequency is said to
be two-fold degenerate, by which we mean there are two linearly independent eigenfunctions
corresponding to the same eigenvalue.

Below we consider two examples of physical problems for free oscillations of a membrane
with homogeneous boundary conditions.

Example 8.1 Find the transverse oscillations of a uniform rectangular membrane (0 <
x <lz, 0 <y <l,) having fixed edges and with an initial displacement of

u(z,y,0) = Azy(le — 2)(ly —v),

assuming interactions with the surrounding medium can be neglected and the initial veloc-
ities of points on the membrane are zero.

Solution. This is an example of the case discussed above with the specified initial conditions;
thus the problem reduces to solutions of the equation

ot? 8362 ay2)

with initial and boundary conditions
ou
u(:r,y,O) :A'Ty(lﬂr _x)(ly _y)7 a(xvyao) :07

u(0,9,t) = u(ly,y,t) = u(z,0,t) = u(x,ly,t) = 0.

The general solution to this problem can be presented as a sum (8.28)

'T y, Z Z Tannm - Z Z [anmynm + bnmy?%( ):| Vnm(fr7y)

n=1m=1 n=1m=1

As we obtained above, the eigenfunctions V,,,(z,y) are

Vi (,9) = Xon(@)Yin(y) = sin = sin 22 || Vo |* =
@ y
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(b)

FIGURE 8.4
Eigenfunctions (a) Vi1(z,y) and (b) Vaz(z,y) for a membrane with fixed edges.

The three-dimensional view shown in Figure 8.4 depicts two eigenfunctions, Vi1 (z,y)
and Vaa(z,y), chosen as examples, for this problem.

In our case p(z,y) = Azy(ly — z)(l, — y) and ¢ (z,y) = 0, so the expressions for the
coefficients of the series are (8.31) and (8.32)

nw
Anm = (x wm (2y)dedy = / ) sin dzr
||vnm|| / / Y Vam(ay)dedy = 77 "
64A l2l2
x/ y(ly — 1) sin ™ dy— —7r2n2m2’ if n and m — odd,
0 Y 0, if n or m — even,
brm = 0.

We leave to the reader as a Reading Ezxercise to check, using Equations (8.25) and (8.26),
that the time evolution is given by

64A 1212 _
T o OB Lt —5 5 5 COSWpmt, if nandm — odd,
nm — Anm nml = Tensm
0 if n or m — even
b b)

where wpm = adpm = amy/(n/1;)? + (m/1,)3.

Consequently, the displacements of the membrane as a function of time for this problem
can be expressed by the series
64Alil§ i i cosw(gn 1) em-nt . 2n—Drz . (2m—1)my

S S

—1)? I I,

u(@,y,t)
n=1m= 1

Figure 8.5 shows two snapshots of the solution at the times t = 2 and ¢t = 10. This solution
was obtained for the case a®> =1, I, = 4, [, = 6, and A = 0.01.

Example 8.2 A uniform rectangular membrane (0 <z <1, 0 <y <I[,) has edges z = [,
and y = [, which are free and edges at * = 0 and y = 0 which are firmly fixed. Find
the transverse oscillations of the membrane caused by an initial displacement u(z,y,0) =
Azy assuming interactions with the surrounding medium can be neglected and the initial
velocities of points on the membrane are zero.

Solution. This problem reduces to finding the solution of the equation

Pu (P u
oz~ “\ar o) ="
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(a) (b)

FIGURE 8.5
Graph of the membrane in Example 8.1 for different time instants: (a) t =7, (b) ¢t = 10.

(a) (b)

FIGURE 8.6
Sample eigenfunctions (a) Vaz(x,y) and (b) Vss3(z,y) for Example 8.2.

with initial and boundary conditions

ou
u(x, Y, O) = Axy, E('x? Y, 0) =0,

Ju ou
u(O,y,t) = %(laﬂay’t) = 05 U(O)yat) = 8_y(xaly)t) =0.

The general solution to this problem can be presented as a sum (8.28)

n=1m=1 n=1m=1
Eigenfunctions V,,,,(z,y) of the problem are

. 2n—1)mx . 2m -7 Il
Vi (2,) = X () Vo) = sim DT i DY -y e Loy
@ Y

The three-dimensional picture shown in Figure 8.6 depicts two eigenfunctions, Vi1 (z,y) and
Vaa(x,y) chosen as examples for this problem.
Using formulas (8.31) and (8.32) we obtain the coefficients

64Al,1,
7 (2n —1)2(2m — 1)2

1ntm and  by,,, = 0.

Anm = (_

In this case displacements of the membrane as a function of time are expressed by the series

n+m

64Al l coswpmt . (2n—Drmz . (2m— 1wy
t VxAlgly nm
uy ) Z Z 2n—12@m- 12" e, Mo,
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where

(2n—1)2  (2m—1)2
Wnm = @GApm = aﬂ\/ 102 + 415 .

8.2.2 The Fourier Method for Nonhomogeneous Equations with
Homogeneous Boundary Conditions

Building on the previous sections we now consider the problem of solutions of the nonho-
mogeneous Equation (8.12) for a two-dimensional membrane:

0%u e ou  , (0%u . 0%u . £ n
— + 26— — — + — u= f(x
o2 o or2 o) 7 e
where f(x,y,t) is a given function. First, we search for solutions which satisfy the homoge-

neous boundary conditions in Equation (8.16) given by
Pilu] = aqug + Prul,_ =0, Pfu] = aouy + Boul,_, =0,
P3lu] = asuy + 63u|y20 =0, Pufu] = aquy + ﬁ4u|y:ly =0,

and nonhomogeneous (non-zero) initial conditions given in Equation (8.14)

ou

t=0

u|t:0 = (P(.T, y)v

Because the equation of membrane oscillations is linear, the displacement, u(z, y, t), may
be written as the sum
u('r7 y?t) = ul(m7yat) + UQ(l‘,y,t),
where w1 (z,y,t) is the solution of the homogeneous equation with homogeneous boundaries
and nonhomogeneous initial conditions:

82u1 8u1 2 8211,1 5211,1
T 9T L = :
52 + 2k 5 ¢ < 92 + oy > + yup =0, (8.33)
Pilui]|,—g =0, Pfu]l,; =0,
(8.34)
Pslurll,_g =0,  Pyfu][,, =0,
8’[1,1
u1|t=0 = So(xay)v W = w(%y) (835)
t=0

The function us(x,y,t) is the solution of the nonhomogeneous equation with homogeneous
boundary conditions and initial conditions:

82'“2 8’&2 2 82’&2 (’)2u2
J— 2 e vou2 _ .
orr "~ ar ¢ (axz o2 > +yuz = f(z,y,t), (8.36)
Pliallog =0, Poluallucy, =0, Pafusllyg =0, Pifusll,y, =0, (837)
6’1,&2
wheo =0, | =0 (8.38)

In other words the solution u;(z,y,t) is for free oscillations, i.e. such oscillations which
occur only as a consequence of an initial perturbation and the solution us(z,y,t) is for the
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case of forced oscillations, i.e. such oscillations which occur under the action of an external
force f(z,y,t) when initial perturbations are absent.

The problem of free oscillations was considered in the previous section for which case
the solution uq (z,y,t) is known. To proceed we need only to find the solution us(z,y,t) for
forced oscillations. As in the case for free oscillations we may expand us(x,y,t) in the series

where Vi, (x,y) are eigenfunctions of the correspondlng homogeneous boundary problem
and T, (t) are, at this stage, unknown functions of ¢. Any choice of functions T, (t)
satisfies the homogeneous boundary conditions (8.37) for the function wus(z,y,t) because
the functions V,,,,(x,y) satisfy these conditions.

To find the functions T}, () we proceed as follows. Substituting the series (8.39) into
Equation (8.36) we have

ZZ [T, (1) + 26T, () + (6° A + ) T (8)] Vo (2,9) = f (2,9, 1). (8.40)

We may also expand the function f(z,y,t) in a Fourier series using the basis functions
Vam(z,y) on the rectangle [0,1;;0,1,]:

f &€, y: = Zanm Vim 33 y) (841)

where the coeflicients of expansion are given by

1 lo ply
Fun®) = s [ 1w Ve )dnay, (5.42)

Comparing the expansions in Equations (8.40) and (8.41) for the same function f(z,y,t),
obtain a differential equation for the functions T}, (¢):

Tyt (8) + 26T, (1) + (X + ) T (8) = Frum (2)- (8.43)

The solution us(z,y,t), defined by the series in Equation (8.39) and satisfying initial
conditions (8.38) requires that the functions T, (t) in turn satisfy the conditions

T (0) =0, T,.(0) =0. (8.44)

The solution of the Cauchy problem defined by Equations (8.43) and (8.44) may be written
as

_ /0 Fom (7)Y ( — 7)d7, (8.45)

where (Section 5.6)

1 .
e_K/t Sll’lUJnmta Wnm = \/ma HQ < G/QAnm + 7
Wnm
Ynm(t) = e "t sinh Wpmt, Wpm = K2 — a2)\nm ) K2 > a2)\"m +7
Wnm,
tefnt, K2 = a2>\nm + 7.

Reading Ezercise: Verify the above formulas.
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We can substitute the expression for f,,,(t) given in Equation (8.42) to yield, finally,

¢ lo ply
T () = —— / dr / / P, 5, 7) Vi (2, 9) Yoo (£ — 7)davdly. (8.46)
||Vnm|| 0 0 0

Substituting the above formulas for T),,,(t) into the series (8.39) yields the solution of
the boundary value problem defined by Equations (8.36) through (8.38) under the condi-
tion that the series (8.39) and the series obtained from Equation (8.39) by term-by-term
differentiation (up to second order with respect to z, y, and t) converge uniformly. Thus,
the solution of the original problem of forced oscillations is given by

u(z,y,t) = ui(x,y,t) + us(z,y,t)
S { Tan® + [0y + by O]} Vo), (847)

m

where coefficients T, (t) are defined by Equation (8.46) and anm, bnm are defined in the
previous section for free oscillations.

We now consider examples of solutions of physical problems involving a nonhomogeneous
equation of oscillations with homogeneous boundary conditions.

Example 8.3 Consider transverse oscillations of a rectangular membrane [0,1,;0,1,] with
fixed edges, subjected to a transverse driving force

F(t) = Asinwt,

applied at the point (zo,y0), 0 < o < Iz, 0 < yo < l,. Assume that the reaction of the
surrounding medium can be ignored.

Solution. The problem can be defined as

Pu 4 (PPu O%u A .
ﬁ —a <8Qj2+6y2> = ;5($—m0)5(y—y0)smwt
with initial conditions

ou
a(xa y,O) - 07

and Dirichlet homogeneous boundary conditions

u(z,y,0) =0,

w(0,y,t) = u(ly,y,t) = u(z,0,t) = u(x,ly,t) = 0.

Using the initial conditions, ¢(z,y) = ¥(z,y) = 0, the solution u(z,y,t) is determined

by the series
== T mmy
u(z,y,t) = Z Z blIl sin ,
n

=1 L by
where
1 t
Tom(t) = / From (T) sinwpm (t — 7)dT,
Wnm 0
4A
fam(t) = sin wt sin ~2 20 gipn Y0 ,
plaly - Ly

and wpm = aApm = am, / 722 4 o 12 s Vm(,y) = sm"lﬂsmw HVan
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— p(x,25)
— u(x,25,400)

>

FIGURE 8.7
Solution profile u(z,2.5,¢) for Example 8.3 at a driving frequency other than resonance.

Figure 8.7 shows the solution profile u(x,2.5,t) for Example 8.3. This solution was
obtained for the case a* = 1,1, = 4,1, =6, p=1, A= 0.5, 0 = 1.5, yo = 2.5, and w = 1.5
(the frequency of the external force).

If the frequency of the driving force is not equal to any of the natural frequencies of the

membrane, i.e. W # Wpm, n,m = 1,2,3 ..., then
4A
T (t) = sin 2020 gin Y0 Vgin ot — SIN Wy
plaly(w?,, —w?) ly Ly Wnim
and
1A K& 1 . .
u(z,y,t) = oL E E = [smwt o Slnwnmt]

n=1m=1

. NTxo . MY . NTT ., Y
X sin sin sin sin .
Iy Ly Iy Ly
In the case of resonance, where the frequency of the driving force does coincide with one
of the normal mode frequencies of the membrane, (7, m), i.e. w = wWpm, we have

24
Trm(t) = sin 1oTo sin om0 sin wt — wt hd coswt
plalyw ly ly -
and
Y 1 ) w o
u(x7y7t) = plxly Z Z m |:Slnwt — s Slnwnmt]

n#n m#m

nmtxo . MmYyo . NTT . MTY

X sin sin sin sin
I ly s ly
. w . NoTxoy . METYo . NoTT ., MoTY
sin wt — wt coswt | sin sin sin sin
plalyw Wi, ly ly Iz ly

Figure 8.8 shows the solution profile u(z,2.5,t) in the case of resonance where the
frequency of the external force w = wy3 = 7/v/2. Other parameters are the same as in
Figure 8.7.
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= (x,25)
—_ (x,25,400)

FIGURE 8.8
Solution profile u(x,2.5,t) for Example 8.3 at resonance.

8.2.3 The Fourier Method for Nonhomogeneous Equations with
Nonhomogeneous Boundary Conditions

Consider now the boundary problem of forced oscillations of a membrane given by Equation
(8.12) with nonhomogeneous boundary and initial conditions given by Equations (8.13) and
(8.14):

0*u ou 5 (%

e JFQHa —a <6:v2 + 8y2> +yu= f(z,y,2),

Pilu] = aqug + Brul,_g = 91(y, 1),  Palu] = agus + foul,_; = 92(y, 1),
Ps[u] = aguy + Bsul,_o = gs(x,t),  Pafu] = cuuy + Baul,_, = ga(2,1),
ou

7'l‘|t:0 = QO(LE,y), a = 1l)(:L'vy)
t=0

We will consider situations when the boundary conditions along the edges of membrane
are consistent at the corners of a membrane (which would be required in a physical occur-
rence), i.e. the following conforming conditions are valid:

Ps[g1] = asgiy + Bsg1l,—o = Prlgs] = g2y + Brsl,—o

Pylg1] = ougry + 5491|y:ly = Pilga] = a1gay + Prgal,_q»
P3[ga] = asgay + Bsg2|,—g = P2lgs] = az2gsy + 293,
Pylga] = ouagoy + 5492|y:ly = P[ga] = a2gay + Bagal,_; -

We know that it is not possible to use the Fourier method immediately since the bound-
ary conditions are nonhomogeneous. However, this problem is easily reduced to the problem
with zero boundary conditions. To proceed, let us search for solutions of the problem in the

form
u(:c,y,t) = ”U(l’,y,t) +w(m,y,t), (848)
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where v(x,y,t) is an unknown function and the function w(x,y,t) satisfies the given non-
homogeneous boundary conditions

Pilw] = ayw, + prwl,_g = g1(y, 1), Paw] = avw, + Bowl,_; = g2(y, 1),
P3[w] = azgwy, + 63w|y:0 = g3(z,t), Pafw] = asw, + ,84w|y=ly = g4(x,1) (8.49)

and possesses the necessary number of continuous derivatives with respect to z, y and ¢
For the function v(z,y,t)we have following boundary value problem (check this result
as Reading Exercise):

@nLQH@—aZ @Jraiv + v = f(z,y,t)
ot t ar2 " gyz) TV T IS
P, =0, P, =0, PBs]l,_o=0, Pyo]l,_, =0,
- v ~
U|t—0 - @(.13, y)? a —o = ,(/)(mvy)a
where ) 5 92 o2
- w w w w
= L ok +a? (= .
Fla) = St - 55—l (T5+ T8 ) = 850
Qb(l', y) = 90(337 y) - ’U}(IE7 Y, 0)
D@, y) = P(x,y) — wi(z,y,0). (8.51)
Solutions of this problem were considered in the previous section.
We seek an auxiliary function w(z,y,t) in a form
w(z,y,t) = 01y, )X + g2(y, )X + g3(x, )Y + gu(x,1)Y
+ADXY + BOXY +C(H)XY + D)X Y, (8.52)

where X (z), X(z) and Y(y), Y(y) are polynomials of 15¢ or 2"¢ order. The coefficients
of these polynomials should be adjusted to satisfy the boundary conditions. The detailed
description of constructing function w(z,y,t) is presented in Appendix C part 2.

Example 8.4 Consider oscillations of a homogeneous rectangular membrane (0 < z <,
0 <y <), if the boundary conditions are given by

u(0,y,t) = u(ly,y,t) =0 and wu(z,0,t) =u(z,l,,t) = hsin?—x

xr
and initially the membrane has shape and velocity given, respectively, by
o(z,y,0) = hsin ™ and Y(x,y,0) = vpsin .
le le
Solution. The problem is described by equation
Pu 5 (*u  OPu
— —a“ |+ ]=0
ot? ox?  0y?
under the conditions
Tz Ou

u(z,y,0) = hSinZ’ E(x’y’o) :VOSm%’
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. X

uw(0,y,t) = u(ly,y,t) =0, wu(x,0,t) =u(x,l,,t) = hsin T

T

We search for a solution of this problem as the sum
w(@,y,t) = v(z,y,t) + w(z,y,t),

where the auxiliary function w(z,y,t) chosen to be

w(x,y,t) = hsin U
le
satisfies the boundary conditions of the problem and therefore obviously provides homo-
geneous boundary conditions for the function v(z,y, ) (this result can be obtained from
general formula (8.52) and the scheme presented in Appendix C part 2).
For the function v(z,y,t) we have the boundary value problem for the nonhomogeneous
equation of oscillation where

@(z,y) =0, (x,y) = vosin 7;—96

and homogeneous boundary conditions. The solution to the problem is thus

u(z,y,t) = hbln* + Z { Y0 sinwy(2m-1)t

2m — ]. 7rw1(2m 1)

B 4ha’n
(2m —1) Bw? o, 1y

2m —1
[1 — cos w1(2m—l)t:| } sin ? sin (mli)wy
z y

8.3 Small Transverse Oscillations of a Circular Membrane

Suppose a membrane in its equilibrium position has the form of a circle with radius [,
is located in the z-y plane and has its center as the origin of coordinates. As before for
the case of rectangular membranes, we will consider transverse oscillations for which all
points on the membrane move perpendicular to the z-y plane. In polar coordinates, (r, ),
the displacement of points of the membrane will be v = u(r, ¢,t). The domains of the
independent variables are 0 < r <[, 0 < ¢ < 27, and 0 < ¢ < oo respectively.

The Laplace operator in polar coordinates is given by

0%u  10u 1 0%u

2, v 1ou, 10U
Viu 0r2+rar+r28<p2

with the result that the equation of oscillations of a membrane in polar coordinates has the
form

0?u ou 5 (Pu 10u 1 0%u
5 T2 Szt oo T a2
ot ot aor ror  r20p
Boundary conditions in polar coordinates are particularly simple and in general from
can be written as

) +yu = f(r,o,t). (8.53)

oz%—i—ﬁu

r = g(@vt)a (854)

r=lI
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where a, and § are constants that are not zero simultaneously, i.e. |a| + 8] #0. If « =0
we have the Dirichlet boundary condition, and if 8 = 0 we have the Neumann boundary
condition. If @ # 0 and  # 0 then we have mixed boundary conditions. From physical
arguments it will normally be the case that 5/« > 0.

The initial conditions are stated as

ou

E o = w(rv 50)' (8‘55)

u|t:0 = (b(?“, @)7
Thus the deviation of points of membrane with coordinates (r, ¢) at some arbitrary initial
moment of time is ¢(r,¢) and initial velocities of these points are given by the function
Y(r, ). It should be clear from physical arguments that the solution u(r,p,t) is to be

single-valued, periodic in ¢ with period 27 and remains finite at all points of the membrane,
including the center of membrane, r = 0.

8.3.1 The Fourier Method for Homogeneous Equations with
Homogeneous Boundary Conditions

Here we consider the homogeneous equation of oscillations

0?u ou (82u 10u 1 0%

2 gL, w220
Ttk 3r2+7'8r+7’28<p2

ﬁ E - ) +yu = 0, (856)

with homogeneous boundary conditions

a— + fu

o =0. (8.57)

r=l

Let us represent the function u(r, ¢, t) as a product of two functions. The first depends
only on r and ¢ and we denote it as V(r, ¢), the second depends only on ¢ and is denoted
as T(t):

u(r, ¢,t) = V(r,@)T(t). (8.58)
Substituting Equation (8.58) in Equation (8.56) and separating variables we obtain
V(1) + 26T () +9T() _ 1 [V 10V 10V
a?T(t) T V() LOr2 ror  r2op?| 7

where A is a separation constant. Thus, the function T'(t) satisfies the ordinary linear homo-
geneous differential equation of second order

T"(t) + 26T (t) + (a*X + )T (t) = 0, (8.59)
and the function V (r, ) satisfies the equation
0’V 19V 1 0%V

with i
a% BV, p) =0, (8.61)

as a boundary condition. Using physical arguments we also require that the solutions remain
finite (everywhere, including point r = 0) so that

[V(r,¢)] < oo (8.62)
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and require the solutions to be periodic
Vr,e) =V(r,o+2m). (8.63)

For the boundary value problem defined by Equations (8.60) through (8.63) we again
may separate the variables, in this case r and ¢, using the substitution

Vir,o) = R(r)®(p). (8.64)

As shown in Appendix D part 1, for the function R(r) we obtain the Bessel equation, and
the function ®(p) are sines and cosines. The eigenvalues of the problem are

(n)\ 2
_ [ Bm_
)\nm - ( l ) b)

and eigenfunctions can be expressed in terms of the Bessel functions

(n) (n)

V) (r ) = J, (TT) cosng and V.2 (r,¢) =J, (TT) sin nep. (8.65)

Different types of boundary conditions lead to different eigenvalues us,? ),

These results completely define A, V,% and VTSYQ,E, the eigenvalues and eigenfunctions
of equations for the problem of free oscillations of a circular membrane in the case of
homogeneous boundary conditions.

To determine the time evolution of the oscillating membrane we return to Equation
(8.59). With A = A, this equation is

Ty () + 26T, (1) + (a2>‘nm + )T (t) = 0. (8.66)
This linear second order equation with constant coefficients has two linearly independent

solutions
e " coswpmt, K2 < apm + 7,

yﬁblw)L (t) = ¢ e "teoshwpmt, K% > a®\um + 7,
€7Nta K:2 = a2)\nm + Ys (8 67)
e sinwpmt, K2 < aZAnm + 7, .
Y2 (1) = { e tsinhwnmt, K2 > a2Aum + 7,
tB_K’t, 52 = a2)\nm + v,

with wy,,;, = \/ |a? A + v — K2

A general solution of Equation (8.66) is a linear combination of these yr(ll% (t) and y,(ﬁ% (t).
Collecting the functions ®(¢), R(r) and T(¢) and substituting them into identity (8.58)
gives particular solutions to Equation (8.56) in the form of a product of functions satisfying
the given boundary conditions:

uShh (1,0, 8) = TSAViR (r, ) = {anmyﬁl% + bpmYnm

ul), (ryo,t) = TﬁlVé?ﬁ(r, p) = {Cnmyglln)% + dnmy%} V2 (r, ).

] v,

To find solutions to the equation of motion for a membrane satisfying not only the
boundary conditions above but also initial conditions let us sum these functions as a series,
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superimposing all ungl(r ©,t) and ugm)l(r o, 1):

Z {[%myW )+ bumy (0] VR )

n=0m

[cnmynm + duny (O] V20 (8.68)

If this series and the series obtained from it by twice differentiating term by term with
respect to the variables 7, ¢ and ¢ converges uniformly then its sum will be a solution to
Equation (8.56), satisfying boundary condition (8.57).

To satisfy the initial conditions given in Equation (8.55) we require that

uly_g = o(r, ) = Z Z [aann(rQ (r,) + Cann(gz (r, SD)] (8.69)
n=0m=0
and
ou o o
E = 1/1(7“7 90) = Z Z {[wmnbmn - Hamn] V,g}r)b (Ta (P)
t=0 n=0m=0
+ [wmndmn - Hcmn] Vrrgr%z (7"7 L)0)} (870)

(like in Section 8.2.1, to treat simultaneously all three cases for x2 we replace wy,, by 1 in
(8.70) for k2 = a® X\ + 7).

Multiplying these equations by the area element in polar coordinates, dS = rdrdyp,
integrating and taking into account the orthogonality of the eigenfunctions, we obtain the
coefficients apnm, bmn, Cnm and dpp,:

1 27
Upm = H‘/'(DH2/ ¢(T7 90) Vr$7112 (Tv 90) Td?"dgo,
nm

2m
||V7'E7}l’z | |2 / / w nm (r (p) ’I“drdgp + K:anm‘| I

27
Com = / / 6(r, @) V.2 (r, ) rdrdyp,
||v,§3,2||2

27
_— (2)
||vn<3,2||2/o/o Y @) Vam(r, o) rdrde +H0nm]- (8.71)

bnm -

W'nm

nm —
Wnm,

Equation (8.68) gives the evolution of free oscillations of a circular membrane when
boundary conditions are homogeneous. It can be considered as the expansion of the
(unknown) function wu(r, ¢, t) in a Fourier series using the orthogonal system of functions
Vi (7, ). This series converges under sufficiently reasonable assumptions about initial and
boundary conditions — it is enough if they are piecewise continuous (see Appendix A).

The particular solutions wu, (r, ¢, t) = (1)(75) (1)(7" ©) —i—Ty(L%)L( t) 2 (r, ) are standing
wave solutions. From this we see that the profile of a standing wave depends on the functions
Vi (1, ©); the functions T,(L}%( t) and TT(L?,)L(t) only change the amplitude of the standing wave
over time, as was the case for standing waves on a string and the rectangular membrane.
Lines on the membrane defined by V., (r,¢) = 0 remain at rest for all times and are
called nodal lines of the standing wave V,,,,,(r, ¢). Points, where V,,,,,(r, ¢) reaches a relative
maximum or minimum for all times, are called antinodes of this standing wave. From the
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FIGURE 8.9
Drawing of the first few modes of vibrations for the mode V,S}n) (r,p).

above discussion of the Fourier expansion we see that an arbitrary motion of the membrane
may be thought of as an infinite sum of these standing waves.
Each mode ., (r, ¢, t) possesses a characteristic pattern of nodal lines. The first few

(n)
of these normal vibration modes for V;EW)L(T ©) = Jn (/ 1 r) cosny are sketched in Figure

8.9 with similar plctures for the modes Vé,,z (r,). In the fundamental mode of vibration

corresponding to ué , the membrane vibrates as a whole. In the mode corresponding to

(0) the membrane vibrates in two parts as shown with the part labeled with a plus sign
1n1t1ally above the equilibrium level and the part labeled with a minus sign initially below
the equilibrium. The nodal line in this case is a circle which remains at rest as the two
sections reverse location. The mode characterized by ,u(()l) is equal to zero when ¢ = +7/2
and is positive and negative as shown.

8.3.2 Axisymmetric Oscillations of a Membrane

Oscillations of a circular membrane are said to be axisymmetric (or radial) if they do not
depend on the polar angle ¢ (i.e. the deviation of an arbitrary point M from its position
of equilibrium at time ¢ depends only on ¢ and the distance between point M and the
center of the membrane). Solutions for axisymmetric oscillations will have a simpler form
than more general types of oscillations. Physically we see that axisymmetric oscillations will
occur when initial displacements and initial velocities do not depend on ¢, but rather are
functions only of r:

0
U(T7<Pat)|t:0 = (b(?”), 87?(7“7('0715)

= (r). (8.72)

t=0

In this case all coefficients, anm, bnm, Cnm and dpy, with n > 1 equal zero. We may easily
verify this, for example, for a,,

2
Aryy, = / / o(r (”)r/l cos n rdrdyp.
||Vnm||2 )

Because fOQﬂ cosny dy = 0 for any integer n > 1 we have a,,;,, = 0.

Similarity b,,, = 0 for n > 1, ¢y = 0, dpp = 0 for all n. Thus, the solution does not
contain the functions V,S?,Z (r, ). If n = 0 the coefficients ag,, and by, are nonzero and the
formulas used to calculate them can be simplified. Putting factors which are independent
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of ¢ outside the integral and using fo%r dy = 27, we have

9 1
som = 2 [0 () 7
Vo 17 Jo
Similarly we find
9 1
= 2 [ e (1) i 574
Vo 17 Jo

Substituting these coefficients into the series in Equation (8.68) we notice that the series
reduces from a double series to a single one since all terms in the second sum of this series
disappear. Only those terms in the first sum remain for which n = 0, making it necessary
to sum only on m but not on n. The final result is

S 1 2 M(O)
u(r, o, t) = Z [a()my((),z(t) + bOmy((m)L(t)} Jo (ZT> . (8.75)
m=0

Thus, for axisymmetric oscillations the solution contains only Bessel functions of zero
order.

Example 8.5 Find the transverse oscillations of a circular membrane with radius [ with a
fixed edge. Assume the initial displacement has the form of a paraboloid of rotation, initial
velocities are zero and the reaction of the environment is small enough to be neglected.

Solution. We have the following boundary value problem of a circular membrane with fixed
edge:

0?%u 5 [0%u  10u

|4+ - =0, 0<r<l, 0<qp<2m t>0,

ot? {87“2 +T8r} =" =S

2 ot

The oscillations of the membrane are axisymmetric since the initial displacement and
the initial velocities do not depend on the polar angle ¢. Thus, only terms with n = 0 are
not zero.

Boundary conditions of the problem are of Dirichlet type, in which case eigenvalues MES)
are the solutions of the equation Jo(p) = 0, and the eigenfunctions are

(1) lh(v(z))
Vom(T,SO):JO TT .

The solution u(r, ¢, t) is given by the series

2
U(Ta 0) =A (1 - r> ) %(T,CP,O) =0, U(la%t) =0.

-\ ap't (0)
U(T,@,t) - Z aom COS I JO Mo T/l .
m=0

The three-dimensional picture shown in Figure 8.10 depicts the two eigenfunctions for
the given problem,

Vi () = Jo (/1) amd V3 (r0) = Jo (45r/1)

(these two eigenfunctions are chosen as examples).
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FIGURE 8.10
Two eigenfunctions, (a) Vo(l1 )(7', v) and (b) V})(i )(7‘, ), for the Dirichlet boundary conditions
in Example 8.5.

The coefficients ag,, are given by Equation (8.73):

2 l 2
aom = —7r2/ A (1 - ;—2> Jo (uf?r/l) rdr.
]

Using the formulas (B.15b and B.14a from Appendix B)

/ac”Jn_l(m)dac =a"J(z), Jn1(z) = 2?an(ac) — Jn-1(z)

we calculate integrals (taking into account that Jy <u7(72)) =0):

! o 2 2
/ h (MT) rdr = ——— e h@)l" = =gy (1Y)
0 (u;?) i

1, R G
l_2 ) r J() T rdr = ﬁw/{) X [2J1($) _$J2(55)] dz
Hm
(0)

1 M Y Han 12 472
SN 2 d—/ 3 Jo(a)de| = | - — — | gy (u©@).
2 (u$2>)4 [ /o = Jy(x)dw ; x° Jo(x)dw O (Mgg))g 1 (Mm>

We may calculate the norms of eigenfunctions taking into account that Jj (x) = —J; ()
(see differentiation formulas B.16a). With this, we have (D.17)

= s )] = o)

So, the coefficients ag,, are given by Equation (8.73):

aom — 84 .
(ﬂgr?))g J1 (M(qg))
Thus,
> 1 a (O)t
u(r, o, t) = 8A Z cos Jo (,uﬁf?r/l) .

m=0 (u53)>3 I (uf?) :
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Example 8.6 Find the transverse oscillations of a homogeneous circular membrane of
radius [ with a rigidly fixed edge where the oscillations are initiated by a localized impact,
normal to a surface of the membrane. This impact is applied at the point(rg, ¢o) and sup-
plies an impulse I (0 < rg < I) to the membrane. Any initial displacement is absent and
the reaction of the environment is negligible.

Solution. The boundary value problem describing the oscillations of the membrane reduces
to the solution of the equation
0%u 5 [0%u  10u 1 0%u

—a2 | S0 2O T <l 0<p<2n, 30
o7~ o Trar T T h DeesEm o toh

under the conditions
ou I
u<7"7 ®, O) = 07 a(r? ®, 0) = ;6(T - 7"0)(5(()0 - (PO), u(l7 ®, t) = 0.

The product 6(r — ro)d(p — o) is a d-function in two (polar) dimensions.
The boundary condition of the problem is of Dirichlet type, so the eigenvalues are given by
equation J,(u) = 0, the eigenfunctions are given by Equations (8.65), and

The initial displacement of the membrane is zero in which case the solution u(r, ¢, t) is
given by the series

12 2 if n =
12>H o, ™ [J’( W)} ,an:{f’ gz#g’ (see Appendix B, Equation (B.33)).

oo 00 a (n)t
= Z Z [brm cos ng + dpm sinneg] - Jp, (ugf)r/l) sin M;n
n=0m=0
Next, we calculate the coefficients by, and d,., in (8.71) to get
27
brm = / / 5(r d(v — o) cosnpdy, (u%%’/!) rdrdy
PWnm ’ Vi) H

_ 21 cos nyy -
PWrm O T2 |:J7IL (M%L))FJn ( To/l)

and

2m
Aoym = ——— > // o(r o(p — goo)smncpJ( )T/Z) rdrdy =
pwanV I

21
_ sin nypq i ( (n),r,o/l)
pwnmgnﬂ'lQ [Jqlz (Ngg)>:|

Therefore, the evolution of the displacements of points on the membrane is described by
series

(n)
o 20 cosn(p — o)dn | tan 10/l (n) (n)y
u(r, @, t) Z ( ) In L sma'uL.

- 7rpl2 o S OnWnm [JTIL (Mgg))} | |

Figure 8.11 shows two snapshots of the solution at the times ¢t = 0.3 and ¢ = 4.3. This
solution was obtained for the case a? = 1,1 =2,19 =1, g =, I /p = 10.
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A,

FIGURE 8.11
Graph of the membrane in Example 8.6 at (a) t = 0.3, (b) ¢t = 4.3.

Example 8.7 The periphery of a flexible circular membrane of radius [ is fixed elastically
with coefficient h. The initial displacement is zero. Find the transversal vibrations of the
membrane if the initial velocities of the membrane are described by the function

(r)=A(l—r).
Solution. The boundary value problem consists of the solution of the equation

Pu [azu 10u

a2~ | T rar

52 }—O 0<r<l, 0<p<2m, t>0,

with the conditions

=0.

r=lI

@(T’%O):A(l_ﬂ, @J’_hu

u(r,,0) =0, o By

The oscillations of the membrane are axisymmetric since the initial functions do not
depend on the polar angle y; thus only terms with n = 0 are not zero.

The boundary condition of the problem is of mized type, in which case eigenvalues ,u( )
are given by the roots of the eigenvalue equation uJ)(u) + hJo(u) = 0. The eigenfunctions

are
7l2 [(M%)> +l2h2] (/‘L'E'n))

ey
(see Appendix B, Equation (B.35)).

The initial displacement is zero so that the coefficients ag,, = 0. The coefficients bg,,
are given by Equation (8.74) which result in

2 !
bom = —/ Al =)o (pOr/1) rdr.
Vo lI2 Jo ( )

Ven () = Jo (e /1)

The oscillations of the membrane are given by the series in Bessel functions of zero-th order:

auﬁfi) i,
u(r, o, t) Z bom, sin Jo Tr .
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8.3.3 The Fourier Method for Nonhomogeneous Equations with
Homogeneous Boundary Conditions

In this section we are dealing with nonhomogeneous Equation (8.53),

82”_1_2 du 2 @+1@+i827u + _f( t)
& C\or2 Tror T2 Op? Te=TIAn e

a2 ot
satisfying the homogeneous boundary condition (8.57)

Ou
hatied =0
“or thu el
and nonhomogeneous initial conditions (8.55)
ou
u|t:0 = ¢(T, SO)) E = 1/’(7’7 50)
t=0

We begin by searching for a solution in the form of the sum

U(T, @, t) =u (Ta ®, t) + u2 (’/‘, P, t)a (876)

where uq (7, ¢, t) is the solution to the homogeneous equation with homogeneous boundary
and nonhomogeneous initial conditions given by

82u1 8”1 2 (927.1,1 1 3u1 1 82’&1
2L S5 = :
ot? + o ¢ ((‘37“2 Jr?" 8r+r2 8@2)+7u1 0 (8.77)
ou
2| =, 8.7%)
aul
u1|t=0 = ¢(T, Qo)a W = ¢(T7 90)7 (879)
t=0

and us(r, @, t) is the solution to the nonhomogeneous equation with zero boundary and
initial conditions given by

82U2 81,62 2 821,62 1 8UQ 1 82u2
az T T ( o Trar T o ) toue=flnet),  (880)
GUQ -
Oéﬁ + BUQ . = 0, (881)
8UQ
upl,_o =0, =2 =0. (8.82)
t=0 at —o

Physically the solution us (r, ¢, t) represents free oscillations, i.e. oscillations which occur
only due to an initial perturbation. The solution us(r, ¢, t) represents forced oscillations,
i.e. oscillations which result from the action of external forces when initial perturbations
are absent.

Methods for finding the solution wuj(r, ,t) for free oscillations were considered in the
previous section; our task here need only be to find the solutions us(r, ¢, t) for forced
oscillations. As in the case of free oscillations we search for the solution ws(r, p,t) in the
form of the series

(oo} (oo}
nrp = 33 [TROVRED +TROVER] . 68)

n=0m=0
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where V,\n) (r, ) and v, (r, ) are eigenfunctions (8.65) of the corresponding homogeneous

boundary value problem, and Tfmlq% (1), T,g?% (t) which we have to find.
Zero boundary conditions given in Equation (8.81) for the function us(r, ¢, t) are satisfied

for any choice of T,Sir{ (t) and T,S?)L (t) under the restriction of uniform convergence of the series

because they are known to be satisfied by the functions Vyf},z (r, ) and VTE',%%(T, v). However,

the functions Tf(li,zb(t) and TT(L%,)L(t) must also be selected so that the series (8.83) satisfies
Equation (8.80) and initial conditions (8.82).
Substituting the series (8.83) into Equation (8.80) we obtain

S5 [10 1)+ 26 T (0 + (@A + VTDO] Vi)

n=0m=0
n Z Z [T@) + 26 T (1) + (a2 Nm +7)T,53,1(t)} VO (r ) = f(r,p,1). (8.84)
n=0 m=0

Next we expand the function f(r,¢,t) in a series with functions vin (r,) and V2 (r, )
as the basis functions:

Z Z [ nm )+ fnm( )‘/7531( 50) ) (885)

n=0m=0
where

2m

1 1

f1§m)z HV 1)||2/ / f7”§07 ( )rd’l“d<,0
2m

(2) (2)

o ( |V(2)||2/ / flryo,t) Vo) rdrde. (8.86)

Comparing the series (8.84) and (8.85), we obtain the following equations which will deter-
mine the functions TT(Lm( t) and Té%n( t):

T (t) + 26 T (1) + (a2 N + )T (1) = FD(1),
TR (t) + 26 TR (1) + (@M + 1)TE(1) = FO(2). (8.87)

The solution us(r, ¢,t) defined by the series (8.83) satisfies initial conditions (8.82) which
imposes on the functions T, 752( t) and T, ,Em)L( t) the conditions

Ti)(0) = 0, T (0) = 0,
Y and By n,m=20,1,2,.... (8.88)
T4 (0) =0 T3 (0) =0

As for the one-dimensional case, solutions of the Cauchy problems defined in Equations
(8.87) and (8.88) for functions TT(L%,)L(t) and Tr(l?,)L(t) can be written as

TTE}’Y)L() f ( ) Yom(t — 1) dr,

T(2) / fﬁ% Yom(t —7) dr,
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where 1
e " sin wpmt, K: < a* Ny + 1,
wnm
Y,m(t) = et
n77L( ) e “t51nhwnmt, /432 > a2)\nm +,
wnm
teir"t, K = a2)\nm +,

and Wy, = \/[a2Anm + v — £2|. Substituting expressions (8.86) for Sn( ) and £ ( ), we

obtain
e Hvu)H / /%/ (@ TV (7, ) Yo (6 = 7) rdrdp

/ /%/ Fr o, MWV (r, ) Yo (t — 1) rdrdep. (8.89)

(2)

HV‘”H

Substituting these expressions for ) (t) and Tﬁ%(t) in the series (8.83) we obtain solu-
tions to the boundary value problem defined in Equations (8.80) through (8.82), assuming
that Equation (8.83) and the series obtained from it by twice differentiating term by term
with respect to the variables r, ¢ and ¢ converge uniformly. Thus, the solution of the problem
of forced oscillations with zero boundary conditions is

U(’I", ®, t) =1u (Tv 2 t) + ug (7'7 @, t)
=3 3 {00 + (awmy 0 + buns20)] ViR e) (5.90)

n=0m=0
+ [T + (camylih(®) + dumy )] - VG 0) }

where coefficients apm, bpm, Cnm and dp,, were obtained previously in the discussion in
Section 8.3.1.

8.3.4 Forced Axisymmetric Oscillations

In the case of axisymmetric oscillations the solution of the nonhomogeneous equation
becomes simpler. In this case the initial displacement, initial velocity and function f do
not depend on ¢ and are thus functions of r and ¢ only:

= 1/’(7“)a and f(?", ¢7t) = f(’/’, t)'

t=0

0
ul(r, @, Dlip = 0(r), 5y (r01)

For axisymmetric oscillations the solution does not contain the functions V,ﬁfg (r, ) and the
only nonzero coeflicients are f, )

ol HV / [ s (@)) )va/ f <U>d

Substituting these functions into the first of the formulas (8.89) gives Ténz (t) and the double
series (8.90) reduces to a single series:

urn) = 3 {TE0) + [aomubn (8) + bomyan (D] } - Jo (“i")r)

m=0
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Example 8.8 Find the transverse oscillations of a homogeneous circular membrane of
radius [ with a rigidly fixed edge if a pressure proportional to coswt acts on the mem-
brane. Assume that initial deviations and initial velocities are absent, and that the reaction
of the environment is negligibly small.

Solution. The boundary problem modeling the evolution of such oscillations leads to the
equation
Pu 4 [0%u N 10u
ot? or?2  ror

under zero initial and boundary conditions given by

} = Acoswt, A = const.

u(rp.0) =0, 000 =0, ull,et)=0.

In this example the oscillations are axisymmetric because the initial conditions are homo-

geneous and the external pressure is a function of ¢ only. From the previous discussion we

have that the eigenvalues pﬁn) are roots of equation Jy(u) = 0, the eigenfunctions are

Vo(ﬁf (r,0) = Jo (Mglnmr> ; VO(;)HZ =nl? [Jé (ug,g))r =nl? {Jl (u(mo))]z

(see Appendix B, formula (B.33) and differentiation formulas (B.16)).
Consequently, the solution u(r, ¢, t) is defined by the series

()
u(r, ¢, t Z Tt (TT) :

where

) po
Tyr) (t) = / ) sinwom (t — p)dp,  wom = a——.
wOm

Acoswt, (' o
(57172(75) H ik / (Ml )rdr.
vl

Using the integration formulas (B.15b)

! O 12 © 2
/ Jo 'LLT rdr = ——— zJi(z)[g™ = W‘h (,ugg))
0 (M(O))

For fé},ﬂ(t) we have

m

we find

Using this result we obtain

o) 24 ' ,
Tom(t) = ( (0)) ; coswp sin wom (t — p)dp

wOmuerz) J1

24
=— [cos wt — coswomt] .

i Jy (uig)) (W? — wim)
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Finally, the deflection of the membrane as a function of time is described by the series

e’} (0)

mt - t m

u(r, o, t) = 2A Z €05 (O)Cosw © Jo (ul r) .
m=0 (W2 — wd, ) pm’ J1 (um )

8.3.5 The Fourier Method for Equations with Nonhomogeneous
Boundary Conditions

Consider now the general boundary value problem for equations describing the forced oscil-
lations of a circular membrane with nonhomogeneous boundary and initial conditions:

9%u ou 9%u  10u 1 0%u
:( ) = Fr),

a2 P e Trar T e
ou
QE + Bu . =g(p,1)
ou
u|t:0 = ¢(T, 90)) a = 1/’(7“7 50)
t=0

We cannot apply the Fourier method directly to this problem because the boundary condi-
tions are nonhomogeneous. First, we should reduce the problem to one with zero boundary
conditions.

To do this, we search for the solution of the problem in the form of the sum

’U/(r, 307 t) = ’U(r’ (10’ t) + w(/]d? (p7 t)’

where v(r, p,t) is a new unknown function, and the function w(r, ¢,t) is chosen so that it
satisfies the given nonhomogeneous boundary condition

ow

or +Bw

= g((p,t)

r=l

(67

and has the necessary number of continuous derivatives in r, ¢ and t.
For the function v(r, ¢, t) we obtain the following boundary value problem:

0% v (0% 10v 1 9% N
ot? ot

a5 Tt 264 — Tt 555 = ) 1),
+an “ or? 7"87“—’_7“28302 +tyv=Ffret)

oL t) + Bl o) = 0,

or
- ov -
v(retlimg = 0(r0),  Sr(met)]  =d(re),
t=0
where

5 _ 0w ow o (O?w 10w 1 0%*w
f(Ty‘Pﬂf)—f(T,‘PJ)—W—?nE-Fa <a7’2 r&n—&-ﬂawz)—vw, (891)
&(Tv 90) = ¢(T7 30) - U.)(’I", 2 0)7 (892)

~ ow

¢(7“7 (P) = 1/’(7“7 (P) - 7(74? 2 0) (893)

ot
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The solution to this problem was considered in the previous section.
Reading Ezercise: Verify Equations (8.91) through (8.93).

The way to find the auxiliary function was presented in Chapter 7. The results are:

1) For the case of Dirichlet boundary conditions:

a) if u(l, ,t) = g(p,t), ,

r
w(r,e,t) = 9(p:1) (8.94)
b) if u(l,p,t) = g(t) or u(l,p,t) = go = const

IU(T‘, ®s t) = g(t) or w(r, 2 t) = Yo- (895)

2) For the case of Neumann boundary conditions 2%(1, ¢, t) = g(¢,t)

7"2

where C' is an arbitrary constant.
3) For the case of mixed boundary conditions %u(l, o, t) + hu(l, o, t) = g(p, t)

w(r, o) = 1(2:_7}11)9((»07 t)' (8.97)

Example 8.9 Find the oscillations of a circular membrane in an environment without
resistance and with zero initial conditions where the motion is caused by movement at its
edge described by

u(l,o,t) = Asinwt, t >0.

Solution. The boundary problem modeling the evolution of such oscillations is given by the

equation

ot? W+T6r
0<r<l, 0<p<2r, t >0

2 2
0%u aQ{au 1au}:0’

with zero initial conditions
ou
u(r, ' 0) = Ov a(rv ®, 0) =0

and boundary condition
u(l, o, t) = Asinwt.

We are searching for the solution in the form of the sum u(r, ¢, t) = w(r, @, t) + v(r, ¢, t).
Using Equation (8.95), we see that

w(r,p,t) = Asinwt.

Then we obtain ~
fryp,t) = Aw?sinwt,

(5(7‘7 410) = 07 ’1;(7‘7 (,0) = —Aw.
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The function f(r,go,t) does not depend on the polar angle ¢, thus the function v(r, p,t)
defines axisymmetric oscillations of the membrane. The solution v(r, ¢, t) is thus given by

the series
= (1) Mgg)
(r,p,t) E {T )+ bom smwOmt} - Jo e r],

m=0
L(O .
where wg,, = av/Agm = a’Tm7 MSP are the roots of equation Jy(u) = 0 and
(0)

= (L) = ) o o)

(see Appendix B, formula (B.33) and differentiation formulas (B.16)).
To determine the coefficients bg,, we have (see (8.74))

1 1 o T2 (0) QA(JJ |:< ( )) 4:|
Hm
om = 72/ / (—AwQ) depJo | —7r | rdr = — 3 .
w HV(UH 0 Jo ! ! w ((o>) J ( <o>)
om om 0om 1|\ Mm

Hm

Next, we determine the function me (using the integration formulas (B.15b)):

L 2m (0)
() // Aw? sinwt g —r rdrde
" ”H

Aw? sinwt 9 ]y (f“m ) 2 Aw? sin wt

T O\ OV (LY g (s
)] ) () ()

From this we have

2Aw?

2
wWom (Hsr?)) Jl (,ugg))

2 Aw? [w sin womt — Wom sin wt]
5 )
Wom (HE?) J1 (uﬁiﬂ)) (w? —wd,,)

Finally, we may express the solution to the wave equation by the series

Om - / Om Sll’l wWom (t - T)dT =
wOm

X / sin w7 sin wo, (t — 7)dT =
0

u(r, (,D,t) = w(r Sovt) + U(T Lp,t)

(1) u%?)
= Asinwt + Z [T ) + Do SN Worm ] Jo ; —r

m=0

oo

. e (0)
= Asinwt + 2Aw E [worm s;n Womt — wsinwi] Jo <Mm r) .
0 0
m=0 (/stn)) Jl (,u,(n)> (WQ — W(Q)m)

Problems

In problems 1 through 24 we consider transverse oscillations of a rectangular membrane
(0 <z <l,;,0<y<l,),in problems 25 through 47 a circular membrane of radius I Solve
these problems analytically which means the following: formulate the equation and initial



Two-Dimensional Hyperbolic Equations 221

and boundary conditions, obtain the eigenvalues and eigenfunctions, write the formulas for
coefficients of the series expansion and the expression for the solution of the problem.

The problems discussed refer to membranes, but it should be remembered that many
other, similar physical problems are described by the same two-dimensional hyperbolic
equation.

You can obtain the pictures of several eigenfunctions and screenshots of the solution and
of the auxiliary functions with Maple, Mathematica or software from books [7, 8].

When you choose the parameters of the problem and coefficients of the functions (ini-
tial and boundary conditions, and external forces) do not forget that the amplitudes of
oscillations should remain small. All the parameters and the variables (time, coordinates,
deflection u(z,t)), are considered to be dimensionless.

In problems 1 through 5 external forces and resistance of the embedding medium are
absent.
Find the free oscillations of the membrane.

1. The membrane is fixed along its edges. The initial conditions are

o(z,y) = Asin ™ sin W—y7 Y(z,y) = 0.
ly ly
2. The edge at x = 0 of membrane is free and other edges are fixed. The initial
conditions are

plz,y) = Acos Lo sin 7Y, (x,y) = 0.
21, ly
3. The edge at y = 0 of the membrane is free and the other edges are fixed. The
initial conditions are
plz,y) = Asin "= cos 2L, (x,y) = 0.
Iy 21,
4. The edges z = 0 and y = 0 of membrane are fixed, and edges = = [, and y = [,
are free. The initial conditions are

oley) =0, wla.y) = Ay (1 - 7) (1, 5)-

5. The edges x = 0, x = I, and y = [, of membrane are fixed, and the edge
y = 0 is elastically constrained with the coefficient of elasticity h = 1. The initial
conditions are

x ™
o(z,y) =Az (1 — — sin—y7 Y(z,y) = 0.
. ly
In problems 6 through 10 external forces are absent and the resistance of the
embedding environment is proportional to velocity with proportionality constant
k. Find the transverse oscillations of the membrane.

6. The edges x = 0, y = 0 and y = [, of the membrane are fixed and the edge
x = I, is attached elastically with the coefficient of elasticity h = 1. The initial
conditions are

o(r,y) =0, P(z,y) = Azy(ly, —y).

7. The edges x = 0 and y = 0 of the membrane are fixed, the edge y = I, is free and
the edge x = [, is attached elastically with coefficient of elasticity h = 1. The
initial conditions are

o(x,y) =0, Y(x,y)=Ax (1 - f) sin?—y.
T Yy



222

10.

11.
12.
13.

14.

15.

16.

17.

18.
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The edges x = [, and y = [, are fixed, the edge = = 0 is free and the edge y =0
is attached elastically with coefficient of elasticity h = 1. The initial conditions
are
y\ . 7x
p(x,y) = Ay (1 - l) sin-—,  ¢(z,y) = 0.
Y T
The edges y = 0 and y = [, are free, the edge x = 0 is fixed and the edge x = [,
is attached elastically with coefficient of elasticity A = 1. The initial conditions
are
x
o) = aog? (1= 1), o) =0,
xT
The edges ¢ = 0 and y = [, are free, the edge x = [, is attached elastically
with coefficient of elasticity h = 1 and the edge y = 0 is attached elastically with
coeflicient of elasticity h = 1. The initial conditions are

ple.y) = Ay [1 = (@/1.], lwy) =0,

In problems 11 through 15 at the initial instant of time, t = 0, the membrane
is set in motion by a blow which applies an impulse, I, at the point (zq,yo)
(0 <zo <lg, 0<yo <y).

For the following cases, find free transverse oscillations of the rectangular mem-
brane assuming the initial displacement is zero, external forcing is absent and the
environment causes a resistance proportional to velocity with coefficient x > 0.

The membrane is fixed along its edges.
The edge x = I, of the membrane is free and the other edges are fixed.

The edges + = 0 and y = [,, of the membrane are free and the edges x = [, and
y = 0 are fixed.

The edges x = I, y = 0 and y = [, of the membrane are fixed and the edge z = 0
is attached elastically with coefficient of elasticity h = 1.

The edges y = 0 and y = [, are free, the edge x = [, is fixed and the edge z =0
is attached elastically with coefficient of elasticity h = 1.

In problems 16 through 20 assume that a force with density f(z,y,t) is acting
on the membrane, the initial displacement from equilibrium as well as the initial
velocity are zero, and resistance of the embedding medium is absent (k = 0).

Solve the equations of motion with the given boundary conditions for each case
given below.

The membrane is fixed along its boundaries. The external force is

2
[l y,t) = Azsin%(l — sinwt).
Y

The edge of the membrane at z = 0 is free, and other edges are fixed. The external
force is
L TY .
fz,y,t) = A(l, — 2) sin-=sin wt.
Yy
The edges = I, and y = [, of the membrane are free and edges z = 0 and y =0
are fixed. The external force is

flz,y,t) = Azsin=Y coswt.
21,
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19. The edges x = 0, y = 0 and y = [,, of the membrane are fixed and the edge = = [,
is attached elastically with elasticity coefficient h = 1. The external force is

f(z,y,t) = Azycos %(1 — sinwt).
y

20. The edges + = 0 and y = [, are attached elastically with elasticity coefficient
h =1, the edge x = I, is fixed, and the edge y = 0 is free. The external force is

flz,y,t) = AsinE coS v sin wt.
I, o,

In problems 21 through 25 the boundary of the membrane is driven. Assume
the initial velocities are zero and the resistance of embedding material is absent
(k= 0). The initial shape of the membrane is u(z,y,0) = p(z,y).

Solve the equations of motion with the given boundary conditions for each case
given below.

21. The motion of the edge x = 0 of the membrane is given by
aq1(y,t) = Asin% coswt
Y
and the other edges are fixed. Initially the membrane has the shape

olz,y) =A [1-— ) sin™,
ly ly

22. The motion of the edge y = [, of the membrane is given by

ga(z,t) = Asin™ sin wt
x

and the other edges are fixed. Initially the membrane has the shape

o(z,y) = Azycos %

23. Edges * = 0 and = = [,are fixed, the edge y = 0 is free and the edge y = [,
moves as -
ga(z,t) = Asin 7 cos wt.

Initially the membrane has the shape

Y

24. The edges x = 0 and y = [yare fixed and the edge y = 0 is subject to the action
of a harmonic force causing displacements

g3(z,t) = Asin?—m cos wt.
x

Initially the membrane has the shape

p(a,y) = Aaly —1,)cos 2.
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28.

29.

30.

31.

32.

33.

34.
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In the following problems consider transverse oscillations of a homogeneous
circular membrane of radius [, located in the z-y plane.

For all problems the displacement of the membrane, u(r,¢,0) = ¢(r,¢), is
given at some initial moment of time, ¢t = 0, and the membrane is released with
initial velocity u:(r, ¢, 0) = (r, ).

In problems 25 through 30 external forces and resistance of the environment are
absent.

The membrane is fixed along its contour. The initial conditions are
o(r,p) = Ar (12 — 1"2) singp, Y(r,p) =0.

The membrane is fixed along its contour. The initial conditions are
o(r,p) =0, Y(r,p) = Ar (l2 — T2) cos 4.

The edge of the membrane is free. The initial conditions are
o(r,p) = Ar (l - g) sin3p, Y(r,¢) =0.

The edge of the membrane is free. The initial conditions are

61, @) =0, (r.¢) = Ar (1= 3 ) cos2¢.

The edge of the membrane is fixed elastically with coefficient h = 1. The initial
conditions are

(725(7”', 90) = AT(l - T) sin 2 7/)(7”7 (P) =0.

The edge of the membrane is fixed elastically with coefficient h = 1. The initial
conditions are

¢(T, SD) = Oa 1/)(7’, 90) = Ar(l - 7") COS .

In problems 31 through 35 external forces are absent but the coefficient of
resistance of the environment x # 0 (resistance is proportional to velocity).

The membrane is fixed along its contour. The initial conditions are
o(r, @) = Ar3 (12 — r2) sin3p, W(r,p) =0.
The membrane is fixed along its contour. The initial conditions are
o(r,0) =0, P(r,p) = Ar? (12 - 1"2) sin 2¢.
The edge of the membrane is free. The initial conditions are
o(r,p) = Ar (l - g) sinbp, P(r,¢) =0.
The edge of the membrane is free. The initial conditions are

o(r,0) =0, U(r,@) = Ar (l - g) cos 4.
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35. The edge of the membrane is fixed elastically with coefficient h = 1. The initial
conditions are

¢(T, 50) = AT’(T’ - 1) sin 3@7 1/1(7"a QO) =0.

In problems 36 through 38 the membrane is excited at time ¢ = 0 by a sharp
impact from a hammer, transferring to the membrane an impulse I at a point
(ro, o) where 0 < rg <l and 0 < g < 2.

For the following situations find free transverse oscillations of the membrane
assuming the initial displacement is zero, external forcing is absent and the envi-
ronment causes a resistance proportional to velocity (k > 0).

36. The membrane is fixed along its contour.
37. The edge of the membrane is free.
38. The edge of the membrane is attached elastically with elastic coefficient h = 1.

In problems 39 through 43 the initial displacement and initial velocity are zero.
The resistance of environment is absent (x = 0). Find the transversal vibrations
of the membrane caused by the action of a varying external pressure f(r, ¢, t) on
one side of the membrane surface.

39. The membrane is fixed along its contour. The external force is

f(ryp,t) = A(sinwt + coswt) .

40. The membrane is fixed along its contour. The external force is

f(ryo,t) = A(l — r) sinwt.

41. The edge of the membrane is free. The external force is

flr,p,t) = Ar coswt.

42. The edge of the membrane is fixed elastically with coefficient i = 1. The external
force is
flryo,t) = A (l2 — 7"2) sin wt.

43. The edge of the membrane is fixed elastically with coefficient i = 1. The external
force is
f(ryp,t) = A(l —1)coswt.

In problems 44 through 47 find the transverse oscillations of a membrane caused
by its border being displaced according to the function g(¢) (the nonhomogeneous
term in the boundary condition). Assume external forces, initial velocities and
resistance of the environment are absent (x = 0). The initial displacement is given
by u(r, ¢,0) = ¢(r).

44. g(t) = Asin®wt, o¢(r)=Br(l—7).

45. g(t) = A(1 —coswt), ¢(r)=B (> —-r?).
46. g(t) = Acos?wt, ¢é(r) = Br (g - l) .

47. g(t) = A(1 —sinwt), ¢(r)=Br(r—1).
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9

Two-Dimensional Parabolic Equations

In this chapter we discuss parabolic equations for a two-dimensional bounded medium.
We consider rectangular and circular domains. The presentation is very similar to that for
two-dimensional hyperbolic equations in Chapter 8. As before we discuss the heat problem
in order to have a specific example at hand but it should be remembered that any other
physical problem described by a two-dimensional hyperbolic equation can be solved using
the methods discussed below.

9.1 Heat Conduction within a Finite Rectangular Domain

Let a heat-conducting, uniform rectangular plate be placed in the horizontal z-y plane with
boundaries given by edges along x = 0, x = [, y = 0 and y = [,,. The plate is assumed to be
thin enough that the temperature is the same at all points with the same z-y coordinates.
Let u(z,y,t) be the temperature of the plate at the point (z,y) at time ¢. The heat
conduction within such a thin uniform rectangular plate is described by the equation

ou {32u 0%u

ou Ju
a; ) ) T a a ) 7t )

O<e<l,, 0<y<l,, t>0. (9.1)

Here a2, &, &y and y are real constants. In terms of heat exchange, a? = k/cp is the thermal
diffusivity of the material; v = h/cp where h is the heat exchange coefficient (for lateral heat
exchange with an external medium); f(z,y,t) = Q(x,y,t)/cp where @ is the density of the
heat source (@ < 0 for locations where the heat is absorbed). The terms with coefficients
&, and &, describe the heat transfer by the flow with velocity vector (—¢,, —§,) due to bulk
motion of the surrounding medium. Clearly these coefficients will equal zero for solids but
are non-zero for liquids or gases in which bulk movement (advection) of the medium occurs.

The initial condition defines the temperature distribution within the plate at time zero:

u(z,y,0) = ¢(z,y). (9.2)

The boundary conditions describe the thermal conditions at the boundary at any time
t. The boundary conditions can be written in a general form as

Pl [u] = qiug + Blu|x:0 = gl(y7t)7 PQ[U}
Ps[u] = azuy + Baul,_y = gs(z,t), Pily]

Qg + Baul,_; = ga(y, ),
Qaty + ﬁ4u\y:ly = ga(z, 1), (9.3)

where ¢1(y,t), g2(y,t), g3(z,t) and g4(z,t) are known functions of time and respective vari-
able and a1, f1,...,a4, 84 are real constants. As has been discussed previously, physical
arguments lead to the sign restrictions ay /61 < 0 and a3/8;5 < 0.

227
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As before, there are three main types of boundary conditions (here and in the following
we denote a =0 or [, and b =0 or I, = 6):

Case 1. Boundary condition of the 1%t type (Dirichlet condition) where we are given the
temperature along the y- or z-edge:

u(a,y,t) = g(y,t) or wu(x,b,t)=g(x,t).

We may also have zero temperature at the edges in which case ¢(y,t) = 0 or g(z,t) = 0.

Case II. Boundary condition of the 2"¢ type (Neumann condition) where we are given the
heat flow along the y- or z-edge:

ul‘(a'ayat) :g(yvt) or uy(x,b,t):g(a:,t)
We may also have a thermally insulated edge in which case g(y,t) =0 or g(z,t) = 0.
Case III. Boundary condition of the 3"¢ type (mized condition) where there is heat
exchange with a medium along the y- or z- edge given by
ugz(a,y,t) £ hu(a,y,t) = g(y,t) or wuy(z,b,t) £ hu(z,b,t) = g(z,1).

We assume that h is a positive constant in which case the positive sign should be chosen in
two previous formulas when a = [, b = [, and negative when a = 0.

The BVP formulated in Equations (9.1)—(9.3) can be reduced to the boundary value
problem

v 5 [0%v 9% :
2 Z 42| 5 t 9.4
v(z,y,0) = @(z,y) (9.5)
and
U, + Blv 0 = gl(y7t)a QU + BQU _ = §2(y7t)7
asvy + 5311 . g3z, 1), auuy + /3’411‘ = Ga(z,t) (9.6)
y= Y=ly
with the help of the substitution
where ¢ ¢
_ z _ y
H= e M =g
Here
. E+6&
/-y - ,-y + 4&2 b

fla,y,t) = e o) (2, y, 1),

pw,y) = e~ Wt oz, y),

Bi=Pp1+par, §i(y.t)=e "g(y.t),

By = Ba+ poa,  Go(y,t) = e Wt gy(y ),
Bs = fBs+nas, gs(x,t) =e "gs(x,t),
Ba=Pa+tnaa,  Gala,t) = e Mgy (2, t).

3S)
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Reading Ezercise: Make the substitution given in Equation (9.7) and verify the results above.

Therefore, below we will only consider Equations (9.1) with {, =&, = 0.

First, we should reduce boundary conditions to zero ones. To do that, let us present the
solution to the problem defined by Equations (9.1) through (9.3) (with &, = &, = 0) as the
sum of two functions:

u(z,y,t) = v(z,y,t) + w(z,y, t), (9.8)

where v(z,y,t) is a new, unknown function and w(z,y, t) is an auxiliary function satisfying
boundary conditions (9.3). We shall seek an auxiliary function, w(z,y, t), in the form

w(z,y,t) = g1y, )X + g2(y, )X + g3(2,1)Y + ga(z, )Y
+ADXY +BOXY +CH)XY + D)X Y, (9.9)

where X (z), X(x), Y(y) and Y (y) are polynomials of 15 or 2"? order, A(t), etc. are some
functions of ¢. The coefficients of these polynomials will be adjusted in such a way that
function w(x, y,t) satisfies boundary conditions given in Equations (9.3). The algorithm to
find this function is presented in Appendix C part 2.

Then, the function v(x,y,t) represents heat conduction when heat sources are present
within the plate and boundary conditions are zero:
v 4 [821) 0%

proil ayQ] — v+ f(x,t), (9.10)

E—a

U(.’L‘,y, 0) = @(-T7y)>

Pi][,_g=0, B, =0, PBsPll,_o=0, Py]| 0,

r=ly y=ly =

where

r3 o 6“} 9 aQw 82w
f(l',y,t) - f(x,y,t) - a +a (81‘2 + ayZ) — Yyw,

@(x,y) = 4,0(5571/) - w(;v,y,O).

For this problem the Fourier method can be applied.
To simplify the task even more, we present function v(z,y, t) as the sum of two functions

'U(.’E,y,t) :ul(x,y,t)+uQ(x,y,t), (911)

where uj (x,y, t) is the solution of the homogeneous equation with the given initial conditions
and wuz(x,y,t) is the solution of a nonhomogeneous equation with zero initial conditions.
For both functions, u; and wus, the boundary conditions are zero (i.e. homogeneous). This
step (9.11) does not necessarily have to be done, but it makes the solution more physically
transparent.

The solution u;(z,y,t) represents the case of free heat exchange, that is, heat neither
generated within nor lost from the plate, but only transferred by conduction. The solution
us(x,y,t) represents the non-free heat exchange, that is, the diffusion of heat due to gener-
ation of (or absorption by) internal sources when the initial distribution of temperature is
zero. We find these two solutions in the following sub-sections.
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9.1.1 The Fourier Method for the Homogeneous Heat Equation (Free
Heat Exchange)

Let us first find the solution of the homogeneous equation

8u1 2 62u1 82u1
our _ _ 9.12
ot [ 0x? oy? T (9.12)
with the initial condition
U1(337y70) = @(x7y)7 (913)
and zero boundary conditions
Pilu]l,—g =0,  Pelu]l,—y, =0, Pslual[,_o =0, Pafui]l,_, =0. (9.14)
This describes the case of free heat exchange within the plate.
Let us separate time and spatial variables:
As a Reading Fzercise obtain: a) the following equation for the function T'(¢):
T'(t) + (a®\ +9)T(t) = 0, (9.16)

and b) the boundary value problem with homogeneous boundary conditions for the function
V(z,y), defined by
o?vV 0%V
— + == +\V =0 9.17
o2 + ayg + (IL‘, y) ) ( )

Y

, (9.18)

Oélvz(oa y) + ﬂlV(O, y) =0, a2vm<lm> y) + ﬂQV(lma y) =0
053Vy(x7 0) + ﬁgV(iC, 0) = 07 C¥4Vy(0, ly) + 64‘/(0; ly) =0
where A is the constant of separation of variables.

Next we can again separate variables:

Viz,y) = X(2)Y(y).
As a Reading Ezercise, obtain the following one-dimensional boundary value problems:
X"(z) + A X (z) =0,
a1 X' (0)+ 54 X(0)=0, axX'(ly)+ B2X(l,) =0, (9.19)
and

Y (y) + \Y (y) =0,
asY'(0) + B3Y(0) =0, aaY'(l,) + BsY (1) =0, (9.20)
where the separation of variables constants, A\, and ), are connected by the relation A, +
Ay = A
If Apny Aym, Xn(x) and Y, (y) are eigenvalues and eigenfunctions, respectively of the
boundary value problems for X (z) and Y (y), then

Anm = Aan + Aym (9.21)
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and
Vi (2,9) = X0 (2) Y (v) (9.22)

are eigenvalues and eigenfunctions of the boundary value problem for V(z,y). The functions
Vi (2, y) are orthogonal and their norms are the products

2 2 2
Vo l™ = [[Xnll™ - [[Yom”

Eigenvalues and eigenfunctions of the boundary value problem depend on the types of
boundary conditions. Combining different types of boundary conditions one can obtain nine
different types of boundary value problems for the solution X (z) and nine different types
for the solution Y (y) (see Appendix C part 1). Notice, that Equation (9.17) written in the
form

V2V(LL‘7 y) = —/\V(LU, y)7

with the Laplace operator
02 0?
Vies — +—
0x2 = Oy?
allows us to conclude that functions V,,,, are eigenfunctions, and \,,, are the eigenvalues
of this operator for the boundary conditions (9.18).

The eigenvalues can be written as:

2 2
Aam = (B2} 0 A= (B (9.23)
I : 1,

where i, is the nth root of the equation

(0152 - a261)lazﬂm

tan py = , 9.24
: p2onan + 126152 (6-24)
and pyy, is the mth root of the equation
— l
tan fy = (06364 04463) yHy (925)

plazoq +12B368:

Similarly, as was obtained in Appendix C part 1 the eigenfunctions are

Xn(x) = % {al v/ Azn €08 \/ Agnx — P71 sin \/)\mx} ,
Vi a1>\mn + B12

1 .
m [0(3\/ Aym COS v/ )\y7ny — ,83 sin Ay’m,y:| . (926)

Now, having the eigenvalues A, and eigenfunctions, V,,,,(z,y), of the boundary value
problem, we may obtain the solution u(z,y,t). The solution to equation

Yiu(y) =

T}, () + (0 A +7) T () = 0 (9.27)

is
Ty (t) = Cpe™ (@ Anm 01 (9.28)

from which we see that the function w;(z,y,t) can be composed as the infinite series

ui(z,y,t) = Z Z T () Vi (2, ). (9.29)

n=1m=1
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Using the fact that this function must satisfy the initial condition (9.13) and using the
orthogonality condition for functions V., (z,y) we find coefficients C),,,:

Crm = //y Vi (2, y)dzdy. (9.30)
HVan

It is left to the reader as a Reading Ezercise to verify Equation (9.30) using the initial
conditions (9.13) and the orthogonality condition.

Example 9.1 The initial temperature distribution within a thin uniform rectangular plate
(0 <z <1y, 0 <y <l,) with thermally insulated lateral faces is

u(z,y,0) = Azy(ly —x)(ly —y), A = const.

Find the distribution of temperature within the plate at any later time if its boundary is
kept a constant zero temperature. Generation (or absorption) of heat by internal sources is
absent.

Solution. The problem may be modeled by the solution of the equation
ou 5 [0%u  0%u
—— =aqa - 4+ —
ot ox?  Oy?

under the conditions

], O<e <y, O<y<ly, t>0,

u(z,y,0) = o(z,y) = Azy(ly, — )y, — v),
u(0,y,t) = u(ly,y,t) = u(z,0,t) = u(x,ly,t) = 0.

The general solution to this problem can be presented as a sum (9.29)

u(@, y, t) Z Z T Vi

n=1m=1
The boundary conditions of the problem are Dirichlet homogeneous boundary condi-
tions; therefore eigenvalues and eigenfunctions of the problem are

n?  m?

>\nm - )\mn + )‘ym - 7T2 <

12—’_12)’ n,m:1,2,3,...

Ll

[Vaml? = 1]l < Vo> = 2.

Applying the Equation (9.30), we obtain

Cpm = / / Azy(ly — z)(ly — y)sin T in 71-myds:dy
Ll o I

64A1212

—5 5 5, i n and m areodd,
=< mn2m

0 if m or m areeven.

)

Hence, the distribution of temperatures inside the plate at some instant of time is described
by the series

64A1212 & e~ Anma’t @Cn+Drz . (2m+ D7y
t — 'y . . .
u(z,y,t) 6 Zl 2n+ 122m +1)2 sin L sin L,

We suggest the reader compare this example and its result with Example 1 from
Chapter 8.
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9.1.2 The Fourier Method for Nonhomogeneous Heat Equation with
Homogeneous Boundary Conditions

As mentioned previously, the solution wus(z,y,t) represents the non-free heat exchange
within the plate; that is, the diffusion of heat due to generation (or absorption) of heat
by internal sources (or sinks) for the case of an initial distribution of temperatures equal
to zero. The solution to the general problem of heat conduction in a plate consists of the
sum of the free heat exchange solutions, uy(z,y,t), found in the previous section and the
solutions, us(x,y,t), which will be discussed in this section.

The function uq(x,y,t) is a solution of the nonhomogeneous equation

% ) |:62U2 8211,2

at " | 9x2 T 8y ] yuz + f(2,y,t) (9.31)

with zero initial and boundary conditions. As above, we can separate time and spatial
variables to obtain a general solution in the form

(,y,t Z Z Ty (6) Vi (2, ), (9.32)

n=1m=1

where V.., (z,y) are eigenfunctions of the corresponding homogeneous boundary value prob-
lem given by Equation (9.29). Here T, (t) are, as yet, unknown functions of ¢. Zero bound-
ary conditions for us(z,y,t) given by

=0

Pilus)|,—g =0, Plua]|,—; =0, Psfua][,_q=0, Pilus]|

r=ly y=ly

are valid for any choice of functions T,,,, () (assuming the series converge uniformly) because
they are valid for the functions V,,,,(z,y). We leave it to the reader to obtain these results
as a Reading FEzercise.

We now determine the functions Ty, (¢) in such a way that the series (9.32) satisfies the
nonhomogeneous Equation (9.31) and the homogeneous (zero) initial condition. Substituting
the series (9.32) into Equation (9.31) we obtain

Z Z nm /\nm + ’Y)Tmn(t)] Vnm(x,y) = f(m, y,t). (9~33)

n=1m=1

We can expand the function f(z,y,t) in a Fourier series of the functions V,,,,(x,y) in the
rectangular region [0,1;0,1,] such that

fla,y,t) = Z Z Fom () Vi (1), (9.34)

n=1m=1
where

1 Lo ply
fum(t) = 2 / / (s g, ) Vi (s y)dardy. (9.35)
Vil 2 Jo Jo

Comparing the two expansions in Equations (9.33) and (9.34) for the same function f(z,y,t)
we obtain differential equations for the functions Ty, (¢):

Trlzm(t) + (a )‘nm + V)T (t) = fam(t). (9.36)
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In order that the solution represented by the series us(x,y,t) given in Equation (9.32)
satisfies the zero temperature initial condition it is necessary that the functions Ty, (t) obey
the condition
Clearly, the solution of the ordinary differential Equation (9.36) with initial condition (9.37)
may be written in the integral form

t
t) = / Frm(7)e= @ AnmFNE=T) g, (9.38)
0

Thus the solution of the nonhomogeneous heat conduction problem for a thin uniform
rectangular plate with homogeneous boundary conditions (equal to zero) has the form

U(x,yﬂf) = U1($,y, ) + u2 z y7 Z [ + Cnmei(a Anm+y)t ‘/nm(xay)'

- (9.39)
where the functions T}, (f) are defined by Equation (9.38) and the coefficients C,,, have
been found earlier in Equation (9.30).

Example 9.2 Find the temperature u(z,y,t) of a thin rectangular plate (0 < z < I,
0 <y <) if its boundary is kept at constant zero temperature, the initial temperature
distribution within the plate is zero, and one internal source of heat Q(t) = Asinwt acts at
the point (zg,yo) in the plate. Assume the plate is thermally insulated over its lateral faces.

Solution. The problem is expressed as

ou {8% 0?u
— =a

A
ot 8952+8y2} Jr&smwtoé(xfxo)é(y—yo),

under the conditions
u(x7 y? 0) = 03

w(0,y,t) = u(ly,y,t) = u(z,0,t) = u(x,ly,t) = 0.

The general solution to this problem can be presented as a sum

u(z,y,t) Z [ )+ Chm _(“2>‘"m+7)t} Vi (2, 9).

The boundary conditions of the problem are Dirichlet homogeneous boundary conditions,
therefore eigenvalues and eigenfunctions of problem are:

n?  m?

Anm = Aen + Aym = 72 (l% + lZ) , o n,m=1,2,3,...
l
2 2 2 x
[Vanll? = 1 ” - [¥on” = 212
The initial condition is zero, in which case Cy,,;, = 0. Applying Equation (9.35), we obtain

Frm(t) ll //U—smwt d(z — 20)0(y — yo) si l meda:dy

ly

™Iy . TMYo
= sin wt sin sin .
cplmly lg ly
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FIGURE 9.1
Surface graph of plate temperature at (a) t = 0.6, (b) ¢ = 6.2 for Example 9.2.

We also have from the above formulas that

4A | wnxg . MY
Sin Sin
cplzly s ly

t
T () 2/ fnm(T)e_A"’"“z(t_T)dT =
0
1
X

_ 2
@ Ay SN WE — W cos wt + we ™ Anm@ t]

w? + (a2 Apm ) |
so that, finally we obtain
14 & 1

Cplwly n,m=1 w2 + (a2)\nm

)\nmaQt:|

u(z,y,t) = 2 [a2)\nm sinwt — w cos wt + we™

. TNXy . TMYg . TNT . TMY
X sin sin sin sin .
Iy ly ly ly

Figure 9.1 shows snapshots of the solution at times ¢t = 0.6 and ¢ = 6.2. This solution was
obtained for the case a? = 0.25, [, =4, [, =6, A/cp =120, w =5, 29 = 2 and yo = 3.

Reading FEzercise: Find the periodic in time solution of this problem and compare it with
the solution u(z,y,t) obtained above when t — co.

Hint: Search the solution in the form Re[F(x,y)exp(iwt)], then, for a complex function,
F(x,y); you will obtain the Helmholtz equation with zero boundary and initial conditions.
A similar problem was discussed for the one-dimensional heat equation.

Example 9.3 A heat-conducting, thin, uniform rectangular plate is thermally insulated
over its lateral faces. One side of the plate, at x = 0, is thermally insulated and the rest
of the boundary is kept at constant zero temperature. The initial temperature distribution
within the plate is zero.

Let heat be generated throughout the plate with the intensity of internal sources (per
unit mass of the plate) given by

Q(‘T7y7t) =A (Zx — 1') sin % sint.
Yy

Find the distribution of temperature within the plate when ¢ > 0.

Solution. The problem involves finding the solution of the equation

ou 4 [62u 82u] A
- +

5 = |52 e (lm—m)sinﬂsint,

Cp Iy
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(a)

FIGURE 9.2
Eigenfunctions (a) V11(z,y) and (b) Vs1(z,y) for Example 3.

under the conditions

u(z,y,0) =0,
ou
%(07y7t) :07 u(lzvy7t) :07 U(.Z‘,O,t) :U’(mJyvt) = 0.
Eigenvalues and eigenfunctions of the problem are given by

(2n—1)2 m?

)\nm:/\xn+>\ym:7'r2|: 12 l—z], n,m=1,23,...,
z y

2n — )mx . mm
Vi (2,5) = X (0)Yon ) = cos B DL gy M0,
z Yy

Il

2 2 2 x

HVnm” :”Xn” ”Ym” = =
4

The three-dimensional picture shown in Figure 9.2 depicts two eigenfunctions (chosen
as examples), Vi1 (z,y) and Vs1(z,y) for the given problem.

The initial condition is equal to zero, in which case C,,,, = 0. Applying Equation (9.35),
we obtain

4 le ply (2n — 1)7rx Y 8Alm
M T gin =2 = %  din(t
lzly /0 /0 f(:c,y,t) CcoS TR sin ly dxdy 2(2 1)2 sm( ),

and fr, =0, if m # 1. Thus we have

fnl(t) =

1

o )®

Toa(t) =

t
0
= 8AL 5 {a2)\n1 sin(t) — cos(t) + e_’\"lazt} )
72(2n —1)2 [1 + (a2An1) ]

T =0, if m#£1.

and, finally,

8Al, . wy
u(z,y,t) = —— sin —
w2 ly

(o))

i a?An1sint — cost + e A0t (2p — 1)1z
= o(2n—1)2 [WQ + ((12/\711)2} 21,

The BVPs for a rectangular domain in situations with nonhomogeneous boundary con-
ditions are considered in Appendix E part 2.
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9.2 Heat Conduction within a Circular Domain

Let a uniform circular plate be placed in the horizontal z-y plane and bounded at the
circular periphery by a radius of length I. The plate is assumed to be thin enough so that
the temperature is the same at all points with the same z-y coordinates.

In polar coordinates of the Laplace operator is

0%u  10u 1 0%u

2 e — R — —
vu_3r2+r8r+r2&p2

and the heat conduction is described by the equation

811,_ 2 @+1%+i827u _ _|_f(7~ t)
or2  ror 1202 th @i t)

a—a
0<r<i, 0<p<2m t>0. (9.40)

The initial condition defines the temperature distribution within the plate at zero time

u(r, ,0) = ¢(r, ¢). (9.41)

The boundary condition describes the thermal condition around the boundary at any
time t:

Plilo—i = 5%+ Bu = glp.1). (9.42)

r=l
It is obvious that function g(p,t) must be a single-valued periodic function in ¢ of period
27, that is,
g9(e +2m,t) = g(p,1).
Again we consider three main types of boundary conditions:
i) Boundary condition of the 1% type (Dirichlet condition), u(l, o,t) = g(p,t), where
the temperature at the boundary is given or is zero in which case g(¢,t) = 0.

i) Boundary condition of the 2"¢ type (Neumann condition), u,(l,p,t) = g(p,t), in
which case the heat flow at the boundary is given or the boundary is thermally
insulated and g(¢,t) = 0.

iii) Boundary condition of the 3rd type (mized condition), u,(l,p,t) + hu(l, p,t) =
g(p,t), where the conditions of heat exchange with a medium are specified (here
h = const).

In the case of the nonhomogeneous boundary condition we introduce an auxiliary func-
tion, w(r, ¢, t), satisfying the given boundary condition and express the solution to the
problem as the sum of two functions:

u(r, o, t) = v(r, o, t) +w(r, ),

where v(r, p,t) is a new, unknown function with zero boundary condition. As in Chapter
8, we will seek function w(r, p,t) in the form

w(r, o, t) = (co + car?)g(p, t)

with constants ¢y and co to be adjusted to satisfy the boundary condition.
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As we did a number of times, it helps to present the function v(r, ,t) as the sum
U(Ta 2 t) =u (7", 2 t) + UQ(Ta 2 t)a

where (1, @, t) is the solution of the homogeneous equation (free heat exchange) with the
given initial condition and zero boundary condition, and wus(r, ¢, t) is the solution of the
nonhomogeneous equation (heat exchange involving internal sources) with zero initial and
boundary conditions.

9.2.1 The Fourier Method for the Homogeneous Heat Equation

Let us find the solution of the homogeneous equation

8u1 2 82U1 1 8u1 1 82’&1
gt it It 9.43
a " ( or2 r or 12 0p? T (9.43)
with the initial condition
uy(r,,0) = o(r, @) (9.44)
and zero boundary condition
0
Pluq]r— = ozﬂ + Buq =0. (9.45)
or r=l
Presenting the unknown function as
Uy (Ta ' t) = T(t)V(T, ()0)’ (946)

substituting this in Equation (9.43) and separating variables we obtain,

T AT _ L [PV 1V 1V]
a?T(t) V(r,p) [Or2 v Or  r20p2| 7

where ) is a separation of variables constant (we know that a choice of minus sign before A
is convenient). Thus, the function T'(¢) is the solution of the ordinary linear homogeneous
differential equation of first order

T'(t) + (a®* X +9)T(t) = 0, (9.47)
and V(r, ¢) is the solution to the following boundary value problem:

aiv 10V 108%°V

oz +¥E+72372+W:0’ (9.48)
v
as (L) +BV(L,p) =0. (9.49)

Two restrictions on V (r, ¢) are that it be bounded, |V (r, ¢)| < oo and that it be periodic
ino: V(r,p) =V (r, ¢+ 2m).

This boundary value problem for the function V(r, ) we have discussed in detail in
Appendix D part 1 and in Chapter 7. After separation of variables

V(r, @) = R(r)®(p) (9.50)

we obtained the Bessel equation for the function R(r) and cosnp and sinng for ®(¢p).



Two-Dimensional Parabolic Equations 239

The eigenvalues and eigenfunctions of the boundary value problem for function R, (r) have

the form
(n)\ 2 (n)
Anm = </117> ) an(’f‘) =Jn (mlnr> ;o n,m=0,1,2,..., (951)
(n)

where py,’ is the m-th positive root of the equation
apdy, (1) + BlJn(p) = 0, (9.52)

and J,, () is the Bessel function of the 1% kind.
Collecting the above results we may write the eigenfunctions of the given BVP as

(n) (n)
V) () = J, (TT) cosng and V.2 (r o) =J, <M7r> sin ne. (9.53)

Functions V( ; )(7“, ) are eigenfunctions of the Laplace operator in polar coordinates in the
domain 0 <r <[, 0 < ¢ < 2w, and A,,, are the corresponding eigenvalues.
With the eigenvalues A, we can write the solution of the differential equation

Ty () + (0* M +7) T (£) = 0 (9.54)

as
Ty (£) = Cpme™ (@ Anm+)t, (9.55)

From this we see that the general solution for function wu; is

(r, 1) Z Z {anmv(l) )+ bann(frZ(n ‘P)} e_(az/\nm—i_wt- (9.56)

n=0m=0

The coefficients ay,, and b,,, are defined using the function which expresses the initial

condition and the orthogonality property of functions A% (r,p) and A (r,p):

1 L p27m
G = W /O /O o(r, @)V (r, @)rdrdp, (9.57)
Van

HV 2)H //27r o(r "2 (r, p)rdrdep. (9.58)

The norms of eigenfunctions V,fwz (r,p) and V,Swz (r, ) can be found in Appendix D part 1.

Example 9.4 The initial temperature distribution within a very long (infinite) cylinder of
radius [ is

l

Find the distribution of temperature within the cylinder if its surface is kept at constant
zero temperature. Generation (or absorption) of heat by internal sources is absent.

2
é(r,p) = uo (1 - 7"2) ,  ug = const.
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Solution. The boundary value problem modeling the process of the cooling of an infinite
cylinder is

ou _ [P 10w

at " o2 T ror

2
u(r, ¢,0) = uo (1 - l2> . u(l,p,t) =0.

The initial temperature does not depend on the polar angle ; thus, only terms with
n = 0 are not zero and the solution includes only functions VO(;) (r, ) given by the first of
Equations (9.53). The solution u(r, ¢, t) is therefore given by the series

S 2X lh(vg)
t) = Z a0meia Or"’tJO TT .
m=0
(n)

The boundary condition of the problem is of Dirichlet type, so eigenvalues .’ are given
by the roots of equation

Jn(z) =0,
where x = ur/l. As it was mentioned in Appendix D part 1 for simplicity, such equations

are often written just as J,(u) = 0.
The coefficients ag,, are given by Equation (9.57):

27 !
= — 1-— 2
Aom ||V0(71n)||2 /0 Ug ( 12) Jo ( r/l) rdr

Thus, the distribution of temperature within the cylinder is given by the series in Bessel
functions of zero-th order:

o=@ Aot M(qg)
oLy ()

We see that, due to the exponential nature of the coefficients the final temperature
of the cylinder after a long time will be zero. This is due to dissipation of energy to the
surrounding space and could have been anticipated from the physical configuration of the
problem.

Example 9.5 The initial temperature distribution within a very long (infinite) cylinder of
radius [ is

u(r, ¢,0) = up = const.
Find the distribution of temperature within the cylinder if it is subjected to convective heat

transfer according to Newton’s law at its surface and the temperature of the medium is
zZero.

Solution. The boundary value problem modeling the process of the cooling of an infinite
cylinder is
du_ [P 1ou
ot or?2  ror
U(T, 2 0) = Uo,

)
ai:(l,%t) + hu(l, o, t) = 0.
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The boundary condition of the problem is of mized type so eigenvalues of problem A, =
(,ug,?)/l)2 are the roots of the equation

wd, () + hlJ,(u) = 0, and

the eigenfunctions are given by (9.53).
The coefficients a,,, and by, are given by Equations (9.57) and (9.58):

U 2 l N(n)
Apm = ———— cos npd rdp | Br | dr ,
IW%PA o | l
2m l (n)
- U - Mm
bpm = 7”‘/752”2 /0 slnmpdgp/o rd, (l r) dr.

The initial temperature does not depend on the polar angle ¢; thus, only terms with n =0
are not zero. Obviously b,,,, = 0 for all n. Let us calculate coefficient ag,,. First, taking into
account the relation pJj(u) + hlJo(p) = 0, we may write

iR = w20+ (u2)] o (12

(1)
(0)

2uopm J ( <o>> .

[(u,@f + W} 7 (1)

Using the above relations we may write the distribution of temperature within the cylinder
as the series in Bessel functions of zero order:

ol () et ot O
u(r, p,t) = QUOmZ:o {(ug)) I hzlz] J2 (Hg)) Jo <l7“> .

As in the previous example, dissipation of energy to the environment brings the final
temperature of the plate to zero after long time periods.

From this we have

aom =

9.2.2 The Fourier Method for the Nonhomogeneous Heat Equation

Function wus(r, p,t) represents the non-free heat exchange within the plate; that is, the
diffusion of heat due to generation (or absorption) of heat by internal sources when the
initial distribution of temperature is zero. The function us(r, ¢, t) is the solution of the
nonhomogeneous equation

% 2 (82u2 1 Ouy 1 0%uq

ot a2 o or 2 92 ) —yuz + f(r,,1) (9.59)

with initial and boundary conditions equal to zero.
After the separation of variables the general solution to this equation clearly is

Z Z [ TO VD (o) + T2 () V2 (1, (p)} (9.60)

n=0m=0
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where V,%) (r,p) and v,2) (r, ) are eigenfunctions of the corresponding homogeneous bound-
ary value problem and Tr(L},)L(t) and T,(Lg,)l(t) are unknown functions of t.

The zero boundary condition for us(r, ¢, t)

0
P[ ] l_aﬂ—l-ﬁug

or =0

r=I

is valid for any choice of functions Té}%(t) and T2 (t) because it is valid for the functions
(1)(7“ ) and Vn(nZ(r ).
Substitution of the series (9.60) into Equation (9.59) gives

oo o0

aTin,
dt

ar'?)
dt

+ (@ XAum + NTED @) | Vi (1, 0) = f(r,0,1). (9.61)

Next expand function f(r, ,t) within a circle of radius ! as

frot) = 30 3 [FOVR o) + FROVEr )] (9.62)

n=0m=0

where, using the orthogonality of this set of functions, the coefficients are

= HV(l)H2 /Ol 02” f(r, 0, OV (r, p)rdrde, (9.63)
2 () = Hv(l)H / 27rf r, @, )WV (r, )rdrde. (9.64)

Comparing the expansions (9.61) and (9.62), we obtain differential equations for deter-
mining the functions T,S,ﬂi (t) and T,g?% (t):

dTim | (2 W) = £ (4
dt + (@ Anm + N o (t) = frm(t),
dTT(L??)l 2 2 2
2 (@A £ NTE) = FO0)- (9.65)

In addition, these functions are necessarily subject to the initial conditions:
TV(0)=0 and T 2(0)=0. (9.66)

The solutions of the differential Equations (9.65) with initial conditions (9.66) can be pre-
sented in the form of integral relations

T (1) /fnm (@)= g (9.67)

T3 (¢ / ~(@ XA (0=7) g (9.68)
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Thus, we have that the solution of the nonhomogeneous equation with zero initial and
boundary conditions can be written as

u(,’L‘7y,t) = ul(x7 y7t) + Ug(.’l?,y,t)

=3 3 {[FR0 + aue ] Vi)

n=0m=0

+ (TR0 + bt VR )} (9.69)
with coefficients @y, and by, given by formulas (9.57), (9.58).

Example 9.6 Find the temperature within a thin circular plate of radius [ if its boundary
is kept at constant zero temperature, the initial temperature distribution within the plate
is zero, and one internal source of heat Q(t) = Asinwt acts at the point (rg, ¢g) of the plate
where 0 < rg < I, 0 < ¢g < 2m. The plate is thermally insulated over its lateral faces.

Solution. The problem is expressed as

ou 9 %u  10u A .
G = 5 |+ 0o s

under the conditions
u(r,,0) =0, u(l,p,t) = 0.
The boundary condition of the problem is of Dirichlet type, so eigenvalues are given by
the equation J,(u) = 0, the eigenfunctions are given by formulas (9.53), the eigenfunctions

squared norms can be calculated using Equations (D.17) and (D.18) from Appendix D
part 1:

2 2 12 2 2, if n=0
(1) — (2) _ v ! (n) _ ) 5
vl = vl = oy [ ()] o= {3 230

The initial temperature of the plate is zero, so we have a,,, = 0 and b,,, = 0 for all n, m.
Let us next find fr(Lln)l(t) and fﬁ,)l (t):

A 2 (n)
fT(L}rr)z (t)=— 5 sinwt cos nwgJ, ﬂT"‘O )
cp onTl2 [Jr/L (Mgr?))]
A 2 ()
fﬁ%(t) = 5 sinwt sin nygJy (ulm) .
P ol {J,’l (u%’))]

From this we have

(n)
O = 24 2 5 €08 oy (T’"O) (1),
)
A 2 i)
T,(LQ(t) = — 5 sinnpgJy, Tro -I(t),
Voot [ )

where we have introduced

1
I(t) = {a2)\nm sinwt — w coswt + we*A"”"“zt} .

[w2 + (a2)\nm)2]
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FIGURE 9.3
Temperature of plate at (a) t = 0.5 and (b) ¢ = 1 for Example 9.6.

Therefore, the evolution of temperature within the plate is described by the series

(n)
u(r, @, t) = Z Z [T(l) cos(nyp) + T(2) s1n(n<p)] I, (MTmT>

n=0m=0

I(t) (ugf) > (u%‘) )
= In ro | Jn | ——7r | cosn(p — ¢o).
cpwl2 ;)n;) - [J,Q (uflf))r 1Y I 0

Figure 9.3 shows two snapshots of the solution at the times ¢ = 0.5 and ¢ = 1. This solu-
tion was obtained for the case when a? = 0.25,1 = 2,79 =1, pg = 1, A/cp = 100 and w = 5.

Reading Exercise: Discuss the above result for the equilibrium (final) state when the source
of heat is placed in the center of the plate at rq = 0. Show that in this case the problem
can be reduced to a one-dimensional ordinary differential equation.

Example 9.7 A heat-conducting, thin, uniform, circular plate of radius [ is thermally insu-
lated over its lateral faces. The boundary of the plate is kept at constant zero temperature,
and the initial temperature distribution within the plate is zero. Let heat be generated
throughout the plate with the intensity of internal sources (per unit mass of the membrane)
given by

Q(t) = Acoswt.

Find the distribution of temperature within the plate when ¢ > 0.

Solution. The problem may be expressed by the equation

u [82u 10u
=a

i W—i—ra]—i—flcoswt

under the conditions
u(’l", 2 0) =0, U(l, ®, t) =0.
(n)

The boundary condition of the problem is of Dirichlet type, so eigenvalues u,,’ are
given by equation J,(u) = 0. The initial temperature of the plate is zero and the intensity
of internal sources depends only on time ¢, so the solution w(r,t) includes only functions

VO(:,L) = ( Dy / l) and is given by the series

(n)
- St (2),



Two-Dimensional Parabolic Equations 245

(a) (b)

FIGURE 9.4
Temperature of plate at (a) t =1 and (b) ¢t = 3 for Example 9.7.

where
) e 2
10 = [ gm0
0

Taking into account that (see Appendix B)

O Z 2Ty (N = 2 ONE

[vonl] == [ ()] ==t [ ()]
(0)

l ugz) 12 JTSS 12
/ Jo T rdr = —2/ zJo(z)dr = W‘]l (,ugg)) ;
0 {uﬁ,ﬁ’)} 0 T

we find fé}g (t) in the form

A : o 24
é}g(t) = COSUJ§2T‘_/ J() (M—T’ rdr = W cos wt.
vl il (1)

(1) 2A ¢ 25
Ty (t) = ——————~ [ coswr - e~ Pom(=7) g7y
m (0) (0)
Hm Ji Hm 0

B 2A [
a ug,g)Jl (uﬁ,?) [w2 + (az)\Om)2]

. _ .2
a®* Ao coswt + wsinwt — a®Agme”* Yomt| .

Therefore, the evolution of temperature within the plate is described by series

— (1) i)
u(r,t):mZ:OTOm(t)Jg Tr .

Figure 9.4 shows two snapshots of the solution at the times ¢ = 1 and ¢ = 3. This solution
was obtained for the case when a? = 0.25, ] =2, A =100 and w = 5.

Reading Erercise: Discuss the above result for the equilibrium (final) state. Show that in
this case the problem can be reduced to a one-dimensional ordinary differential equation.
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9.2.3 The Fourier Method for the Nonhomogeneous Heat Equation
with Nonhomogeneous Boundary Conditions

Finally, we consider the general boundary problem for heat conduction, Equation (9.40),
given by
ou o (0*u  10u n 1 0%u
a2 s s et
ot or2  ror  r20yp?

with nonhomogeneous initial condition (9.41) and boundary condition (9.42) given by

U(Tv ©s O) = ¢(T7 @)7

ou
Plu|,— = a— + Bu
[ ]7‘ l (’97“ /8
To reduce the nonhomogeneous boundary condition to homogeneous, we introduce an aux-
iliary function w(r, ¢, t) which satisfies the given nonhomogeneous boundary condition. As

always, we will search for the solution of the problem as

) —yu+ f(r,¢,t)

= g(@?ﬂ'

r=l1

u(r, @,t) = v(r, ¢, t) + w(r, o, 1),
where v(r, ¢, t) is a function satisfying the homogeneous boundary condition, and will seek
the auxiliary function w(r, p,t) in the form
w(r, ¢, t) = (co+ e1r + ear?) g(ip,1).
The constants will be adjusted to satisfy the boundary condition. Because

10w o C1
;5(7’”0715) - (7 + 262) g(@at)

and r = 0 is a regular point, the coefficient ¢; = 0 and the auxiliary function reduce to

w(r, ¢, t) = (co + car®) g(e, 1),
where ¢y and ¢y are real constants.

Example 9.8 The initial temperature distribution within a very long (infinite) cylinder of
radius [ is

u(r, ¢,0) = up = const.
Find the distribution of temperature within the cylinder if a constant heat flow,

ou A4
a(lﬂovt) _Q_ KZ,

is supplied to the surface of the cylinder from the outside starting at time ¢t = 0. Generation
(or absorption) of heat by internal sources is absent.

Solution. This is the BVP

“Y a2 Tror

Ou 5 [0%u 10w
ot~ “ ’

ou
u(r, 2 0) = Uo, E(lv ‘Put) =Q.

An auxiliary function satisfying the given boundary condition is

_ Q0

w(r, g, t) = 217“ .
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The solution to the problem should be sought in the form

u(r, ¢,t) = w(r, ¢, t) +v(r, ¢, t),
where the function v(r, ¢, t) is the solution to the boundary value problem with homogeneous
boundary conditions and

2
2a ~ 9

_ Q
TQ? QZ)(T, 90) Uog — 27ZT

These functions (defined in Section 9.1) do not depend on the polar angle ¢, which is why
the solution for function v(r,t) contains only the Bessel function of zero-th order:

flryp.t) =

oo

(0)
v(r,t) = [To(in)(t) + a0m67“2)‘0mt} Jo <M7r> .

m=0

The boundary condition of the problem is of Neumann type, so eigenvalues ,A]J) are

given by the equation

Tn(p) =
The eigenfunctions and their norms are (D.16), (D.17) (Appendix D part 1)

(0) 2 2
= () = )] =

in which case we have

2n Q ;ﬁ,ﬁ?) _ 201
HV(DH / /(“ T)‘]O( ;) e (ug)?JO (M;@)’
’V(l /2ﬂ/(0r>rdrdg0—uocil.

Using the Equation (9.63) we obtain
2a° 2 (0) 4a?
é:,z(t _ @ / / Jo| —r | rdr= el O\ @ e (u52)> =0,
el W77 (1)
2 2 2
éé) a Q / / rdr =
T

and with Equations (9.67), (9.68) we have

/ (1) —a2>\0m(t—7)d7_ —0 To% / _ 2a2Qt
b l .

Hence, the distribution of temperature within the cylinder at some instant of time is
described by the series (9.69):

Qo,, Q 2°Q o pin’
s i ) S .
u(r,t) = o7 +uo — -+ =t QZZ 0) e (O))JO =T

Reading Ezercise: Discuss the role and the origin of each term in this solution.
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9.3 Heat Conduction in an Infinite Medium

Consider the homogeneous heat-conduction equation in three dimensions
ou 99

— =a"V-u. 9.70

5 (9.70)

For a finite medium the separation of variables procedure, u(r,t) = X(r)T(t), gives

the discrete spectrum of eigenvalues A,, due to boundary conditions. For infinite medium

problems, when there is no boundary condition, let us express the function u(r,t) as a
Fourier integral with respect to the coordinates:

u(r,t) =

1 .
@) /uk(t)e’krd?’h d°k = dkdk,dk, (9.71)

where the Fourier coeflicients are
up(t) = /u(r,t)e‘ikrdr, dr = dxdydz. (9.72)
Substituting expression (9.71) into Equation (9.70), we obtain

1 d )
/ (uk + k2a2uk> elkrdsk =0.

Therefore, for each Fourier component, u,(t), Equation (9.70) gives

dup, 2 2
W + k“a uk = O7
from which we obtain L,
up, (t) = uge 4L (9.73)

It is clear that the coefficients u, are determined by the initial temperature distribution
(initial condition) given by
u(x,0) = up(x) = (r). (9.74)

From Equations (9.73) and (9.74) we have

U (t) = /go(r')e_ikr/dr’. (9.75)

Thus, the temperature distribution as function of coordinates and time is

u(rt) = / o(r')e K @t iR =1" g gy (9.76)

1
(2m)3
The integral over d°k is the product of three integrals; each of them is

oo 1/2
/ e~ cos Bk;dk; = (g) 6_62/4a7 1=1T,Y,2 (9.77)
— 00

(the integrals with sines in place of cosines are zero since the sine function is odd). Finally,
we obtain the following formula which gives the complete solution of the problem since
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it determines the temperature within the medium for any moment in time if the initial
temperature distribution is known:

1 / (r— T/)Q ’
u(r,t) = W/gp(r ) exp [_4a2t dr'. (9.78)
If the initial temperature distribution is a function of only one coordinate, z (for example
the case of a thin infinite bar), then performing an integration over y and z in Equation
(9.78), yields
(z —a')?

(o, t) = 2\/% /_ Z o(2') exp [_m] da. (9.79)

Reading Ezercise. Check the step between Equations (9.78) and (9.79) and show that the
result corresponds to the one-dimensional case discussed in Chapter 6.

Let us consider a useful illustration of the result in Equation (9.78) — the case when the
temperature at ¢ = 0 is zero everywhere except the origin of the coordinate system where
it is infinite. We assume also that the total amount of energy (or heat) is proportional to
J @(r)dr. For a point source at the origin we may write

o(r) = Ad(r), A = const,

where 0(r) = 0(x)d(y)d(2) is a three-dimensional delta function. From Equation (9.78) we
immediately obtain

1 r?
U(T’,t) = AW exp |:4a2t:| . (980)

At the origin the temperature decreases as t~3/2 and there is a corresponding temperature
rise in the surrounding space. The size of the space where the temperature substantially
differs from zero is determined by the exponential in Equation (9.80). That is, it is given by

~ a+/t and [ increases as the square root of the time. If at ¢ = 0 the heat was concentrated
in the plane at x = 0, or more generally if it does not depend on the z and y axis, then

1 x?
t)=A - 9.81
) = A A oxp |- o (9.81)
which follows from Equation (9.79).
The solution in Equation (9.80) with the delta-function as the initial condition is Green’s
function G(r—7',t) for homogeneous heat conduction. In terms of Green’s function, the
solution in Equation (9.78) can be written as

u(r,t) = /gp(r’)G(r—r',t)dr’7

where

G(r—r't) =

(r = 7'/)2} (9.82)

1

- exp |
8(wa2t)3/2 P { 4at

We refer the reader to Chapter 6 where the properties of Green’s functions were
described; as was mentioned there, they also hold for the three-dimensional case. Using
the three-dimensional Green’s function it should be clear how to generalize the material
presented in this section to, for example, the nonhomogeneous heat conduction equation
given by
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9.4 Heat Conduction in a Semi-Infinite Medium

We discuss several cases.

Case I. Let us consider a three-dimensional medium located at x > 0 and begin with the
case where constant temperature is maintained on the boundary plane located at x = 0.
We will take this constant temperature as zero, i.e. the boundary and initial conditions are

’U/(JT, Y, Zat = O) = @(x’ yaz)’ u|a::0 =0. (983)

To apply the methods previously developed for an infinite medium we first imagine that
the medium is extended to the left from = 0 and an initial temperature distribution
is defined for x < 0 by the same function, ¢, taken with a minus sign. Thus the initial
distribution for infinite space is an odd function of z:

o(—z,y,2) = —p(z,y, 2). (9.84)

From Equation (9.83) it follows that ¢(0,y,z) = 0. From symmetry it is clear that this
boundary condition will be valid for ¢t > 0.

Now we can solve the Equation (9.70) for an infinite medium with an initial temperature
distribution that satisfies Equation (9.84). This solution is given by the general Equation
(9.78), in which we divide the range of integration over z into two parts, from —oco to 0 and
from 0 to +o0. Using Equation (9.84) we have

)= e [ [ ety [ 4=

. {exp - @C‘)} o - W] bavayaz. (9.85)

4a?t 4a?t

If the initial temperature distribution is a function of only z, Equation (9.85) gives

)= [ e for [ [ s

Example 9.9 The temperature is maintained equal to zero on the (boundary) plane at
2 = 0. The initial temperature is constant everywhere for z > 0, i.e. ¢(x) = uo.

Solution. Performing the substitutions £ = % in the two integrals in Equation (9.86),

with a minus sign in the first and a plus sign in the second, we obtain

e o (2) (537

where erf(z) = %= [ e=¢"d¢ is the error function (erf(co) = 1). Since erf(—xz) = —erf(z),

v
we obtain

x
u(zx,t) =ug erf [ ——= | . 9.87
(@) =u et (22 (9.87
This result could be written immediately since it follows from the properties of the error
function. It is easy to check that differentiating Equation (9.87) twice with respect to  and
once with respect to ¢ we obtain the equation u; = a®u,,, thus Equation (9.87) satisfies
both the initial and boundary conditions.
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Reading Ezercise. The reader is encouraged to check the preceding statement.

Thus we see that the function u(z,t) = A erf (ﬁ), where A is an arbitrary constant, is a
solution of equation u; = a%ugy.
Reading Ezercises.

a) Generalize the previous result to the three-dimensional case.

b) Prove that if a semi-infinite bar is initially at zero temperature and the end at
x = 0 is kept at temperature ug, the temperature at time ¢ is

u(z,t) = ug {1 —erf (2;%)} :

According to Equation (9.87) the temperature propagates into space at a rate proportional
to v/t. The result (9.87) depends on the single dimensionless parameter x/2a+/%.

Case II. Let us consider the case of a thermally insulated boundary plane at x = 0. That
is, a boundary with no heat flux through it. The boundary and initial conditions are

ou

Bzl = 0. (9.88)

u(x7y7 Z)t = 0) = @(x)7

As in the previous example, imagine the medium to extend on both sides of the plane

at © = 0, but in this case extend the initial temperature distribution, ¢(z,y, z), as an even
function of x:

410(_1'73/’2) = @(m,y7z), (989)

for which

Oy 0y e _ —
%(:c,y,z)f 83:( z,y,z) and 830(0’%2)70 for z=0.

From symmetry it is clear that this condition will be satisfied for all ¢ > 0. Repeating
the calculations above but using Equation (9.89) instead of Equation (9.84), we obtain the
general solution which differs from Equations (9.85) and (9.86) by replacing the subtraction
of two terms by the summation of two terms:

)=y [ [ erom] B

AV /\2
X {exp [_(JCZLCL’Z)} + exp [—(xi;t)] } dx'dy'd?’, (9.90)

(v —a')?

w(z, t) = 2\/% /OOO o(z') {exp {—4&%] +exp {—W] } &', (9.91)

Case III. Assume that a heat flux enters the medium through its boundary plane at x = 0
for a medium located at x > 0; i.e. the boundary condition is

ou
2

2 =aw), (992

=0
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with ¢(t) as a given flux function. Because ¢ does not depend on coordinates y and z the
problem reduces to the one-dimensional case. The initial condition is

u(z,y,z,t =0) =0. (9.93)

To begin we first solve an auxiliary problem with ¢(¢) = §(¢). This problem is equivalent
to the problem that led to Equation (9.81), i.e. to the problem of heat propagation in
an infinite medium from a point source which produces a given amount of heat. Indeed
Equation (9.92) means that a unit of energy enters through each unit area of the plane at
x = 0 at the instant ¢ = 0. In this problem where the initial condition is u = %(5 (x) for
t = 0, an amount of heat f pcudr = 2 is concentrated in the same area at time ¢ = 0. From
symmetry we may argue that half of this energy flows in the > 0 direction, the other half
in the x < 0 direction. Since the solutions of both problems are identical, from Equation
(9.81) we obtain

1 a x?

The heat conduction equation is linear so that for arbitrary ¢(t) instead of §(¢) the general
solution of Equation (9.70) with the conditions in Equations (9.92) and (9.93) is

t,)} dt'. (9.95)

u(z,t) = 1/t s [_a:
’ K oo /7t — t/)q P 4a?(t —
Reading Ezercise. Check in detail the derivation of Equations (9.94) and (9.95).

In particular the temperature on the plane at x = 0 varies according to

(9.96)

1/t a N
(0, 1) = E/_oo N L

Using Equation (9.95) we can solve the problem in which the temperature on the plane
x = 0 is the given function of time,

ul,—o = g(t), (9.97)
and the initial temperature is constant (which can be taken as zero):
u(—z,y,2,t=0)=0. (9.98)

Notice that if u(x,t) satisfies Equation (9.70) then so does its derivative, %. Differentiating
Equation (9.95) with respect to z, we obtain

_,ﬁu_/t o) [ 2
9r ) 2a/mt vy T da2—1)]

According to Equation (9.92) ¢(t) has the same value at x = 0. Writing u(z,t) instead of

,H% and using ¢(t) instead of ¢(t), we obtain the solution of the problem as

2

t,)] dt’. (9.99)

u

Reading Fxercise. A radioactive gas is diffusing into the atmosphere from contaminated soil
(the boundary of which we can locate at x = 0).
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a) Provide the arguments to show that the density of the gas in the air, p(x,t), is
described by the boundary value problem

2
e 0

ot - Or2 Py or = —R, p(l’,O) = 0, (l)7 )\, K = CODSt).

z=0

b) Show that the solution to this problem is

D [t 1
z,t) =ky/ — | —=exp |-t — }dt/.
o) =2 [ p[

Case IV. Let us consider an important particular case when the temperature varies peri-
odically in time on the boundary plane at x = 0:

22
4Dt

u(zx =0,y, 2,t) = ug cos wt. (9.100)

This problem is equivalent to the classical problem (G. Stokes) about waves within an
incompressible fluid generated by an infinite, rigid, flat surface harmonically oscillating in
its own plane (y-z). If we investigate the process at a time which is sufficiently long from
the initial moment, the influence of the initial condition is practically negligible. Thus this
is a problem without an initial condition and we seek a stationary solution. Formally we
can choose the zero initial condition

u(z,y,2,t=0) = o(z,y,2) = 0.

Assume the fluid surface is at > 0 and the plane oscillates along the y-axis, i.e. velocities
in the fluid have only a y-component. The fluid velocity satisfies the Navier—Stokes equation
which, for this geometry, reduces to a one-dimensional heat conduction equation

2
Ut = G Ugg,

where u(z,t) is the y-component of fluid velocity and a? = v is the dynamic viscosity of
the fluid.
It is convenient to write the boundary condition as the real part of the complex expression
u = Re {uoe_i‘“t}. In the following while performing intermediate (linear) operations, we
omit the symbol Re and take the real part of the final result. Thus we write the boundary
condition as
u(0,t) = uge™“". (9.101)

It is natural to seek a solution periodic in z and ¢ given by
u(z,t) = uge’ Tt (9.102)

which satisfies condition (9.101). Substitution of Equation (9.102) into the equation u; =

2
iw=a’k? k= (1+4)/5, 0=+/2a2/w. (9.103)

A Uy, Eives

Thus
u(z,t) = uge /% exp [i(z/5 — wt)]. (9.104)

(the choice of the sign before the root v/i = +(1 4 4)/2 in the last of Equations (9.104) is
determined by the physical requirement that the velocity should be bounded as z increases).

From this discussion we see that transverse waves can exist in fluids with non-zero
viscosity where the velocity of the fluid is perpendicular to the wave propagation direction.
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The oscillations damp quickly as the distance from the surface increases. The constant §
is called the penetration depth. At a distance § from the surface the wave’s amplitude
decreases e times, in other words it decreases e?™ ~ 540 times during one wavelength.
The penetration depth, §, decreases with increasing frequency and increases with increasing
viscosity. In a more general case, when a plane wave is moving according to some function
u(x = 0,t) = ug(t) instead of the simple harmonic motion of Equation (9.101), the solution
is given by the formula (9.99).

Similarly the temperature propagation inside a body when the temperature changes
periodically according to Equation (9.100) on the boundary at x = 0, is described by
the same Equation (9.104). Periodically changing surface temperature propagates from the
boundary into a body in the form of a temperature wave with the amplitude decreasing
exponentially with the depth (Fourier’s first law).

An analogous phenomenon exists when alternating current flows in a metal conductor.
Alternating current does not flow through a conductor with a uniform cross-sectional profile
but concentrates close to the conductor surface (the so-called skin-effect). Inside a conductor
the displacement current is insignificant in comparison to conduction current and the charge
density is zero in which case the equations for the electrical and magnetic fields inside a
homogeneous conductor become
OH
ot

OF

— =a®V?H 1
5 a’V2H, (9.105)

= a®>V’E ,
where a? = ¢?/(4mp)). Here c is the speed of light, i is the magnetic susceptibility, A is the
electric conductivity and p = 1/ is the resistivity of the medium.

Let us consider the same geometry as in the previous problem, i.e. a conductor is placed
at x > 0 where the z-axis is directed inside the conductor and an external electric field
is directed along the y-axis, which is parallel to the conductor’s surface. It is clear from
symmetry that for a big surface (formally an infinite plane) the field depends on z (and on
time), but does not depend on y and z. If the electric field changes along the plane according
to Equation (9.100) or (9.101) then inside the conductor it is given by expression (9.104).
Taking its real part we obtain the equation for the electric field inside the conductor as

E(z,t) = Ege™/% cos [i(x/d — wt)], (9.106)

where Ej is the amplitude of the electric field on the surface of the conductor. The field
(and current density j = AE) are concentrated close to the surface in a layer of thickness ¢.
For example a cooper conductor (u ~ 1) with an applied field, £ with a wavelength of 3000
m (radio frequency) has a penetration depth of § &~ 0.2mm. In the case of a direct current,
w = 0 and thus 6 — o0; i.e. a direct current is evenly distributed across the cross-section
of a conductor. A magnetic field is described by an equation identical to the one for the
electric field. From these arguments we see that high-frequency electromagnetic fields do
not penetrate deeply into a conductor but concentrate near its surface.

Problems

In problems 1 through 19 we consider a heat conduction within a rectangular plate (0 <
z <l;, 0 <y <l,), in problems 20 through 40 within a circular plate of radius I Solve
these problems analytically which means the following: formulate the equation and initial
and boundary conditions, obtain the eigenvalues and eigenfunctions, write the formulas for
coefficients of the series expansion and the expression for the solution of the problem.
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You can obtain the pictures of several eigenfunctions and screenshots of the solution and

of the auxiliary functions with Maple, Mathematica or software from books [7,8].

In problems 1 through 5 we consider rectangular plates which are thermally insulated
over their lateral surfaces. In the initial time, ¢ = 0, the temperature distribution is given
by u(z,y,0) = ¢(x,y). There are no heat sources or absorbers inside the membrane. Find

the distribution of temperature within the membrane at any later time.

1.

The boundary of the plate is kept at constant zero temperature. The initial tem-
perature of the plate membrane is given as
x
p(z,y) = Asin ™ sn Y.
ly ly

The edge at z = 0 of plate is thermally insulated and other edges are kept at zero
temperature. The initial temperature of the plate is given as
Y

o(z,y) = Acos % sin 7

The edge at y = 0 of the plate is thermally insulated and other edges are kept at
zero temperature. The initial temperature of the plate is given as
Y

o(x,y) = Asin % cos 3,

The edges © = 0 and y = 0 of the plate are kept at zero temperature, and the
edges = [, and y = [, are thermally insulated. The initial temperature of the
plate is given as

o(x,y) = Azy (lo —2) (I, —y).

The edges x = 0, x = I, and y = [, of plate are kept at zero temperature, and the
edge y = 0 is subjected to convective heat transfer with the environment which
has a temperature of zero. The initial temperature of the plate is given as

o(x,y) = Azy (lo —x) (I, —y) .

In problems 6 through 10 we consider a rectangular plate which is thermally
insulated over its lateral surfaces. The initial temperature distribution within the
plate is zero, and one internal source of heat acts at the point (¢, yo) of the plate.
The value of this source is Q(t). Find the temperature within the plate.

The edges x = 0, y = 0 and y = [, of the plate are kept at zero temperature and
the edge = = [, is subjected to convective heat transfer with the environment
which has a temperature of zero. The value of the internal source is

Q(t) = Acoswt.

The edges = 0 and y = 0 of the plate are kept at zero temperature, the edge
y = l, is thermally insulated and the edge x = [, is subjected to convective heat
transfer with the environment which has a temperature of zero. The value of the
internal source is

Q(t) = Asinwt.

255
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8. The edges y = 0 and y = [, are thermally insulated, the edge x = 0 is kept at
zero temperature and the edge x = [, is subjected to convective heat transfer
with the environment which has a temperature of zero. The value of the internal
source is

Q(t) = Ae 'sinwt.

9. The edges x = 0 and y = [, are thermally insulated, the edge x = I, is kept
at zero temperature and the edge y = 0 is subjected to convective heat transfer
with the environment which has a temperature of zero. The value of the internal
source is

Q(t) = Ae " coswt.

10. Find the heat distribution in a thin rectangular plate if it is subjected to heat
transfer according to Newton’s law at its edges. The temperature of the medium
is u,;,q = const, the initial temperature of the plate is zero, and there is a constant
source of heat, @), uniformly distributed over the plate.

Hint: The problem is formulated as follows:

ou  ,[0*u  D%u
a; a. .9 a. 9 lacy l ) t ’
N {8$2+ay2]+Q, I<zx< 0<y<ly >0
u(‘r7y7 O) = 0’
ou ou
i h(u — twmq) » =0, 2 + h(u — Umd) . =0,
ou ou
— — h(u — Uy, =0, —+h(u—up, =0.
oy ( ) - oy ( a) .

For problems 11 through 13 consider a rectangular plate which is thermally
insulated over its lateral surfaces. The edges of the plate are kept at the tempera-
tures described by the function of u(z, y,t)|r given below. The initial temperature
distribution within the plate is u(x,y,0) = ug = const. Find heat distribution in
the plate if there are no heat sources or absorbers inside the plate.

11 u|93:0 = uly:() = u17 ulz:lz = uly:ly = u27
12, ul,_g = ul,—y, =u1, u|y=O = u|y=ly = us.

13. ul,_o =yl =ul,_g=u1, ul, =us.

r=l,

For problems 14 through 16 a thin homogeneous plate with sides of length 7 lies
in the z-y plane. The edges of the plate are kept at the temperatures described
by the function of u(x,y,t)|r, given below. Find the temperature in the plate if
initially the temperature has a constant value A and there are no heat sources or
absorbers inside the plate.

=0, ul 2

=ul,_, =" —w.

=0, ul,_,=2% ul,_, = 0.5z.

4. ul,_o =yl
15. ul,_o = ul
16. ul,_o=0, wul,_, =cosy, ul,_o=ul,_, =0.

In problems 17 through 19 an infinitely long rectangular cylinder has its central
axis along the z-axis and its cross-section is a rectangle with sides of length .
The sides of the cylinder are kept at the temperature described by functions
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u(z,y,t)|r, given below. Find the temperature within the cylinder if initially the
temperature is u(x, y,0) = Azy and there are no heat sources or absorbers inside
the cylinder.

17. ulz=0 = 3y%, U|s=r =0, u|y:0 = u|y:ﬂ =0.

18. wul,_g= ul,_, =y ul,_r =0, ul,_o=u1.

19. ul,_g = ulyey =cos2y, ul,_o=ul,_, =0.
In problems 20 through 22 we consider circular plates of radius [ which are ther-
mally insulated over their lateral surfaces. In the initial time, ¢t = 0, the temper-
ature distribution is given by u(r,¢,0) = ¢(r,¢). There are no heat sources or
absorbers inside the membrane. Find the distribution of temperature within the
plate at any later time.

20. The boundary of the plate is kept at constant zero temperature. The initial tem-
perature of the plate is given as

o(r,p) = Ar (l2 — 7“2) sin .

21. The boundary of the plate is thermally insulated. The initial temperature of the
plate is given as

@(r, ) = upr cos 2¢.

22. The boundary of the membrane is subjected to convective heat transfer with the
environment which has a temperature of zero. The initial temperature of the plate
is given as

6(r. ) = uo (1—72/1%).

In problems 23 through 25 we consider a very long (infinite) cylinder of radius .
The initial temperature distribution within the cylinder is given by u(r,¢,0) =
@(r, ). There are no heat sources or absorbers inside the cylinder. Find the
distribution of temperature within the cylinder at any later time.

23. The surface of the cylinder is kept at constant temperature u = ug. The initial
temperature distribution within the cylinder is given by

o(r,p) = Ar (1> —r?) sin .

24. The constant heat flow Ou/9r(l, ¢,t) = Q is supplied to the surface of the cylinder
from outside. The initial temperature distribution within the cylinder is given by

o(r,p) = Ar (l - g) sin 3¢p.

25. The surface of the cylinder is subjected to convective heat transfer with the envi-
ronment which has a temperature u = u,,4. The initial temperature distribution
within the cylinder is given by

(1, ) = ug sin 4.

In problems 26 through 28 we consider a circular plate of radius [ which is
thermally insulated over its lateral surfaces. The initial temperature distribution
within the plate is zero, and one internal source of heat acts at the point (rg, ¢o)
of the plate. The value of this source is Q(t). Find the temperature within the
plate.
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26. The edge of the plate is kept at zero temperature. The value of the internal source
is

Q(t) = Acoswt.
27. The edge of the plate is thermally insulated. The value of the internal source is

Q(t) = Asinwt.

28. The edge of the plate is subjected to convective heat transfer with the environment
which has a temperature of zero. The value of the internal source is

Q(t) = A(sinwt + coswt).

In problems 29 through 32 we consider a circular plate of radius ! which is
thermally insulated over its lateral surfaces. The initial temperature distribution
within the plate is zero. Heat is generated uniformly throughout the plate; the
intensity of internal sources (per unit area of the plate) is Q(t). Find the temper-
ature distribution within the plate.

29. The edge of the plate is kept at zero temperature. The intensity of the internal
sources is

Q(t) = Acoswt.

30. The edge of the plate is kept at zero temperature. The intensity of the internal
sources is

Q(t) = A(l — r)sinwt.

31. The edge of the membrane is thermally insulated. The intensity of the internal
sources is

Q(t) = Asinwt.

32. The edge of the plate is thermally insulated. The intensity of the internal sources
is
Q(t) = A (I —r?) sinwt.
In problems 33 through 35 we consider a very long (infinite) cylinder of radius

I. The initial temperature of the cylinder is ug = const. Find the temperature
distribution within the cylinder.

33. The surface of the cylinder is kept at the temperature described by the function
u(l, ,t) = Asinwt.
34. The heat flow at the surface is governed by %u(l, p,t) = Acoswt.

35. The temperature exchange with the environment with zero temperature is gov-
erned according to Newton’s law % +u| _, =A(1 - coswt).

r=I
Problems 36 through 39 are related to Section 9.4.

36. The temperature distribution in the earth takes place with a phase displacement.
The time At between the occurrence of the temperature maximum (minimum)
at depth z is described by formula (\/1 / 2a2w> x (Fourier’s second law). Derive
this formula.

37. For two temperature distributions with periods 77 and 75, the corresponding
depths x7 and x5 in which the relative temperature changes coincide are connected

by the equation zo = (y/T2/T1)z1 (Fourier’s third law). Obtain this formula.
Apply it for the daily and yearly variations to compare the depths of penetration.
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38. The estimation for thermal diffusivity of the Earth is a? ~ 0.4 - 10~5m?/s. How
much time does it take for (the maximum) temperature to reach a 4 m depth?

39. An infinitely long rectangular cylinder, 0 < z < [,, 0 <y <,, with the central
axis along the z-axis is placed in a coil. At ¢ = 0 a current in the coil turns on
and the coil starts to generate an oscillation magnetic field outside the cylinder
directed along the z-axis:

u(x,y,t) = Hosinwt, Hy=const, 0 <t < oo.

Find the magnetic field inside the cylinder.

Hint: The problem is formulated as follows:
ou o5 [0%u  9%u
— = —t+—, O<x<l,, O<y<l, t>0,
ar ¢ [89:2 oy? v Y=ty

u(z,y,0) =0, wul,_o=ul,_y, = ul,_= u|y:ly = Hysinwt.

Answer:

nTr . mmy
sin ,
ly ly

u(z,y,t) = Hosin(wt) + Z Z T () sin

n=1m=1
where
4How[1 = (=1)"][1 = (=)™

T (t) = R [w2 + (a2)\nm)2}

X {az)\nm cos(wt) + wsin(wt) — a2)\nme—’\”m“2t} .

n?  m?

/\nm:)\wn‘|'/\ym:7'l'2 |:l2+l2:|, n.m=12,3,...
z Y
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10

Nonlinear Equations

In previous chapters, except Chapter 2, we dealt with linear PDEs. The present section is
devoted to some famous nonlinear PDEs that have numerous applications in physics. All
these equations are integrable in the sense that finding their solution can be reduced to
solving some linear problems.

10.1 Burgers Equation

In Chapter 2 we considered the non-viscous Burgers equation,
U + utly =0 (10.1)

(another notation of a variable was used), which describes the propagation of a nonlinear
sound wave in the non-viscous gas. We have seen that the nonlinearity can lead to an
unbounded growth of the wave steepness |u,| during a finite time interval. In Chapter 6 we
considered the heat equation,

Up = Mgy (10.2)

(another notation for the coefficient was used), which describes different dissipative processes
(heat transfer, diffusion, viscosity etc.). The linear term with the second derivative tends to
diminish any spatial inhomogeneities.

When a nonlinear sound wave propagates in a viscous and heat-conducting gas, both
terms are present in the governing equation,

Ug + Uy = [Ugpg- (10.3)

The exact expression for the positive coefficient p, which is determined by the gas shear
and volume viscosities and heat conductivity, can be found in books on fluid dynamics (see,
e.g., [4]). Equation (10.3) is called Burgers equation.

10.1.1 Kink Solution

Let us consider Equation (10.3) in an infinite region, —0o < x < 0o, and assume that
u(0o,t) =uy, u(—00,t) =wus, Uz > uj. (10.4)

One can assume that under the action of both factors, the nonlinearity which makes the
wave steeper and the linear term that makes it flatter, the wave will tend to a certain
balanced stationary shape. Let us find the particular solution in the form of traveling wave

w(z, t) =U(X), X==x—ct (10.5)
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Substituting (10.5) into (10.3), we obtain the ODE
pU" +cU" —UU" =0, —o0< X < o0, (10.6)

which has to be solved with boundary conditions

U(oo) =uy, U(—00)=us. (10.7)
Integrating (10.6), we find:
U2
pU" +cU — 5 =C, (10.8)
where C' is a constant which is obtained from the boundary conditions,
u? u2
C:culf?I:chff. (10.9)
Relations (10.9) give
U1 + usg U1U
= = . 10.1
c 5 C 5 (10.10)
Substituting (10.10) into (10.8), we find that
dUu 1
— =—U — U — . 10.11
X = 3 #( u)(U — us) (10.11)
Solving (10.11), (10.7), we obtain
o Wt us exp[—(uz — u1)(X — w0) /24
1+ exp[—(uz —wr)(X —z0)/21] '
where z( is an arbitrary constant, hence
- - X — 2 2 —ud)t/4
oty = "D ) (X o) 20+ (w4 1012)
T expl—(uz — un) (X — 20),/2 + (1 — ud)t/44]
In the literature, one calls this solution “shock”, “step” or “kink”.
Solution (10.12) can be also written as
u(z,t) = at ;UQ _ L2 ;ul tanh [u24—uul (x —xp — m_;th)} . (10.13)

Note that the bigger the mean value (u; + ug)/2, the faster the wave; the bigger the
amplitude (us — u1)/2, the steeper the wave.

10.1.2 Symmetries of the Burger’s Equation

The features of the family of solutions obtained above can be easily explained using the
symmetry properties of Equation (10.3).

Galilean Symmetry

Let us perform the following change of variables:

v=u—C, X=z-Ct T=t,
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where C' is a real number (“Galilean transformation”). We find:
u=v+C, u=vr—Cvx, Uy=0vx, UXX =UVUxXX- (10.14)
Substituting (10.14) into (10.3), we obtain
vr +vvx = puxx, (10.15)

which coincides with (10.3) up to the renaming of variables. Thus, if Equation (10.13) has
a certain solution u(x,t) = f(z,t), then (10.15) has a solution v(X,T) = f(X,T). That
means that

u(z,t) = flx — Ct,t) + C (10.16)

is a solution of (10.3) for any C. Thus, any solution u(x,t) = f(z,t) is a member of a set
of solutions (10.16); addition of a constant to the solution leads to a corresponding change
of the velocity. Obviously, family (10.13) possesses that property.

Scaling Symmetry

Let us perform now a scaling transformation:
X=azx, T=p0t uzt)=wXT), (10.17)

hence
0 0 0 _

90 o0
or 09X’ ot oT”
Substituting (10.17) into (10.3), we find:

(10.18)

vBur + Yiavvx = ’70(2/,L’UX)(.
Hence, we obtain an equation equivalent to (10.3), if we take
B=a? y=o

With that choice of coefficients, if there exists a solution u(x,t) = f(z,t), then there exists
also solution v(X,T) = f(X,T), i.e.,

u(z,t) = af(aX,a?T). (10.19)
Family (10.12) has that property: if u; and us are taken « times larger, the wave becomes

« times steeper, and the temporal rate becomes a? times larger.

Translational Symmetries

Also, the Burgers equation is invariant to the transformation of coordinates
X=x+C1, T=t+0Co,

where C; and Cy are arbitrary real numbers, hence solution w(z,t) = f(x,t) generates a
set of solutions u(x,t) = f(z + C1,t + Cy).

Reflection Symmetry

Equation (10.3) is symmetric to the simultaneous transformation X = —z, v = —u. Thus,
if the sign of u is changed, the wave moves in the opposite direction.
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10.2 General Solution of the Cauchy Problem

Let us consider now the general initial value problem,

Up + Uy = PUge, —00< T <00, t>0; (10.20)

u(z,0) = up(x), —oo<x < o0. (10.21)

Below we will transform this problem to a linear one and find its solution explicitly.
First, let us introduce function 1 such that u = 9,. That means that

Y= /m u(z1)dzy + f(t),

where x( is an arbitrary number and f(t) is an arbitrary function. The equation for 1),

Yut + VoVrz — Wzzz = 0,
can be integrated:
1
Yo+ UL = e = C(1). (10.22)

Because v is determined up to an arbitrary function of ¢, we can choose C(t) = 0.
Let us apply now the transformation

Y ==2ulnp, ¢>0, (10.23)

called the Hopf-Cole transformation. Substituting (10.23) into (10.22) (with C'(¢) = 0) and
taking into account that ¢ # 0, u # 0, we obtain the heat equation

Ot = UPge, —00<x <00, t>0. (10.24)

Equation (10.24) has to be solved with the initial condition

o(x,0) = @o(x), —oo <z < o0, (10.25)
where N
wo(x) = exp [—Zlu /ZO uo(ml)dwl] . (10.26)
As we have seen in Section 6.8, the solution of the initial value problem (10.24), (10.25) is
oz, t) = \/ﬁ /_Z dxipo(x1) exp [_(x;;l)? . (10.27)
Substituting expression (10.26) into (10.27), we find that
1 o 1
olx,t) = NeE /_OO dxy exp [—%G(x,xl,t)] ) (10.28)
where -
G(z,21,t) = / o (2)dxs + W (10.29)
o

The original function is
pz(z,t)
o(,1)

u(z,t) =y, = —2u (10.30)
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Taking into account that
06 _a-n
or  t
we obtain the following exact solution of the initial value problem (10.20), (10.21):

0o t 2u

et oxp [

fjo dry T=21 exp[ G(-’ﬂ,xut)}

u(w,t) = (10.31)

10.2.1 Interaction of Kinks

Let us return to the “kink solution” (10.12) and find what solution of the linear equation
(10.24) corresponds to it. Multiplying the numerator and the denominator of (10.12) by

uy(z —x0) Ut
exp [ 2 + 1
we find that
w(z, t) = uy exp|—uy (z — o) /21 + udt/4p)] + us exp[—ua(x — x0) /24 + u3t/4u]

exp|—u1(x — o) /21 + ut /4] + exp[—ua(x — z0) /21 + ut/4p]
This expression can be obtained according to Equation (10.30) from the following expression

for ¢,
u(r —x u?t _ug(r—w udt
(pZC exp | — 1( 0)+ upt + exp 2( 0)_~_i ,
2u 4u 21 4u

where C' is an arbitrary constant. We can see that

® = p1+ P2,

where
Ujx udt .
pj = exp ™ +—-0b;), bj=—-InC—-wujzo, j=12 (10.32)

Note that each ¢, is indeed a solution of the heat equation, (10.24), but expressions
(10.32), which are unbounded at infinity, are quite different from those that we obtained in
the context of the heat transfer in Chapter 6.

Because Equation (10.24) is linear, any superposition

o= Zexp ( Lt bj> , (10.33)

4u

where w; # u; if i # j, generates an exact solution (10.30) of the Burgers equation. One
can show that solution (10.33) describes the interaction of N — 1 kinks.

Let us consider the case n = 3 in more detail. Assume u; < us < uz. By means of
transformations ¢ — Cy, * — x +a, t — ¢t + b, we can assign arbitrary values to b;,
j=1,2,3. Let us take by = by =0, b3 = (ug — u2)/2u. Then

@(x,O) = 901(1'70) +502(va) +‘P3(x’0)’ (10'34)
where

ULx UL ug(z+1) — U/Q)

i) = exp () g, 0) = (<22 ) pali0) = enp (12
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FIGURE 10.1
The shape of u(z,t): (a) at t = 0; (b) at t > t..

For the sake of simplicity, assume that u < 1. In that case, for any two real numbers
ry1 and ro, if r1 < ro and 79 — r; = O(1), then exp(r1/p) < exp(re/u). Then, as the rule,
only one of the terms in the right-hand side of (10.34) is significant, while two other terms
can be neglected, except the vicinity of the point z = —1, where p3 = @3, and the vicinity
of the point = = 0, where ¢; = ps. Specifically, for x < —1, ¢ = @3, hence u = ug; for
-1 <z <0, p = @9, hence u ~ ug; for x > 0, p = ;. Near the point z = 1, where
P2 = 3 > Y1, © & Ps + 3, which corresponds to a kink between values uz and us; near
the point z = 0, where 1 = @3 > @3, ¢ = @1 + @2, which corresponds to a kink between
values ug and uy (see Figure 10.1(a)).

For t > 0, we have

2 2 9
ur  uit U U5t ug(x+1) —u ust

©p1 = €xp *L‘i’il , P2 = exp 7L+72 , 3 = exp 7M+ 3 .
20 4u 21 4u 21 m

The coordinate of the right kink center z15(t) is determined by the equation ¢1(x12) =
2(z12), which gives

U1 + usg ‘

Ti2 =

The coordinate of the left kink center zo3(t) is determined by the equation ps(xa3) =
3 (z23), which gives
Uz + ug

Tog = —1+ Tt.

Because ug > up, the left kink moves faster than the right one, and both kinks collide at
t = t,,
2

t, = .
U3z — U1

For t > t,, @2 is smaller than ¢, and s everywhere, therefore, ¢ ~ 1 + ¢3, which
corresponds to a kink between wus and w; (see Figure 10.1(b)). Thus, the collision of two
kinks leads to their merging and formation of a kink with the center coordinate x13(t)
determined by the equation ¢1(z13) = w3(x13); one finds that

u + u;»,t U3 — U
33‘13 = —
2 U3 — U

(see Figure 10.2). Note that the kink velocities satisfy inequalities

drip  dxiz  dxas
a S @ S Tar

Similar phenomena of kink merging take place for any N, i.e., for any initial number of
kinks.
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FIGURE 10.2
Trajectories of kink centers.

10.3 Korteweg-de Vries Equation

The non-viscous Burgers equation (10.1) describes long non-dispersive waves in different
physical contexts. Besides the sound waves, it governs the propagation of nonlinear gravity
waves in “shallow water”, i.e., in the case where the wavelength is large with respect to the
liquid layer depth. For gravity waves, the main physical factor that prevents the development
of a singularity is dispersion rather than dissipation (see Section 5.12). For long waves, the
dispersion is described by a term with the third spatial derivative; thus the wave propagation
is governed by the Korteweg-de Vries (KdV) equation,

U + UUy + KlUgrr = 0.

We can change the coefficient x in an arbitrary way using an appropriate scaling transfor-
mation of the kind v — Cu, © — az, t — bt. Later on, we use the standard choice, x = 6:

Up + Uggy + Ouu, =0, —oco <z <00, —00<t<o0. (10.35)

Physically meaningful solutions should be bounded.

10.3.1 Symmetry Properties of the KdV Equation

First, let us discuss the symmetry properties of the KdV equation which are rather similar
to those of the Burgers equation (see Subsection 10.1.2). The KdV equation is invariant
to coordinate translation. Due to the Galilean symmetry, any solution u(z,t) = f(x,t)
generates the family of solutions,

u(z, t;C) = f(x — 6Ct,t) + C, (10.36)

where C' is an arbitrary number.
The major difference from the Burgers equation is in the scaling property. The scaling

transformation
X =ax, T=pt ulzx,t)=~(X,T)

gives
vBur + ’YCY3UXXX + ’YzaUUX =0;

therefore, the original KdV equation is reproduced if
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The family of solutions generated by the scaling transformation of the solution u(x,t) =

flz,t) is
u(z,t;0) = o fax, a’t). (10.37)

10.3.2 Cnoidal Waves

Let us consider now traveling wave solutions
u(z,t) =U(X), X =u=x—ct, (10.38)
that satisfy the ODE
U" —cU"+6UU =0, —o0< X < 0. (10.39)

Obviously, any constant function is a solution of Equation (10.39). We are interested in
finding non-constant solutions.
Integrating (10.39), we obtain

U'—cU+30U%=0C, —o00o<X < o0, (10.40)
where C is an arbitrary constant. Let us multiply both sides of that equation by U’:
U'v" - cUU + 302U — CU’ = 0. (10.41)

The left-hand side of Equation (10.41) is a full derivative,

diX (Uf +U3—§U2—CU =0,
hence 0y .
T+U3 - §U2 —CU =D, (10.42)
where D is an arbitrary constant. Equation (10.42) can be written as
@ +V({U)=0, (10.43)
where

V({U) = (U -=U)(U = Us)(U - Us)

is a cubic polynomial. The roots Uy, Us and Us of the polynomial satisfy the relation

Uy +Us +Us = g (10.44)
Note that a cubic polynomial with real coefficients can have either three real roots or only
one real root and two more complex-conjugate roots.

To understand the properties of the solutions of Equation (10.45), it is convenient to
use a “mechanical interpretation” of that equation. It is formally equivalent to the energy
conservation law for a fictitious particle with the mass equal to 1 (so that its kinetic energy
is (U’)?/2) moving in a potential V (U). The energy of the particle is equal to 0. We are
interested in particle trajectories that do not tend to infinity. One can see that if the
polynomial V(U) has three real roots, U; > U; > Us, the particle can oscillate between
points Uy and Us (see Figure 10.3(a)). That corresponds to a spatially periodic solution
U(X) with

maxxU(X) =U;, minxU(X) = Us.
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V V V

U UN \/Ul U \-/Ul U U

(a) (b) (c)

FIGURE 10.3
Plots of the potential V(U) : (a) bounded oscillations between U; and Us; (b) no bounded
solutions; (¢) no bounded solutions.

If there is only one real root (see Figure 10.3(b), 10.3(c)), the particle with energy 0 always
escapes to infinity, which is not acceptable.

Below we assume that the polynomial V' (U) has three different real roots, Uy > Uy > Us.
If U; = Us,, there are no bounded solutions except the constant ones. The case Uy = Us is
considered in the next subsection.

Equation (10.43) can be integrated using elliptic functions. Taking into account that
U, < U(X) < Uy, we define a new variable ¥(X) by the relation

U(X) = U + (U; — Us) cos® p(X). (10.45)
Substituting (10.45) into (10.43), we find

2(¢)* = (Uy — Us) — (Ur — Us) sin® (X)),

ax _ [ 3 1
dy Ui —Us 1—msin2w,

hence

where parameter

Ui — U,
= , 0<m<l1. 10.46

"=, m (10.46)

We find that
2
X = F X
VT Pl + X,

where

F(¢|m)/w(w
B 0 V1—msin6

is the incomplete elliptic integral of the first kind. The function inverse to the incomplete
elliptic integral,

P = am(f|m)7 §=

is called Jacobi amplitude. Substituting (10.47) into (10.45), we find

s ; Us (X — Xo), (10.47)

U(X) = Uz + (U — Us) cn®(&|m),
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14

c/2

FIGURE 10.4
Plot of the potential in the case of solution.

where cn(¢|m) = cosam(&|m) is the Jacobi elliptic cosine. Because
C=2(U1+U2+U3),

we obtain the following expression for a nonlinear spatially periodic (cnoidal) wave:

u(x,t) = UQ + (U1 - Ug)

U, —-Us
2

U, — Us
U, —Us

x cn?

[z — Xo — 2 (Uy + Us + Us) t] . (10.48)

While linear periodic waves have a sinusoidal shape, cnoidal waves (10.48) have sharper
crests and flatter troughs.

10.3.3 Solitons

Let us consider now the special case Us = Us = U, which corresponds to a solitary wave
(soliton) with
lim U(X)=Us.
X —+4oo
Because of the Galilean symmetry (10.36), it is sufficient to find a solution with U, = 0;
all other solutions of this kind can be obtained by transformation (10.36).
Because of relation (10.44), Uy = ¢/2 (see Figure 10.4). Then (10.43) gives:

HZU%E,U),

2 2
hence

ax_, 1

du "~ UVe—=20U
Denoting

v==2+c/2-U,
we find

2 1 1 1
dX/dv = 2L =—= - :
v2—c/2  e\v—\/c/2 wv+/c/2

hence
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and
v = +/c/2tanh [*f (X — XO)} .
Thus,

Finally, we obtain the following family of solitary waves (solitons):

u@@d:;wﬁzyf@—d—Xﬂ.

Denote ¢ = 4x2, then
w(z,t; k) = 2k% cosh ™2 [/1 (3: — 4kt — Xo)] (10.49)

In accordance with (10.37), a higher soliton is narrower, and it moves with a higher velocity.

10.3.4 Bilinear Formulation of the KdV Equation

Below we describe an approach that will allow us to construct multisoliton solutions.
Let us start with the transformation somewhat similar to the Hopf-Cole transformation
described in Section 10.1. Define u = ., then

and
Pt + Yo + 302 = f(2). (10.50)
Because v is defined up to an arbitrary function of ¢, we can choose f(t) = 0. Now define
Y =2(Ing),, ¢ >0. (10.51)

Substituting (10.51) into (10.50) (with f(¢) = 0), we obtain a bilinear form (i.e., all the
terms are quadratic in ¢ and its derivatives):

The bilinear KdV equation can be written in a more compact form, if we introduce the
following bilinear operator acting on a pair of functions:

0 oN" [0 a\"
Doy .o = | (52— 0n) (5 a) fe0ala' )]
' =x,t'=t

(the derivatives are calculated for x, ¢, 2’ and ¢’ as independent variables, then = and ¢
replace ' and t’, correspondingly). With that notation,

52 52 92 52 L
DaDilp, ¢) = Kaxat T owor oot 8:5’815’) oz, pla’st >]
= 2 (PPt — P2pt)

4 9 0 ! !l
Dx((p7<p) = % - % QO(SC,t)(p(I at)

/' =z, t'=t

= 20Pzzae — SPrraPa + 650925;57

x'=x,t'=t

hence Equation (10.52) can be written as
(DysD¢ + D3) (¢, 9) = 0. (10.53)

Let us list some important properties of operator D' D} .
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. _g_amg_a” _om oo

2. A change of notations cannot change the expression, hence

0 0 >m ( o 0 )n ;o
——57) |35 ) [ty 1)
<8:v ox' ot ot ——

o oN"[o o\". .,
~(-5) (%) 76t

That relation gives

r'=x,t'=t

Dy'Di(f,9) = (=1)"*" D D} (g, f)-
3. Therefore,
DI'DY(f, f) = (=)™ "Dy Di(f, f);

that means that
DDy (f, f) =0

if m + n is odd.
4. Applying the operator D}' D} to exponential functions, we find:

D'D} [exp (kix — wit), exp (kox — wat)]
= (kl — kg)m ((.AJQ — wl)" exp [(kl + ]{32) xTr — (w1 + w2) t] .

If k1 = ko or wy; = wo, this expression is equal to zero.

10.3.5 Hirota’s Method

Our goal is to find solutions of Equation (10.53) in a systematic way. To get a hint about how
to proceed with finding solutions, let us find ¢ corresponding to soliton solutions (10.49).
We can present (10.49) in the form

u= 2/{% [tanh/i (;U —4r%t — XO)]

and choose
P =2k [tanh/-f (a: — 4K%t — Xo) — 1] = 2% [lncoshﬂ (x — 4Kt — XO) — m:] .
That gives

¢ = C(t) cosh [k (z — 45°t — Xo)] e

1

§C(t) [exp (74/£3t — HXO) + exp (72/% +4r3t + HXO)] ,
where C(t) is an arbitrary function of ¢. Choosing

C(t) = 2exp (4r%t + £ Xo) ,

we find
o=1+expn, n=—2k(x— Xo)+ 8Kt (10.54)
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Let us check directly that function (10.54) satisfies Equation (10.53):

+ (DyDy + D3) (1,expn) + (Dy Dy + D3) (expn, 1)
+ (DyDy + Dy) (expn,expn). (10.55)

The first term and the fourth term in (10.55) vanish due to property 4 (ky = k2 = 0 and
k1 = ko = —2k, correspondingly). The second term and the third term, which are equal
because of property 2, can be calculated according to property 1 as

o (o 0 0 3 3
% <6t+8t3> expnfa—x 8k — (2K)*] expn = 0.

Note that
p=1+cexpn=1+exp [—2,% (z — Xo) + 83t + lnfs]

is also a solution of (10.53) for any e.
Following Hirota, we search solutions of Equation (10.53) in the form

M
o= c"on, (10.56)
n=1

where ¢ is a formal expansion parameter. Let us substitute expansion (10.56) into (10.53),
(DiDy 4+ D}) (po+ep1 +e%pa+ ... 4™+ ..., 00 +epr +2pa + ... +e™+...) =0,

and collect the terms with the same power of ¢.
At the zeroth order in e, we obtain equation

(DyD.. + D3) (0, ¢0) =0

and choose solution ¢y = 1.
At the first order in &, we obtain a linear problem for ¢,

and find its solution. At the second order in €, we obtain and solve the linear problem for
Y2,

(DyDy + Dy) (0, p2) + (DiDy + D) (p2,90) = — (D Dy + D) (01, ¢1)- (10.58)
Generally, at the mth order in e, we obtain the linear problem for ¢,,,

(DtDz + Di) (5007 QDm) + (DtDz + Di) ((Pma 900)
= - (DtDac + Di) (%017<Pm—1) e T (DtDm + D;l) (@m—la‘ﬁl)-
It is important that the sum (10.56) has to contain only a finite number M of nonzero
terms; in that case the described algorithm gives an exact solution of Equation (10.53).

The crucial point is the choice of the solution of the homogeneous linear Equation
(10.57). If we choose it as one exponential function,

Y1 = expr, n= —2K (37 - I‘O) + 8K/3ta
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then Equation (10.58) becomes

02 ot
2 (890375 + 8x4> pa(x,t) = —(DyDy + Di) (expn,expn).

The right-hand side of that equation is equal to zero due to property 4; thus we can choose
2 = 0. At the third order, the right-hand side is

-2 (Dth + Di) (QDl, QOQ) =0

because po = 0, hence p3 = 0. Step by step, we find that ¢, = 0 for all higher values of
m. Taking € = 1, we obtain the one-soliton solution (10.54).

10.3.6 Multisoliton Solutions

Because Equation (10.57) is linear, we can take its solution as an arbitrary sum of expo-
nential functions. Let us choose a sum of two exponential functions,

1 = exp 1 + expr)s,

where
Nn = —2Kn (a: — 3:2) + SHit, n=1,2;, Ky # Ko.

It is convenient to define
T, (t) = 28 + 4k2t, (10.59)

then
M = —2Kn [LE - mn(t)] . (1060)

The right-hand side of Equation (10.58) is non-zero:
— (DtDz + Di) (expm1 + exp e, expm + expng) = —2 (DtDz + Di) (expn1,expmnz) .

Using property 4, we obtain:

0?2 o4
2 (8:581? + 81:4) pa(x,t) = 96K1K2 (K1 — 52)2 exp (m + n2) -

Substituting the ansatz
P2 = Kexp (1 +12),

2
(m /ig)
K1+ K2

o = exp(m + 12 + A12),

2
K1 — R2
K1 + Ko

At the third order, a direct calculation of the right-hand side

we find that

hence

A12 =1In < 0. (1061)

~2 (D Dy + Dy) [expny + exp i, exp (g1 + 12 + A1a)]
shows that it is equal to zero. Indeed, according to property 4,

(DyDy + Dy) lexpn, exp (1 + 12)] = exp (2m + 12) [2k2 (—8K3) + 1654] = 0.
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Similarly,
(D¢D, + D3) [expng, exp (1 + n2)] = 0.

Thus, we can choose @3 = 0.
At the fourth order, the right-hand side of the equation

—(D¢Dy + D) (p2,02) =0

due to property 4, hence we can choose ¢4 = 0.

One can see that if p3 = ¢4 = 0, the right-hand side of the equation for ¢5 is equal to
zero, hence p5 = 0 etc. Finally, only ¢; and ¢ are different from zero. Taking ¢ = 1, we
obtain the exact solution,

p(x,t) =14+ expn + expne + exp (n1 + 12 + Ai2) , (10.62)

where 71, 172 and A5 are determined by Equations (10.61)-(10.63).
Formula (10.62) determines the solution of the original KdV equation (10.35),

2
u(z,t) = 2% (Inp(z,t)). (10.63)

To understand the physical meaning of solution (10.63), let us consider it in two limits,
for t < 0, [t| > 1 (“far ago”) and t > 0, t > 1 (“far future”). Below we assume that
K1 > ko > 0.

For t < 0 and sufficiently large [t|, z1(t) < x2(t), x2(t) — x1(t) > 1. Let us consider
the behavior of the solution in different regions of x. First, consider z around z1(¢). In that
region expn; = O(1), expng > 1, therefore

w2 expne [l +exp(m + A12)].
Calculating u according to formula (10.63), we obtain

u(z,t) ~ 2k2 cosh ™2 [k (z — 1 (t) + Ay)],

where 4
A =-250.
2:‘€1
Thus, for |z — z1(t)] = O(1) the solution is close to a soliton solution with the center

coordinate x = 1 — Aq.
If x is near x2(t), then expm < 1, expny = O(1), therefore

p ~ 14 expno,

which leads to
u(z,t) ~ 2k2 cosh ™2 [ky (z — 22(t))],

i.e., we observe another soliton with the center coordinate z5(t). In all other regions of z,
u(zx,t) is small.

Thus, at large negative ¢ the solution describes two solitons on the large distance of each
other. The faster soliton moving with velocity 4x7 is located near the point x = x1(t) — Ay,
and the slower soliton moving with velocity 42 is located near the point x = x5 (t).

With the growth of ¢, the faster soliton collides with the slower soliton. The collision is
described by the full expressions (10.62) and (10.63).
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FIGURE 10.5
Interaction of KdV solutions.

Let us consider now the limit ¢ > 0, ¢ > 1. In that case, x1(t) > x2(t). For x near z5(t),
expn; > 1, expne = O(1), thus

@~ expn [1+exp (n2 + A2)]

and )
u(z,t) & 263 cosh ™ [a (2 — 22(t) + A2)],  Ap = *2712 >0,
K2
i.e. the trajectory of the slower soliton center is shifted backward to = z3(t) — As. For z

near x1(t), expm = O(1), expne < 1, thus
p~1+expn,

which leads to
u(z,t) ~ 2k3 cosh™? [ky (z — 21(t))],

thus, the trajectory of the center coordinate is x = x1(¢).

We see that after collision, both solitons are intact, and they keep their shape, amplitude
and velocity. The only change is the shift of the center coordinate: the faster soliton is shifted
forward by Aj, and the slower soliton is shifted backward by As (see Figure 10.5).

Solution (10.62), (10.63) is called a two-soliton solution.

If we take the solution of (10.57) with three exponential functions, the Hirota’s expansion
allows us to obtain the three-soliton solution:

@ =1+expn +expne +expns +exp (N +n2 + A12) +exp (n +n3 + Ai3)
+exp (n2 +n3 + Agz) +exp (n1 + 12 + 03 + A1z + A1z + Ao3)

2
K; + Iij
Generally, the Hirota’s expansion allows us to obtain the multisoliton solutions with
arbitrary numbers of solitons.
The multisoliton solutions are, of course, only particular solutions of the KdV equation.
However, their role is crucial in the KdV dynamics. The general Cauchy problem with

initial condition u(z,0) = ug(x) can be solved by means of the method of inverse scattering
transform that is beyond the subject of the present book [5]. One can show that in the case

where
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where up(x) tends to zero sufficiently fast as @ — £o0, the solution tends either to 0 or to
one of the soliton solutions described above. The number of solitons is determined by the
initial conditions.

10.4 Nonlinear Schrodinger Equation

In Subsection 7.16.1, we have seen that the evolution of the envelope function, which
describes the spatio-temporal modulation of a nearly unidirectional monochromatic lin-
ear wave, is governed by the linear Schrodinger equation. When the wave propagates in a
nonlinear medium, e.g., when the refraction index depends on the light intensity, the equa-
tion for the envelope function becomes nonlinear as well. By means of asymptotic methods,
one can derive a universal equation for the envelope function,

iU, + BV 4~ |02 T =0, (10.64)

which is called the nonlinear Schrédinger equation (NSE) [5]. Besides the envelope function
for waves of different physical nature, including fiber optics and water waves, the NSE
provides an approximate description of the dynamics of the macroscopic wave functions in
the superfluidity theory, where it is called the Gross-Pitaevskii equation. The variable t can
be a temporal or a spatial variable, depending on the physical context. Below we consider
only the case where U = ¥(x,t) and V2 = d?/dx?.

The simplest class of solutions has the form

U = Rexp (iKxz —iQt),
with
Q= pBK?* - ~R%

Thus, the frequency of the nonlinear wave depends not only on the wavenumber K (disper-
sion) but also on its amplitude R (nonlinear shift of frequency).

10.4.1 Symmetry Properties of NSE

First, let us consider the symmetry properties of NSE. Assume that Equation (10.64) has
a solution ¥(xz,t) = f(x,t). Then the following functions will also be solutions of that
equation (below C'is an arbitrary constant):

Uy (x,t) = f(x + C,t) (translation in space).
Uy (xz,t) = f(x,t+ C) (translation in time).

3. Ws(x,t) = f(z,t)exp (iC) (phase invariance). The phase change for the envelope
function corresponds to the translation of the carrying wave. Note that the change
of the sign of the solution is a particular case of the phase transformation with
C=m.

4. Uy(x,t) = f(—=x,t) (reflection). In a contradistinction to the Burgers equation
and the KdV equation, propagation of a wave is possible in both directions. Also,
standing oscillations of the kind ¥ = Rexp(—iQt) with constant R are possible.

5. Ws(x,t) = f*(z,—t) (time reversal). Note that the properties listed above are
inherited from the linear Schrédinger equation.
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6. We(z,t) = af(ax,a’t), where a is an arbitrary real number. That property can
be obtained in the same way as that has been done for the Burgers equation and
the KdV equation.

7. The Galilean invariance for the NSE has a more complex form than for the Burgers
equation and the KdV equation:

Ur(z,t) = fz — vt, t) exp [i(Kx — Qt)]. (10.65)

Substituting (10.65) into (10.64), one can find that

v v
K= %=1
ie.
v v?
U (z,t) = f(z — vt, t) exp {z (25 - 4Bt)] . (10.66)

Note that in the case of the quantum-mechanical linear Schrodinger equation, this transfor-
mation (with § = h/2m) corresponds to the transformation of the momentum and energy
of a particle by the change of the reference frame, i.e., by the Galilean transformation in its
original meaning.

10.4.2 Solitary Waves

The dynamics depend qualitatively on the sign of v/, which cannot be changed by a scaling
transformation. If /8 > 0, this is the focusing NSE, if v/ < 0, this is the defocusing NSE.
As an example, let us consider a solution in the form of solitary waves. Because of the
Galilean invariance, it is sufficient to calculate the solution in the form of a standing wave,

U(z,t) = R(x) exp(—iQdt). (10.67)

If that solution is found, the waves moving with a definite velocity can be found by means of
the Galilean transformation (10.66). Substituting (10.67) into (10.64), we obtain the ODE,

BR" + QR +~R? = 0. (10.68)
Acting like in Subsection 10.2.2, we multiply Equation (10.68) by R’ and obtain

d (1 ICINE DU A N
T <25(R) +QQR +47R>0,

hence ) ~
S(RY+V(R)=E, V(R) =--R>+-LR" 10.69
5 (R) 4 V(R =B, V(R) = 5B+ (10.69)
The constant E plays the role of the energy of a fictitious particle with the mass equal to
1 moving in the potential V(R).
A solitary wave solution tending to a constant value at infinity is possible if the function
V(R) is non-monotonic, i.e., if /28 and v/45 have different signs. Let us consider the cases
of focusing and defocusing NSE separately.
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FIGURE 10.6
Potential in the case of focusing NSE.

Bright solitons

In the case of the focusing NSE (v/48 > 0, /28 < 0), the corresponding potential V' (R)
is shown in Figure 10.6.
The solitary wave with

lim R(z) =0

z—+o0

corresponds to F = 0; for any other admissible values of F, R(x) is a periodic function. For
E =0, Equation (10.71) can be written as

(R)? = %1# (R2, - R?), (10.70)
where 0
R? = 777. (10.71)

Let us introduce the new variable y = y/R2, — R2, then

dy _

v 2 2
=4,/— — . 10.72
- 55 (Bm = v") (10.72)
Integrating Equation (10.72), we find
1 R, +y
—x9g=1= 1
v o 2Rm |:Rm - y:| ’

where zq is an arbitrary number, thus

y = =R, tanh { %Rm (x — xo)]

and

R=+R,, cosh™! [ %Rm (x — xo)] .

According to (10.71), Q = —yR2,/2. Thus we obtain the following family of bright solitons:

B

U(z,t) = +R,, cosh™! [ %

R, (x — xo)} exp [Z%ant} ,
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which is invariant with respect to the scaling transformation discussed above. This family
can be further extended by means of the phase transformation and the Galilean transfor-
mation. Finally, we find:

U(z,t) = Ry cosh™! {1 /%Rm(x — ot — xo)} exp [Z%an(t —tp)

2
X exp {z (;z - Zﬁtﬂ . (10.73)
The obtained family of solutions is a member of a wider class of exact solutions of the
focusing NSE equation, which includes multisoliton solutions and so called breathers. Like
in the case of the KdV equation discussed in Section 10.2, the initial value problem for

the one-dimensional NSE equation is solvable by means of the inverse scattering transform
method (see [6]).

Dark Solitons

Let us consider now the defocusing NSE (y/48 < 0, 2/28 > 0). The shape of the potential
V(R) (see (10.74)) is shown in Figure 10.7. The potential has maxima in the points R =
R,

(10.74)

FIGURE 10.7
Potential in the case of defocusing NSE.

Using the mechanical interpretation of the problem, we come to the conclusion that the
equation has unbounded solutions and bounded periodic solutions for E < E,, = V(R,,)
and only unbounded solutions for £ > E,,.

For E = E,,, the equation has two bounded non-periodic solutions corresponding to the
particle motion between to maxima, rightward, with
or leftward, with
Let us find these solutions.

Taking into account that

Q=—yR2 (10.75)

m
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(see (10.74)), we find that

Ep — V(R) = i ‘; R (10.76)

Substituting (10.75) and (10.76) into (10.69), we obtain equation

1, 2 1l 2 p2\2

hence

m

1
R =+4+,/=
1

™2

’ (R, — R?). (10.77)

Integrating (10.77), we obtain

1z(x—:v)— 1 In B + R
2|3 " 9oR, \Rn-R)’

therefore,

1

(x — xo)] ,

where xg is an arbitrary number.
Finally, we obtain

Y(z,t) = £R,, tanh [ 1 ‘Py

21p

Solution (10.78) is called a dark soliton, because in the case of a light wave, the intensity
of light I(z,t) = |¥(x,t)* is equal to zero in the center of the solitary wavy, at z = .
Family (10.78) can be extended by means of the phase transformation and the Galilean
transformation.

(x — xo)] exp(iyR2 t). (10.78)

Problems

1. Find the solution of the Burger’s equation
Ut + Uy = Ugy, —00< <00, t>0
with initial condition
u(z,0) = up(x), —oo<x < o0,

where
wo(x) =u_, x<0; wo(x)=ug, x>0; u_>uy.

2. Find one-soliton and two-soliton solutions by means of Hirota’s method for the
Kadomtsev-Petviashvili equation

(Ut + Uggz + Buz)r + auyy =0, —oo <z <oo, —oo<t< 00
3. The sine-Gordon equation
Ut — Ugy +8IDU, —00<x <00, —00<t<0

is given.
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A. Find the one-soliton solutions in the form uw = wu(z — vt), |v] < 1, that
satisfies boundary conditions u(0co,t) = u(—o00,t) + 27 (kink) or u(co,t) =
u(—o0,t) — 27 (antikink).

B. Find the one-soliton and two-soliton solutions by means of Hirota’s method.

Hint: using the change of the variable u = 2i1In(f*/f), where f is a complex
function and f* is its complex-conjugate, transform the sine-Gordon equation
to the form

(D2 = D) (. ) + 5 () = Cla, 1)

choose C' in such a way that f = 1 is a solution; apply Hirota’s expansion
f=14¢efi+e%fy+...;take f; = iexpn, n = kx — wt + ¢ for one-soliton
solutions and f; = iexpni+iexpng, n; = kjx—w;t+c;, i = 1,2 for two-soliton
solutions.

4. Find the one-soliton solutions of the focusing NSE
i+ tUgg +|uPu =0, —00 <z < o0, —00<t<o00; |[u(—o00,t)|=|u(co,t)] =0

using Hirota’s method.

Hint: substitute u = g/ f, where f is a real function, and transform the equation
to the system
. 2
(iDy + D7) (9. f) =0, DI(f.f)=lgl".

5. Using Hirota’s method, find the solution of the following boundary-value problem:
Uy = sinu+2sing, —c0o <z <00, —00<t<oo; u(—00,0) =0, u(co,0)=4m.

Hint: substitute v = 4arctan(f/g); assume D, D;(f,g) = nfg; use Hirota’s
expansion in the form: g =1 +e2gy +etgs+ ..., f=cfi +e3f3+....

6. Find the family of grey soliton solutions of the defocusing NSE in the form
U(z,t) = [R(z — vt) + iQ] exp(—it),

where v, @, R(co0) and R(—o0) are some constants.
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Fourier Series, Fourier and Laplace Transforms

A.1 Periodic Processes and Periodic Functions

In the sciences and in technology very often we encounter periodic phenomena. It means
that some processes repeat after some time interval T, called the period. Alternating elec-
tric currents, an object in circular motion and wave phenomena are examples of physical
processes which are periodic. Such processes can be associated with mathematical functions
periodic in time, ¢, which have the property

o(t+T) = ¢(t).

The simplest periodic function is the sine (or cosine) function, Asin(wt + «) (or
Acos(wt + «)), where w is the angular frequency related to the period by the relationship
w = 27 /T (quantity f = 1/T is called frequency, constant « is called phase).

With these simple periodic functions more complex periodic functions can be constructed
as was noted by the French mathematician Joseph Fourier. For example if we add the
functions

Yo = Ao, y1 = Arsin(wt + 1), y2 = Agsin(2wt + a),
y3 = Agsin(3wt + ag), ... (A1)

with multiple frequencies w, 2w, 3w, ..., i.e. with the periods T,7/2,T/3,... we obtain a
periodic function (with period T), which, when graphed, has an appearance very distinct
from the graphs of any of the functions in Equation (A.1).

It is natural to also investigate the reverse problem. Is it possible to resolve a given
arbitrary periodic function, ¢(t), with period T, into a sum of simple functions such as
those in Equation (A.1)? As we shall see, for a very wide class of functions the answer to
this question is positive, but to do so may require an infinite sequence of the functions in
Equation (A.1). In that case the periodic function ¢(t) can be resolved into the infinite
trigonometric series

p(t) = Ao + Arsin(wt + 1) + A sin(2wt + ag) + ...

= Ao+ Z A, sin(nwt + ), (A.2)

n=1

where A,, and «, are constants, and w = 27 /T. Each term in Equation (A.2) is called a
harmonic and the decomposition of periodic functions into harmonics is called harmonic
analysis.

In many cases it is useful to introduce the dimensionless variable

ot
T

r=wt=

283
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and to work with the functions
 x
f@)=¢ (;)
which are also periodic but with the standard period 2m: f(x + 27) = f(z). Using this
shorthand, Equation (A.2) becomes

flx) = Ao+ Arsin(z 4+ a1) + Agsin(2z + o) + . ..

= Ao+ Z A, sin(nz + ay,). (A.3)

n=1
With the trigonometric identity sin(a + ) = sincos § + cos asin 8 and the notation
Ag = 2ag, Apsina, =a,, A,cosa,=b,, n=123 ...,

we obtain a standardized form for the harmonic analysis of a periodic function f(x) as

f(z) = % + (a1 cosx + by sinx) + (ag cos 2x + by sin 2x) + . ..

ap = 3
=5+ > (an cosna + by, sinna), (A4)

n=1

which is referred to as the trigonometric Fourier expansion.

A.2 Fourier Formulas

To determine the limits of validity for the representation in Equation (A.4) of a given
function f(z) with period 27 and to find the coefficients a,, and b,, we follow the approach
that was originally elaborated by Fourier. We first assume that the function f(x) can be
integrated over the interval [—m, x]. If f(z) is discontinuous at any point we assume that
the integral of f(z) converges and in this case we also assume that the integral of the
absolute value of the function, |f(z)|, converges. A function with these properties is said to
be absolutely integrable. Integrating the expression (A.4) term by term we obtain

f(x)dx = Tag + Z {a"/ cosnxdr + b"/
-r n=1

s s

sin nxdm] .
—1Tr —1Tr

. s T . . .
Since [”_cosnzdr = [ _sinnzdr = 0, all the terms in the sum are zero and we obtain

ag = — f(z)dz. (A.5)
™ —T
To find coefficients a,, we multiply Equation (A.4) by cosmz and then integrate term
by term over the interval [—, 7]:

T

T o T T
f(x) cosmzdr = ao/ cos mzxdx+ E [an/ cosnx cos mxdx + b, sinnx cosmaxdz | .
—T

-7 n—=1 -7 -7

For any n and m we also have

/ sin nx cos madx = % / [sin(n 4+ m)z + sin(n — m)z|dz =0 (A.6)

—T —T
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and if n # m we obtain

us 1 s
/ cos nx cos madr = 3 / [cos(n + m)x + cos(n — m)x] dx = 0. (A.7)

—T —T

Using these formulas along with the identity ffﬂ cos? mxdx = 7, we see that all the integrals
in the sum are zero except the one with the coefficient a,,. We thus have

Ay = — f(z)cosmadz, m=1,2,3,.... (A.8)

—1T

The usefulness of introducing the factor 1/2 in the first term in Equation (A.4) is now
apparent since it allows the same formulas to be used for all a,,, including n = 0.

Similarly, multiplying Equation (A.4) by sinmaz and using, along with Equation (A.6),
two other simple integrals ffﬂ sinnz sinmadx = 0 if n # m, and ffﬁ sin® madr = T, we
obtain the second coefficient

1 ™
by, = — f(x)sinmadz, m=1,23,.... (A.9)
™ —Tr

Reading Exercise: Obtain the same result as in Equations (A.6) and (A.7) using Euler’s

formula
e'""?* = cosmx + isinmz.

Equations (A.6) and (A.7) also indicate that the system of functions
1, coszx, sinz, cos2x, sin2x, ..., cosnx, sinnz,... (A.10)

is orthogonal on [—, 7.
It is important to notice that the above system is not orthogonal on the reduced interval
[0, 7] because for n and m with different parity (one odd and the other even) we have

s
/ sin nx cos mxdx # 0.
0

However, the system consisting of cosine functions only
1, cosz, cos2x, ..., cosnz, ... (A.11)
is orthogonal on [0, 7] and the same is true for
sinx, sin2z, ..., sinnz, ... (A.12)

A second observation, which we will need later, is that on an interval [0,] of arbitrary
length [, both systems of functions

2
1, cos?, cos#, ey cos?, (A.13)

and

2
sinﬂl—x, sing, cee sin@, (A.14)

are orthogonal.
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Reading Ezercise: Prove the above three statements.

Equations (A.5), (A.8), and (A.9) are known as the Fourier coefficients and the series
(A.4) with these definitions is called the Fourier series. Equation (A.4) is also referred to
as the Fourier expansion of the function f(x).

Notice that for the function f(x) having period 27, the integral

/a e F(2)dz

does not depend on the value of a. As a result we may also use the following expressions
for the Fourier coefficients:
1 2m 1 2m
= — (z) cosmadx and b, = — (z) sin madz. (A.15)
T™Jo T Jo
It is important to realize that to obtain the results above we used a term by term
integration of the series which is justified only if the series converges uniformly. Until we
know for sure that the series converges we can only say that the series (A.4) corresponds to
the function f(z) which usually is denoted as

(o]
f(z) ~ % + Z (an cosnz + by sinnx) .
n=1

At this point we should remind the reader what is meant by uniform convergence. The
series Y ° | fn(z) converges to the sum S(z) uniformly on the interval [a,b] if, for any
arbitrarily small € > 0 we can find a number N such that for all n > N the remainder of
the series |y 2y fn(x)| < € for all € [a,b]. This indicates that the series approaches its
sum uniformly with respect to z.

The most important features of a uniformly converging series are:

i) If f,,(x) for any n is a continuous function, then S(z) is also a continuous function;

i) The equality > 2, fn(z) = S(x) can be integrated term by term along any
interval within the interval [a, b];

i) If the series Y ° | fr(z) converges uniformly then its sum is equal to S’(z); i.e.
the formula Y > | fu(z) = S(x) can be differentiated term by term.

There is a simple and very practical criterion for convergence established by Karl Weier-
strass that says that if | f,(x)| < ¢, for each term f,(x) in the series defined on the interval
€ [a,b] (ie. fo(z) is limited by ¢,), where Y7 | ¢, is a converging numeric series, then

the series -
n=1

converges uniformly on [a, b]. For example, the numeric series >, 7%2 is known to converge,
so any trigonometric series with terms such as sinnz/n? or similar will converge uniformly
for all = because [sinnz/n?| < 1/n?.

A.3 Convergence of Fourier Series

In this section we study the range of validity of Equation (A.4) with Fourier coefficients
given by Equations (A.5), (A.8), and (A.9). To start, it is clear that if the function f(x) is
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finite on [—m, 7] then the Fourier coefficients are bounded. This is easily verified, for instance
for a,, since

S%/ﬂ |f(ac)|-|cosn:r\alx§%/Tr |f(z)| dx (A.16)

—T —T

1 ™
lan| = — ‘ (z) cosnzdx
™ —T

The same result is valid in cases where f(x) is not finite but is absolutely integrable, i.e.
the integral of its absolute value converges:

/W |/ (z)] dz < oo. (A.17)

—T

The necessary condition that any series converges is that its terms tend to zero as
n — 0o. Because the absolute values of sine and cosine functions are bounded, the neces-
sary condition that the trigonometric series in Equation (A.4) converges is that coefficients
of expansion a,, and b,, tend to zero as n — oo. This condition is valid for functions that
are integrable (or absolutely integrable in the case of functions which are not finite) which
is clear from the following lemma.

Riemann’s lemma

If the function f(t) is absolutely integrable on [a,b], then

b b
lim f(t)sinatdt =0 and lim f(¢t) cosatdt = 0. (A.18)

a—r00 a a—r00

We will not prove this rigorously but its sense should be obvious. In the case of very fast
oscillations the sine and cosine functions change their sign very quickly as @ — oo. Thus
these integrals vanish for “reasonable” (i.e. absolutely integrable) functions f(t) because
they do not change substantially as the sine (and cosine) alternate with opposite signs in
their semi-periods.

Thus, for absolutely integrable functions the necessary condition of convergence of
Fourier series is satisfied. Before we discuss the problem of convergence of Fourier series
in more detail, let us notice that practically any interesting function for applications can be
expanded in a converging Fourier series.

It is important to know how quickly the terms in (A.4) decrease as n — oo. If they
decrease rapidly, the series converges rapidly. In this case, using very few terms we have a
good trigonometric approximation for f(z) and the partial sum of the series, S,(x), is a
good approximation to the sum S(z) = f(z). If the series converges more slowly, a larger
number of terms is needed to have a sufficiently accurate approximation.

Assuming that the series (A.4) converges, the speed of its convergence to f(z) depends on
the behavior of f(z) over its period, or, in the case of non-periodic functions, on the way it is
extended from the interval [a, b] to the entire axis z, as we will discuss below. Convergence is
most rapid for very smooth functions (functions which have continuous derivatives of higher
order). Discontinuities in the derivative of the function, f’(z), substantially reduce the rate
of convergence whereas discontinuities in f(z) reduce the convergence rate even more with
the result that many terms in the Fourier series must be used to approximate the function
f(z) with the necessary precision. This should be fairly obvious since the “smoothness” of
f(x) determines the rate of decreasing of the coefficients a,, and b,.

It can be shown [7,8], that the coefficients decrease

a) faster than 1/n? (for example 1/n3) when f(x) and f’(z) are continuous but
f"(x) has a discontinuity;
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b) at about the same rate as 1/n? when f(z) is continuous but f’(x) has disconti-
nuities; and

¢) at about the same rate as 1/n if f(x) is not continuous.

It is important to note that in the first two cases the series converges uniformly which
follows from the Weierstrass criterion, because each term of Equation (A.4) is bounded by
the corresponding term in the converging numeric series » # < 00.

The following very important theorem describes the convergence of the Fourier series
given in Equation (A.4) for a functionf(z) at a point zo where f(x) is continuous or where
it may have a discontinuity (the proof can be found in books [7, 8]).

The Dirichlet theorem

If the function f(x) with period 27 is piecewise continuous in [—7, 7] and has a finite
number of points of discontinuity in this interval, then its Fourier series converges
to f(xo) when xg is a continuity point, and to

f(xo +0) + f(zo — 0)
2

S(wo) =

if xo is a point of discontinuity.

At the ends of the interval [—m, | the Fourier series converges to

f(=m+0)+ f(w —0)
5 :

A function f(z) defined on [a, b] is called piecewise continuous if:

i) Tt is continuous on [a,b] except perhaps at a finite number of points;

it) If xq is one such point then the left and right limits of f(x) at z( exist and are
finite;

iii) Both the limit from the right of f(z) at a and the limit from the left at b exist
and are finite.

Stated more briefly, for the Fourier series of a function f(z) to converge, this function
should be piecewise continuous with a finite number of discontinuities.

A.4 Fourier Series for Non-periodic Functions

We assumed above that the function f(x) is defined on the entire z-axis and has period
2m. But very often we need to deal with non-periodic functions defined only on the interval
[—7, 7]. The theory discussed above can still be used if we extend f(z) periodically from
(—=m,m) to all z. In other words, we assign the same values of f(z) to all the intervals
(m,3m), (3w, 57), ..., (=3m,7), (=57, —37), ... and then use Equations (A.8) and (A.9)
for the Fourier coefficients of this new function which is periodic. If f(—m) = f(7) we can
include the end points, x = £ and the Fourier series converges to f(x) everywhere on
[—7,7]. Over the entire axis the expansion gives a periodic extension of the function f(x)
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given originally on [—m, 7]. In many cases f(—m) # f(7) and the Fourier series at the ends
of the interval [—7, 7] converges to

f(=m) + f(m)
2
which differs from both f(—n) and f(n).

The rate of convergence of the Fourier series depends on the discontinuities of the func-
tion and derivatives of the function after its extension to the entire axis. Some extensions
do not increase the number of discontinuities of the original function whereas others do
increase this number. In the latter case the rate of convergence is reduced. In Example A.2
below the function is extended to the entire axis as an even function and remains continuous
so that the coefficients of the Fourier series decrease as 1/n?. In Example A.3 the function
is extended as an odd function and has discontinuities at « = kx (integer k) in which case
the coefficients decrease slower, as 1/n.

A.5 Fourier Expansions on Intervals of Arbitrary Length

Suppose that a function f(x) is defined on some interval [—[,[] of arbitrary length 2! (where
[ > 0). Using the substitution

r=—, —-rnT<ly<m,
T

we obtain the function f (y;l) of the variable y on the interval [—7, 7] which can be expanded
using the standard Equations (A.4), (A.8) and (A.9) as

l [oe]
f (i) = C%O —|-nz::1(ancosny—|—bnsinny)7

1 (7 1 (7
an = 7/ f (yl) cosnydy and b, = 7/ f (yl) sin nydy.
T ) ™ T ) . 7r

Returning to the variable x we obtain

= ?O i (an cos L by, sin @) (A.19)

with

n=1

with

1 l
:7/ f(x)cosnlimda:7 n=20,1,2,...,
-1

1 l
= 7/ f(z)sin @dx, n=12,.... (A.20)
—1

If the function is given, but not on the interval [, ], and instead on an arbitrary interval
of length 2, for instance [0, 2{], the formulas for the coefficients of the Fourier series (A.19)
become
I 1
an = — f(x) cos " dr  and by, = - f( )sm—dm (A.21)
U Jo ! A l
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In both cases, the series in Equation (A.19) gives a periodic function with the period T = 21.
If the function f(x) is given on an interval [a,b] (where ¢ and b may have the same or
opposite sign, that is, the interval [a,b] can include or exclude the point z = 0), different
periodic continuations onto the entire z-axis may be made (see Figure A.1). As an example,
consider the periodic continuation F'(z) of the function f(z), defined by the condition

Flz+nb—-a))=f(z), n=0,£1,£2,... forall =z.
F(x)

| | :
I I I . x
a-2(b-a) a-(b-a) a b b+(b-a) b+2(b-a)

FIGURE A.1
Arbitrary function f(z) defined on the interval [a, b] extended to the z-axis as the function

In this case the Fourier series is given by Equation (A.19) where 2/ = b — a. Clearly, instead
of Equations (A.20) the following formulas for the Fourier coefficients should be used:

2 [P 2 2 [P 2
n = 3— a/a f(x) cos bn_7rzda:, by, = - a/a f(z)sin bTiTde. (A.22)

The series in Equation (A.19) gives a periodic function with the period T'=2l =b — q;
however the original function was defined only on the interval [a, b] and is not periodic in
general.

A.6 Fourier Series in Cosine or in Sine Functions

Suppose that f(z) is an even function on [—m, 7] so that f(z)sinnz is odd. For this case

1 ™
b, = — f(z)sinnzdr =0
™

—T
since the integral of an odd function over a symmetric interval equals zero. Coefficients a,

can be written as

ap = — f(x) cosnadx = g/ f(z) cosnzdz, (A.23)
™ m™Jo

—T

since the integrand is even. Thus, for even functions, f(x) we may write

Qg >
= — . A.24
f(x) 5 + T;:l Gy, COSNT ( )



Fourier Series, Fourier and Laplace Transforms 291

Similarly, if f(x) is an odd function we have

ap = l/ f(@)cosnzde =0 and b, = z/ f(x) sinnzdz, (A.25)
s ™ Jo

—T

in which case we have
f(x)= Z by, sin nx. (A.26)
n=1

Thus, an even on [—, 7] function is expanded in the set (A.11)
1, cosz, cos2x, ..., cosnzx, ...
The odd on [—, 7] function is expanded in the set (A.12)
sinx, sin2x, ..., sinnz, ...
Any function can be presented as a sum of even and odd functions with set (A.10),

f(z) = (@) + fa(2),

where

Fi(z) = f(x) +2f(—1‘) f(x) —2f(—93),

in which case fi(z) can be expanded into a cosine Fourier series and f>(z) into a sine series.

If the function f(z) is defined only on the interval [0, 7] we can extend it to the interval
[—7,0). This extension may be made in different ways corresponding to different Fourier
series. In particular, such an extension can make f(z) even or odd on [—m, 7] which leads
to cosine or sine series with period 27. In the first case on the interval [—m, 0) we have

f(=z) = f(z) (A.27)

and fo(x) =

and in the second case

f(=z) = = f (). (A.28)

The points * = 0 and * = 7 need special consideration because the sine and cosine
series behave differently at these points. If f(x) is continuous at these points, because of
Equations (A.24) and (A.27) the cosine series converges to f(0) at = 0 and to f(w) at
x = 7. The situation is different for the sine series, however. At x = 0 and x = 7 the sum
of the sine series in Equation (A.26) is zero thus the series is equal to the functions f(0)
and f(m), respectively, only when these values are zero.

If f(z) is given on the interval [0,]] (where [ > 0), the cosine is

0o 2 l
% + nz::lan cos ? with a, = 7 /0 f(x)cos nlﬂdz, (A.29)

and sine series is

2 l
Z by, sin ”lﬂ with b, = 7/ f(z)sin ?dm. (A.30)
0
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To summarize the above discussion, we see that the Fourier series provides a way to
obtain an analytic formula for functions defined by different formulas on different intervals
by combining these intervals into a larger one. Such analytic formulas replace a discontinuous
function by a continuous Fourier series expansion which is often more convenient in a given
application. As we have seen above there are often many different choices of how to extend
the original function, defined initially on an interval, to the entire axis. The specific choice of
extension depends on the application to which the expansion is to be used. Many examples
and problems demonstrating these points will be presented in the examples at the end of
each of the following sections and the problems at the end of this chapter.

A.7 Examples

All the functions given below are differentiable or piecewise differentiable and can be rep-
resented by the Fourier series.

Example A.1 Find the cosine series for f(x) = 22 on the interval [—7, 7).

Solution. The coefficients are

1 1 (" 2
—ap = 7/ zide = W—,

77
2 (7 2 i " 4 (7 4
ap, = f/ 22 cosnadr = —z? 22T 2 zsinnzdr = (-1)" —.
T Jo 7T no |y nTJo n
Thus
2 o cosnx
2 n
e’ =5 + 4;(—1) 3 T <z <. (A.31)

In the case where = m we obtain a famous expansion,

2 =1

n=1
Example A.2 Let the function f(z) = 2 on the interval [0, 7]. Find the cosine series.

Solution. Figure A.2 gives an even periodic continuation of f(z) = x from [0, 7] onto the
entire axis. For coefficients we have

1 1 (7 2 (" —1 -)r-1
“ag = 7/ xdr = E, — 7/ xcosn:vdxz?cosn: :2( ) , n >0,
™ Jo 2 0 nem n

2 us T
that is,
4
agk =0, agk—1 Ok — 1) k=1,2,3,...,
and thus,
T 4= cos(2k — 1)z
=5 = —, 0z < A.33
T w; Qk—12 @ ~==T (A.33)
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FIGURE A.2
Original function extended from [0, 7] to the z-axis as even function, plotted together with
the partial sum of the first five terms.

Figure A.2 shows the graph of the partial sum

4 1 1
y = S5(z) = g - <cosx + 3—2(3053x + 52COS5{E>
together with the graph of the extended function.

T—x

2

Example A.3 Find the Fourier series for f(z) = on the interval(0, 2m).

Solution. The coefficients are

1 2 _ 1 27 _ 1 2 _ 1
aO:f/ T xdx:(), an:f/ T xcosnxd:v:O, bn:f/ T wsinnxdx:f.
0 2 0 2 0 2 n

™ ™ ™

This contains the interesting result

o0 .

- sinnx

5 =3 —, O<wz<2m (A.34)
n=1

This equation is not valid at x = 0 and z = 27 because the sum of the series equals zero.

The equality is also violated beyond (0, 27).

Notice that this series converges more slowly than Example A.2, thus we need more
terms to obtain the same deviation from the original function. Also, this series does not
converge uniformly (to understand why, attempt to differentiate it term by term and note
what happens).

For z = § we have another interesting result that was obtained by Leibnitz by other
means:
0 1 1 1
—=1l—-c+-—=+4... A35
4 3 * 5 7 * ( )

And for x = § we obtain another representation of 7

s 1 1 1 1 1
PR I U TR T A (4.36)
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A.8 The Complex Form of the Trigonometric Series

For a real function f(z) with period 27 the Fourier expansion (A.4) can be rewritten in
complex form. From Euler’s formula

e = cos ax + isin ax (A.37)

we have

cosnT = (eim + e_i"z) , sinnz = (e_i"” — ei”“) ,

N | .

1
2
from which we obtain

flz) = 5 +Z{2(an bni) e —|—2(an—|—bnz)e

n=1

Using the notations

1 1 . 1 .
Co = 5040» Cn = 5 (an - an), Cn = 5 (an + bnz) )
we have
f(z) = Z cpe™®. (A.38)

With the Fourier coefficients a,, and b, (A.5), (A.8), and (A.9) it is easy to see that the
coefficients ¢,, can be written as
1 i ina
Cn = — flx)e™"™dx, n=0,£1,%£2,.... (A.39)

~or o

It is clear that for functions with period 2/, the Equations (A.38) and (A.39) have the form

0 l
inmTx 1 inmTx
= ith = — - =0,£1,+2,.... A4
f(@) g cpe U with ¢, 57 [lf(x)e dr, n=0,%1,+2, (A.40)

n—=—oo

For periodic functions in time ¢ with a period 7, the same formulas can be written as

ft) = > e (A.41)
and
1 T/2 2inmx
tn =% /T/2 fWe " T dt, n=0,£1,%2,.... (A.42)

Several useful properties of these results can be easily verified:
i) Because f(z) is real, ¢, and c_,, are complex conjugate and we have c_,, = c;
it) If f(x) is even, all ¢, are real;

itr) If f(z) is odd, ¢p = 0 and all ¢, are pure imaginary.
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0, —m7<ax<0,

1) O<x S , by a CompleX Fourier

Example A.4 Represent the function f(x) = {

series.

Solution. The coefficients are

1 /7 1 1 [~ 1 _ g—inm 0, n = even,
o= — dx:f, cn:—/ e_”””dm:e‘:{ 1
0

2T 2 2T 2mni —, n=odd.
m™a
Thus
1 1 &1
I _ _ ,tnx
T@=g+5 2 e
n = —00o
n = odd

Reading Ezercise: Using Euler’s formula check that from this expression follows

Imf(z) =0 (asshouldbe) and Ref(x) % 2 Z sin na
T
=13

n ket

The same result can be obtained if we apply the real form of the Fourier series from the
beginning.

Example A.5 Find the Fourier series of the function f(x) = e~ on the interval (—m, ).

Solution. First use the complex Fourier series with coefficients

T iy . _ s
Cn = i e—we—ingcdx _ i 6_(1+m)wdx _ eTel"™ _ o .7re inm
27 J_ 2 J_ . 27(1 +in)

Then with e*™" = cosnt £+ isinnt = (—1)" we have ¢, = (_12);((‘19#, thus

s U - > n ,ine

inzz €7 — € —1)"e
DD e o (EYrem
2m 1+1in
n=-—oo n=-—oo

In the interval (—m, ) this series converges to e~

(e"+e ™)/2.

and at points x = Z4m its sum is

Reading Ezxercise: Apply Euler’s formula and check that this series in real form becomes

e —e |1 i (=™
e €T —e "1 .
et = - 2+;1+n2(cosna?+nsmm:)

The same result is obtained if we apply the real form of the Fourier series from the beginning.

A.9 Fourier Series for Functions of Several Variables

In this section we extend the previous ideas to generate the Fourier series for functions of
two variables, f(x,y), which have period 27 in both the variables z and y. Analogous to the



296 Partial Differential Equations: Analytical Methods and Applications

development of Equation (A.38) we write a double Fourier series for the function f(x,y) as

+oo
fay) = D appe’etm) (A.43)
n,m=—oo
in the domain (D) = (-7 <z <7,—-w <y <m).

The coefficients c,,, can be obtained by multiplying Equation (A.43) by e~#("*+m) and
integrating over the domain (D), performing this integration for the series term by term.
Because the e® form a complete set of orthogonal functions on [—7, 7] (and the same for
e'™Y), we obtain

1 ,
Oy, = —— / f@,y)e ™ dedy,  n,om=0,+1,42,.... (A.44)
472 (D)

The previous two formulas give the Fourier series for f(z,y) in complex form. For the
real Fourier series instead of Equation (A.43) we have

400

flz,y) = Z [@pnm cOs nx cos My + by, cOS NX Sin My
n,m=0
+ Cpm SIn N cos my + dpy, sin nx sinmy] , (A.45)
where
1
ag = ——5 // f(z,y)dxdy, ) // f(z,y) cosnzdzdy,
47 (D) 27T (D)
1
aom = —= / f(z,y) cosmydzdy, Unm = —= / f(z,y) cos nz cos mydady,
272 JJ (p) w2 JJ(p)

(=l

1
bom = 2—2 / f(z,y) sinmydzdy, m = — / f(z,y) cos nz sin mydzdy,
0 v (D)
Pl / f(z,y) sin nzdady, Crim = —2/ f(z,y) sin nx cos mydxdy,
27T v (D)

d m:—Q// f(z,y) sin nz sin mydady for n,m=1,2,3,...
™ (D)
(A.46)

A.10 Generalized Fourier Series

Consider expansions similar to trigonometric Fourier series using a set of orthogonal func-
tions as a basis for the expansion. Recall that two complex functions, ¢(x) and (), of
a real variable z are said to be orthogonal on the interval [a,b] (which can be an infinite
interval) if

/ p(x)y" (z)dr =0, (A.47)

where 1*(x)is the complex conjugate of ¥ (x) (when ¥ (z) is real ¥* = ).
Let us expand some function f(z) into a set of orthogonal functions {p,, (z)}:

f(@) = c1p1(2) + c22(2) + ... + cnipn(@ Z Cnon ( (A.48)
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Multiplying by ¢, (z), integrating and using the orthogonality condition, we obtain the
coefficients

b * dx b
ff ; )dx -+ [ 1@, (A.49)

b 2
— [ leula)f @)do

are real numbers — squared norms of functions ¢, (z).
Series (A.48) with coefficients (A.49) is called generalized Fourier series.
If the set {¢n ()} is normalized, A\, = 1, and the previous formula becomes

where

b
Cn = / f(z)pr (x)dz. (A.50)
In the case of trigonometric Fourier series (A.4), the orthogonal functions ¢, (x) are

1, coszx, sinz, cos2x, sin2x, ..., cosnx, sinnz,... (A.51)

This set is complete on the interval [—m,7]. Rather than the standard interval [—7, 7], we
may also wish to consider any interval of length 27, or the interval [—I,] where instead of
the argument z in Equation (A.51) we have %%, etc.

Other sets of orthogonal functions are a system of sines (A.12) or a system of cosines
(A.11) on the interval [0, 7].

With the set of exponential functions

R e A O T TR (A.52)
orthogonal on [—m, 7], we have the expansion (A.38). Another complex set of functions
which we use for expansion (A.41)

27z iTx iTx i27x

,e Tt et e et (A.53)

is complete and orthogonal on [—I,!]. Notice that for this set \,, = b — a and the functions
{on(x)/An} are normalized, i.e. have norms equal to one.

Let us multiply Equation (A.48) by its complex conjugated, f*(z) = Y oo chyh (),
and integrate over the interval [a,b] (or the entire axis). This gives, due to the orthogonality

of the functions {p, ()},

/ 1P wde =3 ol / @ Pdr =3 enP A (A.54)

n=1

Equation (A.54) is known as the completeness equation or Parsevale’s equality. If this
equation is satisfied the set of functions {¢y,, ()} is complete. Equation (A.54) is an extension
of the Pythagorean theorem to a space with an infinite number of dimensions; the square of
the diagonal of an (infinite dimensional) parallelepiped is equal to the sum of the squares
of all its sides.

The completeness of set {¢,, ()} means that any function f(x) (for which fab |f(2)]? dz <
00) can be expanded in this set (formula(A.48)) and no other functions except {¢, (z)} need
to be included.
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When the norms of the functions equal unity, i.e. A, = 1, Equation (A.54) has its
simplest form:

b [e%s)
NS (A.55)
a n=1

Note that from formula (A.55) it follows that ¢, — 0 as n — oco.
For the trigonometric Fourier series (A.4) on [—7,n], Equation (A.55) becomes

T 1 oo
2 2 2 32
B 2 a)de = 370+ wnzl (a2 +02), (A.56)
and for a series on the interval [—[,[] we have

l oo
/j%@mzém@JXXﬁ+ﬁy (A.57)
—1

A.11 The Gibbs Phenomenon

In this section we take a closer look at the behavior of the Fourier series of a function
f(x) near a point of discontinuity (a finite jump) of the function. At these points the series
cannot converge uniformly and, in addition, partial sums exhibit specific defects.

Let us begin with an example. The Fourier series for the function

—7/2, if —wm<ax<0,
f(z)=<20, if z=0,%m,
m/2, if O0<z<m,

is

=9
om— 1 ST+ 5

22 sm 2n — 1 . sin 3x n sin 5x (A.58)

This expansion gives (an odd) continuation of the function f(z) from the interval
(=m/2,7/2) to the entire z-axis. Because of the periodicity we can restrict the analysis
to the interval (0,7/2). The partial sums, shown in Figure A.3, like the original function
f(z), have jumps at points 2 = 0 and = = 7.

We may isolate these discontinuity points within infinitely small regions, [0,¢) and (7 —
g, ], so that on the rest of the interval, [e, 7 — €], this series converges uniformly. In the
figure this corresponds to the fact that the graphs of the partial sums, for large enough n,
are very close to the line y = m/2 along the interval [, — ¢]. Close to the points z = 0
and x = 7 it is clear that the uniformity of the approximation of f(x) with partial sums is
violated because of the jump discontinuity in f(x).

Next we point out another phenomenon that can be observed near the points x = 0 and
x = mw. Near z = 0, approaching the origin from the right, the graphs of the partial sums
(shown in Figure A.3) oscillate about the line y = 7/2. The significant thing to note is that
the amplitudes of these oscillations do not diminish to zero as n — oo. On the contrary,
the height of the first bump (closest to 2 = 0) approaches the value of § = 0.281 above the
y = 7/2 line. This corresponds to an additional § : (7/2) = 18% of the height of the partial
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FIGURE A.3
The first partial sums of the expansion of (A.58) demonstrating the Gibb’s phenomena —
S1, 53, S15, Ss0-

sum above the “expected” value. The situation is similar when z approaches the value 7
from the left. Such a defect of the convergence was first found by Josian Gibbs and is known
as the Gibbs phenomenon. In general if the function f(z) has a finite jump | D| at some point
z, the maximum elevation of the partial sum value near x when n — oo is bigger than |D|
by

2|DI|6/m

i.e. by about 11.46%.

A.12 Fourier Transforms

A Fourier series is a representation of a function which uses a discrete system of orthogonal
functions. This idea may be expanded to a continuous set of orthogonal functions. The
corresponding expansion in this case is referred to as a Fourier transform.

Lets start with the complex form of the Fourier series for function f(z) on the interval

[_lal]

flz) = E cne T (A.59)
with coefficients
1 ! inmTx
Cn = 2—1/ flx)e v de, n=0,£1,£2,.... (A.60)
-1

In physics terminology, Equation (A.60) gives a discrete spectrum of function f(z) with
wave numbers k, = . Here cne® is a harmonic with complex amplitude ¢,, defined by
Equation (A.60) or

1
Cn = l/ f(x)e * % dy. (A.61)
21 J_,
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Suppose now that [ is very large, thus the distance between two neighboring wave
numbers, Ak = 7, is very small. Using the notation

f(k) = / f(x)e ke dy (A.62)
we may write Equation (A.61) in the form
_ 1 > —iknx z _ i £
Cp = %/_OO f(z)e dx ;= 2ﬂ_f(kn)Ak. (A.63)

Using this definition Equation (A.59) can be written as
, 1 . _
_ iknx __ iknx
flz) = Zn: ene™ T = Zn: flkn)e* Ak, —l<az<l. (A.64)
In the limit [ — oo this becomes the integral
1 [ .
f(z) = %/ f(k)e*®dk, —oo <2 < 0. (A.65)

In this limit the wave number takes all the values from —oo to oo, i.e. when | —
oo the spectrum is continuous. The amplitudes are distributed continuously and for each
infinitesimal interval from k to k + dk there is an infinitesimal amplitude
1 -
de = — f(k)dk. A.66
e = o FH) (4.66)
With this equation as a definition, f (k) is called the spectral density of f(zx).
Equations (A.62) and (A.65) define the Fourier transform. Equation (A.62) is called the
direct Fourier transform and Equation (A.65) is referred to as the inverse Fourier transform.
These formulas are valid if the function f(x) is absolutely integrable on (—o0, 00):

/ f(@)|dz < co. (A.67)

It should be noted that there are different ways to deal with the factor 1/27 in the
formulas for direct and inverse transforms. Often, this factor is placed in the direct transform
formula while other authors split this factor into two identical factors, 1/ V27, one in each
equation. Using the definition given by Equations (A.62) and (A.65) has the advantage that
the Fourier transform of the Dirac delta function

() 1 / ik g (A.68)

"o

— 00

equals one, as can be seen by comparing Equations (A.65) and (A.68). Here we remind the
reader that the most useful property of the delta function is

/jo f(@)(x —2")dx' = f(x). (A.69)

The delta function defined with the coefficient in Equation (A.68) obeys the normalization
condition

/00 §(x —2)dx' = 1. (A.70)

— 00



Fourier Series, Fourier and Laplace Transforms 301
The step or Heaviside function is defined as

1, >0,
H@ =30 2<0

and is related to the delta function by the relation

%H(m) = 4(z). (A.71)
Reading Exercise: Prove the following two properties of the delta function:
1
0(—z) =0(x) and d(ax)= ﬁ(;(:c) (A.72)
a

For many practical applications it is useful to present Fourier transform formulas for
another pair of physical variables, time and frequency. Using Equations (A.62) and (A.65)
we may write the direct and inverse transforms as

/ f(t)etdt and  f(t) / Flw)e dos (A73)

Fourier transform equations are easy to generalize to cases of higher dimensions. For
instance, for an application with spatial variables represented as vectors, Equations (A.62)
and (A.65) become

f(k) = / F(@)e *Fdz and (& fE R dF. (A.74)

Next we briefly discuss Fourier transforms of even or odd functions. If the function f(z)
is even we have

= / f(z) cos kxdx — z/ f(z)sinkadx = 2/ f (@) cos kxdz.
NS S 0
From here we see that f(k) is also even and with Equation (A.65) we obtain

. / h f (k) cos kadk. (A.75)
T Jo

These formulas give what is known as the Fourier cosine transform. Similarly if f(z) is odd
we obtain the Fourier sine transform

k)= 2/000 f(@)sinkxdx, f(z)= i/ooo if (k) sin kadk. (A.76)

In this case usually i f (k) (rather than f(k)) is called the Fourier transform. We leave it to
the reader to obtain Equations (A.76) as a Reading Exercise.

If the function f(x) is given on the interval 0 < < oo it can be extended to —oo < & < 0
in either an even or odd way and we may use either sine or cosine transforms.

Example A.6 Let f(z) =1 on —1 < = < 1 and zero outside this interval. This is an even
function thus with the cosine Fourier transform we have

. ! o0 2sink
f(k)y=2 (/ 1-coskxdx + / 0 - cos k:acdx) = s;n .
0 1
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The inverse transform gives

flz) =2 /0 Smkk cos kadk. (A.77)

™

As in the case for the regular Fourier series, if we substitute some value, xq, into the
formula for the inverse transform we obtain the valuef(xo) at the point where this function
is continuous. The equation

[f(xo +0) + f(zo — 0)]/2
gives the value at a point where it has a finite discontinuity. For instance, substituting x = 0

in (A.77) gives -
1= 2/ smkdk7
O k

™

from which we obtain the interesting result

* sink T
k=—. A.
/0 k=T (A.78)

Example A.7 Investigate the connection between a Gaussian function and its Fourier
transform.

—ax

Solution. The Fourier transform of a Gaussian, f(z) = e~ a > 0 is given by

Since

f/(k) /Oo (—ix)e_axze_ikxda: = * - i(e—a;ﬁ)e—ikxdx
—00 2a oo dx
k > _ax? —ik k N
— axr 1 Id —_ _ k/’
e ey = k)

—5 .

f(k) can be obtained as a solution of a simple differential equation (by separation of vari-
ables):

F(k) = F(0)e /e,
Here f(0) = 1= e~ dz. With the substitution z = 21/a we obtain f(0) = ﬁ 1= e~ dz.
Because it is well known that [~ e~*dz = /7 we have that f(0) = VE andf(k) =

\/ge_k2/ 42 Thus we have obtained a remarkable result: the Fourier transform of a Gaus-
sian is also a Gaussian. Both functions are bell-shaped and their widths are determined by
the value of a. If a is small, then f(x) is a broadly spread Gaussian and its Fourier transform
is sharply peaked near k = 0. On the other hand, if f(z) is a narrowly peaked Gaussian
function corresponding to a being large, its Fourier transform is broadly spread. An appli-
cation of this result is the uncertainty principle in quantum mechanics where momentum
and position probabilities may be represented as Fourier transforms of each other with the
result that a narrow uncertainty in the probable location of an object results in a broad
uncertainty in the momentum of the object and vice versa.

Reading Exercises:
Here are several important properties of Fourier transform proofs which we leave to the
reader.
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i) Prove that the Fourier transform of f(—z) is equal to f(—k).

i) Prove that the Fourier transform of f’(z) is equal to ikf(k). Hint: The Fourier
transform of f'(z) is”_ f/(x)e”**dx; differentiate it by parts and take into
account that [%_|f(z)|dz < oo.

iit) Prove that the Fourier transform of f(x — z() (a shift of origin) is equal to
ek f(k).

iv) Prove that the Fourier transform of f(axz) (where « is constant) is equal to
17 (%). This property shows that if we stretch the size of an “object” along the
z-axis, then the size of the Fourier “image” compresses by the same factor. This
means that it is not possible to localize a function in both “z-and k-spaces” which
is a mathematical expression representing the uncertainty principle in quantum
mechanics.

v) Prove Parsevale’s equality for the Fourier transform

| wwra =2 [~ ifwra

—0o0 — 00

A.13 Laplace Transforms

A Laplace transform L [f(x)] of a real function of a real variable f(z) is defined as follows:
fo) =Llf@) = [ e pa)da, (A.79)
0

where p is, generally, a complex parameter. Function f (p) is often called the image of the
original function f(z).

The right side of Equation (A.79) is called the Laplace integral. For its convergence in the
case where p is real, it is necessary that p > 0, when p is complex; then for convergence it is
necessary that Rep > 0. Also for convergence a growth of function f(z) should be restricted.
We will consider only functions f(z) that are increasing slower than some exponential
function as x — oo. This means that for any x there exist positive constants M and a, such
that

(@) < Me=.

Clearly, for the convergence of the integral it should be Rep > a.
And obviously, function f(x) should be regular on (0,00), for instance, for f(z) =
1/28, B> 0, the LT does not exist.

To determine the original function from the image, f (p), one has to perform the inverse
Laplace transform, which is denoted as

fl@) = L7 [f(w)]. (A.80)
As an example, find Laplace transforms of two functions:

e pP¥ |8° = %’

Let f(x) = 17 then L[f(m)] = fooo e Py = _Il)
Let f(x) = e, then

L[f ()] z/ efpzeatdxz/ e@P)T gy — ela—p)z lo° =

0 0 a—p P—a.
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TABLE A.1
Laplace transforms of some functions.
f(z) Lf(x)] Convergence condition
1
1 - Rep>0
p
N n! ..
T — n > 0 isinteger, Re p > 0
p
r 1
z® (aail ) a>—-1,Re p>0
p
1
e” Rep>Rea
p—a
sin cx ﬁ Re p > |Im¢]
cos cx p> i = Re p > [Im¢|
b
cosh bz Zﬁ Re p > |Red|
n ,axr n'
xre W Re P > Rea
2
xsincr ﬁ Re p > |Im¢|
2_ 2
x cos cx ﬁ Re p > [Im¢|
eam Sin CT m Re P > (Re a + |Im C|)
eT cos cx % Rep > (Re a+ |Imc|)
L —erf(p/2)]
erf(x) Rep>0
p

It is seen that for the convergence of the integral, Re p should be larger than a.
Laplace transforms of some functions can be found in Table A.1.

Properties of the Laplace Transform

Property 1. A Laplace transform is linear:
L[C1fi(zx) + Cafo(z)] = C1L [f1(2)] + Co L [fo ()] - (A.81)

This follows from the linearity of the integral (A.76).
An inverse transform is also linear:

L7 [CLfip) + )] = L7 )] + L )] (A.82)
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Property 2. Let L|[f(z)] = f(p). Then

Liftka) =27 (7). (A83)

This can be proven using the change of a variable, © = ¢ /k:

/Ooo e f(ka)dr = ]16/000 ek f(t)dt = %f (%) -

Property 3. Let L[f(z)] = f(p), and

where a > 0. Then

fa(p) = 72 f(p). (A.84)

This property is also known as the Delay theorem.

Property 4. Let L[f(z)] = f(p). Then for any complex constant c:

L@ = [ e fayds = fo o) (A85)
0
This property is also known as the Shift theorem.

Property 5. First define convolution of functions fi(x) and fy(z) as function f(x) given by

= / fi(x —t) f2(t)dt. (A.86)
0
Convolution is symbolically denoted as:

f(@) = f1(@) * fo(2).

The property states that if f(x) is a convolution of functions fi(x) and fa(z), then:

f(p) = f1(p) f2(p), (A.87)

in other words
Lif@) =1L [ / - t>f2<t>dt] — L) A0) (A.88)

(the integral should converge absolutely), where

/f1 Ye PPdxz,  fao(p /f2 Ye Pda, f(p /f Ye Prdg.

Property 6. The Laplace transform of a derivative is:

L[f'(x)] = pf(p) — £(0). (A.89)
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Indeed, integration by parts gives:

o

[ee]
/ eﬂmf@ﬂﬁZf@Wf”ﬁf+P/'6ﬂmﬂ$ﬂ$=-f@%ﬂ#@)
0 0
Analogously, for the second derivative we obtain:

L{f"(@)] = p*f(p) — pf(0) = £'(0). (A.90)
And for the nth derivative:

L[10@)] =5 f0) - 9 0) 9" 0) - V). (A9

Property 7. 1f Lf(z)] = f(p), then the Laplace transform of the integral can be represented
as

z{ﬂﬁumﬂiﬂm. (A.92)

This property can be proven by writing the Laplace transform of the integral as a double
integral and then interchanging the order of the integrations.

Property 8. The Laplace transform of the delta function, d(x), is:

L[o(x)] = /+0 e P*§(x)dx + /C><> e PP§(x)dx = +O 0(z)dr +0=1. (A.93)

-0 +0 -0

A.14 Applications of Laplace Transform for ODE

One of the applications of the Laplace transform is the solution of initial value problems
(IVPs) for differential equations. After the transform has been found, it must be inverted,
that is, the original function (the solution of a differential equation) must be obtained. Often
this step needs a calculation of integrals of a complex variable, but in many situations,
such as, for example, the case of linear equations with constant coefficients, the inverted
transforms just can be found in the LT Table. Some partial differential equations also can
be solved using the method of Laplace transform.
Consider the IVP for the 2"¢-order linear equation with constant coefficients:

az” + bz’ +cx = f(t), (A.94)

z(0) =8, 2/'(0)=+. (A.95)

Let us apply the Laplace transform to the both sides of Equation (A.94). Using linearity
of the transform and Property 6 gives the algebraic equation for the transform function

z(p):
a(p®s — Bp — ) + b(pz — B) + ci = f(p). (A.96)

We have used the initial conditions (A.95). Solving this algebraic equation, one finds:

f(p) +aBp+ay+0p
ap? +bp+c '

i(p) = (A.97)
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Note that when the initial conditions are zero, the transform takes a simple form:
f(p)

x(p) = ap2+bp+c'

Next, inverting the transform, gives the function x(t) — the solution of the IVP.

(A.98)

Example A.8 Solve differential equation
2" + 9z = 6cos 3t
with zero initial conditions.

Solution. Applying the LT to both sides of the equation and taking into account that
2(0) =0, 2/(0) =0, gives:

23 92 (p) = )
p~&(p) + 92(p) 219

Then,
(p) = 6p . 2-3p
DT T R
The original function z(t) is read out directly from the Laplace transform table:

x(t) = tsin 3t.
This function is the solution of the IVP.
Example A.9 Solve the IVP
" +dx =e', x(0)=4, 2/(0)=-3.

Solution.
Applying the LT to both sides of the equation and taking into the account the initial
conditions, we obtain:
p*2(p) — 4p + 3 + 4i(p) = o1
Solving for Z(p) gives
() 4p®> —Tp+4
P)=
P +4p-1)
Next, using the partial fractions we can write

Ap? — Tp+ 4 A  Bp+cC

P +4)-1) p-1 p*+4°
From there
4p® —Tp+4 = Ap? + 4A+ Bp?> + Cp — Bp — C,
and equating the coefficients of the second, first, and zeroth degrees of p, we have
4=A+B, -7T=C-B, 4=4A-C.
The solution to this system of equations is

A=1/5, B=19/5, C=-16/5.

11 19 [ »p 6 [ 1
=Lt | — |+ 20! ~ 2t .
) =3 |:p1:|+5 [p2+4] 5 P14

Using the inverse transform from the Table gives the solution of the IVP:

x(t) = (e' + 19 cos 2t — 16 sin 2t) /5.

Then

It is easy to check that this solution satisfies the equation and the initial conditions.
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Problems

Expand the function into a trigonometric Fourier series using

a) the general method of expansion (cosine & sine series)
b) the even terms only method of expansion (cosine series)
)

c) the odd terms only method of expansion (sine series):

1. f(x) = 2? on the interval [0, 7).

2. f(xz) = e on the interval [0, 7].

3. f(x) = cosaz on the interval [—m,7].

4. f(z) = sinaz on the interval [—7, 7].

5. f(x) =7 — 2z on the interval [0, 7].

6. Prove the Fourier transform of f(x) = el equals ﬁﬁ where a is a positive

constant.

7. Show that cosine and sine transforms of the function f(x) = 1/4/x are equal to
the original function 1/+/z.

Solve the IVPs for ordinary differential equations using the Laplace transform.

" +x=4sint, =z(0)=0, 2/(0) =0.

x” 4+ 16x = 3cos2t, x(0) =0, z'(0) =0.
2’ +4r =¢€', x(0)=0, 2/(0) =0.

2" + 25z =e"2 2(0)=1, 2/(0) =0.
2+ =tet, x(0)=0, 2/(0) = 0.

2 422" + 2z =te” ", z(0) =0, 2/(0) = 0.
2" —9x = e3cost, x(0)=0, 2/(0) = 0.
2" —x =2 —t* 2(0) =0, 2/(0) = 0.

® NS e WD
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Bessel and Legendre Functions

In this chapter we discuss the Bessel and Legendre equations and their solutions: Bessel
and Legendre functions. These famous functions are widely used in the sciences, in partic-
ular Bessel functions serve as a set of basis functions for BVP with circular or cylindrical
symmetry, the Legendre functions serve as a set of basis functions for BVP in spherical
coordinates.

B.1 Bessel Equation

In many problems one often encounters a differential equation
2y (r) + 1y’ (r) + (Ar® — p?) y(r) = 0, (B.1)

where p is given fixed value and A is an additional parameter. Equation (B.1) is called
the Bessel equation of order p. In application of the Bessel equation we will, in addition
to Equation (B.1), encounter boundary conditions. For example the function y(r), defined
on a closed interval [0, ], could be restricted to a specified behavior at the points r = 0
and r = [. For instance at » = [ the value of the solution, y(I), could be prescribed, or
its derivative y/(1), or their linear combination ay’(l) + By(l). Generally, Equation (B.1)
has nontrivial solutions which correspond to a given set of boundary conditions only for
certain values of the parameter A, which are called eigenvalues. The goal then becomes to
find eigenvalues for these boundary conditions and the corresponding solutions, y(r), which
are called eigenfunctions.

The Bessel equation (B.1) is often presented in the form which we use in Chapters 7-9:

/ 2
y//+y+()\—p2>y:()7 (B.2)
r T

where we meet the Bessel functions as the eigenfunctions of the Laplace operator in polar
coordinates.
To start solving Equation (B.1) make the change of variables = = v/Ar to yield

%y (z) + 2y (z) + (2* — p2) y(x) =0, (B.3)
y”+i+<1—i’z)y=0. (B.4)

Let us first consider integer values of the parameter p. Try to find the solution in the form
of power series in x and let ag be the first non-zero coefficient of the series, then

y=aox™ + a1z +asx™ P + . Fan™T 4L (B.5)

where m > 0, ag # 0 and, by construction, m is an integer.

309
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Substituting the series (B.5) into Equation (B.4) and equating coefficients of powers of
z to zero we obtain (the details can be found in books [7, 8]):

o B T () (37
y_a02 p' - - ( ) k"(p—|—/<;)

LD 2(p+2) +

The series in the square brackets is absolutely convergent for all values of x which is
easy to confirm using the D’Alembert criterion: klim |ag+1/ar| = 0. Due to the presence of
— 00

factorials in the denominator this series converges very fast; its sum is called Bessel function
of order p and it is denoted as Jp(z):

z\P z\P+2 z\p+4 z\ P2k
o) = (;!) - 1!((;)+ it 25(Z)+ o e )kkvfp)+ AT (B.6)

that is
p+2k
Zk|p+k ( ) . (B.7)

Thus we have obtained the solution of Equation (B.4) in the case that the function y(x)
is finite at « = 0. (The constant coefficient ao2Pp! in the series for y(x) can be dropped
because the Bessel equation is homogeneous.) Note that this solution was obtained for
integer, nonnegative values of p only.

Now let us generalize the above case for arbitrary real p. To do this it is necessary to
replace the integer-valued function p! by the Gamma function I'(p + 1), which is defined
for arbitrary real values of p. The definition and main properties of the Gamma function
are listed in Appendix B (section B.5). Using the Gamma function, the Bessel function of
order p, where p is real, can be defined by a series which is built analogously to the series
in Equation (B.6):

as = — 0 % :_GOF(p‘i'l)
2(2+2p) 22(1+p) QQI‘(erQ)’

e = — as _ ao _ aol' (p+1)
B(p+2) 228 (p+1)(pr2) 22T (p+3)’
(—1)*aol (p+ 1)

a2k =

T 2FET(p+ k+ 1)

N (-n* z\ P2k
Jp(x)_kzz()r(k+1)r(k+p+1) (5)

2\ & —1)*k N 2k
:<§) kZ_()F(k+1)(F1(3<;+p+1) (5)2 ’ (B.8)

which converges for any p. In particular, replacing p by —p we obtain

)’f 2k
Jop (@ <) ZF k;-|-1 (k — p+1)(2) ' (B.9)

Since Bessel equation (B.4) contains p?, functions J,(z) and J_,(z) are solutions of the
equation for the same p. If p is non-integer, these solutions are linearly independent, since
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TABLE B.1
Positive roots of Jy(x), Ji(z), Ja2(x).

% M1 M2 3 22! s
Function

Jo(z) 2.4048  5.5201 8.6537 117915  14.9309
Ji(z) 3.8317  7.0156  10.1735  13.3237  16.4706
Ja(z) 5.136 8.417 11.620 14.796 17.960

the first terms in Equations (B.8) and (B.9) contain different powers of z; z” and 277,
respectively, then the general solution of Equation (B.4) can be written in the form

y = CiJp(x) + Cod_p(z). (B.10)

Point z = 0 must be excluded from the domain of definition of the function (B.9), since
x~P for p > 0 diverges at this point.

The functions J,(z) are bounded as z — 0. In fact the functions J,(x) are continuous
for all z since they are the sum of a converging power series. For non-integer values of p
this follows from the properties of the Gamma function and the series (B.8).

2) Show that lim Si(@) .
z—0 T 2

Reading Ezercise: 1) Show that J_,(z) = (=1)"J,(z) forn=1,2,3 ...;
1

For integer values of p Jy(z) and J_,(x) that are not linearly independent, the general
solution can be formed from the linear combination of the functions Jp,(z) and N,(z) as

y = C1Jp(x) + CoNy(x). (B.11)

The functions N,(x) are singular at « = 0, thus if the physical formulation of the problem
requires regularity of the solution at zero, the coefficient C5 in the solution in Equation
(B.10) must be zero.

We conclude this section presenting several first Bessel functions J,,(z) of integer order.
The first few terms of the expansion in Equation (B.6) near zero for the first three functions
are:

2 4 T 3 z°
@) =1-g ooy~ M@ =5 - m g tomas
CC2 1'4 x6
B(e) = s = st e — e @) = (B.12)

Note that the J,(x) are even if n is integer and odd if n is non-integer functions of z

(although in general, problems with physical boundary values have z > 0, and we do not
need to consider the behavior of the function for < 0). For future reference we present
the useful fact that at © = 0 we have Jy(0) = 1 and J,(0) = 0 for n > 1. Figure B.1
shows graphs of functions Jo(z), Ji(x) and Jo(x). Table B.1 lists a few first roots of Bessel
functions of orders 0, 1 and 2.
A convenient notation for roots of equation J, (x) = 0 is u,g"), where n stands for the
order of the Bessel function and & stands for the root number. Often we will write equation
Jn () = 0 in the form J,, (u) = 0. In cases when the value of n is clear we will omit the
upper index in py (like in Table B.1).
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A
14+ Jo(x)

FIGURE B.1
Graphs of functions Jy(x), J1(z) and Ja(z).

B.2 Properties of Bessel Functions

The properties of functions J,(z) listed below follow from the expansion in Equation (B.6).

1. All Bessel functions are defined and continuous on the real axis and have deriva-
tives of all orders. This is because any Bessel function can be expanded in a power
series which converges for all z, and the sum of the power series is a continuous
function which has derivatives of all orders.

2. For integer p = n Bessel functions of even orders are even functions (since their
expansion contains only even powers of the argument). Bessel functions of odd
orders are odd functions.

3. Each Bessel function has an infinite number of real roots. Roots located on the
positive semi-axis can be marked by integer numbers in the increasing order.
Zeros of J,(z) = 0 fall between the zeros of J,41(z) = 0.

4. Behavior of Bessel functions in the vicinity of zero is given by the first terms of
the series in Equation (B.6); for large = the asymptotic formula may be used

Jp(x) ~ \/Zcos (x - % - %) . (B.13)

With increasing z the accuracy of this formula quickly increases. When J,(x) is
replaced by the right hand side of Equation (B.13), the error is very small for
large z and has the same order as z~3/2.

From Equation (B.1) it follows, in particular, that the function Jy(z) has roots
that are close (for large z) to the roots of the equation

pr 77)
COS(.’B B 4 = Uj

thus the difference between two adjacent roots of the function J,(z) tends to
7 when roots tend to infinity. A graph of J,(z) has the shape of a curve which
depicts decaying oscillation; the “wavelength” is almost constant (close to 7), and
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the amplitude decays inversely proportional to the square root of z. In fact we
have lim J, (z) =0.
Tr—r00

5. Recurrence formulas

2p
T (@) = 21 (w) ~ Jpa(a), (B.14a)
p
Jpt1(z) = ;Jp(x) — Jp(x), (B.14b)
T (x) = _ng(x) +Jp1(2). (B.14c)
6. Integration formulas
/x*pJpH(:c)dx =—a PJp(x), (B.15a)
/prp_l(z)d:C = 2P J,(x), (B.15b)
/ zJo(2)dz = xJy (), (B.15¢)
0
/ 2 Jo(2)dz = 222 Jo () 4+ z(2® — 4)J; (2). (B.15d)
0
7. Differentiation formulas
%[x*pJp(w)] =—a PJp(z), p=0,1,2,... (B.16a)
d
%[prp(:v)] =aPJ,_1(x), p=123,... (B.16b)
Jl (J})

In particular, J)(z) = —J1(z), Ji(z) = Jo(x) — —

These identities are easily established by operating on the series which defines the func-
tion.

In many physical problems with spherical symmetry one encounters Bessel functions of
half-integer orders where p = (2n+ 1) /2 for n = 0,1,2,... For instance, solving Equation
(B.4) with p =1/2 and p = —1/2 by using the series expansion

y (z) = z1/? Zakxk (ag #0), (B.17)
k=0
we obtain ) \1/2 oo gk
Jij2(w) = (m) kZ:o(_l) @k 1) (B.18)
and ) \1/2 o k -
Fap(o) = (2) > G (B.19)

By comparing expansions in Equations (B.18) and (B.19) to the McLaren series expansions
in sinz and cos x, we obtain

9\ 1/2
=(— inz. B.20
Ji/2 (71'90) sinx ( )
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0.8+ Jm(x)

7?'// -3\\\ J32(x)
4

FIGURE B.2
Graphs of functions J; jo(z), J3/2(x) and J5 /o ().

9\ 1/2
J_ 1= (m) Cos T. (B.21)

Note that Jy/z(x) is bounded for all z and function J_;/5(z) diverges at 2 = 0. Recall
that Equation (B.8) gives an expansion of J,(x) which is valid for any value of p. Figure

B.2 shows graphs of functions Jy/5(x), J3/2(x) and Js/5(x); Figure B.3 shows graphs for
J,1/2<.’I}), J,g/g(.’]}) and J75/2(.’I}).

1.2_ [

0.6

-0.6

FIGURE B.3
Graphs of J_l/g(ilf), J_3/2(ZII) and J_5/2(1').

Reading Ezercise:
Using the recurrence Equations (B.14) and the expression for .J; /5 (x), obtain the functions
J3y2(x), J_3/2(), J5/2(x) and J_5,5(x). For instance, the answer for J3/5(7) is

2 \'? /sinz
J3/0 = () ( - cosx) . (B.22)
T x
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TABLE B.2
Positive roots of the functions Ny(z), N1(z) and Na(z).

% M1 2 3 22! Hs
Function

No(z) 0.8936 3.9577 7.0861 10.2223 13.3611
Ny (x) 2.1971 5.4297 8.5960 11.7492 14.8974
Ny (zx) 3.3842  6.7938 10.0235 13.2199 16.3789

Let us now briefly consider Bessel functions of the second kind, or Neumann functions Ny (z).
Table B.2 lists a few roots of Neumann functions with p = 1,2, 3. Neumann functions for
non-integer p can be obtained as
J, —J_
Np(x) — p(x) COS p7 P(z) ) (B23)

sin pr

It is easy to check, that N,(z) satisfies the Bessel equation (B.4). Figure B.4 shows graphs
of Neumann functions with p = 1,2, 3. In case of integer order n, this function is defined as
N, (z) = lim Np(z).

p—n

A

FIGURE B.4
Graphs of Ny(z), N1(z) and Na(z).

For integer n
© N_,(z) = (=1)" N, (z). (B.24)

Other useful properties are that as x — 0 the functions N, (x) diverge logarithmically; as
x — 00, Ny (x) — 0, oscillating with decaying amplitude. At large x we have the asymptotic

form
[ 2 nTto

B.3 Boundary Value Problems and Fourier-Bessel Series

In applications it is often necessary to solve Bessel equations (B.1) accompanied by boundary
condition(s). For instance function y(z) defined on the interval [0, {] is finite at z = 0 and
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at x = [ obeys a homogeneous boundary condition ay’(l) + By(l) = 0 (notice, that starting
from here we will use letter z instead of r considering equation (B.1)). When a = 0 this
mixed boundary condition becomes the Dirichlet type, when § = 0 it is the Neumann type.
The Bessel equation and boundary condition(s) form the Sturm-Liouville problem, thus it
has the nontrivial solutions only for nonnegative discrete eigenvalues \:

The corresponding eigenfunctions are:
Ty (V) (Viaz) oo gy (Vi) (B.27)

(if function y(z) has not to be finite at = 0, we can also consider the set of eigenfunctions
N, (vVAxz)). The boundary condition at z = I gives

v\ T, (ﬁl) + B, (ﬁz) — 0.
Setting VAl = p we obtain a transcendental equation for j:

oy (11) + By () = O, (B.25)

which has an infinite number of roots which we label as u,(f) ). From there the eigenvalues

are \p = (uk/l)z; we see that we need only positive roots, ufﬁ), because negative roots do
not give new values of .

For example, for the Dirichlet problem u,(cp ) are the positive roots of the Bessel function
Ip(@).

Thus, for fixed p we have the set of eigenfunctions (index p in ,uff ) is dropped)

Jy (%x) J, (%@ oy (%x) (B.29)

As follows from the Sturm-Liouville theory, these functions form a complete set and are
pair-wise orthogonal (with weight z) on the interval [0, {]:

/Ol Jp (%x) Ip (%x) xdr =0, i#j. (B.30)

A Fourier series expansion (or generalized Fourier series) of an arbitrary function f(z)
using the set of functions (B.29) is called Fourier-Bessel series and is given by the expression

flx)= icka (%x) . (B.31)
k=0

The orthogonality property allows us to find the coefficients of this series. We multiply
Equation (B.31) by J, (%) and integrate term by term with weight z. This gives an
expression for the coefficient as

(B.32)

Cr —

/Ol f(z)Jp %z) xdx
l:v

[oln o] o



Bessel and Legendre Functions 317

(»)
The squared norm || Ry||* = fol xJ? <“’;p x| dris:

1) For the Dirichlet boundary condition @ = 0 and S = 1, in which case eigenvalues are
obtained from the equation

Ip() =0
and we have 2 )
1Rol® = 5 [ ()] (B.33)

2) For the Neumann boundary condition & = 1 and 8 = 0, in which case eigenvalues are
obtained from the equation

Jyp(p) =0
and we have 2 )
Il = = [ () 7] 2 (). (B.34)
k

3) For the mized boundary condition @« = 1 and 8 = h, in which case eigenvalues are
obtained from the equation

pudy (1) + hip(p) =0

and we have

12 lQh2 7p2
[Rul® = = [14+ —5 | J2 (ué”)) . (B.35)
2 (»)
()

In Chapters 7-9 we use solutions of different BVP in the form
/i(n) N(n)
VTE},Z =Jn Tmr cos np, Véfrz =J, Tmr sin nep.

Clearly, ||V,§71,;2)\|2 = 007 || Rum||?, where 0, =2 forn =0and o, =1 for n # 0.
The completeness of the set of functions J, (£:z) on the interval (0,!) means that for
any square integrable on [0, {] function f(x) the following is true:

/Ol xfz(:c)dz = ; HJP (%I) H 26,%,. (B.36)

This is Parseval’s equality for the Fourier-Bessel series. It has the same significance of
completeness as in the case of the trigonometric Fourier series with sines and cosines as the
basis functions where the weight function equals one instead of z as in the Bessel series.

Regarding the convergence of the series (B.31), we note that the sequence of the partial
sums of the series, S, (z), converges on the interval (0,7) on average (i.e. in the mean) to
f(x) (with weight z), which may be written as

!
/0 [f(z)— Sn(x)]Qa:dx —0, if n— oo

This property is true for any function f(z) from the class of piecewise-continuous func-
tions because the orthogonal set of functions (B.29) is complete on the interval [0, {]. For
such functions, f(z), the series (B.31) converges absolutely and uniformly. We present the
following theorem without the proof which states a somewhat stronger result about the
convergence of the series in Equation (B.31) than convergence in the mean:
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Theorem

If the function f(x) is piecewise-continuous on the interval (0,1), then the Fourier-
Bessel series converges to f(x) at the points where the function f(x) is continuous,
and to

5 (o +0)+ flao — 0)],

if xg is a point of finite discontinuity of the function f(x).

Below we consider several examples of the expansion of functions into the Fourier-Bessel
series using the functions J,(z).

Example B.1 Let us expand the function f(z) = A, A = const, in a series using the Bessel
functions Xy (z) = Jo (u,io)x/l> on the interval [0,], where ,u,(co) are the positive roots of
the equation Jo(u) = 0.

2
Solution. First, we calculate the norm, ||Xk||2 = HJO (u,io)x/l) H using the relation Jj(z) =

—Ji(x) to obtain
oo () = 5 [ )] = 5 (7).

Using the substitution z = ,u,(co)x/ I and second of relations (B.14b) we may calculate the
integral

1 (0) 2 il 2 © 2
/ Jo He 2 ) adz = li/ Jo (2) zdz = l72 [2J1(2)]pF = Z—J (,ugco)) .
0 ! (0) (0) ﬂ( )
Ky Ky

k

For the coefficients ¢, of the expansion (B.31) we have

. folAJO (,ufco)x/l) xdz _ 24 i] ( (0)) 24
k HJo (uéo)x/l)Hz 2 [J1 (Méo))r M](CO) 1\ Mg #](co)J1 (ﬂ;o)).

Thus, the expansion is

o0

f(x) AZ 1 4 (Mg)) )
z) =2 —_——Jo | 2.
=0 ) h (,U;(CO)> !

Figure B.5 shows the function f(x) = 1 and the partial sum of its Fourier-Bessel series
when [ = 1. From this figure it is seen that the series converges very slowly (see Figure
B.5d) and even when 50 terms are kept in the expansion (Figure B.5c) the difference from
f(x) = 1 can easily be seen. This is because at the endpoints of the interval the value of

the function f(x) = 1 and the functions Jy (u,(go)a:> are different. The obtained expansion

does not converge well near the endpoints.
Example B.2 Let us modify the boundary condition in the previous problem. We expand

the function f(x) = A, A = const, given on the interval [0,!], in a Fourier series in Bessel

functions Xy (z) = ( (O)x/l>, where u( ) are now the positive roots of the equation
Jo(p) = 0.
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FIGURE B.5

The function f(z) = 1 and the partial sum of its Fourier-Bessel series. The graph of f(x)
is shown in grey, the graph of the series by the black line. a) 11 terms are kept in the series
(N =10); b) N =20; ¢) N =50; d) values of the coefficients ¢, of the series.

Solution. For Neumann boundary condition, J(l)(u) =0, for £ = 0 we have

2

l
1[I = (1T (0)[1* = 5

(0)
=0
27

po ' =0, Xo(x)=Jo(0) =1,

The first coefficient of the expansion (B.31) is

A : 24 [
co = 72/ Jo(0)zdx = —2/ xdx = A.
1 Jo(0)[" Jo  Jo

The next coefficients ¢ can be evaluated by using the substitution z = u,(go):c/ [ and using
the integration formula

Applying the relation Jj(z) = —J;(z) and then recalling that J} (,ufco)) = 0 we find

2A
L = —=J1 (ug))) =0, when £k>0.
L

Thus, we obtain simple expansion, f (z) = coJy (,u(()o)x/l) = A. In fact, this means that

the given function is actually one of the functions from the set of eigenfunctions used for
eigenfunction expansion.
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B.4 Spherical Bessel Functions

In this section we briefly consider spherical Bessel functions which are related to the solu-
tions of certain boundary value problems in spherical coordinates.
Consider the following equation:

d’R(z) 2 dR(z) (1+1)
dz? x dz + x? R(z) =0 (B.37)
Parameter | takes discrete non-negative integer values: [ = 0,1,2,... Equation (B.37) is

called the spherical Bessel equation. It differs from the cylindrical Bessel equation, Equa-
tion (B.4) by the coefficient 2 in the second term. Equation (B.37) can be transformed to a
Bessel cylindrical equation by the substitution R(z) = y(z)//z.

Reading Ezercise: Check that equation for y(z) is

20(x xz 2
ddyx(2 ) %dl:z(x) N [1 _ (1“2/2)] y(z) = 0. (B.38)

If we introduce s = [ 4+ 1/2 in Equation (B.38) we recognize this equation as the Bessel
equation which has the general solution

y(x) = C1Js(x) + CaNg(z), (B.39)

where Js(z) and Ny(x) are (cylindrical) Bessel and Neumann functions. Because
s =1+ 1/2 these functions are of half-integer order. Inverting the transformation we have
that the solution, R(x), to Equation (B.37) is

J, N,
l+1/2($) + O, l+1/2($).
Ve VT

If we consider a regular at = 0 solution, the coefficient Cy = 0.
The spherical Bessel function j;(x) is defined to be a solution finite at & = 0 thus it is a
multiple of Ji41/2(x)/+/x. The coefficient of proportionality is usually chosen to be /7/2

so that
. ™
Jua) =4/ 5 Jivrya (). (B.41)

For 1 =0, Jy2(z) = ,/%sinx, thus

. sinx
o) = =2, (B.42)

Analogously we may define the spherical Neumann functions as

() = \/ZNZ+1/2(I)7 (B.43)

from where (using Equation (B.22))

o) = [ o ayale) = ==L, (B.44)
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Expressions for the first few terms of the functions j;(z) and n;(z) are

i 3 1 3

]1(x): Sl;l;ﬂ — Coxsx"_..., jz(x): (.IB_.T) Sinx—ﬁcosx‘f'..., (B45)
cosr sinx 3 1 3 .

ny(z) = — p i +..., ng(x):—(xg—x) cosx—ﬁsmx—&—... (B.46)

The spherical Bessel functions with [ = 0,1, 2 are sketched in Figures B.6 and B.7.

o}

\\\\ j() (x)

FIGURE B.6
Graphs of functions jo(z), j1(z) and ja(x).

0.4

0.2

-0.2

FIGURE B.7
Graphs of functions ng(z), n1(z) and na(x).

The following recurrence relations are valid (here the symbol f is written to stand for j

or n):
fier(@) + frea(z) = 2+ D2 fi(x), (B.47)

ia(@) = (4 D i (@) = 21+ 1) f). (B.48)
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Differentiation formulas:

@) = @), e )] = o @), (B.49)

Asymptotic values:

jl(x)rv%cos[x—g(l—i—l)}, nl(x)wésin{x—g(l—l—l)} as x — o0 (B.50)

(the last expression has good precision for x > I(I + 1)).

B.5 The Gamma Function

In this section we develop the essential properties of the Gamma function. One of the most
important applications of the Gamma function is that it allows us to find factorials of
positive numbers which are not integers. The gamma function is defined by the integral

F(a:):/ t"tetdt, x>0. (B.51)
0

Here x is an arbitrary, real, non-negative number. In the case that z is an integer and
x > 2, the integral in Equation (B.51) can be evaluated by parts and we have, after the
substitution t*~1 = u, e~ tdt = dv:

I(z) = t“”*le*ﬂgo + (x — 1)/ t" et = (x — 1)/ t"2e7tdL. (B.52)
0 0

The obtained integral is equal to I'(x — 1), i.e. we may write
I(z)=(x— DHI'(z —1). (B.53)
Substituting into Equation (B.53) we have
MNax—1)=(x—2)T'(z —2),
Iz —-2)=(x—3)IT'(z—3),
etc., and thus we obtain the general expression
INz)=(z—-1)(z—2)...I'(1), (B.54)

where -
(1) = / e tdt = 1. (B.55)
0

Substituting Equation (B.55) into Equation (B.54) we have
MNz)=(zx—-1)! for =2,3,.... (B.56)

We derived Equation (B.56) for integer values > 2, but it is possible to generalize it
to define factorials of any numbers. First, we verify that Equation (B.56) is valid for x = 1.
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Let z = 1 in Equation (B.56) in which case we have T'(1) = 0! = 1 which does agree with
Equation (B.55). Thus, for integer values of the argument, n = 1,2,3, ...
r=1, r2)=1,....'(n) = (n—-1)! (B.57)

Now consider non-integer values of z. For = 1/2, taking into account definition (B.51)
and with the substitution t = 22, we obtain

o0 oo
r'(1/2) :/ t~V2etdt = 2/ e % dz = /7. (B.58)
0 0
Now using Equation (B.53), we find

T(3/2) = (1/2)0(1/2) = v/7/2. (B.59)

Reading Exercise: Show that for any integer n > 1,

11(n+;>:1.3.5..2.n.(2n—1)F(;>. (B.60)

We can also generalize definition (B.51) to negative values of z using Equation (B.52).
First replace x by x + 1 which gives
I(z+1)

[(z) = ———. (B.61)

We may use this equation to find, for example, I'(—1/2) in the following way:

()22

It is clear from this that using Equations (B.51) and (B.62) we can find a value of T'(x) for
all values of x except 0 and negative integers.

The function I'(z) diverges at * = 0 as is seen from Equation (B.51). Then, from
Equation (B.61) we see that I'(—1) is not defined because it involves I'(0). Thus, I'(z) does
not exist for negative integer values of z. From Equation (B.61) it is obvious (taking into
account that I'(1) = 1) that at all these values of x the function I'(x) has simple poles. A
graph of T'(z) is plotted in Figure B.8. Table B.3 contains the values of Gamma function
for interval [1,2].

Equation (B.61) allows us to find the value of I'(z) for any non-negative integer x using
the value of I'(x) on the interval 1 < z < 2. For example, I'(3.4) = 3.4 -T'(24) =3.4-2.4-
I'(1.4). Based on this fact, a table of values for I'(x) only need include the interval [1,2] as
values of z. The minimum value of I'(z) is reached at z = 1.46116321 ...

Equation (B.57), which is now valid for all non-negative integer values of z, can be
written as

Mz+1) =2a! (B.63)
On the other hand, from Equation (B.51) we have

D(z+1) :/ t e dt. (B.64)
0

The integrand t*e~*! has a sharp peak at t = z that allows us to obtain a famous approx-
imation formula, known as Stirling’s approximation, for x! which works very well for large
x:

x! ~ (27rx)1/2x"”efm. (B.65)
This formula agrees very well with the precise value of z! even for values of z which are not
very large. For instance, for 2 = 10 the relative error of Equation (B.65) is less than 0.8%.
Most of the applications of Equation (B.65) belong to statistical physics where it is often
necessary to evaluate factorials of very large numbers.
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I'(x)
A

\
=

FIGURE B.8
Graph of the Gamma function, I'(x).

TABLE B.3
Values of I'(x) for z € [1, 2].
x I'(x) x L'(z) x '(z)
1 1 1.35 0.8911514420 1.7 0.9086387329
1.05 0.9735042656 14 0.8872638175 1.75 0.9190625268
1.1 0.9513507699 1.45 0.8856613803 1.8 0.9313837710
1.15 0.9330409311 1.5 0.8862269255 1.85 0.9456111764
1.2 0.9181687424 1.55 0.8888683478 1.9 0.9617658319
1.25 0.9064024771 1.6 0.8935153493 1.95 0.9798806513
1.3 0.8974706963 1.65 0.9001168163 2 1
I

B.6 Legendre Equation and Legendre Polynomials

In applications one often encounters an eigenvalue problem containing a second order linear
homogeneous differential equation

(1-2?)y" =22y +ly=0, —1<z<1, (B.66)

where A is a real parameter. Equation (B.66) can be rewritten in Sturm-Liouville form given
by
— B.67
dx dx ( )
and is called the Legendre equation. Such an equation frequently arises after a separation of
variables procedure in spherical coordinates (in those problems the variable z is = cos 6,
where 6 is a meridian angle) in many problems of mathematical physics. Prominent examples
include heat conduction in a spherical domain, vibrations of spherical solids and shells as
well as boundary value problems for the electric potential in spherical coordinates (see
[7,8]).

d [(1—362)@}—1—)\3/:0, -1<x<1
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Because this problem is a particular example of a Sturm-Liouville problem we can expect
that the eigenvalues are nonnegative real discrete A, and the eigenfunctions corresponding
to different eigenvalues are orthogonal on the interval [—1, 1] with the weight r(z) = 1:

1
/ Yn(2)ym(x)dx =0, n #£m. (B.68)
—1
Let us solve Equation (B.67) on the interval x € [—1, 1] assuming that the function y(z)
is finite at the points x = —1 and « = 1. Let us search for a solution in the form of a power
series in x:

x) = Z anx"”. (B.69)
n=0

Substitution of Equation (B.69) into Equation (B.67) results in the following equality:

o0 o0

Z (n—1apz™ —Z (n—1)apz™ ZQnanx +/\Zan =
n=2

Changing the index of summations in the first term from n to n + 2 to yield

o0

Z(n +2)(n+ 1)app22"

n=0

allows us to group all the terms with n > 2 leaving the terms with n = 0 and n = 1 which
we write separately and we have

(6as — 2a1 + Aa1)  + 2a2 + Aag
—|—Z [(n+2)(n+1)ans2 — (n*+n—A)a,| 2" =0.
n=2

By setting coeflicients of each power of = to zero we obtain an infinite system of equations
for the coefficients a,:

n=0 2a3 + Aag =0, (B.70)
n=1 6as — 2a1 + Aa; =0, (B.71)
n>2 (n+2)(n+1)ans2 — (R* +n—A)a, =0. (B.72)

Equation (B.72) is the recurrence formula for coefficients.
From Equation (B.70) we have

ag = —%ao. (B73)

Using Equations (B.73) and (B.72) we obtain

66X —A(6-))

R T T
LA AE-N 20N
T 56 1 6! o

etc. Each coefficient as, with even index is multiplied by ag and depends on n and the
parameter \.
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Similarly let us proceed with the odd terms, asgi1. From Equation (B.71) we have

2—X 2-X
asz = 6 a] = 44§74—a1.

Then from the recurrence formula (B.72) we obtain
12-2  (2-N(12-1))
az =
4-5 5!
304 (2-XN)(12-)(30-))
6-7 ° 7!

etc. Each coefficient, asgy1, with odd index is multiplied by a; and depends on n and .
Substituting the obtained coefficients in Equation (B.69) we have

as = ar,

a7 = ai,

_ - n __ A 2 A(6 _'A) 4
y(x)—nz_%anx =ag [1—290 =

Q_Ax?’-l—(2_)\)(12_>\)x5+..}.

(B.74)

o [$+ 31 51

In Equation (B.74) there are two sums, one of which contains coefficients with even indexes
and another with odd indexes. As a result, we obtain two linearly independent solutions of
Equation (B.67); one contains even powers of z, the other odd:

= A A(6—N)
(1) _ on _ N2 4 _
yH(x) = nzzoagna: " = ag [1 5% LT } , (B.75)
> 2— A 2 -\ (12— A
y®(z) = Z a1 22" = a4 {x + et + ( ) )x5 +.. } : (B.76)
o 3! 5!
Now from the recurrence relation (B.72) for the coefficients,
(n2 +n— )\)

mn = mny B.77
T )” (B-17)

we can state an important fact. The series in Equation (B.69) converges on an open interval

an+21”+2

anpx™

—1 < x < 1, as can be seen from a ratio test, lim
n— oo

the points = +1. Therefore, this series cannot be used as an acceptable solution of the
differential equation on the entire interval —1 < x < 1 unless it terminates as a polynomial
with a finite number of terms. This can occur if the numerator in Equation (B.77) is zero
for some index value, ny.x, such that

= 22, but diverges at

A = Nmax (nmax + 1) .

This gives an,,, +2 = 0 and consequently a, . +4 = 0, an_ . 46 = 0, ... thus y(z) will
contain a finite number of terms and thus turn out to be a polynomial of degree nyax. In
order not to overcomplicate the notation, from here on we will denote ny.x as n. We may
conclude from this discussion that A can take only nonnegative integer values:

A=n(n+1). (B.78)

Let us consider several particular cases. If n = 0 (which means that the highest degree
of the polynomial is 0), ag # 0 and as = 0, ag = 0, etc. The value of X\ for this case is
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A =0, and we have yM(z) = ap. If n =1, a; # 0 and a3 = a5 = ... = 0 then \ = 2
and y® (z) = a1x. If n = 2, the highest degree of the polynomial is 2; we have ay # 0,
as = ag = ... = 0, A = 6 and from the recurrence relation we obtain as = —3ag. This
results in y(l)(x) = ap (1 — 3962). Ifn=3,a3#0and a5 = a7y =... =0, A = 12 and from
the recurrence relation we obtain ag = —5/3a; and as the result, y® (z) = a; (1 — 523/3).
Constants ap and a; remain arbitrary unless we impose some additional requirement. A
convenient requirement is that the solutions (the polynomials) obtained in this way should
have the value 1 when x = 1.

The polynomials obtained above are denoted as P, (z) and called the Legendre polyno-
mials. The first few, which we derived above, are

Py(z)=1, Pi(z)=2, P(z)= % (32 —1), Pi(z)= % (52° — 32) . (B.79)

Let us list two more (which the reader may derive as a Reading Ezercise using the above
relationships):

_1
-8
Reading Ezercise: Obtain P, (z) for n = 6,7.

Reading Ezercise: Show by direct substitution that Pz (x) and Ps(x) satisfy Equation (B.67).

As we see, P, (x) are even functions for even values of n, and odd functions for odd n.
The functions ¥ (z) and y® (), bounded on the closed interval —1 < 2 < 1, are

y D (@) = Po(2), y@(x) = Ponia(2). (B.81)

Py (x) (352" — 302> +3), Ps(z)= < (632° — 702° + 15z) . (B.80)

co| —

Rodrigues’ formula allows us to calculate the Legendre polynomials:

1 dn n
P, (z) = Sl g (z®—1) (B.82)

(here a zero-order derivative means the function itself).
Reading Ezercise: Using Rodrigues’ formula show that

Py(—z) = (=1)"Pa(2), (B.83)
P,(-1)=(-1)™. (B.84)
Let us state few more useful properties of Legendre polynomials:
1-3-...-(2n - 1)
n(l) =1, n =Y, n = (-1 . .
Pr(1) Prn1(0) =0, P (0) = (-1) 5 1 o (B.85)

The Legendre polynomial P,(z) has n real and simple (i.e. not repeated) roots, all lying
in the interval —1 < x < 1. Zeroes of the polynomials P,(z) and P,41(z) alternate as
increases. In Figure B.9 the first four polynomials, P,(x), are shown and their properties,
as listed in Equations (B.82) through (B.84), are reflected in these graphs.

The following recurrence formula relates three polynomials

(n+1) Ppya1(z) — (2n+ 1) xPy(z) + nPy_1(x) = 0. (B.86)

This formula gives a simple (and the most practical) way to obtain the Legendre polyno-
mials of any order, one by one, starting with Py(z) =1 and P (z) = x.
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FIGURE B.9
First four polynomials, P, (z).

The following recurrence relations for Legendre polynomials are often useful:

Pl (x) — 2P, (x) + nPu(z) = 0, (B.87)

Pl (x) —xP,_i(z) —nP,_1(z) = 0. (B.88)

To summarize, the solution of the Sturm-Liouville problem for Equation (B.67) with
boundary conditions stating that the solution is bounded on the closed interval —1 < x <1
is a set of Legendre polynomials, P, (z), which are the eigenfunctions of the Sturm-Liouville
operator. The eigenvalues are A = n(n + 1), n = 0,1,2,... As a solution of the Sturm-
Liouville problem, the Legendre polynomials, P,(z), form a complete orthogonal set of
functions on the closed interval [—1, 1], a property we will find very useful in the applications
considered below.

If the points = 41 are excluded from a domain the solution in the form of an infinite
series is also acceptable. In this case logarithmically diverges at @ = +1 functions Q, ()
are also the solutions of Legendre equation (for details see books [7, 8]).

B.7 Fourier-Legendre Series in Legendre Polynomials
The Legendre polynomials are orthogonal on the interval [—1,1]:
1
/ P, (z)Py(x)dx =0, m#n. (B.89)
-1

The norm squared of Legendre polynomials are (see [7, 8])

1
2

Pl?= | P%(x)dr= . B.
[Pl [1 ) (z)dx o1 (B.90)
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Equations (B.89) and (B.92) can be combined and written as

1 0, m#n,
/ P, (z) Py (x)dx = 2 (B.91)
~1 , m=n.
2n+1

The Legendre polynomials form a complete set of functions on the interval [—1, 1], thus
{Pn(x)}, n =0,1,2,... provide a basis for an eigenfunction expansion for functions f(z),
bounded on the interval [—1,1]:

o0

f@) =) caPulx). (B.92)
n=0

Due to the orthogonality of the functions P, (x) with different indexes, the coefficients ¢,

are
2n

e = H;HQ [ iwpi@a =25 [ jwp @ (B.93)

As we know from general theory discussed previously in Chapter 4, the sequence of the
partial sums of this series, Sy(x), converges on the interval (—1,1) on average (i.e. in the
mean) to f(z), which may be written as

1
/ [f(2) — Sn(@)]2dz — 0 as N — oo, (B.94)
-1
The function f(z) should be square integrable, that is we require that the integral
fil f2(z)dx exists.

For an important class of piecewise-continuous functions the series in Equation (B.92)
converges absolutely and uniformly. The following theorem states a stronger result about
the convergence of the series (B.92) than convergence in the mean.

Theorem

If the function f(x) is piecewise-continuous on the interval (—1,1), then the Fourier-
Legendre series converges to f(x) at the points where the function f(x) is continuous
and

5 £ o +0) + (o —0)] (5.95)

if o is a point of finite discontinuity of the function f(z).

Because the Legendre polynomials form a complete set, for any square integrable function,
f(z), we have

1 e o] o)
2
2 2 2 2
dr = P, = . B.96
| ra IR =3 g (B.96)

This is Parserval’s equality (the completeness equation) for the Fourier-Legendre series.
Clearly, for a partial sum on the right we have Bessel’s inequality

1 N 2
/ FPlayde > 2, (B.97)
-1 n=0

c
- 2n+1

Below we consider several examples of the expansion of functions into the Fourier-
Legendre series. In some cases the coefficients can be found analytically; otherwise we may
calculate them numerically using Maple, Mathematica, or software from [7, 8].
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Example B.3 Expand function f(z) = A, A = const, in a Fourier-Legendre series in P, ()
on the interval —1 <z < 1.

Solution. The series is
A:CQPO($)+61P1(1‘)—|—...,

where coefficients ¢,, are

(2n + /
Cp = AP, ( P, (
|P2 i /

From this formula it is clear that the only nonzero coefficient is ¢y = A.

Example B.4 Expand the function f(z) = z in a Fourier-Legendre series in P, (z) on the
interval —1 <z <1.

Solution. The series is
x=coPo(x)+c1Pri(z)+...,

2n + 1 /
Cp = Py ( P, (z)dz.
TP / L

Clearly the only nonzero coefficient is

3 (! 3 (!
= f/ xP(z)dx = 7/ ?dr = 1.
2/, 2/,

where ¢,, are

As in the previous example this result is apparent because one of the polynomials, P;(z) in
this example, coincides with the given function, f(x) = x.

Example B.5 Expand the function f(z) given by

0, —-1<z<0,
f(x)={

1, O<z<l
in a Fourier-Legendre series.

Solution. The expansion f(z) =" ¢, P,(2) has coefficients

1 ! _2n41 !
Cp = W /_1 f(x) Py (z)dx = 5 /0 P, (z)dz.

The first several are

1 ! 1 3 ! 3 5 1].
=- [ do==< == de == == [ (322 —1)dz=0.
Co 2\/0 X 2, C1 Q/OI 4, C2 2/0' 2(3 ) 0

Continuing, we find for the given function f(x),

3 7 11
1 —P3(z) + —=Ps(x) +....

f(@) = 5 Pole) + CPy(a) + o

P]_(.’IZ‘) —

The series converges slowly because of discontinuity of a given function f(z) at point = 0
(see Figure B.10).
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FIGURE B.10

The function f(x) and the partial sum of its Fourier-Legendre series. The graph of f(z) is
shown by the dashed line, and the graph of the series is shown by the solid line. (N+1)
terms are kept in the series. (a) (N = 5). (b) N = 15. (¢) N = 50. (d) Values of the
coefficients ¢,, of the series.

B.8 Associated Legendre Functions
In this section we consider a generalization of Equation (B.66):

2

m
1— 22

(1—2?)y" — 22y + ()\— )yzO, —-1<z<1, (B.98)

where m is a specified number. Like Equation (B.67), Equation (B.98) has nontrivial solu-
tions bounded at = +1 only for the values of A = n(n + 1). In mathematical physics
problems the values of m are integer, also the values of m and n are related by inequal-
ity |m| < n. Equation (B.98) is called the associated Legendre equation of order m. In
Sturm-Liouville form this equation can be written as

d dy m?
— (1 —2%) == — = —1<z<1. )
dx{( x)dx}ﬂL(A - )y 0, <z< (B.99)

2

To solve Equation (B.99) we can use a solution of Equation (B.67). First, we will discuss
positive values of m. Let us introduce a new function, z(z), to replace y(z) in Equation
(B.99) using the definition

m

y(z) = (1—2%) 7 z(2). (B.100)
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Substituting Equation (B.100) into Equation (B.99) we obtain

(1—2*) 2" —2(m+1)zz' + A—m(m+1)]z=0. (B.101)
If m = 0, Equation (B.101) reduces to Equation (7.1), thus its solutions are Legendre

polynomials P, (z).
Let us solve Equation (B.101) expanding z(z) in a power series:

2= apz”. (B.102)
With this we have

oo oo
7 = E kapz*~! = E kapz* 1,
k=1 k=

=Zk(k—1)akx Zk+2 Yk + 1)agoz”,
k=0

" — Z k(k — 1)akxk = Z k(k — l)aka:k.
k=2 k=0

Substituting these into Equation (B.101) we obtain

oo

> Ak +2)(k+ Dagpo + [N — (k+m)(k+m+ 1)] ap} 2* =
k=0
Functions z* are linearly independent, thus the coefficients of each power of z* must be

zero which leads to a recurrence relation for coefficients ay:

_ A=(k+tm)(k+m+1)
U2 = k+2)(k+1)

. (B.103)

Reading Ezercise: Using this recurrence relation check that the series in Equation (B.102)
converges for —1 < x < 1 and diverges at the ends of the intervals, x = £1.

Below we will discuss only solutions which are regular on the closed interval, —1 < x < 1.
This means that the series (B.102) should terminate as a polynomial of some maximum
degree. Denoting this degree as ¢ we obtain aq # 0 and a,42 = 0 so that if A = (¢+m)(¢+
m+1),¢=0,1,..., then ag42 = ag+4 = ... = 0. Introducing n = ¢ + m, because ¢ and m
are nonnegative integers, we have n = 0,1,2,... and n > m. Thus, we see that A = n(n+1)
as in the case of Legendre polynomials. Clearly if n = 0 the value of m = 0, thus A = 0 and
the function z(z) = ap and y(z) = Py(x).

From the above discussion we obtain that z(x) is an even or odd polynomial of degree
(n —m):
ao,

o (B.104)

2(x) = ap_ma" " + o™ 2+ {

Let us present several examples for m = 1. If n = 1, then ¢ = 0, thus z(z) = a¢. lf n =2

then ¢ = 1, thus 2(z) = a12. If n = 3, ¢ = 2 and z(x) = ag + azz?, and from the recurrence
formula we have as = —bag.
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Reading Ezercises:

1. Find z(x) for m =1 and n = 4.
2. Find z(z) for m = 2 and n = 4.

3. For all above examples check that (keeping the lowest coefficients arbitrary)
2(z) = L5 P, (2).

Given that A = n(n+1) we can obtain a solution of Equation (B.101) using the solution of
the Legendre equation, Equation (B.67). Let us differentiate Equation (B.101) with respect
to the variable z:

/

(1-22) () —2[m+ 1)+ 1z () +nn+1)— (m+1)(m+2)]2 =0. (B.105)

It is seen that if in this equation we replace 2’ by z and (m+1) by m, the obtained equation
becomes Equation (B.101). In other words, if P,(z) is a solution of Equation (B.101) for
m = 0, then P/ (x) is a solution of Equation (B.105) for m = 1. Repeating this we obtain
that P (x) is a solution for m = 2, P/’(x) is a solution for m = 3, etc. For arbitrary integer
m, where 0 < m < n, a solution of Equation (B.101) is the function %Pn(x), thus

dm

Aw) = o Palz), 0sm<n. (B.106)

With Equations (B.105) and (B.100) we have a solution of Equation (B.99) given by

y(z) = (1- xQ)% CszPn(x)’ 0<m<n. (B.107)

The functions defined in Equation (B.106) are called the associated Legendre functions and

denoted as P (z):

m M
pm = (1— 2\ 2
@=(1-aF L

Py (7). (B.108)

Notice that %Pn(x) is a polynomial of degree n — m, thus
PM—z)=(-1)"""P"(x), (B.109)

which is referred to as the parity property. From Equation (B.107) it is directly seen that
P™(z) = 0 for |m| > n because in this case m-th order derivatives of polynomial P, (z) of
degree n are equal to zero. The graphs of several P/"(z) are plotted in Figure B.11.

Thus, from the above discussion, we see that Equation (B.98) has eigenvalues A

m(m+1), (m+1)(m+2), (m+2)(m+3), (B.110)
with corresponding eigenfunctions, bounded on [—1, 1], are

Pm(x)v P:r?—&-l(x)a P:::—&-Q(x)a (Blll)

Equation (B.98) (or (B.99)) does not change when the sign of m changes. Therefore, a
solution of Equation (B.51) for positive m is also a solution for negative values — |m/|. Thus,

we can define P™(z) as equal to P™(z) for —n < m < n.

Pl (z) = PIml(z). (B.112)
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FIGURE B.11
Graphs of P (z), Pi(z), P}(z) and P?(x).

The first several associated Legendre functions P} (z) for m = 1 are

and the first several associated Legendre functions, P?(x), for m = 2 are

Pi(z) = (1-2?%)- [Pg(x)]” =(1-2?)-3,

Pi(z) = (1—2%)  [P3(z)] = (1—2?)- 15z,

P2a)= (1-2?) - [P(a)] = (1—22) - 2 (122 1)

2

—

Associated Legendre function P7*(z) has (n —m) simple (not repeating) real roots on the
interval -1 <z < 1.
The following recurrence formula is often useful:

@2n+1DzP"(x) — (n—m+ 1P (x) — (n+m)Py"  (z) = 0. (B.113)

B.9 Fourier-Legendre Series in Associated Legendre Functions

Functions P*(x) for fized value of |m| (the upper index of the associated Legendre func-
tions) and all possible values of the lower index,

Pr(@), Plia(e), Poo), ... (B.114)

form an orthogonal (with respect to the weight function r(xz) = 1) and complete set of
functions on the interval [—1, 1]. In other words, for each value of m there is an orthogonal
and complete set of Equations (B.112). This follows from the fact that these functions are
also the solutions of a Sturm-Liouville problem. Thus the set of Equations (B.112) for any
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given m is a basis for an eigenfunction expansion for functions bounded on [—1, 1] and we
may write

=> ol (x). (B.115)
k=0

The formula for the coefficients ¢ (k = 0,1,2,...) follows from the orthogonality of the
functions in Equation (B.112):

k) + 1] k!
/f Pr(x )dx—[(m;m;;cl /f . (x)dz.  (B.116)

+k”

As previously, the sequence of the partial sums Sy (x) of series (B.113) converges on the
interval (—1,1) in the mean to the square integrable function f(z), i.e.

/ [f(w)—SN(x)]de%O as N — oo.

-1
For piecewise-continuous functions the same theorem as in the previous section is valid.

Example B.6 Expand the function

fz) =

l+z, —-1<z<0,
l—z, 0<z<1
in terms of associated Legendre functions P (z) of order m = 2.
Solution. The series is

flz) = cOP22(:v) + cngz(x) + 02P42(x) + 03P52(ac) ce

where coefficients ¢ are

2k+5 k! 0 !
Because f(z) is an even function of z, ¢; =c3 =c5 =... =0.
The first two coefficients with even index are

c():458[/_()1(1+$)3(1—$2)d$+/01(1—$)3(1—$2)d$]:327

0 1
62;)[/1(1“)125(1962) 12 -+ [(-0F (1) (1~ 1) o] =~

The graph of f(z) and the partial sum of respective Fourier-Legendre series is shown on
Figure B.12.

B.10 Airy Functions

The Airy functions are the particular solution of the equation (Airy equation):

y" —zy=0.
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FIGURE B.12

The function f(x) and the partial sum of its Fourier-Legendre series in terms of associated
Legendre functions P2(z). a) The graph of f(z) is shown by the dashed line, the graph of
the partial sum with N = 10 terms of series by the solid line; b) values of the coefficients
¢, of the series.

This simple equation has a turning point where the character of the solution changes from
oscillatory to exponential.

There are Airy functions of the first kind, Ai(z), and the second kind, Bi(x); when
x — —oo both oscillate (with equal decaying amplitude, the phase shift between them is
/2, see Figure B.13). For x — 400, function Ai(z)exponentially decays and function Bi(x)
exponentially increases.

For real z functions Ai(x) and Bi(z)can be presented by the integrals

1 [ 3
Ai(z) = ;/0 cos (3 + xt) dt,
[ 3 3
Bi(z) = ;/0 [exp <3 + :Et) + sin (3 + xtﬂ dt.

This can be easily proven - differentiating these integrals we obtain the Airy equation in
both cases.

1.00
Ai(x)— Bi(x)

R AN
UTATRTAY

'0'50 T T T T T T

FIGURE B.13
Functions Ai(z) (black) and Bi(x) (gray).
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Relation to Bessel functions of different kinds

For x > 0 the Airy functions are related to modified Bessel functions:

= 20).
Bi(z) = \/;{11/3 (3 3/2 > + 143 <§x3/2)],

where I, /3 and K, /3 are solutions of the equation zy” 4+ zy’ — (22 +1/9) y = 0.
For x < 0 the Airy functions are related to Bessel functions:

‘ 1 2 2 .
Ai(—x) = g\/5 [J1/3 <3$3/2> +J 13 <3933/2)} )

. 1 2 2
Bi(—x) =4/ 3% [J1/3 (3x3/2> —Ji3 (33@3/2)] ,

where J, /3 are solutions of the equation z?y” + zy’ — (2% +1/9) y = 0.

Problems

Bessel Equation

1.

Find the eigenfunctions of the Sturm-Liouville problems for the Bessel equation
on [0,!] assuming that function y(z) is finite at 2 = 0 — this a boundary condition
at z = 0. Equations below are the same as Equation (B.1) where z is used for r-

(a) 2%y" +ay' + (Aa? — 1)y =0, y(1) = 0;
(b) 2%y +ay’ + (Aa? = 4)y = 0, y(1) = 0;
(c) z?y" +ay' + APy =0, y'(2) = 0;

(d) 2%y + 2y + (\? = 9)y =0, y(3) + 2y (3) = 0.

Expand the function f(z), given on the interval [0, 1], in a Fourier series in Bessel

functions of the first kind, Xy (z) = Jo (1), where u( ) are positive roots of the
equation Jy (1) = 0 (in Problems 2 through 8 coefficients of expansion you can
find with Maple, Mathematica, or with the software from books [7, 8]), if:

(b) flz)=a%

(¢) f(z) = sin®7z;
(d) flz)=1-2%
(e) f(x)=cos ™

Expand the function f(z), given on the interval [0, 1], in a Fourier series in

1)

Bessel functions Xy, (z) = Jy (ugx), where p, 7 are positive roots of the equation

Jl(u) = 0, if:

(a) f(z)=w;

(b) f(z) =sinnax;
(¢) f(z) = sin® 7x;
(d) flz) == —x);

337
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(e) f(w)=ux(l—a?).

4. Expand the functionf(z), given on the interval [0, 1], in a Fourier series in Bessel

functions Xy (z) = Jo (ugx), where u,(co)

0, if:

are positive roots of the equation Jj(u) =

5. Expand the function

1'2

flz)=A4 (1 — 12) , A= const,

given on the interval [0,1], in Fourier series in Bessel functions Xy(z) =
Jo(u,io)x/l), where ,u,(co) are positive roots of the equation Jy (1) = 0.
6. Expand the function
f(z) = Az, A = const,

given on the interval [0,]], in a Fourier series in Bessel functions Xj(z) =
J1 (,ug)w/l), where ug) are positive roots of the equation Jj (1) = 0.

7. Expand the function
f(z) = Az, A = const,

given on the interval [0,!], in Fourier series in Bessel functions of the first kind
Xi(x) = JQ(LLECO).’E/Z) where u( ) are positive roots of the equation Jj () = 0.
8. Expand the function

f(z) x2, 0<x <1,
€Tr) =
x, 1 <2 <2,
given on the interval [0, 2], in Fourier series in Bessel functions of the first kind
Xi(x) = Jo (,uk l’/) ), where u( ) are positive roots of the equation

4 (1) + hlJs(p) = 0.

Fourier-Legendre functions

For each of Problems 1 through 8 expand the function f(x) in the Fourier-Legendre functions
P(x) on [—1,1]. Do expansion for a) m = 0 — in this case the functions P}*(z) are the
Legendre polynomials P, (z); b) for m = 1; ¢) for m = 2.

Write the formulas for coefficients of the series expansion and the expression for the
Fourier-Legendre series. If the integrals in the coefficients are not easy to evaluate, try to
evaluate them numerically.

Using Maple or Mathematica, or software from books [7, 8], obtain the pictures of several
orthonomal functions P, (), plot the graphs of the given function f(z) and of the partial
sums Sy (z) and build the histograms of coefficients ¢, of the series.

1. f(z)=2z—-1.
2. flx)=1-22
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-1, —-1<x<0,
o 1=

1, O<z<l.

0, —1<x<0,
st~

T, O0<x<l.

5. f(z) zcosg—x for -1 <z <1.

6. f(x) 0, —1<x<0,
. T) =
1—um, O0<ax<l.
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C

Sturm-Liouville Problem and Auxiliary Functions
for One and Two Dimensions

C.1 Eigenvalues and Eigenfunctions of 1D Sturm-Liouville
Problem for Different Types of Boundary Conditions

The one-dimensional Sturm-Liouville boundary value problem for eigenvalues and eigen-
functions is formulated as:

Find values of parameter X for which there exist nontrivial (not identically equal to zero)
solutions of the boundary value problem:

X'"+XX=0,0<2 <,
PX]= an X'+ 51 X],_y =0, |az]+|Bi] #0,
PQ[X]E OzQX/+62X|m:l:0, |Oé2‘+|62|?£0

The eigenfunctions of this Sturm-Liouville problem are

1 .
Xn(z) = m [Ozl\/)\»ncos \/ECE — By sin \/E:c} )

These eigenfunctions are orthogonal. Their square norms are

!
2 2 1 (B2a1 — Braz)(Anarag — B152)
Il = [ bahia =g |1+ G p

The eigenvalues are
A Hn
" (T) ’

where i, is the nth root of the equation

(a1 B2 — asfr)lp
praras + 125182

tan p =

Below we consider all possible cases (combinations) of boundary conditions.
1. Boundary conditions (a1 =as =0, 81 =82 = 1):
X(0) =0 — Dirichlet condition,
X()=0 — Dirichlet condition.

2
FEigenvalues: \,, = [?} , n=12....00.

l

Eigenfunctions: X, (z) = sin ?$7 [ X% = 3

341
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2. Boundary conditions (a; =0, 81 =1, as =0, 2 =1):
{ X(0) =0 — Dirichlet condition,

X'(l) =0 — Neumann condition.

m+1)]°
Eigenvalues: \,, = [W(z;_)} , n=0,1,2,...., 00.
2 1 l
Eigenfunctions: X, (z) = sin W(T;i;_)x, || X% = 7
3. Boundary conditions (a; =0, 81 =1, as =1, 83 = ha):
X(0)=0 — Dirichlet condition,
X'(l)+ h2X(1) =0 — mixed condition.
2
Eigenvalues: A\, = ['ul—n} , where 1, is n-th root of the equation tan u = —%,
2
n=0,1,2,....,00.
Eigenfunctions: X, (z) = sinvA,z, || X,|]>= 1 I+ e .
’ 2 An + h3
4. Boundary conditions (a; =1, 81 =0, ag =0, Sy =1):
X'(0) =0 — Neumann condition,
X(l)=0 — Dirichlet condition.
2
2 1
Eigenvalues: \,, = [W(T;l—’_)} , n=20,1,2,....,00.
2 1 l
Eigenfunctions: X,,(z) = cos W(Ziﬁ)x, [1 X2 = 7
5. Boundary conditions (a3 = as =1, f; = 2 = 0):
X'(0) =0 — Neumann condition,
X'(1)=0 — Neumann condition.
2
FEigenvalues: \,, = [?} , n=0,1,2...., 00.
™ l n =20
Eigenfunctions: X,,(z) = cos —z, || X,|]? =
: a(e) = cos T, 1% {1/2’ C
6. Boundary conditions (a; =1, 81 =0, as =1, B3 = ha):
X'(0)=0 — Neumann condition,
X'(I) 4+ h2X(1) =0 — mixed condition.
. ,un 2 . . h2l
Eigenvalues: A\, = [T} , where ., is n-th root of the equation tanu = 7,

n=0,1,2,....,00.

1 h
Eigenfunctions: X, (z) = cos vz, || X,|* = 5 (l 3 —ih2> :
n 2

7. Boundary conditions (a; =1, 1 = hy, as =1, 83 =0):
{ X'(0) —h1 X(0) =0 — mixed condition,

X'()=0 — Neumann condition.
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2 h
Eigenvalues: A\, = [M—n} , where p,, is n-th root of the equation tanpy = —

l
n=20,1,2,...., 00.

Eigenfunctions: X,,(z) =

m[\/»cosx/»x—i—hlsm\ﬁx}

1 h1
X PP == (1
1l =5 (14 572 )
8. Boundary conditions (a3 =1, 81 = hy, as =1, B2 = ho):

X'(0) —h1X(0) =0 — mixed condition,
X'(I) 4+ h2X() =0 — mixed condition.

2
Eigenvalues: \,, = [ul—"] , where p,, is n-th root of the equation
(hy + ho)lp
tanu:m, n:O,l,Q,....,oo

Eigenfunctions: X, (z) =

m[\/icosfx—l—hlsm\/ix}

1 (h1 + h2)(An + hihs)
2 _
a1l = (” O+ 12) (O + 12)

C.2 Auxiliary Functions

1. Auxiliary Functions w(z,t) for 1D Hyperbolic and Parabolic Equations
In the case of nonhomogeneous boundary conditions

0
Pylu] = alﬁ + Biu

o =g1(t), |oa|+[B1] #0,

=0

Pylu] = ag— St Bau

= ga(t), |aa|+[B2| #0 (C.1)

=l

Oz

the solution to the BVP can be expressed as the sum of two functions
w(z,t) = vz, 1) + w(z, ), (C.2)

where w(x,t) is an auxiliary function satisfying the boundary conditions and v(z,t) is a
solution of the boundary value problem with zero boundary conditions.
We seek an auxiliary function w(z,t) in a form

w(z,t) = g1()X () + g2(t) X (2), (C.3)

where X (z) and ?(m) are polynomials of 15 or 2"? order. The coefficients of these polyno-
mials are adjusted to satisfy the boundary conditions.

Functions X (x) and X (z) should be chosen in such a way that

P [X(0)] =1, P [X(1)] =0,
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P [?(0)} =0, Py [?(z)} =1

If 81 # 0 or B2 # 0 then functions X (z) and ?(x) are polynomials of the 1st order

X(z) = + 6z, X(x) ="+ 2. (C4)

Coefficients 1, d1,72,02 of these polynomials are defined uniquely and depend on the types
of boundary conditions:

= ag + Bal 5, = —Ba
B1P2l + Prag — oy’ B1 B2l + Brag — Baaq’
Yo = - 5y = b . (C.5)

Bifal + Prag — Bacs’ 0 Bifal + Bras — facvy

If 81 = B2 = 0 then functions X (z) and ?(m) are polynomials of the 2nd order

332 _ 2

X(z)=z— o X(z) = TR (C.6)

Below we present auxiliary functions for different types of boundary conditions.

. u(0,1) = g1(2),
1. Boundary conditions:
u(l,t) = ga(t).
Auxiliary function: w(z,t) = [1 %} 1(t) + % - ga(t).
. u(0,2) = g1 (1),
2. Boundary conditions:
uz(1,t) = g2(1).

Auxiliary function: w(x,t) = ¢1(¢) + zg2(t).

u(()? t) =01 (t)7

3. Boundary conditions:
ux(lv t) + h2u(17 t) = gQ(t)'

h
Auxiliary function: w(x,t) = [1 - +2]1 i ] ~g1(t) + 1 +:z:h ] - ga(1).
. uz (0, 1) = g1(t),
4. Boundary conditions:
u(l,t) = ga(t).

Auxiliary function: w(z,t) = (z — 1)g1(¢) + g2(t).
UI(O, t) =0 (t)v

22
Auxiliary function: w(x,t) = [1’ — 21} ~g1(t) +

uw(07t) = gl(t)a
ug (1, t) + hou(l, t) = go(t).

1+ hol
ha

5. Boundary conditions: {

2
x

6. Boundary conditions: {

Auxiliary function: w(z,t) = [m — } ~g1(t) + hi - ga(1).
2
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Uy (0,t) — hiu(0,t) = g1(t),

u(l,t) = g2(t).

z—1 1+ hx
Trhg O+ T 09
uz(0,t) — hiu(0,t) = g1(t),
ug(1,t) = ga(t).

7. Boundary conditions: {

Auxiliary function: w(zx,t) =
8. Boundary conditions {

Auxiliary function: w(z,t) = —— - g1(¢) + [m + ] - ga(t).

ug (1, t) + hou(l, t) = go(t).

ho(x —1)—1
Auxiliary function: w(z,t) = hQJfg;L—Jr)hhl cg1(t) +
1+ ha+ hihy

(o]
9. Boundary conditions

1+ hix )
b+ hy + hihol 2\

2. Auxiliary Functions w(z,y) for Poisson Equation in Rectangular Domain

Consider the boundary value problem for Poisson equation with nonhomogeneous bound-
ary conditions

ou ou

P = — = P = — =

1u] = 9 T Bru - 91(y), b[u] = o 9 T Bau . 92(y),

ou ou

Psu] = as— + B3u =g3(z), Puu] = ay— + Bau = g4(x). (C.7)
dy y=0 dy y=ly

The solution to the BVP can be expressed as the sum of two functions
u(@,y) = v(z,y) +w(z,y), (C.8)

where w(z,y) is an auxiliary function satisfying the boundary conditions and v(x,y) is a
solution of the boundary value problem with zero boundary conditions.
We seek an auxiliary function w(z,y,t) in a form

w(z,y,t) = g1 (1) X + g2(1) X + ga(2)Y + ga(2)Y
+A-XY+B-XY+CXY +D- XY, (C.9)

where X (), X (z) and Y (y), Y (y) are polynomials of 15¢ or 2"¢ order. The coefficients of
these polynomials are adjusted to satisfy the boundary conditions.

We will choose the functions {Y, ?} in such a way that the function X (z) satisfies

homogeneous boundary condition at x = I, and the function ?(x) satisfies homogeneous
boundary condition at x = 0,

Py [X(l)] =0, P {

P

(0)} = 0.
Also, it is convenient to normalize the functions X (z) and ?(x) so that

P[X0)] =1, P, [?(zz)} ~ 1
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The final choice of functions {X, ?} depends on the type of boundary conditions for the
function u(z,y).

Suppose 3 and B are not both zero. In this case we can search for X (z) and ?(x) as
polynomials of the first order:

X(z) =y + 6ix and ?(w) = v2 + . (C.10)
This choice yields the system of equations
P X]=a Xo+ 5 X|,_ =/ +ad =1,
P [X]=a Xp+ ﬁzy|w:1x = fam1 + (g + Baly) 01 = 0,

and

Py [X} =X, +51§’”_0 = f172 + 12 = 0,
P [?} =X, +ﬂzf’ T Bav2 + (a2 + Baly) 62 = 1.
From the above conditions we may find a unique solution for coefficients 1, 1, Y2, d2:

ag + Bal, —Ba

= s 5 = s
" B1B2ly + Prag — Pac ' BiBels + Bras — Bacy
—O ﬂl
_ R . C.11
” B1B2ly + Brag — Pac 27 BiBols + Praz — Faau ( )
If 81 = B2 = 0 then functions X (z) and f(x) are polynomials of the 2nd order
o 22 = 2
X(x)—a:—Z—l, X(x)—z—l. (C.12)

Similarly, we will choose the functions {Y, ?} in such a way that

PY(0)] =1, PB[Y({,)] =0,
P {?(0)} —0, P [?(zy)] ~ 1.

If B3 # 0 or B4 # 0 then the functions Y (y) and ?(y) are polynomials of the 1%¢ order and
we may write

Y(y) =75 +0y, Y (y) =1+ 0. (C.13)

The coefficients 73, d3, 74, d4 of these polynomials are defined uniquely and depend on the
types of boundary conditions:

s = aq + Baly, 5 — —pa
3 B3Baly + Bzcs — Pacxs’ ’ B3Baly + Bzcs — Pacxs’
Y % bs (C.14)

= B (S = .
B3Baly + B3y — Baa3 * B3Baly + B3y — a3

If B3 = B4 = 0, then Y (y) and ?(y) can be taken as polynomials of the second order:

2 2

Y(y) = o (C.15)

= y
Y(y) =y= o0
Yy

Coefficients A, B, C, and D of the auxiliary function w(z,y) are defined from the bound-
ary conditions:
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At the edge: = 0: Py[wlaco = 01(4) + (Pilgs(0)] + A) ¥ + (Pilga(0)) + B) T,
At the edge: z = Iy Pao[wlo=, = g2(y) + (P2lg3(lz)] + C) Y + (P2[g4(l)] + D)
At the edge: y = 0: Ps[w],—o = g3(z) + (P3[g91(0)] + A) X + (Ps[g2(0)] + C) X o
At the edge: y = ly: Py[w]y—i, = ga(x) + (Pa[g1(Ly)] + B) X + (P4lg2(ly)] + )Y

3. Auxiliary Functions, w(z,y,t), for 2D Hyperbolic or Parabolic Equations in
Rectangular Domain

Consider the boundary value problem for hyperbolic or parabolic equation with nonho-
mogeneous boundary conditions

0
Piu] = oq—u + fiu

— t
o g2(y, 1),

0
=q(y,t), Plul= 042(% + fau

z=0

x=l,

= g3(x,t), Pilu] = a4% + Bau = ga(z,1). (C.16)

15
Pslu] = GBl + Bzu 9y

dy

y=0 y=ly

The solution to the boundary value problem can be expressed as the sum of two functions

u(z,y,t) = v(z,y,t) +w(z,y,t), (C.17)

where w(z,y,t) is an auxiliary function satisfying the boundary conditions (C.17) and
v(z,y,t) is a solution of the boundary value problem with zero boundary conditions.
We seek an auxiliary function w(z,y,t) in a form

“<1H

w(z,y,t) = g1y, )X + g2(y, )X + g3(2, )Y + ga(a, 1)
+ AWXY + BO)XY + C(1)XY + D(t)XY, (C.18)

where X (), X (z) and Y (y), Y (y) are polynomials of 15¢ or 2"¢ order. The coefficients of
these polynomials are adjusted to satisfy the boundary conditions. Formulas (C.10)—(C.12)

are used to construct functions X(z), ?(m) and formulas (C.13)—(C.15) — to construct

functions Y (y), Y (y).

Using these results we can find the coefficients A(t), B(t), C(t) and D(t) in the auxiliary
function w(z,y, t).
At the boundary z = 0 we have

Pilwlozo = 91(y,t) + (Pig3(0,8)] + A)Y + (Pi[ga(0,8)] + B) Y.

At the boundary x = [, we have

=l

Pyw]y—i, = g2(y,t) + (P2[g3(ls, t)] + C)Y + (P2[g4(ls,t)] + D
At the boundary y = 0 we have
Ps[w]y—o = g3(2,t) + (Ps[g1(0,)] + A) X + (P3[g2(0,)] + C) X.
At the boundary y = [, we have
Pywlyer, = g4(2,1) + (Palgr(ly, 1)) + B) X + (Pa[ga(1y, 1)) + D) X.
To simplify the above we may choose

A(t) = —P3[g1(y, t)ly=0,  B(t) = —Pa[g1(y,t)]y=1,
C(t) = —P92(y,O)ly=0,  D(t) = —Pafg2(y,t)]y=1,,-
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D

The Sturm-Liouville Problem for Circular and
Rectangular Domains

D.1 The Sturm-Liouville Problem for a Circle

Let us consider the following Sturm-Liouville problem for a circle:

Viu+dy=0, 0<r<Il, 0<¢p<2r, (D.1)

u(r, p)
@ or

u(r, o) = u(r, ¢ + 27), |af + |B] # 0.

In polar coordinates, (r,¢), the Laplacian has the form

vgla(au) 1 5%u

= \Tar) T ogr

=0, (D.2)

r=l

+ Bu(r, p)

Separating the variables
u(r, ) = R(r)®(p) (D.3)

we obtain from Equation (D.1):
roe (rgE) £ PR 2(p)
R(r) O(p)

For periodic in ¢ function ®(p) we have the following Sturm-Liouville problem:

=v. (D.4)

D" +vd =0, 0<p<2m,
O(p) = P(p + 2m).

Its solutions are

_ [ cosny, o B
(I)_‘I)"((p)_{sinmp, v=v,=n n=012... (D.5)
For each v = n? we have equation for R(r):
r% (r?;f) +(M?*=n*)R=0, 0<r<lL (D.6)

Function R(r)should satisfy the boundary condition

aa—R—i-BR

Or :0’|a|+|5‘7é07

r=lI

349
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which follows from Equation (D.2); also this function should be bounded r = 0:
|R(0)| < o0.

Therefore, we have the following Sturm-Liouville for R(r):

TQRH(’I“) + TR/(T) + ()\TQ _ n2) R(’I“) — 07 0 <r< l. (D7)
oIy gR =0, ol + 18 £0 (D.5)

T r=l|
|R(0)] < oo. (D.9)

Equation (D.7) by a substitution x = VX becomes the Bessel equation of n-th order:

2?y" + a2y + (22 —n?)y = 0.

It has two particular solutions J,(vAr) and N, (vAr), but because the second one is
unbounded at r — 0 it has to be dropped for the internal problem, thus the eigenfunc-
tion of the BVP (D.7)-(D.9) is

Ro(r) = Jy (ﬁr) . (D.10)
From the homogeneous boundary condition given in Equation (D.8) we have
VX Ty, (VL) + 87, (VL) =o.

Setting VAl = p we obtain a transcendental equation defining p

apd;, () + BlIn (1) =0, (D.11)
which has an infinite number of roots which we label as

SN T R

The corresponding values of A are thus

Q) 2
Anm = Tm ., n,m=0,1,2,... (D.12)

From here we see that we need only positive roots, M(;f ), because negative roots do not give

new values of \,,,,.
The eigenfunctions are

M(n)
Ry (r) = Jy, }n r|. (D.13)

The index m = 0 corresponds to the first root of Equation (D.11). (It should be noted that
very often the roots are labeled with the starting value m = 1 in the literature.).

Eigenfunctions R, (r) belonging to different eigenvalues A, for some fixed value of n
are orthogonal with weight r:

l
/ 7Ry, (1) Ry, (r)dr = 0, (D.14)
0
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or
/Ol 7dn (uﬁﬁlr/l) JIn (,u,(fjgr/l) dr=0 for mi # mao. (D.15)

Combining the results for the functions ®,,(¢) and R,,,,,(r) we see that for each eigenvalue
Anm there are two linearly independent eigenfunctions:

(n) (n)
VD (r @) = J, <’u}nr> cosng and V.3 (r,p) = J, ('u}nr> sin nep. (D.16)

Since ) ) )
/ dp = 2m, / cos? np dp =, / sin? ng dp = m(n > 0)
0 0 0

the norms of the eigenfunctions A8 (r, ) and A (r,p) are

2 2 2
Vel =27 1RamIP . |[VER| = V2| = 71 Ram)I? for n>0. (D7)

() .
The squared norm || Ry | = fé rJ2 (’ . r) dr is:

1) For the Dirichlet boundary condition « = 0 and 8 = 1, in which case eigenvalues
are obtained from the equation

Jn(p) =0
and we have

1Rl = & [ ()] D13

2) For the Neumann boundary condition = 1 and 8 = 0, in which case eigenvalues
are obtained from the equation

Tu(1) =0
and we have
R = 2@;)) () =] 2 (). a9

3) For the mized boundary condition @ = 1 and 8 = h, in which case eigenvalues
are obtained from the equation

pudy (1) + hidn () =0

and we have

Rl = — 2 ()" 0 =] 72 (). (D.20)

()
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D.2 The Sturm-Liouville Problem for the Rectangle
Let us consider the following Sturm-Liouville problem for the rectangle:
Vi (2,9) + Vyy(z,y) + AV (z,y) =0, 0<z<a, 0<y<b, (D.21)
PVl=a Vo +5V|,_, =0, RBV] =V + B2V],_, =0,
B[Vl =a3Vy + B3V, =0, RV]=aV,+ ﬁ4V|y=ly =0. (D.22)

To solve Equation (D.21) for V(z,y) we make the assumption that the variables are inde-
pendent and attempt to separate them using the substitution

Viz,y) = X(2)Y(y).
From here we obtain two separate one dimensional BVP:

X" (x) + A X (z) =0,

a1 X'(0) + 1 X(0) =0, 2 X'(Is) + B2 X(Is) =0 (D.23)
and
Y"(x) +XAY (y) = 0,
asY'(0) + B3V (0) =0, asY'(l,) + BaY (1) =0, (D.24)
where
A+ Ay = A

The boundary conditions for X (x) and Y (y) follow from the corresponding conditions for
the function V(z,y). For example, from the condition

a1Vz(0,y) + 81V (0,y) = aer X' (0)Y (y) + B1.X(0)Y (y)
= [ X'(0) + 51 X(0)] Y (y) =0
it follows (since Y (y) # 0) that
a1 X7(0) + 41X (0) = 0.

Solutions to Equations (D.23) and (D.24) (given in Appendix C) depend on the boundary
conditions and have the generic forms

X(x) = Cy cos \/Ex + Cysiny/ Az,
and
Y (y) = Dy cos /Ay + Dasin/Ayy.

Boundary conditions for problem (D.23) lead to the system for defining coefficients C;
and Cy

C161 + Coa1v/ Az =0,
Cy [—aov Az sin VAl + B2 cos VAL, (D.25)
+Cs [azv/A; cos VAl + B2 sin Azl ] = 0.
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This system of linear homogeneous algebraic equations has a nontrivial solution only when
its determinant equals zero

(arcah, + B1B2) tan v/ Apx — /A, (a1 — Brag) = 0.

It is easy to determine (for instance by using graphical methods) that this equation has an
infinite number of roots { Ay, }5°, which conforms to the general Sturm-Liouville theory. For
each root \;n, we obtain a nonzero solution of Equations (D.25)

C,=C [O5RY, Azn Co — Bl

, Co=—Ce——u,
VAen 02 + B3 VAo + B3

where C' # 0 is an arbitrary constant.
Similarly boundary conditions for problem (D.24) lead to the system for defining coef-
ficients Dy and Ds:

Dlﬂg + D2Q3\//\y = 0,

D, [—a;;@sin \/Ely + B4 cos \/Ely} (D.26)
+Ds [ag/Ay cos /A ly + Basin /A ly] = 0.

This system of linear homogeneous algebraic equations has a nontrivial solution only when
its determinant equals zero:

(asaudy + BsBa) tan \/Ayy — /Ay (a3Bs — Bsas) = 0.

This equation has an infinite number of roots {Ay, }5°. For each root A, we obtain a
nonzero solution of Equations (D.26):

D1 == D as )\ym = /33

—p—2V7vm D Y v
02 + B2 2 Do + B2
ym3 3 ym—3 3

where D # 0 is an arbitrary constant.

Collecting the above results we have eigenfunctions for the Sturm-Liouville problem
defined by Equations (D.23) and (D.24) given by

Xn(z) = I {al v/ Azn €08 \/ Agnly — B1sin v/ )\mlw} ,
Vaiden + 57
1 .
Ym (y) = \/Oﬂ)\jw |:043\/ )\ym COS 4/ )\ymly - 63 S111 4/ )\ymlyi| (D27)
37'ym 3

(square roots should be taken with positive signs).
The eigenvalues of the problem are

2 2
Aom = |BZ2 1 and Ay = B2 (D.28)
o 1,

where 1., is the n-th root of the equation

(a1 B2 — aaf) lapig

7 D.29
prarag + 126152 ( )

tan p, =
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and pyy, is the m-th root of the equation

(a3fs — s B3) lypy

tan p, = . D.30
H pyazoy + 128354 (D-30)
The norms of the eigenfunctions are given by
Lo
’ 1 (12 — aafr)(Aanarae — B152)
XnQ:/ szdx{lir ,
| | 0 n( ) 2 O‘:ma% + B%)(Amna% + Bg)
!
v 1 (384 — aafB3)(Aymazas — B34)
Ym2:/ Yriydy:[l—&— Y D.31
Pl = f, Yl =5 |5+ 70 aT - B Oy 5 50) (031

in which case functions X,,(z) and Y;,(y) are bounded by the values +1.

If Ay, and X, (z) are eigenvalues and eigenfunctions of Equation (D.23), and Ay, and
Y (y) are eigenvalues and eigenfunctions of Equation (D.24), then

and
Vi (2,y) = X0 () Yin (v) (D.33)

are the eigenvalues and eigenvectors, respectively, of the problem in Equation (D.21).
The functions V,,,,, (z,y) are orthogonal and their norms are
2 2 2
[Vam ™ = 1 Xall" [Vl (D.34)
Any twice differentiable function F'(z,y) obeying the same boundary conditions as the

functions Vj,,,,, can be resolved in absolutely and uniformly converging to F'(z,y) series in
these functions.
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E.1 The Laplace and Poisson Equations for a Rectangular Domain
with Nonhomogeneous Boundary Conditions — Examples

Consider the general boundary value problem for Poisson equation given by

P o

0x?2  Oy?

with nonhomogeneous boundary conditions

Viu = = _f(1‘7y), (E.1)

0 0
Pifu] = al%"’ﬁﬂ =g1(y), Plu]= az£+ﬁzu = 92(y),
x=0 z=ly
ou ou
Psfu] = ozga—y + Bsu =gs(x), Pifu]l = a4a—y + Bau = g4(x). (E.2)
y=0 y=ly

To deal with nonhomogeneous boundary conditions we introduce an auxiliary function,
w(x,y), and seek a solution of the problem in the form

U((E,y) = U(l'vy) + ’U.)(:C,y),

where v(z, y) is a new unknown function, and the function w(x, y) is chosen so that it satisfies
the given non-homogeneous boundary conditions (E.2). Then function v(x,y) satisfies the
homogeneous boundary conditions — the solution to this problem was discussed in Section
7.13.

We shall seek an auxiliary function, w(x,y), in the form

w(z,y) = g1(1) X + g2(1)X + ga(2)Y + ga(2)Y
+ AXY + BXY + CXY + DXY, (E.3)

where X (z), X(x), Y(y) and Y (y) are polynomials of 15 or 2"¢ order. The coefficients
of these polynomials will be adjusted in such a way that function w(z,y) satisfies the
boundary conditions given in Equations (E.2). Notice, that function w(zx,y) depends only
on the boundary conditions (E.2), i.e. is the same for Poisson and Laplace equations.

Consistent Boundary Conditions

Let the boundary functions satisfy consistency conditions (i.e. the boundary functions take
the same values at the corners of the domain), in which case we have

Pilgs(2)le=0 = Bs[91()ly=0,  Pr[9a(2)]a=0 = Palg1(¥)ly=1,
Pg3(2)]o=t, = P3[g2(y)]y=0,  P2l9a(@)]a=t, = Pilg2(y)ly=1,- (E.4)

355
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In this case functions X (), ?(x) are constructed via formulas (C.10)—(C.12), and functions

Y(y), Y(y) — via formulas (C.13)-(C.15) (see Appendix C part 2).
It is easy to verify that the auxiliary function, w(x,y), satisfies the given boundary condi-
tions:

P w]z=o =

» Palwla—i, = g2(y),
P3[w]y—o = g3(x), P4[w}y:ly = ga(z).

)
—
—~
<
=

Inconsistent Boundary Conditions

Suppose the boundary functions do not satisfy consistency conditions. We shall search for
an auxiliary function as the sum of two functions:

w(z,y) = wi(z,y) + wa(z, y). (E.5)

Function wy (z,y) is an auxiliary function satisfying the consistent boundary conditions

Pilwila=o = 91(y),  Pelwi]a=i, = 92(y),
Pyfun]y—p = —AX (z) — CX(x),
Pyfwr]y—y, = —BX(z) — DX (), (E.6)
where
A= —P3lg1(y)ly=0, B =—Pu[g1(y)]y=1,
C =—Pslg2(y)]y=0, D =—Pulg2()ly=1,- (E.7)
Such a function was constructed above. In this case it has the form
wi(2,9) = 1 ()X + g2(y)X. (E.8)

The function ws(z,y) is a particular solution of the Laplace problem with the following
boundary conditions

Piwo)p=0 =0, Polwa]z=, =0,
Ps[wa]y—0 = g3(x) + AX(@") + CX(J:))
Pyfws)y—1, = ga(x) + BX (2) + DX (). (E.9)

This problem was considered in detail in Section 7.12. The solution of this problem has a
form

i AnY1n(y) + BaYan (y)] Xn (), (E-10)

where A\, and X,,(z) are elgenvalues and eigenfunctions of the Sturm-Liouville problem

X"+ AX =0 (0<z<ly,),

Pl[XH:EZO = ‘Z:)2[‘XV]|m:lﬂc = 0 (El]‘)
The coeflicients A,, and B,, are defined by the formulas
1 le — =
Ay =t / [94(2) + BX (@) + DX ()] X, (),
1 Xal1? Jo

lm —_ pr—
B =TT /O [93(2) + AX (2) + OX(2)] X (2)da. (E.12)
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Thus, we see that eigenvalues and eigenfunctions of this boundary value problem depend
on the types of boundary conditions (see Appendix C part 1 for a detailed account).
Having the eigenvalues, A\, we obtain a similar equation for Y (y) given by

Y= XnY =0 (0<y<ly). (E.13)
We shall choose fundamental system {Y7, Y2} of solutions in such a way that

PIGO)] =0, Py Yil,)] =1,

R0 =1, Pi[Ya(l,)] = 0. (E14)

Two particular solutions of the previous Equation (E.13) are exp(d+/A,y) but for future
analysis it is more convenient to choose two linearly independent functions Y (y) and Ya(y)
in the form

Y1(y) = asinh v/ A,y + bcosh v/ Ay,

Ya(y) = esinh \/An(ly —y) + dcosh v/ A (ly — ). (E.15)
The values of coefficients a, b, ¢, and d depend on the types of boundary conditions

Ps[u]y—o and Py[u],—;,. It can be verified that the auxiliary function

w(z,y) = wi(z,y) + w2 (z,y)
=wy(z,y) + Z [AnYln(y) + BnYQn(y)] Xn(x) (E~16)

satisfies the given boundary conditions when n — oo.

Below we present auxiliary functions for different types of boundary condition.

Pslu] = uf,_, = g3(x) (Dirichlet condition),
1. Boundary conditions o o
Pylu] = ul,_; = ga(x) (Dirichlet condition).

Fundamental system:

sinh v Azny
sinh v/ Aznly ’

If Ao =0, Xo(z) =1 then

sinh v/ Agn (ly — v)
sinh v/ Aznly '

Ym(y) = Yon (y) =

Y Y

y Ly
Ps[u] = ul,_o = g3(2) (Dirichlet condition),
ou

Wu] = % = ga(z) (Neumann condition).
y=ly

2. Boundary conditions

Fundamental system:

sinh v/ Azny sinh v/ Az (ly — y)

Y n = T Y n =
A s v IR ey, wh
If )‘:cO = 0, Xo(I) =1 then
y y
) Yy
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Ps[u] = ul,_o = g3(2) (Dirichlet condition),
Bound diti 0
oundary conditions 4 u] = a—Z + hqu = gs4(x) (mixed condition).
y=ly

Fundamental system:

sinh v Azny

Y; n - )
) = oy & v cosh vl

Yan () hy sinh Az, (ly — y) + vV Agn cosh vV Azn(ly — y)
2n\Y) = .

hasinh v/ Apnly + /Agn cosh v Aznly

If Ao =0, Xo(z) =1 then

Yy ha
Yinly) = ——, Yo,(y)=1— ——u.
() = 77 hal,” 2 () 1+ hal,”
0
» Pslu] = gu = g3(x) (Neumann condition),
Boundary conditions dy y=0

Pylu] = u|,_; =ga(x)  (Dirichletcondition).

Fundamental system:

cosh v/ Azny
cosh v Aznly ’

If )\xo = 0, Xo(a?) =1 then

_sinh vV Az (ly — y)
VAgn cosh v/ Aznly '

Psfu] = g—z =gs(x) (Neumann condition),

Boundary conditions ou y=0
Pyu] = E» = g4(z) (Neumann condition).

Y y:ly

Fundamental system:

cosh v Azny B cosh v Agn(ly — v)

Y n = s Y; n = .
Y we Sy, v SRCLC Y, Sy,
If A\yo =0, Xo(z) =1 then
1 1
Y =2 Y =y— —y°
1n(Y) ST n(y) =y T
ou o
Piu] = — = gs3(x) (Neumann condition),
.- Jy =0
Boundary conditions ou v
Pyul = — + hau = g4(x) (mixed condition).
8y y=ly

Fundamental system:

cosh v Azny
Van Sinh /Xl + hy cosh v Agnl,’

Yin (y) =
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~ hysinh Vg, (ly — y) + VAzn cosh VAzn(ly — y)
vV Azn [\/)\m sinh v/ Aznly + ha cosh \//\mly] '

If A\yo =0, X()(x) =1 then

Yo, (y) =

y 1+ haly
Yin() = L. You(y) =y — —— 2
() =57 YY) =y - —
Pslu] = Ou hsu (z) (mixed condition)
4 = — — = X R
7. Boundary conditions 3 Jy 3 y=0 93
Pylu] = uly,_;, = g4(x) (Dirichlet condition).

Fundamental system:

hs sinh v Ay + vV Azn cosh vV Apny

Y; n = )
) = G ah vl + v e cosh v hly
sinh v Azn(ly —y

* hasinh v Aanly + v Aen cosh VAL,
If Ao =0, Xo(z) =1 then

1+ hsy y—1
Y, n = T L 7 Y n = .
) = Ty, W= T
ou . .
Pslu] = 90 hsu = gs(z) (mixed condition),
8. Boundary conditions 6Z y=0
Pyu] = 0 = g4(x) (Neumann condition).
Y y:l'y

Fundamental system:

hs sinh v Ay + v Azn cosh vVAzny
VAzn [VAzn sinh v/ Azply, + hs cosh v Ag,ly]
You(y) = — . cosh v Azn (ly — ) .
VAzn sinh v/ Aznly, + hg cosh v Azl
If Ao =0, Xo(z) =1 then

Yln(y) =

1+ hsy y—1
Y, n = 5 Y: n = .
W) = 5, W= T,
ou . .
Pifu] = 50 hsu =g3(x) (mixed condition),
9. Boundary conditions (‘31% y=0
Pylu] = 50 + hqu = g4(x) (mixed condition).
Y y=ly

Fundamental system:

hs sinh v Azny + vV Azn cosh v/ Ay

Y, n = )
) = ) sinh vy v (hy - fia) cosh vy

Yan () ha sinh v/ Agr (Ly — y) + vV Agn cosh vV Apn (L, — y)
on\Y) = —

(Azn + haha) sinh v Aznly + vV Azn (hs + ha) cosh vV Aznly,
If )‘:cO = 0, Xo(I) =1 then

B 1+ hay
hs + hy + hghal,’

Ya(y) = h4<y_ly)_1

Y = .
1) his + ha + hahal,
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Examples

Example E.1 Find the stationary distribution of temperature within a very long (infinite)
parallelepiped of rectangular cross section (0 < z < 7,0 < y < 7) if the faces y = 0 and
y = 7 follow the temperature distributions

u(z,0) =cosz and wu(x,m)=cos3z

respectively and the constant heat flows are supplied to the faces £ = 0 and = = 7 from

outside: 5 5
a—Z(O,y) =siny and a—z(w, y) = sin 5y.

Generation (or absorption) of heat by internal sources is absent.

Solution. The problem is expressed as Laplace equation

u o
ox? 0y
under the conditions
ou . o
Pyu]p—o = a—(O,y) =siny (ay =1, 1 = 0 — Neumann condition),
x
Pylu]per = ?(ﬂ', y) = sin 5y (g =1, 3 = 0 — Neumann condition),
x
Pslu]y=0 = u(z,0) = cosx (a3 =0, 3 =1 — Dirichlet condition),
Pylu)y=r = u(z,m) = cos 3z (ag =0, B4 = 1 — Dirichlet condition).

The solution to this problem can be expressed as the sum of two functions

u(z,y) = w(z,y) +v(z,y),

where v(z,y) is a new unknown function and w(z,y) is an auxiliary function satisfying the
boundary conditions.
The boundary functions satisfy the consistent conditions, that is, (see formulas (E.4))

O(cosz . .
Py[cos x| p—0 = % =0 = PBfsinyly—0 = siny[,_, =0,
=0
0(cos3
Pi[cos 3z),—0 = (cgiszx) =0 = Pyfsinyly=r = siny[,_, =0,
=0
Pylcos ] per = Olcos z) =0 = P[sinbyly—o = sinby[,_, =0,
or |,_.
0(cos3
Pyfcos 3a]oer = % =0 = Pifsinbyl,_r = sinby|,_, =0.

Let construct the auxiliary function (E.3) satisfying the given boundary condition. In
our problem 1 = 83 =0, so (see formulas (C.12))

o 2 = 22
X(x)fxfi, X(x)fi.
From formulas (C.13), (C.14) we have v3 =1, d3 = —1/l,, 74 =0, 04 = 1/1,, so
Y =1-2 Yy =1=



The Heat Conduction and Poisson Equations for Rectangular Domains — Examples

Coefficients (C.16) of the auxiliary function (E.3) are zero:

A = —Ps[sinyly—0 = —siny[,_, =0,
B = —Py[sinyly=r = —siny|,_, =0,
C = —Ps[sin5yl,—o = —sinby[,_, =0,
D = —Py[sinbyly—r = —sinbyl,_. = 0.

So, the auxiliary function (E.3) has the form:
w(z,y) = siny~Y+sin5~§+cosx07+cos3xo?
2 2
=siny | x — T +sin5yx— + cosx (1 — g) +cos3mg.

2m 2m m s
Function v(z,y) is the solution to the Poisson problem with zero boundary conditions

Pu  0u

2 + e f(z,y),

where

oy = P, P

flx,y) = = L [siny~ (as2 727ms—2) +sin 5y - (2725z2)

Ox? + oy?  2mw
+2cosx - (y — m) — 18y - cos 3z] .
Eigenvalues and eigenfunctions are (see Appendix C part 1)

)‘”m:)‘wn+)‘ym:n2+m2= n:031727~-~7 m:172u...7
Vi (2,y) = X (2) - Yo (y) = cosna - sinmy,

2 .
2 _ 2 2 [m*/2, if n=0,
Wl = 1l ¥l = {03 3 50

The solution v(z,y) is defined by the series

oo oo
v(z,y) = Z Z Cpm cosnz - sinmy,

n=0m=1

where Cp,p = {Z:’n, Frm = W I Iy f(z,y) - cosnz - sinmy dxdy.
Thus,
1 2 n 2
Co ][()1:_(7T+1)’ CnIZQ:

- /\01 s )\nl m7
fos _1(1 =? Fus . 50
Cr=""—"==|=—— Cpg = 210 — (—qyntl 22
0 Xos T ’ Ans (=1) mn2(n? + 25)
fim 2 fam 18
e C m = = (-1 m77
Alm m(m2+1)’ s A3m (=1) mm(m?2 +9)

Chm = 0 in other cases.

Clm

The final solution is (see Figure E.1):

2

z? z y
u(z,y) = w(z,y) +v(z,y) =siny - |z — o + sin 5y - %qLcos:z:' (1— =

) + cos 3x
T

+ Z [Cpi siny + Cy5 sin by] - cos nx + Z [Cym cos z 4+ Cspy, cos 3z] - sin my.

n=0 n=1

361
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FIGURE E.1

Surface plot (a) and lines of equal temperature (b) for Example E.1.

Example E.2 A heat-conducting thin uniform rectangular membrane (0 < z < l,, 0 <
y < l,) is thermally insulated over its lateral faces. The bounds z = 0 and y = 0 are
thermally insulated, the other bounds, x = [, and y = [,, are held at fixed temperature
u = ug. One constant internal source of heat acts at the point (xg,yo) of the membrane.
The value of this source is Q = const. Find the steady-state temperature distribution in
the membrane.

Solution. The problem may be explored in the solution of the Poisson equation

% + giyz =—Q-6(x —20)0(y — yo)
under the conditions
Pylu]z—0 = %(O,y) =0 (a3 =1, f1 =0 — Neumann condition),
Pylu]p—i, = u(ly,y) =ug (az =0, B2 = 1 — Dirichlet condition),
Psluly—o = g—z(x, 0)=0 (ag=1, B3 =0— Neumann condition),
Pylu]y—1, = u(z,ly) =uo (g =0, B4 =1 — Dirichlet condition).

The solution to this problem can be expressed as the sum of two functions

uw(z,y) = v(z,y) + wlz,y),

where v(z,y) is a new unknown function and w(z,y) is an auxiliary function satisfying the
boundary conditions.
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The boundary functions satisfy the consistent conditions, that is, (see formulas (E.4))

d(g3 =0 g1 =0
Pi[gs]a=0 = % =0 = PBfg]y= % =0,
x =0 Yy y=0
d(gs =u
Pr[ga]z=0 = Olga = wo) 483: 0) =0 = PRilgly=, = a1l,my, =0,
z=0
8 = U
Polgsle=1, = g3l,—, =0 = Bslgaly=0 = % =0,
Yy y=0
P2[94]:L’:lz = g4|z:lm = Ug = P4[92]y:ly = 92|y:ly = UugQ-.

Let us construct the auxiliary function (E.3) satisfying the given boundary condition.
In our problem Y1 = lx, 51 = 1, Y2 = 1, 52 =0 and Y3 = —ly, (53 = 1, 4 = 1, 54 =0
(see formulas (C.10), (C.11) and (C.13), (C.14)), so
Xx)=2—1l;, X@)=1 Y =y—1, Yy =

Coefficients (C.16) of the auxiliary function (E.3) are zeros:

A= -PBlg1]y=0 =0, B=—Pslgi]y=1, =0,

C = —Pslg2]y=0 =0, D = —Pi[ga]y=1, = uo.
So, the auxiliary function (E.3) has the form:

w(z,y) = uof + uo? + uoﬁ = 3up.

This function w(z,y) in this example is a harmonic function, that is V2w(z,y) = 0.
Function v(z,y) is the solution to the Poisson problem with zero boundary conditions

0%v 0% ~
922 92 = f(x,y),
where f(z,y) = f(z,y) + 5% + 5# = —Q - (2 — 20)3(y — o).

Eigenvalues and eigenfunctions are (see Appendix C part 1)
n—172 (2m—1)?
A3 Al
2n—1 2m — 1
Vi (2,9) = X () - Yo (y) = cos m(2n )z cos m(2m )y,
2y 2,
L
1

2
)\nm:/\wn+)\ym=7r2(( ), n,m=12,...

2 2 2
WVam[™ = 1Xall™ - 1Y ™ =
The solution v(x,y) is defined by the series

y) = Z Z O cos (2n — V)rzx o8 (2m — 1)7ry,

2, 21,

n=1m=1

where C,,., = @ with

— 1) 2m —1

|| 20, 2,
2n - 1 )T (2m — 1)myo
lmly cos o0, 0 o,

_ Jom 16Q1,1, (2n — 1)mwxg (2m — 1)myo

Aom W2 [Cn— 12+ (@m—122] 2, 2],
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(a)

FIGURE E.2
Surface plot (a) and lines of equal temperature (b) for Example E.2.

The final solution is:

u(@,y) = w(z,y) +o(@,y) =3ug+ Yy Y Cum cos nzz 2 cos m2l -
xT )

n=1m=1

This solution was obtained for the case o = 2, yo = 3, up = 10, Q = 100 (see
Figure E.2).

Example E.3 Find the electrostatic potential in a change-free rectangular domain (0 <
x <lz, 0 <y <1,), if one part of the bound (z = 0 and y = 0) is held at fixed potential
u = uq and the other part (x = [, and y = [,)) at fixed potential u = us.

Solution. The problem is the Laplace equation

?u D%

o2 T =0

under the conditions

a1 =0, f1 = 1 — Dirichlet condition),

Piuls=0 = u(0,y) = )
ag =0, B2 = 1 — Dirichlet condition),
)
)

)
PQ[U‘] T=ly :u( may)—'UQ

)

)

a3 =0, B3 = 1 — Dirichlet condition
ay = 0, B4 = 1 — Dirichlet condition).

Pg[]y Q_U(IL’O—Ul y

(

(

(

Pyluly=1, = u(z,ly) =uz (

The solution to this problem can be expressed as the sum of two functions
w(@,y) = v(z,y) + wlz,y),

where v(z,y) is a new unknown function and w(z,y) is an auxiliary function satisfying the
boundary conditions.
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The boundary functions do not satisfy the consistent conditions at points (0,l,) and
(Iz,0):

Pigs]z=0 = 93(0) =u1 = Ps[g1]y=0 = 1(0) = u1,

Pi[ga]le=0 = 94(0) = w2 #  Pilg1]y=1, = 91(ly) = ua,
Pylg3le=t, = 93(lz) =u1  #  P3[g2]y—0 = 92(0) = ua,
Polga)a=1, = 94(lz) =u2 = Pa[galy=1, = 92(ly) = ua.

Thus, we seek function w(z,y) as a sum of two functions

w(z,y) = wi(z,y) + wa(x,y),

where wy (z,y) is the auxiliary function satisfying the consistent boundary conditions (see

(E.6))

and has the form (E.8) o
wi(z,y) = g1(y) X + g2 (y) X.

Like in the previous situations, we find functions X (x) and ?(m)

Y(x):1—lf, ?(w):lf,
and coefficients A, B, C, D (see (E.T))
A= —-Blg1(y)ly=0 = —u1, B =—Pig1(y)]y=1, = —w1,
C = —P3[g2(y)ly=0 = —u2, D = —Palg2(y)ly=1, = —u2.

Thus, the auxiliary function w;(x,y), which satisfies the consistent boundary conditions
Py[wi]z=0 = u1, Polwi]z=1, = uz,

T
Pslwi]y—o = uy + (ug —u1) +—, P4[wﬂy:1y =u1 + (ug —uq) T

8

is
z
wy(z,y) = uy + (ug — uq) T
Function wy (x,y) is harmonic, i.e. V2w (z,y) = 0.
The function ws(z,y) is a particular solution of the Laplace problem with the following
boundary conditions (see (E.9)):

Piwa]y—0 =0,  Palwa]z—i, =0,
P3[waly—o = gs(2) + AX(x) + CX () = — (1 — ua),
Pylwaly=1, = ga(z) + BX(z) + D?(x) = (ug —uq) (1 — x) .

The solution of this problem has the form (E.10):
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where A;p, X, (x) — eigenvalues and eigenfunctions of the respective Sturm-Liouville prob-
lem:
nmwx 9 1

2
do =[] o) =sin TP =, n=12

and functions Y1, (y) and Y, (y) for the given boundary functions are

sinhy/ A,y sinh v/ A, (Iy —y)
sinhyv/Anl, sinhy/A,l,

Coefficients A,, and B,, are determined with formulas (E.12):

Yin(y) = Yon(y) =

1 te — =
n 0

2 [l 2
:E/o (u2u1)<1i)sinn;;xd:rm(u2u1),

/ g3(x +AX+OX} o(2)dz
X
L

Tl

”” nwx 2
i de = (-1)" = — .
/0 (u1 — ug) sin L x=(—1) e (ug —uq)

So,

waleny) = 200z =) ) e Smh\m {stnbiy/ Ko+ (~1)"sin /Rty = )} -sin "7

Function ws(x,y) is a particular solution of the Laplace problem V2 ws(x,y) = 0.

Function v(z,y) is the solution to the Poisson problem with zero boundary conditions,
where
8211.)1 8211.)1 8211)2 8211)2

floy) = Ox2 y? + Ox2 * 0y?

0,

so, in this example
v(z,y) =0.
The solution to the problem is:
x
ulw,y) = wi(a,y) + wala,y) = w0 + (uz —w)
x

> 1 . n . . nwx
+ 2 (u2 —u1) nzz:l m {Slnh\/Any + (—1)" sinh \/Ap (ly — y)} - sin .

ly

This solution was obtained for the case u; = 10, ug = 20 (see Figure E.3).

E.2 The Heat Conduction Equations with Nonhomogeneous
Boundary Conditions — Examples

Consider the general boundary value problem for heat equation given by

ou %u  O%u
e [W—FW} —yu+ f(z,y,t), (E.17)
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(a) (b)

FIGURE E.3
Surface plot (a) and lines of equal potential (b) for Example E.3.

with nonhomogeneous initial and boundary conditions

U(.’E, y7 t)|t:0 = 90(1'7 y);

0 0
Pylu] = ala—z + fru » =g (y,t), Pafu]= O‘Qa_z + Bau - = go(y, 1),
ou Ou
Pifu] = asg + Bsu =gs(x,t), Pylu] = as— + Pau = g4(z, ). (E.18)
Y y=0 8y y=ly

To deal with nonhomogeneous boundary conditions we introduce an auxiliary function,
w(x,y,t), and seek a solution of the problem in the form

u(z,y,t) = v(z,y,t) + w(z,y,t),

where v(z,y,t) is a new unknown function, and the function w(z,y,t) is chosen so that
it satisfies the given nonhomogeneous boundary conditions (E.18). Then function v(z,y,t)
satisfies the homogeneous boundary conditions — the solution to this problem was discussed
in Section 9.1.2.

We shall seek an auxiliary function, w(x,y), in the form

w(a,y,t) = g1y, )X + g2(y, )X + g3 (2, )Y + gala,t )7

+ A()XY + BOXY + C()XY + D(H)X (E.19)

where X (z), ?(m), Y (y) and ?(y) are polynomials of 15¢ or 2% order. The coefficients
of these polynomials will be adjusted in such a way that function w(z,y,t) satisfies the
boundary conditions given in Equations (E.18).
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Consistent Boundary Conditions
Let the boundary functions satisfy consistency conditions (i.e. the boundary functions take
the same values at the corners of the domain), in which case we have

Pilgs(z,t)]a=0 = P3[91(y,t)]y=0, Prlga(z,t)]lz=0 = Pa[g1(y,t)]y=1,,,
Pgs(@,)]o=i, = P3[g2(y: t)]y=0,  Polga(@, t)]azi, = Palg2(y,t)]y=1,- (E.20)

In this case functions X (z), X(x) are constructed via formulas (C.10)—(C.12), and functions

Y(y), Y (y) — via formulas (C.13)—(C.15) (see Appendix C part 2).
It is easy to verify that the auxiliary function, w(x,y,t), satisfies the given boundary con-
ditions:

Piwla—o = 1(y,1), Palwle=i, = 92(y, 1),

Pslwly—o = g3(z,t), Palw]y=;, = ga(z,1).

Inconsistent Boundary Conditions

Suppose the boundary functions do not satisfy consistency conditions. Then we shall search
for an auxiliary function as the sum of two functions:

U)(l',y,t) :wl(xay7t)+w2(xayat)' (E21)

Function wy (x,y,t) is an auxiliary function satisfying the consistent boundary conditions

Pylun ]y, = —B(H)X (z) — D)X (z), (E.22)

where

C(t) = =Pslg2(y, )]y=0, D(t) = —Palga(y,t)]y=i,,- (E.23)

Such a function was constructed above (for the case of consistent boundary conditions). In
this case it has the form

wl(xayat) = gl(yﬂt)y_'_gQ(yat)Y (E24)
Reading Exercise. Verify Equation (E.24).
The function wsy(z,y,t) is a particular solution of the Laplace problem

02’11)2 32’1112
Ox? Oy

=0

with the following boundary conditions
Pilwa]y=0 =0,  Palw]s=i, =0,
Pslwa]y—o = gs(z,t) + A(t) X (z) + C() X (2),
Pylws]y—1, = ga(x,t) + B(t)X (z) + D(t) X (). (E.25)
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This problem was considered in detail in Section 7.12. The solution of this problem has a
form

22,y t Z ()Y1n(y) + Ba(t)Yan ()] X (@), (E.26)

where ., and X, (z) are eigenvalues and eigenfunctions of the Sturm-Liouville problem

X"+2X =0 (0<z<ly),
Pi[X]|—g = Pa[X]],—y, = 0. (E.27)

r=ly

The coefficients A,,(¢) and B,,(t) are defined by the formulas

lo — —
An(t) = /O |91(,0) + BOX(2) + D)X (2)] Xu(w)da,

><H

lo
B0 = T2 /0 [95(e.1) + ADX (@) + COX ()] Xulw)dr.  (B28)

Thus, we see that eigenvalues and eigenfunctions of this boundary value problem depend
on the types of boundary conditions (see Appendix C, part 1 for a detailed account).
Having the eigenvalues, A, we obtain a similar equation for Y (y) given by

“ AV =0 (0<y<l). (E.29)

We shall choose fundamental system {Y7, Y2} of solutions in such a way that

Py [Y1(0)]

0, Ps[Vi(ly)] =
PY2(0)] =1,

1,
Py [Ya(ly)] = 0. (E.30)

Two particular solutions of the previous Equation (F.13) are exp(£+/A,y) but for future
analysis it is more convenient to choose two linearly independent functions Y (y) and Ya(y)
in the form

1(y) = asinh /A y+bcosh\/ nY,
Ys(y) = esinh /A y) + dcosh /A, (E.31)

Reading Exercise. Prove that the two functions in Equation (E.31) are the solutions to
Equation (E.29).

The values of coefficients a, b, ¢, and d depend on the types of boundary conditions
Ps[u]y—o and Py[u],—;,. It can be verified that the auxiliary function

W(l‘,y,t) = wl(x Y, )—f—wg(ﬂf yat)

(@t +Z OYin(y) + BaOYau(y)] Xu(e)  (E32)

satisfies the given boundary conditions when n — co.

Fundamental systems of functions Yj(y) and Y5(y) for different types of boundary con-
ditions are presented at the first part of this Appendix.
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Examples

Example E.4 A heat-conducting thin uniform rectangular plate (0 <z <1,, 0 <y <)
is thermally insulated over its lateral faces. The edge at y = 0 of the plate is kept at
the constant temperature u = u, the edge y = [, at constant temperature u = ug, the
remaining boundary is thermally insulated. The initial temperature distribution within the
plate is

u(z,y,0) = ug = const.

Find the temperature u(z,y,t) of the plate at any later time, if generation (or absorption)
of heat by internal sources is absent.

Solution. The problem may be resolved by solving the equation

Ou 5 [0%u  0%u
ot~ “ ’

~C a2 T oy

under the conditions
U(Jf, ZJ:O) = (,O(Jf, y) = Uo,
0 0
a—Z(O7y,t) = %(li,yﬂf) =0, u(z,0,t)=ui, wu(z,ly,t)="us.
The solution to this problem can be expressed as the sum of two functions, as explained
above,

u(z,y,t) = w(z,y,t) + v(z,y,t).

The boundary value functions satisfy the conforming conditions, that is,

dg3 094
9ly=o = 0z |,y 0 gl = oz |,y "
T= r=
993 094
p— — = ()7 _ = — p— O.
gz|y:0 8x r=l, g2|y_ly 8:0 =l

An auxiliary function satisfying the given boundary condition is giving by formula (F.3)
with ) )
—, X(@)=—, Yy)=1-=, Yy ==

A(t) = B(t) = C(t) = D(t) = 0 (because boundary functions are zero),

X(z)=2—

in which case we have

’UJ(SL',y,t) =u; + (UQ - ul)

Given this expression for w(zx,y,t) we see that the separation of the function u(x,y,t) into
functions w(x, y,t) and v(x,y,t) is a separation into a stationary solution corresponding to
the boundary conditions and the solution describing the relaxation of the temperature to
the stationary state.

The relaxation process to a steady state described by the function v(z, y, t) is the solution
to the boundary value problem with zero boundary conditions where the stationary solution

is described by
: ow 4 (0w  Pw
fayt)= - +a (axz + 8y2> =0,

Ba.y) = o —uy — (uz — ur) -
Yy
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(a) (b)

FIGURE E4
Eigenfunctions (a) Vo1 (z,y) and (b) Vos(x,y) for the free surface in Example E.4.

Eigenvalues and eigenfunctions of this problem can be easily obtained:

n?  m?

Aum = Aan + Aym = 72 L—QJFZ—Q} n=0,1,2,... m=1,23,...
T Y

nmTr . mmy
sin ,
e ly

2 2 2 lzly/Q, n=0
e e

The three-dimensional picture shown in Figure E.4 depicts the two eigenfunctions, Vpi(x,y)
and Vps(z,y), chosen as examples.
Applying Equation (9.30), we obtain

1 Lo ply
Chm = / / ug — uy — (ug — ul)2 cos % gin mwydxdy.
o Jo Ly l

m
”Unm”2 x Ly

Vam (#,y) = Xy (2)Ym(y) = cos

From this formula we have

mmy

2 [l Y
Com = l_/ [uo —uy — (ug —uq) - —} sin dxdy
y Jo

ly ly

= 2 (o =) [1 = (1) + (2 — ) (~1)"},

for n > 0, Cy;, = 0. And as we obtained, the temperature distribution does not depend
on z at all. This result could be anticipated from the very beginning, since the initial and
boundary conditions do not depend on z. In other words, the solution is actually one-
dimensional for this problem. Hence, the distribution of temperature inside the rectangular
plate for some instant of time is described by the series

9]
. mm
u(xvyat) = Uz + (UQ — ’UJl)l2 —+ Z Come_)\oma‘zt sin _y
Y m=1 Y

Figure E.5 shows two snapshots of the solution at the times ¢t = 0 and ¢ = 10. This solution
was obtained in the case when a? = 0.25, [, = 4, ly =6, up = 10, u; = 20, uy = 50.

It is interesting to compare the first and second pictures in Figure F.2. The first one is
very rough, the second is smooth. The explanation of the roughness is that at t = 0 the
initial and boundary conditions do not match (the solution is non-physical). But at any
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(b)

FIGURE E.5
Surface graph of temperature at (a) t =0 and (b) ¢t = 10 for Example E.4.

nonzero time the temperature distribution very quickly becomes smooth, as it should be
for real, physical situations. Here we see that this method of solution works quite well in
approximating a real, physical situation.

Example E.5 A heat-conducting thin uniform rectangular plate (0 <z <1, 0 <y <l,)
is thermally insulated over its lateral faces. The edge at y = 0 is thermally insulated, the
edge at y = [, is kept at constant zero temperature, the edge at x = 0 is kept at constant
temperature u = u; and the edge at x = [, is kept at the temperature

3

u(ly,z,t) = cos oMY ot

21,
The initial temperature distribution within the plate is u(x,y,0) = wy = const. Find the
temperature u(z,y,t) of the plate at any later time, if generation (or absorption) of heat
by internal sources is absent.

Solution. The problem is described by the equation

ou [82u 82u]

ot " 02 a2

under the conditions
u(a:, yvo) = @(‘T’la Z—/) = Uo,
3ty _ ou
U(Ovyat) = Ui, u(lﬁay?t) =C08 7— ¢ t? —(.’E,O,t) :05 U(IL‘,ly,t) = 0.
21, oy
The boundary functions do not satisfy the conforming conditions at point (0,1,), that
is,
gl|y:ly =u 7é g4|w:0 =0.

So, in this case we shall search for an auxiliary function as the sum of two functions
’LU(:E, Y, t) = w1 (.Z', Y, t) + ’LUQ(%, Y, t)a
where wy (z,y, t) is an auxiliary function satisfying the conforming boundary value functions

3ry _
Pl [wl]wzo — gl(y7t) = u1, _Pg[’wl]m:lI = g2(y7t) = COS Tye tv
y
T
Pafwily=o = 75 1(2,0) = g5(w,t) =0, Palunly=s, = wa(a,ly) = (1 B z‘) ’
T
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FIGURE E.6
Surface graph of the particular solution wq(x,y,t) to Example E.5.

and wo(z,y,t) is a particular solution of the Laplace equation

%wy  O%wo
2 = [ — | =
Veéwy(z,y,t) = [ 92 + PYE } 0

with the following boundary conditions

Pl [wZ]rL‘:O - ’lUQ(O, Y, t) = Oa PQ[/wZ]a::lm = w2(lwa Y, t) = Oa

8
Psfws]y—o = a—Z(x,o,t) =0, Pywslyr, = wa(z, 1y, t) = uy (li - 1) .

The auxiliary function, wy(z,y,t), is

wi(z,y,t) =u (1 - lx) + cos 327;56_t£ = —1—% (cos ?;TTje_t - u1> )

The particular solution, wa(x,y,t), of the problem has the form

2(2,9,1) §j{A DYin(9) + Bu(t)Yan (9)} X (),

where A\, and X, (x) are eigenvalues and eigenfunctions of the respective Sturm-Liouville
problem:

2
. nmx Iy
den =[]+ o) =sin T, =

n=12.3,...

The functions Y1, (y) and Y2, (y) for the given boundary conditions are (see formulas (C.12))

cosh vy sinh v/ A (ly —y)
cosh \/)\nly’ VA cosh v Ayl '

Coefficients A,,(t) and B,,(t) are given by

2
:—/ m(——l)si e =-"2 B, =0.
Iy nmw

( " 2ui = 1 coshvAy . nrx
wa(z = — sin
2y T ncoshvAnly Lo

as graphed in Figure E.6.

Yin(y) = Yon(y) = —

Thus,
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(a) (b)

FIGURE E.7
Surface graph of the plate temperature at (a) ¢ = 0 and (b) ¢ = 2 for Example E.5.

The function v(x, y, t) is the solution to the boundary value problem with zero boundary
conditions where

= z 3 31\ 2
fz,y,t) = o8 Tye_t ll —a? (%> 1 )
x ( 3ty _, _u1) n 2uy i 1 cosh /Ay . nmx

[N T 2 ncosh ol L

Sa(xay) =Up — U1 —

Therefore, the eigenvalues and eigenfunctions of problem are
n?  (2m—1)32

)\nm:)\mn+)\ m:7T2|:
v PR

}, nm=123,...

. nTT 2m — )7 l

Vi (,4) = X (2)Vin () = sin "2 cos BT DT 2 2 v, 2 = el
z y

(As before, these eigenvalues and eigenfunctions can be found in Appendix C part 1 or

easily derived by the reader.)

Applying the Equations (9 30) and (9.35), we obtain

2m —1
Com = I l P(x,y) sin Zx cos( mZZy )Wydxd%
Frm(t) / / f x,y,t)sin P2 cos (2m — 1)7Tyda:dy.
l ly Iy 21,

Thus, we have
t
0= [ fam(r)e s
0
and

u(xa:%t) = [wl(xa:%t) + w2($,y, t)] + ”U(:l?,y,t)

=+ — cos ST =t _y ) = 21 o~ L cosh v/ LA
- ly 21, ! T “n cosh v/ Anly la)
i Appalt] . NTX (2m — D)y
+ ng mZ: [ t) + Cpme™ ] sin L cos 5T

Figure E.7 shows two snapshots of the solution at the times ¢t = 0 and ¢t = 2. This solution
was obtained for the case when a? =1, [, =4, [, = 6, ug = —1 and u; = 1.
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Index

A

Airy functions, 335-337
Analytical function, 141
Analytic formula for functions, 292
Angular frequency, 283
Antinodes, 208
Arbitrary constant, 4
Arbitrary differentiable functions, 6, 9
Arbitrary function, 4
Arbitrary length, Fourier expansions on
intervals of, 289-290
Associated Legendre Functions,
331-334
Fourier-Legendre series in, 334-335
Auxiliary functions, 118
for 1D hyperbolic and parabolic
equations, 343-345
for 2D hyperbolic or parabolic
equations in rectangular domain,
347
for Poisson equation in rectangular
domain, 345-347
Axisymmetric case for three-dimensional
Laplace equation, 164-165
Axisymmetric oscillations of membrane,

209-213

B

Bessel equation, 309-312
Bessel functions, 207, 309, 315
of order, 310
properties, 312-315
spherical Bessel functions, 320-322
Bessel’s inequality, 329
Bilinear formulation of KdV equation,
271-272
Boundary conditions, 2, 4548, 101-103,
142, 227, 229
eigenvalues and eigenfunctions of 1D
Sturm-Liouville problem, 341-343
Ill-posed problem, 142-143

maximum principle and consequences,
144-146
in two-dimensional hyperbolic
equations, 189-191
well-posed boundary value problems,
143-144
Boundary value problems (BVP), 38, 99,
101, 315-319
diffusion equation, 100
heat conduction, 99-100
for Laplace equation in rectangular
domain, 167-169
Breathers, 280
Bright solitons, 279-280
Burgers equation, 261; see also Nonlinear
Schrodinger equation (NSE)
kink solution, 261-262
symmetries, 262-263
BVP, see Boundary value problems

C

Canonical forms, 22
elliptic equations, 24-26
hyperbolic equations, 23-24
parabolic equations, 26-27
Cartesian coordinates, 139
Cauchy problem, 52, 142
D’Alembert’s formula, 57-58
general solution of, 264-267
Green’s function, 58-59
in infnite region, 8891
interaction of kinks, 265267
for nonhomogeneous wave equation,
57-60
well-posedness of, 59-60
Characteristic curves, 12-19
Circle, Sturm-Liouville problem for,
349-351
Circular domain; see also Finite rectangular
domain
heat conduction within, 237
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Circular domain (Continued)
homogeneous heat equation, Fourier
method for, 238-241
nonhomogeneous heat equation,
Fourier method for, 241-247
Cnoidal waves, 268-270
Completeness
equation, 297
property, 33, 62
Consistency conditions, 83-84
Consistent boundary conditions, 355-356,
368
Continuity equation, 99
Convergence of Fourier series, 286-288
Cosine functions, Fourier series in,
290-292
Cosine series, 292-293
Cylindrical coordinates, 178

D

D’Alembert method, 52-58, 88
characteristic triangle, 53, 57
propagation of initial displacement,

54
propagation of initial pulse, 55

Dark solitons, 280281

Defocusing NSE, 278

Delay theorem, 305

Differential equation, 29, 4546

Diffusion equation, 100, 140, 142

Dirac delta function, 300

Directional derivative, 12

Dirichlet boundary condition, 30, 47, 190,

317, 351

Dirichlet boundary value problem, 164

Dirichlet condition, 228, 237

Dirichlet homogeneous boundary

conditions, 234

Dirichlet problem, 143, 151, 167

Dirichlet theorem, 288

Dirichlet type, 240

Dispersion of waves, 88, 91
cauchy problem in infnite region,

88-91
propagation of wave train, 91-93

Dissipative processes, 2

Double Fourier series for function, 296

Driven edge boundary condition, 190

Duhamel’s principle, 114-118

Dynamic equations, 177

Index

E

Eigenfunctions, 30, 231, 309, 350-351
of 1D Sturm-Liouville problem,
341-343
Eigenvalues, 31, 231, 309
of 1D Sturm-Liouville problem,
341-343
problem, 30
Elastic boundary, 47
Elastic end boundary condition, 50
Electrical oscillations in circuit, 50-51
Electric energies, 86
Electro-motive force (emf), 51
Elliptic differential equations, 139-140
Elliptic equations, 22, 24-26, 60, 139, 141
application of Bessel functions for
solution of Poisson equations in
circle, 156-160
ball, three-dimensional Laplace
equation for, 164-166
boundary conditions, 142—-146
BVP for Laplace equation in a
rectangular domain, 167-169
cylinder, three-dimensional Laplace
equation for, 160-164
elliptic differential equations, 139-140
Green’s function for Poisson equations,
171-176
harmonic functions, 141
Helmholtz equation, 177-179
Laplace equation in polar coordinates,
146-147
Poisson equation, 151-153, 169-171
Poisson integral, 154-156
related physical problems, 139-140
Schrédinger equation, 180-181
spherical coordinates, 140
emf, see Electro-motive force
Envelope function, 277
Equations of motion, 187-191
Error function, 250
Euler’s formula, 295

F

f-fold degeneracy, 31
Fick’s law, 100
Finite rectangular domain; see also Circular
domain
heat conduction within, 227-236



Index

homogeneous heat equation, Fourier
method for, 230-232
nonhomogeneous heat equation,
Fourier method for, 233236
types of boundary conditions, 228229
First-order equations
linear, 7-12
quasilinear, 12-19
First-order partial differential equations,
23
First harmonic function, 66
Fixed edge boundary condition, 190
Fixed end boundary conditions, 46
Focusing NSE, 278-279
Force, 189
Forced axisymmetric oscillations, 216-218
Forced oscillations, 71
of uniform rod, 50
Fourier-Bessel Series, 40, 315-319
Fourier-Legendre series
in associated Legendre functions,
334-335
in Legendre polynomials, 328-331
Fourier coefficients, 286
Fourier cosine transform, 301
Fourier expansion
of function, 286
on intervals of arbitrary length,
289-290
method, 29
Fourier formulas, 284286
Fourier method, 146, 229
graphical solution of eigenvalue
equation, 70, 109
for homogeneous equations, 6071,
103-111
for nonhomogeneous equations, 71-76,
118-126
in oscillations of rectangular
membrane, 192-205
small transverse oscillations of circular
membrane, 206—209, 214-216
in two-dimensional parabolic equations,
230-236, 238-247
Fourier series, 286, 293
convergence of, 286-288
in cosine or sine functions, 290-292
for functions of several variables,
295-296
generalized Fourier series, 296-298
for non-periodic functions, 288-289

379

Fourier transforms, 90, 299-303; see also
Laplace transforms
of even or odd functions, 301
Free edge boundary conditions, 190
Free end boundary conditions, 46
Free heat exchange, 105, 230-232
Frequency spectrum, 68
Friction forces, 189
Fundamental harmonic function, 66

G

Galilean symmetry, 262-263
Gamma function, 310-311, 322-324
Gaussian beam, 180
Generalized Fourier series, 33, 296-298
Generalized solution, 107
General solution, 7-10
Gibbs phenomenon, 298-299
Green’s formula, 188
Green’s function, 58-59, 114-118, 249
homogeneous boundary conditions,
171-175
nonhomogeneous boundary conditions,
175-176
for Poisson equations, 171
Green’s theorem, 57
Gross-Pitaevskii equation, 277
Group velocity, 92-93

H

Harmonic analysis, 283-284
Harmonic functions, 141, 154
Harmonic polynomials, 141
Heat
exchange, 227
terminology, 101
Heat conduction, 99-100
within circular domain, 237-247
equations with nonhomogeneous
boundary conditions, 366—-374
within finite rectangular domain,
227-236
in infinite medium, 248-249
Heat equation, 1, 21, 145, 264
in infinite region, 131-133
Heaviside function, 301
Helmholtz equation, 177-179
Hermitian operator, 31
Hirota’s method, 272-274
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Homogeneous boundary conditions, 29, 61,
71, 103, 112
in finite rectangular domain, 233-236
in oscillations of rectangular
membrane, 192203
in small transverse oscillations of
circular membrane, 206209,
214-216
Homogeneous equations, 30, 112
Homogeneous heat equation, 229
Fourier method for, 230-232, 238-241
homogeneous heat-conduction
equation, 248
Hook’s law, 50
Hopf-Cole transformation, 264
Hyperbolic equations, 21, 23-24, 142

I

Ill-posed problem, 142-143

Incomplete elliptic integral, 269

Inconsistent boundary conditions, 355-366,
368-374

Infinite medium, heat conduction in,
248-249

Infinite trigonometric series, 283

Initial-boundary value problem, 2

Initial conditions, 10-12, 45-48, 101-103,
227

in two-dimensional hyperbolic

equations, 189-191

Initial value problems (IVPs), 10, 48,
306-307

Integral surface, 12

Integrating factor, 5

Interior Dirichlet problem, 148

Interior Neumann’s problem, 144

Inverse Laplace transform, 303

Inverse scattering transform, 276

IVPs, see Initial value problems

J

Jacobi amplitude, 269
Jacobian of transformation, 15, 22
Jacobi elliptic cosine, 270

K

KdV equation, see Korteweg-de Vries
equation

Index

Kinetic energy, 84-87
Kink
interaction, 265267
solution, 261-262
trajectories of kink centers, 267
Korteweg-de Vries equation (KdV
equation), 267; see also Poisson
equation
bilinear formulation, 271-272
cnoidal waves, 268-270
Hirota’s method, 272-274
multisoliton solutions, 274-277
solitons, 270-271
symmetry properties, 267268

L
Laplace equation, 3, 26, 100, 139144, 152,
173
and exterior BVP for circular domain,
151
and interior BVP for circular domain,
147-150

in polar coordinates, 146-147
for rectangular domain with
nonhomogeneous boundary
conditions, 355—-366
Laplace integral, 303
Laplace transforms (LT), 76-79, 110-111,
303
applications for ODE, 306-307
of functions, 304
properties, 304-306
Legendre equation, 165-166, 324-328
Legendre function, 309
associated Legendre Functions, 331-334
Legendre polynomials, 324-328
Fourier-Legendre series in, 328-331
Linear equation, 3, 8, 14, 128
Linear Euclidian space, 33
Linear heat flow equation, 99
Linear mass density, 44
Linear operator, 30
Linear periodic waves, 270
Longitudinal free oscillations of uniform
rod, 49
Longitudinal vibrations, 48
electrical oscillations in circuit,
50-51
rod oscillations, 48-50
LT, see Laplace transforms
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M

Magnetic energies, 86
Maximum principle, 129-131

and consequences, 144—-146
Measurement error, 2
Membranes, 187
Minimum principle, 130
Mixed boundary condition, 30, 47,

317, 351

Mixed condition, 102, 228, 237
Mixed problem, 143
Mnemonic rule, 24
Modulated wave, 92
Monochromatic traveling wave, 91
Multisoliton solutions, 274-277

N

Navier-Stokes equation, 127
Neumann boundary condition, 30, 47,
190-191, 317, 351
Neumann conditions, 101-102, 171,
228, 237
Neumann functions, 315
Neumann problem, 143, 148, 151
Neumann type, 247
Newton’s law, 103, 108
of cooling, 144
Newton’s second law, 1
for motion, 188
Non-axisymmetric case for
three-dimensional Laplace
equation, 165-166
Non-free heat exchange, 229, 233
Non-periodic functions, Fourier series for,
288-289
Non-viscous Burgers equation, 3, 18, 261
Nonhomogeneous boundary conditions,
118-126, 175-176
in circular domain, 246-247
equations, 78-83
heat conduction equations with,
366-374
Laplace and Poisson equations
for rectangular domain with,
355-366
in oscillations of rectangular
membrane, 203—-205
in small transverse oscillations of
circular membrane, 218-220
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Nonhomogeneous equations, 111-114,
152, 233
Nonhomogeneous heat equation, 229
Fourier method for, 233236,
241-245
with nonhomogeneous boundary
conditions, 246-247
Nonhomogeneous linear equation, 71, 111
Nonhomogeneous wave equation, 44, 57-60
Nonlinear equations, 261
Burgers equation, 261-263
general solution of Cauchy problem,
264-267
KdV equation, 267277
NSE, 277-281
Nonlinear medium, 277
Nonlinear Schrodinger equation (NSE), 277;
see also Burgers equation
solitary waves, 278-281
symmetry properties, 277-278
Nonlinear spatially periodic waves, 270
Nonnegative real discrete eigenvalues, 325
NSE, see Nonlinear Schrodinger equation

(0)

ODE, see Ordinary differential equation
One-dimension (1D), 38, 144
auxiliary functions for 1D hyperbolic
and parabolic equations, 343-345
eigenvalues and eigenfunctions of 1D
Sturm-Liouville problem, 341-343
heat conduction equation, 101
problem, 127
wave equations, 51
One-dimensional hyperbolic equations, 61
boundary and initial conditions, 45-48
consistency conditions and generalized
solutions, 8388
dispersion of waves, 88-93
finite intervals, 60-71
fourier method for nonhomogeneous
equations, 71-76
longitudinal vibrations of rod and
electrical oscillations, 48-51
LT method, 76-79
nonhomogeneous boundary conditions
equations, 78-83
traveling waves, 5257
tsunami effect, 93-94
wave equation, 43-45
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One-dimensional parabolic equations,
101-103
fourier method for homogeneous
equations, 103-111
fourier method for nonhomogeneous
equations, 118-126
Green’s function and Duhamel’s
principle, 114-118
heat conduction and diffusion,
99-100
heat equation in infinite region,
131-133
and initial and boundary conditions,
101-103
large time behavior of solutions,
126-129
maximum principle, 129-131
nonhomogeneous boundary conditions,
118-126
nonhomogeneous equations, 111-114
One-parametric family, 13
Ordinary differential equation (ODE), 1, 8,
18
applications of Laplace transform for,
306-307
problems, 29
Orthogonal equation, 31
Orthogonal functions, 296-297
Orthonormal eigenfunctions, 35
Oscillations of rectangular membrane,
191
Fourier method for homogeneous
equations, 192-199
Fourier method for nonhomogeneous
equations, 199-205

P

Parabolic equations, 21, 26-27, 100,
142

Parity property, 333

Parsevale’s equality, 297, 317, 329

Partial differential equation (PDE), 1,
4, 46

equations, 29

PDE, see Partial differential equation

Periodic functions, 283-284

Periodic processes, 283-284

Physical laws, 29-30

Piecewise continuous function, 288

Point of discontinuity, 288
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Poisson equation, 3, 21, 139-140, 142-143,
151-153, 156, 171-173; see also
Korteweg-de Vries equation (KdV
equation)

auxiliary functions for 2D hyperbolic or
parabolic equations in, 347

auxiliary functions in rectangular
domain, 345-347

with homogeneous boundary
conditions, 169-171

for rectangular domain with
nonhomogeneous boundary
conditions, 355-366

Poisson integral, 154

Poisson kernel, 154

Polar coordinates equation, 152

Potential energy, 85, 87

Q

Quadratic equation, 1
Quasilinear equation, 4

R

Rectangle, Sturm-Liouville problem for,
352-354
Rectangular domain
auxiliary functions for Poisson equation
in, 345-347
Laplace and Poisson equations with
nonhomogeneous boundary
conditions, 355-366
Recurrence relations, 321
Reflection symmetry, 263
Riemann’s lemma, 287288
Rod oscillations, 48-50
Rodrigues’ formula, 327

S

Scalar product, 40
functions, 33
Scaling
symmetry, 263
transformation, 263
Schrédinger equation, 180-181
Second-order equations
canonical forms, 22-27
classification of, 21-22
Second boundary value problems, 148
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Second harmonic function, 66
Second order linear PDEs, 29
Self-adjoint operator, 31
Semi-infinite medium, heat conduction in,
250254
Shift theorem, 78, 305
Shock wave, 19
Sine function, 283
Fourier series in, 290-292
Small transverse oscillations of circular
membrane, 205
axisymmetric oscillations of membrane,
209-213
boundary conditions, 205-206
equations, Fourier method for,
218-220
forced axisymmetric oscillations,
216-218
homogeneous equations, Fourier
method for, 206—209
nonhomogeneous equations, Fourier
method for, 214-216
Solitary waves, 270-271, 278-281
Solitons, 270271
Spectral density, 300
Spherical Bessel functions, 320-322
Spherical coordinates, 164
Spherical Neumann functions, 320
Standing waves, 66
Static distributions of temperature, 3
Stretched edge boundary condition, 190
Sturm-Liouville boundary problem,
104-105
Sturm-Liouville problem, 29, 61-63, 157,
170, 356
for circle, 349-351
examples, 34-40
for rectangle, 352-354
theorem, 32-34
Superposition principle, 25
Symmetry
of Burger’s equation, 262-263
properties of KAV equation,
267-268
properties of NSE, 277-278

T

Telegraph equations, 51
Thermal conductivity, 99
Thermal diffusivity, 99
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Third boundary value problems, 148
Third harmonic function, 66
Three-dimensional Green’s function, 249
Three-dimensional Helmholtz equation, 180
Three-dimensional Laplace equation
axisymmetric case, 164-165
for ball, 164
for cylinder, 160-164
graph of function, 161
non-axisymmetric case, 165-166
surface plot, 161
Three-dimensional space, 12-13
Three-soliton solution, 276
Time-independent Schréodinger equation,
181
Transcendental equation, 316
Translational symmetries, 263
Traveling wave form, 261-262
Trigonometric Fourier expansion, 38, 284
Trigonometric series, complex form of,
294-295
Tsunami effect, 93-94
Two-dimension (2D)
hyperbolic or parabolic equations in
rectangular domain, auxiliary
functions for, 347
Laplace equation, 141
Two-dimensional hyperbolic equations
derivation of equations of motion,
187-191
oscillations of rectangular membrane,
191-205
small transverse oscillations of circular
membrane, 205-220
Two-dimensional parabolic equations
circular domain, heat conduction
within, 237-247
finite rectangular domain, heat
conduction within, 227-236
infinite medium, heat conduction in,
248-249
semi-infinite medium, heat conduction
in, 250-254
Two-fold degeneracy, 37
Two-soliton solution, 276

U

Uncertainty relation, 92
Uniform convergence, 286
Uniform mass density, 189
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Wave
equation, 3, 21, 24, 43-45, 180
number, 89
numbers, 299
propagation of wave train, 91-93
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propagation on inclined bottom,
93-94
speed, 45
Weierstrass criterion, 288
Well-posed boundary value problems,
143-144
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