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Preface

The Green’s function is one of the classic concepts in the area of differential equations.
It has been intensively explored and widely implemented for almost two centuries
since its introduction by George Green, a brilliant British mathematician and physicist
of the nineteenth century. His elegant elaborations revealed impressive properties of
this function that have been transformed into a powerful instrument for use in the
qualitative theory of ordinary as well as partial differential equations.

Yet, it would be a mistake to assert that the usability of Green’s functions is lim-
ited to purely theoretical aspects. As has been corroborated by numerous works in
applied mathematics, published in recent decades, Green’s functions also possess re-
markable computational potential. They have turned out to be extremely helpful in the
development of numerical algorithms for solving a vast number of problems involving
differential equations, that arise in engineering and in the natural sciences.

An example of the attributes of Green’s functions, that illustrate their computational
potential, is the solution of a boundary value problem for a partial differential equa-
tion. By using Green’s functions, the equation can be reduced to an integral equation.
Applying numerical techniques to solve the reduced problem will be significantly
more economical than applying them directly to the original differential equation.

We consider a number of arguments supporting this assertion: first, integral equa-
tions lend themselves to computational methods better, compared to differential equa-
tions, because the approximation to an integral is, in most cases, a well-posed prob-
lem, which is straightforward to solve. In contrast, the approximation to a differential
is not, generally speaking, a quite well-posed problem. Second, procedures based
on Green’s functions reduce the dimensionality of the boundary-value problem under
consideration, by converting it into a boundary integral equation. Thus, all the re-
quired numerical work is shifted to, the boundary of the considered region. Finally,
purely numerical methods presume an approximate treatment of the governing differ-
ential equation as well as the boundary conditions, whereas in Green’s function-based
procedures, most of these are satisfied exactly, prior to the numerical work.

Taking all of this into account, it is reasonable to expect that Green’s functions
must be included as an important component in undergraduate courses on differential
equations and numerical analysis. However, the importance of this topic is, in our
opinion, somewhat underestimated in contemporary textbooks: not all texts on dif-
ferential equations cover the topic, and even among those that do, it is hard to find
textbooks, that are primarily devoted to the construction of Green’s functions. With
standard works on numerical analysis, things are even worse; none of those texts
touches upon the development of Green’s function-based numerical methods in deal-
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ing with boundary-value problems for either ordinary or partial differential equations.
Hence, the situation requires special attention and the status quo in the field has to be
revised.

Given the computational potential of Green’s functions on the one hand, and the
omission of numerical methods based on these functions in standard textbooks on the
other hand, a question arises: what is it, that holds back widespread numerical use of
Green’s functions and causes the range of their efficient applicability to be narrowed?
We believe that there is an objective explanation for this phenomenon, namely the
unfortunate fact that only a limited number of computer-friendly representations of
Green’s functions are available in the literature. This contradiction has inspired our
strong desire to create the present work. Because it was conceived as a textbook
intended to at least partially resolve the conundrum, our book devotes itself to the
development of efficient procedures for the construction of computer-friendly Green’s
functions applicable to a wide array of partial differential equations. This makes our
work unique, original and unlike most others in the field.

As to the presentation of the material in the present book, we note that, although the
emphasis is not on theoretical aspects, we strived to make our presentation as rigorous
as possible. Whilst concentrating on formal issues that are methodologically critical
for the construction of Green’s functions, we tried not to do this at the expense of
rigor. Have we succeeded in this? Authors are not, of course, in a position to judge
the success or failure of their endeavor, which is why we look forward to hearing from
the reader.

The form in which a Green’s function is obtained is very important from the stand-
point of applications. We don’t doubt that potential users would welcome this func-
tion if and only if the form in which it is presented is suitable for immediate computer
implementation. However, it appears that only a few classical Green’s functions for
partial differential equations are obtained, in a closed and ready to use analytical form.
Most of the representations of these functions available in the literature are not suited
to direct computer use. This severely limits the sphere of their effective application.
Our objective in writing this book was to provide the user with as many compact and
computer-friendly representations of Green’s functions as the format of this textbook
permits.

The book covers only a limited number of applied partial differential equations.
These include the two-dimensional Laplace, the static Klein—Gordon, the biharmon-
ic-, the diffusion- (heat), and the Black—Scholes equations. Areas of science and
engineering where these equations are encountered, range from fluid and solid me-
chanics to financial engineering. The intention is to not only provide the reader with
a review of the classical approaches, that are traditionally used for the construction
of Green’s functions, but also to introduce our readers to several nontrivial construc-
tion techniques and invite them to a challenging research in this productive area of
applied mathematics. The authors believe that the present volume can be use as a
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principal text for elective advanced undergraduate and graduate courses, within the
field of applied mathematics and related disciplines.

It is with great pleasure that we express our sincere gratefulness to a number of our
colleagues who, made either direct or indirect contributions to this project. Among
those, the first author is especially thankful to two brilliant individuals under whose
irresistible influence and professional guidance he gained his own experience and
expertise in the area of analytical and numerical exploration of Green’s functions and
matrices. Professors V.D. Kupradze and S. P. Gavelya have been widely recognized
advocates for the use of the Green’s function method in the theory of elasticity as well
as in plate and shell theory. Their encouragement and parting words stressed our hard
but very fascinating work on this manual.

Murfreesboro/Lebanon, September 2011 Yuri A. Melnikov,
Max Y. Melnikov
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Chapter 0
Introduction

The scope of this book is, to a large extent, limited to applications of elliptic and
parabolic partial differential equations in two variables, although a few three-dimen-
sional settings are also covered in Chapters 2, 3, and 7. These chapters provide the
reader with an idea of how the described methods extend to three dimensional prob-
lems. The elliptic PDE include the Laplace equation, the static Klein-Gordon equa-
tion, and the biharmonic equation. Parabolic PDE are represented by the classical
diffusion (heat) equation and the Black—Scholes equation. The latter has emerged
as a mathematical model in financial mathematics just a few decades ago [8, 52, 55,
65, 75]. In this work, Green’s functions are constructed, for a variety of problems,
involving the above equations.

The Green’s function formalism is traditionally referred to as one of the most effi-
cient instruments in the field of differential equations [3, 5, 12, 13, 68, 18, 22, 23, 25,
28, 29, 39, 47, 53, 54, 57, 61, 66, 67]. But until recently, it was mostly employed for
exploring qualitative aspects of differential equations like the existence and unique-
ness of a solution, dependence of the latter on initial data and so on. In a series of pub-
lications from recent decades [6, 14, 17, 21, 26, 30, 31, 32, 40, 42, 47, 48, 50, 69, 70],
one can find convincing evidence for the efficiency of Green’s function-based numer-
ical methods when solving boundary-value problems for ordinary as well as partial
differential equations, arising in various areas of engineering and science.

Practicality of a Green’s-function-based numerical procedure depends, to a great
extent, on the form in which the required Green’s function is presented: identical
Green’s functions, that are constructed with different methods, may appear in differ-
ent forms. Some of those forms are compact, ready for immediate computer imple-
mentation, and simple to use. Others might not necessarily be that computer-friendly.
This book reviews various differing methods providing a variety of different forms of
Green’s functions to be applied to partial differential equations.

Regarding the two-dimensional Laplace equation,

Vu=0

which finds numerous applications in a variety of areas of engineering and science,
we find that some of its Green’s functions, available in the current literature, can be
stated in closed form (only containing elementary functions). To name a few such
forms, we recall the classical [18, 22, 37, 39, 43, 45, 53, 57, 66, 67]

L =8>+ +n?

G(x,y:£,1) = Eln G627+ (y—1n)2 €))
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expression of the Green’s function used in the Dirichlet problem for the upper half-
plane {—o00 < x < 00,0 < y < 00}.

As another classical examples of a closed compact form of Green’s function, one
might recall

) _ L coshw(x — &) —cosw(y + 1) T
Glx.yig.m = 4 In coshw(x — &) —cosw(y — 1)’ =y @

and

1 . coshw(x + &) —cosw(y —n)

G(x,y;&n) = Eln coshw(x — &) —cosw(y —n)

+ 1 In coshw(x — &) —cosw(y + 1) - b4 3)
47 coshw(x + &) —cosw(y + 1)’ b’

representing the Green’s functions of the Dirichlet problem for the Laplace equation,
in an infinite strip {—co0 < x < 00,0 < y < b} and in the infinite semi-strip {0 <
x < 00,0 < y < b}, respectively.

Recall also the following (see, for example, [17, 18, 22, 37, 39, 43, 45, 54, 57, 61,
66]) closed form

a* —2a*rocos(p — ) + r2p?
a? (r?2 —2rgcos(p — ¥) + 0?)
that represents the Green’s function for the Dirichlet problem for the Laplace equation
onadisk {0 <r <a,0 < ¢ <2} of radius a.

From this brief review on the availability of Green’s functions for the Laplace equa-
tion, one might assume that the situation for the two-dimensional static Klein—-Gordon
equation

1
G(i’,(p;Q,l/f):Eln (4)

Vu—k*u=0

must be similar. Indeed, it sounds reasonable to expect that a similarity of the two
equations might support this assumption. But it appears in reality that this is not quite
true. The point is that none of Green’s functions for the static Klein—-Gordon equation
can be expressed in a closed form, in the sense that was explained earlier. This is
predetermined by the form of the fundamental solution of this equation, which is not,
unlike in the case of the Laplace equation, an elementary function.

In contrast with other existing texts on partial differential equations, the current
book provides a unique and extensive list of Green’s functions, also for the static
Klein—Gordon equation. And — important especially from the point of applicability —
all of them are computer-friendly.

Another elliptic partial differential equation that finds numerous applications in
engineering and science, and whose Green’s functions are under continuous consid-
eration in this book, is the two-dimensional biharmonic equation

V2VZw =0
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It is traditionally used to simulate phenomena and processes in mechanics of solids (in
plate and shell theory, in particular). The number of available in the literature Green’s
functions for this equation is severely limited. The only known [39, 59] closed form
is

1 1
G(r,fl?;Q, 1//) = E[a_Z(az _ QZ)(aZ _ 7'2)

a* —2a’rocos(p — ) + rzgz] 5)

(r 2rocos(p —¥) + o )ln a2 (r2 —2rocos(p — V) + Q2)

representing the Green’s function for the Dirichlet problem

(@,
wa.g) = 200

0
for the biharmonic equation on a disk {0 < r < a,0 < ¢ < 27} of radius a.

We will make a strong effort to provide the reader with an exhaustive list of com-
puter-friendly representations of Green’s functions for a number of boundary-value
problems for the biharmonic equation.

Note that from all the classical applied partial differential equations, the Green’s
function-based methods appeared to be the most widely applicable to the parabolic
equations [13, 17, 29, 37, 46, 57, 66]. A field where these methods are especially
popular is continuum mechanics (mass and heat transfer, in particular), with the clas-
sical diffusion (heat) equation

du(x,r) p 0%u(x,t)
o 0x2

(6)

representing the key mathematical instrument.
It is worth noting that the number of closed analytical forms of Green’s functions
for the heat equation is very limited too. One might recall, for example,

0= o (25 g (-2
G(x,t,E,r)—zm[e p( I —1) exp b — 1) (7

and

e 1 (x — §)? (x+6)?*
Gt = D [CXP (_4fc(z = r)) e (_4K(t - f>)} ®

representing [13, 66] the Green’s functions for the first u(0,7) = 0 and the second
du(0,t)/dx = 0 initial-boundary value problem, respectively, for equation (6) on the
region {0 < x < 0o, > 0}.
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Another function
_en(r(T-0) (_ [In(s/£) + (- = 0%/2)(T = r)]Z) o
o&/21n(T —1) 20%(T —1t)

that is frequently [8, 36, 49, 52, 55, 58, 65, 75] used and cited in the field, is the
so-called Green'’s function of the Black—Scholes equation

G(s,t;§)

u(s,t) o252 0%u(s,t) rs(')u(s,t)_
ot 2 ds2 ds

ru(s,t) =0 (10)

which represents an equation with variable coefficients, where s and ¢ are the inde-
pendent variables, while o and r represent constant parameters.

Note that (10) represents another parabolic equation, which is widely used in fi-
nancial mathematics. We would like comment the name, commonly accepted in the
field, for the function in (9). Naming it a Green’s function is not justified, and we
can readily challenge it: a Green’s function, by definition, must be associated with a
certain problem formulated for a given differential equation. In other words, it must
satisfy some imposed uniqueness conditions (initial, boundary, or other). This is of
course not the case for the function in (9), since it represents just a special (parameter
& containing) solution of the Black—Scholes equation, and is not explicitly associated
with any uniqueness conditions.

Taking the above arguments into account, one must refer to (9) as the fundamental
solution to (10). We might, nevertheless, offer a reasonable compromise calling (9)
the Green’s function of the Black—Scholes equation for the entire feasible space {0 <
§ < 00,—00 <t < T} of the independent variables s and ¢.

Later in this text, the reader will find a number of actual Green’s functions con-
structed for a few particular terminal-boundary value problems posed for the Black—
Scholes equation. Many of those have recently been reported and published in [49],
but have not yet been in a book format.

As to the representations in (1) through (9), it is hard to argue that they are compact
enough and convenient to work with in numerical applications. It is worth noting
however, that unfortunately there exist only a few such closed analytical forms of
Green’s functions in the standard textbooks on applied partial differential equations.

Some other Green’s functions available in the literature for application to partial
differential equations are expressed in a form containing elementary functions and
series components. As an example of such a form, we note the following function

. 12 - 1 ro\"
G(V,fpa@‘ﬂ)—g[ﬁ—‘mﬁ’;m(a—z) cosn(p —y) (11)

—1In (% (r* —2rocos(p — ¥) + 0%) (a* — 2a*rocos(p — ) + rzgz))].
a
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It represents the Green’s function for the mixed boundary-value problem

(i +ﬁ)u<a,<o) —0. >0,
or

for the Laplace equation on a disk {0 < r < a,0 < ¢ < 27} of radius a. This Green’s
function can be found in [43] and [45].
Another example of a series-containing form is

1 1
G(r,(P;Q,W) = E{a_z(az _QZ)(aZ —I‘2)

3+o0 ro ro\2
x[1+G—ln(l—2a—2cos(<p—w)+(a—2> )

> 1 ro\"
_ hzm(a—z) cosn(cp—V/)j|

n=1

a* —2a’rocos(¢p — ¥) + r2o?
a? (r?2 —2rgcos(p — V) + 0?)

representing the Green’s function (see [45, 47]) for the boundary-value problem

2 2
w(a,¢) = 0,and (8_+0(8 —l—l 9 ))w(a,rp)zo

a2 " a \or ' ade?

— (r* —2rocos(p — ¥) + 0*) In } (12)

for the biharmonic equation on a disk {0 < r < a,0 < ¢ < 27x} of radius a. Here o
is a constant parameter, while % is expressed in terms of 0 as h = (1 + 0)/2.

In some other cases, Green’s functions for applied partial differential equations are
expressed series form, for example the classical [17, 22, 29, 41, 45, 48, 57] represen-
tation

sin px sin vy sin wé sinvy
MZ + U2

G(x,y;S,n)=% >

m,n=1

13)

of the Green’s function for the Dirichlet problem posed for the Laplace equation on
the rectangle {0 < x < a,0 < y < b}.
Another series-only form [45, 47, 72]

4 & sin px sin vy sin u€ sin vy
G(x,y:§.n) = 0 5 (14)
a m,n=1 (/’Lz + Vz)

represents the Green’s function for the boundary-problem

Fw(0, y) _
0x2

2w (a,
w(0. ) = wia,y) = 209 g
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and

2
w(x,0) = % = w(x,b) =

0%w(x,b) .

dy2 0

posed for the biharmonic equation on the rectangle {0 < x < @,0 < y < b}. Note
that the parameters © and v in (13) and (14) read as

mm nmw
pu=— and v=—
a b
in terms of the dimensions @ and b of the rectangle, and the summation indices m and
n of the series.

The series form

G(x.t;6,1) = #(l—t) (15)
> (x — & + 2na)? (x + £ + 2na)?
% n;oo [exp (_ 4k(t — 1) ) — AP (_ 4k(t — 1) )]

represents the Green’s function of the problem
u(0,t) =u(a,t) =0

for the diffusion equation in the region {0 < x < a,t > 0}.

The representations in (11) through (15) are certainly not as computer-ready as
those in (1) through (9). Indeed, the convergence of their series components is a
critical issue, that must be considered before practical use. In most cases a certain
regularization is required in order to adjust a series-containing Green’s function to a
form appropriate for an immediate computer implementation.

This book is primarily intended as a graduate/undergraduate text. However, it also
aims at researchers working in fields of engineering and science involving a practical
solution of partial differential equations. To make this textbook attractive for practi-
cal needs, it must contain easily computable or computer-friendly representations of
Green’s functions. With this in mind, our objective in this book is threefold. First,
we want to include herein as many Green’s functions, that are already available in
the standard textbooks and handbooks, as possible. Second, our goal is to maximally
extend that list of available Green’s functions with as many nontrivial ones as pos-
sible. Third, we aim at providing the reader with some traditional and innovative
approaches, that might help in constructing new Green’s functions that are not yet
available.

We believe that with all the objectives attained, our book will be of use to the
indicated groups of audience. As authors, we are committed to providing the reader
with the most informative and complete source of reference material required for the
construction of Green’s functions.
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To guide the reader through the book, we briefly will review its organization.
Chapter 1 is preparatory in nature and deals with classical procedures traditionally
employed in the construction of Green’s functions for boundary-value problems for
higher order linear ordinary differential equations. The chapter lays out a method-
ological background for a significant part of our further work on partial differential
equations. A construction procedure based on the defining properties of Green’s func-
tions is analyzed in detail in Section 1.1. A special symmetry feature of Green’s func-
tions and its role in this volume is discussed in Section 1.2. An alternative procedure
for the construction of Green’s functions is described in Section 1.3. It is based on a
corollary of the second Green’s formula and the method of variation of parameters.

Chapter 2 is devoted to the Laplace equation. The first two sections review triv-
ial methods, that are traditionally used for the construction of Green’s functions for
this equation in two dimensions. These are the methods of images and conformal
mapping. A number of classical Green’s functions are derived with the aid of these
methods. In Section 2.3, our focus is switched to another method that is traditional
in the field, namely the eigenfunction expansion, producing a variety of computer-
friendly representations of Green’s functions for boundary-value problems formulated
in Cartesian and polar coordinates, and in geographical coordinates on surfaces of rev-
olution. It is noted that the first two methods covered in this chapter are of no use in
most of the problems considered in Section 2.3. Section 2.4 deals with a number of
three-dimensional problems for the Laplace equation.

The static Klein—Gordon equation is a topic that is dealt with in Chapter 3. Note
that this equation is rarely included in standard textbooks. Initially, we define the
Green’s function for this equation and focus the reader’s attention on the type of sin-
gularity that this function possesses. Section 3.2 then, analyzes those boundary-value
problems for the Klein—Gordon equation, for which the method of images appears
efficient, while in Section 3.3 the focus is on the method of eigenfunction expansion.
Many of the Green’s functions obtained in this chapter have so far never been exposed
in book format. In Section 3.4, a few three-dimensional problems are considered, with
their Green’s functions obtained in a computer-friendly form.

Higher order two-dimensional elliptic partial differential equations, which find their
application in structural mechanics, are the topic of Chapter 4. After introducing the
notion of Green’s functions for such equations, our focus is, in Sections 4.2 and 4.3,
on problem settings for the biharmonic equation in Cartesian and polar coordinates.
Section 4.4 is devoted to the biharmonic type fourth-order equation

V2V2w + A*w =0

which is commonly used in structural mechanics [47, 72] to simulate the stress-strain
state of thin plates resting on an elastic foundation. In Section 4.5, an algorithm is
sketched for the construction of Green’s matrices for several elliptic systems, that
simulate different problem settings in the thin shells theory [72].
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In Chapter 5 we return to linear ordinary differential equations. However, we turn
our focus from the classical material covered in Chapter 1 on the extension of the
Green’s function formalism to special sets of ordinary differential equations with dis-
continuous coefficients. This will lead us to the notion of matrices of Green’s type
in Section 5.1, as a consequence of that extension, and we will construct a number
of such matrices. In Section 5.2, we will illustrate the practical application of the ex-
tended formalism, by applying it to the analysis of the stress-strain state of multi-span
beams. In Section 5.3, the Green’s matrix formalism is further extended to sets of
ordinary differential equations on graphs.

The matrix of Green’s type notion, introduced in Chapter 5, is further extended
in Chapter 6, where it is employed to treat special sets of two-dimensional elliptic
partial differential equations. After a brief introduction in Section 6.1, we describe the
construction of Green’s matrices for such sets in detail in Section 6.2. Section 6.3 is
devoted to a specific application, where fields of potential generated by point sources
are analyzed on surface structures consisting of cylindrical, spherical and toroidal
fragments.

In Chapter 7, a classical parabolic partial differential equation is brought forward.
Green’s functions and matrices of Green’s type are constructed for a variety of initial-
boundary-value problems for the diffusion (heat) equation. The construction proce-
dure is based on a combination of the integral Laplace transform with the techniques
described in detail in Chapters 2 through 6 for elliptic partial differential equations and
their systems. To aid ease-of reading and comprehension of the material in Chapter 7
we present a brief review of the basics of the Laplace transform, in Section 7.1. In
Section 7.2, the required Green’s functions are defined and constructed. Construction
of matrices of Green’s type for compound regions is described in Section 7.3.

Chapter 8 deals with another parabolic partial differential equation, namely the
Black—Scholes equation which was mentioned before in (10) of this introductory sec-
tion. In Section 8.1 we focus on the fundamental solution of this equation, which is
generally referred to in literature as the Green’s function for the Black—Scholes equa-
tion, and offer some terminological comments in this regard. In Section 8.2, we con-
struct a number of Green’s functions for a variety of terminal-boundary-value prob-
lems.We discuss a specific methodological issue in Section 8.3, whilst Section 8.4
illustrates some computational features of Green’s functions of the Black—Scholes
equation.

Since one of the most important features of this book is its practical value, a great
deal of effort was made to enhance it. To increase both its readability and its com-
prehensibility for a broader audience, each book’s section is accompanied by relevant
examples, illustrating the text. In addition, a carefully designed set of review exercises
accompanies every chapter. Answers and helpful hints to most of the review exercises
can be found in the Appendix.



Chapter 1
Green’s Functions for ODE

The primary interest of this textbook are applications of linear partial differential
equations. We will consider a variety of elliptic and parabolic equations. However,
the present chapter steers clear of, the book’s main topic, and deals with ordinary dif-
ferential equations. The focus is on Green’s functions of boundary-value-problems
for higher-order linear equations. We opted for this, for various reasons. First of all,
these functions represent an important instrument in the qualitative as well as quanti-
tative analysis of ODE. Second, standard textbooks within the field generally do not
cover the topic in sufficient detail. This is especially true for the construction Green’s
functions. Finally, Green’s functions for ODE play a significant role in some of the
procedures that we later offer for PDE.

We discuss two alternative techniques, traditionally applied to the construction of
Green’s functions for linear ODE. One of these techniques, which is our focus in
Section 1.1, follows from a proof of the existence and uniqueness theorem for the
Green’s function. The proof is constructive in nature and uses the defining properties
of the Green’s function. We discuss the second technique in Sections 1.2 and 1.3. This
technique based on the fact that the solution of an inhomogeneous equation can be
written in terms of the Green’s function for the corresponding homogeneous equation.
The intricacies of both techniques, when applied to various types of problem settings,
are illustrated by numerous examples.

1.1 Standard Procedure for Construction

In this section, we introduce the notion of Green’s function by means of a boundary-
value-problem for an ordinary nth order linear differential equation. We then provide a
detailed description of the classical method for the construction of Green’s functions,
based on their defining properties. A number of examples in this section illustrate
different aspects of the construction procedure.

Our discussion is concerned with the linear homogeneous boundary-value problem

n n—l

d
LIy()] = po()5 y+p1(x) et pa)y =0, (L)

dnl

—1

k
Mi(y(a),y(b)) = Z ( y(a) ﬁkd y(b)) =0, i=1Ln, (12

dxk
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which is assumed well-posed on the interval (a, b). The coefficients of the equation
pi(x), i = 0,n, are continuous functions on (a, b), where the leading coefficient
po(x) must be non-zero in all points in (a, b).

A special explanation is appropriate with respect to the abbreviated form of the
boundary conditions in (1.2). M;, i = 1, n, with constant coefficients cx]i and [3;'(,
are presumed to be linearly independent. This restricts the total number of boundary
conditions to n, ensuring that y = 0 is the only solution for the problem in (1.1)
and (1.2). Note that the superscript i on the coefficients ozfC and ,3,’-{ is the boundary
condition number and not an exponent.

The relations in (1.2) are written in a two-point form. This means that some of
them may include both the endpoints @ and b of the interval. However, if a certain
boundary condition in the setting is given in a single-point form — i.e. it is imposed
for say, a only — then all the coefficients ,ch in (1.2) are zero, whereas at least one of
the coefficients a;'c is not. Similarly, if a certain condition is imposed for b only, then
all the coefficients a;'c are zero, while at least one of the coefficients ,ch is not.

At this point, we introduce the classical [20, 22, 29, 37, 57, 66] definition of the
Green’s function for the homogeneous boundary-value-problem that appears in (1.1)
and (1.2). Theorems about its existence and uniqueness will be formulated and proven
later, providing a method for its construction.

Definition. The function g(x, s) is said to be the Green’s function for the boundary-
value problem in (1.1) and (1.2), if, as a function of its first variable x, it meets the
following defining criteria, for any s € (a, b):

1. On both intervals [a, s) and (s, b], g(x, s) is a continuous function having con-
tinuous derivatives up to nth order, and satisfies the governing equation in (1.1)
on (a, s) and (s, b), i.e.:

Lig(x,s)]=0,x € (a,s); L[g(x,s)]=0, x € (s,b).
2. For x = s, g(x, s) and all its derivatives up to (n — 2) are continuous

gl L 3Fg(xs)
lim ———— lim ———= =
x—st  Oxk x—=s—  oxk

0, k=0,n-2.

3. The (n — 1)th derivative of g(x, s) is discontinuous when x = s, providing

g Oles) T Teles)
x—>st  Ox?71 x—>s—  Jxn1 Po(s)

with po(s) the leading coefficient in (1.1).

4. g(x,s) satisfies the boundary conditions in (1.2), i.e.:

Mi(g(a,s),g(b,s)) =07 i =L_n
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The arguments x and s in the Green’s function are conventionally referred to as the
observation (field) point and the source point, respectively. The following theorem
specifies the conditions for existence and uniqueness of the Green’s function.

Theorem 1.1 (existence and uniqueness). If the homogeneous boundary-value prob-
lem in (1.1) and (1.2) has only a trivial solution, then there exists an unique Green’s
Sfunction g(x,s) associated with the problem.

We suggest the reader to read through the proof of this theorem carefully. The
important point is that this is a constructive proof, which implies that it delivers a
straightforward algorithm for the actual construction of Green’s functions. Through-
out the present textbook, we will frequently apply this algorithm to a variety of prob-
lems.

Proof. Let the functions y;(x), j = 1, n, be a fundamental set of solutions for (1.1).
That is, y; (x) are particular solutions of (1.1), linearly independent on (a, b)

In numerous practical situations, one can find the fundamental set of solutions for
(1.1) analytically. This can, be done for equations with constant coefficients in par-
ticular. If, however, the governing differential equation does not allow an analytical
solution, appropriate numerical procedures may be employed for obtaining approxi-
mate solutions. Later in this book we will discuss this point in more detail.

In compliance with property 1 of the definition, for any arbitrarily fixed value of
s € (a,b), the Green’s function g(x,s) has to be a solution of (1.1) in (a, s) (to the
left of ), as well as in (s, b) (to the right of 5). As soon as y;(x), j = 1, n, constitutes
a fundamental set of solutions for (1.1), any one of its solutions can be expressed as a
linear combination of the components y; (x). Consequently, one may write g(x, s) in
the following form

_ " yj(x)A;(s), fora <x <sy,
gx,s) = Z {yj(X)Bj(S), fors <x <b, 13

j=1
where A; (s) and Bj (s) represent functions yet to be determined. Clearly, the number
of functions is 2z and the number of linear relations, which can be derived for g(x, s)
from properties 2, 3, and 4 of the definition, is also 2n. Thus, we are going to derive
a system of 2n linear equations with 2n unknowns A4; (s) and Bj(s). It can be shown
that (n — 1) of those equations can be obtained from property 2, one equation from
property 3, and n equations from property 4.

Hence, the key issue to be resolved in the remaining part of this proof is whether
the 2n x 2n system in A (s) and B; (s) is well-posed. This implies that the system is
consistent, and the solution is unique.

By virtue of property 2, which states the continuity of g(x, s) itself and its partial
derivatives with respect to x of up to (n—2) order, for x = s, one derives the following



12 Chapter 1 Green’s Functions for ODE

system of (n — 1) linear algebraic equations

ch(s)y—fk(s) —0, k=0n_2, (1.4)
= dx

in n unknown functions

Ci(s) = Bj(s)—A4j(s), j=1n. (1.5)

The system in (1.4) is underdetermined, because the number of equations in it (n —
1) is less than the number of unknowns (r). This can be circumvent, however, by
applying property 3 to the expression in (1.3). This yields a single linear algebraic
equation

N d7 i) ]
J;CJ(s) T — (1.6)

with the same set {C;(s)|j = 1,n} of unknowns. Hence, the relations (1.4) along
with that of (1.6) constitute a system of n simultaneous linear algebraic equations in
n unknowns. The determinant of the coefficient matrix in this system is non-zero,
because it represents the Wronskian for the fundamental set of solutions {y; (x)|j =
I,_n}. Thus, the system has a unique solution. In other words, one can readily obtain
explicit expressions for Cj (s).

Once the functions C; (s) are found, the relations in (1.5) form another underdeter-
mined system of n linear algebraic equations in the 27 functions A4; (s) and B;(s). To
eliminate the underdeterminedness of the system, we take advantage of the defining
property 4. In doing so, we first break down the forms M;(y(a), y(b)) in (1.2) into
two additive parts as

Mi(y(a),y(0)) = Pi(y(@)) + Qi(y(b)). i=T.n,

with P;(a) and Q;(b) being defined as

n—1 n—1
Pi(y(@) =Y ay®@, Qi) =) By® o).

k=0 k=0

Using property 4, we now substitute the expression for g(x, s) from (1.3) into (1.2)

Mi(g(a,s), g(b.s)) = Pi(g(a,s)) + Qi(g(h,s)) =0, i=1n. 1.7

Since the values of g(a,s) and its derivatives at the left endpoint x = a of the
interval [a, b] are determined by the operator P; in (1.7), while Q; governs those at
the right endpoint x = b, the branch of g(x,s) fora < x < s from (1.3) goes to
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Pi(g(a,s)), while the branch for s < x < b must be substituted into Q;(g(b, s)).
This yields

M,-(g(a,s), g(b,S)) = Z[Pl(g(a’s))A](s) + Ql(g(b,S))BJ(S)] = O’ 1= ls_n

j=1

Replacing the values of A;(s) in accordance with (1.5), we can rewrite the above
equation in the form

n

D [Pi(g(a,5))(Bj(s) — Cj(5)) + Q;(2(b,5))Bj(s)] =0, i =Tn.

J=1

Combining the terms with B} (s) and taking the term with C; (s) on the right-hand
side, one obtains

n

Y [Pi(g(a.5) + Qi(g(b.))Bj(s) = Y Pi(g(a.$))Cj(s), i=Tn.
=1

J=1 Jj=

Recalling the relations from (1.7), the above equations can finally be rewritten in
the form

n

Y Mi(g(a.s5).g(b.$))Bj(s) = Y _ Pi(g(a,s)Cj(s), i=Tn. (1.8)
1

j=1 j=

It is evident that the above relations form a system of n linear algebraic equations in
n unknown functions Bj (s). The coefficient matrix of this system is not singular, since
the forms M; are assumed to be linearly independent. The right-hand side vector in
(1.8) is defined in terms of the functions Cj (s) which have already been determined.
Thus, in compliance with the fundamental theorem of linear algebra [37, 76], the
system has a unique solution. Once the functions Bj(s) are obtained, the functions
A; (s) can be readily found from (1.5) in terms of B; (s) and C;(s).

Hence, we have provided a constructive proof for the theorem, implying that the
proof is an algorithm for obtaining an explicit expression for the Green’s function

g(x,s). O

As we mentioned before, the proof suggests a consistent and practical way to con-
struct the Green’s function. Below, we will support this statement with a series of
particular examples, in each of which we present and analyze the various intricacies
of statements of boundary-value problems, which may occur while considering prac-
tical situations in applied sciences.
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Example 1.1. We begin with probably the most trivial case by considering the fol-
lowing differential equation

d?y(x)
2 = 0, xe€(0,a), (1.9)
subject to the boundary conditions
y(0) = y(a) = 0. (1.10)

To make sure that a Green’s function exists for the above problem, let us find out if
the setting in (1.9) and (1.10) has only the trivial solution. The most elementary set of
functions constituting a fundamental set of solutions for (1.9) is represented by

) =1 y(x) =x.
This yields the general solution yg (x) for equation (1.9) written as
Vg(x) = D1 + Dax,

where D1 and D, represent arbitrary constants.
A substitution of this function into the boundary conditions in (1.10) yields the
homogeneous system of linear algebraic equations in Dy and D5, with a well-posed

coefficient matrix
10
la)l’

Hence, the problem in (1.9) and (1.10) has only the trivial solution. Thus, there exists
a unique Green’s function for this problem. According to the procedure described in
the proof of Theorem 1.1, it can be found to be of the form

A1(s) + xAz(s), for0<x <s,
g(x.s) = (L11)
Bi(s) + xBy(s), fors <x <a.

Introducing then the functions Cj(s) and Cs(s), as suggested in (1.5), we form a
system of linear algebraic equations in these functions (see the system in (1.4) and
(1.6)) written as

(1.12)

Ci(s) +5Ca(s) =0,
C2(S) =—1.

The obvious solution is C1(s) = s and C(s) = —1.

A1(s) = 0 follows from the first boundary condition y(0) = 0 in (1.10), satisfied
by the upper branch of g(x, s). The upper branch is chosen because x = 0 belongs to
the interval 0 < x < s. Since B1(s) = C;(s) + A1(s), we conclude that By (s) = s.
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The second boundary condition y(a) = 0 in (1.10), being satisfied by the lower
branch of g(x, s), yields Bj(s) + aB»(s) = 0. Hence, B»(s) = —s/a. Finally, since
A2(s) = Ba(s) — Ca(s), we find that A»(s) = 1 —s/a. Substituting these values into
(1.11), we ultimately obtain the sought-after Green’s function of the form

a 'x(a—s), for0<x <s,

glx,s) = {

a~ls(a —x), fors <x <a.

Example 1.2. We formulate another boundary-value problem

dy(0) dy(a)
=0, =0
dx dx

(1.13)

for (1.9) on the same interval (0, a).

It is evident that this problem does not have a unique solution. Indeed, one can
clearly see that any constant function y(x) =const satisfies the both the equation and
the boundary conditions in (1.13). Hence, the condition of existence and uniqueness
for Green’s function does not hold. Therefore, a Green’s function does not exist.

Example 1.3. Consider another boundary-value problem

dy(©0) _ 0 dy(a)
dx ’ dx

+ hy(a) =0 (1.14)

for equation in (1.9) on (0, a), with /& a nonzero constant.

It can readily be shown that the problem in (1.9) and (1.14) only has the trivial
solution. Consequently, there exists a unique Green’s function for this problem.

The first part of the construction process mirrors that of the problem in Example
1.1. The Green’s function is again expressed by (1.11), and the coefficients C; (s) and
C»(s) satisfy the system in (1.12), resulting in C1(s) = s and Cy(s) = —1.

The first boundary condition in (1.14), being satisfied by the upper branch in (1.11),
yields A, (s) = 0. This immediately results in B(s) = —1. The second condition in
(1.14), being satisfied by the lower branch of (1.11), yields the following equation

By(s) + h[B1(s) + aBa(s)] = 0

in Bi(s) and B,(s). Based on the known B;(s), one obtains the function Bj(s) =
(1 + ha)/h. This in turn yields A1 (s) = [1 + h(a — s)]/ h.

Substituting the values we obtained for A;(s) and Bj(s) into (1.11), we get the
Green’s function for the boundary-value problem in (1.9) and (1.14) of the form

(a—s)—i—h_l, for0 < x <y,

1.15
(a—x)+h7!, fors<x<a. ( )

glx,s) = {
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Notice that if & goes to infinity, the second term A ™! in (1.15) vanishes yielding the
Green’s function

(x.5) a—s, forO0<x <y,
X,8) =
& a—x, fors <x<a,
for equation (1.9) subject to the following boundary conditions
dy(0
L) — 0, y(a) — 0
dx

In the applied sciences, it is frequently required to formulate research projects to
study phenomena occurring in infinite media. The Green’s function formalism can
successfully be extended to the associated boundary-value problems formulated over
infinite intervals. In our next example, we construct the Green’s function for such a
problem.

Example 1.4. Consider the following differential equation

d2
d);(ZX) —k2y(x) =0, x €(0,00), (1.16)
subject to boundary conditions
y(0) =0, lim |y(x)| < oc. 1.17)
xX—>00

It can be shown that the conditions for existence and uniqueness for Green’s func-
tion are met, assuring a unique Green’s function for this problem.

Since the roots of the characteristic (auxiliary) equation for (1.16) are k and —k,
the following two exponential functions

yi(x) =exp(kx), ya2(x)=-exp(—kx)
represent a fundamental set of solutions for (1.16). Hence, the Green’s function for

the boundary-value problem in (1.16) and (1.17) is of the form

Ai(s)exp (kx) + Ax(s)exp (—kx), forx <s,
gx,s) = (1.18)
Bi(s)exp (kx) + Ba(s)exp (—kx), fors < x.
Denoting C; (s) = Bj(s)—A;(s),i = 1,2, we obtain the following system of linear
algebraic equations

exp (ks)C1(s) + exp (—ks)Ca(s) = 0,
kexp (ks)C1(s) — kexp (—ks)Ca(s) = —1,
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in C1(s) and C(s). The solution of this system is

1 1
Ci(s) = o exp(—ks), Ca(s) = 7 exp(ks). (1.19)
The first condition in (1.17) implies
A1(s) + A2(s) =0 (1.20)

while the second condition leads to Bj(s) = 0, because the exponential function
exp (kx) is unbounded as x approaches infinity, and the only way to satisfy the second
condition in (1.17) is to set Bj(s) to zero. This immediately yields

Ai(s) = % exp (—ks).

The relation in (1.20) consequently provides

Ax(s) = —% exp (—ks).

Hence, based on the known functions C5(s) and A5 (s), we obtain

1
Ba(s) = 5-lexp (ks) —exp (—ks)].

Upon substitution of the coefficients A; (s) and B; (s) into (1.18), we finally obtains
the Green’s function for the problem (1.16) and (1.17) in the form

1 {exp(k(x —5)) —exp(—k(x +s)), forx <s,

8059 = 3 \explk(s — x)) — exp(—k(s +x)). fors < x.

which can be rewritten in a more compact form as

1
g(x,s) = 7 (exp(—k|x — s|) — exp(—k(x + 5))) (1.21)
in terms of the absolute value function.

Example 1.5. Consider a boundary-value problem for the same equation as in Exam-
ple 1.4, now formulated on a different domain

d?y(x)
dx?
and subject to a specific set of boundary conditions

dy(0) dy(a)
dx — dx

—k?y(x) =0, x€(0,a), (1.22)

y(0) = y(a),

. (1.23)
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This boundary-value problem represents an important type of problem in applied
sciences. The relations (1.23) specify conditions of the a-periodicity of the solution.

We leave it as an exercise to the reader, to show that this boundary-value prob-
lem has only the trivial solution, proving the existence of a unique Green’s function
associated with it.

Since (1.22) and (1.23) are the same differential equation as in Example 1.4, the
beginning stage of the construction procedure for the Green’s function resembles that
from the previous problem. We again express the Green’s function by (1.18), and the
coefficients Cj (s) and C,(s) are found as in (1.19).

It is important to notice that to satisfy the boundary conditions in this case, we need
both branches of (1.18). That is, satisfying the first condition in (1.23), we utilize the
upper branch in (1.18) in order to calculate the value of y(0), while its lower branch
is used for computing the value of y(a). This results in

A1(s) + Az(s) = Bi(s)exp (ka) + Bz (s)exp(—ka). (1.24)

Using the second condition in (1.23), we calculate the derivative of y(x) at x = 0
by using the upper branch in (1.18), while the value of the derivative of y(x) atx = a
is calculated by using the lower branch of (1.18). This yields

A1(s) — Az(s) = Bi(s) exp (ka) — Ba(s) exp(—ka) (1.25)

implying that the relations in (1.24) and (1.25) along with those in (1.19) form a well-
posed system of four linear algebraic equations in A1 (s), A2(s), B1(s), and B, (s). To
find A1 (s) and B;(s), we add up equations (1.24) and (1.25). This leads to

Ai1(s) — Bi(s)exp(ka) = 0. (1.26)

Now, the first relation in (1.19) can be rewritten in the form

1
—A1(s) + Bi(s) = o exp(—ks). (1.27)

Solving (1.26) and (1.27) simultaneously, we obtain

exp (k(a —s)) Bi(s) = exp (—ks)

Auls) = = 2kfexpka) — 1]

-~ 2klexp(ka) — 1]’
To find the functions A5 (s) and B, (s), we subtract (1.25) from (1.24), leading to
As(s) — Ba(s)exp(—ka) = 0. (1.28)

Rewriting then the second relation in (1.19) as

1
—As(s) + Ba(s) = 7 exp(ks) (1.29)
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we have to solve (1.28) and (1.29) simultaneously. This yields

exp (ks) _exp(k(s +a))

1200 = St T 529 = Roptha) 1}

Substituting A;(s), A2(s), B1(s), and B(s) into (1.18), we finally obtain the Green’s
function for the boundary-value problem in (1.22) and (1.23):

exp(k(x —s + a)) + exp(k(s — x)), forx <y,

(1.30)
exp(k(s —x + a)) + exp(k(x —s)), fors <x,

glx,s) = Ko{

where the constant factor Ko = {2k[exp(ka) — 1]} L.

In all the particular problems that we have dealt with so far, the governing differ-
ential equations had constant coefficients. In this case finding a fundamental set of
solution is a routine procedure. It is worth noting that variable coefficients do not de-
cisively restrict the described algorithm, if a fundamental set of solutions is obtained
in terms of either elementary or well-tabulated special functions. In other words, if the
governing equation allows for an exact solution, one can readily construct a Green’s
function by means of this algorithm. The following example illustrates this point.

Example 1.6. Consider the equation with variable coefficients

i ((mx + b)d—y) =0, xe€(0,a). (1.31)
dx dx

To ensure the fact that the above equation is not degenerate in any single point in
(0, @), it is important to impose certain limitations on the constant parameters m and
b. With this in mind, we assume m > 0 and b > 0, which clearly implies that the
function mx + b does not become zero anywhere on [0, a].

It can be readily shown that, if boundary conditions are imposed for (1.31) as

dy(0)
dx

0, y(a) =0, (1.32)

then the problem in (1.31) and (1.32) is well-posed, which allows only the trivial
solution.
The fundamental set of solutions for (1.31)

yi(x) =1, yz2(x) =In(mx +b)

can be obtained by two successive integrations. Indeed, the first integration yields

d
(mx + b)—y =(C
dx
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while, dividing the above equation by mx + b and multiplying by dx, we can separate
the variables
dx

dy =C
Y 1mx—i—b

and, after the second integration, we finally obtain

C
y(x) = len(mx +b) + Cs.

Since the boundary-value problem in (1.31) and (1.32) has only the trivial solution,
there exists a unique Green’s function associated with it, which can be written as

A1(s) + In(mx 4+ b)Az(s), for0<x <s,
g(x,s) = (1.33)
Bi(s) + In(mx + b)Ba(s), fors <x <a.

Following our now customary procedure, we obtain the system of linear algebraic
equations

C1(s) +In(ms + b)Cy(s) =0,
m(ms + b) 1 Ca(s) = —(ms + b) ™!
in Cj(s) = Bj(s) — Aj(s),(j = 1,2). Its solution is
Ci(s) = lln (ms +b), Ca(s)= —l.
m m

The first boundary condition in (1.32) yields A,(s) = 0. Consequently, Ba(s) =
—1/m. The second condition leads to

Bi(s) + In(ma + p)Ba(s) =0

resulting in By (s) = [In(ma + b)]/m, which gives us

1. ma+b
A1(s) = n_qlnms—i—b'

Substituting the values of A;(s) and Bj(s) into (1.33), we obtains the sought-after
Green’s function of the form

g(x,s) = (1.34)

In[(ma + b)(mx + b)™'], fors <x <a.

1 {ln[(ma +b)(ms +b)71], for0<x <s,
m

Sometimes in applied sciences, boundary-value problems on finite intervals arise,
where one of the endpoints is a singularity of the governing differential equation. The
algorithm in this section can also be used to construct Green’s functions in these cases.
To illustrate this point, we provide the following example.
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Example 1.7. Consider a boundary value problem for the following differential equa-
tion

d ( dy(x)
— | x

| ) =0, xe(0a), (1.35)

subject to boundary conditions

y()

lim [y ()] < oc. + hy(a) = 0. (1.36)

Clearly, the left endpoint x = 0 of the domain is a singular point of the equation
(1.35). Therefore, instead of a traditional boundary condition at this point, we require
in equation (1.36) for y(x) to be bounded as x approaches zero.

Integrating the equation (1.35) successively two times, we obtains, similarly to the
case in Example 1.6, its fundamental set of solutions

yix) =1, ya(x) =Inx.

The problem in (1.35) and (1.36) has only the trivial solution, allowing us to look
for its unique Green’s function of the form

A1(s) +InxAs(s), for0<x <s,

glx,s) =
Bi(s) + InxBs(s), fors <x <a.

Following our customary procedure, we now form the system of linear algebraic
equations

C1(s) +InsCy(s) = 0,
s71Cy(s) = —s7!

in C1(s) and Cy(s), with the solution C1(s) = Ins and Cy(s) = —
The boundedness of the Green’s function at x = 0 implies A>(s) = 0. Conse-
quently, we find B»(s) = —1. The second condition in (1.36) yields

Bs(s)/a + h[B1(s) + InaBa(s)] =0

resulting in B1(s) = 1/ah + Ina, and ultimately, A;(s) = 1/ah —Ins/a. Hence, we
finally obtain

g(x.s) = {(ah):1 — ln[(a):ls], for0 <x <s, (137)

(ah)™! —In[(a)"'x], fors <x <a.
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Notice that as the value of & goes to infinity, the first term (a/) ™! in (1.37) vanishes,
yielding the Green’s function

g(x.5) = {—ln[(a)_ls], for0 < x <y, (138)

—ln[(a)_lx], fors <x <a,
for equation (1.35), subject to the boundary conditions
lim |y(x)| < oo, y(a)=0.
x—0

Example 1.8. For the following example, we present a boundary-value problem for
the simplest fourth order linear equation

d*y(x)
d =0 xe@.D, (1.39)
with boundary conditions written
dy(0 d?y(1
y(0) = DO _, y(1) = y(z) =0. (1.40)
dx dx

As is known from applied mechanics [7, 19, 28, 45, 56, 71], this setting simulates
bending of an elastic beam of unit length, with the left edge clamped and the right
edge resting on a support.

Clearly, the following set of functions

M@ =1 ypm)=x y3(x)=x> ysx) =x’ (1.41)
is the simplest fundamental set of solutions for (1.39). Hence, the general solution is
Ye(x) = D1+ Dax + D?,)C2 + D4x3.

Applying the first two boundary conditions in (1.40), we obtain D; = D, = 0.
At x = 1 this leads to D3 = D4 = 0. Hence, the boundary-value problem in (1.39)
and (1.40) has only the trivial solution. There exists, consequently, a unique Green’s
function.

Based on the fundamental set of solutions in (1.41), the Green’s function can be
written as

A1(s) + Az(s)x + A3(s)x? + Aa(s)x3, forx <,

(1.42)
B1(s) + Ba(s)x + B3(s)x? + B4(s)x3, fors < x.

glx,s) = {

From properties 2 and 3 of the definition of the Green’s function, we derive the
following system of linear equations in C;(s) = B;(s) — A;j(s), written in matrix



Section 1.1 Standard Procedure for Construction 23

form as
1 s s2 3 Ci(s) 0
0 1 25 3s2 Cx(s) | | O
002 6 |l |7 o (1.43)
00 0 6 Cu(s) -1
the solution of which
C L C L2 C ! C ! (1.44)
= -5, = —=57, = -, = —— .
176 ) 372 *T 76

is obtained immediately, because of the upper triangular form of the coefficient matrix.
By virtue of property 4 of the definition, the boundary conditions in (1.40) provide

A1 =0, A, =0, B+ B+ B3+ B4=0, 2B3+6B4=0

while the rest of the coefficients for g(x, s)

1 3 1 1 1 1
Az = ——s3 4 252 — 5. Ay = —s3— 524,
3 4s +4s 2s 4 12s 4s +6

1 1
B, = —s3, By = ——s? and

6 2

1 3 1 1
B :__3 _2’ B =_3__2
3=y TR Y

are calculated with the help of functions C; (s) in (1.44).

Substituting the coefficients A;(s) and B;(s) into (1.42), we obtain the Green’s
function g(x,s) for the boundary-value problem posed by (1.39) and (1.40). For
x <s, it is written as

1 1 1 1 3 1
g(x,s) = (ES3 — ZSZ + 5) x3 = (ZS3 — Zsz + Es) x? (1.45)
while for x > s, we get
1 1 1 1 3 1
g(x,s) = (EX3 — sz + 8) §3 — (ZX3 — sz + Ex) 52, (1.46)

This example shows that even for higher-order equations, the procedure for the con-
struction of Green’s functions utilized in this section is compact enough and requires
only limited amount of work.

If we examine the form of the Green’s functions we constructed so far in this sec-
tion, we may notice a common property: they are symmetric in a certain sense. That
is, the interchange of x with s in a Green’s function valid for x < s yields one valid
for x > s and vice versa. In the next section, we will discuss this point in more detail.
Certain conditions will be found, under which the symmetry occurs. In the mean time,
however, we will consider a problem whose Green’s function appears, in contrast to
all the previous settings, to be in a asymmetric form.
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Example 1.9. We present a boundary-value problem for the following second order
linear equation

d2y(x) | dy@)

Ix2 + I 2y(x) =0, x € (0,00), (1.47)
subject to boundary conditions
y(0) =0, lim |y(x)| < oc. (1.48)
X—>00

Direct analysis shows that the above problem has only the trivial solution, allow-
ing, subsequently, a unique Green’s function. Since y;(x) = exp(x) and y,(x) =
exp(—2x) constitute a fundamental set of solutions to (1.47), we write the Green’s
function to this problem

{Al(s) exp(x) + Ax(s) exp(—2x), forx <s,
glx,s) = (1.49)
Bi(s)exp(x) + Ba(s) exp(—2x), fors < x.

This leads to the system of linear equations in Cj(s) = Bj(s) — A4;(s)

exp(s) exp(—2s) Cis)\ _( O

exp(s) —2exp(—2s) x Ca(s) ) \ -1
the solution of which is

Ci(s) = —% exp(—s), Ca(s) = %exp(Zs).

The first condition in (1.48) gives A1 (s)+ A2 (s) = 0. The second condition implies
B1(s) = 0. Therefore A;(s) = 1/3exp(—s), resulting in A>(s) = —1/3 exp(—s),
and, finally, B,(s) = 1/3[exp(2s) — exp(—s)]. Substituting these into (1.49), we
obtain the Green’s function for (1.47) and (1.48) as

glx.s) = 3 exp(—2x)[exp(2s) — exp(—s)], fors < x. (150)

1 {exp(—s)[exp(x) —exp(—2x)], forx <s,

It is evident that the Green’s function in (1.50) is not symmetric. The question that
arises with regard to this fact as to why this is so? What makes the statement of the
boundary-value problem in (1.47) and (1.48) different from all the others considered
earlier in this section? The reader will find the reasoning behind this fact in the next
section.
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1.2 Symmetry of Green’s Functions

In order to address the issue of symmetry for Green’s functions with respect to the
observation and the source point, we have to carry out some preparatory work, which
we will do in this section.

Let us write down the linear nth order homogeneous differential equation

n n—1

d"y d" "y
dx" +p1dx”_1

in y = y(x), with variable coefficients p; = p;(x),i = 0,n.
From the qualitative theory of linear equations (see, for example, [18, 20, 29, 37,
54, 66]), we learn that the equation

Lly(x)] = po + 4+ puy=0

n—l(

n p1y)

La[y(x)] = (-1) T

is called the adjoint of L[y (x)] = 0. If L, is the adjoint of L,and L = L,, then L is

said to be a self-adjoint operator and the equation L[y (x)] = 0 is called self-adjoint.
For the sake of simplicity, the discussion in this section is limited to the second

order equation

(poy)

+ (D" +et Py =0

2

d”y dy
Ly = po5 + P17~

We can make this limitation without loss of generality, but it markedly condenses
it and makes it easier to comprehend.

The leading coefficient po(x) in (1.51) must be non-zero in all single points of
(a, b) with the possible exception of one of the endpoints. Additionally, we require
the coefficient pg(x) to be twice differentiable and p(x) just differentiable on (a, b).

According to the terminology introduced above, the equation

+p2y =0, x¢€(ab). (1.51)

2
Laby(w) = 000 A1)
is the adjoint of (1.51).

We will briefly review here the self-adjointness of differential equations and other
relevant issues important to the analysis of symmetry of Green’s functions. A more
complete discussion on self-adjointness can be found in standard textbooks on ODE.

Using the product rule, the operator L, in (1.52) can be rewritten as

d ( dpo dy dpi dy
L = — —_ — | — —_ —_ .
aly(x)] I (y I +podx) (y o TPy ey

Differentiating further and combining like terms, we obtain

d?y dpo dy (d*po dp
L = 2222 - 1.53
aly(x)] = por 5+ ( M ) ot ( 2 dr +P2) y.  (1.53)

+ p2y =0 (1.52)
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Suppose (1.51) is self-adjoint, that is L[y (x)] = L4[y(x)]. Then, from comparing
the coefficients of dy/dx in L[y(x)] and L[y (x)] in (1.51) and (1.53), we obtain the
following relation for the coefficients po(x) and pj(x)

dpo(x)
dx
which must hold for (1.51) to be self-adjoint. This implies
dpo(x)
dx

From differentiating the above relation, we find that the sum of the first two terms
in the coefficient

2

p1(x) = p1(x)

p1(x) = (1.54)

d*po(x) dp1(x)
dx? dx
of y(x) in (1.53) equals zero. This means that self-adjointness of (1.51) implies the re-
lation between the coefficients po(x) and p;(x) and does not constrain the coefficient
p2(x). In other words, if (1.51) is self-adjoint, it can be written as

2
o (x)d dy(ZX) 4 @po(¥) dy(x)
X

+ pa(x)

+ p2(x)y(x) =0

dx dx
which gives, shortened,
d dy(x
4 o) 29 4 pryy ) =o. (1.55)
dx dx

The above is usually referred to as the standard form of a second order self-adjoint
equation.

Thus, if the coefficients pg(x) and pj(x) in (1.51) satisfy the relation in (1.54),
then (1.51) is in self-adjoint form. The fact that (1.54) does not involve the coeffi-
cient pp(x) prompts a simple method for reducing a linear second order differential
equation to self-adjoint form.

Indeed, multiplying (1.51) by a certain nonzero function (we call it the integrating
factor) and applying the relation (1.54) to the coefficients of d2y/dx? and dy /dx of
the resultant equation, we can readily formulate a relation from which the integrating
factor can be determined. The procedure of finding the integrating factor is quite
straightforward. In the series of examples that follow, we consider particular equations
and discuss their self-adjointness in detail.

Example 1.10. Find out if the equation
sy
dx?

is in self-adjoint form and if not, reduce it to such.

4+ (2—=cosx)y(x) =0 (1.56)
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It is clear that this equation is not in self-adjoint form, since po(x) is e*, whilst
p1(x) equals zero and the condition in (1.54) is not met. The integrating factor e™* is
also evident, in this case, because if the equation in (1.56) is multiplied by e™*, then
it reduces to the self-adjoint equation

d?y(x)
dx?

+e Q2 —cosx)y(x) =0
which meets the condition in (1.54).

Example 1.11. Consider the equation

d?y(x) dy(x)
3 2 _
X Jx2 + 3x I

y(x)=0 (1.57)

which is in self-adjoint form; it is evident that the condition in (1.54) is met, because
the derivative of x> is 3x2. Let us change the statement in (1.57) slightly, and consider
the equation

d?y(x) dy(x)
3 2 _
x dx? X dx

y(x) =0 (1.58)

instead, which is not self-adjoint. However, finding an integrating factor for (1.58) is
unproblematic; after multiplying (1.58) with x =2 we convert the equation to

L) dy()
dx? dx

x2y(x)=0

which meets condition (1.54).

It is worth noting that in applied sciences, in most cases, when the self-adjointness
is an issue and an equation under consideration is not in such a form, we have to
follow a routine procedure to finding an integrating factor. The following example
illustrates this point.

Example 1.12. The condition in (1.54) is evidently not met for the equation

d?y(x) dy(x)
4 _
dx? o dx

2y(x) =0, (1.59)

so it is not in self-adjoint form; also, there is no obvious guess for the integrating
factor. However, following the procedure outlined before, we multiply this equation
by an integrating factor @ (x)

d?y(x) dy(x)

p)— 5~ Al == = 2u(x)y(x) = 0. (1.60)
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The leading coefficient po(x) of this equation is @ (x), while the coefficient pj (x)
equals 4x(x). Thus, equation (1.60) would be self-adjoint if (according to condition
(1.54))

du(x)
dx

which is a separable first order differential equation in p(x). Multiplying it by dx and
dividing by @ (x), we separate variables

4xp(x)

and then integrate both sides
In|u(x)| = 2x% 4 C.
Solving this equation for ((x), we obtain
w(x) = o2x%+C

Any function in this family can be considered an integrating factor for equation
(1.59). In other words, the constant C can be arbitrarily fixed and upon assumption
of, say, C = 0, we obtain

n(x) = 2, (1.61)

Finally, on substituting (1.61) into (1.60), we can reduce (1.59) to the self-adjoint
form

2
eZde y(x) + 4xe2® dy(x)
dx? dx
At this point in our presentation we assume L to be a self-adjoint operator of the
second order. That is:

Zezxzy(x) = 0.

d d
L= (Po(x)a) T pa(x).

Consider two functions u(x) and v(x), and assume that each of them is twice con-
tinuously differentiable on (a, b). We form the bilinear combination

u(x)L[v(x)] = v(x) L[u(x)]

which can be rewritten explicitly as

d d d
u (j—x (po(x)d—z) + Pz(x)v) —v (E (Po(x)ﬁ) + pz(x)u) . (1.62)
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Removing the outer parentheses in both the components, the above transforms to

d d d d
ut )= oL =g (o5 ) v (me G ).

After applying the product rule and rearranging terms, the above expression sim-
plifies to

d d d d
U (Po(x)d—z) —Vo (Po(x)ﬁ)

. dpo(x) dv d*v dpo(x) du d?u
- ( dx dx + po(x)dxz) "\ Tax ax = Po(x) dx?
dpo(x) d_v dpo(x)d_u d?v d?u

U dx VT dx dx TP m = pvrs

dpo(x) ( dv du + polx) d dv du
=—u——v— X)—(u——v—
dx dx dx po dx dx dx

. d dv du
= (1’0(” (“a‘”a))'

uL(v) —vL(u) = c;i_x (po(x) (ud—i — vd—u)) . (1.63)

Integrating both sides of (1.63) from a to b, we obtains the following relation

b

b
/ [uL(v) —vL(u)ldx = po(x) (u@ — vd—u) (1.64)
a dx dx

a

which is usually referred to as Green’s formula for a self-adjoint operator. This all
leads us to conclude that Green’s formula holds for a self-adjoint operator L and two
functions u(x) and v(x), continuously differentiable on (a, b).

If, in addition to being twice continuously differentiable on (a, b), u(x) and v(x)
are functions for which the right-hand side in (1.64) vanishes, we can reduce Green’s
formula to a compact form. That is, if

=0 (1.65)

we get

b
/ [uL(v) —vL(u)]dx = 0. (1.66)
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So, the Green’s formula in (1.66) is valid for a self-adjoint operator L, with u(x)
and v(x) twice continuously differentiable on (a, b) and satisfying the relation in
(1.65). This relation is, however, implicit in nature, which makes it too cumbersome
to deal with in real-life calculations. Therefore, it is important to find several of its
explicit equivalents which are more convenient for practical use.

In doing so, we rewrite the relation in (1.65) in the extended form

dv(b du(b d d
Pot®) (u(b) ZEC) —v(b) Z; )) — po(a) (u(a) cha) —v(a) Z,Eca)) =0
(1.67)

Since this equation contains u#(x) and v(x), as well as their derivatives at the end-
points of the interval [a, b], it is immediately clear that the relation in (1.67) holds if
both u(x) and v(x) satisfy one of the following types of boundary condition in x = a
and x = b:

(1) y(a) =0,y() =0;

(2) y(a) =0,y'(b) = 0;

3) y'(a) =0,y"(b) = 0.

We can also see immediately that condition (1.67) is satisfied in the so-called sin-
gular case, when the leading coefficient po(x) in (1.55) equals zero at one of the

endpoints of [a,b]. In such a case we usually require y(x) to be bounded at that
endpoint, with a value of either y(x) or y'(x) being zero at the other endpoint, that is:

4) limx—4 |y(x)] < 00, y(b) = 0;
(5) limy—q |y (x)| < 00,y’(h) = 0.

In addition, on a close analysis it follows that condition (1.67) also holds for both
u(x) and v(x), satisfying one of the following sets of boundary conditions:

(6) y(a) =0,y"(b) + hy(b) = 0;

() y'(a) =0,y'(b) + hy(b) = 0;

®) y'(a) + hiy(a) = 0,y'(b) + hay(b) = 0;

©) y(a) = y(®). po(a)y'(a) = po(b)y'(b);
(10) limx—q [y (x)| < 00, y"(b) + hy(b) = 0.

This last set of conditions presupposes (similar to (4) and (5)) that the leading co-
efficient po(x) of (1.55) equals zero at x = a.

Note that the endpoints a and b, in all boundary conditions (1)-(10), are inter-
changeable. That is, the set of conditions

y() =0, y'(a)+hy(@) =0

substitutes (6). This is also true for the boundary conditions (4), (5), (7) and (10).
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We can now introduce another important terminological issue. A boundary-value
problem for (1.55), subject to either one of the types of boundary conditions listed
above, belongs to the class of so-called self-adjoint boundary-value problems.

We are now ready to turn our attention to one of the basic questions posed in this
section: what makes a Green’s function symmetric in the sense mentioned in Sec-
tion 1.1? Theorem 1.2 below specifies the conditions which a boundary-value prob-
lem should satisfy for its Green’s function to be symmetric.

Theorem 1.2. If a well-posed boundary-value problem

- (PO(X)M) T pa)y(x) = 0, (1.68)
X dx
Mily(@).y®)] = 0. Maly(a). y(®)] = 0 (1.69)

is self-adjoint, then its Green’s function g(x,s) is symmetric, provided that we can
obtain its value for x > s from that valid for x < s by interchanging x and s.

Proof. This proof is based on a slight modification of the procedure we used in the
proof of Theorem 1.1. Again, we choose two linearly independent particular solutions
y1(x) and y2(x) of the governing equation (1.68). But contrary to Theorem 1.1,
additional constraints are supposed to be put on y;(x) and y,(x), for which we will
make specific choices:

let y1(x) and y,(x) be two nonzero linearly independent particular solutions of
(1.68). Additionally, let y; (x) satisfy the first boundary condition in (1.69) and y,(x)
satisfy the second condition in (1.69). Clearly, neither y;(x) nor y,(x) can satisfy
both boundary conditions in (1.69). In fact, such an assumption conflicts with the
well-posedness of (1.68) and (1.69), which implies that the trivial solution is the only
solution of the problem in (1.68) and (1.69).

We now form the bilinear combination from y; (x) and y2(x)

Y1(X)Ly2(x)] = y2(x) L[y1(x)].

which is exactly zero in all points of (a, b), since L[y1(x)] = 0 and L[y>(x)]
for x € (a, b).
Recalling (1.63) and rewriting it in terms of y(x) and y,(x) yields

Il
o

d d d
ML(G2) = y2L (1) = — [ pox) 1122 — 1,21
dx dx dx

Since the left-hand side of the relation is zero, the right-hand side is as well. That

is
d dys dyi\) _
a(PO(x) (JHE )/ZE)) =0,
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which implies

dy @) —C (1.70)

Po(x) ()’IE — )2 dx

with C a constant.

Note that y;(x) and y,(x) are determined up to a constant factor. If y;(x), for
example, satisfies both the governing equation (1.68) and the first boundary condition
in (1.69), then, for any nonzero constant ¢, the product ay;(x) also satisfies both
these relations. This is equally true for y,(x), which allows us to arbitrarily fix the
constant C in (1.70). Hence, without loss of generality, we can read (1.70) as

d d
Po(x) ylﬁ—yzﬂ =—1. (1.71)
dx dx

Hence, we can assume that, if the particular solutions to (1.68), y1(x) and y,(x),
are chosen in the manner specified, these solutions meet condition (1.71) on all of
(a,b). This implies that for any point s € (a,b) we can write Green’s function
g(x, s) for the problem in (1.68) and (1.69) in the form

c1(s)y1(x), fora <x <s, (1.72)
c2(s)y2(x), fors <x <b.

glx,s) = {
This function satisfies the boundary conditions in (1.69) regardless of c;(s) and
c2(s), because yi(x) and y,(x) satisfy the first and the second of those boundary
conditions, respectively. Hence, g(x,s) as in (1.72) already meets properties 1 and 4
of the definition of Green’s function.
Making use of properties 2 and 3 of the definition, we obtain the following system
of linear algebraic equations

y2(s) —yi(s) ) (Cz(S) ) ( 0 )
X = _ 1.73
(%@)—ﬁ@) a) ) =\~ ) (17
in c1(s) and c2(s). Clearly, the coefficient matrix of this system is not singular, be-
cause its determinant

W(s) = y1(s)y5(s) = y2(5)y1(5)

is the Wronskian of the two linearly independent functions y;(s) and y»(s). Hence,
system (1.73) has a unique solution of the form

y2(s) eals) = y1(s)

) == W) "o Ws)
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Substituting these expressions for ¢1(s) and c,(s) into (1.72), we obtain, for the
branch of the Green’s function with x < s as

~Y1(x)y2(s)

g(xss): T Nt N XES, (174)
Po()W(s)
while for the other branch, we have
g(x,s) = — 28N (1.75)

POWGe) =

According relation (1.71), the denominator in (1.73) and (1.74) satisfies the condi-
tion

Po($)W(s) = po(s) (y1(s)y3(s) — y2(s)y1(s)) = —1.

This allows us to write the Green’s function g(x, s) for the boundary-value problem
in (1.68) and (1.69) in the following “symmetric” form

y2(s)y1(x), fora <x <y,
= 1.
ge.s) {yl(S)yz(X), fors <x <b. (1.76)

Hence, the theorem has been proven. Indeed, from the above representation, it
follows that the Green’s function g(x,s) of a self-adjoint boundary-value problem
is invariant under exchange of the observation point x and the source point s. In
other words, the Green’s function is symmetric in the sense that whenever x and s are
exchanged on one of the branches of g(x, s), we obtain the other branch. O

The symmetry of Green’s functions, the analysis of which we completed, has im-
portant applications in various applied sciences. It is related to the so called Maxwell’s
reciprocity [29, 37, 66] asserting that the response of a field at an observation point x
due to a source at s is the same as the response at s due to a point source at x.

In the next section, we will revisit the basic issue of this chapter, which is the
construction of Green’s functions for ODE, and we will present another standard con-
struction procedure in detail.

1.3 Alternative Construction Procedure

As can be found in classical textbooks on differential equations, the notion of a
Green’s function is introduced for a boundary-value problem where both the govern-
ing differential equation and the boundary conditions are homogeneous. Such settings
are referred to as homogeneous boundary-value problems. In this section, we will turn
our attention to inhomogeneous linear differential equations subject to homogeneous
boundary conditions.
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In this section, we will state an prove an important theorem. It builds up a theo-
retical background for the utilization of Green’s functions in solving boundary-value
problems for inhomogeneous linear equations. After that, we will review the classical
[3, 45, 53, 66] procedure for the construction of Green’s functions, which is based
on the aforementioned theorem and the Lagrange method of variation of parameters,
which is traditionally used in ODE to solve inhomogeneous linear differential equa-
tions analytically, if the fundamental set of solutions is available for the corresponding
homogeneous equation.

Consider the linear inhomogeneous equation

n—ly
oot Tt Py =—f(x) (1.77)

subject to the homogeneous boundary conditions

Lly(x)] =

k
(a) ﬁkd y(b )] i=Tn. (1.78)

M;(y(a), y(b)) = Z[ak T

k=0

where the coefficients p; (x) and the right-hand side term f(x) in the governing equa-
tion are continuous functions, with po(x) # 0 on (a, b), and M; represent linearly
independent forms with constant coefficients.

We will establish the link between the uniqueness of the solution of (1.77) and
(1.78) and the corresponding homogeneous problem. For this reason, we focus on a
theorem that makes things ready for the use of a Green’s function, constructed for a
homogeneous problem, in solving corresponding inhomogeneous equations.

Theorem 1.3. If the homogeneous boundary-value problem corresponding to (1.77)
and (1.78) has only the trivial solution, then the problem in (1.77) and (1.78) has a
unique solution.

Proof. The theorem follows from the linearity of the setting: let Y;(x) and Y2 (x)
represent two distinct solutions of (1.77) and (1.78). This means that each of these
solutions is supposed to make equation (1.77) hold. That is,

dnY’ n—1 1
Po(x) —+ ()t + (Y1 = —f(x)
dx
and
nY dn—l
Po(X) o () o e pa()Ya = —f ().
Subtracting these term-by-term, we obtain
d"(Y1-Y. dn1(y; - Y-
pot) T T) L T - = 0.

dxn dxn—1



Section 1.3 Alternative Construction Procedure 35

Thus, if Y7 (x) and Y5 (x) represent two distinct solutions of (1.77), then their dif-
ference Y12(x) = Y1(x) — Y2(x) is a solution of the corresponding homogeneous
equation. In the same fashion, taking advantage of the linearity of the forms M;, we
can show that Y7, (x) should satisfy the homogeneous boundary conditions in (1.78).
In other words, Y71, (x) is a solution of the homogeneous boundary-value problem cor-
responding to (1.77) and (1.78). But, according to the statement in this theorem, the
corresponding homogeneous problem has only the trivial solution, which implies that
the difference Y7 (x) — Y2 (x) should be identical to zero for all x.

So, our assumption about the existence of two distinct solutions of the original
equations (1.77) and (1.78) is wrong. Therefore, there exists a unique solution, if the
corresponding homogeneous problem only has the trivial solution. m|

The following theorem establishes a direct way for expressing the solution of (1.77)
and (1.78) in terms of the Green’s function, constructed for the corresponding homo-
geneous boundary value problem.

Theorem 1.4. If the boundary-value problem stated by the inhomogeneous equa-
tion in (1.77) subject to the homogeneous conditions in (1.78) is well-posed, then
the unique solution for (1.77) and (1.78) can be expressed by the integral

b
y@) = / g (x.5) f(s)ds (1.79)

whose kernel g(x, s) is the Green’s function of the corresponding homogeneous prob-
lem.

Proof. The theorem requires that we prove two independent statements. First, that
the integral in (1.79) satisfies the equation in (1.77), and second, that it satisfies the
boundary conditions of (1.78).

Since the Green’s function g(x, s) consists of two segments, we break down the
integral in (1.79) into two integrals as shown

x b
y(x)=/ g_(x,S)f(S)dSJrf gr(x,9) f(s)ds, (1.80)

where by g (x,s) and g~ (x, s) we denote the branches of g(x,s) where x < s and
x > s, respectively.

As complying with the governing equation (1.77), we take into account a specific
instance of y(x) in (1.80); it is defined in terms of two definite integrals (with s
representing the integration variable), which contain a parameter x and have variable
limits depending on x. Therefore, one has to recall from the fundamental theorem of
integral calculus [37, 66] that, if a function ®(x) is defined in integral form

B(x)
d(x) = / F(x,s)ds,
a(x)
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then its derivative (with respect to x) is written as

d®(x) Z/B(x) OF (x5)

dx x) 0x

= F(x, B(x))B'(x) — F(x,a(x))et’ (x). (1.81)
This implies that, since both integrals in (1.80) contain x as a parameter and their

limits depend upon x, the derivative of y(x) can formally be written as

dy(x)

2 [T fds g 0 £

ba +
+/ ) f0ds g% (e 1),

Combining these integrals and realizing that non-integral terms are eliminated due
to the continuity of the Green’s function for x = s, we obtain

i) _ gt
T [ pas,

Thus, the derivative of (1.79) can be taken by direct differentiation of its kernel.
Taking into account the continuity of the derivatives of the Green’s function, up to
(n—2)nd order, as x = s (see property 2 of the definition), the higher-order derivatives
of the integrals in (1.80), up to (n — 1)st order, can be calculated analogously to the
first derivative:

——f()ds, k=1n-1 (1.82)

d¥y(x) _ /b a"g(x 5)

dxk

Since the boundary conditions in (1.78) involve only the derivatives of y(x) up to
(n—1)st order, all the derivatives in M;(y(a), y (b)) can be calculated formally within
the integral. This yields

n—1

bak b k b.s
Mi(y(a),y(b»zz[ak/ T ros + 5 [ )f()d}

bnl k
/ [ ; %8 (“)+ﬂkag(b”}f(>ds—0 i=Tn

because the expressions in the brackets equals zero due to property 4 in the definition
of the Green’s function. Hence, the boundary conditions in (1.78) are indeed satisfied
by the formula in (1.79).
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To complete the part of the theorem related to complying with the governing equa-
tion in (1.77), we calculate the nth derivative of y(x) by differentiating (1.82), with
k = n — 1 fixed. This yields

d"y(x) _ /‘b dg(x, s)f( Vs + |:8"_1g_(x,x) B " lgT(x,x)

dxn oxn—1 dxn—1

e
which, in compliance with property 3 of the definition, transforms to

d"y(x)

dx?

an
- / LEO) r)ds — £ )

After substituting y(x) and its derivatives found earlier into (1.77) and combining
all the integral terms into a single term, we finally obtain

b
/ Llg(x, )] f(s)ds — f(x) = —f(x).

The above equality is an identity, since L[g(x,s)] = 0 on (a, b). With this, we
have proven the theorem. O

In Section 1.1, we obtained Green’s functions for a number of boundary-value prob-
lems, which were constructed using a technique based on the defining properties of the
Green’s function. In the following, we will present an alternative approach, utilizing
the theorem just proven, which can also be used to construct Green’s functions. The
idea behind this approach is to employ Lagrange’s method of variation of parameters,
which is traditionally used in solving inhomogeneous linear differential equations.

For the sake of simplicity, we limit ourselves to the second order equation

y(X) dy( )

po(x) P1(xX)——— + p2(x)y(x) = — f(x) (1.83)

on the interval (a, b) and subject to the simplest set of boundary conditions
y(@) =0, yb)=0, (1.84)

Assuming that the above boundary-value problem has a unique solution, we know
that the corresponding homogeneous problem has only the trivial solution. Let y;(x)
and y;(x) be linearly independent particular solutions of the associated homogeneous
equation (1.83) forming, in other words, its fundamental set of solutions. Following
this, express the general solution of (1.83), following the Lagrangian method of vari-
ation of parameters [66], as

y(x) = C1(x)y1(x) + Ca(x) y2(x) (1.85)



38 Chapter 1 Green’s Functions for ODE

with Cj (x) and C;(x) differentiable functions on (a, b), to be found in what follows.

Our first impression is that the idea of a solution of (1.83) of the form of (1.85)
might not be useful for determining the two functions C;(x) and Cy(x). This is
correct, unless a second relation, in addition to (1.83), is established to find a unique
C1(x) and Cy(x). Lagrange’s method provides an effective and elegant choice for
such a relation.

It is obvious that direct substitution of y(x) obtained from (1.85) into (1.83) would
result in a single second order differential equation in two unknown functions Cj (x)
and C»(x), which is cambersome. In order to avoid such a complication, Lagrangian
method suggests the following: First, we differentiate y(x) in (1.85)

Y'(x) = C{(x0)y1(x) + C1(x)y1(x) + C3(x)y2(x) + C2(x)y3(x)
and then, to simplify matters, we assume that
Cl{(x)y1(x) + C3(x)y2(x) = 0. (1.86)
This yields
Y (x) = C1(x)y](x) + C2(x)y5(x) (1.87)
resulting in the second derivative of y(x) expressed as follows:
Y'(x) = C{(x)y1(x) + C1(x)y{(x) + C3(x)y3(x) + C2(x)y3 (x).  (1.88)

Now, we substitute y(x), y’(x), and y”(x) from (1.85), (1.87), and (1.88) into
(1.83)

Po(Ciyy + Cryf + o) + C2y3) + p1(Ciyy + C2y3)
+ p2(Ciy1 + Cay2) = — f(x).
Rearranging the order of terms, we rewrite this as
C1(poyy + p1y1 + p2y1) + C2(poys + p1ys + p2y2)
+ po(Ciyt + Cyp) = —f(x).

Since y1(x) and y,(x) represent particular solutions of the homogeneous equation
in (1.83), the coefficients of C;(x) and C,(x) are zero. This yields

CI(x)y1(x) + C3(x)y5(x) = = f(x)pg ' (x). (1.89)

The relations (1.86) and (1.89) constitute a well-posed linear system in C;(x) and
C(x). This assertion is based on the fact that the determinant of the coefficient matrix
of the system is the Wronskian

W(x) = y1(x)y5(x) — y2(x)y1(x)
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for the two linearly independent functions y;(x) and y»(x), and therefore must be
nonzero. Upon solving the system, we obtain

2@ oy @)
po(x)W(x)" 2 Po(X)W(x)’

Straightforward integration of the derivatives Cy(x) and C}(x) yields

_ * ya(s) f(s)
Cl“‘)—‘/a Powwis) S T

Ci(x) =~

and
b
y1(s) f(x)
C (x)=/ —=—"ds + H>.
2 o Po)W(s) :
Substitution in (1.85) gives

y(x) = Hiy1(x) + Hayz(x)

ooy PO,
”2(’”[1 Do) W(s) _”)/ Do W)™

Taking the factors y1(x) and y»(x) inside the integral (which is a formal operation
since the variable of integration is s but not x) and combining the two integrals in one,
we find

[T y1()ya(x) — yi(x) ya(s)
o= oYW (s)

In order to satisfy the boundary conditions in (1.84), with y(x) as expressed above,
we obtain the following linear system

yi(a) y2(a) Hi\ _ 0
(J’1(b) Y2(b)) x (Hz) - (P(a,b)) (1.91)
in Hy and H;, with P(a, b) defined as

(% R@.s)
P(‘”b)‘/a Py s

ds + Hyy1(x) + Hayz(x). (1.90)

where

R(b,s) = y1(b)y2(s) — y1(s)y2(b).

We now arrive at the solution to the system (1.91)

[ »2@Rb.5)f(5)
= /a Do) Ria, b)W(s) ™




40 Chapter 1 Green’s Functions for ODE

and

P i @RG.5) f(s)
2 = / o(s)R(a@. byW(s) ™

Upon substituting these expressions into (1.90), we obtain the solution of the bound-
ary-value problem (1.83) and (1.84):

[T R(x,9)f(s) b R(a,x)R(b.s) f(s)
vy = - fa Po(s)W(s) ds + /a po(s)R(a,b)W(s) as

which can be rewritten as a single integral

b
y) = / g(x.5) f(s)ds, (1.92)

with the kernel g(x, s) consisting of two segments, one of which is
R(a,x)R(b,s)
9 x 5 s’
po(s)R(a,b)W(s)
while for x > s, we obtain immediately
R(a,x)R(b,s) — R(x,s)R(a,b) -
b x —_
po(s)R(a,b)W(s)

After a trivial but quite cumbersome transformation, the above expression simpli-
fies to

gx,s) = (1.93)

g(x,s) =

R(a,s)R(b, x)
Po@R@ W) T (1.94)

Note that, since the solution to (1.83) and (1.84) is found to be the integral (1.92),
we conclude, by virtue of Theorem 1.4, that its kernel g(x, s) does in fact represent
the Green’s function for the homogeneous boundary-value problem corresponding to
(1.83) and (1.84).

From the closing part of Section 1.2, recall that, if the setting in (1.83) and (1.84)
is self-adjoint, then the product po(s)W(s) is a constant (see the relation in (1.71)).
This obviously makes (1.93) and (1.94) symmetric in the sense discussed in Sections
1.1 and 1.2.

Hence, the approach based on the method of variation of parameters can be used
successfully to construct Green’s functions; once the solution to an inhomogeneous
linear differential equation, subject to homogeneous boundary conditions, is expressed
in integral form (1.92), the kernel of the latter is the Green’s function to the corre-
sponding homogeneous boundary-value problem.

This approach is an alternative to the method based on the defining properties as de-
scribed in Section 1.1. In the following, we present a number of examples, illustrating
several of the intricacies of its application.

g(x,s) =
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Example 1.13. In order to apply the procedure based on the method of variation of
parameters to the construction of the Green’s function, we consider the inhomoge-
neous equation

d?y(x)

i +k%y(x) = — f(x), xe€(0,a), (1.95)

subject to homogeneous boundary conditions imposed as
Y'(0) =0, y'(a)=0. (1.96)

We assume that the right-hand side function f(x) in (1.95) is continuous on (0, a).

It can be easily shown that the corresponding homogeneous boundary-value prob-
lem has only the trivial solution. This implies that the conditions for existence and
uniqueness of its Green’s function are satisfied.

Since the functions y;(x) = sinkx and y,(x) = cos kx constitute a fundamental
set of solutions for the homogeneous equation corresponding to (1.95), the general
solution to (1.95) itself becomes

y(x) = C1(x)sinkx + Ca(x)coskx. (1.97)

The system of linear algebraic equations in C{(x) and C}(x) (which has been de-
rived for (1.83) and (1.84) in (1.86) and (1.89)) appears, in this case, as

sinkx  coskx y Ci(x)\ _ 0
k coskx —ksinkx Cy(x) )  \—f(x)
providing us with the following solution:
, 1 , |
Ci(x) = T coskxf(x), Ch(x)= = sinkx f(x).
After integration, we obtain
*1
Ci(x) = / % cosksf(s)ds + Hy
0
and
*1
Cr(x) = —/ T sinksf(s)ds + H».
0
From substitution into (1.97) and carrying out an obvious transformation, we get

X
1
y(x) = / A sink(x —s) f(s)ds + Hy sinkx + Hpcoskx. (1.98)
0



42 Chapter 1 Green’s Functions for ODE

To determine H; and H,, we differentiate y(x)
X
y'(x) = / cosk(x —s) f(s)ds + Hyk coskx — Hpk sinkx.
0

Note that in performing this differentiation, it turns out that, due to the specific
form of the integrand sink(x — s) f(s) in (1.98) — which vanishes for x = s — the
non-integral terms (see (1.81)) do not show up in this case.

From the first condition in (1.96), it follows that H; = 0, while the second condi-
tion yields

a
/ cosk(a —s) f(s)ds — Hyk sinka =0
0

from which we obtain immediately
a k _
Hz = / —COS '(a S) f(S)dS
o ksinka

Upon substituting H; and H; in (1.98), we obtain the solution of (1.95) and (1.96)
as

ink k(a —
y(x) = /0 M f(s)ds + / cos(kx)%f(s)ds. (1.99)

This formula transforms into a single integral with its kernel expressed in two
pieces. To ease the reader through such a transformation, we leave the first integral in
(1.99) in its current form and decompose the second integral into

[)acoskx%f( )ds = /(;xcoskxcolscl;(—a)f( )ds

a k
+ / cos kx Mf( )ds.
X k sin
With this, equation (1.99) becomes

y(x) = /Ox Sink(kLs)f(s)ds + /Ox coskxcolscl;(%f(s)ds

a cosk(a—s
+ / cos kx_(—)f(s)ds.
x ksinka
Combining the first two integrals, we rewrite the above as

[ [sink(x — ) cosk(a —s)
y(x) —/0 [T +coskxmi| f(s)ds

:/(;xcosks%f( )ds—l—/acosk %/’( )ds.
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Note that the kernel in the first of the above two integrals is valid for x > s, because
x represents its upper limit of integration, whereas the kernel in the second integral,
by similar reasoning, is valid for x < s. With this in mind, y(x) can indeed be viewed
as a single integral

y(x) = /(;a g(x,s) f(s)ds (1.100)

with a kernel g(x, s) consisting of two segments

g(x,s) = (1.101)

k sinka

1 coskxcosk(a—s), forx <s,
coskscosk(a —x), fors <x.

Hence, as long as the solution to the boundary-value problem in (1.95) and (1.96)
has the form of a single integral similar to (1.100), its kernel g(x,s) is, in compli-
ance with Theorem 1.4, the Green’s function for the corresponding homogeneous
boundary-value problem.

Example 1.14. Consider the inhomogeneous equation

d?y(x)
dx?

—k?y(x) = —f(x) (1.102)
subject to the homogeneous boundary conditions
Y'(0) =0, y(a)=0. (1.103)

We leave it as an exercise to the reader to prove that the homogeneous boundary-
value problem in (1.102) and (1.103) has only the trivial solution, hence justifying the
existence and uniqueness of the Green’s function.

The following set of functions

y1(x) = exp(kx), ya(x) = exp(—kx)

constitutes a fundamental set of solutions for the homogeneous equation correspond-
ing to that in (1.102). Hence, the general solution of the latter can be represented
by

y(x) = C1(x)exp(kx) + Ca(x) exp(—kx). (1.104)

Following Lagrange’s method, we obtain the expressions

Ci(x) = —/0 % exp(—ks) f(s)ds + Hy
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and

Cr(x) = [0 i exp(ks) f(s)ds + H»

for the coefficients C;(x) and C5(x) in (1.104). After substituting these into (1.102)
we get

y(x)=— /X % sinhk(x —s) f(s)ds + Hy exp(kx) + Hyexp(—kx). (1.105)
0

The first boundary condition y’(0) = 0 in (1.103) implies H; = H,, while the
second condition y(a) = 0 yields

% sinhk(a — )
H, =H, = _ ds.
! 2 /0 2k coshka J(s)ds

Substituting into (1.105), it transforms to

[ coshkxsinhk(a —s) X1,
y(x) = /0 " coshka f(s)ds — /0 T sinhk(x —s) f(s)ds.

Hence, again following the procedure described in Example 1.13, we convert the
above expression for y(x) to a single integral form whose kernel

g(x,s) = (1.106)

k coshka

1 coshkxsinhk(a —s), forx <s,
coshkssinhk(a — x), fors < x,

represents the Green’s function for the homogeneous boundary-value problem, corre-
sponding to that in (1.102) and (1.103).

Example 1.15. Let us consider equation (1.102) again, but now impose a different
set of boundary conditions, namely

y'(0) — hy(0) = 0, Jim_ ly(x)| < oo. (1.107)

This example is designed to show how we deal with imposed boundedness, as in
(1.107), when applying Lagrange’s method.

It can be easily shown that there exists a unique Green’s function for the homoge-
neous boundary-value problem, corresponding to (1.102) and (1.107).

Recall that the general solution of (1.102) was already derived in (1.105). In this
case, however, it is preferable to express it in terms of the exponential functions

y(x) = Hyexp(kx) + Hexp(—kx)

* /0 ﬁ[e"P(k(s — x)) — exp(k(x — )] f(s)ds, (1.108)
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in contrast to the mixed hyperbolic-exponential function form of (1.105); the formula
in (1.108) is more practical regarding the necessity of taking into account that we im-
pose boundedness with (1.107): splitting off the exponential terms under the integral
sign, taking out the exponential functions of x, and grouping the terms containing
exp(kx) and the terms containing exp(—kx), we can rewrite (1.108) as

) = (= [P s ) expten)

+ (Hz + /0 i exgg“) f(s)ds) exp(—kx). (1.109)

It is evident that the imposing boundedness requires the coefficient of the positive
exponential term exp(kx) in (1.109) to be zero as x approaches infinity. This yields

* 1
Hy :/0 iexp(—ks)f(s)ds,

whilst the first condition in (1.107) yields
_k—h _ /‘X’ —h
Tk+h T o 2k(k+h)

After substituting H; and H» into (1.108) and rewriting its first term in a more
compact hyperbolic form, we obtain

H; exp(—ks) f(s)ds.

y(x) = —/x %Sinhk(x —5) f(s)ds
0

+ /OOO ﬁ exp(—ks) (exp(kx) + h* exp(—kx)) f(s)ds,

where h* = (k — h)/(k + h). From this we obtain the Green’s function g(x, s) for
equation (1.102) and for (1.107)

(x.s) = 1 Jexp(—ks) (exp(kx) + h*exp(—kx)), forx <s,
=0k exp(—kx) (exp(ks) + h* exp(—ks)), fors <x,

which can be rewritten in a single expression as

g(x,s) = i (exp(—k|x —5|) + h* exp(—k(x + s))) . (1.110)

Example 1.16. Consider a boundary-value problem for the equation with variable
coefficients

a ((x2 n l)dy(x)) — f(x), xe(0,a), (1.111)
dx dx
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with boundary conditions
y(0) =0, y(a)=0, (1.112)

and briefly describe the construction procedure for the Green’s function of the corre-
sponding homogeneous problem.
The form of the homogeneous equation corresponding to that in (1.111) suggests

dy(x) _

2y =L =C
(x+)dx ’

where C is an arbitrary constant. Separating the variables in the above equation

Cdx
=157
x“+1
and integrating, we get

y(x) = C arctan x + D.

Hence, a fundamental set of solutions for the homogeneous equation corresponding
to (1.111) can be formed from the functions y;(x) = 1 and y(x) = arctan x, which
yields the general solution to (1.111)

X
y(x) = / (arctan s — arctan x) f(s)ds + D1 + D arctan x. (1.113)
0
From the boundary conditions, we find D and D, to be
¢ @ — arctan §
Dy =0, D= / CEE f(s)ds,
0 w
where @ = arctana.

Substituting these into the above expression for the general solution and rearranging

the integral terms, we obtain the solution to the original boundary-value problem as
the single integral

y@) = [0 ¢(x.5) f(s)ds

the kernel of which

glr.s) = —

1 {arctanx(a) —arctans), for0<x <s,
1)

arctan s(w — arctanx), forx <s <a,

represents the sought-after Green’s function.
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Example 1.17. Construct Green’s function for the homogeneous boundary-value
problem for the equation

) ad?y(w
dx*4 dx?

defined on x € (0, o0) and subject to the boundary conditions

+k*y(x) = — f(x) (1.114)

y(0) =0, y'(0)=0, (1.115)
as well as the boundedness conditions
. . /
Jim_ [y(0] <00, lim |y'(x)] < oc. (L.116)

In structural mechanics, this setting is associated with a semi-infinite elastic beam
resting on a specific elastic foundation [7, 45]. The beam’s edge x = 0 is assumed to
be clamped, in order to satisfy (1.115).

Existence and uniqueness of the Green’s function for the above problem can be
easily established. In order to construct it, we first obtain the general solution to
(1.114). In doing so, write down the characteristic (auxiliary) equation

m* —2k*>m* + k* =0

of the homogeneous equation corresponding to (1.114). It has two pairs of repeated
real roots: m1, = k and m3 4 = —k, which implies that the general solution of
(1.114) can be expressed as

y(x) = C1(x)ek* + Cr(x)e™* + C3(x)xek* + Cu(x)xe™**. (1.117)

We can obtain the coefficient matrix for the system of linear algebraic equations in
the derivatives of C;(x),i = 1,2,3,4, as

kx —kx kx —kx

(& € Xe xXe
kek*  —ke k* (1 4+ kx)ek* (1 —kx)e k>
k2ekx  f2e7kx  f(2 4 kx)ek* —k(2—kx)e kx|’
k3ekx —j3e™hx k23 4 kx)ek* k2(3 — kx)e k¥

where the right-hand side vector of the system is (0, 0, 0, — f(x))T . Clearly, the above
matrix is non-singular, because its determinant represents the Wronskian of the fun-
damental set of solutions in (1.117). Therefore, we immediately obtain

1+k 11—k
Cll0) = e (), Ch0) = —— e S (),
1 1
C3(0) = =z (), Cox) = =5 f ().
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Upon integration, we find C; (x) to be

—ks kS
e

Sf(s)ds + H,

x k
€1t = [ s + Hi, Ca) = - /0

Ca) = = [ gz S5+t Cal) == [ Sme fsrds + Ha

Hence, the function y(x) in (1.117), together with C;(x), is the general solution
to (1.114). The constants H; have to be calculated by applying the boundary and
the boundedness conditions in (1.115) and (1.116). Before going any further, to aid
clarity of the following derivation, we first differentiate y(x) in (1.117) by using the
product rule

T )

— ke T*¥Cy(x) + e7F* (— 4kl;x ek f(x ))

+ (1 4 kx)eF*C3(x) + xek* (—ﬁe"”‘f (x))

+ (- kx)e_ka4(x) + xekx (—mekxf(x))

Note that the sum of the underlined terms is zero. Substituting the values of C; (x)
into the part of y’(x) that remains, we obtain

V' (x) = kek* (/(;x L+ kse_ksf(s)ds + H1)

4k3

— ke kx (—/O 4k];S e*s f(s)ds + H2)

+ (1 + kx)ek* (— / ’ 411{2 =k f(s)ds + H3)
0

+ (1 —kx)e ™k (— /0 i 4;(2 ks £(s)ds + H4)

Now recall the boundary conditions imposed by (1.115). The first one y(0) = 0
yields

Hi +H,=0
whilst the second y’(0) = 0 results in

kHy+ H3 —kH, + Hy = 0.
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The boundedness conditions (1.116) lead us to

| 4ks © 1
H =—/ e S f(s)ds, H =/ ——e ®5 f(s)ds
== [ S = [ e o)

which subsequently leads to

o o0
H, = / LT kse_ksf(s)ds, Hy = / L+ 2ks ks £(s)ds.
0 0

e k2 ¢

After substituting H;, H,, H3, and Hy into (1.117) and combining like integrals,
we finally obtain

Y1 —k(x— 1+ k(x—
v = [ (P ety - LRk s

N /00 (1 +k(x +5) + 2k2xse—k(x+S) k& =) k)
0

4k3 413 ) J(s)ds.

Similarly to earlier examples, y(x) can be rewritten as a single integral

y@) = /O ¢(x.5) £(s)ds

the kernel of which g(x, s) consists of two segments. The branch for x < s is found
to be

1

m[(l + k(x + ) + 2k%xs)e KO _ (1 — k(x — 5))ekE9)]

(1.118)

g(x,s) =

whereas the branch for s < x can be obtained by exchanging x and s. Hence, by
virtue of Theorem 1.4, g(x, s) represents the Green’s function for the homogeneous
boundary-value problem corresponding to equations (1.114)—(1.116).

The following example shows how a Green’s function can be used practically to cal-
culate the solution for an inhomogeneous equation subject to homogeneous boundary
conditions.

Example 1.18. Using a corresponding Green’s function and applying Theorem 1.4,
find the solution of the inhomogeneous equation

d4
y(x) = —Ppsinmx, Py = const (1.119)
dx*
subject to the homogeneous boundary conditions
dy(0 d?y(1
y(0) = DO _ 0, y()= Y _ 0. (1.120)
dx dx?
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In structural mechanics, to name an example, this setting models deflection y (x) of
an elastic beam of a unit length with the left edge clamped and the right edge resting
on a support [7, 47]. A transverse load given as f(x) = Py sinmx is applied to the
beam.

The Green’s function for the homogeneous problem associated with (1.119) and
(1.120) was derived in Section 1.1 (see (1.45)). The branch for x < s is

3 2 3 2
+ _ (s 3 2 sSost 1] 3
g7 (x.9) = (4 4 +2) +(12 4+6)

Due to the self-adjointness of the original statement, the branch g~ (x, s) of the
Green’s function for x > s, can be obtained from the above by exchanging x and s.

It follows from Theorem 1.4, that the solution of the problem in (1.119) and (1.120)
can be found by straightforward integration

1
y(x) = Po/ g(x,s)(sinms)ds. (1.121)
0

In order to evaluate this integral, we recall that g(x, s) is defined in two pieces, and
decompose the integral into

X 1
y(x) = Py |:/ g (x,s)(sinms)ds —l—/ g+(x,s)(sinns)ds} (1.122)
0 X
*orx3 o ox2 o1 x3  3x2
= P, - _ 3_ (2 _ 2 : d
°Uo ((12 4 +6)S (5" +3) )(S“””) '
1 3 2 1 3 3 2
+/x ((i_Z — SZ + g)xz’ - (SZ - % + %)xz)(sinns)ds}.
The calculation of the integrals in (1.122) is a routine procedure, which leads to
Py .
y(x) = [nx(x — 1(x —2) —2sinmx].

It is important to note that the Green’s function-based approach to the boundary-
value problem in (1.119) and (1.120) is especially effective if we are required to calcu-
late a number of solutions for different right-hand side functions. In such a situation,
the direct use of Theorem 1.4 markedly simplifies the calculations.

To illustrate this, let us assume that we are required to find a solution to (1.119) and
(1.120), where the right hand side in (1.119) is another function — say, the first-order
polynomial f(x) = mx + b. We can then replace Py sinzs in (1.121) with ms + b
and, after an elementary transformation, obtain

P =1)

y(x) = 240 2 [2mx? 4+ 2(5b + m)x — (15b + Tm)].
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In this chapter, we considered classical boundary-value problems for linear ordinary
differential equations. The Green’s function method for this class of problems is
well-developed and its implementation is, as the latter example illustrates, a quite
straightforward procedure.

In Chapter 5 we will further extend the Green’s function formalism. We will treat a
nontrivial sphere of possible applications where, until recently, this formalism has
not been used [45, 47, 50, 51]. A specific class of problems will be considered,
which occur in various areas of the applied sciences. The so-called multi point-posed
boundary-value problems for special systems of linear ordinary differential equations
will be treated by means of the Green’s function method.

1.4 Chapter Exercises

1. Determine whether the following boundary-value problem has only the trivial
solution:

(@) y”(x) =0, with y’'(0) = 0 and y'(a) + my(a) = 0;

() y”(x) —k?y(x) = 0, with y(0) = 0 and limy 0 |y (x)| < 00;

(©) ¥"(x) —k?y(x) = 0, with y(0) = y(a) and y'(0) = y'(a);

@ ((mx + p)y’'(x)) =0, with ’(0) = 0 and y(a) = 0;

(&) (xy'(x)) =0, with limy— |y(x)| < 00 and y’(a) + hy(a) = 0, h > 0;
) y"(x) + y'(x) = 2y(x) = 0, with y(0) = 0 and limy o |y (x)| < o0;
(@ »"(x) + y'(x) = 0, with y'(0) = 0 and y'(a) = 0;

() y™V(x) = 0, with y(0) = y"(0) = 0 and y"(a) = y""(a);

@ y"(x) = 0, with y(0) = »'(0) = 0 and y'(a) = y"'(a) = 0;

G yV(x) = 0, with y(0) = y'(0) = 0 and y"(a) — ky'(a) = y"'(a) = 0,
k > 0;

k) yV(x) = 0, with y’(0) = y”(0) = 0 and y'(a) = y"'(a) —ky(a) = 0,
k> 0;

@ y"V(x) =0, with y”(0) = y”(0) = 0 and y"(a) = y""(a) = 0.

2. Construct the Green’s functions for the following boundary-value problems on
the indicated intervals:

(@) y”(x) =0, with y(0) = 0and y'(a) = 0;

(b) y”(x) = 0, with y(0) = 0 and y’(a) + hy(a) = 0, h > 0. Show that
if h = 0, the Green’s function for this problem reduces to that in Exer-
cise 2 (a);
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(¢) y"(x) = 0, with y'(0) — h1y(0) = 0 and y'(a) + hay(a) = 0, when A
and /o are non-zero at the same time. Show that if #; = 0, the Green’s
function reduces to that of Example 1.3 in Section 1.1;

(@ ((mx + p)y'(x)) = 0, with y(0) = 0 and y(a) = 0, when m > 0 and
p>0;

(e) (exp(Bx)y’(x)) =0, with y(0) = 0 and y(a) = 0;

() (exp(Bx)y'(x))" = 0, with y(0) = 0 and y'(a) = 0;

(@) y"(x) +k?y(x) = 0, with y(0) = 0 and y(a) = 0;

(h) yV(x) = 0, with y(0) = y’(0) = 0 and y"(a) = y"(a) — ky(a) = 0,
k> 0;

(@ yV(x) =0, with y(0) = y’(0) = 0 and y'(a) = y"'(a) = 0;

(@ yV(x) = 0, with y(0) = y'(0) = 0 and y"(a) + ky'(a) = y"'(a) = 0,
k > 0;

(k) yV(x) = 0, with y’(0) = y"(0) + ky(0) = 0 and y'(a) = y"(a) = 0,
k > 0;

M y"(x) = 0, with y(0) = y'(0) = 0 and y(a) = y'(a) = 0.

. Determine whether the following equations are self-adjoint:

(@) y"(x) +k?y(x) = 0;

(b) x2y"(x) 4 2xy"(x) — (x* = ) y(x) = 0;
(€) x2y"(x) = 2xy'(x) + y(x) = 0;

(@) y"(x) +3y'(x) + 9y (x) = 0;

(e) sin?(x)y”(x) + sin(2x)y’(x) — y(x) = 0.

. Reduce the following differential equations to self-adjoint form by introducing

integrating factors:

(@) y"(x) =2y (x) +4y(x) = 0;

(b) y"(x) + xy'(x) — x*y(x) = 0;
(©) x*y"(x) = xy'(x) + y(x) = 0;
(d) x?y"(x) 4+ xy'(x) = y(x) = 0.

. Determine whether the following boundary-value problems are self-adjoint:

(@) y"(x) + y(x) = 0, with y(a) = 0 and y'(b) + hy(b) =0, h > 0;
(b) y"(x) — y(x) = 0, with y’(a) = 0 and y’(b) + hy(b) =0, h > 0;
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(©) xy"(x) + ¥ (x) = y(x) = 0,y(a) + h1y(a) = 0,y"(b) + h2y(b) = 0,
when both s1and /5 are not zero at the same time;

(d) xy"(x) + y'(x) = 0, with y(a) = y(b) and ay'(a) = by'(b);

() (x —a)y"(x) +y'(x) = y(x) = 0, with |y(a)| < colimy—q |y(x)| < 00
and y'(b) + hy(b) =0, h > 0;

® »"(x) + y(x) = 0, with y’(0) + y(0) + y(a) = 0 and y’(0) — y(0) +
y'(a) = 0.

6. Construct the Green’s function for the following problem:
y'(0) 43" (x) = 10y(x) =0, y(©) =0, lim |y(x)| < oo.

Now reduce the problem to self-adjoint form and construct its Green’s function.
Observe how this affects the symmetry of the Green’s function.

7. Construct the Green’s function for the problem
V') +k2y(x) =0, y(0)=0.y'(1) =0
using the approach discussed in the proof of Theorem 1.1. Compare this with
the method used in Theorem 1.4.
8. Use Lagrange’s method to construct the Green’s functions for the following
boundary-value problems:
(a) (xy'(x)) =0, with limx—¢ |y(x)]| < oo, y(a) = 0;
() y"(x) —k?y(x) = 0, with y'(0) — hy(0) = 0, y(a) = 0, h > 0;
(©) y"(x) =0, with y(0) = y"(0) = 0 and y(a) = y'(a) = 0;

(@ yV(x) =0, with y(0) = y"(0)—ky'(0) = 0,k > Oand y'(a) = y"'(a) =
0;

(@ y"(x) =0, with y"(0) = y"”'(0) = 0 and y(a) = y'(a) = 0;
® y"V(x) = 0, with y(0) = y”(0) = 0 and y"(a) = y"'(a) — ky(a) = 0,

k> 0;

(@ yV(x) = 0, with y'(0) = y"(0) + ky(0) = 0, k > 0 and y'(a) =
Y (@) =0

(h) yV(x) = 0, with y(0) = »”(0) = 0 and y"(a) + ky'(a) = y"'(a) = 0,
k> 0.

9. Based on Theorem 1.4, calculate solutions for the following boundary-value
problems by utilizing the corresponding Green’s functions:

(@) y"(x) + y(x) = Sexp(2x), with y(0) = 0, y'(a) —2y(a) = 0;
(b) y"(x) — y(x) = 2x% — 1, with y'(0) = 0, y'(a) — y(a) = 0;
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(©) y"(x) +2y"(x) + y(x) = 2sinx, y'(0) = 0, y'(a) = 0;

(d) y™(x) = 3x2, with y(0) = y'(0) = 0, y(a) = y'(a) = 0;

(e) yV(x) = 720x, with y(0) = y”(0) = 0, y(a) = y"(a) + 3y'(a) = 0;

@ yV(x) = (#*/16a*) cos(wx/2a), with y(0) = y”(0) = 0, y'(a) =
y"(a) = 0;

(@ yV(x) —2y"(x) + y(x) = 12xexp(—x), with y’(0) = y"(0) = 0,
limy 00 |y(%)] < 00, limx—o0 [y (x)] < 00.



Chapter 2
The Laplace Equation

The material in constitutes a necessary background for the present chapter, where we
present a detailed discussion on procedures for the construction of Green’s functions
for partial differential equations. The focus will be on a comprehensive review of
three standard methods that can potentially be (and actually are) used for this purpose
in the case of different boundary-value problems for the two- and three-dimensional
Laplace equation. The first two of them are the method of images, which is reviewed
in Section 2.1, and the method of conformal mapping covered in Section 2.2. The
area for productive application of these methods is small and the number of closed
analytical formulas for Green’s functions, which we can obtain, is strictly limited.

The method of eigenfunction expansion, the detailed review of which is included
in Section 2.3, represents the last of the three standard methods that are usually rec-
ommended within the field. Applying this method, we obtain Green’s functions in a
series form unsuitable to a direct computer implementation. This drawback has been
generally recognized and considered indisputable.

This pessimistic opinion regarding the computational potential of the method of
eigenfunction expansion is widespread and might look well-founded for applied math-
ematical physics. Indeed, it is evident that, for the two-dimensional Laplace equation,
the logarithmic singularity of a Green’s function makes its series representations non-
uniformly convergent, which constrains direct computer implementations. Nowadays
however, this pessimistic opinion must be revised. Outcomes of intensive research on
this method undertaken in recent decades [21, 26, 42, 43, 45, 47, 48, 50, 51] signif-
icantly reinforced its potential power. In Section 2.3, we familiarize the reader with
the details of these developments.

In Section 2.4 we review an unusual class of problems: we analyze potential fields
as generated by point sources on surfaces of revolution. We consider several bound-
ary-value problems on different fragments of spherical and toroidal surfaces. It will
be shown that, for several such problems, our version of the method of eigenfunction
expansion is efficient, providing us with closed analytical representations of Green’s
functions.

2.1 Method of Images

We begin with a review of the method of images. It is treated in nearly every textbook
on partial differential equations. The idea behind the method is quite transparent, its
algorithm is pretty much straightforward, but the range of its efficient applicability is
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very restricted. Only a few closed form Green’s functions, as expressed in terms of
elementary functions, can be obtained by the method of images. The objective of the
method is to build up a regular component R(P, Q) of the Green’s function

1
G(P, Q)=—gln|P—Q|+R(P, 0), P,Qeq, (2.1)
of the well-posed boundary-value problem

VZu(P)=0, PeQ, (2.2)
Tlu(P)]=0, PelL, (2.3)

for the Laplace equation on a simply-connected region €2, bounded by a piecewise
smooth contour L.

In the present book, we apply conventional terminology [18, 29, 37, 57, 67, 77] to
the problem setting in (2.2) and (2.3). That is, the latter is said to be the Dirichlet
problem if T represents the identity operator, T = I. The Neumann problem corre-
sponds to T = d/dn, where n is the normal direction to the boundary L. The case of
T = d/dn — B, where B is a function of the coordinates of P, is usually referred to
as the Robin problem which some sources call the mixed problem.

Recall that the singular component —% In|P — Q| of G(P, Q) is interpreted, in
applied sciences, as the response at a field (observation) point P to a unit source
placed in an arbitrary point Q. With this in mind, in the method of images, we proceed
to express the regular component R(P, Q) of G(P, Q) as a sum of a finite number
of unit sources and sinks placed in points QF, Q5...., O outside the considered
region €2. None of those sources and sinks can, according to the definition of the
Green’s function, be located inside €2. This makes the regular component

m

1 *
R(P,Q):Zi§1n|P—Qj| (2.4)

j=1

a harmonic function at any point P in €2 (since all the source points Q]’.k are outside €2).
The plus sign in (2.4) corresponds to a sink whilst the minus sign represents a source.
Clearly, G(P, Q) with this regular component R(P, Q), is a harmonic function at any
point P € 2, with the exception of P = Q. Additionally, the boundary condition
in (2.3) can be satisfied by choosing appropriate locations for Q7, Q5. ..., Qp,: the
trace of the function —T[% In|P — Q|] on the boundary line L will be canceled out
by T[R(P. Q)].

We will explore the algorithm of the method of images in detail, with the following
series of illustrative examples.

Example 2.1. Consider the classical case of the Dirichlet problem on the upper half-
plane Q(x, y) = {—00 < x < 00, y > 0}. and construct its Green’s function.
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The field generated by the unit source at a point Q(&, n) represents the singular
component

-1 52 2

(=97 + -
of the Green’s function. It can be canceled out, on the boundary, by a single unit sink
placed in the point Q*(&, —n) located at the lower half-plane and symmetric with
respect to Q(&, n) about the boundary y = 0. With the field generated by this sink
given as

1
1 _ 82 2
o (G =97+ 6 +n%),
we find the Green’s function of the Dirichlet problem for the upper half-plane as

o (x=9)r+ (v +n)?
Oy = N o

Example 2.2. As our next example, we consider another classical case of the Dirich-
let problem for the quarter-plane Q(r, ¢) = {0 < r < 00,0 < ¢ < 7/2}. We refer to
this region as the infinite circular sector with angle /2.

Since in polar coordinates, the distance between two points (ry, ¢1) and (72, ¢2) is
defined as

(2.5)

\/rlz —2ryrpcos(py — ¢2) + r22

the singular component of the Green’s function G(r, ¢; 0, ¥) we are looking for, be-
comes

1
—n (r* —2rocos(p — ¥) + 0?) (2.6)

which represents the generated field of the unit source acting at (o, ¥) in observa-
tion point M(r, ¢) € Q. This is depicted in Figure 2.1 with the plus sign placed in

Ao, ¥) € Q.
In order to cancel out the trace of the function in (2.6) (or, in other words, to satisfy

the Dirichlet condition) on the boundary y = 0, we place the unit sink (labeled with
the minus sign in Figure 2.1) at D(g, 2w — ). The field generated by this sink is
given by

% In(r? — 2rocos(¢p — 2m — ¥)) + 02). 2.7)

Similarly, with the unit sink at B(o, w — 1), whose generated field is defined as

% ln(r2 —2rocos(p — (m —v¥)) + Qz), (2.8)
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Figure 2.1. Derivation of the Green’s function for the quarter-plane.

we cancel out the trace of (2.6) on the boundary x = 0, whereas to cancel the traces
of the functions in (2.7) and (2.8) on x = 0 and y = 0, respectively, the unit source
is required at C (o, & + V), which generates the field

—% ln(r2 —2rocos(p — (m + v¥)) + 92). (2.9)

Hence, the Green’s function of the Dirichlet problem stated on the infinite circular
sector {0 < r < 00,0 < ¢ < 7/2} represents the sum of the components in (2.6),
(2.7), (2.8), and (2.9). That is

‘ o 2 r?2 —2rocos(p — (nm — ¥)) + 0>
G(V,(,O,Q, W) - Eln l_[ r2 —ZrQCOS((P - ((n — 1)7'[ + W)) + QZ

n=1

which reduces, after a trivial transformation, to a compact finite product-free form

1 (r? 4 0%)?% —4r20%cos?®(¢ + V)
Gr oo 0) = 1 . 2.10
(r.¢:0.¥) 4 (r2 4+ 0%)2 — 4r29p?cos?(¢ — ) 10

Example 2.3. Note that, for the infinite circular sector Q(r,¢) = {0 < r < 00,0 <
@ < m/2}, if compensatory sources and sinks are placed, differently from the one just
described in Example 2.2, the method of images enables us to construct the Green’s
function for a specific mixed boundary-value problem.
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Figure 2.2. Dirichlet-Neumann problem for quarter-plane.

Proceeding now, in compliance with the scheme depicted in Figure 2.2, we obtain
the Green’s function
r2 —2rocos(p — 2m — V) + 0?
r2 —2rocos(p — ) + 02
2= 2rocos(p = (7 + ) + 0
r2 —2rocos(p — (m — ¥)) + 02
of the Dirichlet-Neumann boundary-value problem for the infinite circular sector of

7 /2, with Dirichlet and Neumann boundary conditions imposed on the boundary seg-
ments y = 0 and x = 0, respectively. The above expression transforms to

Gl 0 o)) = 4L n ri —2rocos(p + V) + Qj
7 r2—2rocos(p —y¥)+ o
r? 4+ 2rocos(e — ) + o?
r2 4+ 2rocos(¢ + ) + 02’
Although the method of images turns out to be productive for several boundary-
value problems on infinite circular sectors, it is not, however, supposed to be produc-

tive for several others. In a series of examples that follow, one can find both successful
and unsuccessful applications of the method.

1
G(r,p:0,¥) = Eln

@2.11)

Example 2.4. Consider the Dirichlet problem on the infinite circular sector with angle
/3, thatis Q(r,¢) = {0 < r < 00,0 < ¢ < 7/3}. To construct its Green’s function,
we encourage the reader to consult the scheme depicted in Figure 2.3.

In order to cancel out the field generated by the singular component

1
——1In(r* —2rocos(p — ¥) + 0%)
4
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Figure 2.3. Dirichlet problem for an infinite circular sector with angle 7 /3.

of the Green’s function on the boundary fragment ¢ = 0, we place a compensatory
unit sink at F (o, 2w — ), while another unit sink is required at B(p,27/3 — ¥) in
order to satisfy the Dirichlet condition on ¢ = 7/3. To compensate the trace of the
latter sink on the boundary fragment ¢ = 0, a unit source is required at E (o, 47/3 +
). The trace of the latter source is compensated on ¢ = /3 with the unit sink at
D(o,4m/3 — ), while the trace of this sink is compensated on ¢ = 0 with the unit
source placed in C(p, 27t/3 + ¥).

Thus, the regular component R(r, ¢; 0, ¥) of the Green’s function of the Dirichlet
problem for the circular sector of 77/3 can be formed as the aggregate of five compen-
satory sources and sinks located outside €2, as illustrated in Figure 2.3.

This implies that the Green’s function itself can ultimately be obtained by adding
the singular component to R(r, ¢; 0, ¥). That is,

3 2 2nmw 2
1 r2 —2rgcos(p — (2= —¥)) + o
G(r.g:0.9) = —In 2 (2.12)

i 72— 2rocos(p — (2US0T gy 4 g2

Contrary to the case of the mixed problem that we covered in Example 2.3, where
the Green’s function was successfully constructed for the infinite sector of /2, the
method of images fails in the case of a mixed problem on the infinite sector of 7/3.
We refer the reader to the next example, for proof of this assertion.
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Example 2.5. We note the failure of the method of images, when applying it to case
of the Green’s function for the Dirichlet—-Neumann problem on the infinite sector with
angle /3. The outline of our procedure is depicted in Figure 2.4.

y
®p
@
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°
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1o X
D
°
? F
) .
E
°

Figure 2.4. Failure of the method of images for a mixed problem.

Clearly, the Dirichlet condition on ¢ = 0 is satisfied by placing a unit sink in
F(o,2m — ). To allow this sink to satisfy the Neumann condition on ¢ = /3, we
also require one at C(p,27/3 + ). As to the Neumann condition on ¢ = 7/3, the
unit source in A(p, ¥) must be augmented with the unit source at B(p,27/3 — V),
which, in turn, should be paired with a unit sink placed in £ (o, 47/3 + ¥). The latter
sink must be paired with the unit sink at D (g, 47/3 — ) for the Neumann condition
to be satisfied on ¢ = 7/3. If we now take a look at the two sinks in C (g, 27t/3 + V)
and D(p,47/3 — V), we find that they don’t support the Dirichlet condition on the
boundary fragment ¢ = 0. This indicates the method’s failure for this mixed problem.

We will discuss further examples, extending the range of possible problems, on an
infinite circular sector, for which the method of images turns out to be efficient.

Example 2.6. Consider the case of a Dirichlet problem on the infinite circular sector
with angle /4, Q(r,¢) = {0 <r < 00,0 < ¢ < m/4}.

The scheme depicted in Figure 2.5, along with the experience gained from the
previous examples, allows the reader to follow the procedure in detail and helps us
obtain the Green’s function for the Dirichlet problem on the circular sector Q(r, ¢) =
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Figure 2.5. Dirichlet problem on the infinite circular sector /4.

{0 <r <00,0 <@ < m/4}. We can write it as

4 2 nw 2
1 r®—2rocos(p — (X5 —y)) + o
G(r.¢:0.¥) =-—1n 2

4 2 =)z @Y
T =i r?—2rgcos(p — (- +¥) +o

Example 2.7. The Green’s function for the mixed problem on the infinite sector with
angle /4 can also be obtained using the method of images. To justify this asser-
tion, consider the statement with Dirichlet and Neumann conditions imposed on the
boundary segments ¢ = 0 and ¢ = /4, respectively.

In order to outline the procedure for the method of images, we examine the scheme
shown in Figure 2.6. Combining the field generated by eight sources and sinks in
total, that this problem results in, we find the Green’s function that we are looking for
in the compact form

13[ r? —2rocos(y — (Z151% 4 ) +
noi 12 —2rocos(p — (Z510% —y)) + o2

r?2 —2rocos(¢p — (nw — 1)) + 02
r2 —2rocos(¢p — ((n — ) + v¥)) + 02

1
G(r,p:0,¥) = Hln

(2.14)

Example 2.8. In the Dirichlet problem on the infinite sector with angle /6, the
method of images results in twelve unit sources and sinks, the aggregate of which
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Figure 2.6. Dirichlet-Neumann problem on the infinite circular sector 7 /4.

represents the Green’s function of our interest, in the form

o r2—2rocos(p — ("E —y)) + 0?

G(V,(/);Q,W)=—ln .
a2 = 2rgcosly — (PP + ) + 02

(2.15)

After analyzing the boundary-value problems, discussed so far for an infinite cir-
cular sector, we can come to a certain generalization. The following two examples,
introduce the reader to details.

Example 2.9. Keeping in mind the Green’s function of the Dirichlet problem we
derived earlier, on the infinite sector with angle /2, presented in (2.10), along with
the one we obtained for the circular sector with angle /4 (see (2.13)), we make the
following generalization

k
12—[ r? —2rocos(p — (5% — V) + 02

(n—rm

1
G(r,¢:0.¥)=—In
ne1 12 —=2rocos(¢p — (=1~ + ¥)) + 02

4

(2.16)

representing the Green’s function of the Dirichlet problem for the infinite sector with
angle Jr/2k, where k =0,1,2,....
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It is worth noting that in the case of k = 0, corresponding to the circular sector
with angle 7 or, in other words, to the upper half-plane y > 0, we get from (2.16)

r?2 —2rocos(¢ + V) + 02
r2 —2rocos(p — ¥) + 02

which represents Green’s function we derived earlier (see (2.5)), here expressed in
polar coordinates.

1
G(r.p:0.¥) = Eln

Example 2.10. Analysis of (2.12) and (2.15), obtained for the infinite sectors with
the angle of 7/3 and /6, we can find the Green’s function of the Dirichlet problem
for the sector with angle /(3 - 2)

3.2k 2 2nm 2
1 r=—2rocos(p — (55 —¥)) +o
Grpav) =[] - ToRE EAY)
T =y r?=2rocos(p — (3 +¥) +o
where k = 0,1,2,.... Observe that k = 0 represents the infinite sector with the

angle of /3, while k = 1 represents the circular sector of /6, and so on.

Earlier in this section, we gave an example of a problem for which the method of
images may fail when applied to a mixed (Dirichlet—-Neumann) boundary-value prob-
lem stated on an infinite sector. Note that the method is not necessarily effective even
for the Dirichlet problem on a circular sector. We illustrate this with the following
example.

Example 2.11. Consider the Dirichlet problem for the infinite circular sector
Q) = {0 < r < 00,0 < ¢ < 27/3} and attempt to construct its Green’s
function.

To show the failure of the method of images in this problem, we refer to the scheme
shown in Figure 2.7. Let the unit source (which produces the singular component
of the Green’s function) be located at A(p, V) € Q. To compensate its trace on the
fragment ¢ = 0 of the boundary €2, place the compensating sink at D (g, 2r—) ¢ Q.
The trace of the latter on the boundary fragment ¢ = 27/3 is, in turn, cancelled out
by a unit source at C (o, 47 /3+ ) ¢ 2, whose trace on ¢ = 0 has to be compensated
with a unit sink at B(p, 27 /3 — ), which is, located inside 2. This is what leads to
the failure of the method: compensatory sources and sinks cannot, according to the
definition of the Green’s function, be located inside 2.

As we can see from this example the method of images can potentially fail when
attempting to construct the Green’s function for the Dirichlet problem on a circular
sector, allowing cyclic symmetry. To study various other cases where the method fails,
we refer the reader to the Chapter Exercises and encourage to apply the method pro-
cedure to other circular sectors (with for example angles 277/5 or 27/7) also allowing
the cyclic symmetry.
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Figure 2.7. Failure of the method of images for a Dirichlet problem.

Based on the experience gained so far, it seems reasonable to suggest that the
method of images turns out to be workable for Dirichlet problems on circular sectors
with the angle of 7 /k, with k an integer. However, a word of caution is appropri-
ate: what we presented so far, is merely to give a taste of the problem. The reader is
strongly encouraged to find a way to prove it rigorously.

Example 2.12. In the next example of effective application of the method of im-
ages, we turn to the construction of Green’s function for another classical case of the
Dirichlet problem, on the disk with radius a.

We base our strategy for tackling the current problem using the method of images
on an obvious fact, concerning the shape of equipotential lines in the two-dimensional
field generated by a point source or a sink. Since these lines represent concentric
circles centered at the generating point, we can reasonably state the following: for
every location A of the unit source inside the disk, there exists a proper location B of
the compensatory unit sink outside the disk so that the circumference of the disk is an
equipotential line for the field generated by both the source and the sink.

Following the strategy just described, let the disk be centered at the origin of the
polar coordinate system, and let the unit source generating the singular component

—% In (r2 —2rocos(p — ) + QZ) (2.18)

of the Green’s function at M(r, ¢) be located at A(p, V) (see Figure 2.8). Let also
C(a, p) be an arbitrary point on the circumference of the disk. It is evident that the
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Figure 2.8. To the derivation of the Green’s function for a disk.

point B(g, ¥), where the compensatory unit sink

1 ~
- In (r2 —2rocos(p — ) +’§2) (2.19)
b4
is located, must be on the extension of the radial line A. In other words, the angular
component of B, ¥ must be the same as of A. The radial component of B, ¢ can
be determined from the condition that, when M approaches C (r = a), the sum of

(2.18) and (2.19) becomes a constant, say A. For the sake of convenience, we express
A as

1
A=——Inpu. (2.20)
4r
This yields
1 = a®?—2dgcos(p — V) +0% 1

—In =——1Inu

4w a? —2agpcos(p — V) + 02 4w
or

a® —2agcos(p — ) +0° = (a2 —2dgcos(¢p — V) +52) .
Making the substitution

0 = wo 2.21)
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we transform the above equation into
a* —2aocos(p — ) + 0* = pu (a* — 2awocos(p — ¥) + w?0?) . (2.22)

Clearly, equation (2.22) must hold for all values of ¢ —/, so, assuming for instance,
¢ — ¥ = /2 (which implies cos(¢ — ¥) = 0) we can reduce (2.22) to

a* + 0% = p(a® + 0%0?). (2.23)
Subtracting (2.23) from (2.22), we now have

2apcos(p — ) = 2uawg cos(p — V).

This means that uw = 1. That is, the © and w each others’ reciprocal. Substituting
u = 1/w into (2.23) yields

1
a’® + Q2 = —a? + a)QZ,
w
which can be rewritten as

a*(w—1) = o*w(w —1). (2.24)

Hence, ® = 1 is one of the roots of the quadratic equation (2.24). It is evident
that this root is meaningless, because the relation in (2.21) suggests, in this case, that
compensatory point B (see Figure 2.8) is the same as A. The second root w = a?/0?
of (2.24) implies

0=d’/o and p=o/d’.

Thus, we found the location where the point B(a?/o, V) should be placed. Such a
point is usually referred to as the image of A about the circumference of the disk. We
also found the value of A in (2.20)

To complete the construction of the Green’s function, observe that the unit sink at
B generates the potential field

1 4 2
—1In (a_z P cos(p — ) + r2)
4 0 0

at a point M (r, ¢) inside the disk. Hence, the potential field generated at M(r, ) by
the unit source at A and the compensatory unit sink at B together, becomes

1 a*—2rpa®cos(p — ) + r?2o?
—1In )
4 o2 (r2 —2rgcos(p — ¥) + 0?)

(2.25)
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In other words, equation (2.25) presents a function that is harmonic everywhere in-
side the disk with the exception of the source point (o, ¥). Additionally, the function
in (2.25) takes on a constant value of —ﬁ In(0?/a?) on the boundary of the disk.
Thus, compensating the (2.25) with the opposite value of — 7= In(a?/0?), we ulti-
mately obtain the Green’s function of the Dirichlet problem for the disk of radius a
as
a* —2roa? cos(p — V) + r2o? 1 2

a
s
0% (r2 —2rocos(p —¥) + %) 4w @?

1
G(r,¢:0.¥) = Eln

which evidently reduces to

a* —2roa®cos(p — ) + r2o?
a? (r2 —2rocos(p — ¥) + 0?)

1
G(r.p;0.¥) = Eln (2.26)

and can be rewritten as

Lzl —a?
—In——,
2n  alz =]

G(r.p;0.9) =

where we use complex variable notation z = r(cos¢ + i sing) and { = p(cos ¥ +
i sin i) for the observation and the source point.

Note that all the Green’s functions we have constructed so far, are expressed in a
closed analytical form. In a series of examples that follow, we focus on a several
other problems, for which the method of images allows us to obtain Green’s functions
expressed in terms of infinite products.

Example 2.13. We start with one of the classical settings, namely the Dirichlet prob-
lem on the infinite strip Q(x, y) = {—oc0o < x < 00,0 < y < b}.

The closed analytical form of the Green’s functions for this problem found in (2.63)
and (2.64) of Section 2.3, is well known and available in every standard textbook
[3, 17, 18, 22, 29, 45, 57] on partial differential equations. Later in this chapter, the
reader will learn how it can be constructed by the methods of conformal mapping and
eigenfunction expansion.

In what follows, we will show an alternative to the classical form of this Green’s
function by applying the method of images. To aid in understanding our procedure,
we refer the reader to the scheme depicted in Figure 2.9, where we place a unit source
S;‘ in an arbitrary point A(&, n) inside 2. The field generated by the component S(;"
in a point M(x, y) represents the fundamental solution

1
G (v, yim) = =3I/ (x =82 + (v = )2

of the Laplace equation.
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Figure 2.9. Derivation of the Green’s function for the Dirichlet problem.

Clearly, the function GJ (x,y; &,n) conflicts with the Dirichlet conditions on bound-
ary fragments y = 0 and y = b (it does not vanish). To compensate the traces of
G+(x yi§.m)ony = 0and y = b, we place two unit sinks S; , and S1 , in the
points B(&, —n) and C (&, 2b — 1), which represent the images of (£, ) about the lines
y = 0and y = b, respectively. The fields generated by these sinks in (x, y) evidently
are

1
Grolw. yi&.—n) = 5 In\/(x =82 + (v +1)°

and

1
Gy, yiE.2b—1) = —In\/(x = £+ ( — 2 — )2,

Traces of the functions G (x, y: €, —n) and G1 (X, ¥:&,2b—n) on the boundary
lines y = 0 and y = b can, in turn, be compensated with the unit sources S +0 and
S +b which are located at D(§,—2b + n) and E(§,2b 4+ n). The combined fields
generated at (x, y) are given as

G oo, yiE~2b +m) =5 In\J(x =82 + (= (-2 + )2

and

1
Gy(x, 3624 1) = = —In\J(r = £)2 4 (= b + )2,

Traces of the functions Gzo(x, ;& —2b + n) and G;’b(x, y:€2b+nony =0
and y = b can then be cancelled out with unit sinks S3_’ o and S3, located at
F(&,-2b —n) and H(&, 4b — n), respectively.
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Following the described procedure of properly placing compensatory unit sources
alternating with unit sinks, the Green’s function G = G(x, y; &, n) of interest is ob-
tained in infinite series form

_|_
G =G, +Z(Gzz 10 TG 1b)+Z(G210 Gip)-
i=1 i=1
Since the terms of this series represent logarithmic functions, the N th partial sum

N

Sn(x,y:§,m) = G++Z(G2_z 1,0 T Goi 1b)+Z(G210 Zzb)
i=1 i=1

can be written as the single logarithm

_£)2 _ 2
S (e yibon) — 1—[ \/(x £)2 + (y +n— 2nb)

(x =82+ (y —n+2nb)?

After taking a limit as N approaches infinity, in the above expression

(x =82+ +n—2nb)?

G2+ (-n+mper

G(x.y:E.m) = 1‘[

we finally obtain the infinite product representation of the Green’s function for the
Dirichlet problem on an infinite strip of width b.

Example 2.14. We now turn to another classical case, namely a mixed problem for
the Laplace equation on the infinite strip Q = {—oco0 < x < 00,0 < y < b}, with
the Dirichlet condition imposed on y = 0 and the Neumann condition imposed on
y = b. Later in the Chapter Exercises, the reader ist advised to construct a closed
analytical expression for this Green’s function.

Figure 2.10 illustrates the procedure of the methods of images, applied in a way
similar to the one described earlier for the Dirichlet problem.

An alternative formula for the Green’s function for the Dirichlet-Neumann problem
(2.11) can be obtained as the aggregate field generated by an infinite sum of properly
spaced unit sources and sinks. Their locations are chosen in accordance with the
following pattern.

To compensate the trace of the fundamental solution GS' (x, y; &, 1) on the bound-
ary line y = 0, a unit sink Sy, is placed in the point B(§, —n), which generates a
field at M (x, y) given by

Gro(w.yiE —m) = 50 [ =2 + (0 + 02
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Figure 2.10. Derivation of the Green’s function for the mixed problem.

The Neumann condition on y = b, can be satisfied by placing a unit source S+ b in
point C(&,2b — n). This yields

1
Giy(x viE.2b = 1) = = —In \[(x =2 + (v = @b — )*.

The trace of the function G+ (x,y;&,2b — n) on the boundary line y = 0 can, in
turn, be compensated by a unlt smk S50 Placed in D(§, —2b + 1), which generates a
field at (x, y)

1
Gro(x, 16, ~2b+1) = 5 Inf(x = ©)2 + (v = (=25 + )2

while the Neumann condition on y = b can be satisfied by a unit sink S, located at
E(&,2b + n), which at (x, y) generates the field

Gopx viE 20+ ) = 5[ =2 + (0~ 2D + )2,

The trace of the function G, , (x, y;§,2b + n) on y = 0 can, in turn, be compen-
sated by a unit source S;T o Placed in F'(§,—2b — 1), which generates the field

1
Go, 16, ~2b =) = =5 —In |/ (x = £)2 + (v + b + )2

while the Neumann condition on y = b can be satisfied by placing a unit sink S, in
H(&,4b — n), which at (x, y) generates the field

1
Grp(r.yiE.4b = 1) = I\ (x = £ + (y — (4 — )2,
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Continuing this process and following the approach described in Example 2.13, the
sought-after Green’s function is finally obtained in the following infinite product form

(x =824 (y +n+4nb)?
(x =&+ (y —n+4nb)?

y (x—6)2+[y—n+22n+ 1)b)?
(x—82+[y+n+22n+ 1)b]?

1 o
G, yi&m =—In []

n=—oo

(2.28)

which is an alternative to the classical analytical form exhibited earlier in (2.11).

We will now apply the technique based on the method of images to obtain infinite
product representations of the Green’s functions of other classical boundary-value
problems.

Example 2.15. Consider the Dirichlet problem on the semi-infinite strip Q2 = {(x, y)|
0 < x <00,0 <y <b}. Aclosed analytical form of its Green’s function (see (2.67)
and (2.68) in Section 2.3) can be found in most canonical sources. For example, in
[45], it was obtained with a modified version of the method of eigenfunction expan-
sion.

In the following, we will derive an alternative infinite product form of the Green’s
function for our current problem with the aid of the method of images. To sketch its
procedure in a way similar to that described earlier in detail in Examples 2.13 and
2.14, we refer the reader to follow the scheme depicted in Figure 2.11.

The potential field generated by a unit source acting at an arbitrary point A(&, ) in
Q can be compensated on the edges y = 0 and y = b with unit sources and sinks

X
M
*
H E C A B D F
© @ o 52 4 5] o
y b 0
T@ Re NGB Ke I 5] Pe S @

Figure 2.11. Derivation of an alternative form of the Green’s function.
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placed in the regular set of points B(§, —n), C(§,2b—n), D(§,—-2b+n), E(§,2b+1),
F(&,-2b—n), H(,4b — n) etc., located outside of 2. In other words, these sources
and sinks allow us to satisfy the homogeneous Dirichlet boundary conditions imposed
on the edges y = 0 and y = bof Q.

As to the boundary condition imposed on x = 0, the influence of the sources and
sinks actingat A, B, C, D, E, F, H etc. can, in turn, be compensated on that boundary
line with unit sources and sinks, if we place them in another set of points K(—£, n),
T(—£&,4b — n) etc., located outside of 2. It is evident that the latter sources and
sinks do not conflict with the boundary conditions on y = 0 and y = b.

Thus, upon combining the influence of all canceling sources and sinks shown in
Figure 2.11, one arrives at a form of the Green’s function of the Dirichlet problem for
the semi-infinite strip Q = {(x, y)|0 < x < 00,0 < y < b}, alternative to (2.68),
expressed in the infinite product representation

L l°_°[ (x —£)2 4 (y +n—2nb)?
T (x—82+(y —n+2nb)?

2
" (x+ 824 (y —n+2nb)?
(x +82+(y+n—2nb)%

G(x,y:&n) =

n=—oo

(2.29)

Example 2.16. As another example for the semi-infinite strip 2 = {0 < x < 00,0 <
y < b}, we consider a mixed boundary value problem: let Dirichlet conditions be
imposed on the boundary fragments y = 0 and y = b, whilst the Neumann condition
is imposed on x = 0.

The compact formula

1 \/1 —2e@(+H) cosw(y + n) + e20(x+8)

G(x,y:€m) = ;-1 2.30
(x,y:6.m) TR e ey cosoly — 1) 1 20D (2.30)
1 —2e®C=8 cosw(y + 1) + e2@(x—) b4
) w = —,
1 — 2e@(x+§) cosw(y —n) + e2w(x+£) b

of the Green’s function for our problem is described in [45], for example. An al-
ternative formula to (2.30) can be derived with the aid of the procedure outlined in
Figure 2.12.

As the previous example suggests, the traces of the fundamental solution (the field
generated by the unit source acting at an arbitrary point A(€, 1) in ) on the edges
y = 0 and y = b are compensated with unit sources and sinks, placed in B(&, —n),
C(E.2b—n), D, -2b + 1), E(§,2b + 1), F(§,—-2b —n), H(§,4b — 1), etc., the
set of points exterior to 2.

To satisfy the Neumann condition for x = 0, the influence of the sources and sinks
inA,B,C,D, E, F, H etc. can be compensated for, similar to the Dirichlet problem,
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Figure 2.12. Derivation of an alternative formula for (2.30).

with unit sources and sinks at K(—£,n), L(—§,—n), N(—&,2b—n), P(—&,-2b+1n),
R(=£,2b + n), S(—=§,-2b —n), T(—&,4b — n), etc., the set of points exterior to 2.
The order of sources and sinks is, however, different from the one suggested earlier
for the Dirichlet problem.

Following the method of images, we arrives at the infinite-product-containing for-
mula

oo LT [ =92+ (v + 0 —2nb)?
Geeyibm =i [] (x—§%+ (y —n+2nb)?

2
y \/(x+é)2+(y+n—2nb)2

n=—0oo

(x+ 82+ (y—n+2nb)? 23D

of the Green’s function for this mixed problem.

2.2 Conformal Mapping

Another method which has traditionally been employed for the construction of Green’s
functions for the two-dimensional Laplace equation, is the method of conformal map-
ping [15, 37, 66]. It is rooted into the classical topic of complex analysis. To gain
an insight into its background, let w(z, {) represent a function of a complex variable
mapping conformally a simply-connected region €2, bounded by L, on the interior of
a unit disk |w| < 1, while the point z = ¢ maps onto the center w = 0 of the disk,
thatis w(¢, ¢) = 0.

It is worth noting that conformal mapping of a simply-connected region onto a disk
is not unique. Indeed, it is defined up to an arbitrary rotation around the disk’s center.
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As can be learned from complex analysis [15, 37], the Green’s function to the
Dirichlet problem

V2u(P)=0, PeQ, (2.32)
u(P)=0, Pel, (2.33)

can be expressed in terms of the mapping function w(z, {) as

G(P,Q) = —%ln |lw(z,?)] (2.34)

with z = x 4 iy the observation point P, whilst { = £ 4 i7 is the source point Q.

This statement can be readily justified: we observe that since the function w =
w(z, ¢) performs conformal mapping of €2, it is an analytic function of z of € and
w(z.{) # 0if z # ¢, whilst 2 % 0 uniformly on Q, with z = ¢ included.
Consequently, z = ¢ is a simple pole for w(z, {). Hence, we can express the latter in
the formula

w(z,§) = (2 -HP(z.0) (2.35)

with ®(z, ¢) representing an analytic function of z of €2, which is nonzero as z = ¢,

that is ®(¢, ¢) # 0.
Since an analytic function of an analytic function is also analytic, we can state that
the function

In®(z,¢) = In|P(z,0)| + i arg ®(z, ) (2.36)

is an analytic function of 2. Hence, the real component In |®(z, {)| in (2.36) repre-
sents a harmonic function of €2 and so, obviously, is

—% In|®(z, ).

Hence, in light of the relation in (2.35), the function in (2.34) becomes

1 1 1
—Eln|w(2,§)| = —Ehﬂz e Elnlcb(z,;“)l

which can be rewritten in the formula

s Ol =~ o= 82+ 0 =1 - @G )

We leave it as an easy exercise to the reader to show that the component

1
oI 62 + (v = )2
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is a harmonic function of x and y almost everywhere on 2. More specific, it is
harmonic at every point (x, y) € €2, except at (x, y) = (£, n). This implies that the
function in (2.34), as a function of x and y, is also harmonic everywhere in €2, except
at (x,y) = (&, n).

We have shown that the function in (2.34) meets two of the three defining properties
of a Green’s function: it is harmonic everywhere in Q , except at (x,y) = (§,7n)
and contains a logarithmic singularity for (x, y) — (&,7n). But what about the third
defining property? Does the function in (2.34) vanish on the boundary L of £2? The
answer is yes, because from the fact that w(z, ¢) maps L onto the circumference of
the unit disk, it follows that

lw(z,¢)|=1 forze L,

which leads us to
1
——In|w(z,{)|]=0 forze L.
2

Thus, equation (2.34) does indeed represent the Green’s function to the Dirichlet
problem described by (2.32) and (2.33).

In the following, the reader will finds several examples of the construction of
Green’s functions by the method of conformal mapping.

Example 2.17. Let us apply the method to the Dirichlet problem defined on the unit
disk |z] < 1.

The family of functions w(z, {) that maps the unit disk onto itself conformally, with
the point z = ¢ being mapped onto the disk’s center, is defined [15, 37] as

w(z, t) = eiB . _Z
zt—1
where S is a real parameter characterizing the rotation of the disk around its center.
For the sake of uniqueness, we neglect the rotation by assuming 8 = 0.
In compliance with (2.34), we arrive at the following expression

zE—l

G(.0) = e

(2.37)

il
27‘[ zé‘—

for our Green’s function.
Expressing the observation point z, and the source point ¢ in polar coordinates

z=r(cosp +ising) and ¢ = p(cosy +isiny)
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we can transform the numerator in the argument of the logarithm in (2.37) to
28— 1 =r(cosg + i sing)o(cos ¥ —i siny) — 1
= ro[(cosg cosy + sing siny) 4+ i(cos @ cos Y + sing siny)] — 1
= [rocos(p — ) — 1] + irgsin(p — ¥),

the modulus of which is

122 — 1] =/ (rocos(e — ¥) — D)2 + (rosin(p — 1))

= \/,,292 —2rocos(p — ) + 1. (2.38)

The denominator in the argument of the logarithm in (2.37) represents the distance
between z and ¢, which is

|z = ¢l = \Jr2 = 2rgcos(p — ¥) + 02 (2.39)

Finally, after substituting (2.38) and (2.39) into (2.37), we obtain the Green’s func-
tion for the Dirichlet problem on the unit disk

r20% —2rocos(p — ) + 1
r2 —2rocos(p —v) + 02

This may be compared to the one derived earlier, in Section 2.1 (see equation (2.26),
with the radius a set to unity).

1
G(rpi0.¥) = ;—In (2.40)

Example 2.18. We revisit one of the classical problems and will use the conformal
mapping method to construct the Green’s function of the Dirichlet problem on the
infinite strip Q = {—o0 < x < 00,0 <y < 7}.
From complex variable theory [15, 37], we learn that the family of functions
et

. z _
w(z,¢) =B S (2.41)
e? —ef

maps the infinite strip € onto the unit disk conformally |w| < 1, whilst the point
z = ¢ is mapped onto the disk’s center w = 0. For the sake of uniqueness, assume
the rotation parameter to be 8 = 0.

Before substituting this mapping function into (2.34), express the observation point
and the source point in Cartesian coordinates

z=x+4+iy and (=E&+41in

and transform the modulus of the numerator in (2.41) by means of the classical Euler
formula

le? —ef| = \/Rez(ez —eb) + Im2(e? — e?%),
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where

Re(e? —eb) = e¥cos y —ef cosp
and

Im(e? —e¥) = e*siny — ef sin .

After some trivial steps of complex algebra we obtain

le? —ef| = \/ezx + 26 — 2e(x+8) cos(y — 1)

=ef. \/1 —2e=8 cos(y — n) + e2(x—),

The modulus of the denominator in (2.41) similarly transforms to

e — e?| =ef. \/1 —2e=8 cos(y + 1) + e2(x—8),
This yields the Green’s function for our problem, namely

1 —2e%=8 cos(y 4 1) + 269
1 —2e=8) cos(y — ) + e2(x—6"

1

An equivalent but more compact form of this Green’s function can be obtained by
multiplying both the numerator and the denominator in (2.42) with eE=x) yielding

1 (x—§) E-x) _»o
Gx,y:E) = —1In~ e o) 1)
4 =8 4 eE=%) —2cos(y — 1)

which, after dividing both the numerator and the denominator of the argument of the
logarithm by 2, transforms to

. _ 1 cosh(x —§) —cos(y + n)
Glr.yigm) = I G —&) —cos(y — 1)

(2.43)

Example 2.19. The half-plane Q2 = {—0co < x < 00, y > 0} is mapped conformally
onto the unit disk (with point z = ¢ mapped onto the disk’s center, w = 0) by a
family of functions, one of which is [15, 37]
z—¢
w(z,l) = ——=.
z-¢
Thus, the Green’s function for the Dirichlet problem for the Laplace equation on
the half-plane is given by

G(Z,{):%ln j:g'
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which, in Cartesian coordinates, is

1 (x=82+(+n?

G(x,y:6.m) =4-In (2.44)
dr - (x=§2+(y—n?
whereas in polar coordinates it is
6 ) 1 | r?2 —2rocos(p + V) + 0? (2.45)
re,0,%)=-—In . .
v-e 47 r2 —2rocos(p — ¥) + 02

Note that, in the previous section, we obtained the two above representations by the
method of images.

Furthermore, note that in the examples considered so far in this section, conformal
mapping of a given region onto the interior of a unit disk is performed by an elemen-
tary function. The next example is different; we aim to find the Green’s function of
the Dirichlet problem for a rectangle. However, conformal mapping of a rectangle
onto a unit disk cannot be accomplished with an elementary function [15, 37, 66].

Example 2.20. As can be read in [66], the rectangle Q2 = {0 < x < a,0 <y < b}
maps conformally onto the unit disk (with a point z = ¢ mapped onto the disk’s center
w = 0) by the function

w(z,?) = Wiz - o, w2) - Wz + oy, w2)
’ W(z —E; w1, w2) - W(z +Z;a)1,w2)

defined in terms of a special function W(z; w1, w,) which is referred to [66] as the
Weierstrass elliptic function. The parameters w; and w, in W(t; w1, wz) are deter-
mined from the dimensions of the rectangle as w; = 2a and w, = 2ib. Standard
subroutines aiming at computing the Weierstrass function are not available in con-
temporary software, although this drawback can potentially be eliminated upon using,
say, its series representation [66]

1 — 1 1
W(t; w1, = = — ,
(F 1, 02) 12 + m%;() |:(t —2mwy —2nwy)?  (Q2mw; + 2na)2)2i|

where the summation indices m and n are not allowed to take simultaneous zero val-
ues.

Thus, the Green’s function for the Dirichlet problem on the rectangle €2 is expressed
in terms of the Weierstrass function as

Gz.t) = - 1n| WE=&:2a,2ib) - Wz + {524, 2iD)

== == . (2.46)
2z |W(z —¢;2a,2ib)- W(z + &;2a,2ib)
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In the next section, we will employ a method for the construction of Green’s func-
tions for the Laplace equation different from the two covered so far. We will consider
an extensive list of boundary-value problems for a number of regions. Among others,
we will revisit the Dirichlet problem on a rectangle. The reason for this is that the ex-
pression for G(z, ¢) in (2.46) is inconvenient for computer implementations, because
subroutines for calculating the Weierstrass function are not included in standard com-
puter software. Hence, in the following, we will derive a few more easily computable
alternatives to (2.46) by using the method of eigenfunction expansion.

2.3 Method of Eigenfunction Expansion

In the remaining part of this chapter, we concentrate on giving the reader a compre-
hensive review of another method, which turns out to be extremely productive in the
construction of Green’s functions for boundary-value problems for many partial dif-
ferential equations, namely the method of eigenfunction expansion, representing one
of the most efficient and generally recommended methods in the field.

In particular, our review of the method of eigenfunction expansion aims at pro-
moting constructive research in the derivation of different representations of Green’s
functions for applied partial differential equations.

2.3.1 Corollary of Green’s Formula

Earlier in Chapter 2, the reader was familiarized with two standard methods, tradi-
tionally employed to construct of Green’s functions for the two-dimensional Laplace
equation. These are the method of images and the conformal mapping method. Chap-
ter 1 dealt with ordinary differential equations and gave a background for the cur-
rent chapter, where again the focus will be on partial differential equations. Another
standard approach to the construction of Green’s functions for the two-dimensional
Laplace equation will be discussed herein. The method of eigenfunction expansion
[29, 66] turns out to be workable for a quite broad class of problem settings.

The approach is based on a corollary of Green’s second formula [3, 66], according
to which the solution u(P) of the well-posed boundary-value problem

V2u(P)=—f(P), PeQ, (2.47)
Bu(P)]=0, PelL, (2.48)

for the (inhomogeneous) Poisson equation can be expressed in terms of the Green’s
function G(P, Q) for the corresponding homogeneous problem (the Laplace equa-
tion) as

u(P) = /fg G(P.0)f(0)d2AQ). (2.49)
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Hence, we aim at finding a solution to the problem, stated in equations (2.47) and
(2.48). An important feature of this approach is that our major concern is not to
simply obtain the solution by any means and in any form. Rather, we are required to
be more specific in the selection of a way to tackle the problem. That is, the objective
of our approach is to express the solution in the integral form of (2.49), the kernel
of which does in fact represent the Green’s function of the homogeneous boundary-
value problem corresponding to (2.47) and (2.48). An algorithm for the method of
eigenfunction expansion turns out to be effective in achieving the objective.

2.3.2 Cartesian Coordinates

In the following, details of the approach based on the method of eigenfunction ex-
pansion, as well es its specific features are clarified and explained whilst passing
through a series of illustrating examples, where we tackle problems stated in Carte-
sian coordinates. Later in this chapter we will also consider a number of problem
settings stated in polar coordinates. Later in this section, we will focus on the con-
struction of Green’s functions for several “exotic” boundary-value problems for the
two-dimensional Laplace equation on surfaces of revolution.

Example 2.21. Recollect the construction of the Green’s function of the Dirichlet
problem for the Laplace equation on the infinite strip Q@ = {—oc0 < x < o0,
0 < y < b}, as treated earlier in this chapter.

In equations (2.27) and (2.43), we find two different formulas for this Green’s func-
tion, which have been obtained by the method of images and by conformal mapping.
The current example presents an alternative derivation using the method of eigenfunc-
tion expansion.

To lay the basis for our approach to the construction of Green’s functions, we con-
sider the boundary-value problem

Pu(x,y)  0%u(x,y)
952 + 52 =—f(x,y), (x,y) e, (2.50)

u(x,0) = u(x,b) =0, (2.51)

where u(x, y) is required to be bounded as x approaches negative and positive infinity,
whilst f(x, y) is supposed to be integrable on €2, implying, in other words, that the
improper integral

[/Q £l 9)dRAx, y)

is convergent.



82 Chapter 2 The Laplace Equation

We represent the solution u(x, y) of the problem described by (2.50) and (2.51) as
a Fourier sine-series

o0
u(x,y) = Y up(x)sinvy, (2.52)
n=1
where v = nx/b, withn = 1,2,3,.... We now expand the right-hand side function

f(x,y) in (2.50) into a Fourier sine-series

flx,y)= Z fn(x)sinvy. (2.53)

n=1

Once we substitute the expansions (2.52) and (2.53) into (2.50), we obtain

0 [ d2u, (x)
dx?

— vzun(x):| sinvy = — Z fn(x)sinvy.

n=1 n=1

Equating the coefficients of the two series in the above relation yields the ordinary
differential equation

d?un (x)

2 V2, (x) = —fr(x), —o0 < x < 00, (2.54)

for the coefficients u, (x) of the series in (2.52). Clearly, the boundedness conditions
lim |u,(x)| <oo, lim |u,(x)| < oo (2.55)
X—>—00 xX—>00

must be imposed on u, (x) to make the problem described by (2.54) and (2.55) well-
posed.

To construct the Green’s function of the above boundary-value problem, we may
choose either the approach employing its defining properties, or the one based on the
method of variation of parameters. We take the latter procedure, which was described
in detail in Chapter 1. That is, we express the general solution to (2.54) as

up(x) = C1(x)e"™ + Ca(x)e™ " (2.56)

which yields the well-posed system of linear algebraic equations

evr eV Cix)\ _ 0
ve’* —pe V¥ Cix) )  \—f(x)
in C{(x) and C;(x). The solution to this system is

1

o e’ fu(x).

Cl0) =~ ful), CY0) =
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We find expressions for C; (x) and C(x)

G =5 /_ e £,(£)dE + D,

and

G0 = 5 f e £, (E)dE + D

—o0

after performing integration. Substituting these into (2.56) we obtain

20 Jooo

() = &V (i / " v g e)ds + Dz)
Vv

X
—e (i / e fu(6)dE + Dl) : (2.57)
2v J oo
The first boundedness condition in (2.55) requires the factor of e™"* in (2.57) to be
zero as x approaches negative infinity, which yields D, = 0. The second condition
in (2.55), in turn, implies that the factor of e"* must be zero as x approaches infinity.
This yields

1 o0
Di=-5 [ n

After substitution of Dy and D5 into (2.57), the solution of the boundary-value
problem described by (2.54) and (2.55) appears as
o0 1 X
u) = [ e O fede+ [

oo 2

16 I £ )

o0

which reads as a single integral

n(x) = / gn (3. ) fu(E)dE (2.58)

with a kernel written
L vl
gn(x.§) = —e , —00<x,§<oo.
2v
Hence, the above represents the Green’s function of the homogeneous boundary-value
problem corresponding to that in (2.54) and (2.55).

With the aid of the Euler—Fourier formula, the coefficient f;(§) in the series of
(2.53) is expressed through the right-hand side function of the equation in (2.50) as

b
7® =5 [ 1€ msinvnan
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After substituting this into (2.58) and subsequent substitution of u, (x) in (2.52),
we obtain the solution of the problem described by (2.50) and (2.51):

e~ VIx—§l
u(x,y) = / / —sinvysinvn f(&€, n)d&dn (2.99)

which suggests that, in view of (2.49), the kernel
1 &, e vix=El
G(x,y;&En) =— Z ———sinvysinvy (2.60)
bid n
n=1
of the integral representation from (2.59) represents the Green’s function for the ho-
mogeneous boundary-value problem described by (2.50) and (2.51).

The series in (2.60) is non-uniformly convergent. In fact, due to the logarithmic
singularity, it diverges when the observation point (x, y) coincides with the source
point (£, 7). This makes the above series form of the Green’s function somewhat
inconvenient for numerical implementation. However, we can radically improve the
situation, because the series is in fact summable. To sum it up, we transform (2.60)
into

1 &, evix—él
Gx,yi€,m) = 5— ) ————lcosv(y —n) —cosv(y + )] (2.61)
n=1
1 [ &, vl O ovlx—§|
= [;Tcosv(y—n>—;Tcosv(y +11)

and recall the classical [1, 27, 37, 66] summation formula

>, 1
E —cosnt = —3 In(1 — 2r cos ¥ + r?) (2.62)
n

n=1

that holds forr < 1and0 < ¢ < 2.
It is evident that the series in (2.61) are isomorphic to that in (2.62), and the con-
straints on p and ¥ are met. Indeed, it is clear that

e VIx—El
and
0<w(y—n) <2mr and O0<ow(y+n) <2m.

Hence, the series in (2.61) are entirely summable, which yields the analytical rep-
resentation

1 — 2?09 cosw(y + 1) + 209
n
1 —2e2=6) cosw(y — n) + e20(x—§)

Gx,y:&n) = - (2.63)
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for the Green’s function to the homogeneous boundary-value problem corresponding
to (2.50) and (2.51). Here w = 7/b.

Here, we refer the reader back to equation (2.42), which was obtained (by the
method of conformal mapping) as the Green’s function for the Dirichlet problem on
the infinite strip 2 = {—o00 < x < 00,0 < y < &} of width &r. Clearly, if we assume
b = 7 (implying w = 1), then the expression in (2.63) reduces to that of (2.42).

Note that, similar to the conversion (2.42) into (2.43) that we made in Section 2.2,
the expression in (2.63) converts to the more compact formula

| - L coshw(x — &) —cosw(y + 1)
G(x,y;6,n) = 47 In coshw(x — &) —cosw(y —n)

(2.64)

The equivalence of (2.63) and (2.64) can be verified by multiplying both the numerator
and denominator in (2.63) by e®E=%) and subsequent use of the Euler formula for
the hyperbolic cosine function.

We can find another compact version of the Green’s function shown in (2.63): upon
introducing complex variable notation

z=x+4iy and ¢=&+in

for the observation point (x, y) and the source point (£, ), and recalling the Euler
formula

e =e*(cosy +isiny)
for the complex exponent, equation (2.63) coverts to the following compact formula

1 |1 —e®GD)

G(x,y:6.m) = >—1In

_ 2.65
27 " 1= ee G| (269

where the bar on { means the complex conjugate.

Example 2.22. Let us turn to another classical setting and construct the Green’s func-
tion for the Dirichlet problem

u(x,0) =u(x,b) =u0,y)=0 (2.66)

for the Laplace equation on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.

Following through with our technique, we will consider the boundary-value prob-
lem described by (2.50) and (2.66) on €2, with the additional requirement that u(x, y)
stays bounded as x approaches infinity. The right-hand side function f(x, y) in (2.50)
is presumed to be integrable on 2.
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Similarly to the development in Example 2.21, we expand u(x, y) and f(x,y) in
Fourier series of (2.52) and (2.53). This yields the boundary-value problem

2
% —v2up(x) = — fu(x), 0<x <o0, v=nn/b,

un(0) =0, lim fun(x)| < oo

for the coefficients u, (x) of the series in (2.52).
The Green’s function g, (x, &) for the above problem can be obtained by following
the recommendations in Chapter 1. Using our current notation, we write it down as

1
gn(x,€) = 2—[e_le_§‘ — e_”(xﬁ)], for0 < x,£ < oo.
v

Analogous to Example 2.21, we finally obtain a series expansion of the Green’s
function for the homogeneous boundary-value problem corresponding to that in (2.50)
and (2.66)

2 o0
G(x,y:&.n) = 5 Z gn(x,&)sinvy sinvy,
n=1
and after employing the summation formula from (2.62), the above representation

transforms into closed analytical form

1|1 —e@@E0)||] — e+

Goo & = 5 I oD |1 — o)

(2.67)

with @ = 7/b. It can be easily verified that the above expression is equivalent with

. _ 1 (coshw(x +§) —cosw(y —n)
G(x,y:§.m) = dr ln(cosha)(x —£&) —cosw(y —n)

cosho(x — &) —cosw(y + n)) (2.68)

coshw(x + &) —cosw(y + 1)

which is generally presented in the literature [57] as the Green’s function of the
Dirichlet problem on the semi-infinite strip.

Up to this point in our development, we used the method of eigenfunction expan-
sion as an alternative approach to the construction of those Green’s functions which
could also be obtained with other methods. In the example that follows we will instead
consider a mixed boundary-value problem, for which the method of eigenfunction ex-
pansion probably represents the only way to obtain its Green’s function.
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Example 2.23. Construct the Green’s function for the boundary-value problem
du(0, y)
ox

for the Laplace equation on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.
To do so we consider, following our approach, the Poisson equation

—pu(0,y) =0, u(x,0) =u(x,b)=0, B=>0, (2.69)

9%u(x, 9%u(x,
ulx,y) | 0ulx.y) _

9x2 3y2 =—f(x.y), (xyeQ, (2.70)

subject to the conditions in (2.69).
By virtue of the Fourier sine-series expansions

o
u(x,y) = Zun(x) sinvy, v= %
n=1
and
[e.¢]
fx.y) =Y falx)sinvy
n=1
we obtain the boundary-value problem
d2
u—n(x) 12U, (x) = —fu(x), 0<x < o0,
dx?
dun (0
1n®) g ) =0, Tim un(x)] < oo
dx X—>00,

for the coefficients u, (x) of the above series expansion of u(x, y).
Following the procedure of the method of variation of parameters (as described
earlier in Chapter 1), the Green’s function g, (x, §) for the above problem is

1
gn(x,€) = 2_[e—”|x—f‘ + B*e OO for0 < x, & < oo, (2.71)
v
where the parameter * is defined as (v — B)/(v + B).

The solution of the mixed boundary-value problem described by (2.69) and (2.70)
is obtained from (2.71), in terms of g, (x, £) as

b ooy X
v =[5 et simvrsinnsGodsan. 2

This implies that the kernel of the integral in (2.72)

2 o o
G(x,y;&,n) = 5 Z gn(x,&)sinvysinvny (2.73)

n=1
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represents the Green’s function of the mixed boundary-value problem described by
(2.70) for the Laplace equation.

Hence, the problem stated in this example is formally solved; we obtained the
sought-after Green’s function. However, a question about the computability of (2.73)
remains open: is it conducive to direct computer evaluation? The answer to this ques-
tion is negative. In contrast to closed analytical forms, like those obtained earlier in
Examples 2.21 and 2.22, equation (2.73) is not suitable for immediate computer im-
plementation, because the series in equation (2.73) does not (and cannot) converge
uniformly. We have already touched upon this phenomenon earlier in this book:
any series-only representation of a Green’s function for the two-dimensional Laplace
equation cannot uniformly converge due to the presence of the logarithmic singularity
in the Green’s function.

To give the reader a sense of the level of accuracy attainable by the series expansion
of the Green’s function in (2.73), Figure 2.13 exhibits profiles of G(x, y; &, n) for dif-
ferent (10th, 25th and 100th) partial sums of the series, using parameter values b = 1,
B = 0.5 The source point was fixed at (0.1, 0.5) and the profile of G(x,0.3;0.1,0.5)
was depicted in the vicinity of the source point [0, 0.4].

From Figure 2.13, we might conclude that, although increasing order of the partial
sum provides a reasonable improvement, the approximation in the immediate vicinity
of the source point still remains quite bad. In other words, any attempt to approximate
the Green’s function with a partial sum of (2.73) is ineffective, at least in the vicinity
of the source point (&, n).

With the enhancement of the practicality of equation (2.73) in mind, we turn back
to the cases that we covered earlier in Examples 2.21 and 2.22, where we managed to
successfully sum series expansions of Green’s functions (observe, for example, how

] 100
17

] 25
0.8

] 10
G 0.6

0.4

0.2 i

Figure 2.13. Profiles of different partial sums of the series in (2.73).
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the series in (2.60) converges to the closed analytical form in (2.63)). Contrary to
those cases, the series in (2.73) cannot be summed.

Hence, since truncation of the series does not work, we require extra effort to find
a way to enhance its computability or, in other words, to improve its convergence.
One possible way of doing this was proposed in [43]. The idea behind it is to split
the expression for g, (x, &) in (2.71) into two parts, one of which contains the com-
ponents responsible for the singularity and allows a complete summation of the series
in (2.73), whilst the other part leads to a uniformly convergent series. In doing so, we
recall the coefficient g, (x, £) from (2.71)

1 _
gn(x,§) = > (e_le_E + %e_v(ﬁ'@) for0 < x,& < 00
v v

and write the factor (v — B)/(v + B) of the exponential function eV &+ as

v-p _ 28
v+ v+ B
which yields
1 ( _,_ 3 28
gn(x.§) = (e VEl e %e v(x+$)),

Upon substitution into (2.73), we can rewrite it as
! Zoo Lol | oG+ 00 by i
G(x.y:6.m) =+ —[le +e Isinvysinvn
b — v

28 N eV ) nm

- msmvysmvn, U—T.
n=1

The first of the above two series is summable, which can be accomplished in exactly
same way as in Examples 2.21 and 2.22. The second series does not allow summa-
tion. However, it is uniformly convergent and, since it converges at the relatively high
rate of 1/n2, we may leave it in its current form without significantly impeding the
computability of the whole expression.

Thus, a computer-friendly formula for the Green’s function to the mixed boundary-
value problem described by (2.70) for the Laplace equation on the semi-infinite strip
Q={0<x <00,0 <y < b}becomes

1|1 —e@EHD||] — e@G=D)|

G , Vi3S, =—1 <.
(x,y:6.m) ' n 11— eaG-0)| |1 — oo

28 X, V)

> 2 —v(v o (2.74)

. . b4
sinvysinvy, o=

E.
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Notice that if 8 = 0, then the above expression reduces to a closed analytical form
for the Green’s function

1|1 —e@@EHD||] — e@@=0)|
G(x,y:§.m) = —1In

= (2.75)
2|1 —e@(@E=D)| |1 — e@(z+0)]
for the boundary-value problem
ou(0,
WO _ o ux.0) = u(x.b) = 0
ax
stated for the Laplace equation on the semi-infinite strip @ = {0 < x < oo,

0<y<b}.

We turn again to the expression of the Green’s function shown in (2.74). As we
already pointed out, its series component converges at a high rate. To be more specific,
we might estimate its N th remainder as

ot —v(x+§)
Ry(x,y;6,n) = Z :sinvysinvn. (2.76)
n=N+1 U(U + ’8)

First observe that the exponential and trigonometric factors of the general term in
this series never exceed unity. Furthermore, taking into account that the parameter
B is non-negative (see the constraint in equation (2.70)), we arrive at the following
estimate for the absolute value of Ry

o0
1
RN (x,y;€,1)] < S
n=%:+1 U(V+ﬂ)
00 o) 0 N
1 b2 1 b2 1 1
<> =53 h-L(Ta-T)
n=N+1 n=N+1 n=1 n=1

We can sum the infinite series in parentheses [3, 27, 37] yielding

p2 (22 X1

|RN(X,y;§»77)|§ﬁ ?—’;n—z . (2.77)

Three issues might be highlighted with regard to the above inequality. First, it

is quite compact and very simple to use. Second, it brings a uniform estimate and

is, therefore, valid at any point on 2. Finally, it follows from the way the above

inequality was derived, that it provides a relatively coarse estimate. The latter issue

makes it advisable to revisit the analysis of the remainder in (2.76). In doing so, let

us set its trigonometric factors to unity and express the parameter v in terms of the
summation index #n. This yields

O v(xt+E) p2 = e~ v(x+§)

Ry (x,y:6,n)| < — = —
Ry (¢, €. m)] <n=;+1 v(v +p) w2 nr 10+ Po)
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where B9 = Bb/m. In the case of B¢ > 1, the above might be improved upon. That
is
2 X vxtd) p2 |: o v(x+H) N e—v(x+§):|

b
RyGoyienl=ss Y =Y —__y
b4 n=N+1n(n—+—1) g nzln(n—i—l) nzln(n—l—l)

Note that the infinite series in the brackets is summable. Thus, using the standard
summation formula [3, 27, 37]

o0 n

1-— 1
Zp—=1— pln , p2<1,
— n(n +1) 14 1—-p
n=1
where p = e VOt and 0 = /b, we arrive at the following estimate for the

remainder in (2.76)

2 N v+
Ry yi6 )l < 2 | 14 @0+ 1in(1l — ot +9) _ 3 ki
~ n? n(n+1)

n=1
(2.78)

Contrary to (2.77), the estimate in (2.78) is nonuniform: its right-hand side depends
upon the observation and the source point to which the estimate is applied. This makes
it more flexible for practical computation; it allows the user to vary the truncation of
the series in (2.74) in different zones of €2 in order to keep a certain desired accuracy
level for the entire region.

The improvement that has been made by this transformation of the series-only form
of the Green’s function in (2.73) turns out to be very remarkable. It can be especially

121
1
0381
Go.6§/
041
021 —
o o1 02 03 04
X

Figure 2.14. Convergence of equation (2.74).
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appreciated after comparing the profile depicted in Figure 2.14 with those shown ear-
lier in Figure 2.13. The representation in (2.74), with only the 10th partial sum of its
series component is accounted for.

Example 2.24. We will now use the method of eigenfunction expansion to construct
the Green’s function of the Dirichlet problem for the Laplace equation on a rectangle.
We already encountered this problem earlier in this chapter, when we obtained a
representation (see equation (2.46)) of its Green’s function by the method of confor-
mal mapping. Equation (2.46) is expressed in terms of a special (Weierstrass) function
which is not yet tabulated, making it inconvenient for computer implementation.

The objective of the current example is to derive an alternative formula for the
Green’s function for the Laplace equation on a rectangle. In other words, we aim at
finding its most easily computable form. In doing so, consider the boundary-value
problem

Pulx,y)  u(x,y)
952 + 3y2 =—f(x,y), (x,y) e, (2.79)

u(x,0) =u(x,b) =u0,y) =u(a,y) =0 (2.80)

on the rectangle 2 = {0 < x < a,0 < y < b}, where f(x,y) is presumed to be
integrable (continuous) on the closure of €2.

We assume the reader is familiar with the fact, shown in courses on differential
equations (see, for example, [3, 16, 18, 29, 57, 66, 77]), that components in the set of
functions

U n(x,y) = sin ux sinvy

with p = mn/a and v = nx/b, withm,n = 1,2,3,..., represent eigenfunctions
of the Dirichlet problem for the Laplace operator on the rectangle Q2. Indeed, one
can directly check out that every component of the set U, , (x, y) satisfies conditions
(2.80) and, if the parameter A is defined in terms of indices m and n as A2 = /LZ +12,
is also a solution of the Helmholtz equation

826%@n(x7y) 32[an(X,y)

0x2 dy2 + lem,n(x,y) =0, (x,y)eq.

This motivates our strategy for solving the problem described by (2.79) and (2.80),
where we write its solution u(x, y) in the eigenfunction expansion (double Fourier
sine-series) form

o0
u(x,y) = Z U p SIN QX SINVY (2.81)

m,n=1
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and expand the right-hand side function f(x,y) in (2.79) into the double Fourier
sine-series

flx,y) = Z JSm.n sin x sinvy. (2.82)

m,n=1

Once the expansions (2.81) and (2.82) are substituted into (2.79), we have

(e} o0
- Z (,uz—i—vz) Upm,p SIN QX SINVY = — Z JSm.nsin pux sinvy.

m,n=1 m,n=1
Equating the left-hand and right-hand side coefficients of the series in the above
relation yields
_ o
MZ + p2’
With the aid of the Euler—Fourier formula, the coefficients fy, , of the series (2.82)
are expressed as

Um,n

4 b ra
fn =25 [ [ #tenysinuesinwndzan,

After substituting f, » into the above formula for the coefficients u,, , and then
substituting u,, , in (2.81), we obtain the solution of the problem described by (2.79)
and (2.80) in the form

boray 2 sin px sinvy sin u€ sin vy
ue = | 2 S (€ mdkdn.
m,n=1

M2+V2

Since the solution to the problem described by (2.79) and (2.80) is expressed in the
integral form of (2.49), its kernel

sin px sin vy sin u& sin vy
/“LZ + 1)2

4 [ele)
Gx.y:6.m) = >

m,n=1

(2.83)

represents the Green’s function of the Dirichlet problem on the rectangle 2 = {0 <
x<a0<y<b}.

It is evident that critical issue for the double-series in (2.83) is its computability.
We address this issue in the following analysis: we assume, for the sake of simplicity,
a = w and b = 7, which transforms (2.83) into

4 S sinmxsinny sinmé sinny
> (2.84)

Glx.yi&m =— 2 a2

m,n=1

the Green’s function for the square Q = {0 < x < 7,0 < y < 7}.
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To examine the rate of convergence for the series in (2.84), we depict in Figure 2.15,
profiles of its M, Nth partial sum for various values of the truncation parameters M
and N. The x coordinate of the field point is fixed at x = /2, whilst the source point
(&, 1) is chosen as (7/2, 2).

Two important observations can be drawn from Figure 2.15. Both of them indi-
cate a low computational potential for the expression in (2.84). First, the logarithmic
singularity is poorly approximated when we truncate the series. Second, there is a
high-frequency oscillation which dramatically reduces its practicality.

1 B

0.8

] M,N= 1004
0.6
1 M, N=20
© ] M,N=10
0.4 / \

0.2 /

Figure 2.15. Convergence of the series in (2.84).

Note that the oscillation cannot be eliminated entirely, even in the case of M = 100
and N = 100. This implies, in particular, that the accuracy in computing derivatives
of the Green’s function (which are frequently required in applications) must be even
much lower compared to that of the function itself.

Hence, We need to take steps to further enhance the computational potential of
equation (2.84). In [45, 48], for example, it was proposed to rearrange the double-
summation:

o0

4 & sinmx sinmé \ . .
— — 2 |sinnysinn

m=1

4 S (1 & cosm(x —E)—cosm(x + €)Y\ . .
= Z (5 Z o sinny sinnn.

n=1 m=1

Splitting the m-series into two parts, the above transforms to

2 [ cosm(x —E)  cosm(x + §)
— - i i . 2.85
”2,; (mZ=1 2 2 . sinny sinny ( )
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In compliance with the standard summation formula [1, 27, 37]

i cosmB  w cosha(m — fB) 1
= m?2 +a2 2o  sinharw 202’

where § is supposed to be bounded as 0 < 8 < 2, each of the m-series in (2.85) is

analytically summable. After performing the summation, we reduce the double-series
in (2.84) to

1 o= coshn(m —|x —&|) —coshn(mr — (x + §)) . )
— E sinny sinnn
b

=1

nsinhnmw

2 [e.¢]
= — Z Tu(x,&)sinny sinny (2.86)
b4

n=1

with the coefficient T}, (x, £) defined as

T,(x.£) = 1 {sinhn(n — x)sinhné, x> ¢,

nsinhnm |sinhn(w — &) sinhnx, x <E§.

To analyze the convergence of the single-series formula of the Green’s function in
(2.86) we depict, in Figure 2.16, profiles of its N th partial sum in a manner similar to
that of Figure 2.15. Comparison of the data presented in Figures 2.15 and 2.16 clearly
indicates that the single-series expression of the Green’s function works slightly better
in the approximation of the basic logarithmic singularity. On the other hand, a high-
frequency oscillation is still there and does not show significant improvement. This
becomes even more notable for the single-series formula. Hence, none of the two
series formulas for the Green’s function in (2.84) and in (2.86) is computationally
efficient, leaving room for further improvement.

A significant step in that direction can be provided by accelerating convergence of
the series in (2.86). This can be done by operating on either branch of the coefficient
T (x, &). To check this, we choose the one valid for x > &, and transform the series
as

o0 . .
2 sinhnm coshnx — sinhnx coshnm . . .
— E sinhn& sinny sinny
b4

nsinhnmw
n=1

o0 .
2 coshnx — sinhnx cothnm . . .
E sinh né sinny sinnn.
m = n

Adding and subtracting the sinh nx in the numerator, we rewrite the above as

2 &1
— Z —[coshnx — sinhnx + sinhnx (1 — cothnr)] sinhné sinny sinnn
b/ n

n=1
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N=100-_

0.8

2.5 3

Figure 2.16. Convergence of the series in (2.86).
from which, after removing the brackets, we get

2 K1 : , o
— E —(coshnx — sinhnx) sinhn& sinny sinnn
T n

=1

2 &1
+ = Z —sinhnx (1 — cothn) sinhné sinny sinnyn.
b4 n
n=1
It can be readily shown that the first of the above two series turns out to be analytically

summable. To proceed with the summation, we convert its hyperbolic functions into
exponential form, which yields

nE —e —né&
—Z—e —sinnysinnn

:.
:

L2 1 . . , .
— Z —(1 — cothnm) sinhnx sinhné sinny sinnn
transforming, after some elementary algebra, to

1 1
o DT et eos n(y — ) — cosn(y + )]
T n
n=1

sinhnx sinhn&
- — Z sinny sinnn.

ne* sinhnmw

When we remove the brackets from the first of the above two series, it breaks up
into four pieces, each of which allows analytical summation in compliance with the
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standard summation formula in (2.62). This then converts the Green’s function in
(2.86) to

1 1 —2e=(=8 cos(y + n) + e2(x—6)
Gloyiem =5t o 26D
I =2 =H cos(y — 1) + 72

Ly (1270 cos(y — ) 47204
—1In
2m 1 —2e=(+8) cos(y + n) + e 2(x+8)

Z sinhnx sinhné

7 s sinny sinnn.
ne"® sinhnn

After some elementary transformations, the logarithmic terms reduce to a more
compact form

11— eCG=D||1 —eC+D)|

G(x,y:8.m) = -—In |1_e(z_;)||1_e(z+¢)|

Z sinhnx sinhné

o sinh sinny sinnn, (2.87)

where complex variable notation
z=x+iy and =§&+1ip

as introduced earlier, is used for the field point (x, y) and the source point (&, ).
The computational superiority (2.87) over equations (2.84) and (2.86) cannot be
disputed, mainly because in (2.87), the basic logarithmic singularity of the Green’s
function is analytically expressed and contained in the term
1 1

—In———+. 2.88
27 e D) 289

To verify this, we expand the exponent e?~%) in a Taylor series and substitute it
into (2.88). This yields

1 1 _
E In m =
1 1 1 5
=~z =41+ 5C =D+ 5E =0+ |)

1 1
T o f z—¢

L (G SRS YERT I LU TER LN

1 1 1

with the first logarithmic term giving the fundamental solution of the Laplace equa-
tion, whereas the second logarithm is a regular function which vanishes for z = .

It is worth noting that, although in (2.87) the basic logarithmic singularity is ex-
plicit, the representation as a whole has a notable computational drawback: its rate
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Field Truncation parameter, N

point, x/m 10 20 50 100 200
0.185 0.0299291 | 0.0299291 | 0.0299291 | 0.0299291 | 0.0299291
0.385 0.0767002 | 0.0767002 | 0.0767002 | 0.0767002 | 0.0767002
0.585 0.1752671 | 0.1752671 | 0.1752671 | 0.1752671 | 0.1752671
0.785 0.3851038 | 0.3851034 | 0.3851033 | 0.3851033 | 0.3851033
0.985 0.0171972 | 0.0171947 | 0.0171937 | 0.0171936 | 0.0171936

Table 2.1. Convergence of (2.87) for the source point (377 /4, /2).

Field Truncation parameter, N

point, x/m 10 20 50 100 200
0.185 0.0010733 | 0.0010733 | 0.0010733 | 0.0010733 | 0.0010733
0.385 0.0027066 | 0.0027066 | 0.0027066 | 0.0027066 | 0.0027066
0.585 0.0057374 | 0.0057367 | 0.0057363 | 0.0057363 | 0.0057363
0.785 0.0137082 | 0.0136948 | 0.0136931 | 0.0136928 | 0.0136928
0.985 0.3066126 | 0.2703686 | 0.2567230 | 0.2560739 | 0.2560668

Table 2.2. Convergence of (2.87) for the source point (0.997, 7/2).

of convergence varies with the location of the field and the source points. In other
words, the series in (2.87) converges non-uniformly. Indeed, the series converges at
a high rate unless both (x, y) and (&, n) are in the immediate vicinity of the bound-
ary segment x = m. This feature of the series expansion of Green’s functions could
be referred to as the near-boundary singularity. The data in Tables 2.1 and 2.2 are
presented to illustrate the near-boundary singularity of (2.87).

The data in Table 2.1 are obtained for a source point located far away from the
boundary segment x = m, whereas in Table 2.2, it is in the immediate vicinity of the
boundary. The data in Table 2.1 are nearly independent of the truncation parameter,
indicating high convergence of the series. The data in Table 2.2 are, in contrast,
significantly affected by N revealing a poor convergence when both the field point
and the source point approach the boundary.

Convergence of the series in (2.87) can be further improved when we apply ele-
mentary transformation, reducing it to a uniformly convergent series:

1 1=eCD[1—eCHD| 1 1—eC1HiD||] — 2+

Glx,y:i&.m) = Eln |1 —eGEO[[1 —elEtD)] T Eln 11 —eG1Hi)| ] —e(z2t8)|

sinny sinnn,

+ 1 i e coshn(x — &) — coshnm coshn(x + &)
m = ne2"7 sinh nmw

(2.89)
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where

le(x+ﬂ)+iy7 §1=($+7T)+”77
=x-m)+iy, L =(E—-n)+in.

To ensure accurate computation for (2.89), we estimate its series remainder as

e""coshn(x —§&) —coshnmwcoshn(x +§) . .
|IRN(x, ;6. n)| = T sinny sinnn
ne“"" sinhnmw
n=N+1
- >, " coshn(x — &) —coshnm coshn(x + §)

ne2n= sinhnmw
n=N+1

Since the second additive term in the numerator is never negative, we have

0 nm o0 —nx
e coshn(x — &) e coshnx
RyCey:eml<| Y < Y &R

ne2"  sinhnx nsinhnw
n=N+1 n=N+1
o) _ oo _ N _
e nmw e nmw e nmw
= =) —-2
n n n
n=N+1 n=1 n=1

It appears that the infinite series in the above is analytically summable [3, 27, 37],
which leads us to

—nim

N
1 e
Ry (e yigml <In—— = 3"

n
n=1

0.8

0.6

X

Figure 2.17. Convergence of the series in (2.89).
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indicating an extremely high convergence rate of the series in (2.89), with an attain-
able error level of the order of, say, 1078, for any location of the field and the source
point, with a truncation parameter as low as N = 5. We illustrate the superiority of
(2.89) compared to all the others in Figure 2.17, with G(x/2, y; 7/2, 2) analogous to
Figure 2.15 and Figure 2.16.

We find that the form for the Green’s function of the Dirichlet problem for the
Laplace equation, as given by (2.89), turns out to be far more computer-friendly than
those of (2.84), (2.86) and (2.87). Two features of (2.89) justify this assertion: (i) the
analytical form of the basic logarithmic singularity and (ii) the uniform convergence of
the series term. The latter feature allows complete elimination of the high-frequency
oscillation, by truncating the series to its lower partial sums. The fifth partial sum is
depicted in Figure 2.17.

2.3.3 Polar Coordinates

We start this subsection with a problem that we have already encountered twice in the
present monograph. Earlier in this chapter, we constructed the classical expression of
the Green’s function

1 4 2 2 _ 2.2
G(r,¢:0.¥) = —1In a4 roa”cos(¢ — ) £ 170
4 a2 (r2 —2rocos(p — ¥) + 02)

(2.90)

for the Dirichlet problem on a disk of radius a, using the methods of images and con-
formal mapping (see equations (2.26) and (2.40)). We will now use the eigenfunction
expansion method for the derivation of (2.90). Notice, however, that the range of suc-
cessful implementation of this method is not limited to this setting, but much wider.
We will apply it later to the construction of Green’s functions for other problems, for
which both the methods of images and conformal mapping fail.

Example 2.25. Consider the Poisson equation written in polar coordinates

190 [ du(r,e) 1 %u(r.p)
Yo (r or ) T2 T fr.9), (rg) e, 2.91)

onadisk Q = {0 < r < a,0 < ¢ < 27} with radius @ subject to the boundary
conditions

lim |u(r,¢)| <oco and u(a,¢p)=0. (2.92)
r—>0
We require the solution to be bounded as r approaches zero, due to the appearance

of the equation in (2.91): r = 0 represents its singular point and therefore a standard
boundary condition cannot be imposed.
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As we have already seen, our objective in the method of eigenfunction expansion is
to express the solution of the problem described by (2.91) and (2.92) in integral form,
which in this case reads

2nw  pa
ueip) = [ [ 600 @ v1edody. 2.9
delivering the Green’s function G (7, ¢; 0, ¥) we are interested in.
Taking into account the 27 -periodicity with respect to the variable ¢ of the solution

of the problem described by (2.91) and (2.92), we expand the u(r, ¢) in the following
trigonometric Fourier series

1 - :
u(r, o) = EMO(r) + Z (ugy (r) cosng + uy (r)sinng) . (2.94)
n=1
We can also represent f(7, ¢) in the right-hand side of (2.91) by the Fourier series
1 o0
flr.e) =5 folr) + Y (fir)cosng + £ (r)sinng) . (2.95)
n=1

Upon substitution of the expansions from (2.94) and (2.95) into (2.91) and equating
the corresponding coefficients of the series on both sides, we derive the following
linear ordinary differential equation

d [ dup(r)\ n? _ _
ﬁ(r dr )_r—zun(r)——rfn(r), n=012... (29)

for coefficients u, (r) of the expansion in (2.94). At this point in our development, we
conveniently omit the superscripts in u, (r) and f; (r), which will be recalled later on.

The equations (2.92) imply that the solution u, () of (2.96) must be subject to the
boundary conditions

lin}) |un(r)] < oo and wup(a) =0. (2.97)
r—

It is worth noting that the fundamental set of solutions of the homogeneous equation
corresponding to (2.96) for the case of n = 0 differs of that for the case of n > 1. This
means that while constructing the Green’s function to the boundary-value problem
described by (2.96) and (2.97), these two cases must be considered separately.

In the case that n = 0, the boundary-value problem described by (2.96) and (2.97)
simplifies to

d dug(r)

() = <, (298)

lin%) lug(r)| <oo and wug(a) =0 (2.99)
r—
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with u(r) = Inr and u(r) = 1 representing the fundamental set of solutions for
the homogeneous equation corresponding to (2.98). Hence, we can write the general
solution for (2.98)

uog(r) = Cy(r)Inr + Cy(r). (2.100)

Substituting this into (2.98) and following the method of variation of parameters,
we obtain

C{(r) = —rfo(r) and Cj(r) =rlnrfo(r),

with the integration resulting in

r

Ci(r) = —fo ofo(@)do + D1, Ci(r) = /0 olnofo(0)do + Ds.

Once we substitute the above expressions into (2.100) and combine the integral
terms, we find the general solution to (2.98)

,
ug(r) = / In (%) fo(0)odo + DiInr + Ds.
0
The constants
‘e
Dy =0 and Dy = —/ In (—) folo)edo
0 a
are obtained by taking the boundary conditions in (2.99) into account. Upon substitut-

ing the constants into the above equation for u¢(7), the solution of the boundary-value
problem described by (2.98) and (2.99) becomes

wo() = [ 10(2) t@ede~ [ 1 (2) folorode

which can be rewritten in as a single integral

u() = [ 20(r0)foerede. (2.101)
with the kernel
In(o/a), forr < p,
go(r,0) = — (e/a) © (2.102)
In(r/a), forr > o,

representing the Green’s function of the homogeneous problem corresponding to
(2.98) and (2.99).
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We now turn our attention to the case of n > 1 in (2.96), i.e. we consider the
boundary-value problem described by (2.96) and (2.97) as it is. Since the governing
equation is of the Cauchy—Euler type [20, 37, 66], we can form its fundamental set
of solutions using the functions u(r) = r” and u(r) = r~". This yields the general
solution for (2.96)

un(r) = Cr(r)r" + Co(r)r™".

After proceeding with the method of the variation of parameters routine, this reduces
to

" n n
nlr) = /o 2n [(g) - (g) ] Ja(@ede + Dyr" + Dor™. (2.103)

r

The boundary conditions in (2.97) now yield

D=0 and D; = /Oa % [(é)n - ([%)n] fn(0)odo.

Upon substituting these into (2.96), we obtain

"1 (oY rY' a1r(rY ro\"
up(r) = / —Il=) —\=) |/n(0)ede +/ —Il=)] =] |/=(@)edo.
o 2n|\r 0 o 2n|\o a
or using a more compact notation,
a
un1) = [ gn(r.0) fu(ade 2.104)
0
with the kernel g, (r, ) defined in two segments. For r < g, it is
1 r\" ro\"
gn(r,0) = m [(E) - (a_z) :|
whilst for r > o, we find

o= [0 - ()]

We will now address the coefficients u¢, (r) and u3, (r) of the expansion in (2.94).
The expression in (2.104) suggests that the cosine-coefficients and the sine-coefficients
of the Fourier series in (2.94) can be written in terms of the Green’s functions g5 (7, 0)
and go(r, 0) which we found to be

a
uy,(r) = /(; gn(r,0) f,y (©)odo, n=0,1,2,..., (2.105)
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and
a
uy (r) = / gn(r,0) f; (0)odo, n=1,2,3,..., (2.106)
0
where, in compliance with the Euler—Fourier formulas
1 2
fa @) == flo.¥)cosnydy, n=0,1,2,..., (2.107)
T Jo
and
1 2
i)y =— flo,¥)sinnydy, n=1,2,3,.... (2.108)
T Jo

Upon substituting the f,°(0) and f,’(¢) from (2.107) and (2.108) into (2.101),
(2.105), and (2.106), followed by substitution of uo(r), us (r), and u3 (r) into (2.94),
we obtain the solution of the boundary-value problem stated by (2.91) and (2.92):

2w
u(r,e) = / / { |:g0(r cl + Zgn(r 0) COS Y COS Y

+ Z gn(r,0)sinng sinnW]}f(Q, V)ededy,
n=1

which can be written in compact form after combining the two trigonometric series to
obtain

[T 1] go(r0) |
e = [ 50 + Lo v || st vedeas.
(2.109)

Because the expression pdpdy represents an element of area in polar coordinates,
we observe that the solution of the boundary-value problem described by (2.91) and
(2.92) is indeed obtained in the form of (2.93): the integration in (2.109) is over the
entire disk €2, which allows us to conclude that the kernel in the above integral

Glrgio. ) = o |:go(r D +2Y" ga(r.g)cosn(y - w)} 2.110)
n=1
represents the Green’s function of the Dirichlet problem for the Laplace equation on
a disk of radius a.
Proceeding with the summation of the series term in G(r, ¢; 0, V), we note that
either branches of go(r, 0) and g, (r, 0) can be used. Taking, for example the branches
valid for r < p and substituting them into (2.110), we have

Grpi0v) = 5- {—m (8)+ i (E) - ()] cosnto - w)} .
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Recalling the summation formula from (2.62), we arrive at
1 0 1 r r\?
G(r,p;0,¥) = — —ln(—)——ln 1—2{—)cos(¢p—v)+ (-
2 a 2 o} 0
1 ro ro\?2
+ Eln (1 —Z(a—z)cos(go—W) + (a_z) )}

which, after combining all the logarithmic terms into one, reads as a familiar formula

1 4 _2roa? _ 2 2
G(r¢;0,%) = — In L2104 cos(p —¥) +r%0
4w a2 (r2 = 2rgcos(p — ) + )

of the Green’s function for the Dirichlet problem on the disk of radius a.

In the following example, we will focus on another boundary-value problem on
a disk. We will present the reader with a derivation yielding a computer-friendly
formula for a Green’s function, as an alternative to its classical formula, the computer
implementation of which does not look very promising.

Example 2.26. We turn our attention to the mixed (Robin) boundary-value problem

du(a, p)
or

onthe disk 2 = {0 < r < a,0 < ¢ < 2x}. Recall that, due to the singularity of the
Laplace operator at the point » = 0, the boundedness condition

+ pula.¢) =0, p >0, (2.111)

lim |u(r, )| < oo
r—>0

also applies, making the problem well-posed.
We find the following classical expression

I [fr 1. 1=2 — 2,2
G(r.p;0,¥) = ~—| -+ =In recos(p — ) +r7
2r B 2 r?2—2rocos(p —¥) + 0>

) rQei(wfdf) B—1
+1Re (roe!@=¥))=B / ¢ dg (2.112)
w 0 1-¢

for the Green’s function of the Robin problem stated in (2.111), for a unit circle in
[66]. It can be clearly seen that computer implementations of the expression in (2.112)
are complicated by the integral component of the regular part; the formula in (2.112)
is not computer-friendly. Hence, we aim, in the present example, to obtain a different,
readily computable form of this Green’s function.

Following again the method of eigenfunction expansion, we expand the solution
u(r, ) of (2.91) and (2.111), and the right-hand side function f(r,¢) of (2.91) in
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the Fourier series of (2.94) and (2.95), respectively. In our context, this yields the
boundary-value problem

d duy, (r) n? _ .
E(r Iy )—r—zun(r)——rfn(r), n=20,12,..., (2.113)

du; @ | Bun(a) =0 2.114)

lim |u,(r)] < oo and
r—>0 r

for the coefficients u, (r) of the expansion (2.94).

Similarly to the treatment of Example 2.25, we deal with the cases of n = 0 and
n > 1 separately. For n = 0, the Green’s function of the homogeneous boundary-
value problem corresponding to that in (2.113) and (2.114) is

1
golx.9)=— - (%), r=o
a a

whilst n > 1 yields

oo (5] + () (e

Note that the branches of go(r, 0) and g, (r, o) valid for o < r can be obtained by
interchanging r with o.

This leads to the Green’s function for the homogeneous version of (2.91) and
(2.111), which has the form

G(r.;0.¥) = %{L —In (g)

ap a
1 \" ro\" 2ap roNn
+,;5[(5) +(G2) ‘m<a—z) ]cosn(w—w)}

Using the standard summation formula in (2.62), we can partially sum the series,
converting the above formula to

2
G(r.g:0.¥) = %[# ~n(2) - %ln(l —2 (g) cos(p — ¥) + (g) )
I
-3 In (1 -2 (2—(2?) cos(p — ) + (;—2)2)

00 248 n
_ Z —n(n j—aﬁ) (;—62')) cosn(p — 1//):|.

n=1



Section 2.3 Method of Eigenfunction Expansion 107

After some trivial algebra, we can reduce this to a more compact expression

3
G(r,p;0,9) = 1 [alﬁ -

21 =g - a2

00 248 ro\n ]
-y ——— (=) cosn(p—1v)|. (2.115)
Liarap )

Clearly, the series in (2.115) converges at the rate of 1/n2 making this formula
convenient for computer implementation.

It is worth noting that the boundary condition in (2.111) reduces to the Dirichlet
type if B goes to infinity. In compliance with this, the limit of (2.115) for 8 going
to infinity must represent the Green’s function for the Dirichlet problem on a disk of
radius a: by taking the limit in (2.115), we arrive at

-y % (—2) cos n(p — 1//)}, (2.116)

2= ¢zl —a?l i

a3

1
G(r,p;0,¥) = 7 [l

where the series sums to
s T2
2 /ro\" zl—a
Z - (—g) cosn(p —y¥) =—2In #
n \a a
n=1
transforming (2.116) to the familiar formula
IZé“ a?|
“alz ¢l

of the Green’s function for the Dirichlet problem on a disk of radius a.

G(r,p;0,¥) =

There are boundary-value problems for the Laplace equation, for which Green’s
functions are hard to find in existing literature on partial differential equations. Even
if the required Green’s function, is given, it is most likely not presented in a computer-
friendly formula. In the following examples, we turn our attention to several problems
defined an annular region. Analysis of the literature suggests that computer-friendly
formulas for Green’s functions for those problems are not available at all.

Example 2.27. We aim at an easily computable form of the Green’s function for the
Dirichlet problem on the annular region @ = {a <r < b,0 < ¢ < 2}. We start out
by imposing the boundary conditions

u(a, ) =0, ub,p)=0 (2.117)

on the boundary of 2.
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We now expand u(r, ) and f(r,¢) in (2.91) in the Fourier series shown in (2.94)
and (2.95). This yields the boundary-value problem

Up(@) =0 and wu,(b)=0 (2.118)
for equation (2.96).
For n = 0, the problem described by (2.96) and (2.118) transforms to
d duo(l‘) i
I (r 1 = —rfo(r), (2.119)
up(a) =0 and wue(b) =0 (2.120)

and we find the solution of the above problem described in the integral form as

b
wo(r) = / 20(r.0) fo(@)edo 2.121)

with the kernel

go(r,0) = (2.122)

In(b/a) |In(o/a)In(b/r), forr > o,
representing the Green’s function of the homogeneous problem corresponding to
(2.119) and (2.120).

Now, for n > 1in (2.96) and (2.118), we arrive at

1 {ln(r/a)ln(b/g), for r < p,

b
n(r) = / gn(r.0) fa(@)ode (2.123)

with the kernel

(2.124)

r—nQ—n (b2n _ QZn)(},Zn _ a2n)’ for r <o,
gn(r.0) =

2n(b2n _ a2n) (b2n _ }’2")(@2” _ a2n)’ for r > 0,

representing the Green’s function of the homogeneous problem corresponding to
(2.96) and (2.118).

Upon substituting from (2.121) and (2.123) into the expansion (2.94), the solution
to the boundary-value problem described by (2.91) and (2.117) reduces to the double
integral

27 b 00
1 r,
u(r, ) :/0 [ ;|:g0( 0) + E gn(r,0) cosng cosny
a n=1

2

+ ) gn(r,0)sinngsin nw]f(e, V)edody

n=1
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which can be rewritten as

27 b 1 o0
wrp = [ [ 220D LS gorcosnie—) | fle. viededy.
0 a n=1
(2.125)

As soon as the solution of (2.91) and (2.117) appears in the integral form of (2.49),
we can assert that the kernel

1 oo
Grpio ) = 5- [gw, Q) +2 )" gnlr.0)cosnly - W)] 2.126)

n=1

in (2.125) represents the Green’s function for the Dirichlet problem for the Laplace
equation on the annular region @ = {a <r < b,0 < ¢ < 27}.

Close analysis reveals that the current form of equation (2.126) does not guarantee
a high accuracy when computing the Green’s function, due to the appearance of the
coefficient g, (r,0). This drawback is caused by two different types of singularity
occuring in the series in (2.126): (i) the principal logarithmic singularity, which ap-
pears whenever the field point (r, ¢) approaches the source point (o, ¥) and (ii) the
near-boundary singularity appearing whenever both field and source point approach
either the inner » = a or the outer » = b segment of the boundary.

In Figure 2.18, we depict the accuracy level attainable in a direct assessment of the
expansion in. It shows the profile G(r, ¢;2.0,47/9) of the Green’s function for the
annular region with a = 1.0 and b = 3.0. The series in (2.126) is truncated to its tenth
partial sum, which is clearly not sufficient for getting a reasonable approximation.

Figure 2.18. Profile of equation (2.126), with N = 10.
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Figure 2.19. Profile of equation (2.126), with N = 100.

To find out if the order of the partial sum affects the accuracy level that can be at-
tained by the expansion in (2.126), we refer to Figure 2.19. Analogous to Figure 2.18,
the profile G(r, ¢;2.0,47/9) of the Green’s function is depicted, this time up to the
100th partial sum of the series in (2.126). Clearly, such a radical increase in the order
of the partial sum somewhat improves the overall accuracy level, but it still remains
low in the immediate vicinity of the angular coordinate v of the source point.

Based on the data in Figure 2.18 and Figure 2.19 we reach a convincing conclusion
with regard to application of the series in (2.126): we can hardly consider the costly
way of including higher partial sums in computing the non-uniformly convergent se-
ries in (2.126) productive.

Hence, we have to develop an alternative strategy, which can resolve the issue. It
turns out that we could choose an effective method to improve convergence of the
series prior, to its computer implementation. This can be achieved through analyzing
the coefficient g, (r, 0) in (2.124). We can select either of its branches. Taking the
one, for r < o, we subtract and add the term 1/b%" to its factor of 1/(h*" —a>") and
group the terms in the brackets as shown

1 1 1 1
— o - b2n . 2n 2n _ _2n
gﬂ(r7 Q) 27’[(}’@)" |:(b2n _azn bzn) + bzn] ( Q )(r a )

1 a*" N 1
27’!(7‘@)" b2n(b2n_02n) b2n

i| (bZn _ QZn)(rZII _a2n).

With this alternative form of the coefficient g, (7, 0), the series in (2.126) splits into
two series with different rate of convergence. The first series, the one associated with
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the term

a2n

b2n (b2n _ aZn) ’

converges uniformly, whilst the other series, the one associated with the term 1/52",
allows complete summation, despite converging non-uniformly. This can be accom-
plished with the use of the standard summation formula displayed earlier in (2.62).
The summation yields a computer-friendly form of the Green’s function

1 (e e]
Gr.p:0.9) =5 [go(r, Q) +2)  gr(r.o)cosn(p— 1//)}
n=1
n 1 i a* —2a’%rocos(p — V) + r20?
—1In
47 r2 —2rocos(p — v) + 0?
1 b* —2b? - 202
+—1In rocos(y —y) +r7e (2.127)
4m " b*r? —2a2b%rocos(p — ¥) + a*o?
with g (7, 0)
a2n(b2n _ QZn)(an _ a2n)
gn(r.0) = (2.128)

2n(b2ro)" (b2 — a?n)

Note that the expression for G(r, ¢; 0, ¥) in (2.127) is valid for r < o and cannot
be used directly for r > p. The following transformations must be made to convert the
expression in (2.127) to a formula valid for r > : (1) select the corresponding branch
of go(r,0), valid for r > . (ii) Interchange the variables r and o in the g} (r, 0) in
(2.128). (iii) Replace the denominator of the second logarithmic term in (2.127) with

b*0% —2a*b*rocos(p — V) + a*r?.

Finally, we now use complex variable notation for the arguments of the logarithmic
terms in (2.127) to rewrite the Green’s function of the Dirichlet problem on an annular
region with radii a and b as

1 o0
Gr.g:0.9) = [go(r, Q) +2) gn(r.0)cosn(p— W)}
n=1
L Ja? = zg|[p? — =g

—1 , 2.129
+2n n|z—§||b22—a2§| ( )

where the factor |b%z — a?¢| in the denominator holds for r < o, while for r > o it
should be replaced with [b%¢ — a?z|.

It can be easily shown that the (2.129) must be notably more efficient compared
with (2.127). Two features back up this assertion. First, the principal singularity is
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Figure 2.20. Profile of equation (2.129), with N = 10.

expressed analytically. Second, the series in (2.129) converges uniformly allowing
an accurate assessment at relatively low computational cost. The smooth graph in
Figure 2.20 supports the efficient computability of the above formula for the Green’s
function.

In Figure 2.20, we depict the profile G(r, ¢; 2.0, 47w /9) of the Green’s function for
the annular region with radii a = 1.0 and » = 3.0, with the series in (2.129) truncated
to its tenth partial sum.

Example 2.28. We now turn to a mixed boundary-value problem, and will consider
the “Dirichlet-Neumann” setting

du(b.g) _

0 2.130
o ( )

u(a,p) =0,
for the Laplace equation on the annular region Q = {a <r < b,0 < ¢ < 27}.
Following the method of eigenfunction expansion for the problem described by
(2.96) and (2.130), we arrive at (2.126), the series representation for the Green’s
function to the corresponding homogeneous boundary-value problem. We can find
expressions for go(r, 0) and g, (r, o) of the series in (2.126), valid for r < o to be

(bZn + QZn)(an _ a2n)
2n(ro)" (b +a?")

-
go(r.0) =lng and gn(r.0) =

and their formulas valid for r > o can be obtained from those above by interchanging
the variables r and .
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Upon substituting go(r, 0) and g, (r, o) into (2.126) and some algebra, we obtain
the computer-friendly formula

{m b2z — a2¢| |a2 — 2|
alz| |z = ¢| b2 — =¢|

1
G(r.p:0.¥) = —

= +Zg?{(r,9)cosn(<p—¢)}

n=1

(2.131)
of the Green’s function to the “Dirichlet—-Neumann” problem for the annular region
with radii @ and b. The r < o branch for g (r, 0) is
a2n(b2n + Q2n)(a2n _ r2n)

n (bZrQ)n (bZn + a2n)

whilst to find its r > p branch, the variables r and o must be exchanged. Note also
that the factors |z| and |h?z — a?¢| in the argument of the logarithmic term in (2.131)
are valid for r < o, while for r > o they should be replaced with |¢| and |b%¢ — a?z|,
respectively.

The series (2.131) converges uniformly, which allows accurate and immediate as-
sessment of the Green’s function by truncating the series to the Nth partial sum. We
leave it as an exercise to the reader to verify this assertion by examining the coefficient
g, (r, 0) and to obtain graphical confirmation of the uniform convergence by depicting
a few profiles of equation (2.131) for different values of the truncation parameter N .

gn(r.0) =

Example 2.29. We consider another mixed boundary-value problem for the Laplace
equation, namely the “Neumann—Dirichlet”

du(b,p)
=
problem on the annular region @ = {a <r < b,0 < ¢ < 27}.

We construct the Green’s function to the homogeneous boundary-value problem for
(2.96) and (2.132), by following the eigenfunction expansion method-based procedure
and arrive again at the series representation in (2.126). Expressions for the series
coefficients go(r, 0) and g, (r, @) valid for r < g, are found as

(QZn o b2n)(r2n + aZn)

2n(ro)" (b2 + a2n) ’
whilst for r > o the variables r and ¢ must be interchanged.

Analogous to the derivation in the previous example, we now substitute the expres-
sions for the components go(r, 0) and g, (r, 0) into (2.126). After some algebra, we

obtain the sought-after branch r < g of the Green’s function in the computer-friendly
formula

0, u(a,9)=0 (2.132)

b
@mm=m5am gn(r.0) =

1
G(”v‘/’ZQ»W) = 5~

n
2

b3|z —¢||a? — z¢| + Z g, (r.0)cosn(p — 1/,)}

n=1

(2.133)
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with
a2n(g2n _ b2n)(a2n 4 r2n)
n(bZrQ)n(bZn +a2n)

gn(r.0) = (2.134)
Note that to obtain the branch of G(r, ¢; 0, V) for r > p, we must exchange r and
o0 in (2.134), whilst || and [h?z — a?¢| in the argument of the logarithmic term in
(2.133) must be replaced with |z| and |h%¢ — a?z|, respectively.
Uniform convergence of (2.133) can again be justified by analysis of its coefficient
g (r,0). We again recommend the reader to plot several profiles of the Green’s func-
tion when experimenting with different values of the truncation parameter N.

2.3.4 Surfaces of Revolution

In this chapter, we have by now analyzed a vast number of boundary-value problems
for the two-dimensional Laplace equation. All the problems we considered have been
defined, rather conventionally, in either Cartesian or polar coordinates. To our mind,
this allows for a reasonably systematic presentation of the suggested techniques for
constructing Green’s functions. Generally, most if not all problems, where Green’s
functions are provided in the literature, are defined in these two coordinate systems.

In the current subsection we go beyond these conventions. It extends the range
of successful implementations of the method of eigenfunction expansion to the con-
struction of Green’s functions for potential problems defined on surfaces of revolution.
This class of problems may look exotic, but it is not. In fact, it is of great importance
in engineering and science to determine various physical potential fields occurring in
thin shell structures, where the energy flow normal to their surface is small and can
therefore be neglected.

In the following, we present a few problems for regions on spherical and toroidal
surfaces. However, this by no means indicates a narrow applicability of this technique.
Within the scope of the suggested technique, conical, paraboloidal, hyperboloidal, and
other surfaces of revolution can also be considered by the suggested technique.

We assume a spherical surface of radius a to be determined by the following para-
metric equations

X =asingcosty, y =asingsinty, z =acosg. (2.135)

These relations uniquely define a point (x, y, z) on the surface in terms of the ge-
ographical coordinates ¢ and ¥ that represent the latitude and the longitude, respec-
tively.

Going through the change of the independent variables determined by (2.135), the
Cartesian three-dimensional Laplace operator

92 92 92

A 9 bl E a a9 o A
(x.,2) 0x2 + dy2 + 0z2
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transforms into the two-dimensional differential form written as
, N 1 92
— | singp— _—
sing 0g ¢ dg sin?¢ 092
It is evident that the above formula can also be obtained from the three-dimensional
Laplace operator

Ap, V) =

18(28)+ 1 8(, 8)+ 1 02
——|r°— — — | sinp— —_—,

r2 or ar r2sing dgp o r2sin’g 092

written in spherical coordinates r, ¢ and ¥, if we let the variable r be a constant so
that we can neglect derivatives with respect to this variable.

Example 2.30. For our first example of a spherical surface, we display the following
mixed boundary-value problem:

1 0 ( 8u((p,z9)) 1 u(p,9)
sin ¢ + =

=—flp,?), (p.9)€Q,

sing dg o sin2p 002
(2.136)
du
ulgmo <00 == =0, ulygp =0 (2.137)
(2 o=a

on the spherical triangle Q = {(¢,?) : 0 < ¢ < @,0 < ¥ < B}, with parameters «
and B constrained to @ < 7 and 8 < 2.

To construct the required Green’s function, we expand the solution u(p, ) of
(2.136) and (2.137) in the Fourier sine-series

w(p.9) = Y unlp)sinvd, v = % (2.138)

n=1

whilst the right-hand side in (2.136) is expanded in the series

flp.9) = Z (@) sinvd.

n=1

Substituting the expansions of u (¢, ¥) and f (¢, ¥) into the (2.136) and (2.137) and
equating the corresponding coefficients of the Fourier series on both sides of (2.136),
we obtain the following linear ordinary differential equation

1 d . duy ()
— [ sin
sing do ¢ do

U2
)— ——un(9p) = —fu(p)
sin“¢
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for the coefficients u, (¢) of the series in (2.138). After introducing the integrating
factor of sin ¢, the equation reduces to the self-adjoint form

i sin dun(w)
do ¢ do

2
)— "1 (9) = — fulp) sing (2.139)
sin ¢

which, according to (2.137), must be subject to the boundary conditions

dup(a) _

0, n=123,.... (2.140)
do

|1 (0)] < o0,

We can indirectly obtain a fundamental set of solutions to the homogeneous equa-
tion corresponding to that in (2.139) by changing the independent variable ¢ in (2.139)
and introducing a new one

®=1In (tan %) (2.141)
This yields
do lsecz(p/2_ 1 1
dgp 2 tang/2  2sing/2cosg/2  sing
and
d ddo 1 d
dp dwdp singdw
or
sin d
ing— = —.
(pdga dw

We now have

d (. d d? dow 1 d?
— |sinp— | = - = .
do (pd(p dw?dp  sing dw?
With this in mind, we convert the differential operator of equation (2.139) to
d (. d v2 1 d? 5
— | sinp— | — = —v).
do Y sing  sing \ dw?

This suggests that the fundamental set of solutions for (2.139) can be represented
by the exponential functions

exp(vw) and exp(—vw).
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Substituting this back, in compliance with (2.141), the fundamental set of solutions
for the homogeneous equation corresponding to (2.139) reduces to

tan"% and  cot” L. (2.142)

2
With the fundamental set of solutions just derived in hand, we are now in a position
to follow the procedure and construct the Green’s function g, (¢, ¥) for the homo-
geneous problem corresponding to (2.139) and (2.140). In doing so, we obtain the
branch of g, (¢, ¥) for ¢ < ¢ as

gnlp,¥) = % {[tan%tan%cotz %] + [tan%cot %i| } (2.143)

The fact that boundary-value problem described by (2.139) and (2.140) is self-
adjoint suggests that the other branch of g, (¢, ¥) valid for ¢ > ¥ can be obtained
from that in (2.143) by exchanging ¢ and .

Proceeding with our routine, as employed in the preceding sections, we write the
Green’s function of the homogeneous boundary-value problem corresponding to
(2.136) and (2.137) as

G(p, 0 ¥,1) = % Z gn(@, ¥)[cosv(® + 1) —cosv (¥ — 7)]. (2.144)
n=1

The above trigonometric series is summable. To carry out the summation, we
rewrite (2.144) as

LIS~ L2\, (2%Y
60500 =3 A X0 [(§) + () oo
n=1
o L2\ [(ev)
_’;;[(E) - (F) ]cosn&}, (2.145)

where, for compactness, we have introduced

® = tan™/P f’ U = tan™/# K A = tan™/P ad
2 2 2

and

T b4
y==0-1), §==0+1).
B B
Notice that ¢ and v in (2.145) satisfy the relation ¢ < v. From this, it follows that
the series in (2.145) meet the conditions necessary to apply the standard summation
formula from (2.62) which, in turn, justifies the summability of the series.
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After carrying out the summation and doing some elementary algebra, we finally
obtain the Green’s function for the homogeneous problem corresponding to (2.136)
and (2.137) in the following closed form

1 ®2 — 20Wcos§ + P2
G 919; 9 =
(0. 9:9.7) 271( n\/d>2—2<I>\Ilcosy+\D2

A% —2A420W cos § + P2W?2
+1n . (2.146)

A* —2A420Wcosy + D2Y2

It is evident that (2.146) is compact enough and its immediate computer implemen-
tation presents no problems whatsoever.

The example that we just provided lends us confidence in the productivity of the
suggested technique for the construction of Green’s functions for a variety of bound-
ary value problems for potential functions, on surfaces of revolution.

In the following example, we present the reader with another problem on a spherical
surface.

Example 2.31. We here present a brief description of the procedure for constructing
the Green’s function for a Dirichlet problem corresponding to the Laplace equation
on the spherical segment Q = {(¢,?) : 0 < ¢ < ,0 < ¥ < 27}, with o being
limited to o« < 7.

To construct the required Green’s function by following our approach, we formulate
a corresponding boundary-value problem for the Poisson equation in (2.136) on the
segment 2. The solution u (¢, ) of that problem must be a 27 -periodic function of
the ¢} variable subject to the boundary conditions

[u(p, ¥)|p=0 <00, u(a,)=0. (2.147)
Due to the 27 -periodicity in (2.136) and (2.147), the functions u (¢, ¥) and f (¢, )

can be expanded in the general Fourier series

u(p, %) = %uo(go) + Z(uf,(ga) cosn® + uj (¢) sinnd) (2.148)

n=1

and
flp, V) = %fo(tp) + Z(f,f((p) cosn® + £, (¢) sinnd).
n=1

Following the algorithm described in Example 2.30, we substitute the above ex-
pansions into the original formulation. This yields the following set of self-adjoint
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boundary value problems

d (. du n? .
— | sing n(¢) — —uu(p) = — fu(p) sing, (2.149)
do do sin ¢

[un (0)| < 00, up(@)=0, n=0,1,2,..., (2.150)

for the coefficients u, (¢) of the series in (2.148). The sought-after Green’s function,
is finally expressed as the series

1 o0
Glp.:y.0) = 5 [go(w,w) +2) guly.v)cosn(d r)} @151)

n=1

with coefficients go(¢, ¥) and g, (¢, ¥) representing the Green’s functions for the
boundary value problems in (2.149) and (2.150). As we have already learned, in
constructing these Green’s functions, the case of n = 0 should be treated individually,
because its fundamental set of solutions (see [33])

In (tan %) and 1

is different from that of the general case of n > 1 derived earlier in Example 2.30 and
displayed in (2.142).

Hence, obtaining the Green’s functions go(¢, ¥) and g, (¢, ) is not a problem.
And once they are constructed, we can sum the series in (2.151) completely, ultimately
yielding the Green’s function for the Dirichlet problem for the spherical segment in
closed form

Ao\/CD(Z) — 2P W cos(P — 1) + W2

G(p,0;¢,1) = %m( ), (2.152)

\JAb — 2430 Wy cos(¥ — 1) + DIV

where the following notations
o 0 v
Ao =tan—, &¢=tan—, Wy =tan—
0 an ) 0 an ) 0 an 5

were introduced for compactness.

To further illustrate the efficiency of our version of the method of eigenfunction
expansion for the construction of Green’s functions for problems involving potentials
on surfaces of revolution, we will now consider a boundary-value problem on a region
of a toroidal surface.

Let a and R represent the radius of the meridian cross-section of the circular
toroidal surface and the distance between the center of the meridian cross-section
and the axis of revolution, respectively, with a < R (see Figure 2.21).
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Figure 2.21. Geometry of a toroidal shell.

In the following, we assume a point (x, y, z) on the toroidal surface is to be de-
termined by the geographical coordinates ¢ (the latitude) and ¢ (the longitude) in
accordance with the parameterization

x = D(p)cost, y = D(p)sind, z =acosgp, (2.153)

where D(¢) = R + asing.
The change of variables due to the parametrization in (2.153) transforms the three-
dimensional Cartesian Laplace operator to the following two-dimensional form

1 9 a a®>  3?
A, ¥) = ——— | D(p)— ——
09 = 53¢ (P955) * i
representing a two-dimensional Laplace operator written in toroidal coordinates ¢
and 9.

Example 2.32. Consider a toroidal sector €2 which is closed in the direction of ¢ but
open in the direction of ¥. Thatis, 2 = {(¢,9) : 0 < ¢ < 27,0 < ¥ < B}, with the
B constrained to B < 2. We define the Dirichlet problem

0 u(e, ) a’> %u(p,v) _
9 (D(<p) 90 ) + D) 997 —f(p, %) D(p), (2.154)
Ulp=0 =0, uly—g =0 (2.155)

on . Due to the Q2 being closed in the direction of ¢, the above formulation is
augmented with the relations

ou
de

i
o

Ulp=0 = U|p=27. (2.156)

=0 Q=2

The above relations represent conditions for the 2m-periodicity of the solution in
the direction of ¢.
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The solution u (¢, ¥) of (2.154)—(2.156) is written as the following trigonometric
expansion

nw
ﬁ 9
which allows for u (¢, ¥) to satisfy the boundary conditions in (2.155).
Now, expand the right-hand side of (2.154), f(¢, 1), into

o0
u(p, %) = Z Up(@)sinvd, v =

n=1

f(@.9) =) falp)sinvo.
n=1

This yields the self-adjoint boundary value problem

d dun((p)) a’v?

< (p _ 2(0) = —D(@) fu (). 2.157

dw( 0 S n0) = =D fo(0) 2.157)
1 (0) = 1un (277), dlZ’(IEO) = d";‘li”), n=12.3. ., (2.158)

for the coefficients u, (¢) of the above series for u (g, ).

A fundamental set of solutions, required for the construction of the Green’s function
gn (@, ¥) for the homogeneous boundary value problem corresponding to (2.157) and
(2.158), is represented by the exponential functions (see [33])

(1)((p) exp ( 2av arctan [ + Rtan(¢/2)
U, =exp| ——— s
/R2 _ a2 R2 _ 42

and

@)\ 2av . a + Rtan(¢/2)
Mn (QD) = exXp _\/ﬁ arctan ﬂ .

Constructing g, (¢, V), based on u,(f)((p) and u,(lz) () is a routine procedure. Once
obtained, the series representation

2 o0
Gp. ;¢ 1) = ] E gn(@, ¥)sinvd sinvt
n=1

of the Green’s function G (¢, ¢; ¥, 7) for the Dirichlet problem for the potential equa-
tion on the toroidal sector is derived within the scope of our approach. The above
series is entirely summable with the aid of the summation formula in (2.62). Omitting
the details, we arrive at the following closed form of G (¢, ¥; ¥, 7)

D2(p) —2®1(p) D1 () cos § + D3 (¥)
D2 (p) —2@1(9)P1(¥) cosy + DY)’

G(p.9:v.1) = %m\/ (2.159)
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where

2 Rtan(z/2
IB R2 — 42 R2 — 42

with y and § defined as

T il
"= 8 B

Our main achievement in the current section is the development of a method, based
on eigenfunction expansion, for constructing Green’s functions for boundary-value
problems for the two-dimensional Laplace equation written in geographical coordi-
nates, defining a point on a surface of revolution.

Later in this book, when dealing with potential fields on joined surfaces of revolu-
tion (see Chapter 6), we will take advantage of the experience we gained in the current
section and will revisit this class of problems. The Green’s function formalism, which
we have been dealing with in this chapter, will be extended to special systems of par-
tial differential equations. This extension will be carried out in a manner similar to the
one implemented in Chapter 1 for special systems of ordinary differential equations.
In doing so, the notion of Green’s function, as introduced in the current chapter, will
be adapted to special PDE systems.

O —1), §=—@+1).

2.4 Three-Dimensional Problems

The primary intention of this book is to deal with a variety of two-dimensional partial
differential equations. In a few places in the book we turn to higher-dimensional
problems. The current section in particular, is designed to show the reader how several
of the conventional methods, which turn out to be efficient in the construction of two-
dimensional Green’s functions, can also be applied successfully to three-dimensional
problems.

Of the three conventional methods that we used in this chapter to treat the two-
dimensional Laplace, only two are workable for treatment of three-dimensional prob-
lems. Clearly, the method of conformal mapping cannot be considered, but the method
of images and the eigenfunction expansion approach show considerable potential.

Let the boundary-value problem

VZu(P)=0, P €D, (2.160)
Tlu(P)]=0, PeS, (2.161)

for the three-dimensional Laplace equation be well-posed within a simply-connected
region D bounded with a piecewise smooth surface S.
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In introducing the Green’s function for the above problem, we denote the obser-
vation (field) and the source point with P and @, respectively. It is well known
[3, 37, 53, 66] that the fundamental solution of the three-dimensional Laplace equa-
tion is different than the two-dimensional case. For example, in Cartesian coordinates,
it is expressed in terms of the distance |P — Q| between P(x, y,z) and Q (&, n, {) as

1
A J(x =62+ (y—n2+ (-2

(2.162)

and represents a harmonic function at every point (x, y, z) # (&, 1, 0).
The Green’s function for (2.160) and (2.161) can consequently be written as

G(P,Q) = +R(P.Q), P.Q€D, (2.163)

1
4x[P =0l
with R(P, Q) representing the regular component of G(P, Q).

In order to get a three-dimensional Green’s function we need to find its regular
component R(P, Q), similar to the two-dimensional situation. A number of 3-D
Green’s functions can be found with the aid of the method of images. Examples
that follow illustrate this assertion. We start with the simplest of them.

Example 2.33. Construct the Green’s function for the Dirichlet problem for the
Laplace equation in the half-space D = {z > 0}.

After placing a unit source, which generates a field defined by (2.162), at an arbi-
trary point Q (&, n, {) belonging to D, we compensate its trace on the boundary plane
z = 0 with the unit sink

1
4/ (x =82+ (y =12 + (2 + )2

(2.164)

located at Q* (€, n, —¢), symmetric with Q (&, n, {) with respect to the plane z = 0.
Clearly, (2.164) is harmonic everywhere in D, and the sum of (2.162) and (2.164)

1 1
G(x,y,z:6,n7,0) = —
(x,y,2:§.1.0) 4n(\/(x—§')2+(y—’7)2+(2_§)2

1
— (2.165)
VE=82+ -2+ + Z)Z)

is a harmonic function of the coordinates of the field point P everywhere in D, except
for (x,y,z) = (&, 1, ). Thus, it contains the singularity of the fundamental solution,
and vanishes on the boundary of D. In other words, it does, indeed, represent the
sought-after Green’s function.
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Example 2.34. Construct the Green’s function for the Dirichlet problem for the three-
dimensional Laplace equation in a sphere with radius a.

Analogous to the approach for the Dirichlet problem in a disk, described in Sec-
tion 2.1, we exploit the fact that the shape of an equipotential surface in the three-
dimensional field generated by a point source or a point sink is a concentric sphere
centered at the generating point. That is, for any location of the source inside the
sphere, there exists a proper location for a compensatory sink outside the sphere so
that the face of the sphere is a surface of zero potential for the field generated by both
the source and the sink.

In order to tackle this problem, it is convenient to introduce spherical coordinates.
With the field point P(r, ¢}, ¢) and the source point Q(p, x, ¥), we find the following
expression for the Green’s function of the Dirichlet problem on a sphere of radius a

1 1 1
G(P’Q):E(IP—QI_IP—Q*I) 2160

with the distance | P — Q| defined as

\/r2 —2rpcosy + p?

whilst the expression

1
—\/rz,o2 —2a?rpcosy + a*
a

defines the distance |P — Q™| between the field point P and the compensatory sink
point Q*, located outside of the sphere. Note that y represents the angle formed by

— —
vectors P and @, and cos y is defined in terms of the spherical angle coordinates of
P and Q as

sin ¥ sin y cos(¢ — ¥) + cos ¥ cos y.

Example 2.35. Construct the Green’s function of the Dirichlet problem in the infinite
layer D = {0 < z < h} of width A.

A closed analytical formula for this Green’s function is not available. However, the
method of images allows us to devise a series expression. The approach described
earlier in Example 2.13 turns out to be helpful here as well. That is, if we place the
unit source

1
Go(x,y,z:6,1n,0) = (2.167)
A/ (x =62+ (v —m)? + (2 —0)?
at an arbitrary point (£, 1, {) inside D, then traces of (2.167) on the boundary planes
z = 0 and z = & can be compensated by the unit sinks

1
4/ (x =2 + (y =2 + (z + )2

Go(an”Z;g, 777_@ = -
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and
1
4r/(x =2+ (y =2 + (z + ¢ —2h)?

placed in the points (£, n, —¢) and (€, n, 2h — (), respectively.
Clearly, Go(x, y,z;&,n,—C) and Go(x, v, z; €, n,2h — ) leave nonzero traces on
the boundary planes z = 0 and z = h. To cancel those, we place the unit sources

1
4 =82+ O =7+ (- + 202

Go(x,y,z;6,0,2h =) = —

G()(X,y,z;é, U’_Zh + Z) =

and
1
4 /(x =82+ (v =) + (=L —2h)?

at (§,n,—2h 4+ ¢) and (&, n, 2h + ©), respectively.
Traces of Go(x, y,z;&,n,—2h + ) and Go(x, y, z; €, 1,2h + {) on the boundary
planes can now be canceled out with the unit sinks

Go(x,y,z;6,10,2h +§) =

1
A /(x =62+ (y — 2+ (2 + ¢ +2h)?

Go(x,y.z:6,n,—2h =) = —

and
1
an =+ (v =2+ (2 +E— 4

placed in (§,n,—2h — {) and (&, n, 4h — ), respectively.
Following familiar pattern, we place appropriate pairs of compensatory sources and
sinks N times, and sum up their influence as shown

Go(x,y,z:E.n.4h —{) = —

1 N
o 2 [Golx.y z:60.0=2nh) = Go(x, y,z:£,1, 2nh = O)].

—
After taking the limit for N approaching infinity, we obtain the infinite series

o0

1 1
ooy zsm ) = anz_oo(ﬂx—s)z TP+ G+ 2

1
Va2t +¢—2nh)2)
(2.168)

which represents the sought-after Green’s function.
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It is evident that the first additive component

1
VE=62+ G -n2+(z-10)?

in the n = 0 term of (2.168) represents the fundamental solution to the three-dimen-
sional Laplace equation. This implies that if the n = 0 term is omitted then the series
in (2.168) should be uniformly convergent in D.

To complete the discussion in this section, we turn our attention to the method of
eigenfunction expansion, and present an appetizer for its application in constructing
Green’s functions for the three-dimensional Laplace equation.

Example 2.36. Construct the Green’s function for the homogeneous Dirichlet prob-
lem

?u  Pu  u

G2t gys g = /D ey eD, (2.169)
u(x,y,0) = u(x,y,h) =u(x,0,z) = u(x,b,z) =0, (2.170)
u(0,y,z) =0, xlggo lu(x, y,z)| < oo 2.171)

in the semi-infinite bar D = {0 < x < 00,0 < y < b,0 < z < h} with rectangular
cross-section.
Note that if we find a solution of (2.169)-(2.171) of the form

h b o)
u(x,y,2) = /0 /O /0 K y.z260.0 fE0.0dDERD.  (2172)

then the kernel K(x, y, z; €, n, ¢) in the above integral represents the Green’s function
for the corresponding homogeneous problem.

Taking into account the boundary conditions of (2.170), we expand the functions
u = u(x,y,z)and f(x,y,z) in the double Fourier series

[e.e]
ulx,y,z) = Z Upmpn(x) sin py sinvz (2.173)
m,n=1
and
e .e]
f(x,y,z) = Z fmn(x)sinpy sinvz (2.174)
m,n=1

with p and v defined in terms of the summation indices of the above series as u =
mm/bandv = nmx/h.
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The completing steps of our derivation are analogous to the two-dimensional case.
developed in detail earlier in this chapter: upon substituting the expansions (2.173)
and (2.174) into (2.169), we arrive at the boundary-value problem

d?u X
%() = 2 Umn(X) = = fun(x), A% = p? + 02, (2.175)
Umn(0) =0,  lim |umn(x)] < 00 (2.176)
X—>00

for the coefficients u,,, (x) of the series in (2.173).

If gmn(x, &) represents the Green’s function for the homogeneous problem corre-
sponding to (2.175) and (2.176), then the solution to the problem itself can be written
as

o () = /0 G (5. 8) fram (B)dE. 2.177)

From Chapter 1 (see Example 1.4) we learn that, using our current notation, g, (x, £)
reads

| T _
gmn(x.§) = oo (T HTE — eTAOD),

We substitute the series coefficients f;;,5(x) into (2.174), which are expressed in
terms of f(x,y,z) as

h b
fon) = 5 [ [ £ 0y sinpensinvtands

in (2.177), and then substitute u,,, (x) into (2.173). This reduces the solution of the
boundary-value problem described by (2.169)-(2.171) to

u(x,y,z):/h /b/ooi i l(e—klx—§‘|_e_,1(x+§))
o Jo Jo bh m,n=lx

x sinpy sinunsinvzsinvl f(&,n,0)dD(,n,¢). (2.178)
Hence, in light of (2.172), we conclude that the kernel of the integral in (2.178)
G(x,y,z:6,10,0) = 2 i ! (e"xlx—gl - e_l(x%)) sin py sin un sin vz sin v¢
b 9 b b b bh . n:1 A’

(2.179)

represents the Green’s function for the homogeneous boundary-value problem corre-
sponding to (2.169)—(2.171).
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2.5

Chapter Exercises

. Derive the Green’s function shown in (2.13) for the Dirichlet problem for the

Laplace equation on the infinite circular sector of 7 /2.

. Derive the Green’s function shown in (2.14) for the Dirichlet problem corre-

sponding to the Laplace equation on the infinite circular sector of 7 /6.

. Show that the method of images fails in the construction of the Green’s function

for the Dirichlet problem on the infinite circular sector of 27 /5.

Show that the method of images fails in the construction of the Green’s function
for the Dirichlet problem on the infinite circular sector of 277 /7.

. Prove that the method of images is effective for the construction of the Green’s

function of the Dirichlet problem on the infinite circular sector of 7/ k, where
k is an integer.

. Use the method of eigenfunction expansion to construct the Green’s function

for the Laplace equation for the boundary-value problem

du(x,b) _

0
dy

u(x,0) =

on the infinite strip 2 = {—oc0 < x < 00,0 < y < b}.

. Construct the Green’s function for the Laplace equation for the boundary-value

problem

ou(x,b) _

u(0,y) = u(x,0) = oy

0

on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.

Construct the Green’s function for the Laplace equation for the boundary-value
problem

du(x,b)

du(©,y) _ 0
ax ay

u(x,0) =
on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.
Use the method of eigenfunction expansion to construct the Green’s function

for the Laplace equation for the mixed boundary-value problem

du(a,y)

u(0,y) = u(x,0) =u(x,b) = o

+ Bu(a,y) =0,

where § > 0, on the rectangle 2 = {0 < x <a,0 < y < b}.
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10. Construct the Green’s function for the Laplace equation for the “Dirichlet-

11.

12.

13.

14.

15.

16.

Mixed” problem

ou(b, (p)
Car

on the annular region @ = {a <r < b,0 < ¢ < 27}.

u(a,¢) =0, + Bu(b.¢) =0, B =0,

Construct the Green’s function for the Laplace equation for the “Mixed-Diri-
chlet” problem

du(a,9)
o

on the annular region 2 = {a <r < b,0 < ¢ < 2m}.

u(,p) =0, —Bu(a,9) =0, B=0,

Use the method of eigenfunction expansion to construct the Green’s function
for the Laplace equation for the “Neumann-Mixed” problem

Ju(a, ou(b,
M@t o ML | iy =0. >0
ar ar
on the annular region 2 = {a <r < b,0 < ¢ < 2x}. Explain why for § =0
the problem is ill-posed.

Use the method of eigenfunction expansion to construct the Green’s function
for the Laplace equation for the mixed boundary-value problem

3u(a ?) du(b, p)
or

on the annular region Q={a<r<b0=<¢<2n}.

— Bu(a, ) =0, =0

Use the method of eigenfunction expansion to construct the Green’s function
for the Laplace equation for the mixed boundary-value problem

du(a, @) du(b, p)
O or

on the annular region Q = {a <r < b,0 < ¢ < 27}. Show why the problem
is ill-posed when both 8; and B, are equal to zero.

— pru(a, @) = + Bau(b,9) =0, B1,p2>0,

Use the method of images to construct the Green’s function for the three-dimen-

sional Laplace equation for the mixed boundary-value problem

du(x,y,h)
0z

in the infinite layer D = {0 < z < h} of width A.

Use the method of eigenfunction expansion to construct the Green’s function
for the three-dimensional Laplace equation for the Dirichlet problem stated on
the parallelepiped D = {0 < x <a,0 <y <b,0 <z < h}.

u(x,y,0) =0, =0



Chapter 3
The Static Klein—-Gordon Equation

We will now apply the techniques to construct Green’s functions, that have success-
fully been used earlier in this book, to a number of boundary-value problems stated
for the Klein—Gordon equation in two and three dimensions. This is another elliptic
type partial differential equation which represents a natural domain for the extension
of several of the approaches that appear productive in the case of Laplace equation. It
is evident that the direct implementation of the conformal mapping method is prob-
lematic for the Klein—Gordon equation. On the other hand, the perspective of the
other two standard methods (images and eigenfunction expansion) looks attractive
and promising.

In our earlier book [45] and in a recent paper [51], several problem settings for the
static Klein—Gordon equation have been reviewed and their Green’s functions con-
structed. In this chapter, we summarize the experience gained in working with the
Laplace equation. This will allow us to obtain Green’s functions for an extensive
list of boundary-value problems for the Klein—Gordon equation. The computability
of their formulas is a critical issue, for example for potential users of the boundary
element method. Hence, we deal with this topic in detail in this chapter.

The material in this chapter is organized in such a way that the definition of the
Green’s function for the two-dimensional Klein—Gordon equation is introduced in
Section 3.1 in a fashion similar to that used in Chapter 2 for the Laplace equation. We
then focus on the image method which, is covered in Section 3.2, whilst the method
of eigenfunction expansion is discussed in detail in Section 3.3. Finally, Section 3.4
deals with several three-dimensional problems.

3.1 Definition of Green’s Function

A variety of boundary-value problems will be considered in this chapter for the elliptic
type equation:

V2u(P) —k*u(P) =0 (3.1

with V2, the two-dimensional Laplace operator written in the coordinates of the point
P, and the parameter k is a real constant.

Note that, in customary terminology, equation (3.1) is called the static Klein—
Gordon equation. For brevity, we will simply call it the Klein—Gordon equation within
the scope of the present book.
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The Klein—Gordon and Laplace equations are similar in nature, and share many
common properties: setting k = 0, reduces (3.1) to the Laplace formula. In fact, later
in this chapter, the reader will find that once a Green’s function for the Klein—Gordon
equation is constructed, setting k = 0 reduces it the corresponding Green’s function
for the Laplace equation.

For more evidence of the likeness of the two equations, we turn to their applications
in physics. Both the two-dimensional Laplace and Klein—Gordon equation can be
used [13] to simulate the steady-state heat conduction process in a thin plate, made of
homogeneous isotropic conductive material. The only difference we have to take into
account is that the lateral surfaces of the plate are assumed to be insulated in the case
of Laplace equation, whereas in the case of the Klein—Gordon equation, the lateral
surfaces are not assumed to be perfectly insulated, but allow some heat flow through,
with the flow intensity directly proportional to the parameter k.

Using the methodology developed and tested in Chapter 2, we will introduce the
Green’s function G(P, Q) for the Klein—-Gordon equation by setting up the homoge-
neous boundary-value problem

ou(P)
on;

Miu(P) = o;(P) + Bi(P)u(P) =0, Pely, (3.2)

for the inhomogeneous Klein—Gordon equation
V2u(P) —k*u(P) = —f(P), PeQ, (3.3)

where 2 represents a simply connected region in two-dimensional Euclidean space,
r = U:":l I'; denotes a piecewise smooth contour of Q2 ,with «; (P) and B; (P) given
functions defined on I such that at least one of them is nonzero for every piece I'; of
I', and n; the direction normal to I'; at point P. Note that, within our approach, we
can also consider multiply-connected regions. The right-hand side function f(P) in
(3.3) is assumed to be integrable on 2.

Assume that the boundary-value problem described by (3.2) and (3.3) is well-posed.
This means that it has a unique solution or, in other words, the corresponding homo-
geneous problem, with f(P) = 0, has only the trivial u(P) = 0 solution. With this
in mind, we will now define the Green’s function for the Klein—Gordon equation in
the fashion used in Chapter 2 for the Laplace equation.

If for any right-hand side term f(P) described by (3.3), integrable on €2, the solu-
tion of the boundary-value problem described by (3.2) and (3.3) is found in the form

u(P) = //Q G(P. 0) £(Q)dA(0). (3.4)

then the kernel G(P, Q) of the above formula is said to be the Green’s function for
the homogeneous problem corresponding to (3.2) and (3.3).
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We will apply terminology similar to the case of Laplace equation, according to
which P and Q in (3.4) will be referred to as the field (observation) point and the
source point, respectively.

For any location of the source point Q € €2, the Green’s function G(P, Q), as a
function of the coordinates of the observation point P, has the following properties
(being referred to as the defining properties):

1. At any point P € 2, with the exception of P = Q, G(P, Q) satisfies the
homogeneous Klein—Gordon equation, that is

(V2=k*)G(P,Q) =0, P#Q.
2. For P — Q, G(P, Q) approaches infinity like the modified cylindrical Bessel

(or Macdonald) function Ko(k|P — Q]) of the second kind of order zero.
3. G(P, Q) satisfies the boundary conditions in (3.2), that is

M;G(P,Q)=0, PeTly, i=1Lnm.

Due to the properties of the Macdonald function (see, for example, [1, 27, 37]),
the Green’s function G(P, Q) of the Klein—-Gordon equation contains the same type
of logarithmic singularity as the Green’s function of the Laplace equation. To aid in
comprehending the nature of the Macdonald function K¢ (x) and to deliver a practical
tool for its computation, we present its standard series expansion (see [73, 74], for
example)

0o 2j 00 om m 1
Ko(x) = - (C +1In ;) Z 221)'6(]' 2 + Z 222(,%!)2 (Z ;) 3-5)

Jj=0 m=1 n=1

with C ~ 0.5772157 known as the Euler’s constant. There are several formulas for
C, one of which [37] is

21
C = mh_r)noo (kX::l T —lnm) .

The expansion in (3.5) might raise several concerns about its computability: its
appearance might be considered somewhat cumbersome. However, upon closer anal-
ysis it is revealed, that the opposite is the case. The formula in (3.5) turns out to be
computer-friendly, with two points supporting this assertion. First, the infinite series
components in (3.5) converge uniformly for any value of x; and, second, their rate of
convergence is fairly high.

From the definition we just introduced, it follows that the Green’s function of the
homogeneous boundary-value problem corresponding to (3.2) and (3.3) can be ex-
pressed as

G(P.0) = 5 Kolk|P ~ O] + R(P. Q). (3.6)
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where R(P, Q), as a function of P, satisfies the homogeneous Klein—-Gordon equa-
tion everywhere on €2, regardless of the locations of P and Q.

The formula in (3.6) merits a special comment, as to the use of the terms regular
component and singular component of a Green’s function: upon explicitly expressing
the first additive term in (3.5) as

2j

o0 2 4

X X X X X
“IZ Y o = (1
2SI “2( BT )

we realize that the singularity in (3.6) only applies to the j = 0 term of the above
series component in Kg(x); the terms directly proportional to x2 Inx, x* In x and so
on, as well as the second series term in (3.5), being regular as x approaches zero, add
no singularity to G(P, Q).

Keeping in mind the above comment and following the pattern treated in Chapter 2,
we will by convention refer to the additive terms %Ko (k|P — Q) and R(P, Q) of
G(P, Q) in (3.6) as the singular component and regular component, respectively.
This should aid proceeding through the presentation that follows.

3.2 Method of Images

We turn our attention to the construction of Green’s functions for the Klein—Gordon
equation in two dimensions. In this section, the technique based on the method of
images is directly applied to a variety of boundary-value problems.

The singular component %KO(MP — Q|) of G(P, Q) is, similar to the case of
Laplace equation, interpreted as the field generated at a field (observation) point P by
a unit source placed at an arbitrary point Q. With this in mind, the method of images
intends to express the regular component R(P, Q) of G(P, Q) as a sum of a number
of unit sources and sinks placed at points QF, 03, ..., Oy, outside of Q, the region
under consideration. Hence, the regular component of G(P, Q) becomes

T
R(P.O)=>" £ —Ko(k|P = OF]),
j=1

a function satisfying the homogeneous Klein—Gordon equation at any point P in €2
(since all the source points Q]’.‘ are outside €2).

In the following, we will explore the algorithm for the method of images in detail
through a series of examples. The experience we gained in dealing with this method,
earlier in Chapter 2 will be especially helpful to us.

Example 3.1. We consider the trivial case of the Dirichlet problem for the Klein—
Gordon equation on the upper half-plane Q(x, y) = {—o0 < x < oo,y > 0}, and
will construct its Green’s function.
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The field generated by a unit source at a point Q (£, 7) € Q2 represents the singular
component of the Green’s function

1
S Kol (x =7 + (v = 1)?)

The above can be canceled out by a single unit sink placed at Q*(&, —n) located at the
lower half-plane and symmetric with respect to Q (€, n) about the boundary y = 0.
With the field generated by this sink

1
5 Kolk [ (x =7+ (v + 1)2),

the Green’s function for the Dirichlet problem on the upper half-plane is found to be

G(x. y:.m) = - [Ko(klz — £]) ~ Ko(klz ~ T 67
where the complex variable notation
z=x+iy and (=§&+1in
is used for compactness, to denote the observation and the source point, respectively.

Note that we will refer to the relevant illustrations from Chapter 2 in the derivation
of Green’s functions in this section.

Example 3.2. For the next example, we consider another trivial case of the Dirich-
let problem for the Klein—-Gordon equation on the infinite circular sector Q(r, ¢) =
{(r,9)|0 < r < 00,0 < ¢ < 7r/2} with the angle 77/2, which represents the quarter-
plane.

Since the distance between two points (r1, ¢1) and (12, ¢5) is defined in polar co-
ordinates as

\/rl2 —2rira cos(pr — @2) + r22

the singular component of the sought-after Green’s function G(r, ¢; 0, ¥) reads

L Ko(k [ —2rgeostp — ) + 0%) (3.8)

2w
representing the field strength at an observation point M (r, ¢) € 2 generated by the
unit source acting at (o, ¥). The latter is depicted in Figure 2.1 of Chapter 2 with the
plus sign symbol.
In order to compensate the trace of the function in (3.8) (in other words, to satisfy
the Dirichlet condition) on the boundary segment y = 0, we place the unit sink
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(labeled with the minus sign in Figure 2.1) at D(o, 27w — ). The field generated by
this sink is given by

1
2r
Similarly, we compensate the trace of (3.8) on the boundary segment x = 0 with the
unit sink at B(o, w — V), which generates the field

1

——Ko(k \/r2 —2rocos(¢p — (mr —¥)) + 02), (3.10)
2

whilst to compensate the traces of the functions in (3.9) and (3.10) on x = 0 and
y = 0, respectively, we require a unit source at C (g, & + ), with the field

1

—Ko(k\/rz—Zchos((p—(n +¥)) + 02). (3.11)
2

Hence, the Green’s function for the Dirichlet problem on the infinite circular sector
with angle /2 represents the sum of the components shown in (3.8), (3.9), (3.10),
and (3.11), which converts, after a trivial transformation, to the compact formula

Kok \/r2 —2rocos(p — 2w —¥)) + 02). (3.9)

1 2
Glr.pio. ) = 5 Y [Kolk/r2 = 2rgcos(p — ((n = D + ) + *)
n=1

— Ko(k \/,,2 —2rocos(p — (nmr —¥)) +02)]. (3.12)

The method of images enables us to construct the Green’s function for a mixed
boundary-value problem on the infinite circular sector Q(r, ¢) = {(r, ¢)|0 < r < o0,
0 < ¢ < /2}. We refer the reader to the following example for more details.

Example 3.3. Consider a mixed boundary-value problem for the infinite circular sec-
tor with angle 7 /2, with Dirichlet and Neumann boundary conditions imposed on the
boundary segments y = 0 and x = 0, respectively.

The boundary conditions can be satisfied by placing an appropriate set of sources
and sinks to compensate traces of the fundamental solution

1
2
of the Klein—-Gordon equation. We now follow the scheme shown in Figure 2.2 of
Chapter 2: in order to support the Dirichlet condition on the boundary segment y = 0,
we compensate the trace of the function in (3.13) with the unit sink (labeled with the

minus sign in Figure 2.2) at D(o,2m — ¥). The field generated by this sink is given
by

Ko(k \/r2 —2rocos(p — ¥) + 02) (3.13)

—iKo(k \/r2 —2rocos(p — 2w —¥)) + 02). (3.14)
2w
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The Neumann condition on the boundary segment x = 0 will be satisfied if the unit
source is placed at B(p, m — V), generating a field defined as

1

Kotk /72 = 2rgcos(y — (x = ) + 02), (3.15)
2

whilst to satisfy both of the boundary conditions imposed on x = 0 and y = 0, a unit
sink is required at C (o, w + V), generating the field

—LKO(k\/r2 —2rocos(p — (w + V) + 02). (3.16)

2
After summing the components in (3.13) through (3.16), we obtain the Green’s
function for the mixed problem under consideration, on the infinite circular sector
{0 < r < 00,0 < ¢ < m/2}. After a trivial transformation, this converts to a
compact formula as

2

G 9:0.9) = 5= (-1 Kolk\[12 = 2r0c0s(p — (n = ¥)) + )

n=1

+ (=D"Kok \/r2 —2rocos(p — ((n — D) +v¥)) +02)]. (3.17)

Analogous to the Laplace equation, the method of images turns out to be produc-
tive for several boundary-value problems for the Klein—-Gordon equation on infinite
circular sectors. For several others, it is, however, not productive. In a series of ex-
amples that follow, we will find both successful as well as not so successful cases of
application of the method.

Example 3.4. Consider the Dirichlet problem for the Klein—Gordon equation on the
infinite circular sector Q(r, ¢) = {(r, ¢)|0 < r < 00,0 < ¢ < 7/3} with angle 7 /3.

To construct the Green’s function, we refer the reader to follow our procedure by
studying and utilizing the scheme depicted in Figure 2.3 of Chapter 2. In order to
cancel out the influence of the singular component of the Green’s function

1
2—K0(k \/r2 —2rocos(¢ — ) + 02)
s

on the boundary fragment ¢ = 0, we place a compensatory unit sink at F (g, 27 — ),
whilst another unit sink is required at B(p, 27t/3—1) to satisfy the Dirichlet condition
on ¢ = 1/3. To compensate the trace of the latter sink on the boundary fragment
¢ = 0, a unit source is required at E(g, 47/3 + ¥). The trace of the latter source is
compensated on ¢ = /3 with a unit sink at D(p, 47/3 — ), while the trace of this
sink is compensated on ¢ = 0 with a unit source placed at C(o,27/3 + V).
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Thus, the regular component R(r, ¢; 0, V) of the sought-after Green’s function can
be formed as the aggregate of the five compensatory sources and sinks located out-
side €2, in the manner exposed in Figure 2.3. This implies that the Green’s function
G(r, ¢; 0, V) itself is obtained by adding the singular component to R(r, ¢; 0, V),
which yields

3

G(r,p;0,%) = % X:I:Ko(k\/r2 —2rgcos<go — (2(n — 1)% + w)) + Qz)

ket ) +e)]

(3.18)

Recall Example 3.3, where we successfully constructed the Green’s function for the
mixed (Dirichlet—-Neumann) boundary-value problem on the infinite circular sector
with angle 7/2. in contrast to that problem, the method of images fails for the same
type of mixed problem on another infinite circular sector. We will justify this assertion
in the next example.

Example 3.5. When trying to apply the method of images, we surprisingly find it
fails in the case of the Dirichlet-Neumann problem for the infinite circular sector
with angle /3. To follow our procedure in detail, we refer the reader to the scheme
depicted in Figure 2.4.

Clearly, the Dirichlet condition on ¢ = 0 is satisfied by a unit sink placed at
F(o,2m —1). To allow this sink to satisfy the Neumann condition on ¢ = 7/3, a unit
sink is also required at C(g,27/3 + ). As to the Neumann condition on ¢ = 7/3,
the unit source at A(p, ¥) must be augmented by the unit source at B(o, 27 /3 — ¥),
which, in turn, must be augmented by the unit sink placed at E(o,47/3 + ¥). The
latter sink has to be paired with the unit sink at D(p, 47/3 — i) to satisfy the Neu-
mann condition on ¢ = /3. Inspecting the two sinks in C(g,27/3 + ) and
D(o,4m/3—1), we note that they don’t support the Dirichlet condition on the bound-
ary fragment ¢ = 0. This is what indicates the method’s failure for the mixed problem
under consideration.

Although, as Example 3.5 illustrates, the method of images fails for several problem
settings on an infinite circular sector, the range of problems for which the method
proves to be efficient is not limited to the ones we have considered so far. To support
this point, we provide the following examples.

Example 3.6. Consider the Dirichlet problem on the infinite circular sector Q(r, ¢) =
{(r,)|0 < r < 00,0 < ¢ < m/4} with angle 7 /4.

Our experience from the previous examples enables the reader to obtain the Green’s
function for our problem, by following the procedure in detail. With the aid of the
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scheme depicted in Figure 2.5 of Chapter 2, we can express G(r, ¢; 0, V) as

4

Gir.gi0) = 53| Ko(k\[r2 ~2r0cos(o = (1= D+ v)) +)
n=1
— Ko (k \/r2 — 2chos(<p — (n% - 1//)) + Qz)i|.

(3.19)

Green’s functions for other mixed boundary-values problem can also be constructed
within the scope of the method of images.

Example 3.7. Consider the Dirichlet-Neumann problem for the infinite circular sec-
tor with angle 7 /4, with the Dirichlet and Neumann conditions imposed on the bound-
ary segments ¢ = 0 and ¢ = 7/4, respectively.

In order to outline the application of the method of images, we examine the scheme
depicted in Figure 2.6. Combining the field generated by a total number of eight
sources and sinks, we come up with the sought-after Green’s function, expressed in
the compact form

2
G(r.g:0.9) = 5 Z[w Jr2 = 2rgcos(o — (1= D7 +9) + 0

n=1
+ Ko(k\/r2 — 2chos(<p - ((Zn — 1)% — ¢)) + Qz)

— Ko (k \/r2 - 2chos(<p - ((2n - 1)% + 1//)) + Qz)

— Ko(k \/r2 —2rocos(p — (nr —¥)) + Qz)]. (3.20)

Example 3.8. As to the Dirichlet problem on the infinite circular sector with angle
7 /6, we proceed, following the method of images, and obtain the Green’s function as
an aggregate of the total number of twelve appropriately placed unit sources and unit
sinks. Omitting the details, we present the ultimate form of the Green’s function

6

P! YA e i e e
n=1
— Ko (k\/r2 — 2chos(<p - (n% — 1//)) + Qz):|.

(3.21)
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We can make a generalization from the analysis of the forms of the Green’s func-
tions for the boundary-value problems on an infinite circular sector, derived thus far.
The following two examples present compact expressions of Green’s functions for
Dirichlet problems on sets of infinite circular sectors.

Example 3.9. Observing the expression derived earlier for the Green’s function of
the Dirichlet problem on the half-plane, on a circular sector with angle 7 /4, and
the one obtained for the circular sector with angle /2, we arrive at the following
generalization

2m

G(r,p;0.¥) = % 2:[1(0(1(\/r2 —2chos<<p — (Z(n — l)zlm + 1/;)) +Q2)

- - Ko(k\/rz —2rgcos<g0 _ (2n2lm - w)) + gz)]

(3.22)

which represents the Green’s function of the Dirichlet problem on the set of infinite
circular sectors with angle /2™, wherem = 0,1,2,....

Note that for m = 0, corresponding to the circular sector with angle 7, in other
words, the upper half-plane y > 0, we read from (3.22)

1
Glr.gi0.9) = 3 [Kolk y/r2 = 2rgcos(p — ) +¢2)

— Kok \/r2 —2rocos(¢ + ¥) + 02)] (3.23)

representing the Green’s function derived in (3.7) and expressed here in polar coor-
dinates. Clearly, the cases of the circular sectors with angle /2, exhibited in (3.12)
and with angle /4 (see (3.19)) also follow from (3.22).

Example 3.10. We can make another significant generalization from the examples
treated so far: upon analyzing the expressions in (3.18) and (3.21), representing the
Klein—Gordon equation’s Green’s functions for Dirichlet problems on infinite circular
sectors with angles /3 and /6, we derive the Green’s function for the Dirichlet
problem on the set of circular sectors with angle 7 /(3 - 2™), where m = 0,1,2,...,

in the form
3.2m

G(r.g;0.¥) = % Z |:Ko(k\/r2 —2rgcos<g0 — (2(n — 1)3 nzm + w)) + Qz)

n=1
Koty - 2aenle~ (3 ) +e')]

(3.24)

where m = 0 represents the sector with angle /3, while the m = 1 represents the
sector with angle /6.
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In discussing the success or failure of the method of images in constructing Green’s
functions for the Klein—-Gordon equation on infinite circular sectors, recall that earlier
in Example 3.5 we have shown that the method fails for a mixed (Dirichlet-Neumann)
boundary-value problem on a sector with angle 7 /3. Howeyver, it is worth noting that
the method is not necessarily successful for Dirichlet problems either and could fail
for some of them. We illustrate this point in the following example.

Example 3.11. Consider the Dirichlet problem on the infinite circular sector
Qr,p) = {(re)|0 <r < 00,0 < ¢ < 2m/3} and attempt to construct its Green’s
function.

Analogously to the same problem for the Laplace equation, the failure of the meth-
od can be understood with the aid of the scheme shown in Figure 2.7 of Chapter 2.
Let the unit source (producing the singular component of the Green’s function) be
located at A(o,¥) € . To compensate its trace on the segment ¢ = 0 of the
boundary €2, we place the compensatory sink at D(g, 27w — ) ¢ 2. The trace of the
latter on the boundary segment ¢ = 27/3 is in turn compensated by a unit source at
C(o,47/3 + ) ¢ , the trace of which on ¢ = 0 must be compensated by a unit
sink at B(g, 27/3 — ), which is located inside 2. This is what leads to the failure of
the method.

We have just illustrated the fact that the method of images could potentially fail
in constructing the Green’s function for the Dirichlet problem on an infinite circular
sector allowing use of cyclic symmetry. To examine other cases of the failure of
the method, the reader is recommended to refer to the Chapter Exercises, and apply
the method to Dirichlet problems stated on other infinite circular sectors (of 277 /5 or
27 /7, for example) also allowing the cyclic symmetry.

Note that all the Green’s functions of the Klein—Gordon equation, constructed in
this section so far, are expressed in terms of a finite sum of the Macdonald functions.
In the following examples, we focus on several other problem settings for which the
method of images is applicable, but where we obtain Green’s functions expressed in
terms of infinite series of the Macdonald functions.

Example 3.12. We begin with one of the classical settings, namely, the Dirichlet
problem for the Klein—Gordon equation on the infinite strip Q(x, y) = {(x, y)|—o0 <
x <00,0<y<b}.

We illustrate the application of the method of images with the aid of the scheme
depicted in Figure 2.9, where we place a unit source SJ at an arbitrary point A(§, n)
inside 2. The value of the field generated by SJ at an observation point M(x, y)
represents the fundamental solution

G (e viEm) = 5 Ko (=82 + (0 =)

of the Klein—Gordon equation.
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It is evident that GS' (x, y:&,n) does not satisfy the Dirichlet conditions on the
boundary fragments y = 0 and y = b (it does not vanish on those lines). To compen-
sate the traces of GJ (x,y:&,m)ony = 0and y = b, we place two unit sinks & ,
and Sl_ p at the points B(§, —n) and C(&,2b — n), representing the images of (§, 1)
about the lines y = 0 and y = b, respectively. The field strengths of these sinks, in
(x, y) evidently are

Gro(v. y:&,—m) = —5—Ko(y/(x ~£7 + (4 1?)

and

1
Gy, 162 =) = =5 Ko(y/ (x = §)2 + (v = 2b = ).

The functions Gy o(x,y:§,—n) and Gl_,b(x, ¥;€,2b — 1) do not vanish on the
boundary lines y = 0 and y = b; and their traces can, in turn, be compensated
with the unit sources £ and £, located in D(€, —2b + 1) and E (€, 2b + n). Their
field strengths at (x, y) are given as

1
Go(x. 16, ~2b + 1) = S Ko(y/(x = )% + (v = (-2 + 1))

and

1
Gy (6, y36.2b 4+ 1) = 5 Koy (x = £)2 + (v = 2b + m)2),

To properly compensate the traces of the functions GJF0 (x,y;€,-2b + n) and

b(x y:§.2b + n)ony = Oand y = b, we place unit sinks &3, and 5317 at
F (“g‘ —2b —n) and H(&,4b — 1), respectively.
Upon following the described procedure of placing appropriate compensatory unit
sources alternating with compensatory unit sinks, we express the sought-after Green’s
function G = G(x, y; &, n) in the formula

G = G++Z(G2_l 10+G21 lb)+Z(G 0+G21b)
i=1 i=1

which transforms ultimately into the single infinite series of the Macdonald functions

o0

Gyt = 5= I Ko =82+ (v =1+ 2000

n=—0oo

~ Ko/ —E2 + (p+n—20b)2)).  (3.25)
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Since this Green’s function is obtained in series form, the convergence of the latter
has to be specifically addressed, in order to ensure its applicability for practical com-
putations. First, note that the singularity of G(x, y; &, n) in (3.25) is provided by the
component Ko(+/(x —£)2 + (y — 1)2), which is part of a single term (n = 0), and
cannot, in any way, affect the convergence of the series.

From close analysis we learn that the series representation in (3.25) converges at
a high rate and is therefore suitable for immediate computer implementations. This
assertion can be supported by noting that

oy Y92+ (v EnE20b)>
n—o00 2nb

which allows us to assert that the arguments of the Macdonald functions in (3.25) are
asymptotically close to 2nb. This implies that, when n increases, the terms of the
series in (3.25) converge to zero at the same rate as terms of the sequence {Ko(2nb)}.
It is well known [1, 27, 37] that the Macdonald function K¢ (x) is continuous, positive,
decreasing (at a very high rate) and bounded by zero. For a strip of unit width (b = 1),
for example, approximate values of the first few terms of the sequence {K¢(2nb)} are

Ko(2) = 0.11389, Ko(4) = 0.01116, Ko(6) = 0.00124, Ko(8) = 0.00015

which approaches zero at a rate close to that of a geometric sequence with a ratio of
the order of 10~! and which therefore rapidly converges to zero.

One might call into question the rigor of the brief analysis that we just completed.
However, it is hard to deny that our conclusions are sufficient to assert that the series
in (3.25) converges at a high rate. With this, it is safe to use this formula for computer
implementations.

Example 3.13. We now consider a mixed problem for the Klein—Gordon equation
on the infinite strip Q = {(x,y)| —oc0 < x < 00,0 < y < b}, with the Dirichlet
condition imposed on y = 0 and the Neumann condition imposed on y = b.

Similar to the treatment of the problem for the Laplace equation, considered in
Chapter 2, the scheme depicted in Figure 2.10 helps us to grasp the procedure of the
method of images when applied to the present problem.

The trace of the fundamental solution G;r (x, y; &, 1) on the boundary line y = 0,
can be compensated with a unit sink & placed at B(§, —n), with at M(x, y) gener-
ates a field given by

1
Grolr. vi.—1) = —5 Koy (x =62 + (v + 1)),

The Neumann condition imposed on y = b, can be satisfied by placing a unit
source .§1+ » at the point C(&,2b — 1), yielding

1
Gy, vi6.:2b =) = 5 Koy (x = £ + (v = 2b = ).
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To cancel out the trace of the function GI" »(X, ¥:&,2b — 1) on the boundary line
y = O aunitsink &,  is placed at D(§, —2b + n), which, in (x, y)

Grole, i, =2b ) = =5 Koy (x = §2 + (0 + @b —)?)

whilst the Neumann condition on y = b can be satisfied by placing a unit sink &, , at
E(&,2b + n), which at (x, y) generates

Gy, v £.2b 4 1) = =5 Ko(y/(x —£7 + (v = @b + m)2).

In turn, the trace of the function G, , (x, y;§,2b+n) on y = 0 can be compensated
by a unit source é; o Placed at F'(§, —2b — n), which generates the field

1
G0, 36, ~2b = 1) = Koy (x = §)2 + (v + 2 + 1)?)

whilst the Neumann condition on y = b can be satisfied by placing a unit sink £, at
H(&,4b — n), with field strength at (x, y) given as

1
Gy, vi6,4b = 1) = =5 Ko(y/ (x = §)2 + (v = (4b = 1))

Further following the approach described in Example 3.12, the sought-after Green’s
function is obtained in the following series form

o0

G yiE ) = S [Kol/(x =82+ (v —n + 4nb)2)
27

—0o0

— Ko(y/(x —£)2 + (v + 1+ 4nb)?)

+ Ko(y(x =) + (3 + 0 +2Qn + Db)?)

- Ko(\/(x —£)24 (y—n+2Qn+ 1)b)2)] (3.26)

which has a high rate of convergence, comparable to that of the series in (3.25). This
makes equation (3.26) suitable for immediate computer implementations.

‘We now turn to several other boundary-value problems for the Klein—-Gordon equa-
tion and apply the the method of images to obtain their Green’s functions.

Example 3.14. Consider first the Dirichlet problem on the semi-infinite strip Q =
{(x, )0 <x <00,0<y<b}.

We here follow the derivation scheme depicted in Figure 2.11 of Chapter 2 in
sketching our procedure, similar to the one described earlier in detail in Examples
3.12 and 3.13.
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The fundamental solution of the Klein—Gordon equation, which represents the field
generated by the unit source acting at an arbitrary point A(&, n) in 2, can be com-
pensated on the edges y = 0 and y = b by a set of unit sources and sinks placed
at the regular set of points B(&,—n), C(§,2b —n), D(&,—2b + n), E(£,2b + 1),
F(&,-2b—n), H(&,4b — 1), ... located outside of 2. In other words, these sources
and sinks allow us to satisfy the homogeneous Dirichlet boundary conditions imposed
on the edges y = 0 and y = b of Q.

To satisfy the boundary condition imposed on the edge x = 0, the field generated
by the sources and sinks acting at A, B,C, D, E, F, H, ... can, in turn, be compen-
sated with unit sources and sinks on the boundary line, placed in another regular set
of points K(—§,n), L(—§,—n), N(=§,2b —n), P(—=§,-2b + n), R(=§,2b + n),
S(—=&,-2b —n), T(—&,4b — 1n),... located out of 2. It is evident that the latter
sources and sinks do not conflict with the boundary conditions on y = 0 and y = b.

Upon combining the field strength of all the compensatory sources and sinks in the
scheme shown in Figure 2.11, we arrive at the series form

Gyt =5 3 [Ko(y/ =82+ 0 —n +200)

n=—oo

— Ko(y/(x = §)2 + (v + 17— 2nb)?)

+ Ko(y/(x + €2 + (v + 71— 20b)?)

—Ko(J(x +82 + (v —n+2mb)?)]  (3.27)

of the Green’s function for the Dirichlet problem for the Klein—-Gordon equation on
the semi-infinite strip 2 = {(x, y)[0 < x < 00,0 < y < b}. It is evident that the
rate of convergence of the series in the above representation is comparable with that
the formulas in (3.25) and (3.26).

Example 3.15. In another example on the semi-infinite strip = {(x, y)|0 < x < 00,
0 < y < b}, we consider a mixed boundary-value problem, namely, that of Dirichlet
conditions imposed on the boundary fragments y = 0 and y = b, and the Neumann
condition imposed on x = 0.

The Green’s function for this problem can be derived with the aid of the scheme
depicted in Figure 2.12 of Chapter 2.

Similarly to the Dirichlet problem that we considered in the previous example, the
traces of the fundamental solution of the Klein—-Gordon equation (the field generated
by the unit source acting at an arbitrary point A(&,n) in ) on the edges y = 0
and y = b are compensated with unit sources and sinks placed at the set of points
B(E, —), C(E,2b—), D(E, —2b+n), E(E,2b+1), F(€,~2b—1), H(E, 4b—), ...,
exterior to €2.
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The Neumann condition that is imposed on the boundary fragment x = 0 can be
satisfied with the aggregate influence of the sources and sinks acting at A, B, C, D, E,
F,H,.... The latter can be compensated, similar to the Dirichlet problem, with unit
sources and sinks placed at the set of points K(—§&,n), L(=&,—n), N(=£,2b — 1),
P(—&,-2b+n), R(—£,2b+ 1), S(—§,—2b—n), T(—£,4b —n), ..., exterior to 2.
However, in this case the order of sources and sinks is different from the one suggested
earlier for the Dirichlet problem.

Continuing our procedure, after combining the field strength of all sources and
sinks, we arrive at the rapidly converging series

Gyt =5 Y [Ko(y/(x =82+ (=0 +200)

— Ko(y/(x =7 + (v + 0 —20b)?)

+ Ko(y/(x + 82 + (v — 7+ 20b)?)

—Ko(Jx+82+ (v +n—2m0)]  (328)

for the Green’s function for this mixed problem.

3.3 Method of Eigenfunction Expansion

Reviewing the boundary-value problems discussed in the previous section, the reader
might notice that the method of images turns out to only be successful for settings
with the Dirichlet and Neumann conditions imposed. With this in mind, we now turn
our attention to another standard method which, similar to the Laplace equation, also
turns out to be productive for the static Klein—-Gordon equation in two dimensions, and
whose application range is wider than that for the method of images. In this section,
we will construct a number of Green’s using the method of eigenfunction expansion.

Example 3.16. We start with one of the trivial problems already reviewed in Sec-
tion 3.2, and will obtain an alternative formula for the Green’s function for the Dirich-
let problem

(V2 —ku(x,y) = —f(x.y). (x,y) € Q, (3.29)
u(x,0) =u(x,b) =0 (3.30)

on the infinite strip Q = {(x,y)]| — 00 < x < 00,0 < y < b} with width b.
In addition, we require the solution of the problem defined by (3.29) and (3.30), to
remain bounded as x — +o0o. Further, assume the right-hand side term f(x, y) in
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(3.29) to be a sufficiently well-behaved function over €2 in the sense that

’/Q f(x,y)dQ(x,y)| < oo.

Expand the solution u(x, y) of the problem in (3.29) and (3.30), and the right-hand
side function f(x, y) of (3.29) into the following Fourier sine-series

u(x,y) = nZzzl Uy (x)sinvy, v = %, (3.31)
and
flx,y) = Z Jn(x)sinvy. (3.32)

n=1
This yields the set of self-adjoint boundary-value problems

d?u, (x)

W—(erz)un(x) =—fux), n=1273,..., (3.33)
Jun(—00)| < 00, |un(00)] < 00 (3.34)

for the coefficients u, (x) of the series in (3.31).
Clearly, a fundamental set of solutions of (3.33) can be represented by the functions

exp(vVvZ + k2x) and exp(—vv2+ k2x)

and the Green’s function g,(x, &) of the homogeneous problem corresponding to
(3.33) and (3.34) can be constructed by using either the method based on its defining
properties (see Section 1.1) or the method of variation of parameters (see Section 1.3).
This yields

(x.6) 1 exp(vv2 + k2(x — §)), forx <&, (335)
X, 6= ——— .
&n 202 + k2 |exp(VvZ + k2(E — x)), for& <x,
and the series representation
2 [e.e]
Gx,yi&,m) =3 ) gnlx,§)sinvysinvy (3.36)

n=1

of the Green’s function to the homogeneous boundary-value problem corresponding
to (3.29) and (3.30) can be obtained by following the scheme developed in Chapter 2
for the Laplace equation.
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It is evident that the non-uniform convergence of the series in (3.36) is precon-
ditioned by the logarithmic singularity of the Green’s function. This significantly
constrains the effectiveness of direct computational implementations of (3.36). How-
ever, the situation can be radically improved by rewriting the branch of the function
gn(x, &), valid for x < & (the other branch can also be used instead), in the form

exp(h(x —§))  exp(v(x — S))} " exp(v(x —§))
2h 2v 2v ’

gnl(x.8) = [

where we introduced 7 = +/vZ + k2 for compactness. With this, the expression in
(3.36) transforms into

5 [exp(mx —£) _ expv(x — §))

G(X,y;éﬂl)=g h ) ]smvysmvn

n=1

(e e]

n % 3 M sin vy sin v (3.37)
with the first series uniformly convergent and its numerical implementations posing
no problems. The second series in (3.37) does not converge uniformly and is, in
fact, responsible for the logarithmic singularity of the Green’s function. The good
news is that it allows us a complete summation, possible with the aid of the standard
summation formula which can be found in (2.62) of Chapter 2. After some elementary
algebra, we get

E(z—

G(x,y;€,n) = 7 In———= EG é’) ~3 Z Hy,(x,&)sinvysinvy (3.38)

with z and ¢ being the observation and the source point, respectively; the real-valued
function E(w) of a complex variable w is introduced as

E(w) = ‘1 — exp (%w)‘

with Hy(x, £) in (3.38) given by

Hy(x.§) = [h exp(v(x —§)) —vexp(h(x —§))] forx <§&.

Note that the expression for H,(x, §) for x > & can be obtained from the above by
exchanging x and &. Also note, that H, (x, £) vanishes for k = 0 and (3.38) reduces
to the well-known closed form

G(x,y;6,n) = EG=D)

In —
E(z-0)

of the Green’s function for the Dirichlet problem for the Laplace equation on the

infinite strip (see, for example, [45, 64]).
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We now turn to the trigonometric series in (3.38). To explore its convergence, we
analyze the modulus of its remainder Ry (x, y; &, n)
1
| Y S lhexp(v(x =) = vexplh(x — )] sin(vy) sin(v) |
n=N+1
Upon ignoring the trigonometric factors, we obtain

oo

IRy (v, y:6ml < )

n=N+1

e = £) = vexplnts — )]

Clearly, since k2 > 0 and x < &, the parameter /1 exceeds v and, consequently, the
first term in the brackets always exceeds the second, which is why we can omit the
modulus sign on the right-hand side of the above inequality, yielding

o0

Ry (e, ys6ml < ) %[hem(v(x—E))—veXp(h(x—S))]-

n=N+1
Taking into account that v < A, from the above estimate follows:

o0

RyGeyvieml< Y lhespvo(x—8) —vesplh(x =) (.39)
n=N+1

We can develop this further by using the relation

h=vVvZ+kZ<v+k

which may be regarded as the triangle inequality for h, v, and k. With this, we enforce
the inequality in (3.39) by increasing the first term in the brackets (based on the fact
that v + k > h) while decreasing the second term (because x < £ and v 4+ k > h).
That is

(o)

IRy (x,y;:6.ml < ) VLZ[(U + k) exp(v(x —§)) —vexp((v + k)(x —§))].
n=N+1

Some elementary algebra yields

IR (x,y:§,n)l

< X 1,]_2{[1 —exp(k(x — £)]vexp(v(x — §)) + kexp(v(x — §))}

n=N+1
=l —explk(x—EN] Y Cexprx—E)+k Y ewp(v(x—8)
n=N+1 n=N+1

o0

<[ -ewk(-O)] Y ew-e)+k Y

n=N+1 n=N+1
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Now, after recalling the value of v expressed in terms of 7 and rewriting the re-
mainders of the above two series in an explicit form, the above inequality transforms

as

b
[Ry (. yi&.ml < —[1 —expk(x —£))]

n=1 n=1
1 Y
+k— [Zn—z—zn—z . (3.40)
n=1 n=1

With regard to the two infinite series in (3.40), we note that the second one repre-

sents the p-series the sum of which is [1, 27, 37]
21
Z 5=

The sum of the first series in (3.40) can be found by taking a convergent geometric

72

series and integrate it term-by-term: consider the series

exp p
Zexpnp—m p <0,

n=1

and integrate it, along with its sum, yielding

—_—

[e.e]

Z —expnp = —1In(1 —exp p)
n

=1

which translates, in our terms, into

1
nZzzl ’;expn (%(x — E)) =—In (1 —exp (%(x — 5))) .
This finally yields
b
RyCe,y: )] < ;{[1 ~exptetr ~ 0] (1 - exp(F -0

N
i}} (3.41)

_ Z —exp(—(x - g))} s [’% "X

for the estimate in (3.40).
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Hence, the series in (3.38) converges uniformly and we can accomplish an accurate
assessment by direct truncation. Based on the estimate derived in (3.41), we can
compute the value of the truncating parameter N required to attain the desired level
of accuracy.

Example 3.17. We now set up the mixed boundary-value problem

du(x,b) _

u(x,0) = 3y

0 (3.42)
for the inhomogeneous Klein—Gordon equation in (3.29) on the infinite strip 2 =
{(x,y)|—o0<x <00,0 <y <b}.

In this case, the solution u(x, y) as well as the right-hand side f(x, y) in (3.29)
must be expressed by the following Fourier sine-series

_ 2n— )

o
u(x,y) = Zun(x) sinvy, v b

n=1

(3.43)

and

flx,y) = Z fu(x)sinvy.

n=1

It is evident that such a formula for u(x, y) satisfies the boundary conditions in (3.42).

Continuing with the algorithm used in the previous example, we now arrive at the
boundary-value problem in (3.33) and (3.34) for the coefficient u,(x) of the series
in (3.43), whose Green’s function was presented earlier, in (3.35). This leads to the
Green’s function for (3.29) and (3.42), also obtained in series form in (3.36), which
in the current setting converts into the quite compact and computer-friendly form

1 EG-DEGE-D
G(x,y:6.n) = T In Ez(z_é‘)El(Z_z)

1 X [exp(v(x —£)  exp(h(x —£))
-1 2—:1 [ _

i| sinvysinvn, (3.44)
v h

where the real-valued functions Eq(w) and E»(w) of a complex variable w are de-
fined as

Tw

Ei(w) = ‘exp (E) +1

, Ex(w) = ‘exp (%) — 1‘ .

Note that the coefficient

exp(v(x —§))  exp(h(x —§))
) h
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of the series in (3.44) is valid for x < &, whereas its expression for x > £ can be
obtained from the above by exchanging x and £.

The series in (3.44) converges uniformly on 2. This can be verified in the exact
same fashion as for the Dirichlet problem that we discussed earlier, and the estimate
of the series remainder can be readily obtained.

In following examples, we consider two different boundary-value problems for the
Klein—Gordon equation on a semi-infinite strip.

Example 3.18. Omitting the details of the lengthy but straightforward procedure we
present, in this example, an expression for the Green’s function of the Dirichlet prob-
lem

u(0,y) =u(x,0) =u(x,b) =0
on the semi-infinite strip 2 = {(x, y)|0 < x < 00,0 < y < b}, found to be

i EC-ODEC+0)
EC-DEC+D)

——Z sinh vx sinh hx Sin v sin v (3.45)
vexpvé  hexpht Y - ’

G(x,y;6,n) =

The coefficient of the above series is valid for x < &, whereas its expression for
x > & can be obtained from the above by exchanging x and &. The series has a high
rate of uniform convergence, and its remainder can be readily estimated.

Example 3.19. For our second example for the semi-infinite strip 2 = {(x, y)|0 <
x < 00,0 <y < b}, we set up the mixed boundary-value problem

du(x,b)  du(0,y)

dy  ox
The remarkable feature is that three different kinds of boundary conditions are im-
posed on different fragments of the contour of 2.

Following along with our approach, the Green’s function for (3.46) is ultimately
obtained in the form

u(x,0) =

—Bu(0,y) =0, B=>0. (3.46)

n B1E - EE + DE @ + DE(z=0)
2 E1(Z +E2(z = OE(z —§Ea(z +8)

2 i coshvx coshhx\ . .
- — - sin vy sin v
b vexpvEé  hexphé J 7

G(x,y:&,n) =

2 i exp(=h(x +§))

ATET) sinvysinvy, x <§, (3.47)
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where
h=vVv2+k2, v=Qn— 1)%. (3.48)

The coefficient of the first of the two series in (3.47) is valid for x < &, while for
x > £ it can be obtained by exchanging x and . Clearly, the coefficient of the second
series in (3.47) is invariant under exchanging the variables.

Notice that both series in (3.47) are uniformly convergent, and one can readily
estimate the remainder of the first one by using the approach already implemented
when we analyzed the series (3.38). To estimate the remainder of the second series in
(3.47), Ry (x, y; &, n), we proceed as follows

exp(—h(x +§))

|IRN(x,y;6,m)| = ‘ W+ B) sinvy sinvn)
n=N+1
O |eph@ )| S exp(—hx +§)
= 2 hth+8) |~ 2 h(h + B)

n=N+1 n=N+1

B (2]

v+ B) (3.49)

n=N+1

In order to justify the last step in this estimation, note from (3.48) that / is greater
than or equal to v. Hence, by replacing / with v in (3.49), we increase the numerator
and, at the same time, decrease the denominator of the fraction. Hence, the inequality
is satisfied.

Recalling the expression for v in terms of n from (3.48), we rewrite the estimate in
(3.49) in the explicit form

N N et )
IRy, y: 6l < 5 2 (2n—1)[(2n—1)+,30]

n=N+1

where B9 = 2bB /. The above can be rewritten as

4p2 X [exp(_ﬁ(x-bi-f))]Zn—l
Ry(x,y:6 0| < — 2
Ry ey &l <3 2 G o 1)+ ful
4b2 o p2n
=2, 2 Gn—Tpon (3-50)
L e (2n —1)2n

where, for notational convenience, we introduce

p=e(- L +6).
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Proceeding from estimate obtained in (3.50), we will derive the summation formula
for the series

i p2n
— (2n —1)2n

whose N th remainder appears in (3.50). In doing so, we take advantage of the stan-
dard relation [1, 27, 37]

0 2n—1 1 1
y P =—ln( +p) (3.51)
n=12n—1 2 1-p

valid for p? < 1. Since the above series converges uniformly for p € (0, 1), we may
integrate it term-by-term, yielding
n2n—1 2n

dn = gy =S P
/0 ’;211—1 L ';2;1—1/0 Teoan ;(211—1)271

On the other hand, after integrating the right-hand side of the relation in (3.51), we
obtain

p
/ %ln(lltn)dn=1[(1+p)ln(l+p)—|—(1—p)ln(1—p)].
0 n 2

Hence, we arrive at the summation formula

2n 1

o~ P
—————=[(1+ p)In(1 + p) + (1 — p)In(1 — p)] (3.52)
nX=:1 2n—-1)2n 2

which is important to the estimation we are in the process of deriving.
We now return to the inequality (3.50) and rewrite it as

4b2 S p2n
R b ; b < A A AN~
Ry (ryigml < o > &n —1)3

n=N+1
4p2 (& p2n N P2
~ 72 n; 2n—1)2n _n; 2n—1)2n

which can be completed, in view of the relation derived in (3.52). That is,

4b% (1
RyGryibon] < 23 {10+ p)nct 4 p) o+ (1= p)Inci = p)]

N
-y L}
= 2n —1)2n

where we introduced the parameter p right after the relation in (3.50).
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Thus, from the estimate we just obtained, it follows that the formula for the Green’s
function presented in (3.47), can be accurately computed by direct truncation of its
series components.

It is evident that the estimate we just derived is not uniform: it depends upon the
positions of the field and source point to which we apply the estimate. Hence, this
makes it possible to use different truncations of the series on different sub-zones of
the region €2 in order to keep a certain fixed level accuracy for the entire region.

The suggested technique provides a productive tool for constructing Green’s func-
tions for boundary-value problems for the Klein—Gordon equation on regions of dif-
fering configurations.

Example 3.20. We now focus on the Dirichlet problem on the rectangle Q2 = {(x, y)|
0 < x <a,0 <y < b}. Following again the technique that has been so productive
before, we obtains the series representation of the Green’s function

2 — ) ) nmw
G(x,y;&n) = 5 Z gn(x,&)sinvysinvy, v = 5 (3.53)
n=1

For x < £, the coefficient g, (x, £) appears as

gn(x.§) = [exp(h(x — & —a)) —exp(h(x + § —a))

+ exp(—h(x —§ —a)) —exp(—h(x + § —a))].
where we again introduce the parameter 1 = +/v2 + k2.
After some algebra, the above expression reduces to

sinh Ax sinh h§
h exp ha sinh ha

1
4h sinh(ha)

gn(x.§) = [eXp( —h(x —§)) —exp(=h(x + §))].

Upon adding and subtracting the function

%[exp(v(x +£)) —exp(—v(x —§))]

to the bracketed term in g, (x, §), conducting a partial summation of the series in
(3.53), and performing some trivial algebra, we obtain the following form
W EG-DEGCHD
E(z-0E(z+7)
2 & ( sinhvx sinh hx
b
n=1

G(x,y;6,n) =

p— — hexphg)smvysmvn

hh hh
-3 Z sinh /1 sinh h§ sinvysinvy, x <§, (3.54)

hexp ha sinh ha
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of the Green’s function for the Dirichlet problem for the Klein—-Gordon equation on
the rectangle 2.

Note that G(x, y; &, ) valid for x > &, follows from (3.54) upon exchanging the
variables x and & in just the first of the two series, since the second is invariant to this
operation.

Also note that the formula for the Green’s function for the semi-strip, which was
earlier derived in (3.45), follows immediately from the one in (3.54), if a is taken to
infinity. This assertion is supported by the following features: (i) the logarithmic term
as well as the first series in (3.54) do not depend on a, and (ii) whereas the limit of the
second series term is zero, for @ going to infinity,

5 i sinh ix sinh h§ . 0
im ——————sinvysinvy = 0.
a—>00 i~ hexp ha sinh ha 4 L

Speaking of computational implementations based on the use of the equation (3.54),
note that, as we mentioned before, the first series in it is quite computer-friendly and
can be accurately assessed by suitable truncation.

In contrast, the second series in (3.54) is not uniformly convergent. It has a loga-
rithmic singularity, which shows up if both the observation and the source point are
approaching the edge x = a of the rectangle. This singularity can be separated from
the regular part and expressed then in a closed analytical form by following the ap-
proach we used earlier in Chapter 2, where we treated the Dirichlet problem for the
Laplace equation on a rectangle.

To further extend the list of boundary-value problems for the static Klein—-Gordon
equation, for which the method of eigenfunction expansion proves to be productive,
we now turn to a several other problem settings written in polar coordinates.

Example 3.21. Consider first the Dirichlet problem
u(r,0) =u@,a)=0 (3.55)
for the inhomogeneous Klein—Gordon equation

10 (ug)) |, 1 PuGe)
ror d or 2 0¢?

—k*u(r,@) = —f(r.¢) (3.56)

on the infinite circular sector Q(r, ¢) = {(r,9)|0 < r < 00,0 < ¢ < a} with angle
constrained to be between 0 and 2. In addition, we require that the solution u(r, ¢)
remains bounded when r approaches zero or infinity. Also, assume that the right-hand
side f(r,¢) in (3.56) is integrable on €2, that is

'//Q f(w)dQ(r,w)' < oo,
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We have learned in Section 3.2 that the method of images fails for such a setting.
But, as the current example shows, the method of eigenfunction expansion turns out
to be efficient.

To obtain the solution to the problem in (3.55) and (3.56) in the integral form

u(r.g) = /O [0 G(r.¢:0.9) f(@. V)odedy. (3.57)

where the kernel G(r, ¢; 0, V) is the Green’s function that needs to be found, we
express u(r, ) and f(r, ) as the following Fourier sine-series

u(r, @) = nX::l Up(r)sinvg, v = %, (3.58)
and
f(r.p) = Z fu(r)sinve. (3.59)

n=1
This yields the set of boundary-value problems

d?u,(r) ldun(r)_
dr? ror

2
(kz n ”—2) Un(F) = —fu(r), n=1,2,3,.... (3.60)
r
lim |u,(r)] < oo, lim |u,(r)| < oo (3.61)
r—0 r—>00

for the coefficients u,(r) of the series in (3.58). The equation in (3.60) is [33] a
modified Bessel equation whose fundamental set of solutions can be represented by
the modified Bessel functions of the first and the second kind, respectively, 7, (kr)and
K, (kr) of order v [37, 73, 74].

The Green’s function g, (7, ¢) for the homogeneous problem corresponding to (3.60)
and (3.61) can be constructed by using either the method based on the defining prop-
erties (see Section 1.1 of Chapter 1) or the method of variation of parameters (see
Section 1.3), yielding

I, (kr)K,(ke), forr <o,

(3.62)
I, (ko)K,(kr), forpo<r.

gn(r,0) = {

Omitting the details of the construction procedure, which are left to the Chapter
Exercises, we present the final series representation

2 & . :
G(r,p;0,¥) = 5 Z gn(r,0)sinvpsinvy (3.63)
n=1

of the Green’s function for the problem in (3.55) and (3.56).
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One particular case of the expansion in (3.63) leads us to a surprising observation:
assuming @ = 7, we find the series expansion

2 o0
G(r,p;0,%) = — Z Iy (kr)K, (ko) sinngpsinny  forr <o (3.64)

n=1

of the Green’s function for the Dirichlet problem for the Klein—-Gordon equation on
the half-plane 2 = {(r,¢)|0 < r < 00,0 < ¢ < 7}. Note that, in compliance with
(3.62), the variables r and g in (3.64) must be exchanged for o < r.

At this point, it is worthwhile to recall that in Section 3.2 we have already obtained
another alternative form of the Green’s function for the Dirichlet on the half-plane, by
making use of the the method of images. This formula is shown in (3.7) as

1
G(r.gi0.v) = 5 [Kolk/r2 = 2rocosty — ) + ¢2)

— Ko(k \/r2 —2rgcos(p + ¥) + 02)]. (3.65)

where the moduli of the expressions z — ¢ and z — E are expressed, for convenience,
in polar coordinates.

And this is where the actual surprise occurs: upon equating the two equivalent
formulas of (3.64) and (3.65), one arrives at the following relation for r < g,

Z I,(kr)K, (ko) sinng sinny = %[Ko(k \/r2 —2rocos(p — V) + 02) (3.66)

n=1

— Ko(k \/r2 —2rocos(p + ) + Qz)]

which is, in fact, a multi-variable identity for the modified Bessel functions.

To the authors’ best knowledge, the identity (3.66) is not available in the classical
texts on special functions (see, for example, [3, 73, 74]) and it cannot be found in the
existing handbooks like [1] or [27] either.

It is evident that several other particular cases of the expansion in (3.63) might
also generate interesting identities for the modified Bessel functions. Assuming, for
example, @ = /2 yields

4 00
G(r,p;0,¥) = P Z Iy (kr)Koy (ko) sin2ngsin2ny forr <o (3.67)

n=1

representing the Green’s function for the Dirichlet problem for the Klein—Gordon
equation on the quarter-plane Q = {(r,9)|0 < r < 00,0 < ¢ < 7/2}. Upon
equating (3.67) with its equivalent obtained earlier in Section 3.2 by the method of
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images as displayed in (3.12), we obtain another nontrivial identity

o0
Z Ion(kr) Koy, (ko) sin2ng sin 2nyr

n=1

2
= & Y [Kolk /1 ~ 21000500 — ((n — Dy + ) + 02)
n=1

— Ko(k \/r2 —2rgcos(p — (nw — ¥)) + ¢?)] (3.63)

for r < p, where for ¢ < r, on the left-hand side, the variables r and ¢ must be
exchanged.

We encourage the reader to derive several similar identities, by working the Chapter
Exercises.

Example 3.22. Consider the Dirichlet problem
u(R,p) =u(r,0) =u(r,7) =0

for the Klein—Gordon equation on the half-disk Q@ = {(r,¢)|0 <r < R,0 < ¢ < 7}
with radius R. In the Chapter Exercises, we present the reader with the challenge of
going through the derivation procedure in detail. Here, we just present an expression
for the Green’s function to this problem, which is obtained in the form

1
G(r.9:0.¥) = S—[Ko(k \/rz —2rgcos(p — V) + 0?)

— Kok \/r2 —2rocos(p + ¥) + QZ)]

2 > ]n(kr)ln(kQ)Kn(kR)
P I, (kR)

sinng sinny. (3.69)

n=1

Clearly, the Green’s function for the Dirichlet problem on the half-plane, displayed
in (3.65), follows from the one on the half-disk shown in (3.69), for R approaching
infinity. Indeed, the series term in (3.69) vanishes for R — oo, because of the evident
observation [27, 37]

- Kn(kR)
R—oo In(kR)

which directly follows from the asymptotic behavior of the modified Bessel functions
(for R — o0)

lim K,(kR) =0 and lim [,(kR) = oc.
R—o0 R—o0
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Example 3.23. For our final example, consider the following mixed boundary-value
problem

Ju(R, ¢)

or + Bu(R,p) =u(,0) =u(r,7) =0, B=>0, (3.70)

for the Klein—Gordon equation on the half-disk @ = {(r,¢)|0 <r < R,0 < ¢ < 7}
with radius R. The Green’s function for this problem can also be found using our
technique. After splitting off the singular component, we express it as

1
G930 9) = 5[ Kok \Jr2 = 2rgcosly — ) + 0?)

- Ko(k\/ﬂ —2rocos(p + ¥) + QZ)]

_ 2§ Lnlkn) kLG (KR) + B (R)
7 1 (kR) + PI (kR)

sinng sinny.
n=1

(3.71)

The Green’s functions for two other boundary-value problems can be obtained as
particular cases of this equation. First, the formula in (3.71) reduces to the (3.69) (the
Dirichlet problem for the half-disk), if the parameter 8 in the boundary condition of
(3.70) approaches infinity. Second, for § going to zero, equation (3.71) reduces to the
Green’s function

1
Glr.gi0.1) = 5 [Kolk/r? = 2rocosty — ) + ¢2)

— Ko(kJr2 —2rgcos(p + ) + 0?)]

2 o~ In(kr) I, (ko) K}, (kR)
o 2 1/ (kR)

sinng sinny (3.72)

n=1
for another mixed boundary-value problem on the semi-circle

M =u(r,0) = u(r,7) =0.
ar

The range of boundary-value problems for the static Klein—-Gordon equations, for
which Green’s functions can potentially be constructed with the aid of the method of
eigenfunction expansion, is not limited to the cases considered in this section. The
reader can readily use the experience gained in this chapter to obtain compact formu-
las for other Green’s functions.
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3.4 Three-Dimensional Problems

As we have already outlined, this book is primarily intended to deal with partial dif-
ferential equations in two dimensions. However, in a number of places in this book,
we also bring forward the construction of Green’s functions for three-dimensional
problems. In the present section, we intend to provide the reader with a few sample
settings for the static Klein—-Gordon equation in three dimensions. It will be shown
that the methods of images and eigenfunction expansion, which appeared efficient in
two dimensions, have potential for application to three-dimensional problems as well.
Taking into account the form

exp(—k|P — QJ)
4m|P — Q|

(3.73)

of the fundamental solution of the three-dimensional static Klein—-Gordon equation
[3, 37], its Green’s function for the well-posed boundary-value problem

V2u(P) —k*>u(P) =0, P eD, (3.74)

Tu(P)]=0, PeS, (3.75)

in a simply-connected region D bounded with a piecewise smooth surface S can be
written as

exp(—k|P — Q)

G(P, Q)= 7P — 0]

+ R(P,0), P,QeD, (3.76)

with R(P, Q) representing the regular component of G(P, Q).

Hence, similar to two-dimensional problems, finding a three-dimensional Green’s
function for the Klein—Gordon equation is a matter of finding the regular component
R(P, Q). A number of 3-D Green’s functions can be constructed with the aid of the
method of images. We illustrated this assertion with the following examples, starting
with the simplest of them.

Example 3.24. Construct the Green’s function for the Dirichlet problem for the
Klein—Gordon equation in the half-space D = {z > 0}.

Placing a unit source, generating the field defined by (3.73), at an arbitrary point
Q(&,n,¢) in D, we compensate its trace on the boundary plane z = 0 with the unit
sink

_exp(—k(x =82+ (y —n)? + (2 +)?)
A/ (x =62+ (y =12 + (2 +0)?

located at Q*(&,n, —¢) symmetric to Q(£, 7, ¢) with respect to the plane z = 0.
Clearly, the function in (3.77) is a solution of the Klein—-Gordon equation everywhere

(3.77)
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in D, and the sum of (3.73) and (3.77)

Gleyozibn )= L (exp(—k\/(x “D 00D
4 VE =82+ —n?+(z—0)?
_exp(ky(x =62+ (v =2+ (2 +)?)
VE =82+ —n?+(z+0)?
as a function of the coordinates of the field point P, satisfies the Klein—Gordon equa-
tion everywhere in D except for (x, y,z) = (&€, n,). Additionally, it contains the

fundamental solution singularity, and vanishes on the boundary z = 0 of D. In other
words, it does, indeed, represent the sought-after Green’s function.

), (3.78)

Example 3.25. Construct the Green’s function for the Dirichlet problem for the three-
dimensional Klein—-Gordon equation in a sphere of radius a.

To derive the required Green’s function, we follow procedure used in Chapter 2 for
the case of Laplace equation. Similar to that case, for any location of the source point
inside the sphere, there exists a proper location for a compensatory sink outside of the
sphere so that the face of the sphere represents a surface of zero potential for the field
generated by both the source and the sink.

The only thing different in the current case, compared to the case of Laplace equa-
tion, is the form of the fundamental solution in (3.73). Hence, with the field point
and the source point, in spherical coordinates, denoted by P (r, ¥, ¢) and Q(p, x, V),
respectively, the expression for the Green’s function for the Dirichlet problem for the
Klein—Gordon equation stated in a sphere of radius a is found as

1 (exp(—kIP— Q) exp(—k|P — 0*)
G(P’Q)‘4n( P 0] P07 )

with the distance between P and Q defined in spherical coordinates as

(3.79)

|P— Q| = \/r2—2r/ocosy+,o2

— —
and with y representing the angle between the vectors P and (. We define an ex-
pression for cos y in terms of the spherical angle coordinates of P and Q as

sin ¥ sin y cos(¢ — ¥) + cos ¥ cos y.

The term | P — Q™| in (3.79) represents the distance between the field point P and the
compensatory sink point Q*, located outside the sphere and is defined as

1
|P— Q% = —\/rz,o2 —2a%rpcosy + a*.
a
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Example 3.26. Construct the Green’s function for the Dirichlet problem for the 3-D
static Klein—Gordon equation in the infinite layer D = {0 < z < h} of width h.

Following the method of images as applied to the corresponding problem for the
Laplace equation, in Chapter 2, we set out to write a series representation of the
required Green’s function. That is, if we place the unit source

exp(—ky(x — 8 + (v —)? + (2= 0)?)
ary(x =62+ (y =) + (-2

at an arbitrary point (£, 1, {) inside D, then the traces of (3.80) on the boundary planes
z = 0 and z = & can be canceled out by the unit sinks

_eXp(—k\/(X -2+ -2+ (= +0?
Ar(x =62+ (y -2+ (z+0)?

(3.80)

G()(X, y,Z;S, 7’],{) =

GO(x’va;g’ n, _;‘) =

and

Cexp(=kv/(x =62+ (y =) + (2 + - 2h)?)
=0T+ (=02 + ( + L 2h)?
placed at (¢, n, —¢) and (&, n, 2h — ), respectively.

Clearly, Go(x, y,z;&,n,—¢) and Go(x, y, z; €, n,2h — ) leave non-zero traces on
the boundary planes z = 0 and z = h. To compensate those, we place the unit sources

exp(—kv/(x — )2+ (y =) + (z = +2h)?)
ary/(x =62+ (y =) + (z — L +2h)?

Go(x,y,z;6,7,2h — ) =

Go(x,y,z;6,n,—2h +§) =

and

exp(—k/(x —§)2 + (y —)? + (2 = £ —2h)?)
I T LR e R S e
at the points (&, n, —2h + ¢) and (&, n, 2h + {), respectively.

Traces of Go(x, y,z;&,n,—2h + {) and Go(x, v, z; €, n,2h + ) on the boundary
planes can then be compensated with the unit sinks

_exp(—kV(x =2 + (y — )2 + (= + L+ 2h)?)
dry(x—E)2 + (y =) + (2 + ¢+ 2h)?

GO(X’)”Z;gﬂ%Zh‘f'z) =

Go(x,y.z;€E,n,-2h —0) =

and

_exp(=kv/(x =62 + (y =) + (2 + L —4h)?)
4V (x = )2+ (y =2 + (z +§ — 4h)?
placed at (¢, n, —2h — ¢) and (&, n, 4h — (), respectively.

Go(x,y,z:6,n,4h =) =
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Following the established pattern, we place N appropriate pairs of compensatory
sources and sinks and sum the field they generate:

1 N
o 2 [Golx.y, z:60,¢=2nh) = Go(x, y, ;6,1 2nh = O]

n=—

Taking the limit for N approaching infinity, we obtain the infinite series

G s Vo s s 1y =
R S/ rers e e Py vy

exp(hy/ G B2 (P G- 2h)2)) (3:81)
VE=7+ 0 —m?+ e+ —2uh)?

representing, the sought-after Green’s function.
It is evident that the first additive component in the n = 0 term of the series in
(3.81)

1 i (exp(—k\/(x -5+ —n*+(E—-t+2nh))

exp(—k/(x — £+ (y —n)? + (2 = ¢)?)
VE =62+ -n?+(z-0?

represents the fundamental solution to the three-dimensional static Klein—Gordon
equation. This implies that if the n = 0 term is omitted then the series in (3.81)
must converge uniformly in D.

To illustrate the potential of the eigenfunction expansion method in the construction
of Green’s functions for the three-dimensional Klein—Gordon equation, we present the
following sample problem.

Example 3.27. Construct the Green’s function for the homogeneous boundary-value
problem corresponding to

Zu  *u  9%u

2, _
ax—z-i-ay—z—}-p—k u=-—f(x,y,z), (x,y,z)eD, (3.82)
u(x,y,0) = u(x,y,h) =u(x,0,z) =u(x,b,z) =0, (3.83)
0u(0.y.2) —Bu(0,y,2) =0, lim |u(x,y,z)| < oo (3.84)
0x xX—>00

in the semi-infinite bar D = {0 < x < 00,0 < y < b,0 < z < h} with rectangular
cross-section. Note also that the parameter 8 in (3.84) is supposed to be non-negative.
Recall that once the solution of the problem in (3.82)—(3.84) is found in the form

h b oo
u(x,y.7) = /0 /0 /0 Ky, z2 0.0 fEn.DADEDE  (3.89)
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the kernel K(x, y, z; €, n, ¢) in the above integral is immediately recognized to be the
Green’s function to the corresponding homogeneous problem.

Taking into account the boundary conditions in (3.83), we expand the functions
u = u(x,y,z)and f(x,y,z) into the double Fourier series

o0
ux,y,z) = Z Umn(x) sin py sinvz (3.86)
m,n=1
and
o0
fx.y.2)= ) fma(x)sinpysinvz (3.87)
m,n=1

with @ and v defined in terms of the summation indexes of the series as = mn/b
andv = nn/h.

Upon substituting (3.86) and (3.87) into (3.82), we arrive at the boundary-value
problem

2
d L;r;nZ(X) AU (X) = — fun(X), A% = 12 + 02 + k2, (3.88)
d 0
Dumn©) g 0 =0, lim [t (x)] < 00 (3.89)
dx xX—>00

for the coefficients 1,5, (x) of the series in (3.86).

If gmn(x, &) represents the Green’s function to the homogeneous problem corre-
sponding to (3.88) and (3.89), then the solution to the problem itself can be written
as

i () = /O G (5. £) fram (B)dE. (3.90)

Earlier in Chapter 1, we constructed the Green’s function g, (x,§) (see Exam-
ple 1.15). Using our current notation, it reads as

_ U (ax—el L A= B e
gmn(x,§) = o (e + 1 +ﬁe .

We substitute the series coefficients fy,,(x), expressed in terms of f(x, y, z) as

h b
fn) = o /0 /0 F(e.n.2) sin oy sinvidnde

into (3.87), and then substitute then 4,5, (x) into (3.86), reducing the solution of the
boundary-value problem in (3.82)—(3.84) to

h pb
u(x,y,z) =/ / /Ooi s l (e_ux—él +ﬂe—x(x+g))
o Jo Jo bhmz,nﬂk A+ B

x sinpy sin unsinvzsinvlf(&,n,0)dD(&,n,). (3.91)
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Hence, in light of the relation in (3.85), we conclude that the kernel of the integral
in (3.91)

G(x,y,z;E,n,0) = 2 i l e Ax—El ’\_ﬂe—x(xﬂ&)
s Vs 4Gy lfs bh moa—1 A, A + ﬁ

x sin py sinunsinvzsinv¢ (3.92)

represents the Green’s function for the homogeneous boundary-value problem corre-
sponding to (3.82)—(3.84).

3.5 Chapter Exercises

1. Construct the Green’s functions for the static Klein—Gordon equation on the
semi-infinite strip Q = {(x,y)|0 < x < 00,0 < y < b} for the following
boundary-value problems:

(@) 0u(0,y)/dx = u(x,0) = u(x,b) = 0;
(b) du(0,y)/dx — pu(0,y) = u(x,0) = u(x,b) = 0.
2. Construct the Green’s function for the static Klein—Gordon equation on the infi-

nite circular sector 2 = {(r, ¢)|0 < r < 00,0 < ¢ < «} for the boundary-value
problem

u(r,0) =0, ou(r,a)/dp =0
and obtain, as a particular case (for « = ), the Green’s function for the corre-

sponding mixed boundary-value problem on a half-plane.

3. Derive an expression for the Green’s function for the static Klein—-Gordon equa-
tion on an infinite circular sector shown in (3.63).

4. Construct the Green’s functions for the static Klein—Gordon equation on the
half-disk Q = {(r,¢)|0 <r < R,0 < ¢ < &} with radius R for the following
boundary-value problems:

(a) u(r,0) = du(r,m)/dp = u(R, ) = 0;
(b) u(r,0) = u(r,m)/dp = du(R,¢)/dr = 0;
(c) u(r,0) = du(r,m)/d¢p = Ju(R,¢)/or + pu(R,p) =0, > 0.

5. Construct the Green’s functions for the static Klein-Gordon equation on the
disk Q = {(r,¢)|0 < r < R,0 < ¢ < 27} for the following boundary-value
problems:

(@) u(R,¢) =0;
(b) du(R,@)/or + Bu(R,p) =0, 8 > 0.
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Derive an identity for the modified Bessel functions by assuming ¢ = 7/3 in
(3.63).

Derive an identity for the modified Bessel functions by assuming « = 7/4 in
(3.63).

8. Construct the Green’s function shown in (3.69).

10.
11.

12.

Construct the Green’s function shown in (3.71).
Construct the Green’s function shown in (3.72).

Use the method of images to construct the Green’s function for the mixed prob-
lem

du(x,y,h)

u(x,y,0) =0,
0z

0
for the three-dimensional static Klein—-Gordon equation in the infinite layer D =
{0 < z < h} of width h.

Use the method of eigenfunction expansion to construct the Green’s function
for the three-dimensional Klein—-Gordon equation for the Dirichlet problem in
the parallelepiped D = {0 < x <a,0 <y < b,0 <z < h}.



Chapter 4
Higher Order Equations

So far in this book, we have been involved with second order elliptic equations. In
Chapters 2 and 3, we developed efficient approaches to the construction of Green’s
functions for the two-dimensional Laplace and the static Klein—-Gordon equation. In
this chapter, we concentrate on applied higher order elliptic equations and systems.
We will consider particularly the biharmonic equation, which finds many important
applications in engineering and science, and its Green’s functions are very rare in the
literature. This equation is traditionally linked to a number of physical phenomena
and processes. It is associated, for example, with the plane problem in the theory of
elasticity [7, 19, 26, 31, 38, 45, 47, 71]. Another application of the biharmonic equa-
tion in mechanics is tied to the bending of thin plates made of isotropic homogeneous
elastic materials and considered within the scope of the so-called Poisson—Kirchhoff
model [32, 47, 60, 72].

This chapter strives to make our technique, as developed earlier for second order
elliptic equations, also workable for higher order equations. It is our objective to de-
velop, for example, a working methodology that aims at the construction of Green’s
functions for boundary-value problems for the biharmonic equation on regions of
standard shape. We will then extend our elaborations to other higher-order elliptic
equations and systems (also applicable to several problem settings in the Poisson—
Kirchhoff plate and shell theory), for which the technique that we developed for the
biharmonic equation, also turns out to be productive.

This chapter is organized similar to the cases of the Laplace and static Klein—
Gordon equation treated in Chapters 2 and 3. In a short opening section we plot
the course for a specific approach that was productive for second order equations, and
show how it will be used for the construction of Green’s functions for the biharmonic
equation. Our approach is based on an integral representation of the solution of a
well-posed problem for the inhomogeneous equation subject to homogeneous bound-
ary conditions.

Section 4.2 is devoted to the construction of Green’s functions for the biharmonic
equation for problems formulated in Cartesian coordinates on which we will impose
various boundary conditions. In Section 4.3, we present several results for a number of
problems in a circular region. Note that whilst formulating particular boundary-value
problems, we stay focused on specific settings that occur in mechanics. Section 4.4 di-
rects our interest to another fourth order elliptic equation, which arises in the analysis
of the stress-strain state of thin elastic plates, resting on an elastic foundation. Sec-
tion 4.5 touches upon an eighth order elliptic system modeling several shell problems.
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4.1 Definition of Green’s Function

We start this section by providing a backdrop for our involvement with the bihar-
monic equation. In doing so, we will sketch an approach to the construction of its
Green’s functions. This approach will later be applied to a number of boundary-value
problems.

Let €2 represent a simply connected region in two-dimensional Euclidean space,
bounded by a piecewise smooth contour L.

To introduce the basic idea of our approach, consider the well-posed boundary-
value problem

V2V2w(P) = —f(P), P e, 4.1
Bi[w(P)] =0, Byw(P)]=0 PelL, (4.2)

where V? represents the Laplace operator written in terms of the coordinates of the
field point P and the right-hand side function f(P) is assumed to be integrable on 2.
B and B, are linear differential operators specifying the boundary conditions im-
posed on L.

From the qualitative theory of partial differential equations [3, 18, 22, 25, 39, 53,
54, 57, 61, 66, 67, 77], it follows that the solution w(P) to the problem in (4.1) and
(4.2) can be expressed in compact integral form

w(P) = [/Q G(P.0)f(0)dRUAQ). P eq. 43)

in terms of the Green’s function G(P, Q) for the homogeneous (with f(P) = 0)
boundary-value problem corresponding to (4.1) and (4.2).

Hence, once a computer-friendly form of the Green’s function G(P, Q) has been
found, the relation in (4.3) provides an explicit expression for the solution to the prob-
lem in (4.1) and (4.2), for which G(P, Q) turns out to be a key part of the resolving
operator.

On the other hand, the relation in (4.3) provides us with a hint as to a possible
strategy for the construction of the Green’s function: instead of looking for a direct
method for obtaining G(P, Q) by using, say, its defining properties, we might choose
an indirect path. That is, we want to develop a procedure that expresses the solution to
(4.1) and (4.2) in the integral form of (4.3). Indeed, if such a procedure is developed
and the solution w(P) is found as the integral in (4.3), then the sought-after Green’s
function G(P, Q) appears explicitly as the kernel of that integral representation.

Before continuing our actual presentation and in order to maintain a flexible ter-
minological background for our developments, it is convenient to turn to a physical
interpretation of the notion of the Green’s function G(P, Q) for the homogeneous
problem corresponding to (4.1) and (4.2). This can be attained by recalling a process
or phenomenon which is mathematically modeled by (4.1) and (4.2). In doing so, we
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assume that the middle plane of a thin elastic plate, undergoing a lateral load directly
proportional to the function f(P), occupies the region 2.

Within the scope of the above interpretation, the setting in (4.1) and (4.2) can be
thought of as a mathematical model for the bending of the plate, with w(P) represent-
ing the plate’s lateral deflection. In mechanics, the Green’s function G(P, Q) is called
the influence function of a unit concentrated force [45, 47, 72] and is interpreted as
the deflection of the middle plane of the plate at P due to a lateral unit point force
applied at Q.

Similar to the cases of Laplace and static Klein—-Gordon equation, the Green’s func-
tion G(P, Q) of the two-dimensional biharmonic equation can be split into a singular
and a regular component. The singular component of G(P, Q) represents the funda-
mental solution

1
S(Q,P):Q|P—Q|2ln (4.4)

P = Q|

of the homogeneous biharmonic equation [3, 39, 45, 47]. With S(P, Q) available in a
closed form, the construction of G(P, Q) focuses on its regular component R(P, Q).
Note, however, that the procedure for obtaining Green’s functions advocated in this
book does not target the regular component alone. Instead, our procedure allows us
to at once obtain both the singular and the regular components. It is also important
to note that the word “singular” must be put in quotes because it can only condition-
ally be applied to the term in (4.4). The point is that, as can easily be justified by
L’Hopital’s rule, the limit of S(P, Q) since Q — P exists, it is equal to zero. That is,

lim [P — Q)*In 0.
—P

P=0

Hence, the component S(P, Q) itself has no singularity, and the word “singular”
refers to the logarithmic singularity of the second order derivatives of S(P, Q) with
respect to the coordinates of the observation point P.

In contrast to the case of the Laplace equation, only a limited number of Green’s
functions for the biharmonic equation are available in the current literature. We will
review them and propose a derivation procedure which proves efficient for a number
of boundary-value problems. The procedure is based on the method of eigenfunction
expansion [29, 66].

4.2 Rectangular-Shaped Regions
In this section, we will consider number of boundary-value problems for the bihar-

monic equation on standard rectangular-shaped regions (infinite strip, semi-infinite
strip and rectangle). These problems represent just examples, illustrating the poten-
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tial of this procedure for the construction of Green’s functions. As to the boundary
conditions imposed for all the problems considered herein, we keep in mind the plate
theory applications and try to allow for interpretation of our problems, in a physically
meaningful way in mechanics.

Example 4.1. To illustrate the basics of the method, we begin with a simple problem.
Consider the inhomogeneous biharmonic equation

02 4 02 %w(x,y) . ?w(x,y)
0x2 = 0dy2 0x2 dy2

)=—f(x,y), (r.y)€Q. (@45

set up on the rectangular region Q = {(x,y)|0 < x < @,0 < y < b}. Assume
equation in (4.5) to be subject to the boundary conditions
9%w

= 0, w = —:-

92w

a2

= 0. (4.6)

The above is one of the classical settings in the so-called Poisson—Kirchhoff plate
theory, where w(x, y) in (4.5) and (4.6) is interpreted as the lateral deflection of a
rectangular plate whose edges are simply supported, whilst the plate undergoes an
exterior lateral load directly proportional to the function f(x, y).

A specific form of the boundary conditions in (4.6) makes it possible to expand
the solution w(x, y) of the boundary-value problem in (4.5) and (4.6) into the double
Fourier sine-series

[e.¢]
w(x,y) = Z Wmp SID QX sinvy, w = V= 4.7)

m,n=1

Clearly, the above formula is the expansion of w(x, y) in terms of its eigenfunc-
tions, which makes it satisfy all the boundary conditions imposed in (4.6).

Continuing the method of eigenfunction expansion, we now represent the right-
hand side function f(x, y) of the equation in (4.5) in the identical double sine-series
form

o0
fx,y) = Z fmn Sin px sinvy. 4.8)
m,n=1

Substituting (4.7) and (4.8) into (4.5) and combining like terms in the left-hand side
yields

[e.e] o
Z (/L4 + Zuzvz + v4) Wppp SID QWX SINVY = — Z fmn sin px sinvy
m,n=1

m,n=1
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from which, after equating the corresponding coefficients of the trigonometric series
and performing some trivial algebra, we obtain

o o
mn — — -  __5-
(12 +02)*
Now, substitution of wy,, into (4.7) yields
. fr
w(x,y) =— Z —"__§inpxsinvy. 4.9)

2
m,n=1 (Mz + Vz)
Upon recalling the Euler—Fourier formula [16, 35] and adapting it to the double-

series situation, we express the Fourier coefficients f;,, of the right-hand side func-
tion f(x,y) as

a pb
fon = fo [0 F(€, 1) sin € sin vnd Ed,

Substituting f,, into (4.9), we obtain the solution to the boundary-value problem
in (4.5) and (4.6) in the form

4 a rb ) , sin ux sin vy
w(x,y) = - Z / / SE m)sinpésinvndédn | ——
a m,n=1 0 Jo (MZ + U2)

which reduces to a more compact form by exchanging the order of summation and
integration. That is,

wix.y) = — / / Z sm/ucsmugsmvys.1nv77f(S ndedy.  (.10)

m,n=1 2)

This exchange, is well justified by the uniform convergence of the double-series
involved in this problem.

Hence, once the solution to the problem in (4.5) and (4.6) is obtained in the integral
form of (4.3), the kernel

4 sin px sin wé sinvy sin vy

b m,n=1 (Mz + VZ)Z

G(x,y:6.n) = 4.11)

of (4.10) represents the Green’s function for the homogeneous (with f(x,y) = 0)
problem corresponding to (4.5) and (4.6).

Note that the series in (4.11) converges at a relatively fast rate. It is also evident that
the convergence is uniform on €2, implying that it is not affected by the locations of
the field point (x, y) and the force application point (£, 7). These observations justify
concluding that the (4.11) is convenient for direct computer implementations.
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Example 4.2. Consider the boundary-value problem stated as

92 9\ (Pw(x,y)  Pw(x,y)
a2 T a5 = - Q 4.12
(8X2 + ayZ) ( ax2 + 8y2 ) f(X, y)’ (X, Y) € ) ( )
and
2
—a—lf —ow="" = (4.13)
8y y=0,b dx x=0

on the semi-infinite strip-shaped region Q = {(x, y)|0 < x < 00,0 < y < b}.

In addition to the boundary conditions of (4.13), the solution of the problem w(x, y)
is required to be bounded as x approaches infinity. This requirement is important to
ensure finding a unique solution for the problem.

To obtain the solution of the boundary-value problem in (4.12) and (4.13), we ex-
press it in the Fourier sine-series form

w(x,y) = Z wp(x)sinvy, v=— (4.14)

n=1

and expand the right-hand side function f(x, y) of (4.12) in the identical sine-series
form

f(x.y) = an(x) sinvy. 4.15)

n=1

Representation (4.14) satisfies the two conditions in (4.13), which are imposed on
the boundary fragments y = 0 and y = b of Q. Similar to the development in
the previous example, we now substitute the expansions from (4.14) and (4.15) into
(4.12) and (4.13), and equate the corresponding coefficients of the two Fourier sine-
series that arise on the right-hand side and the left-hand side of (4.12). This results in
the following set (n = 1,2, 3,...) of boundary-value problems

;”;’fx) L ;””Z(x) Fvtw () = —fu(x), x€(0.00),  (4.16)
wy (0) = d“;”x(o) =0 (4.17)
and
dwy (x)

(4.18)

lim |w,(x)] <oo, lim ‘
X—>00 X—>00 X

for the coefficients w;, (x) of the series in (4.14).
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The Green’s function of the homogeneous problem ( f,(x) = 0) corresponding
to (4.16), (4.17) and (4.18), g»(x, &), has been derived earlier (see (1.118) in Exam-
ple 1.17 of Chapter 1). Using our current notation, we reproduce g, (x, £) here as

gn(x,§) = 417[(1 +v(x +£) + 20%xE)e " OFE — (1 v)x — e E.
4.19)

Notice that this expression for g, (x, §) is written, in contrast to (1.118), in a com-
pact single-piece formula, valid for any location of the variables x and &. This is
possible due to the symmetry of g, (x, §), which provides g, (x, &) = gn(§, x), and
by using the absolute value function |x — &|.

Theorem 1.4 of Chapter 1 suggests that the solution wy (x) to the boundary-value
problem in (4.16)—(4.18) can be written in terms of g, (x, £) as the improper integral

[e.¢]
wn(0) = [ gnx8) (618
the convergence of which is ensured by two features of its integrand: first, the Green’s
function g, (x, &) is integrable on (0, c0) and second, the right-hand side function
fn(§) of (4.16) is also integrable on (0, co). Clearly, the second assertion is a direct

consequence of the integrability of f(x, y) on .
Using the Euler—Fourier formula

b
fu®) =5 [ 1€ msinvnds

to expressing the Fourier coefficients f; (£€) of f(x, y) on the right-hand side of (4.12),
we rewrite the wy (x) as

2 b poo
wn(0) =5 [ [ a0 sinvns (e nagan,
After substituting the above into (4.14) and exchanging summation and the inte-

gration, the solution of the boundary-value problem in (4.12) and (4.13) is ultimately
found to be the double-integral

b roo o
ween = [ f (%;gn(x,s>sinvysinvn)f(s,mdsdn

the kernel of which

SN

o0
G(x,y;6.m) = Zgn(X,E) sinvy sinvy (4.20)
n=1
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is the Green’s function of the homogeneous problem corresponding to (4.12) and
(4.13), with (x, y) and (&, ) representing the observation and the force application
point, respectively.

Note that, because its convergence rate is too low, the series form in (4.20) is not
efficient for computer implementation. This notably restricts its practical value and
hinders its direct numerical use. We suggest the following strategy to eliminate the
deficiency of the series in (4.20): finding its slowy converging component, we isolate
it, and sum it analytically, resulting in a part analytic-part series form of the Green’s
function, where the series component converges rapidly.

To accomplish this, we substitute g, (x, &) from (4.19) into (4.20) and split up the
first additive exponential term in g, (x, £). This transforms G(x, y; €, n) into

I o (xE _ ~ : :
G(x,y;E,n) = - Z (—e v L7 (. E)) sinvy sin vy, 4.21)
b —\v
where
—_ I+vix+§) _ Il—vx—§& _ |, _
(1. £) = %e Ve %e vlx—tl

Of the two series in (4.21), the second one (with the coefficient g, (x, £)) converges
at the rate 1/n2, whereas the convergence rate of the first series in (4.21) is of the order
1/n. So, the first step in improving the practicality of (4.20) is a success. Indeed, its
slowly converging component is already isolated. To complete the job, we must sum
the first series in (4.21). In doing so, we take out the factor x£ and transform it by
applying the standard trigonometric identity

(4.22)

sina sin 8 = %[cos(oz — B) —cos(a + B)]

yielding
O v (x+§)
——sinvysinvy (4.23)
n=1 v
1/, e vix+E) O o—v(x+§)
= E(Z Tcosv(y —n) — Z Tcosv(y + r]))
n=1 n=1
1 [ (e PGtE)n X (e Px+O)n
= 2—( ———cosnp(y —n) — ———cosnp(y +T)))7
p n=1 n=1
where p = 7 /b.

The two series in (4.23) are completely summable. This can be shown with the aid
of the classical summation formula

n

o0
Zr—cosnﬁ=—ln\/l—2rcosz9—|—r2 (4.24)
n

n=1

which we have repeatedly referred to earlier in our book.
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The parameters r and ¢ for the series in (4.23) are defined as
r=e PO and ¥ = p(y £ 1)

and it is evident that they meet the constraints

r2<1 and 0<9 <2m
required for the summation formula in (4.24).
Hence, the series in (4.23) sums to

1 00 (e—p(x+$))n 0 (e—P(X‘FE))n
5( cosnp(y —n) — Z TCOS’IP(J’ +77))

1
2p

—In \/1 — 2e_P(x+$) CcOS p(y — r]) + e—2p(x+5))

1 1 —2e=P0+8) cos p(y + 1) 4 e~ 22 +E)
—In .
2p 1— 2e—P(X+§) Ccos p(y — n) + e—Zp(x—i-g)

Multiplying the numerator and the denominator of the radicand by e??™+€)  we
can reduce the above expression to

1 | 1 —2eP&+8) cos p(y + 1) + e22(x+8)
—1In
2p 1 —2ePG+8 cos p(y — 1) + e2P(x+8)

which can be written in a more compact form by introducing the complex variables
z = x +iyand { = £ + in for the observation and the force application point,
respectively: it reads as the real-valued function of z and ¢

1 |1 —eP(Etd)]

—In——, (4.25)
2p |1 —epEHD)

where the bar on ¢ denotes the complex conjugate of £, that is E =&—in.
Hence, the function in (4.25) is the sum of the first series in (4.21), so that the entire
expression for the sought-after Green’s function is ultimately found as

‘ xE |1 _ep(2+§)| 1 & _ ' '
G(x,y;€,n) = Elnm + E’;gn(x,“g‘) sinvy sinvn. (4.26)

It is evident that, compared to (4.20), this formula has greater practical merit, be-
cause the series in (4.26) converges at a faster rate 1/n2. Later in this section, we will
examine the convergence issue in detail. This makes it possible to accurately compute
values of G(x, y; &, n) in (4.26) by truncating its series component appropriately.
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Later in this section, we will examine series similar to the one in (4.20) and ad-
dress the issue of their convergence in more detail. We will provide an analysis of
differential properties, which are of great importance in mechanics in order to obtain
the so-called stress-related components of the stress-strain state of a plate undergoing
transverse loads.

Example 4.3. The technique based on the eigenfunction expansion can be used suc-
cessfully in the construction of Green’s functions for the semi-infinite strip-shaped
region with other types of boundary conditions imposed: consider the case with the
boundary conditions

=0 (4.27)
y=0,b

imposed on the boundary segments y = 0 and y = b, whilst the conditions
92w n 9%w
— O’_
dx2 8y2 x=0

d [0%w 0%w
(s 06—
dx (8x2 +@=0) 8y2)

are imposed on the segment x = 0. In mechanics, the conditions in (4.28) and (4.29)
model the so-called free edge, with o representing the Poisson ratio of the isotropic
elastic material of which the plate is made.

We derive the Green’s function for the problem defined by (4.27)—(4.29) in the form
of the series expansion shown in (4.20). The coefficient of that expansion gy (x, &)
represents, in this case, the Green’s function of the homogeneous boundary-value
problem

=0, (4.28)

=0 (4.29)

x=0

4 2
4 ;U;fx) ~2,24 :IU”Z(X) + 4w, (x) =0, x €(0,00), (4.30)
2
) o2y 0) = 2O _ o120
dwp (x)

(4.32)
x

lim |w,(x)] <oo, lim ‘
X—>00 X—>00

with v defined as nm/b.
Leaving details of the derivation procedure as an exercise for the reader, we present
an expression for the Green’s function of the problem in (4.30)—(4.32)

L+vlx =& )
e Bt
(4 + (1 + 0)2) + (1 _G)Z(X +§ + 2vx§) eV t+E)
4v3(1—-0)(3+0)

gn(x"i:) =
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In this case, we can improve the convergence of the series in (4.20) in a manner
similar to what we used in Example 4.2. We recommend the reader to explore the
issue in detail, in order to gain a deeper understanding.

The Green’s function of the biharmonic equation stated on the semi-infinite strip
with boundary conditions

2 2
wzzg—f =0, w=a—1§ =0 (4.33)
Y= ly=0,b dx x=0
is represented by the expansion shown in equation (4.20), with the coefficient g, (x, s)

(e f) = AT VEFE) —vry  THVIX ] gy,
4p3 4v3

Derivation of the above expression is a more or less routine procedure, given the
experience that we gained in our earlier work, and we believe that it can be left as an
exercise for the reader.

(4.34)

At this point in our presentation, we will revisit the rectangular region and retrace
the procedure based on the eigenfunction expansion, as applied to a problem for the
biharmonic equation with boundary conditions different from those of Example 4.1.

Example 4.4. Consider the boundary-value problem

02 02 d
w=""> —0, w=S2| =0, w="2| =0 (435
ay y=0,b dx x=0 dx x=a
for the biharmonic equation on the rectangular region Q = {(x,y)|0 < x < a,0 <

y < b}.

The Green’s function for this problem reduces to the series in equation (4.20),
whose coefficients g, (x, £) represent the Green’s function for the following bound-
ary-value problem

d*wy,(x) o2 d?w, (x)

dx4 g2 T viw, (x) = 0,x € (0,a), (4.36)
2
0
wn (0) = dw—"z() =0, wn(a) = dun(@) _, (4.37)
dx dx

where v = nn/b.
Following our routine but quite cumbersome procedure, we derive the Green’s func-
tion for the problem in (4.36) and (4.37) as
1
gn(x, &) = m{vx coshvx[2v(§ — a) coshv€é — sinh v(§ — 2a) — sinh vE]
v
— sinh vx[v€ coshv(§ — 2a) — sinh v (€ — 2a)
+ v(§ —2a) coshvE + (2v2a(§ — a) — 1) sinh vE]},
x <&, (4.38)

where A* = sinh2va — 2va.
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Note that due to the problem in (4.36) and (4.37) being self-adjoint, the expression
for g, (x, &), valid for x > £, can be obtained from the above by exchanging x and &.

It follows from what we considered so far, that Green’s functions for a number of
particular problems for the biharmonic equation can be expressed in the series form of
(4.20). Hence, the convergence of that series represents a critical issue in developing
Green’s function-based computational procedures.

Going to the exploration of the convergence of the series in (4.20), we turn to plate
theory applications and focus on plates undergoing a transverse point concentrated
force, in which case the corresponding Green’s function G (x, y; £, n) itself represents
the deflection of the plate, whereas in order to obtain the components of the stress-
strain state, caused by the point force, derivatives of the Green’s function are required.
So, differential properties of the series in (4.20) become critically important for users
of the Green’s function method.

To be more specific, we choose the problem in (4.33) as modeling the semi-infinite
strip-shaped plate with all the edges simply-supported. The Green’s function in (4.20)
in this case has the coefficient g, (x, £) as in (4.34). For any location of the observation
point (x, y) and the force application point (£, 1), the expansion in (4.20) converges
uniformly, and its rate of convergence is of order 1/n2. Hence, computational im-
plementations requiring just the Green’s function G(x, y; &, n) itself can be carried
out accurately, by appropriate truncation of the series. If, however, high-order par-
tial derivatives of G(x, y; &, n) are required (which is the case for components of the
stress-strain state), the situation becomes less trivial and needs more attention.

In the following, we will show that, as an example, the second partial derivatives of
the expansion in (4.20) represent non-uniformly convergent series that diverge loga-
rithmically when the observation point (x, y) approaches the force application point
(§,n). This agrees with the Poisson—Kirchhoff plate theory, which asserts that the
bending moments My and M), in the plate undergoing a transverse unit force concen-
trated at a point (£, ), are expressed as

?G(x,y:£.1) n UazG(x,y;E, 77))

My (x,y) =-D ( 9x2 9y2

and

PG(x,y:6.m)  PG(x,yi 1)
My,(x,y) =—-D +0o ,
y ( y ) ( ayz axz )
where D is referred to as the plate’s flexural rigidity, defined in terms of the thickness
of the plate and the properties of the homogeneous elastic isotropic material of which
the plate is made. The parameter o is, as mentioned before in Example 4.3, the
Poisson ratio of the material.
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After substituting G(x, y; €, n) from (4.20), with coefficients g, (x, £) from (4.34),
into the above equations, the latter convert to

D o0
M (x.y) = = Z{ [1 to o) E'} o vlx—]
n=1
+ |:(1 —o)(x+§) - H_TO] e_”(”é)} sinvy sinvy

and

D

[[1
My (x, y) = —%nzl{[ “:U +(1—-o)lx _gq evIx—l

1
- |:(1 —o)(x+§&)+ ﬁ] e_v(x+g)} sin vy sin v7.
v
These series representations can be summed readily with the aid of the classical
summation formula exhibited earlier in (4.24) and another standard formula (see [1,
27], for example)

ir" cosnd = L —reosd (4.39)
 1—=2rcos® + r2’ )
n=1
where
r2<1 and 0<9 <2m.
This finally yields
D (b(1 E(z—-0)E ¢
Mo y) = D[P0 0) | EG-DEGELD)
4b b1 E(z—0)E(z+70)

Rz-0 REz-9
+ (1 —0)|:|X—§| (EZ(Z—E) - EZ(Z—Z))

k48 ( R-(+0) _ R-(+0) )}}

E2(—(z+0) E*(-z+0)
(4.40)
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and

My(x,y) =—

2¢mr+®1E@—DE@+@
" 7 EC-0E(z+0)

o [ RE=D  Rz-9)
(1 C7)|:|)C §|<E2(2_z) EZ(Z—C))

_@+8<Re@+0) R@@+m)”

E2(—(z +0) E2(-(z+0)
(4.41)

with z = x + iy and { = & + in denoting the observation and the force application
point, respectively. The real-valued functions E(s) and R(s) of a complex variable s
are defined as

6= 1o ()
and

R(s) =Re (1 —exp (%s»

Thus, using the series form of the Green’s function in (4.20), the bending moments
My and My, caused in the plate by a force concentrated in a point, are obtained in a
closed readily computable form.

It is evident that the formulas for the bending moments we derived in (4.40) and
(4.41) contain a logarithmic singularity if the observation point z coincides with the
force application point {. The singularity is caused only by the logarithmic term
In(E(z—1{)). There are no other singularities: due to the presence of the factor |x —§&]|,
the non-logarithmic components containing the term £ (z — ¢) in the denominators of
(4.40) and (4.41) represent a removable singularity.

4.3 Circular-Shaped Regions

The series of examples that we tackled successfully in the previous section raises con-
fidence in our approach to constructing Green’s functions for the biharmonic equation
for problems on rectangular-shaped regions. In this section, our intention is to show
that the approach also turns out to be productive when considering circular-shaped
regions with various boundary conditions. In carrying out our intention, we first turn
to a classical problem the Green’s function of which is available in the literature, and
demonstrate that we can also find it following our recommended approach.
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Example 4.5. Consider the inhomogeneous biharmonic equation

2\ 2
Gor (r3r) + 302) w0 =t oen.  @ay

ror or r2 dgp2

on the circular region Q = {(r,¢)|0 < r < a,0 < ¢ < 27} and impose the boundary
conditions

dw(a.p)

0 4.43
o (4.43)

w(a,p) =0,

at the contour r = a of 2. Since r = 0 is a singular point in (4.42), we complete
specifying the problem by adding the boundedness conditions

Pw(r, ¢)

lim |w(r, ¢)| < oo, lim
r—0 r—0

to (4.42) and (4.43).

As to a possible physical interpretation of the above setting, we might consider a
case where the problem in (4.42)—(4.44) models the deflection w(r, ¢) of a thin circu-
lar plate (considered within the scope of the Poisson—Kirchhoff theory), made from an
elastic isotropic homogeneous material and undergoing a transverse distributed load
proportional to f(r, ¢). The plate’s edge r = a is assumed to be clamped, according
to the conditions in (4.43).

The Green’s function

1
2a?

(@® = |z1?) (@® = 1¢?) = |z = P 1n M} (4.45)

1
G(z,z)—g[ Tt
of the homogeneous problem corresponding to (4.42)—(4.44) has been known for
many decades (see, for instance, [39, 59]). For compactness, we introduce complex
variable notation in (4.45), for z = r(cos¢ + i sing) and { = p(cos ¥ + i sin )
denoting the observation and the force application point, respectively.

It is worth noting that (4.45) represents the only closed analytical form of Green’s
function for the biharmonic equation available in the literature. In what follows, we
show that the technique, developed earlier in this section, provides an alternative way
for deriving G(z, {) shown in (4.45).

Since the problem setting in (4.42)—(4.44) is 2 -periodic with respect to the vari-
able ¢, we assume the following trigonometric Fourier expansions for the functions

w(r, @) and f(r, p)

w(r, @) = %wo(r) + Z (wg (r) cosng + wy,(r) sinng) (4.46)
n=1
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and
flr,p) = %fo(r) + Z (fi(r)cosng + f,5(r)sinng). (4.47)
n=1

After substituting these equations into (4.42)—(4.44), we obtain the following set
(n =0,1,2,...) of boundary-value problems for the coefficients wy () in (4.46)

(d4 2d3 1+42n%d> 1+42n%d +n2(n2—4)

) wn (r) = — fu(r),

drt U rdr3 2 dr? 3 dr r4
(4.48)
2
lim [wn(r)] < 0o, Tim | D - o wn@) = T@ _o (449)
r—0 r—0 dr? dr

where we omit, for notational convenience, the superscripts on wy (r) and f,(r), since
both the cosine- and the sine-mode in (4.46) and (4.47) will be treated similarly until
a certain stage in the development.

It turns out that the problem in (4.48) and (4.49) is not in self-adjoint form. This
implies that if its Green’s function is constructed, it would not be symmetric. How-
ever, the property of symmetry can be restored by reducing (4.48) and (4.49) to self-
adjoint form. This can be achieved by introducing the integrating factor 2. Now, the
boundary-value problem in (4.49) for the homogeneous equation

4 3 d2 2 20,2
(r % +2r5 (1420 2)— : +r2" % + ("rz 4)) wa(r) = 0

(4.50)

is in a form for which the Green’s function must be symmetric.

Before we get down to the construction of Green’s function to the boundary-value
problem in (4.49) and (4.50), we must make important comment: it is impossible
to obtain a single fundamental set of solutions (the set valid for the entire range of
the parameter n = 0, 1,2,...) for the governing equation in (4.50). Indeed, three
individual instances (n = 0, n = 1, and n > 2) of (4.50) must be distinguished and
treated separately, because their fundamental sets of solutions are different.

First, consider n = 0, for which the problem in (4.49) and (4.50) reads

, d* Lo d3 d? +ld ) =o. @51)
Paa Y g T g Ty ) e = '
. | d%wo(r) _dwo(a)
rh—IPO |wo(r)] < oo, r]l_IR) 2 < oo, wola) = P 0. (4.52)

Clearly, equation (4.51) represents the well-known type of Cauchy—Euler [20, 33,
37]. Therefore, as its solution, we can try wo(r) = r¥, where k are to be deter-
mined by substituting this formula into (4.51). This yields the fourth order algebraic
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auxiliary equation
k(tk—1)(k—-2)(k—=3)+2k(k—1D(k—-2)—k(k—1)+k=0 (4.53)

for k. It can be readily shown that the above equation allows an analytic solution. In
order to obtain this, we rewrite its last two additive terms, thus reducing the equation
to

ktk —1)(k—2)(k—3)+2k(k—1(k—2)—k(k—2)=0
Factoring out the term of k(k — 2), we have
k(k —2)[(k —D(k—3)+2(k—1)—1]=0
finally reducing (4.53) to the compact, directly solvable form
K2k —2)2 =0

implying that k = 0 and k = 2, with each representing a double-root of (4.53).
Hence, taking into account the multiplicity of roots of the auxiliary equation (see
Chapter 1), a fundamental set of solutions of (4.51),

1, Inr, r2, and rZlnr,
can be compiled which allows us to derive the Green’s function go(r, p) for the
boundary-value problem in (4.51) and (4.52). For this, we can use the procedure
based on either the defining properties of the Green’s function (see Section 1.1) or on
the method of variation of parameters (see Section 1.3). We omit the details of the
derivation procedure and display only the final expression for go(7, p):

1] 1
go(rp) = ¢ [a—z(a2 —pH)@* +r*) +20* +p*)In ﬂ , r<p. (459

In the second of our three individual cases, for n = 1, (4.49) and (4.50) read as

LA +2rd3 3d2+3d > (r)=0 (4.55)
dr# dr3 dr?2 rdr r2 vy =" '
. o d?wi(r) dwi(a)
rlgﬂ)|w1(r)| < 00, rli]% | <% wi(a) = P 0 (4.56)

which also represents a boundary-value problem for the Cauchy—Euler type equation,
the auxiliary equation of which is different from that in (4.53), appearing as

k(k — 1)(k —2)(k —3) + 2k(k — 1)(k —2) — 3k(k — 1) + 3k — 3 = 0.



184 Chapter 4 Higher Order Equations

After some trivial algebra, similar to what we applied to (4.53), the left-hand side
in the above equation reduces to a product of two linear factors and a quadratic factor.
That is,

k—1)k=3)k*>=1)=0
revealing the four real roots
k = 1 (double-root), k =—1 and k =3.

This leads us to the fundamental set of solutions of (4.55), compiled with the func-
tions

r_l, r, r3, and rlnr

bringing us to the Green’s function g (7, p) for (4.55) and (4.56), which, for r < p, is
found as

2 2
. 1
r(p a“) [rZ(aZ _ p2) + 2612,02] — erln B 4.57)
a

gl(r,,o)=w

Our final case, where n > 2, is the most complex of the three. It generates an
auxiliary equation for (4.50)

k(k —1)(k —2)(k — 3) + 2k(k — 1)(k — 2)
— (1 420k — 1) + (1 + 20k +n’>(n®> —4) = 0. (4.58)

Finding the roots of this equation is not as trivial as it has been in the cases of n = 0
and n = 1. It requires a specific approach, and we will describe its procedure in more
detail. In doing so, we take the first two additive terms in (4.58) and factor their sum
as shown:

k(k — 1) (k —2)(k —3) 4+ 2k(k — 1)(k —2) = k(k — 1)?(k —2).
Now, the sum of the third and the fourth terms in (4.58) simplifies to
—(1 4 2nD)k(k — 1) + (1 +2n%)k = —(1 + 2n%)k(k —2)
converting (4.58) to a quite compact form
k(k —1)2(k —2) — (1 + 20k (k —2) + n?(n*> — 4)
=k(k=2)[(k —1)> =1 +2n*)]+n*(n*—4) =0
which, after the two additive terms in the brackets are reordered, reduces to

k(k —2) [k(k —2) —2n*)] + n*(n* —4) =0
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or, on removing the brackets

k2(k —2)* —2n%k(k —2) +n* —4n? = 0. (4.59)

At this stage in the development, it is useful to note that the sum of the three un-
derlined terms in the above equation forms a complete square. With this in mind, we
transform (4.59) into

[k(k —2) —n?]* — 4n® = 0.

Interpreting the left-hand side of the above equation as a difference of squares, we
factor it as

[k(k —2) —n* —2n] [k(k —2) —n* + 2n] = 0.

Hence, with a series of elegant transformations, we have managed to simplify the
auxiliary equation in (4.58), reducing it to two trivial quadratic equations in k:

k2 =2k —n(n+2)=0
with the roots
k=-n and k=2+n,
and
k? =2k —n(n —2) =0,
whose roots are
k=n and k=2-n.
This gives us four distinct real roots for (4.58) as
k=n, k=-n, k=n+2, and k=2-n.

Hence, a fundamental set of solutions for the equation in (4.50) can be compiled
using the functions

n —n n+2

PP pPT2 0 and %R

Taking this fundamental set of solutions, and using one of the standard techniques
described in Chapter 1, we derive the following expression

s ==l 5 - ()] =G -]

rp rp n+1 r n+l
B O
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for the Green’s function for the problem in (4.49) and (4.50), for the general case of
n>2.

Note that the Green’s functions that we derived in (4.54), (4.57), and (4.60) are valid
for r < p. However, due to the self-adjointness of the problem in (4.49) and (4.50),
we can immediately obtain expressions for go(r, p), g1(7, p), and g, (r, p), valid for
r > p, from the corresponding ones in (4.54), (4.57), and (4.60) by exchanging of r
and p.

The functions go(r, p), g1(r, p), and g, (r, p), can be used to get the Green’s func-
tion G(r, ¢; p, ¥) for the homogeneous boundary-value problem, corresponding to
(4.42)—(4.44). This can be achieved by following the method of eigenfunction expan-
sion as developed earlier in Chapter 2, when we considered the Dirichlet problem for
the Laplace equation on a disk (see Section 2.3.3). In this case the Green’s function,
we are looking for, is found as

1 o0
Gr.g:p.¥) =~ [go(r, P)+2) gnl(r.p)cosn(y - w)} : (4.61)

n=1

The expression in (4.60) reveals nonuniform convergence of the series in (4.61). In
the following, we will show that the series can be summed completely. Notice that
it does not matter which of the two branches of its coefficients g (r, p) and g5 (7, p)
are taken for the summation procedure. We can use either the ones valid for r < p or
the other ones. In our procedure, we use the branches displayed in (4.54), (4.57), and
(4.60).

To sum the series in (4.61), we regroup its terms somewhat. Since the coefficient
of the first term in the series g1(r, p) is obtained in a form different from the rest of
the coefficients g, (r, p), obtained for n = 2,3, ..., we isolate the term

g1(r, p)cos(p —¥)
and rewrite (4.61) as
1 o0
Gr.9:p. ) = E[go(h p)+281(7,p) ol — ) +2 3 gn(r, ) cosn(p — w)].
n=2

(4.62)

After substituting go(r, p) and g;(r, p) from (4.54) and (4.57) into this expansion,
the first two terms in the brackets read

go(r, p) +2g1(r, p) cos(p — V)

1171
= 3 |:a—2(a2 — pz)(a2 + r2) + 2(r2 + pz) In §:|
2_ 2 1
_[rem=p7) (r*(a® — p*) + 2a%p*) + =rpln L cos(gp — V).
8a*p 2 a
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Combining the logarithmic terms, we rewrite it as

go(r. p) +2g1(r, p) cos(p — V)

- l{Lz(a2 — )@ + %) +2[r? = 2rpcosly — ) + p*]In
8la a
2_ 2
_ —r(aa“pp ) [r*(a® — p?) + 2a”p*] cos(p — W)}. (4.63)

We will revisit this expression at a later time, when the series in (4.62) is ready
for a final summation. Prior to that we examine the remaining series term in (4.62)

and write it in an explicit form, after recalling the expression for g, (r, p) from (4.60).
This yields

23" gu(r. p)cosn(p — )

n=2
1 [ee) 1 n—1 n—1
:_Z{rpn;n_l[(;—ﬁ) (%) Jeosnto-w
o0 1 n n
+(r? + pz)}; ;[(%) - (;—'(2)) ] cosn(p —¥)
o) n n+1
+ r,ong2 p _lf_ ; |:(;_’[2)) 1 (i) ]cOSﬂ((/) - W)}. (4.64)

0

We need an individual approach for treating each of the three series in (4.64). To
partially sum the first one, we change its summation index » by making the substitu-
tion k = n — 1. This yields

oo n— n—1
Znil[(;—g) 1—(%) }Cosn(so—w)
n=2
ko (r\*
|:( ) —(;) }cos(k—l—l)((p—W)
k M\
G -() ]
X [cosk(p — ) cos(p — ¥) —sink(p — ¥) sin(p — ¥)]
0 k k
oo 3 () (2) Lokt
k=1

00 k k
—sin(gp — V) Z %[(2—5) — (%) :| sink(¢ — V). (4.65)
k=1

il

1
1

rp
a2
rp
a2

00
2.
k=1
00
2.
k=1
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Of the two above series, the cosine series can be summed by implementing the
standard summation formula

Z = coski = 5 In(1 —2pcos® + p?) (4.66)

which we repeatedly used in Chapters 2 and 3, as well as earlier in this chapter (see
(4.24)). This yields, for the entire first term in (4.64),

[e9] 1 n—1 n—1
Y[ (B) = (5) Jeosne-w
n=2
:rpcos((p—w)[%ln (1—2pcos(<p 1//)+ )
_%ln (1—2—c0s(<p V) + (—'(2)) )}
) 1 rp\k r\* .
—rpsm(go—w)zlz[(a—z) —(;) ]smk((p—l//). 4.67)
k=1

The above sine-series is also summable. Its summation may be accomplished with
the aid of another standard summation formula [1, 27]

ind
p s (4.68)

o0 k
Z i sinkv = arctan ———.
— k 1 — pcost

Note that the relations in (4.66) and (4.68) apply if p and ¢ satisfy the following
constraints

p<1 and 0<? <2m.

As to the sine-series of (4.65), for the sake of our further development, we leave it
in its current form.
In order to sum the series in the second term of (4.64), we rewrite it as

L[ (r\" [rp\n
(r2+,02)ni=:2;|:(;) _<a_2) :|005n(¢—1/f)
L T(r\" /rpy\n
:(r2+,02)’12::17—1|:(;) —(a—z) ]COS”(‘P_W)
+(r2+,02)[(;—§)— (%)}cos(w—vf)
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and implement the summation formula (4.66), allowing us to obtain
211 /r\" rp\"
2 2
GEISDY ;[(;) - (a_z) :|COSn(</’ - V)
n=2
1 2
=—(r?+ p2)|:—ln(1 P cos(p —v¥) + (f) )
2 P P

— %ln (1 - 2;—2 cos(p — ) + (;—2)2)}
F 02 pz)[(;—‘z’) . (%)] cos( — ). (4.69)

For a partial summation of the series of the last term in (4.64), we change its sum-
mation index n by introducing k = n + 1, yielding

~
he)
[]¢
S
+>—A
—_
—
A~
Qlw
[N e
—
N
+
—
|
N
h=
N——
X
+
P
|
()
o
w
N
~~
A
<
N

[e.9) k k-
= rpg:;%[(z—g’) - (%) | cos(k —1)(¢ —¥)
00 k kA
:rp];%[(;—g’) —(%) Jeostie =16 =)
o r rofroy2 ()
ol (25)=(5) |- 7| () = (5) eosio-w)

k
= rpcos(p — W)Z [ 2 —(%) ]COSk(fﬂ V)
r k
+ rpsin(¢ — w)z [ (;) ]Slﬂk(ﬁé’ V)

o[- G- - () e
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Summing the cosine-series in the above expression, and leaving the sine-series in
its current form, the last term in (4.64) is finally expressed as

© 1 rp\ntl1 r ntl
rpr;n+1|:(a—2) —(;) :|COS’1(§0—¢)
1 r r\?
= rpcos(p — W)[E In (1 — 2; cos(p — V) + (;) )
1 2
—Eln (1—2;—§cos(<p—1/f)+(2—g) ):|
. 1 rpnk \*7 .
+rpsm((p—1/f)2%[(a—2) —(;) :|Smk(§0—1ﬂ)
k=1
rp r o[ (roy2 _ ()’
o[ @) - ()]~ 21 - (5) Jeoste v am

At this point in our development, we substitute equations (4.67), (4.69), and (4.70)
into (4.64). Now, the two sine-series (one from (4.67) and another from (4.70)) can-
cel out. All the logarithmic terms, as well as the two double-underlined terms are
combined accordingly yielding, for the series term of equation (4.62)

2% gn(r.p)cosn(e — )

n=2
p* [a* —2a%rpcos(p — ¥) + r?p?]
a*[r? —2rpcos(p — V) + p?]

2 2
T [(2—/3) B (‘)] + 20D 12002 ) 4 20 cost — ).

= —[r* —2rpcos(¢ — ) + p*|In

P a*p

Upon substituting this expression, along with (4.63), into (4.62), the two double-
underlined terms cancel out, while the two logarithmic and the two once-underlined
terms are combined accordingly, yielding the following representation for the Green’s
function G(r, ¢; p, ¥) of the homogeneous problem corresponding to (4.42)—(4.44).

1 1
G(r,o:p. V) = E{a_z(az —102)((12 —72)

a* —2a’rpcos(p — V) + r2p2} @71
a?[r2 —2rpcos(p —y) + p2] )

It is evident that (4.71) is absolutely identical to the classical formula in (4.45): the
variables r and p in (4.71) are the moduli of the observation point z and the force

— [r2 —2rpcos(p — ) + ,02] In
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application point ¢, respectively, whilst the expression
r2 —2rpcos(p — V) + p?
represents the square of |z — ¢|. For the expression
a* —2a%rpcos(p — ) + r?p?

in the numerator of the logarithmic function, it can easily be shown that it represents
the square of the modulus of a? — z¢.

It is worth recalling that what is shown in (4.71) represents the only closed ana-
lytical form available in the existing texts in the field for the Green’s function for the
biharmonic equation. However, the technique which we suggest for its derivation,
turns out to be effective in several other cases. In the following, we take advantage of
the experience gained from our work in Example 4.5, displaying another closed form
Green’s function.

Example 4.6. We consider the homogeneous biharmonic equation on the semi-circu-
lar region Q@ = {(r,¢)|0 <r <a,0 < ¢ <7},

2 2
(li( a)+1 9 ) w(re) =0, (rng)eQ, 4.72)

r — —_—
ror \_ dr r2 d¢p2
subject to uniqueness conditions, which are:

(a) the boundary conditions

dw(a,p)

w(a, @) =0, 0, (4.73)
ar
w(r,0)  Fw(r, )
w(r,0) = w(r,m) =0, W = 302 = 0. 4.74)
(b) and the conditions of boundedness
. | Pw(r. @)
}E}%WJ(’” ®)| < oo, rlg% oz 4.75)

Note that the conditions (4.75) are required to make the boundary-value problem
in (4.72)—(4.75) well-posed. We have discussed this issue earlier whilst considering
Example 4.5. The point is that the governing equation in (4.72) is written in polar co-
ordinates, in which case r = 0 represents singularity. Therefore, it is not appropriate
to impose a standard set of boundary conditions at r = 0.
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Onmitting the details of the derivation procedure, the specifics of which can be clar-
ified by following the routine developed in Example 4.5, we display only the final
expression for the Green’s function for the problem defined by (4.72)-(4.75):

a*—2a*rpcos(p + ¥) + r?p?
a?[r?2 —2rpcos(y + ¥) + p?]
a* —2a’rpcos(p — ) + r2p2}

a?[r2 = 2rpcos(p — ¥) + p?]
(4.76)

1
G p ) = E{[ﬂ _2rpeosie + ) + o In

— [r2 —2rpcos(p — ¥) + pz] In

Note that this closed form Green’s function is not available in classical texts but has
been published earlier in [45]. In order to better grasp our derivation procedure, we
advise the reader to follow its details when working through the exercises at the end
of this chapter.

The examples we treated so far have provided a strong confidence in the power of
the proposed technique, which turns out to be productive in a number of problems
where Green’s functions are either not available at all or their existing representa-
tions do not meet the requirements of numerical implementations. The next example
illustrates this point.

Example 4.7. Consider the problem for the biharmonic equation, the physical inter-
pretation of which is associated with the bending of a circular simply-supported plate.
An approach to the construction of the Green’s function for this problem, based on
complex variable theory, has been described in journal articles long ago (for example,
[59]). However, an explicit expression for this Green’s function has only been derived
quite recently was displayed in [45].

A boundary-value problem suitable to our case is defined on the circular region
Q={r¢)|0<r <a,0<¢ <2} and appears as

5\ 2
(%% (r(%) + %288?) w(r,p) =0, (r,¢)€Q, 4.77)
wia.g) =0, (ﬁ + 7 (i + 1£)) wia.p) =0,  @478)
ar2  a \dr adg?
%w(r, @)

(4.79)

lim |w(r, ¢)| < oo, lim
r—0 r—0

R, 00,
ar2
where o represents the Poisson ratio of an elastic isotropic homogeneous material, of
which the plate is made.
A specific form of the second condition in (4.78) follows from the physical inter-
pretation of the problem, where the radial bending moment M, (r, ¢), is expressed in
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terms of the deflection function w(r, ) as

2 of0 1P
M o) =\3z+7+ §+ 37 ) v eo):

Notice that in light of the first condition in (4.78) we can rewrite the second one in a
more compact form: since w(r, ) is supposed to be equal to zero along the boundary
r = a of €2, all the derivatives of w(r, ¢), with respect to the tangential variable ¢
must also be zero. Hence, the conditions in (4.78) reduce to

w(a,p) o dw(a,g)
ar2 a or

w(a,p) =0, = 0. (4.80)

Hence, what we are searching for is the Green’s function for the boundary-value
problem in (4.77), (4.79) and (4.80). Following the procedure described in detail in
Example 4.5, we obtain the Green’s function in series form as in (4.61), the coeffi-
cients of which are, in this case, found for r < p

2
golrp) = {a a? [(a +1r%) + —(a —r )] +2(0% + pH)In (g)},

8
1 w o 13 1 —wp* o
g1(rp) = { —[(?+p) —a?] 5 - - (1 — ) —2rem (2)
a a
and
1( rp [/rp\n—1! r\"! rp rp\n+1 r\" 1
antpy = L2y ()T e [y (
8l ln—1|\a p n+1|\a o
r? +p? (I’,O)n \" N 1 (r?=a®(a? - p? (;’p)n
n a? 0 n+ow a? a2/ |’
where, we introduced w, in terms of the Poisson ratio of the material, for compactness,
asw=(1+0)/2
The series in (4.61), with the coefficients shown above, cannot be summed entirely,
due to the last term in g, (7, p), containing the parameter w. A partial summation,

though, provides a quite compact formula for the Green’s function we are dealing
with. That is

G(r.e:p. V) (4.81)
1 @ —-pH@*-r)Hl+ow 21 rp\"
B 1671{ a? |: ® +2n2=:1n+a) (a_z) cosn(<p—1//):|

. 5 22
2 b1 a* —2a%rpcos(p — V) +r?p
- -2 - 1
[r rocos(¢ — ) + p°|In a?[r2 —2rpcos(p — ¥) + p?]
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This formula can be convenient for computing values of the Green’s function
G(r,¢; p, V) inside of the circle, if both the field point (7, ¢) and the force appli-
cation point (p, 1) are far enough from the contour of Q: in this case, the term rp/a?
is significantly less than one and the series in (4.81) rapidly converges. However, no-
tice that the rate of convergence of the series depends on the proximity of r and p to
the contour of 2: the convergence slows down notably if both the field and the force
application point approach the contour » = a of 2 (both r and p approach a).

Hence, to make the formula in (4.81) computer-friendly and free of its dependence
on the location of the points (r, ¢) and (p, ¥) , we must improve the convergence of its
series. In the following, we will show that the practicality of (4.81) improves radically
if we split off the slowly converging series component, followed by its summation. In
doing so, the coefficient of the series in (4.81) is displayed in the formula

1 1 w

n+w_n_n(n+a))

yielding for the series itself

[e%e) 1 n
2; . (;—’2) cosn(p — )

=2)" [% - —n(najr w)] <;—’2)>ncosn(<p —v¥)
=2 Z % (%)n cosn(p — )

> 1 rp\"
— 2a)n2=:1 m (a_z) cosn(p — V).

The first of the above two series is summable with the help of the standard summa-
tion formula from (4.66), yielding

00 1 n
257 L () cosnto— )

n=1

_ rp rp\2
=—In (1 —2a—zcos((p—W) + <a_2) )

> 1 rp\"
_ 2a)nZ=:1 m <a_2) cosn(p — ).
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In view of the previous transformation, the expression of (4.81) for the Green’s
function for the problem defined by (4.77), (4.79) and (4.80) can be rewritten as

G(r,e:p, V) .
2 _ 2y(g2 — 12
1 {(a p)(a r)[1+“’_1n(1—2r—2008(<p—‘ﬁ)+(r_§)2)
w a 4

~ l6n a?
> 1 ro\"
—2w Z —n(n T (a—/;) cosn(p — W)]

n=1

a* —2a’rpcos(p — V) + r2p2}
a?[r2 —2rpcos(p —¥) + p?] |-

Upon close analysis, this version of the Green’s function turns out to be superior
to that in (4.81), the point being that the above series converges at a faster rate than
the one in (4.81). It is evident that the rate of convergence of the series in (4.82) is
of order 1/ n?2 (in other words, the convergence is uniform, and does not depend on
the location of the points (7, ¢) and (p, ¥)). In contrast, as we already mentioned, the
series in (4.81) converges non-uniformly, implying that for (4.82) to be used success-
fully in the practical computation of G(r, ¢; p, ¥), it is sufficient to truncate its series
appropriately.

To provide the reader with an instrumental approach to effective using of (4.82),
consider the Nth partial sum

— |:r2 —2rpcos(p — ) + pz] In

N

1 n
Z nn + w) (;_g) cosnly —y)

n=1

of its series component and estimate its N th remainder. That is

o0 o0
1 n 1
RyGipo il =| 3 () eosno-w)| = 3 L
n=N+1n(n+w) n=N+1n(n+w)
00 o) N N
1 1 1 =2 1
= ) —2=Zn—2—2n—2=z—2n—2
n=N+1 n=1 n=1 n=1

Hence, the compact estimate of the remainder

2 N 1
n=1

that we found, provides us with an effective tool to appropriately truncate the series
in (4.82).
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The expression in (4.82) can be written in a more compact form by introducing
complex variable notation for the observation point z = r(cos¢ + i sin¢) and the
force application point { = p(cos ¥ + i sinyr). After some elementary algebra, the
logarithmic terms of (4.82) can be combined and rearranged, yielding

_ 2 _ 72 2 _ %
G(r.g:p.Y) = 8i{|z Y PPk { B e { S i (4.83)
b a a
@ -p»H@*-rH[1+o s 1 ro\"
+ 242 [ ” _2w’;—n(n+w) (a_z) cosn(w—w)]}.

Note that the first logarithmic term in the above expression contains the fundamen-
tal solution of the biharmonic equation

|z = ¢ In|z —¢|

This term represents the singular component of the Green’s function. We need to
clarify using the word ‘singular’, which is conditionally applied to the above term:
the term itself is not singular, because its limit is finite for z approaching ¢ and is, in
fact, zero

lim |z —¢|*In|z — ¢| = 0.
z—>¢C

This can be easily verified if we apply L"Hopital’s rule to the above limit. Neverthe-
less, we use the word ‘singular’ with respect to the first logarithmic term in (4.83), to
highlight the fact that the stress-related components associated with this term (bend-
ing moments and shear forces) contain a logarithmic singularity and even higher order
singularities. This remains in agreement with the known fact that the bending mo-
ments and shear forces, generated in a Poisson—Kirchhoff plate subject to a transverse
point force, are theoretically unbounded at the force application point [72].

In the next example, we will consider another boundary-value problem for the bi-
harmonic equation on the circle. This problem allows a meaningful interpretation
within the Kirchhoff—Poisson plate theory.

Example 4.8. We formulate the problem of interest in physical terms. Let the plate’s
edge be clamped elastically such that the radial slope of the deflection function w (7, ¢)
is zero at r = a, whilst the shear force Q(r, ¢), written in terms of the deflection
function [72]

9 [ 0% 10 1 92

Qr¢) =Dy (ﬁ T T g

) w(r. )
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is directly proportional to the deflection at r = a. Hence, the statement of the problem
is formalized as

dw(a, o) D R 19 1 9
@y _
ar ’ ar \or2 " ror r28 2

where the constant parameter D is called the plate’s flexural rigidity, whilst the con-
stant parameter C represents the coefficient of the elastic edge support.

Treating the second boundary condition in (4.84) is quite cumbersome, but rewrit-
ing it as

)w(a p) =Cw(a,p), (4.84)

#? 19 19 29 1 9

53 Zar Tror2 3902 T 2 aro?

or r2adr  ror r3 dg r2 ordg
suggests that, in compliance with the first condition in (4.84), it can be simplified,
transforming the boundary conditions in (4.84) to

ow(a,p) (i 1 9% 2 92

or or3 " aorr a3 z)w(a p) =k*wla,g) (485

where the parameter k* is defined, in terms of the physical constants D and C, as
=C/D.

Hence, our aim in this example is the Green’s function G(r, ¢; p, ¥) for the bound-
ary-value problem in (4.77), (4.79) and (4.85). Following our procedure, as described
in detail in Example 4.5, G(r, ¢; p, ¥) can be obtained similar to the expansion in
(4.61), where the coefficients go (7, p), g1(r, p) and g, (r, p) have to be found.

The coefficient go(r, p), represents Green’s function for the following boundary-
value problem

rd—4+2 @ a —I—li (r)=20
art a3 T arr Trar )T
d?w(r)

lim |w(r)| < oo, lim
r—0 r—0

dr?

and

dw(a) d3w(a) 1d*w(a) N
dr =9 dr3 +E dr? —kw@ =0
Due to the above problem self-adjointness, the Green’s function go(r, p) must be
symmetric, implying go(r, p) = go(p, ). Hence, it suffices to display an expression
that is valid for either r < p or p < r: once we have found one of them, we can find
the other one by exchanging the variables r and p. The branch valid for r < p is
finally found to be

8
] . (4.86)

171 o
go(r.p) = = | (@ +r*)@ —p*) + 20> + p*)In = + —
8la a k*a
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The coefficient g, (7, p) in the expansion (4.61) represents the Green’s function to
another self-adjoint boundary-value problem

,d* d3 d> 3d 3
2r IRl =
( TP TR P R P )w(r) .
. C|d*w(r)
Jim fw(r)] < oo, lim | =7

and

dw(a) 0 d3w(a) 1d*w(a) n 2 —k*a?
dr 7 dr3 a dr? a3

w(a) = 0.
An expression for g1 (r, p), valid for r < p is found as
§1(1.p) = =5z K@l = @) — a) ~ 2a%07)
+ 2ra2[r2(a2 + 2p2) + 2p2(p 7a2)]} - —’O g (4.87)
with A* = 16a*p(4 + k*a?).

In order to find the coefficient g, (r, p) for (4.61), we consider the self-adjoint
boundary-value problem

d4 d3 d2 1—|—2n2 d n%(n? —4)
— 42 — (1 +2n? — =0,
( d4+ "ars 1+ ) r dr+ r2 )w(r)
. . dzw(r)
fi o) <0, iy [
and
dw(a) _o. d3w(a) ldzw(a) N 2n? _k*a3w(a) e
dr dr3 a dr? a3
the Green’s function of which, for r < p, reads
1 r' 2 *x 3\ 2-2n n
gn(r.p) = =43 n—1[”(4(2‘” )+ k*a®)a?>"p

_ (21’12(7’1 + 1) + k*a3)p2_n + (n _ 1)(21’12 _ k*a3)a_2”p”+2]
+[(n + D@2n* —k*a)a= " p" + 2n*(n + 1) + k*a’)p™"

+ nk*a3a—2"—2pn+2]£ (4.88)
n+1

with A** = 8n[2n%(n + 1) + k*a3]a?"2.
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Upon close analysis, we see that, if the parameter k* goes to infinity, the expres-
sions for go(r, p), g1(7, p), and g, (7, p) in (4.86), (4.87) and (4.88) reduce to those
found earlier in Example 4.5 (see (4.54), (4.57) and (4.60), respectively). This does
not come as a surprise, because the setting in (4.77), (4.79) and (4.85) does in fact
reduce, in this case, to that of (4.42)—(4.44) (if f(r,¢) = 0), the coefficients of the
expansion of its Green’s function in (4.61) are given by (4.54), (4.57) and (4.60)

An interesting observation arises upon analysis of the representation for the Green’s
function of the problem in (4.77), (4.79) and (4.85), that we found in (4.61). An-
alyzing the underlined components of (4.88), we assert that the series in (4.61) is
computer-friendly, allowing for an accurate assessment after appropriate truncation
of the series: it turns out to be uniformly convergent, with the rate of convergence of
order 1/n? for finite values of k*. If, however, k* goes to infinity, then the k* con-
taining terms in the underlined components of (4.88) and in A** become dominant,
reducing the rate of convergence to order 1/n.

To complete our discussion in this section, we note that, by applying the essen-
tials of our approach, the reader can proceed to construct Green’s functions for other
applied boundary-value problems for the biharmonic equation. In the next section
we will implement our approach to another fourth order elliptic equation which finds
important applications in the Kirchhoff—Poisson plate theory.

4.4 The equation V2V?w(P) + A*w(P) =0

The routine developed in Sections 4.2 and 4.3 also turns out to be helpful in the con-
struction of Green’s functions for a variety of settings for the equation that is the title
of the current section. This equation arises, in particular, in Poisson—Kirchhoff plate
theory [72], when plates resting on a simple (single parameter) elastic foundation are
considered.

Example 4.9. To set up a problem for this example, we formulate it in physical terms.
We present another — classical — statement, within the scope of the Kirchhoff-Poisson
plate theory. Consider bending a simply-supported rectangular plate, resting on an
elastic foundation. The plate, of uniform thickness, is made from a homogeneous
isotropic elastic material and is subjected to a distributed lateral load ¢ (x, ). Let the
plate’s middle plane occupy the region Q = {(x,y)|0 < x < a,0 < y < b}, and let
the coefficient of elastic foundation be denoted by Ao. The boundary-value problem
corresponding to this physical setting is:

(i ﬁ) (Bzw(x,y) N %w(x,y)
dx2  Jy2 dx2 dy?2
0%w

a2

) + AW y) = —f(x.y).  (4.89)

92w

y=0b 0x

=0 (4.90)

x=0,a
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with the coefficient in (4.89) denoted, for convenience, as A*. and defined in terms
of the elastic coefficient of the foundation Ag, and the plate’s flexural rigidity D as
A% = Lo/ D. The right-hand side function in (4.89) is defined in terms of the load
function ¢ (x, y) as f(x,y) = q(x,y)/D.

Our approach to the construction of Green’s function for the homogeneous prob-
lem corresponding to that of (4.89) and (4.90) is similar to the cases of other elliptic
equations that we considered earlier in this book. We take advantage of the fact that
if the solution of the problem in (4.89) and (4.90) is found in integral form

a b
wir,y) = /0 fo G(x.y:£.m) f& )dEdn, @91

then the kernel G(x, y; &€, n) in the above represents the Green’s function for the cor-
responding homogeneous problem.

To obtain w(x, y), the solution to the problem in (4.89) and (4.90), we express it as
a double Fourier sine-series

o0
mi nmw
w(x,y) = Z Wmp SIN QWX sinvy, @w=—,v=—. (4.92)
a b
m,n=1
It is evident that the above formula for w(x, y) satisfies all the boundary conditions
in (4.90).
In addition, we express the right-hand side function of (4.89), f(x, y), as the iden-
tical double sine-series

flx,y) = Z Sfmn sin ux sinvy. (4.93)

m,n=1

Now, substituting (4.92) and (4.93) into (4.89) and combining like terms in the
left-hand side yields the equation

[e.e] o0
Z (,u4 + 2120 vt + 14) Wpp SIDUX SINVY = — Z fmn sin pux sinvy
m,n=1 m,n=1

from which, after equating the corresponding coefficients of both the series and per-
forming some trivial algebra, we obtain

o = o
mn (U2 + v2)2 + A4

Substituting this expression into (4.92) yields

o0
S . )
w(x,y) =— Z e vr;;Z T sin jux sinvy. (4.94)

m,n=1
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Recalling the Euler—Fourier formula and adapting it to the Fourier double-series
context, we get for the Fourier coefficients fy,, of the right-hand side term in (4.93)

4 a b
fon = = /0 /O (€. ) sin & sinvydgdn.

We now substitute f,, into (4.94) and exchange the order of the summation and
integration in it, giving us the solution to the boundary-value problem in (4.89) and
(4.90) as

4 (@ b sin px sin wé sinvy sin vy
=—— E .4
W) ab /o /o o1 (U2 4+ v2)2 + 24 J(§.mdEdn. (4.95)

Hence, in light of the relation (4.91), we conclude that the kernel in (4.95)

sin px sin wé sinvy sinvn
(U2 4+ v2)2 + 24

G(x.y:&.m) = —% >

m,n=1

(4.96)

represents the Green’s function for the homogeneous boundary-value problem corre-
sponding to (4.89) and (4.90).

It is clear that the above series converges at the same rate as the series in (4.11) of
Section 4.2. This implies that G(x, y; £, ) can be accurately computed by truncating
the series in (4.96). Similar to the situation in Example 4.1 of Section 4.2, an accurate
assessment of higher order derivatives of G(x, y;&,n) in the vicinity of the force
application point requires special attention.

Example 4.10. We now turn to the construction of the Green’s function for the bound-
ary-value problem

i 8_2 ?w(x, y) N ?w(x, y)
ox2  0dy2 dx2 dy2

) 2w y) = f( ). (ry) €L
“4.97)

_ P
W= 0x2

%w _0
dy2 ’

= =0 (4.98)
y=0,b

x=0

on the semi-infinite strip 2 = {(x, y)|0 < x < 00,0 < y < b}. Note that, to make

the above setting well-posed (in other words, allowing a unique solution), the function

w(x, y) must, in addition to (4.98), be subjected to conditions of boundedness as x

goes to infinity, which we formulate them as

M' < o0. (4.99)
ax

i e < oo, i |
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It is evident that by expressing the solution w(x, y) to the boundary-value problem
in (4.97)—(4.99) in the Fourier sine-series

w(x,y) = Z Wy (x)sinvy, v =— (4.100)

n=1

the first two boundary conditions in (4.98) are automatically satisfied. If, in addition,
the right-hand side of the equation in (4.97) is expanded as

flx,y) = Z fn(x)sinvy (4.101)

n=1

and (4.100) and (4.101) are substituted into (4.97)—(4.99), the following set of bound-
ary-value problems (n = 1,2, 3,...) arises for the coefficients w, (x) in (4.100):

4 2
Twn() o AW 4 e ) = — fu(x), x € (0,00), (4.102)
dx? dx?
2
w0 = 22O 6 i wy ()] < co. lim ‘dw”(x) (4.103)
dx? X—00 X—00

Following again the method of variation of parameters as applied to the problem
in (4.102) and (4.103), we turn to finding a fundamental set of solutions of the ho-
mogeneous equation corresponding to (4.102). We start by writing the characteristic
equation of the latter

k* —20%k2 + (v* +A1H =0
whose solution set is represented by the four complex numbers
ki =+£vv2£ia2, j=1.4 (4.104)

expressed in terms of the parameters v and A. Note that the above square roots, as
well as those in the development that follows, are understood in principal (arithmetic)
values.

Upon separating real and imaginary parts of k;, we write the expression under the
square root sign in (4.104) in trigonometric form as

AZ ) AZ
V2 £id? = Vot 424 |:cos (arctan — | £isin|arctan — ) |.
v v
This transforms the roots k; of the characteristic equation to

YRRV 1 A2 A A2
kj = £vv* 4+ A% |cos Ealrctanv—2 =+ i sin Eaurctamv—2 (4.105)
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which can be rewritten after recalling the trigonometric half-angle identities

2 - . A2
== cos | arctan —
2 V2

s
_ﬁ L+ v2 V2V AR 402

2 fd + A% 2 Yag e

1 A2
cos | — arctan — =
2 v2

and

(1 12 V2 A2
sin | — arctan — = — 1 — cos | arctan —
2 v2 2 V2

N R N

1—
2 Vud a4 2 Vv A4

Hence, we express the four complex numbers in (4.105) as

kj =:|:\/7§(\/ v4+)t4+v2:|:i\/\/v4+)t4—v2)

representing the solution set of the characteristic equation for the homogeneous equa-
tion corresponding to (4.102).

Hence, the following four linearly independent functions represent a fundamental
set of solutions to the homogeneous equation corresponding to (4.102):

wy 1(x) =e** cos Bx, wp.o(x) =e** sinBx,
n,1(x) B n,2(x) B 4.106)

—ax —ax

Wp3(x) = e cos Bx, wp.a(x) =e “"sinPx,

where o and 8 are defined in terms of v and A as

2
a:% Vvt 4+ A4 +v2 and ,3—\/_ Vvt 4+ A4 -2,

Based on the fundamental set of solutions in (4.106), and following the method of
variation of parameters, the general solution to the boundary-value problem in (4.102)
and (4.103) can be written as a linear combination of the components in (4.106)

4
wn(X) = Y Cj(xX)wn,j (x). (4.107)
i=1
Further following our procedure, we obtain the following system of linear algebraic
equations

wn,l(x) wn,z(x) wn,3(x) wn,4(x) C{(x) 0
w,’l,l(x) w;lgz(x) w,/l,3(x) w;lA(x) Ci(x) _ 0
wyy (X)) wy 5 () wyy 3(x) w4 (x) C3(x) 0

”’ h(x) w ”’ L(x) w ”’ 3(x) w ”’ () )\ Ci(x) —fn(x)
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for the derivatives of the parameters Cj(x), C2(x), C3(x), and C4(x). The solution
of this system is found in compact form as

asin Bx + P cos Bx
4aP(a? + B2)e

a sin Bx — B cos Bx

dap(a? 4 p2)eox

Integrating the above, the functions Cj(x), C2(x), C3(x),and C4(x) themselves are
found to be

acos Bx — Bsin Bx
 daf(a? + fRen

a cos Bx + B sin Bx
 4af(a? + peax

Sn(X), Cz/(x) = Ju(x),

Ci(x) =

Jn(x).

Ch(x) = Ja(x), Cy(x) =

_ [* asinBE + Bcos BE
G = [ e 1o + My,

_ * acos BE — Bsin BE
Cat) == [ e 1)+

_ [* asinBé — B cos BE
Cat) = [ e (61t + M

and

_ [T acosBE + BsinBE
Cut) = = [ et n(©)dE + M,

After substituting these into (4.107), we obtain wy, (x) in the form

* asin BE + B cos BE o
unto) = | [ Lo et 4 e cos i

i * o cos BE — Bsin BE
o[- e e
[ [* asin BE — B cos BE o
" /0 tap(a® + ek MEIEF Ms] e~ cos fx

_ * o cos BE + Bsin BE o
_/O 1B - F)e fn(E)dE + M4} e sinfx.  (4.108)

It is evident that, since the function w, (x) is assumed to be bounded as x goes to
infinity, the factors

fn(E)dE + M2:| e** sin Bx

+

¥ asin B + B cos Bé
/o 4oB (a2 + B2)e%E Jn(§)dE + My

and

¥ acos B§ — Psin B
_/0 4aB (a2 + p2)eE Jn(§)d§ + M2
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of the unbounded components e** cos fx and e** sin Bx of the fundamental set of
solutions in (4.108) must be set equal to zero when x goes to infinity. This implies

_ [ asinB§ + Bcos B
My = fo s et (€

and

_ [*° acos BE — Bsin BE
M= [ e (6,

To obtain the constants M3 and My, we substitute the above expressions for My
and M> into (4.108) and regroup it as

" Bcos B(x — &) sinh B(x — &) — asin B(x — &) cosh B(x — §)

o) = | 2B (e 1 7)
* asin f(x —§) — Bcos B(x — &)
4ty (61

+ Mze™** cos Bx + Mae™** sin Bx. (4.109)

Jn(§)d§

From the first condition in (4.103) it follows that

_ [®° asin B + Bcos BE
M= e ey

whilst the second condition in (4.103) implies

_ [ acos BE — Bsin BE
Ma = /0 4af(a? + B2)e*t

Jn(§)dE.

Upon substituting M3 and M4 into (4.109), the solution to the boundary-value
problem in (4.102) and (4.103) is finally found to be

B /x BcosB(x —§&)sinh B(x — &) —asinB(x — &) cosh B(x — &)
~Jo 20B(a? + B2)

+ /oo %{e_“(ﬁg)[a sin B(x + &) + Bcos B(x + §)]
0
— e 8l sin B|x — £| 4 B cos B(x — E)]} [ (E)dE,

Jn(§)d§

Wn (X)

where A = 4af(a? + B2). We can rewrite this as a single integral

wn(x) = /0 gn (. E) fu(E)dE
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with the kernel g, (x, £)

an. ) = e O asin Bx +6) + feos x + )
— e g sin Blx — &] + B cos B(x — £)]}.

Recall the series expansion of (4.101), where the Fourier coefficients f;(£) of the
right-hand side term f(x, y) in (4.97) can be written by means of the Euler—Fourier
formula as

b
76 =5 [ s msinundy

leading to the integral representation for w;, (x)

2 b 00
wn) =~ [O [0 gn(x.£) sinvnf (€. )dEdn.

Upon substituting this into (4.100) and changing the order of the summation and
the integration, the solution of the boundary-value problem stated by (4.97)—(4.99) is
now found as

b o (19 o0
wix,y) = /O /0 (E;gn(x,é)sinvysinvn)f(S,n)dédn- @.110)

Recalling the relation displayed earlier in (4.91) and applying it to the problem in
(4.97)-(4.99), we conclude that the kernel of the above integral, namely

2 o . .
G(X,JG%',??):EZgn(x,E)smvysmvn (4.111)
n=1

represents the Green’s function that we are looking for.

4.5 Elliptic Systems

In this section, we will consider specific elliptic systems of applied partial differential
equations. Such systems arise in structural mechanics where they model the static
equilibrium of thin elastic shells of revolution. In the following, we will generalize
the technique for constructing Green’s functions, that we developed so far, and adjust
it to the construction of Green’s matrices for the systems mentioned above.

There is an interesting historical observation to be made, with regard to the appli-
cation of the Green’s function method to problems arising in plate and shell theory.
The static equilibrium of thin elastic shells provides us with a class of boundary-value
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problems in structural mechanics. Efficient computational algorithms, based on this
method, have been developed significantly earlier for this class of problems than for
other areas of the applied sciences. Indeed, pioneering works on the application of the
Green’s function method to shell problems were published more than four decades
ago (see, for example, [26]), whereas intensive work on this method in other related
areas of science was only started at least a decade later.

4.5.1 Construction of Green’s Matrices

We consider the geometrically linear elastic equilibrium [72] of a thin shell of revolu-
tion, with its middle surface is closed in the longitudinal direction, and the meridian
being a smooth (differentiable) curve. Let x € (0,/) and ¢ € (0,27) represent
the meridional (latitudinal) and the circumferential (longitudinal), respectively, ge-
ographical coordinates of a point of this surface. We formulate a system of partial
differential equations modeling the equilibrium state of the shell, to be solved for the
displacements

0
A (i —,x) U(x,9) = —F(x,¢) nQO0<x<[,0<¢p<27) (“4.112)

dx d¢
with
u(x, ) X(x,p)
U(x,p) = | v(x,9) and F(x,¢) = [ Y(x,9)
w(x, ) Z(x, )

being the vector-function for the displacement of the point (x, ¢) on the middle sur-
face and the vector-function for the external load, respectively. u(x, ¢) and v(x, ¢)
in U(x, ¢) represent the components of the displacement vector in the latitudinal and
longitudinal direction, respectively, whilst w(x, ¢) is a component normal to the mid-
dle surface. It will be referred to later as the deflection of the shell. X(x, ¢), Y(x, ¢)
and Z(x, ¢) represent components of the load vector in the corresponding directions.
The coefficients of the elements A;; of the matrix-operator A

d 0 Jd 0
A a0 a = Al a0 q
(8x’a¢”‘) ( ’(ax dg x))m

in (4.112) are functions of the latitudinal coordinate x.
The total order of the system in (4.112) is eight. In accordance with that, we impose
boundary conditions on the boundary segments x = 0 and x = [ of Q in the form

By ii U0,¢) =0, B ii U(l,9) =0 (4.113)
ax do ax d¢

with each of By and B; a 4 x 3 matrix-operator. So, we impose four boundary con-
ditions on each segment of the boundary of 2. We assume these conditions to be
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linearly independent and the boundary-value problem in (4.112) and (4.113) to be
well-posed allowing the existence of a unique solution U(x, ¢).

In the following, we will focus on the development of an efficient procedure for
construction of the Green’s matrix G (x, ¢; s, ¥) for the homogeneous boundary-value
problem corresponding to (4.112) and (4.113). In pursuing this goal, we will take ad-
vantage of the fact that the solution U(x, ¢) of the problem in (4.112) and (4.113) it-
self can be expressed in terms of G (x, ¢; s, ¥)and the right-hand side vector-function
F(x, @) of (4.112) as

U(x,¢) = //Q G(x,0;5,V)F(s,v)dQ(s, ). (4.114)

Note that our problem is 27-periodic with respect to ¢. In developing a proce-
dure for the construction of the Green’s function, we take advantage of this feature,
and expand the vector-functions U(x, ¢) and F(x, ¢) into the following trigonometric
series

U(x,0) = Y 0n(@Un(x), F(x,0) =) Qu(¢)Fs(x) (4.115)

n=0 n=0
with respect to the ¢ variable. For the transformation matrix Q,(¢) we choose

cosng 0 0

On(p) = 0 sinng 0
0 0 cosng

Clearly, the expansions (4.115) conform to the 27 -periodicity of our problem, with
respect to the ¢ variable.
The vector-functions U, (x) and F, (x) in (4.115) are written as

Up(x) Xn(x)
Up(x) = va(x) |, Fn(x) =] Yn(x)
W (x) Zn(x)

with u, (x), v, (x) and wy, (x) representing the corresponding Fourier coefficients of
u(x, @), v(x, @) and w(x, @), respectively, and X, (x), ¥, (x) and Z, (x) the Fourier
coefficients of X(x, ¢), Y(x,¢) and Z(x, ¢), respectively.

Upon substitution of (4.115) into (4.112), we obtain

a a o0 o0
A (5 @,x) LO 01(9)U, (x)} =~ Y QR0

or

o0 d o0
3 0u() [An (5:) Un(x)} ==Y 0u@Fa(v).
n=0

n=0
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From this, it follows that the vector-functions U, (x) must satisfy the following
system of ordinary differential equations

A, (di,x) Up(x) = —Fu(x), n=0,1,2,.... (4.116)
X

Since the displacement vector-function U(x, ¢) is expressed in terms of the series
(4.115), the boundary conditions of (4.113) transform to

e d
> 0ulp) [BOn (E) Un<0)] =0,

n=0
° d
;) On(p) [an (g) U, (1)] =0
or
d d
Bon (E) U,(0) =0, By, (5) U, (1) = 0. (4.117)

Hence, the original boundary-value problem in (4.112) and (4.113) has been re-
duced to a set of the eighth order systems of linear ordinary differential equations
n=0,1,2,...).

Proceeding with the construction of the Green’s function G (x, ¢; s, ), the solution
to the boundary-value problem in (4.116) and (4.117), U, (x), must be expressed in
integral form.

One feature of the system (4.116) introduces a notable complication: it has (gen-
erally speaking) variable coefficients. This does not allow us to find an analytical
solution U, (x). Hence, we can only obtain a fundamental set of solutions to the
homogeneous system corresponding to that in (4.116), as is required in our develop-
ment, using numerical methods. In order to provide a backdrop to this, we convert the
system in (4.116) to the normal form

dy;(x)

8
= D aij(x)yi () + fi(x). i=138, (4.118)

J=1

where the unknown functions y;(x) are defined in terms of the components of the
vector-function U, (x) as

dun
Y1) = (), pa(e) = <2y
X
dvn
ys(0) = (), ya(e) = )
X
dwpn(x)

y5(x) = wp(x), ye(x) = pra
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and

d?wy(x)

d3wy, (x)
dx? '

dx3

The coefficients o;; (x) of the system (4.118), and its right-hand side functions
fi(x), are defined by the operator A, and the right-hand side vector-function Fy, (x),
respectively.

We will provide the reader with a hint as to how we can express the boundary con-
ditions (4.117) in terms of the newly introduced functions y; (x): consider a particular
case of the problem, and express, for example, the matrix-operators By, (d/dx) and
By, (d/dx) as

y7(x) = yg(x) = (4.119)

10 0 10 0
d\ _[or1 o d\_[or1 o
%”&E): oo 1 | m”&ﬁ): 00 I
00 d/dx 0 0 d?/dx?

In physical terms, this statement models the case where the shell’s edge x = 0 is
clamped whilst the edge x = [ is assumed simply-supported.

Now, in light of the relations from (4.119), we can reformulate the boundary con-
ditions imposed by (4.117) in terms of y; (x) as

y;(0) =0, fori=1,3,5,6,

(4.120)
yi(l)=10, fori =1,3,5,7.
To obtain the Green’s matrix for the homogeneous system
8
dy;(x) —
yc;x = Zaij(x)yj(x), i=1,8, (4.121)

J=1

subject to the boundary conditions of (4.120), a fundamental set of solutions for
(4.121) is required. That is, we need a set (j = 1,2,...,8) of its eight linearly
independent vector-solutions {y;;(x)}. Of course, it can be computed with the aid
of standard subroutines for obtaining numerical solutions of Cauchy problems, for
systems of the type in (4.121), which are widely available in contemporary computer
software. We should, however, put high requirements on numerical methods on which
the subroutines are based: the diagonal elements ¢;; in the coefficient matrix of the
system in (4.121) are much smaller than its peripheral elements, which makes the
system rigid and numerically unstable. It is worth noting that this phenomenon is
well-known to numerical analysts working in shell theory; a number of highly effec-
tive numerical methods are already available in the field (see, for example, [2]).

Note that, for cylindrical and conical shells, fundamental sets of solutions can be
obtained analytically, since the corresponding systems of differential equations have
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constant coefficients and hence allow an analytical solution. In Section 4.5.2 the
reader will encounter several important comments with regard to possible forms of
fundamental sets of solutions that can be used for a cylindrical shell.

In compliance with the Lagrange method of variation of parameters, we can write
the general solution of the system in (4.118), in terms of a fundamental set of solutions

{yij(x)}, as

8
yitx) =Y yij(0)Ci(x). i =13, 4.122)
j=1

with Cj(x) unknown functions whose derivatives C j/ (x) must satisfy the following
system of linear algebraic equations

8
D yiiCHx) = fix), i=138. (4.123)

J=1

Recall that the functions f;(x) are the right-hand side terms of the system in (4.118).
We now write the solution to the system (4.123) in the form

8
Cl(x) =)y ™) fix), i=13,
ji=1

with yi;l (x) representing elements of the inverse of the coefficient matrix of the sys-
tem in (4.123).

Upon integration of the above expressions for C/(x), we obtain the following inte-
gral representations for C; (x)

x 8
c,-(x>=/0 S 0ie) fs)ds + D, i =T,
j=1

with D; being arbitrary constants of integration, allowing the general solution of the
system in (4.118)

x 8 8
5 = [ Y Ty fi0)ds + 3 (0D (4.124)
J=1 j=1
with

8
Tij(x,5) = ) yik ()i, (5).

k=1
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By virtue of the boundary conditions in (4.120), we obtain the following system of
linear algebraic equations

8
Zr,‘ij = Si, i :1,_87 (4‘125)
j=1

for the constants D; .
The elements r;; of the first four rows in the 8 x 8 coefficient matrix R(r;;) of the
system in (4.125) are defined as

rij = ymj(0), i=1,4m=173,5,6,
whilst the elements of the last four rows of that matrix are defined as

rij = ymj(l), i=58 m=1.3,57.

The components S; of the right-hand side vector of the system in (4.125) are ex-
pressed as

] 8

S,:/ D THs) fi(s)ds, i=1.38, (4.126)
0 -
j=1

with Tl;‘ (1, s) defined as

>

T s) = r=1e
J ~Tij(l,s), i=25,8,

where T;; (/, s) represent the boundary-values of the functions 7;; (x, s) defined earlier
through y;x (x) and y,:jl (s) in the equation that immediately follows that of (4.124).

Hence, the solution of the linear system in (4.125) can be found in terms of the
inverse of its coefficient matrix R(r;;) as

where ri;l represent the elements of the inverse R™1(r;;) of R(rij).
Substituting S; from (4.126) into the above relation, we obtain

] 8
D; :/0 ;P,-,-(z,s)f,»(s)ds,
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with
8
Pij(l.s) =Y rip! T ).
k=1

Substitution these D; into (4.124) yields, for the general solution of the system
from (4.118)

x 8 ] 8
yi(x) =/ ZT,'j(x,s)fj(s)ds+/ ZHij(x,s)fj(s)ds, (4.127)
o 0 i
with

8
Hij(x,5) = Y yik(x) Pj L, 5).
j=1

The expression for y; (x) in (4.127) can be written in compact integral form

;8
yi(x):/ Y &) fi()ds, i =138, (4.128)
0 .
j=1
in which
H“ ’ k4 E )
gy (x.s) = | (5 r=g (4.129)
H;j(x,s) + Tij(x,s), x=>s

Hence, the solution of the boundary-value problem stated by (4.118) and (4.120)
is found in the form of the definite integral in (4.128). Subsequently, in light of the
relations from (4.119), the vector-function

Up (x)
Uy,(x) =1 va(x)
Wy (X)

representing the solution to the problem in (4.116) and (4.117) can be written as

l
U,(x) = / G,(x,s)F,(s)ds
0
or, in an extended form

up(x) 1 g12(x,5) g1a(x,s) gig(x,s) Xn(s)
vp(x) | = g32(x,s5) g3a(x,s) g3g(x,s) Yu(s) | ds.  (4.130)
Wy (X) ® \gsa(x,5) gsalx,s) gss(x.5) ) \ Zn(s)
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The elements g;;(x,s) (withi = 1,3,5and j = 2,4,8) of the kernel-matrix
G, (x,s) in the integral representation of (4.130) can be found in the 8 x 8 kernel-
matrix from (4.128) and are shown in (4.129).

Upon substitution of the components of Uy (x) from (4.130) into the first of the
expansions in (4.115), and successively applying the Euler—Fourier formula for the
coefficients of the second of the expansions from (4.115),

2

n 1, =07
Fa) = 5r [ 0nIFG9)av. snz{ !

2, n>0,

we obtain the following integral representation for the solution U(x, ¢) to the original
boundary-value problem defined by (4.112) and (4.113).

I p2m
U(x,(p)z/o /0 G(x,@;s,v)F(s,¥)dsdi. (4.131)

Observing the form of the solution U(x, ¢), we conclude that, in light of the relation
in (4.114), the kernel-matrix

G.g:5.9) = Y 3= 0n(9)Gn(x.)Qn ()
n=0

of the integral in (4.131) is what we set out to find: it represents the Green’s matrix of
the homogeneous problem corresponding to (4.112) and (4.113).

In the following subsection, we will implement the procedure that we described
above to several specific problems defined on a circular cylindrical shell.

4.5.2 Cylindrical Shells

The previous subsection touches upon shells of revolution with an arbitrarily smooth
meridian. The appearance of the system (4.112) modeling the elastic equilibrium of
a particular shell of revolution depends upon the shape of its meridian ¢ = const.
To find an example of a particular form of the system and to give the reader a clear
sense of the form in which the Green’s matrix might appear, we consider a circular
cylindrical shell of radius a, subject to a transverse distributed load Z = Z(x, ¢).

As mentioned before, in the case of a cylindrical shell loaded with a transverse load,
the system in (4.112) has constant coefficients, and appears [72] as

Pu 1—0d*u 140 *v aaw_

2 " 22 32 T T2a oxdp adx
1 +0 0%u 1—0d?v 13%v 10w

A ) 4.132
2 Oxde ta 2 0x2 + adep? adg ' ( )
du n 1ov k% [ *w . 2 *w n 1 0%w w 7
60—+ -—-—————\a - —— | -—=-
ox  adp 12\ 0x*  adx20¢% a3 dp? a
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with the constants £, o, and & representing the modulus of elasticity, the Poisson ratio
of the material of which the shell is made, and the shell’s thickness, respectively.
The right-hand side F = F(x, ) is expressed in terms of the load function Z as
F =a(l —0?Z/(Eh).

Example 4.11. We begin the construction of the Green’s matrix to a boundary-value
problem for the system in (4.132), modeling the static equilibrium of a section of a
cylindrical shell with its middle surface occupying the region 2 = {0 < x < /[,0 <
@ < b}, inwhichb < m,an all edges x = 0, x =/, ¢ = 0 and ¢ = b simply-
supported.

To set up the corresponding boundary-value problem, we need to know how the
boundary conditions of a simple support can be written in terms of the components
u = u(x,9), v = v(x,p)and w = w(x,¢) of the displacement vector-function
U(x, ¢). In doing so, recall the expressions

Eh ou o (dv
Nx(x,go) = m [g + ; (%—w)] s

Eh ou 1 (dv
Nw(x,go) = ﬁ [05 + ; (%—W)] s

Eh3 Pw o Pw
M (x,¢) = — 227,
x(x.9) 12(1 — 02) (8x2 + a? 8(p2)
My(x.¢) = Eh3 0%w n 1 9w
ol 9= 12(1 — 02) Toxz T a2 0¢2

for the normal forces Nx(x,¢) and Ny(x,¢), and the bending moments M, (x, ¢)
and My (x, ¢) generated in the middle surface of the shell [72].

For the edges x = 0 and x = [, their simple support implies that the deflection
function w(x, ¢), the normal force Ny (x, ¢) and the bending moment M, (x, ¢) must
vanish along these edges:

wx, @)lx=01 =0, Np(x,¢)lx=01 =0, Mx(x,¢)lx=0s =0.  (4.133)

Similarly, we impose the following boundary conditions of simple-support of the
edgesp =0and g = b

w(xv ()0)|(,0=0,b = 0’ NX(X’ (p)|(0=0,b = 0’ M(p(x7 (/))lw=0,b = 0 (4134)

In accordance with (4.114), we state that the solution of the inhomogeneous bound-
ary-value problem in (4.132)—(4.134) can be written in the form

u(x, ¢) b ol 0
v(x, ) :[ / G(x,0;8,v%) 0 dsdy (4.135)
w(x, ) 070 F(s,¥)
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with the kernel-matrix

Glx,@is.¥) = (8ij(x.9:5.9)); ;13

representing the Green’s matrix to the homogeneous boundary-value problem corre-
sponding to (4.132)—(4.134).

Since the first and the second components of the right-hand side vector in (4.135)
are zero, the components of the solution are defined completely in terms of the com-
ponents of the third column of G(x, ¢; s, ). With this in mind, the matrix form in
(4.135) transforms to the three scalar relations

b l
u(x.p) = /0 fo 2130, 03 5.9) F(s. y)dsd .
b l
v(x.¢) = /0 /0 230,01 5. 9) F(s. y)dsd . (4.136)

b 1
Wwix,p) = /0 /0 g3305. 035, V) F (s, ¥)dsdy

Now, in order to obtain the elements gi3(x,¢;s,¥), g23(x,@;s,¥) and
g33(x, ¢; 5, ) of the Green’s matrix G(x, ¢; s, V), required for the components u =
u(x,9),v = v(x,p)and w = w(x, ) of the displacement vector U(x, ¢), we will
require the integral form of (4.136).

Our approach to the solution of the boundary-value problem in (4.132)—(4.134) is
based on the specificity of the boundary conditions in (4.133) and (4.134). The latter
allow us to express the components of the displacement vector U(x, ¢), and the right-
hand side function F(x, ¢) in series-form

[o o2 o]

u(x,p) = Z Zumn COS (X Sinve,

v(x, @) = Z U SID X COS V@, (4.137)

and

F(x.9) = Y_ Y Fppsinuxsinvg (4.138)

m=1n=1

with u and v defined as

mim
u=—— and v=—.
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Upon substitution of (4.137) and (4.138) into the system (4.132), we obtain the
system of linear algebraic equations

5 l—=0 , l+o o
no o+ 5V | Umn + HVVUmn + —UWmp = 0,
2a 2a a

l+o -0 , 1, 1
Wumn + | a no+ Ev Umn + vamn =0, (4.139)
% 1 h? 4 2uPv? vt
OUUmpn + —Vmn — | —+ =z |ap + + -3 Wmn = —Fmn
a a 12 a a

for the coefficients of the expansions in (4.137) Umn, Vmn,and Wy, ,.

The system in (4.139) reduces to a more compact form after multiplying its first
equation by a2, whilst the second and the third equations are multiplied by a. This
reduces the above system to

~2 1—0 2 | ~
WA =V Jumn HVUmp + 0 @QWmp = 0,
| 1—0._
AVUmn + (Tuz + v2) Umn + VWmp = 0, (4.140)
2 2
OUUmn + VUmn + |:1 + 1242 (Mz + Vz) ]wmn = —aFmn,

where 71 is introduced as & = pa. Now, the determinant A of the coefficient matrix

5o e ofi
l—ga'ﬁv lgaﬁz + 2 v
~ 2 2
on v 1+ 1§a2 (Mz + 1)2)

of the system in (4.140) is expressed as
A = 120%a?(1 — 62) + W2 (% +v2)*.

Based on this we might assume that, since the above determinant can be zero, the
system in (4.140), mathematically speaking, is not necessarily well-posed. However,
as we learn from the mechanics of materials [19, 56, 71], the Poisson ratio o of an
elastic material ranges from 0 to 0.5. This guarantees the determinant A to be nonzero:
the expression for A represents the sum of two non-negative terms 127i*a?(1 — o2)
and h%(1? + v?)#, implying that the system in (4.140) always has a unique solution
which is ultimately found as

12fia’

Umn = A [ﬁz(l +0) - (ﬁz + VZ)] Fmn,

12va3 _ ~
Umn = A [,uz(l +o0)+ (/Lz + Vz)] Fnn
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and

1243

Wmn = A (ﬁz + Vz)szn-

Substituting Usm,n, Umn, and Wy, into (4.137), we can rewrite the components of

the displacement vector as

o0 o0 o~
u(x,p) = 1243 Z Z % (1 +0)— ('[/:2 + vz)] Fyp cos pux sinve,
m=1n=1
o0 o0 v
v(x, @) = 1243 ’;1’; X ,u 20 40)+ @ +v )] mn SIN WX sinve  (4.141)

and

~2 | 2y2
w(x,p) = —124> Z Z (" +v ) Fppp sin pux sinvg.

m=1n=1

The coefficients Fy,, of the trigonometric series in (4.138) can be expressed in
terms of the right-hand side function F(x, ¢) as

Foun = —/ / F(s,¥)sin ws sinviyrdsdy.

With this for F,,, available, the components of the displacement vector become

b pl o 4871a3
u(x,p) = 0/0 >3 Ufz [2(1 4+ 0) — (@ +v?)]

48
weor=[ [ ZZ S (201 +0) + G+ 7]
=1ln=1
X sin px cos v sin s sin vy F (s, ¥ )dsdy (4.142)
and
48a>

w(x,p) = // ZzlbaA (% +v?)?

m=1n=1

X sin ux sin ve sin ws sin vy F (s, ¥ )dsdi.
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Hence, it follows from (4.135) that the components of the third column in the
Green’s matrix G(x, g;s, ) of the homogeneous boundary-value problem corre-
sponding to that in (4.132)—(4.134) are

3 00 00
Y. D E[E A +0) - (@ + )]

m=1n=1

48a
b

g13(x, @18, ¢) =

COS JAX Sin v sin (s sin vy
X b
12ii%a?(1 — 02) + h2(p? 4+ v2)*

4843 S X "
g23(x, @55, 9) = i E E v[E*(1 +0) + @ +v?)]
m=1n=1

sin (Lx cos v sin us sin vy

4.143
X 12ﬁ4a2(1 _ 02) + h2(ﬁ2 + l}2)4 ( )
and
4843 S & ~ 5. SIn X sinvesin s sinvy
g33(x.9i5.9) == 2 +v%) 127%a*(1 — 02) + (I + v2)*

m=1n=1

In terms of a physical interpretation, these represent components of the displace-

ment vector of a point (x, ¢) on the middle surface of the shell due to the transverse
unit point force acting at a point (s, V).

In the following two brief examples, we will demonstrate how we can employ the
Green’s matrix, the elements of which we just obtained, to determine the components
of the displacement vector for the simply supported section €2 of a cylindrical shell
loaded with different distributed transverse loads.

Example 4.12. Let the simply supported cylindrical shell section {0 < x < [,0 <
¢ < b} with radius a be loaded with a uniform transverse load Zj.

After substituting the load function Z(s, ) = Zj into (4.132) and performing the
double integration with respect to s and v in (4.135), we obtain the components of
the displacement vector as

401 _ 2 00 00
Ba(1~cT)Zo SN [P +0)— @ +v?)]

u(x, ) =
Ehlb ot
" (cos ul — 1)(cosvb — 1) cos pux sinve
v [127%a2(1 — 02) + h2(W? + v2)*]’
48a*(1—02)Zp X X o "
v(x7(p) = (ET)O Z Z [Mz(l —|—O') + (MZ + UZ)]

m=1n=1
(cos !l — 1)(cos vb — 1) sin px cos v
’[/: [12ﬁ4a2(1 _ 02) + h2(ﬁ2 + U2)4]
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and

48a*(1—02)Zp ™ X
WX, @) = — DY@ +v?)?
m=1n=1

y (cos ul — 1)(cosvb — 1) sin px sin ve
v [1271%a2(1 — 02) + h2(72 + v2)*]
Using the above expressions for the components of the displacement vector, we can

obtain the stress-related components of the stress-strain state, caused by the uniform
transverse load Z. For example, we have, for the the bending moment M,

ER3 Pw o Pw
M. (x.¢) = — oow
*(x. ) 12(1 — 02) (8x2 + a? 8(,02)

after the corresponding differentiation and some elementary algebra, we finally arrive
at

4Ph*Zy o 2 | 20202 2
Mi(x,0) = === 3 > (B + v’ (1 + 0v?)

m=1n=1

(cos ul — 1)(cosvb — 1) sin pux sinve
X .
v [1271%a2(1 — 02) + h2 (72 + v2)*]

Example 4.13. Consider again the section {0 < x < /,0 < ¢ < b} of a cylindrical
shell with radius a and simply-supported edges. Let it be loaded with load Z(x, ¢) =
Zop + Z1, representing a linear function of ¢.

The integration with respect to s and ¥ in (4.135), with Z(s, ) = Zoy¥ + Z1,
yields the following expressions

401 )
utr.g) = 200D S P+ )]
m=1n=1

1
x — [Zo(vb cosvb —sinvb) + vZi(cosvb — 1)]
v

y (cos ul — 1) cos px sinvg
[12ﬁ4a2(1 _ 02) + hz(ﬁz + V2)4]’

48a*(1 — 02) &
v(r,g) =~ U0 ZZ 221+ 0) + (B + )]
=1n=1

- Ehlb

1
X /«L_ [Zo(vb cosvb —sinvb) + vZi(cosvb — 1)]

(cos ul — 1) sin px cos ve
[12'[[4612(1 _ 02) + hz(ﬁz + V2)4]




Section 4.5 Elliptic Systems 221

and

484%(1 —02)Zp XN X
w(x, ) = WO DY @+ v

m=1n=1
1
X = [Zo(vbcosvb —sinvb) + vZi(cosvb — 1)]
v

" (cos ul — 1) sin px sinvg
[12ﬁ4a2(1 _ 02) + hz(ﬁz + v2)4]

for the components of the displacement vector.

We will complete this section by emphasizing an important particular case for a
cylindrical shell, namely the so-called axially symmetric problem. We will explain
particularities of process of finding a fundamental set of solutions, required for the
construction of Green’s matrix for the governing system of differential equations. In
doing so, we consider the homogeneous system

02u 1—0 9%u 1+0 9%v o Jw

8x_2+ 2a2w+ 2a xd¢p a dx
1+0 0%u l1—-0d*v 10%v 1w

CUL220 Ty, (4144

2 8x8¢+a 2 8x2+a8cp2 a dp ( )
obu A ov Bt 2 dw o L0y e
adx a?de 12\ 0x*  a? 0x20¢%  a* dp* a?

corresponding to that in (4.132) and show how the axial symmetry affects its form.

First, the axial symmetry implies that the components of the displacement vector
do not depend on the circumferential variable ¢. Therefore, the system in (4.144)
becomes one-dimensional, with the meridional coordinate x representing a single in-
dependent variable. Another simplification stems from the fact that, in an axially
symmetric problem, a point on a meridian ¢ = const remains on this meridian, also
after deformation, implying that: (i) the component v of the displacement vector U is
zero, and (ii) all derivatives in (4.144) with respect to ¢ vanish. With all this taken
into account, the system in (4.144) transforms to

d?u(x) _odw() _

0
dx? a dx ’
du(x) w(x) ah?d*w(x)
" = 4.145
dx a 12 dx* ( )

which is a system of two ordinary differential equations for u(x) and w(x).

It is worth noting, that the total order of the above system is six. This implies
that its fundamental set of solutions must consist of six linearly independent vector-
functions. The manual derivation of such a set is highly cumbersome, but we can
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recommend computer algebra software (for example, Maple or Mathematica), in
order to facilitate the time consuming work. Omitting the details, we display only the
final result, i.e. the general solution of the system in (4.145), as:

u(x) = C1 + Cox + Csioe ¥ — Choe™P* — Csioe* + CooeP™
and

w(x) = Croa + C3aﬁe_i’3x + CaaBe™P* + Csaﬂeiﬁx + CgaBeP*
with B is defined as

V12a2h2(02 — 1)

= ah

This implies that the set of vector-functions
1 x ioe hx
0)’ oa )’ apeiBx |-

_~a—Bx _i~alBXx Bx
oe ioe oe
(dpese ) Copne ) ot (fne)
can be taken as a fundamental set of solutions to the system in (4.145).

Since the components of the vectors in (4.147) are complex-valued functions, it is
inconvenient to use them for practical construction of Green’s matrices for boundary-
value problems for the governing system in (4.145). This deficiency can be eliminated

by separating the real and imaginary parts in the components of the vector-functions
in (4.147). Upon doing this, the latter transform to

1 X o sin Bx
(0)’ (Ga)’ (aﬂcosﬂx) ’
—0 cos Bx —ge Bx oebx

(apsi )+ (s ) oo (s ) wae9
The above set looks more attractive as compared to (4.147) because it contains no
explicit imaginary components. However, upon close analysis we find a deficiency in
(4.148) similar to that of (4.147): as mentioned before, the Poisson ratio o of an elastic
material ranges from 0 to 0.5, which makes the factor (0% — 1) in (4.146) negative.
This implies that the number under the square root is negative, making 8 complex-

valued. Hence, the fundamental set of solutions in (4.148) is also impractical.
To circumvent the deficiency taking place in (4.147) and (4.148), we search for

another fundamental set of solutions to the system in (4.145). In doing so, we use the
De Moivre’s formula expressing v/—1 as

2k + 1 2k +1
v4 —1 =cos¥+isin#,

. (4.146)

k=0,1,2,3,
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and isolate its principal (k = 0) value

4—1:?(1+i)

transforming 8 in (4.146) to

V3a2h2(1 — o2)
ah

allowing us to obtain a fundamental set of solutions to the system in (4.145) of the

form
1 X 0e?®*S(x)
0)’ oa )’ 2awe®* coswx |’

( —0e™@* S (x) ) ( —0e”* S (x) ) ( —oe” S (x) ) (4.149)

2awe™?* cos wx 2awe®” sinwx 2awe COS WX

B=(1+1)

where w represents the real-valued parameter

V3a2h2(1 — 02)

ah

and S(x) and S (x) are defined as
S(x) =coswx +sinwx and  S(x) = coswx — sinwx.

The set of vector-functions in (4.149) turns out to be helpful in the construction
of Green’s matrices for a variety of boundary-value problems modeling axially sym-
metric deformation of cylindrical shells: an efficient procedure has been described in
detail in Section 4.5.1, where we obtained the solution of the boundary-value problem
in (4.116) and (4.117) in integral form in (4.130). The kernel of the latter represents
the sought-after Green’s matrix. We encourage the reader to implement the set of
vector-functions in (4.149) as a fundamental set of solutions when solving Chapter
Exercises 11 and 12 below.

4.6 Chapter Exercises

1. Construct the Green’s function for the boundary-value problem for the bihar-
monic equation, which models the bending of a simply supported infinite strip-
shaped Poisson—Kirchhoff plate, the middle plane of which occupies the region
Q={(x,y)|—c0o<x<00,0<y<b}

2. Construct the Green’s functions for the rectangular Poisson—Kirchhoff plate
with its middle plane occupying the region Q = {(x,y)|0 < x < a, 0 <
y < b}, with the following boundary conditions imposed:
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(@) w(0,y) = 0%w(0, y)/dx? = 0,%*w(a, y)/dx> = Pw(a, y)/dx> =0
w(x,0) = 0?w(x,0)/dy? = 0, w(x,b) = 3?w(x,b)/0y? =0
(the edges x = 0,y = 0,and y = b are simply supported, while the edge
x = a is free of tension);
(b) w(0,y) = 0w(0,y)/dx =0,w(a,y) = dw(a,y)/dx =0
w(x,0) = %w(x,0)/dy? = 0, w(x,b) = ?w(x,b)/dy? =0
(two opposite edges are clamped, while the other two are simply supported);
(¢) w(0,y) = dw(0, y)/dx = 0,%*w(a, y)/dx*> = Bw(a,y)/dx> =0
w(x,0) = ?w(x,0)/dy? = 0, w(x,b) = F?w(x,b)/dy? =0
(one edge is clamped, two other opposite edges are simply supported, whilst
the fourth is not subject to any tension).

Use the Green’s function constructed in Section 4.2 (see (4.11)) to determine
the deflection w(x, y), and the bending moments My (x, y) and My(x,y) in
a simply-supported rectangular {(x,y)|0 < x < a,0 < y < b} Poisson—
Kirchhoff plate, subject to a uniform transverse load of magnitude Q¢ applied
to a rectangular region {(x, y)|a1 < x < a», b1 < y < by}, with a, < a and
b2 < b.

Use the Green’s function in (4.11) to determine the deflection w(x, y) of the
simply supported rectangular Poisson—Kirchhoff plate, where {(x, y)|0 < x <
a,0 < y < b}, loaded with:

(@) f(x,y) = Qo = const applied to the region {(x,y)|0 < x <a,0 <y <
b/2};

(b) f(x,y) = Qoxy, with Q¢ = const applied to the region {(x, y)|0 < x <
a/2,0 <y <b};

(©) f(x,y) = Qox(a —x)y(b —y), with Qg = const applied to the region
{(x,M0<x<a,0<y<b/2};

(d) f(x,y) = Qoexp(xy),, with Q¢ = const applied to the region {(x, y)|
0<x<a/2,0<y<b/2}.

. Use the Green’s function defined by the series in (4.20), with coefficients shown

in (4.34), to determine the deflection w(x, y) of the semi-infinite strip-shaped
Poisson—Kirchhoff plate, where {(x, y)|0 < x < 00,0 < y < b}, loaded with:

(@) f(x,y) = Q¢ = const applied to the region {(x,y)[0 < x < a,0 <
y < b};

(b) f(x,y) = Qoxy, with Q¢ = const applied to the region {(x, y)[0 < x <
a,0<y<b};
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10.

11.

12.

(c) f(x,y) = Qox(a —x)y(b — y), with Q¢ = const applied to the region
{(x,M0<x<a,0<y<b/2};

(d) f(x,y) = Qoexp(xy),, with Qg = const applied to the region {(x, y)|
0<x<a/2,0<y<b/2}.

Use the Green’s function in (4.96) to determine the deflection w(x, y) of the
simply supported rectangular Poisson—Kirchhoff plate, with {(x, y)|0 < x < a,
0 < y < b}, resting on an elastic foundation (1) and loaded with:

(@) f(x,y) = Qg, with Q¢ = const applied to the region {(x, y)|0 < x < a/2,
0<y<b};

(b) f(x,y) = Qop, with Q¢ = const applied to the region {(x, ¥)|0 < x < a/2,
0<y<b/2};

(¢) f(x,y) = Qoxy, with Q¢ = const applied to the region {(x, y)|0 <
x<a,0<y<b}.

. Use the Green’s function in (4.71) to determine the deflection w(x, y) of the

clamped circular plate with radius a, subject to a uniform transverse load Q.

. Use the Green’s function in (4.76) to determine the deflection w(x, y) of the

semi-circular plate with radius a, subject to a uniform transverse load Q.

Use the Green’s function in (4.83) to determine the deflection w(x, y) of the
simply supported circular plate with radius a, subject to a uniform transverse
load Q¢ applied to the region {(r, )|0 < r < a;,0 < ¢ < 27}, where a; < a.

Use the Green’s matrix whose elements are shown in (4.143) to find the com-
ponents of the displacement vector for the section Q = {(x,¢)|0 < x < [,
0 < ¢ < b} of a cylindrical shell with radius a, loaded with a uniform trans-
verse load Zg, applied to the half-section {0 < x < [/2,0 < ¢ < b}.

Construct the Green’s matrix for a boundary-value problem for the system in
(4.145), modeling axially symmetric deformation of a semi-infinite cylindrical
shell with a simply-supported edge x = 0.

Construct the Green’s matrix for a boundary-value problem for the system in
(4.145), modeling axially symmetric deformation of a semi-infinite cylindrical
shell with a clamped edge x = 0.



Chapter 5
Multi-Point-Posed Problems

The opening chapters of this book were conceived as a review of the theory of the
Green’s function in its traditional sense. We also wanted to familiarize the reader
with several applications of that theory. The review underwrites the fundamental
importance of this subject. It represents a powerful instrument in the qualitative as
well as quantitative analysis of boundary-value problems for linear ordinary and par-
tial differential equations. One of the necessary conditions for the existence of the
Green’s function, requires the coefficients of the governing differential equation to
be smooth functions. This implies that the coefficients should not only be continu-
ous functions of the independent variables, but should also be differentiable, up to a
certain order.

However, it is worth noting that the coefficients of differential equations model-
ing many physical phenomena are not necessarily smooth functions. They might, for
example, be discontinuous, in which case the Green’s function formalism is not di-
rectly applicable. This creates a situation where it is desirable to adjust the formalism
to such irregular differential equations accordingly. Earlier in [44, 45, 47, 50], we
have reported on our work and the progress made in the area. In this chapter, we will
discuss this indicated adjustment: we will introduce a novel notion of the matrix of
Green’s type for specific systems of ordinary differential equations, and will present a
number of applications. Later, in Chapter 6, the notion of the matrix of Green’s type
will be extended further, in order to make it applicable to partial differential equations.

In the first section below, we will extend the sphere of applicability of the Green’s
function to the so-called multi-point-posed boundary-value problems specified for
specific sets of linear ordinary differential equations. We will see how the notion
of the matrix of Green’s type already arises from this extension.

Section 5.2 will deal with applications of matrices of Green’s type to multi-point-
posed boundary-value problems, modeling the static stress-strain state of multi-span
Poisson—Kirchhoff beams. In Section 5.3 we will also provide a generalization of
the material in the first Section, when we will treat sets of linear ordinary differential
equations with individual domains. In contrast to the problems in Section 5.1, every
governing equation will be defined on a single edge of a finite weighted graph. The
continuity conditions and boundary conditions imposed at the vertexes and at the end-
points of the graph respectively, order our problem as a specific system of differential
equations. matrices of Green’s type for the latter will be constructed using one version
of the method proposed in Section 5.1.
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5.1 Matrix of Green’s Type

In this section, we set out to present several non-traditional implementations of the
Green’s function method. We will deal with problem statements that reduce to multi-
point-posed boundary-value problems for specific sets of linear ordinary differential
equations. Those sets do not, however, represent systems of equations in the usual
sense, where several unknown functions are assumed to have a common domain, and
at least one of the equations in the system involves more than one of the unknown
functions.

In this case, each of the involved differential equations governs a single unknown
function, each of which is defined on an individual domain that represents a subinter-
val of a certain basic interval. The equations are transformed to a system by imposing
contact conditions at the endpoints of the subintervals.

5.1.1 Definition

We introduce the matrix of Green’s type notion for a piecewise homogeneous medium
of a sandwich type. Later, in Section 5.3, we will extend this notion to problems
defined on more complex assemblies of one-dimensional elements.

We now present a typical setting of a multi-point-posed boundary-value problem of
the kind to be considered. In doing so, let a closed interval [ag, aj ] be partitioned by
a set of k — 1 distinct internal points a;, i = 1,k — 1, into k arbitrary subintervals
(aj—1,a;). Consider a set of kK inhomogeneous nth order linear differential equations

n d _(n—j)
Ll = 3 pijny 2

i = fi(x), xe€(aj-1,ai), i =1k, (5.1)
=0

each of which is defined on an individual subinterval. The coefficients p;; (x) of the

operators L; represent continuous functions on [a;—1,a;], with the leading coeffi-

cients pjo(x) being nonzero on [a;_1, a;]. In addition, we assume each of the right-

hand side functions f;(x) in (5.1) to be continuous on the corresponding subinterval

(ai—1,a;).

Clearly, the equations in (5.1) cannot be viewed as a system of differential equations
in the usual sense. They should rather be considered as a set of k separate equations.
However, since every two next-door subintervals (a;—1,a;) and (a;,a;+1) in [ag, ak]
share the end-point a;, we can treat the set in (5.1) as a system if we impose the
following set of boundary and contact conditions

Mglyi(ao). y1(ar), y2(a1).....ye(ax)l =0. ¢ =1,nxk, (5.2)
with My linearly independent forms, representing the conditions imposed at the points
ai,(i = 0,k). Of the total number of n x k relations in (5.2), only n represent

boundary conditions imposed at the end-point a¢ and aj of [ag, ay], whereas the
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remaining relations represent contact conditions imposed at the internal points a;,
i=1k-1

In the following, a setting of the kind in (5.1) and (5.2) will be referred to as a
multi-point-posed boundary-value problem. Assuming that the problem in (5.1) and
(5.2) is well-posed, this implies that the corresponding homogeneous (all f;(x) = 0)
problem only has the trivial solution.

To provide a backdrop for extending the Green’s function formalism to the setting
in (5.1) and (5.2), we introduce a vector-function Y (x) the components of which Y; (x)
are defined in terms of the functions y; (x) that are to be found, as follows

(5.3)

Yi(x) = yi(x), forx € (ai-1,ai),
! 0, for x € (ag,ax) \ (@i—1,a;).

We introduce another vector-function F(x) for the right-hand side functions f;(x)
in (5.1), whose components Fj(x) are defined as

Fi(x) = {fi(x), for x € (aj—1,a;), (5.4)

0, for x € (ao,ay) \ (ai—1,a;).

We are now in a position to formally extend the definition of Green’s function in
order to make it valid for the multi-point-posed boundary-value problem displayed in
(5.1) and (5.2).

Definition. If, for any allowable vector-function F(x), the vector-function Y(x) is
expressed in integral form

v =- [ " G @ 5.5)

0

then we can refer to the kernel matrix

G(x,§) = (gij(x’g))i,jzl,k (5.6)

in (5.5) as the matrix of Green’s type for the homogeneous multi-point-posed bound-
ary-value problem, corresponding to (5.1) and (5.2).

Note that the first subscript i in the element g;; (x, &) of G(x, §) matches the domain
of the variable x, x € [a;j—1, a;], whilst the second subscript j matches the domain of
the variable £ .§ € [a;—1, a;].

For any fixed value of £, the components g;; (x, §) are assumed to meet the follow-
ing properties:

1. Fori # j (meaning that the domains of x and & never overlap), the elements
gij (x, §) are continuous along with their derivatives with respect to x up to the
nth order.
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2. Fori = j (x and & share the domain), when x # £, the elements g;; (x, &)
are continuous, along with their derivatives with respect to x up to the nth or-
der. However, for x = &, the elementsg;;(x,£) are continuous along with
their derivatives with respect to x up to the (n — 2)nd order, whereas their
(n — 1)st derivatives make a discontinuous jump, the magnitude of which equals
—pig (©).

3. For x # &, the elements g;; (x, §),as functions of x, satisfy the homogeneous
equations

Lilgij(x,£)] =0, x € (ai-1.ai), i = 1,k,

on the domain of x.

4. The elements g;; (x, &) satisfy both the boundary and the contact conditions in
(5.2)ie.:

Mylgij(ao.§). gij(@1.6)..... gij(ak. )] =0, ¢ =1.nxk,

which are applicable to them.

5.1.2 Construction

Our objective in this section is to provide the reader with a straightforward guide for
constructing matrices of Green’s type. We will try to be as clear and as transparent as
possible and will not describe the construction procedure in general terms. Instead, we
consider several specific problems of the kind in (5.1) and (5.2), and show how we can
practically construct their matrices of Green’s type. We believe that this methodology
will work best.

Example 5.1. Consider the simplest three-point posed boundary-value problem

d2
;—1?) = fi(x), x € (=1,0), (5.7)
X
d2
;—2?) = fa(x), x€(0,1), (5.8)
X
y1(=1) =0, y2(1) =0, (5.9)
dy1(0 dy,(0
11(0) = »2(0), y;( ) _ A yal ). (5.10)
X dx

This problem may be interpreted as a model for the steady-state heat conduction
in a compound bar consisting of two segments of unit length, each made out of a
physically homogeneous material. The parameter A represents the ratio A2 /A1 of the
heat conductivities of the materials out of which the bars are made.
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It can be easily shown, that the homogeneous problem corresponding to (5.7)—
(5.10) has only the trivial solution. In Chapter Exercise 1(a), we invite the reader to
verify this.

Following the method of variation of parameters procedure, we now represent the
general solution of (5.7) as

y1(x) = C1(x) + xCa(x) (5.11)
yielding the following system of linear algebraic equations
(07) (&) = (ito)
01 (%) S1(x)

for the derivatives of C1(x) and C»(x), with a well-posed coefficient matrix. From
this, it follows that

Ci(x) = —xfi(x), C3(x) = fi(x).

Expressions for Cj(x) and C,(x) are obtained from the above, by straightforward
integration, as

QWZ—Lfﬁ@@+ML(MM=[J&MHﬂh

Substituting C;(x) and C,(x) into (5.11), and combining the two integral terms in
one, we obtain

mm=L@%M@ﬂ+M+%merﬂ. (5.12)

It is evident we can obtain an expression for y;(x) by following an analogous
procedure. The only difference with the case for y;(x) is the domain for y;(x).
Hence, we have respectively

mm=ﬁﬁw®ﬁ@%+M+ML,mww. (5.13)

We use the boundary and contact conditions in (5.9) and (5.10), applied to y;(x)
and y;(x) to calculate the constants of integration M1, M», N1, and N,. The bound-
ary conditions in (5.9) yield

My — M, =0, (5.14)

1
M+M=A@—umww (5.15)
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whilst the contact conditions in (5.10) result in
0

M=M= [ en (5.16)
-1

0
ANs — My = /_ @ (5.17)

The relations in (5.14) through (5.17) form a well-posed system of linear algebraic
equations for M1, M,, N1, and N;, with the solution

=t = o vaed s 2 [Te-naes

W= [ernn@as 2 6 naea

and

Vo= [ Enneas g [ 6 naeus

Upon substituting M1, M», N1, and N5 into (5.12) and (5.13), and after performing
a few elementary transformations, we obtain

O x+DHAE-1)

nw= [ SRS A@ae+ [ c-0n@ds
A +1)(E-1)
" /0 S s (5.18)

and

= [ CEDEED ey [M6 o pes

P +E-1

A ) fa(§)d§. (5.19)

If we write the first and the second integrals in (5.18) as a single integral, we get

0 1
() = /_ (6 (60 - /O g O fEIE (520

whilst after combining the second and the third integrals in (5.19), we obtain

0 1
ya(x) = /_ (. 6) (605 - /O g HfEIE  (5.21)
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with the kernel functions g;; (x, §) in (5.20) and (5.21) are found as

Blx +1)(1—=A1E), for—1<x<s<0,
BE+ 1)(1—Ax), for—1 <s<x <0,
g12(x,8) =AB(x + (1 —§), for—1<x=<0<s<l,
g21(x,8) =B1—-x)¢E+1), for—1<s<0=<x<1,

g11(x,§) ={

and

Bx+A)(1—=§), for0<x<s<1,

x,§) =
g22(x.5) {5(5 F (1 —x), for0<s<x<1,
with 8 = (1 4+ 1)L

In accordance with the approach suggested earlier in this section (see the vector-
functions introduced in (5.3) and (5.4)), we introduce the vector-function Y (x) with
the components

y1(x), forx € (—1,0),
Yi(x) =
0, forx € (0, 1),
and
0, for x € (—1,0),
Ya(x) = (=1.0)
ya2(x), forx € (0,1).

Similarly, components of the vector-function F(x) are defined as

Fix) = {fl(x>, for x € (~1,0),
0, forx € (0, 1),
and
F(x) = {0’ forx € (=1.0),
f2(x), forx €(0,1).

We can now rewrite the integrals in (5.20) and (5.21), in terms of the vector-
functions Y(x) and F(x), as the single integral

1
Y(r) = — /_ G(x OF e

Hence, it follows from the definition we introduced earlier in this section, that the
functions g;;(x, &) can be referred to as the elements of the matrix of Green’s type
G(x, &) of the three-point posed homogeneous problem corresponding to (5.7)—(5.10).
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Example 5.2. We consider the system of Cauchy—Euler equations

di (xdyl(x)) = A, xe.a) (5.22)

X dx X

di (xdyZ(x)) - lyz(x) = fo(x), x € (a,o0), (5.23)
X dx X

with boundary and contact conditions imposed as
lim |y1(x)] < oo, lim |y2(x)| < oo, (5.24)
x—0 X—>00

@ _ dy@
dx dx

yi(a) = y2(a), (5.25)

We have chosen this problem on purpose: whilst solving it, we will show how
the method of variation of parameters works for multi-point-posed boundary-value
problems, with singular points for the governing equations, which in turn may be
defined on unbounded domains. Clearly, x = O represents a singular point for the
equation in (5.22), whereas the domain for the second governing equation in (5.23) is
unbounded.

In Chapter Exercise 1 (b), we ask the reader to verify that the problem in (5.22)-
(5.25) is well-posed, thus justifying the existence and uniqueness of its matrix of
Green’s type.

Evidently, the functions Y;(x) = x and Y>(x) = x~! may constitute a funda-
mental set of solutions for the homogeneous equation corresponding to that in (5.22).
Thus, following our procedure, we seek the general solution to that equation in the
form

y1(x) = C1(x)x + Co(x)x 1. (5.26)
This yields the following well-posed system of linear algebraic equations
x x71 Ci(x)\ _ 0
(1 202)+(E5) = Cacon)
in C{(x) and C5(x). The solution of this system is

S1(x)
2x

Gy = N

Ci(x) =

After integrating these expressions and substituting Cy(x) and C,(x) into (5.26),
we have

X 2 g2
yix) = /0 al 2x; fi()dE + Dyix + Diax 1t (5.27)
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Analogously, for y,(x) one obtains

X xz . €_-2
y2(x) = / f2(6)dE + Da1x + Daox™ . (5.28)
a 2x§

Notice again that the lower limits of the two integrals in (5.27) and (5.28) represent
the left-end points of the intervals (0, @) and (a, c0), respectively.

The constants of integration in (5.27) and (5.28) can be obtained by imposing the
boundary and contact conditions in (5.24) and (5.25). Clearly, the first condition in
(5.24) requires D1, = 0, since its factor x~! is unbounded as x goes to zero. To
satisfy the second condition in (5.24), we regroup the terms in (5.28) as follows

x x E .
ya(x) = —sz(é)dé +Da1)x+ | = | 5HE)dE+ D) xT (529)
a a

It can be readily seen that for the second condition in (5.24) to hold, the integral-

containing factor of x in (5.29) must be equal to zero, resulting in
o0
1

Dzlz—/a 35 O

Taking into account the values of D, and D, we just found, the first condition in
(5.25) provides us with

a a2 . 52
2a¢

To treat the second condition in (5.25) properly, we first differentiate y;(x) and
y2(x) in (5.27) and (5.28), which yields

Dita—Dya~! = /O fE)dE - / 4 hEde. (530

2 2
e = [ Aeds + Dy

and

X 1.2 2
y3(x) =/a xzs—;f f2(E)dE + Doy — Dopx™?

It now follows from the second condition in (5.25) that

a’ + &2

D11+ AD —2=—/
1+ 220 . 252

e h@ds- [ Lped G
The relations (5.30) and (5.31) form a well-posed system of linear algebraic equa-
tions in D1 and D»», the solution of which is found as
/°° A (a2+§2)+l(a2—§2)
a

Dy =— ——— f(§)dE -

(14 A)E 2(1 + M)a?§

f1(§)dé§
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and

@+ ) A -8
Das = — /0 . fE)dE,

Substituting all four values of D;;, i, j = 1,2, into (5.27) and (5.28), we obtain
the solution to the problem in (5.22)—(5.25) as

__ [ xl@®+8) + Ma® — )]
nin = [ L= A
%-2
[ - [T pe
and
a 2 2 — 2 2 _ g2
() = - [ fga

xx2_§2
[ peds - [T e

From these integral representations of y;(x) and y, (x), it follows that, in accor-
dance with the definition we introduced earlier, the elements g;; (x, £) of the matrix
of Green’s type to the homogeneous three-point posed boundary-value problem cor-
responding to (5.22)—(5.25) are finally found as:

x[(@2 + £2) + A(@® — ED)]2(1 + A)a2e]”", for0<x <s<a,

g8 = {f[(a2 +x2) 4+ 2@ = x2)]2(1 + Ma2x] ', for0<s <x <a,

g12(x, &) = Ax[(1 + ME]™Y, for0<x<a<s < o0,
g21(x, &) = [(a® + £2) — A(a? — £2)](4AxE)™L, for0<s <a < x < o0,

x(2§)_1, fora <x <s < o0,

$(2x)_1, fora <s < x < oo.

g22(x,§) = {

Before shifting our attention to the next problem, we note that in the settings pre-
sented so far in this section, we considered multi-point-posed boundary-value prob-
lems in which domains of independent variables form a sandwich type assembly. The
four-point-posed problem in the following example is different: three segments form
an assembly with their left-end points contacting in the way shown in Figure 5.1.

Example 5.3. Consider the following problem:

d?yi(x) =—fi(x), xe(,1), i=1223, (5.32)
dx?
$100) = y2(0) = y3(0).  h1yj(0) + hayh(0) +h3p4(0) =0,  (533)

y1(1) =0, y2(1)=0, y3(1)=0. (5.34)
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Note that, for each element of the assembly, the problems are formulated in several
local coordinate systems: it can be viewed, for example, as modeling a steady-state
heat conduction in the assembly of three rods, each with unit length as shown in
Figure 5.1. The rods are made out of homogeneous conducting materials whose heat
conductivities are defined by the constants /1, /i, and h3. Within this interpretation,
we can refer to the relations in (5.33) as conditions of ideal thermal contact.

h 1
hy

Figure 5.1. Heat conduction in an assembly of rods.

In the following, we will show how we can apply the technique we described earlier
in this section to the construction of matrices of Green’s type for the class of problems
in (5.32)—(5.34).

In Chapter Exercise 1 (c), we invite the reader to verify that the homogeneous prob-
lem corresponding to that in (5.32)—(5.34) only has the trivial solution, justifying,
consequently, the existence and uniqueness of its matrix of Green’s type.

We now write the general solution to each of the equations in (5.32) as

yi(x) =Ci(x) + Di(x)x, i=12.3,

reducing, through method of variation of parameters, to the following integral formula

yi(x) = /Ox(é —x)fi()dE+ M; + N;jx, i=1,2,3. (5.35)

Satisfying the first group y1(0) = y2(0) = y3(0) of conditions in (5.33), we derive
the following two equations

My = M, = M; (5.36)
in M1, M; and M3. The last condition in (5.33) yields
hiNy + haNy + h3N3 = 0. (5.37)

The boundary conditions in (5.34) provide us with three additional relations for M;
and N;, namely

1
M; + N; = /0 (-8 /e, i =1.2.3. (5.38)
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The relations (5.36)—(5.38) form a well-posed system of six linear algebraic equa-
tions in six unknowns, from which the latter are found as

1
M=M= Ms = H [0 (1= 61 f1 () + ha f2(E) + h3 f3(E)dE,
1
Ni=H /0 (1= )[(hs + h3) f1(8) — ha fa(®) — hs fo(®)dE,

1
Ny = H/O (L =8)[(h1 + h3) f2(8) — h1 f1(§) — 3 f3(§)]dE,

and

1
Ns=H /0 (1= )[(hy + ha) f5(&) — by f1(8) — ha fo())d €

where H = (h1 + hy + h3)_1.
Substituting these into (5.35), we obtain the solution to the problem in (5.32)—(5.34)
in matrix form

y1(x) 1 [ 811(x.§) g12(x.§) g13(x,§) f1(6)
y2(x) | = g21(x,§) g22(x,8) g23(x,§) f26) |dE (5.39)
y3(x) g31(x,§) g32(x,8) g33(x,6) f3(8)

The elements g;; (x, §) of the kernel-matrix in the above integral are as follows
H(1=&)[h + x(hy + h3)], forx <s,

H( —x)[h1 + E(hy + h3)], fors < x,

gi2(x.§) = Hha(1 =§)(1 —x), gi3(x,§) = Hha(1 —§)(1 —x),

HA —=8&)[hy + x(hy + h3)], forx <s,

H(1 —x)[hy + E(hy + h3)], fors <x,

g21(x.§) = Hhi(1=§)(1 —x), g23(x.§) = Hha(1 —§)(1 —x),
g31(x,8) = Hhi(1 -§)(1 —x), g32(x,§) = Hha2(1 —§)(1 —x),

g1 (x,§) Z{

g22(x,8) = {

and

H(1 —§&)[h3 + x(h1 + h2)], forx <,

g33(x,§) = {H(l — x)[h3 + E(hy + hy)], fors < x.

It follows from the definition we introduced in the opening part of this section,
that the kernel-matrix in (5.39) represents the matrix of Green’s type G(x, ) for the
homogeneous problem corresponding to (5.32)—(5.34). With respect to the physical
interpretation of the setting, we can call G(x, ) the influence function of a point
source for the entire assembly of rods shown in Figure 5.1.
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Similar to the Green’s function formalism applied to a single equation, matrices
of Green’s type can naturally be utilized to solve multi-point-posed boundary-value
problems for inhomogeneous systems of equations, subject to homogeneous boundary
conditions. In a number of the Chapter Exercises, we will instruct the reader to use
this approach when solving particular problems.

5.2 Influence Function of a Multi-Span Beam

With the introduction of the notion of the matrix of Green’s type and after developing
a procedure for the construction of such matrices, we are now ready to bring this
notion to a specific area in structural mechanics. We will show how the notion of
the matrix of Green’s type helps to develop a solid basis for an efficient approach to a
wide range of problems [45, 47], by using it to tackle the problem of static equilibrium
of multi-span Poisson—Kirchhoff beams.

Our discussion will be based on a relationship between the matrix of Green’s type
for a multi-point-posed boundary-value problem, and the influence function of a trans-
verse point force for a multi-span beam, which our problem models mathematically.
Upon considering a number of particular problems, we will explain, specific features
of the method proposed for the construction of influence functions for different multi-
span beams.

Example 5.4. Consider a compound cantilever beam overhanging an intermediate
simple support. The beam is comprised of two spans having uniform flexural rigidities
E I, and E I, as depicted in Figure 5.2.

To obtain the influence function (matrix) of the transverse unit force for the beam
in the statement, we set up the following three-point posed boundary-value problem

dtwi(x) _ q1(x) _

- EL —filx), x€(0,b), (5.40)
d*ws(x) g2(x)
Pt iDL =—fa(x), x¢€(b,a), (5.41)
_dwi(0) _ dPwe) _ dPun@) _
U)I(O) = T = 0, d_x2 = dx3 = 0, (542)
w1 (B) = wa(b) = 0, Twi®) _ dwa(®) (5.43)
dx dx
2 2

dx? dx?2 ’
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EL ElL TP =1

Figure 5.2. A compound beam overhanging a simple support.

with wy(x) and w,(x) representing the deflection functions of the beam for the cor-
responding span, ¢1(x) and g, (x) in (5.40), and (5.41) are continuously distributed
transverse loads, applied to the left-hand and the right-hand span respectively.

With regard to the boundary and contact conditions imposed in (5.42)—(5.44), we
note that the first two relations in (5.42) model the clamped edge conditions at x = 0,
while the second pair of the relations in (5.42) represent the free edge conditions
at x = a. The four relations in (5.43) and (5.44) model the continuity conditions
imposed at the point of intermediate support, where the deflection function must be
set to zero for x = b, whilst the slope of the deflection function and the bending
moment in that point are assumed to be continuous.

In mechanics, the matrix of Green’s type

G(x.§) = (gij(xvg))i,jzl,Z

for the homogeneous ( f1(x) = f2(x) = 0) three-point posed boundary-value prob-
lem corresponding to (5.40)—(5.44) is called the influence function of a transverse
unit force, for the beam in Figure 5.2. With this in mind, we interpret the first row
elements g11(x, &) and g12(x, &) in G(x,§) as the deflection in the left-hand span
(0 < x < b) of the beam, caused by a transverse unit force applied within the left-
hand span (¢ € (0, b)) and the right-hand span (§ € (b, a)), respectively. The second
row elements g»1(x, §) and g22(x, &) represent the deflection in the right-hand span
(b < x < a), caused by a transverse unit force applied within the left-hand and the
right-hand span, respectively.

We will now use the method of variation of parameters, as developed earlier for
second order equations, to obtain the matrix G(x, £). The reader might recall from
our experience with the application of this method, that the load functions ¢; (x) and
g2 (x) should not be specified. We introduce the functions fi(x) and f>(x) to aid
notational convenience in the development that follows.

Following the method of variation of parameters, we represent the general solutions
of the equations in (5.40) and (5.41) as

w; (x) = A; (x) + Bi(x)x + Ci(x)x> + D;(x)x3, i=1,2. (5.45)
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The resulting system of linear equations for 4;(x), B(x), C/(x), and D;(x), i =
1,2, now appears in the form

1 x x2 x3 Al (x) 0
0 1 2x 3x? " Bl(x) | _ 0
00 2 6x C/(x) 0
00 0 6 Di(x) —fi(x)

The specific shape of the above system makes its solution very simple, since the
coefficient matrix of the system is in upper triangular form. Because of this, we find
the system’s solution by backward substitution, yielding

3 2
Ajx) = T i), B = = fix),
Cl) =3/, D) =~ fitx) (5.46)

Based on that, the coefficients A1(x),..., Di(x) for wy(x) in (5.45) can be ob-
tained by integrating the above derivatives over the interval [0, x], which yields

X &3 X &2
Al(x)zfo *h@ds+ oy, Bl(x)z—/o S h@dE+ Ky,

cl(x)zfo " @t + L, Dl(x)z—/o SAEE + M,

Analogously, the coefficients A»(x),..., D2(x) for wy(x) can be found as inte-
grals of (5.46) over the interval [b, x]. That is,

x &3 X &2
Ax(x) = /b ©h@dE+ H, Ba() = - /b = h©s + Ko,

Co(x) = /b C @+ L Do) = - /b SO + M

Upon substituting these functions in (5.45) and grouping all the integral-containing
terms together, we obtain the following expressions

[T E=x) 2 3
wi(x) = 6 fl(f)df-i-Hl-i-le-i-le + Mix~, XE[O,b],
0
(5.47)

X _ 3
wa(x) = / (¢ 6X) f(E)dE+ Hy + Kox + Lox? + Mpx3®, xe [b,a],
b
(5.48)

for the general solutions of (5.40) and (5.41).
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The parameters Hy, ..., M> in (5.47) and (5.48) can be found by imposing the
boundary and contact conditions from (5.42)—(5.44): the first condition w(0) = 0
of a clamped edge in (5.42) yields H; = 0, whilst the second condition w’(0) = 0
results in K1 = 0.

Through satisfying the first condition for a free edge, as imposed in (5.42), which
represents the physical fact that the bending moment vanishes at x = a, we obtain

2L+ 6Maa = — fb € —a) pe)d (5.49)

whilst the second of the free edge conditions, which simulates the shear force vanish-
ing at x = a, yields

a1
My = /b < f2()dE.

Substituting M5 into (5.49), we obtain

“§
La=- [ S h@a
b
The first contact condition wi(b) = 0 from (5.43) yields

(¢ -

3
D fi@a (5:50

b
L1b2 + M1b3 = —/
0

while the contact condition in (5.44) provides

b a
EL [2L1 + 6M1b +/0 (E—b)f1(5)d5} = Elz/b (b—§) f2(§)ds.  (5.51)

Clearly, the relations (5.50) and (5.51) form a well-posed system of linear algebraic
equations for L1 and My, which gives us

b 1 ay
Li= [ et -oE—20/@de - [ F0-8 A

and

b 1 ’ 5 a )
M1=f0 - by -2 -2 )d§+/b 20§ f2(6)dE

with A representing the ratio of the flexural rigidities £/, and EI;, that is A =
EL/EI.
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Since we already have H;, K1, L1, and M; available, we rewrite (5.47) to give us
a final expression for wy (x),

b 2 )
() = [ €= DIEGh - @b -5 ~ 202 fu(E)de
¢ -0’
6

a sz X
+ [ Aot - ped+ [

1 fi§)ds, (5.52)

which represents the deflection function for the left-hand span of the beam, caused by
the two continuously distributed transverse loads (with g1 (x) applied to the left-hand
span and ¢, (x) applied to the right-hand span).

We now turn our attention to the deflection function wy (x) in (5.48), and recall the
second contact condition w(b) = 01in (5.43), giving

Hy + Kb + L2b2 + M2b3 =0.

Using the expressions for L, and M, that we found earlier, the last equation trans-
forms to

a 1,2 _
Hy + Kob = — /b wfz(é)d? (5.53)

Through satisfying the third contact condition w/ (b) = w/(b) in (5.43), we obtain

(£ —b)?
2

b a —
2L1p+ 3007 | hds =Ko+ [T POE peas 650

Note that, since we already know L; and M, equation (5.54) yields

b1, “p
K> =/0 0 (b—é)fl(é)dEvL/b 70 —HA=2) f2(6)dE.

With this expression, we return to equation (5.53), and obtain

H, = b12b d ab23x b) —2(3E —2b d
2——/0 Zé( -8 N6 E+/b E[ (& —b) —2(3& —2b)] f2(§)dE.

After substituting H», K2, L, and M> into (5.48), and doing some trivial algebra,
we obtain an explicit expression for wj(x) as

(E—x)°
6

b x
wa) = [ Ee-00-nfi©ds+ | HEME (559

* / le(x —D)2(x — b)? = 3(E — b)(B(A —2) + 2x)] f2(£)d &
b
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representing, in physical terms, the deflection function for the right-hand span of the
beam, caused by the transverse loads ¢; (x) applied to the left-hand span and g5 (x) to
the right-hand span.

Recalling wi(x) in (5.52), we express the functions fj(x) and f>(x) from that
equation in terms of the loading functions ¢ (x) and g»(x) (see (5.40) and (5.41)),
and rewrite w1 (x) in the form

b a
i (x) = /0 g1 (6. O (E)E + /b g2 H@OdE. (5.56)

where

1 x2(E —b)[E(Bb — x)(2b — &) —2b%x], forx <s,
gu(x,§) =

123E1; |€2(x — b)[x(3b — £)(2b — x) — 2b%E], fors < x,
(5.57)

with both the variables x and £ ranging between 0 and b. For g12(x, &), with0 < x <
band b <& < a, we find

Ax2
g12(x,8) = m(b —&)(x —D). (5.58)

Similarly, the function w,(x) transforms to

b a
wa(x) = /0 o1 (x. )1 (E)IE + /b g6 HREdE. (5.59)

where

5;2
4bE 14

g21(x.§) = (b—8)(x—b) (5.60)

withh < x < aand 0 < & < b. For goz(x, &), with both the variables x and &
ranging between b and a, we obtain

(5.61)

1 {(x—b)[z(x—b>2+3<b—5)(2x—b<2—k))1, x <&

Observing the solutions wj (x) and w,(x) in (5.56) and (5.59), to the three-point
posed boundary-value problem in (5.40)—(5.44), we can guess that g;; (x, §) in (5.57),
(5.58) and (5.60), (5.61) represent elements of the matrix of Green’s type G (x, §) for
the homogeneous boundary-value problem corresponding to (5.40)—(5.44). In physi-
cal terms, we may call G(x, £) the influence matrix for a transverse point concentrated
unit force for the compound beam shown in Figure 5.2.
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It is worth noting that there is a match between the variables x and & in g;; (x, §)
and the subscripts i and j. To clarify this, we recall that the first subscript i specifies
the span number of the observation point, whereas the second subscript j represents
the span number of the force application point. This implies that the match goes with
the fact that the x variable in g;; (x, £) is located in the ith span, while the § variable
belongs to the jth span.

Example 5.5. Construct the influence function (matrix) of a transverse unit force
for the compound cantilever beam overhanging an intermediate elastic support, with
elastic spring constant k*, as shown in Figure 5.3.

w

E6L

Figure 5.3. A beam overhanging an elastic support.

The influence matrix that we set out to find represents the matrix of Green’s type for
the homogeneous problem corresponding to the following three-point-posed bound-
ary-value problem

diwi(x) _ qi(x) _

ot - EL —fi(x), x € (—a,0), (5.62)
d*ws(x) q2(x)
PPl EL —fa(x), x€(0,a), (5.63)
_dwi(—a) _ d?wy(a)  dwa(a)
wi(—a) = — — =0, =5 =0, (5.64)
dwi(0)  dw(0
w1(0) = w2(0), wi0) _ duwa ), (5.65)
dx dx
d?w(0) d?w,(0)
Elj——" =El,—=" .
1= 25 (5.66)
d3wi(0 d3w,(0
ERnEPO 0 = ERT2O L ), k=%t (567)
dx3 dx3

for the deflection functions w1 (x) and w, (x), to be determined on the intervals [—a, O]
and [0, a], respectively.
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Following the procedure described in detail in Example 5.4, we find the solution to
the problem in (5.62)—(5.67) of the form

[T (E-x)? 2 3
wi(x) = 7 fi®)deE + Hy + Kix + L1x* + Myx
and
X _ 3
woo) = [ 8

The constants of integration H;, K;, L; and M;, i = 1,2, can be determined by
taking advantage of the set of boundary and contact conditions specified in (5.64)—
(5.67), yielding a well-posed system of eight linear algebraic equations for H;, K;, L;
and M;. After obtaining the latter, and substituting them into the above expressions
for wi(x) and wy (x), we get

3 2
CE et [ G * ) @A el (@ — ) — 2a(8 + an)]

3E11 [(x + a) = 3¢ + @)} f1 (E)dE
a 2
+a / O B+ x) — 3 + )] — ka?xE) HE)dE, x € a0,
0 2p

wi(x) =

and

0 2
wa(x) = /_ %{Eh[(a+s>—3(x+a>]—kazsx}f1(s>ds

*E -0 ‘1 .
+ [ S p@de+ [ o tpat— 30~ 3aka'xe

—3Elala(2a + 3§) + 3x(a + 2§)]} f2(5)dE.  x €[0.a],

where p and A are introduced as p = (2a3k +3EI1) and A = EI/E ;. The above
can be displayed in compact form

0 a
w1 (x) = /_ (6. 6) fi(E)dE + /0 g1206.8) o(E)dE, x € [~a.0], (5.68)

and

0 a
wa(x) = /_ g21(x.§) fi(E)dE + /0 2(x.6) fo®)dE. x €[0.a).  (5.69)

with the kernels g;; (x, §) of the above integrals representing elements of the influ-
ence matrix of a transverse unit force of the beam under consideration. The element
g11(x, §) is expressed in two segments, with

(a +x)?

“oppr WELK(E ) =20 + a0 +3EL(x+ @) =36 + )

ENIE
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representing the first branch of g1 (x, &), valid for —a < x < & < 0. For the second
branch of g11(x, ), valid for —a < § < x <0, we find

_ (a+§)> 2 2 2
811(367“?):—6 {kx[§(x"—a”) —2a(x” +a§)] +3EL[( +a) —3(x +a)]}.
PEL

The element g12(x, §), defined for x € [—a, 0] and £ € [0, a], is found as

2
g12(x.£) = (;‘;T’z{ml (@ + %)~ 3(a + £)] — kaPxE)

and the element g1 (x, &), with £ € [—a, 0] and x € [0, @], reads

(a+8)?

EDL {EL[(a + &) — 3(x + a)] — ka®&x)}.

g21(x,§) =

Finally, for the branch of g2+2 (x, &), with both variables x and £ in the interval [0, @]
and x < &, we obtain

g5 (x, &) = ! 7 {px?(x —38) —3Aka*xE —3E Lala(2a + 3&) + 3x(a + 2§)]}
2

6pE

while for the branch g5, (x, §), with x > &, we have

{p&2(§ —3x) — 3Aka*xt —3E Ibala(2a + 3x) + 3&(a + 2x)]}.

g22(xa E) = 6pE12

Note that, after obtaining the influence matrix of a transverse point concentrated
unit force, the elements of which are displayed above, we can determine the response
of the beam depicted in Figure 5.3 to any applied transverse load. All components of
the stress-strain state of the beam can be computed by using the integral representa-
tions for the deflection function in (5.68) and(5.69). However, a word of caution is
appropriate with regard to a feasible implementation of this approach: the user has
to make sure that the problem in (5.62)—(5.67) represents an adequate mathematical
model for the actual mechanical setting. That is, the latter is assumed physically and
geometrically linear [7, 19, 56, 71].

Example 5.6. Determine the deflection function caused by a transverse concentrated
unit force applied to the left-hand span at an arbitrary point & for the compound triple-
span beam depicted in Figure 5.4.
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El3

Figure 5.4. A compound beam overhanging two supports.

From the mechanics of materials, it follows that the four-point-posed boundary-
value problem

d*wi(x) _ q1(x)

=g Ye0a, (5.70)
4
d ;”jfx) - —"2(]’:), x € (a,2a), (5.71)
d4
;‘;(x) - —qg(lz), x € (2a,3a), (5.72)
_dwi1(0) d?ws(3a) . d3ws(3a) .
wi(0) = = =0, SRR = SR (5.73)
d d
wi (@) = wa(a) = 0, u;l(a) _ dwa(@) (5.74)
X dx
d?wi(a) d?ws(a) d*w,(2a) d*ws3(2a)
EI]W—EIZW, EIZT—EI:;T, (575)
2 2
Wy (2a) = wy2a) =0, w224 _ dwsQa) (5.76)
dx dx

models the bending of the beam depicted in Figure 5.4, with w1 (x), wz(x) and w3 (x)
representing the deflection functions of the corresponding span of the beam.

In one of the Chapter Exercises, we challenge the reader to determine whether the
above boundary-value problem is well-posed or ill-posed.

It is evident that once the matrix of Green’s type of the homogeneous problem
corresponding to (5.70)—(5.76)

G(x.8) = (8ij(x.9); ;_13 (5.77)

is obtained, the elements of its first column g11(x, §), g21(x, ), and g31(x, ) rep-
resent the deflection of the beam, caused by a unit force applied at an arbitrary point
£ €[0,a].
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In mechanical terms, the matrix of Green’s type G (x, &) in (5.77) can be referred to,
as the influence matrix for a transverse unit point force for the beam in our problem.
We can find it by following again the method of variation of parameters, in order to
solve the problem in (5.70)—(5.76). We described the specifics of this method earlier
in Example 5.4. We leave it as an exercise to the reader, to follow the procedure
thoroughly, in order to grasp the details of the method.

Following now the variation of parameters procedure, we obtain the deflection func-
tion wy (x) for the left-hand span (0, @) of the beam in the form

a 2a
w1(x) =/0 gn(x,é)m(é)d&Jrf g12(x.§)q2(§)d§

3a
+ / g13(x. §)g3(E)dE. x € [0.a]. (5.78)

2a
with the kernel of the first integral term in (5.78) representing the element g1 (x, §)
of the first column of G(x,&). The second element g,; (x, §) of the first column of
G(x, &) can be found once we find the deflection function w,(x) as
2a

wa(x) = [0 g21(x. )1 (E)IE + f g22(x. )2 ) dE

a

3a
+ [ 023(x. )g3(6)dE.  x € [a.2a]. (5.79)

2a
Hence, g21(x, £) is the kernel of the first integral term in (5.79). Finally, the element
g31(x, §) can be read from the first integral term in
2a

ws(x) = /0 g31(x. O ()dE + / g32(x. Oq2(E)dE

a

3a
4 f g33(x. O E)dE,  x € [2a.3a]. (5.80)

2a
Onmitting the details of the algorithm, we display the final result. Note that g1 (x, &)
is defined in two segments, one of them valid for 0 < x < £ < g, and obtained as

2
gh(x.6) = (; Y08 ol 2a - £)(x — 3a) + 24%]

+3M@—-fx@+§+Ex-3a)]}, O=sx=<f=a

The other branch g7 (x, §) of g11(x, §), valid for 0 < § < x < a, is found to be

2
enE) = S(Z S0 o e (20 — x)(E - 3a) + 24%E]

+3M@—x)E@+x)+x(E-3a0)), 0<f=<x=a,
where p =4FE1y +3Elyand Ay = EI,/E 1.
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Since the arguments x € [a,2a] and £ € [0, a] of g21(x, &) are specified on differ-
ent domains, this element of G(x, £) is defined in a single piece, found as

1

2pa3§2(€ —a)(Ba — x)(a — x)(2a — x),

g21(x9%_) =

whilst for the element g31(x, &), with x € [2a, 3a] and & € [0, a], we similarly find

en(x6) = 3£l =20 ).

Hence, the problem in Exercise 5.6 has been solved formally: the response to the
force P = 1 applied at an arbitrary point £ on the left-hand span of the beam depicted
in Figure 5.4 is already found.

If the beam is loaded with a continuously distributed load ¢; (x) applied within the
left-hand span only, then the deflection functions wq (x), w,(x) and w3 (x) for all the
three spans are defined exclusively by the first integral terms in (5.78), (5,79) and
(5.80), respectively. If, on the other hand, the beam is loaded with three continuously
distributed loads g1 (x), g2(x) and g3(x), we need to compute all nine integral terms in
(5.78), (5,79) and (5.80). To achieve that, we need the remaining elements of G (x, £).
Hence, we display them all in what follows.

We obtain g12(x, &), with x € [0,a] and £ € [a, 2a], in the form

1
2pa3

g12(x.§) = x*(a—§)Ba—§)(x —a)2a —§),

whilst the branch gzrz(x, &) of gaa(x, &), with both variables x and £ in [a, 2a], and
x <&, is expressed as

£h(56) = g3 2= 6)(a = D2~ [6(E — 4o (3 —da) + (= 100)]
—3ha(¢ —30)E—a) + (x—a)l) x =&,

We find the other branch g5, (x, §), for § < x, as

1
£ ) = 5 (20~ x)(a = H2(E ~ @)[x(x ~ 4a)(§ ~4a) + a*  ~ 10a)
—3Ma?[(x = 3a)(x —a) + (£ —a)?]},
whilst g3, (x, £), with x € [2a, 3a] and £ € [a, 2a], reads

1
2A1pa

g32(x.§) = (¢ —a)(x —2a)(§ —2a)[2(a — §) — Li§].
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For g13(x, &), with x € [0,a] and & € [2a, 3a], we obtain

g13(x.§) = —xz(a —x)(2a = §).

The element g»3(x, £), with x € [a,2a] and £ € [2a, 3a], is expressed as

£2(6) = 3 (6 = 2)(x = )€ ~ 2020 =) — 1],

For the branch g;g(x, £) of g33(x, &), for 2a < x < & < 3a, we obtain

1+ A -2
gia(x,a:(x—za){ A1p1a<2a—5)+%

() + 3 - 0]}
whilst the other branch g55(x,§) of g33(x,§), for 2a < § < x < 3a, is found as

(€ -
6E13

g0 = 6~ 20 { S aea -0 + E2206 o) 3l
The influence matrix, the elements of which we just displayed, enables us to analyt-
ically obtain components of the stress-strain state, caused in the beam by any combi-
nation of transverse and bending loads. Note that, if the load functions ¢ (x), g2(x),
and ¢3(x) have a simple form (polynomial, exponential, trigonometric, or their ele-
mentary combination), the integration in (5.78)—(5.80) can be performed analytically.

If this is not the case, we can approximate it by using appropriate quadrature formulas.

The examples we analyzed in this section are helpful to comprehending the ma-
terial, but they do not clarify all the possible peculiarities of the influence function
method, when applied to multi-spanned compound beams. We encourage the reader
to work through the Chapter Exercises in order to gain further experience, required
for work in this field.

5.3 Further Extension of the Formalism

With the exception of Example 5.3, our involvement in the previous sections of the
present Chapter has been limited to applications of the matrix of Green’s type for-
malism to the so-called sandwich type inhomogeneity of the material out of which the
assembly is composed. To further extend the range of possible applications of this for-
malism, we intend to target, in the current section, multi-point-posed boundary-value
problems of a more general type. We have chosen the framework of graph theory to
provide a backdrop for such an extension.

We will consider specific sets of linear ordinary differential equations, set up on
a finite weighted graph such that each of the equations governs a single unknown
function and is defined on a single edge of the graph. The individual equations are
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treated as a system by imposing contact and boundary conditions at the vertexes and
endpoints of the graph. Based on this system, we introduce a novel definition of
the matrix of Green’s type. We will address the existence and uniqueness of such
matrices and we will propose two analytical methods for their practical construction.
We will consider a number of specific problems, describing phenomena and processes
in continuum mechanics.

Numerous authors have recommended, and actually used computational implemen-
tations of the approach based on Green’s function to solving problems in applied
mathematical physics (see, for example, [6, 13, 14, 17, 26, 30, 32, 40, 41, 42, 45,
47, 48, 64, 69, 70]). However, as we mentioned earlier in this book, practical use of
Green’s functions for actual computations in engineering and science is significantly
restricted. We can list many reasons to explain this situation. One of the most signifi-
cant of them is the lack of available computer-friendly formulas for Green’s functions
in the literature.

The Green’s function formalism is only applicable to settings with linear ordinary
or partial differential equations with continuous coefficients. However, the require-
ment of continuity of coefficients can be significantly relaxed. In [44], successful at-
tempts were undertaken to extend this formalism to boundary-value problems in con-
tinuum mechanics, formulated throughout piecewise homogeneous regions, yielding
a discontinuity of the coefficients in the governing differential equations. An effort
has been put forth to implement the Green’s function formalism to treat the so-called
multi-point-posed boundary-value problems that model various settings in continuum
mechanics for piecewise homogeneous media. This is where the notion of the matrix
of Green’s type was first introduced.

In Sections 5.1 and 5.2, we have followed the concept proposed in [44]. It is worth
noting, however, that the range of implementation of that notion is limited to the
sandwich type of material inhomogeneity. It is our intention in the present section
to introduce notion of the matrix of Green’s type in a different way. The objective
is to provide an extension of the Green’s function formalism to multi-point-posed
boundary-value problems occurring in complex assemblies, consisting of different
homogeneous fragments.

For notational convenience, we specify boundary-value problems for systems of
linear ordinary differential equations on finite weighted graphs. This allows us a sys-
tematic analysis of a variety of problems for assemblies of one-dimensional frag-
ments.

Consider a finite weighted graph R (see Figure 5.5). For terminological purposes,
vertexes of degree one will be referred to as the endpoints. Let the graph have n edges
denoted withe;,i = 1,n,m endpoints, £y, h = 1, m, and r vertexes, Vi, k = 1,7.In
addition, let dj represent the degree of the vertex V} and let the positive real numbers
l;,i = 1,n, each representing the length of the edge e;, be regarded as its weight.

Suppose that all edges e; of R (each fragment in the assembly) is occupied with
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Figure 5.5. Graph R hosting a system of equations.

a conducting material (of either thermal or electrical or any other relevant nature),
the conductivity p;(x) of which is a continuously differentiable function of a local
coordinate x, which is longitudinal for all edges.

Let u; (x) represent the unknown function (temperature, electric potential, etc.) to
be determined on the edge e¢; of R. We will determine a set of these functions using
the following set of linear second order differential equations

d ( ()du,(x)

) +qgi(Xui(x) =—fi(x), xe€(,;),i=1n, (581

each of which is defined on an individual edge e; of the graph R.
These individual equations are arranged into a system by imposing a set of contact
conditions

du;i(V
ui (Vi) = - = g, (Vo). Zp,(V) W o k=Tr em)

at each of the vertexes V%, with dj the degree of V. In formulating the above con-
ditions, we use, for notational convenience, a ‘local’ numbering of the edges incident
to the vertex V. It can be easily seen that the number of contact conditions imposed
at each vertex is equal to the degree of the vertex. Clearly, the contact conditions in
(5.82) simulate the conservation of energy law at each vertex Vj of R. In addition,
the boundary conditions

du; (E .
ah% + Buui(Ep) =0, h=T,m, (5.83)

are imposed in each of the endpoints Ej of R, implying that the functions u; (x) in
(5.83) are defined on the edges e; incident to Ejy,.

Observe that the number of contact conditions imposed at a vertex Vy is equal to the
degree of the vertex, whilst a single boundary condition is imposed at each endpoint
Ej,. This implies that the total number N of uniqueness conditions imposed in (5.82)
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and (5.83) is

-
N=m+2dk
k=1

which is, according to graph theory [62], twice the number of edges n in R, i.e.
N = 2n. This makes equations (5.81)—(5.83) a well-posed problem.

In this section, we will focus on finding the influence matrix representing the re-
sponse of the entire assembly to a unit source acting, at an arbitrary point £ within an
arbitrary edge of R. Notice that the emphasis will be on multi-point-posed boundary-
value problems similar to (5.81)—(5.83). However, we can readily extend the results
of this section to problems formulated for higher order linear differential equations.

We are now in a position to extend the conventional definition of the Green’s func-
tion so as to make it valid for a multi-point-posed boundary-value problem similar to
(5.81)—(5.83).

Definition. Ann xn matrix G(x, §), whose elements g;; (x, §) are defined for x € e;
and £ € ej on R, is referred to as the matrix of Green’s type of the homogeneous
multi-point-posed boundary-value problem corresponding to (5.81)—(5.83), if for any
fixed value of &, the elements g;;(x, §) have the following properties:

1. For x # £, the elements g;; (x, §) of the principal diagonal (i = j) are continu-
ous functions of x on e;, they have continuous partial derivatives with respect to
x up to the second order, and satisfy the homogeneous equations corresponding
to those in (5.81).

2. As x = &, the elements g;; (x, &) of the principal diagonal are continuous func-
tions of x, whereas their first order partial derivatives with respect to x are dis-
continuous functions, providing

lim agii(x,§) ~ lim 0gii(x,§) _ _ 1
x—>E+ 0x x—E~ dx pi(§)
and
lim agii (x,§) ~ lim 0gii(x,§) — 1
S—)x"‘ 8x S—)x‘ ax pl (g:)

3. The peripheral (i # j) elements g;; (x, §) of G(x, &) are continuous functions
of x for any value of £ € ej, they have continuous partial derivatives with
respect to x up to the second order, and satisfy the homogeneous equations
corresponding to those in (5.81).

4. All elements g;;(x,§) of G(x, £) satisfy the contact and end conditions (which
pertain to them) in (5.82) and (5.83), in the sense that each of these conditions
is satisfied for £ on any of the edges e;, j = 1,n.
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In the following discussion, the arguments x and ¢ of the matrix of Green’s type
(analogously to those in the Green’s function) will be referred to as the observation
(field) point and the source point, respectively.

Before formulating a theorem that stipulates the existence and uniqueness of the
matrix of Green’s type, we note that if the problem in (5.81)—(5.83) is well-posed,
having a unique solution, then the trivial solution

ui(x) =0, xe(,l),i= 1,n,
represents the only solution of the corresponding homogeneous problem.

Theorem 5.1. If the multi-point-posed boundary-value problem in (5.81)—(5.83) has
a unique solution, there exists a unique matrix of Green’s type G(x, §) for the corre-
sponding homogeneous problem.

Proof. Let uj1(x) and u;j»(x), i = 1,n, be pairs of linearly independent particular
solutions on e; (fundamental sets of solutions), of the homogeneous equations cor-
responding to those in (5.81). Now, by virtue of defining property 1, the diagonal
elements g;; (x, £) of G(x, &) can be found in the formula

_Jain®uir(x) + aiz(§)uiz(x), forx <,
gii(x,§) = (5.84)
bi1(®)u;1(x) + biz(§)uia(x), forx >,
whereas, in accordance with defining property 3, the peripheral (i # j) elements
gij (x, &) of G(x, &) can be written as

gij (x, &) = cij (E)uir (x) + dij (E)uia(x). (5.85)

The coefficients a;1(§), ai2(§), bi1(§), bi2(§), c¢ij(§), and d;;(§) are to be de-
termined through application of the remaining defining properties of the matrix of
Green’s type. With regard to whether this problem is well-posed or not, notice that
the total number of coefficients equals 2n(n + 1) whilst the total number of the rela-
tions provided by properties 2 and 4 is also equal to 2n(n + 1).

By virtue of property 2, we obtain the following well-posed systems of linear alge-
braic equations in two unknowns

uir(§) ui2(§) ) ( Ci1(§) ) ( 0 ) p—
X = _ , i =1,n, 5.86)
(ugl@) u,® )\ co® ) =\ o' @ (
providing n of the total 2n equations in 2n unknowns C;1(§) and Cj»(£), i = 1,n.
We express these unknowns in terms of the coefficient functions g;j; (x, £) in (5.84) as

Cik(§) = bir(§) —air(§)., k=1,2. (5.87)

It follows from the fact that the determinant of its coefficient matrix represents
Woronskian for the linearly independent functions ;1 (x) and ;2 (x), that the problem
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is indeed well-posed. Hence, a unique expression for C;1 (§) and C;»(£) can be readily
obtained. Subsequently, in accordance with (5.87), the functions a;;(§) and a;»(§)
can be uniquely written in terms of b;1(§) and b;»(§) and vice versa.

Hence, the number of undetermined coefficients in (5.84) and (5.85) reduces to 2n?
and they can ultimately be found after applying defining property 4. After satisfying
the entire set of boundary and contact conditions stated in (5.82) and (5.83) n times
(once for each location of the source point § € ej, j = 1,n), we finally obtain
an inhomogeneous system of 2n? linear algebraic equations in 272 unknowns. The
coefficient matrix of this system reduces to the following partitioned diagonal form

A;; O -+ 0
M= 0 A .

: .0

0 -+ 0 Aup

in which A;;,i = 1,n, represent the 2n x 2n matrices, whose regularity follows from
the fact that the original multi-point-posed boundary-value problem in (5.81)—(5.83)
is well-posed. The peripheral sub-matrices of M represent 2n x 2n null matrices.
Thus, M represents a nonsingular matrix, meaning that all coefficient functions in
(5.84) and (5.85) can be uniquely determined.

This completes the proof of Theorem 5.1 since, once the values of a;1(£), ai2(§€),
bi1(§), bi2 (&), cij (£), and d;; (§) have been found, we can immediately obtain explicit
expressions for the elements of G(x, £) by substituting them into (5.84) and (5.85).

O

Notice that the proof, that we have just completed, can be called constructive: it
offers a straightforward procedure for the practical construction of matrices of Green’s
type for multi-point-posed boundary-value problems defined on graphs.

Later in this section, we introduce an alternative procedure for obtaining matrices
of Green’s type for homogeneous boundary-value problems similar to the one defined
on graphs in (5.81)—(5.83). This procedure is based on the method of variation of pa-
rameters. To aid its description, we introduce a vector-function U(x) the components
of which U; (x), i = 1, n, are defined in terms of the solutions u; (x) of the governing
equation in (5.81) as

uij(x), forx €e,

(5.88)
0, forx € R\ e;.

Ui(x) = {
We additionally introduce a vector-function F(x) the components of which F; (x)
are defined in terms of the right-hand side functions f;(x) of (5.81) in the form

Fi(x) = fi(x), forx €e;, (5.89)
' 0, forx € R\ ¢;. ’
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The following theorem will be proved to determine the solution of the problem
specified in (5.81)—(5.83), in terms of the matrix of Green’s type of the corresponding
homogeneous problem.

Theorem 5.2. If G(x, &) represents the matrix of Green’s type of the homogeneous
multi-point-posed boundary-value problem corresponding to (5.81)—(5.83), then the
solution of the problem in (5.81)—(5.83) on R can be written as

U(x) = /R G(x,E)F(E)dR(E), x € R, (5.90)

where the integration is carried out over the entire graph R. The converse is also true:
if the solution of the problem in (5.81)—(5.83) on R is obtained in the integral formula
in (5.90), then the kernel G(x, &) of the integral represents the matrix of Green’s type
for the homogeneous problem corresponding to (5.81)—(5.83).

Proof. For the components of the vector-functions in (5.88) and (5.89), the integral in
(5.90) gives us the scalar formula

n
W =Y [ 8005©dg©. =T
j=1"¢
which can be rewritten in terms of the local coordinates as

L .
we =Y [T ey f@de vebal =T s
j=1

Since the diagonal elements g;; (x, &) and the peripheral elements g;; (x, §) of the
matrix of Green’s type are defined differently (see (5.84) and (5.85)), we isolate the
ith term of the finite sum in (5.91)

5 [ as+ [ d
”’(x)_,;/o g1 (. €)1 (€) s+/0 gii(x. ) fi (E)dE

n lj o
+ 2 [Tewon@ds xeli=Tn
j=i+170
As soon as we have defined the diagonal elements of G(x, £) in segments, we can
split the integral containing g;; (x, £) into two additive terms as follows

i—1 l;
we =Y [ ey 65@0ds
j=1"0

X I;
+ / (. B) fi(E)dE + / £ (x.E) fi () dE
0

X

n Ij L
+ Z /0 gij(x,8) f;(§)ds, x€l0,h], i =1,n,

j=i+1
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with g;;(x, ) and gl."; (x, &) representing the lower and the upper branches of the
diagonal elements of G(x, £), valid for x > £ and x < £, respectively (see (5.84)).

To properly differentiate the functions u; (x) in the above equation, we recall the
defining properties of the elements of G(x,£) and note that the above expression
contains integrals involving parameters and has variable limits. With this in mind, we
obtain

dui(x) ' [V ogij(x.§) g,,( £)
7—;/0 BUD e+ [ D fgae

g,,( ,€)

+gii(x,x_)fi(X)+/ IS fi(§)dE — gii(x,x7T) fi(x)

X

dg; S
+ Z/ gj(x E)fj(s)ds xel0.5],i=T1n.

j=i+1

The above formula transforms to the more compact form

dui(x) o Y dgij(x.8) .
=X | p@as
L] gl,< 5
N /0 98ii (58 1 eyge 4 / “Bii S p(6)de

4 Z [ agz](x E)f](f)df xel0,],i=1,n,

Jj=i+1
since the sum
gii (X, x7) fi(x) — gii (x, xT) fi (x)

of the non-integral terms equals zero, in accordance with property 1 of the definition
of G(x, £). Hence, the derivative of u; (x) reads as

dui(x) s [ 0gy(x.8) PR—
dx ;/0 — o, Ji®dE xe[0.4]. i =1n, (5.92)

implying that the first order derivatives of the integral representations of u;(x) in
(5.91) can be obtained by straightforward differentiation of the integrands. Conse-
quently, these formulas for u; (x) and du; (x)/dx, satisfy the boundary conditions in
(5.82) and (5.83).
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To find out whether the integral formulas for u; (x), as shown in (5.91), satisfy the
governing differential equations, we obtain the second order derivatives of u; (x)

d2u; (x) E:/’a&mxa

o S
j=1
X 2 -
+ [ D gy + KD f
0
li 92
+/'a&”x9ﬁ@ws o)

- 9g; _
+ Z/o Mf,(&)d& x €0,;], i=1,n.

j=i+l

In accordance with property 2 of the definition of G(x, £), we have

P30T f ey - B80T g - S
pi(§)
And for the second order derivative of u; (x), we finally obtain a compact formula
d?u; “ 0°gi : R
JXSC) = / MfJ(E) d§ — fﬁx; el0,;], i =T1,n. (593)

j=1

After substituting u; (x) and their derivatives from (5.91)—(5.93) into (5.81), we
finally obtain

n I
Z/O Llgij(x, 51/ (©)d§ — fi(x) = = fi(x), x €(0,L),
j=1

with L representing the differential operator of (5.81).

Thus, the integral representations of u; (x) in (5.91) satisfy the governing differen-
tial equations, because the elements of the matrix of Green’s type satisfy the homo-
geneous equations corresponding to (5.81). That is, L[g;;(x,&)] = 0, which makes
the integral terms in the above equation vanish. With this, we have proven Theo-
rem 5.2. O

Theorem 5.2 clearly suggests that, once the solution to the original problem in
(5.81)—(5.83) is expressed in terms of the integral in (5.90), the kernel G(x, §) of the
integral represents the matrix of Green’s type for the corresponding homogeneous
problem.

We propose a procedure based on a version of the method of variation of parameters
in order to obtain an integral representation of (5.90) for the solution of the inhomo-
geneous multi-point-posed boundary-value problem specified in (5.81)—(5.83).
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To sketch the procedure briefly, we recall the fundamental sets of solutions ;7 (x)
and u;5(x) of the homogeneous equations corresponding to those in (5.81). We search
for the general solution of (5.81) u; (x) following to the method of variation of param-
eters, as

ui(x) = Dit(X)ui1(x) + Dia(X)uiz(x), i =1,n. (5.94)

Based on this and following the standard routine of the method of variation of
parameters, we obtain the following well-posed systems of linear algebraic equations

(uil(x) Miz(x)) o (D;l(x)) _ ( 0 ) =17

Uy (x) uj,(x) Di,(x) —fi(x)/pi(x) )’ o

for the derivatives of the coefficients D;; (x) and D;,(x) of u; (x). From this it follows
that

i (¥) i (%) w0
pi(x)Wi(x)’ Pi(x)Wi(x)’ ’
where W (x) = uj1(x)uj,(x) — uja(x)uj, (x) represent the Wronskians of the fun-

damental solution sets u;1(x) and u;2(x).
Integration of the derivatives D/, (x) and D}, (x) yields

o Pun®f© .
D”(x)‘/o nEwiEt T e =t

D}, (x) = Di,(x) = —

and

. _ [Tuia) i) _ L —
Diz(x) = /op,-@)vvi(@d“E”’ P=tb

where E;; and E;, represent constants of integration. Upon substituting D;;(x) and
Dj>(x) into (5.94), we can rewrite the latter as

o w6 MGYIGY
i (x) = ””(’“)/ PRI AR )f IGLAG)
+ Ej1ui1(x) + Eipuin(x), i =1,n.

dé§

After combining the integral terms in the above equation, we finally obtain the
general solution of (5.81) in the form

T uin (O)uiz(§) —uin(x)u;r (§)
i = | PIGIAG fi@)ds
+ Eijui1(x) + Eijzuin(x), x€(0,;),i=1,n. (5.95)
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The 2n constants of integration E;; and E;; can be obtained by imposing the con-
tact and boundary conditions in (5.82) and (5.83). The total number of linear equa-
tions resulting from the substitution also equals 2n. This yields a well-posed system
of linear algebraic equations. After solving the latter, we reduce the formula in (5.95)
to the integral representation of (5.90), and the sought-after matrix of Green’s type
consequently appears as the kernel of the integral in (5.90).

In the following example we will apply the described formalism to a problem for a
medium whose property is a discontinuous function of a spatial variable.

Example 5.7. Construct the matrix of Green’s type for the steady-state heat conduc-
tion problem stated in an assembly of rods (see Figure 5.6), each of which is composed
of a homogeneous material with thermal conductivity p;.

S

D1

Figure 5.6. An assembly of heat conducting rods.

On the weighted graph associated with the assembly depicted above, we formulate
the following five-point-posed boundary-value problem

2,
PN p. xe@l. i=T4 (5.96)
dx?
ui(ly) = uz(lz) = us(l3), (5.97)
duy(lr) duz(l2) dusz(lz) _
P1 dx + p2 dx + p3 I 0, (5.98)
dus(0 dug(l
uz(0) = us(la), p3 udif ) _ P4% =0, (5.99)
u1(0) = u2(0) = u4(0) =0 (5.100)

describing the steady-state heat conduction phenomenon in this assembly. Here /;,
i = 1, 4, represent the lengths of the rods.
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In one of the Chapter Exercises we ask the reader to determine whether the above
boundary-value problem is well-posed or not.

Following again the method of variation of parameters, we search for a general
solution of (5.96) of the form

Uig(x) = Di1(x) + Diz(x)x, i =14,

in this case (analogous to the formula in (5.95)) ultimately reducing to

ui(x) = /x 3 _xj;(s)ds + Ei1+ Eipx, xe€(0.0;), i=14  (5101)
0

1

The constants of integration F;; and Ej3,i = 1,4,in (5.101) are to be determined
by imposing the contact and boundary conditions (5.97)—(5.100). In particular, the
conditions (5.101) yield

Ei1 =FEz1 = E4 =0.

For the remaining constants of integration, we obtain a well-posed system of linear
algebraic equations appearing as

i =1, 0 O 0 Eqp Ay — Aq

i 0 -1 I3 0 E> Az — Ay

pr p2 0 p3 O x| E31 | =| B1+ B+ B3 (5.102)
0O 0 1 0 -l E3» Ay

0 0 0 P3 —D4 E42 —B4

with the constants on the right-hand side found as

1; .
(gL, o o
Aj —/0 Pi fi(¢&)dg, B; _/0 fi(E)dE, i =1,4.

In the following, we assume, for the sake of simplicity, that the rods in the assembly
(the edges of the graph) are of equal length, i.e. [y = [ = I3 = l4 = [, converting
the determinant A of the coefficient matrix of the system in (5.102) into

A = 1?[(p1 + p2)(p3 + pa) + p3pal.
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Upon solving the system in (5.102) and subsequent substitution of the constants
E;q and E;5 into (5.101), we finally obtain

1
0@ = [ (A" =l + po) + papalh O (5.103)

gox ! xt
+ [ S f@de+ [+ 0 s

l

1
[ m s f@ds + [ pafiera,

1
w2 = [ 32+ po)fierds (5.104)

X & _ l
[T p@de+ [T =t 0 + papal) )
0o D2 0 p2

1

)
+ [ tps + 590 @0 + [ 1T feras

g ' g
0@ = [ zm+ o0 i@de + [ SLp+apof©de (5105)

'
b | 01+ 02+ p2) = €1+ p2NUpa + xpa) F(ES
0 D3

X & 1
[T p@de [+ pat p —x(pr+ pal @
0o P3 0

and

1

I
ww = [ pan@ds+ [ Tpped (5.106

l
+ [ Al p2t p2) =61 + p2)]l 61
0

X E— l
" /0 E,,4xf4@>d€+ /0 fo (A7 =631 + P /16145,

where A* = A/l.

Since the solution to the five-point-posed boundary-value problem specified in
(5.96)—(5.100) is expressed in the integral form of (5.90), the elements g;; (x, &) of
the matrix of Green’s type G(x, &) for the corresponding homogeneous problem can
be read off from the integral representations in (5.103) through (5.106). We find for
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example the elements g;; (x, &) of the first column of G(x, ) as

gn(x,§) =

1 |x{A* —E&[p2(p3 + pa) + p3p4l}, forx <s
A*pr |E{A* — x[p2(p3 + pa) + p3pa]}, forx >,

g21(x,8) = Z—i(m +pa). g31(x.§) = %(lm + xpa),

ga1(x,8) = Z—ipa-

In physical terms, the above functions represent the response of the assembly of
rods, depicted in Figure 5.6, to a unit point source acting at a source point £ located
arbitrarily within the rod /;. The remaining elements of the matrix of Green’s type
G(x, &), representing responses to a unit source acting at other rods, could, if required,
also be obtained directly from the integral representations of (5.103) through (5.106).

5.4 Chapter Exercises

1. Determine whether the following multi-point-posed boundary-value problems
have only the trivial solution:
(a) The homogeneous problem corresponding to that in (5.7)—(5.10);
(b) the homogeneous problem corresponding to that in (5.22)—(5.25);
(c) the homogeneous problem corresponding to that in (5.32)—(5.34).

2. Construct the matrix of Green’s type for the following multi-point-posed bound-
ary-value problem:

(@) y7(x) = 0forx € (—a,0) and y5(x) — k?y2(x) = 0 for x € (0, c0) with
yi(=a) =0, |y2(c0)| < 00, y1(0) = y2(0), y1(0) = Ay5(0);

(b) ¥ (x) —k2y1(x) =0, x € (—a,0) and y5(x) —k?y2(x) = 0, x € (0, 00)
with y1(—a) = 0, [y2(00)| < 00, y1(0) = y2(0), y1(0) = Ay(0);

(©) y{(x) + k?y1(x) = 0 for x € (—a,0) and y5(x) + k?y2(x) = O for
x € (0,a) with y1(—a) =0, y2(a) = 0, y1(0) = y2(0), ¥1(0) = Ay;(0);

() y/(x) —k2yi(x) = 0,i = 1,2,3 for x € (0,00) with y1(0) = y2(0) =
¥3(0), h1y1(0) + h2y;(0) + h3y5(0) =0, |yi(00)| < 00,i = 1,2,3.

3. Solve the four-point-posed boundary-value problem in (5.32)—(5.34) for the
right-hand side functions f1(x) = sin(zrx) and f>(x) = f3(x) = 0.

4. Determine whether the four-point-posed boundary-value problem introduced in
(5.70)—(5.76) is well-posed.
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5. Construct the influence matrix for a transverse unit point concentrated force for
the double-span compound (E I and E I,) beam clamped at one endpoint, and
simply-supported at another, having an intermediate simple support right in the
middle, as depicted in Figure 5.7.

EL El

|
[

Figure 5.7. A beam with an intermediate support.

6. Construct the influence matrix for a transverse unit point concentrated force
for the triple-span cantilever compound beam overhanging a simple support as
depicted in Figure 5.8.

w
| ElL EL
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Figure 5.8. A compound cantilever beam overhanging one support.

7. Construct the influence matrix for a transverse unit point concentrated force
for the triple-span beam of a uniform flexural rigidity £/, having two simple
supports as depicted in Figure 5.9.

W EI

2a

Figure 5.9. A triple-span beam having two supports.

8. Determine whether the five-point-posed boundary-value problem introduced in
(5.96)—(5.100) is well-posed.

9. Justify the claim that the system of linear algebraic equations appearing in
(5.102) is well-posed.



Chapter 6
PDE Matrices of Green’s type

In the previous chapter, we discussed a special class of problems, and extended the
classical concept of the Green’s function to differential equations with discontinuous
coefficients. As a result, the novel concept of matrix of Green’s type was introduced
for multi-point-posed boundary-value problems for linear ordinary differential equa-
tions.

The objective in the present chapter is to proceed with the above idea. We will
extend the concept of matrix of Green’s type to boundary-value problems for specific
sets of elliptic partial differential equations with piecewise constant coefficients. The
idea behind such an extension is to make the Green’s function formalism a working
instrument, applicable to two-dimensional problems of continuum mechanics in com-
pound media, the properties of which vary discontinuously within the region under
consideration.

We will obtain equivalents of Green’s functions for sets of the Laplace and the static
Klein—Gordon equations on regions filled with piecewise homogeneous isotropic con-
ducting materials, which will prove to be practical for immediate computer implemen-
tation. We allow Dirichlet, Neumann and Robin conditions on the outer boundary of
a simply-connected region, whilst conditions of ideal contact are assumed on the in-
terface lines along which the material property looses its continuity.

6.1 Introductory Comments

To extend the concept of Green’s function to problems specified in a medium of a
compound structure, we consider a region 2 = (J/~,; ©;, in two-dimensional Eu-
clidean space (see Figure 6.1). Let the constants A; specify physical properties of
the homogeneous materials (thermal, electric, or other conductivities) with which the
fragments Q2; of €2 are filled in. Let also each of the functions u; (P), defined in €2;,
satisfy the non-homogeneous equation

Aui(P)]=—-fi(P), P e, i=1,m, (6.1)
and are subject to the boundary condition
Blu;(P)]=0, PeTy i=1m, (6.2)
imposed on the contour I'g of €2, and to the conditions of ideal contact
ug (P) = ug41(P), Pelp.k=1m—1, (6.3)
PG LTS3 1C0 S s | (6.4)

ong
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imposed on the interfaces [y, with ny, representing the normal direction to [';. Here
A represents either the two-dimensional Laplace V2 or the two-dimensional static
Klein—-Gordon V2 — k? operator, whilst B specifies one of the conventional boundary
conditions for applications (either Dirichlet, or Neumann, or Robin).

Sl

Figure 6.1. Compound, sandwich-like region.

We assume that the boundary-value problem in (6.1)-(6.4) is well-posed (in other
words, it has a unique solution), implying that the corresponding homogeneous prob-
lem, with f;(P) =0,i = 1,m, has only the trivial solution, such that u; (P) = 0,
i=1,m.

To compact the notation of our presentation, we introduce two vector-functions in
the following fashion

U(P) = (Ui(P))j=1,n and F(P)= (Fi(P))

with their components U; (P) and F;(P) defined in a piecewise manner as

(6.5)

i=1,m

(P P e Q;,
Ui(P) = ul( )a € N
0, P eQ/Q;,
and
(P P eQ;
Fipy = {10 P e
0, PeQ/Q;.

With this problem setting in mind, specified as above , we are now ready to intro-
duce a key concept in our presentation in the current chapter.

Definition. If, for any vector-function F(P), integrable on €2, the vector-function
U(P) is expressed in the form

u(P) = [/Q G(P, )F(0)d2A(Q) 6.6)

then the kernel-matrix G(P, Q) in (6.6) represents the matrix of Green’s type for the
homogeneous problem corresponding to (6.1)—(6.4).
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The term ‘integrable’ with respect to F(Q) implies

ﬂf@mm@<w.

Note that in our presentation, as is commonly accepted within the Green’s function
formalism, we will refer to P and @, as the field (observation) point and the source
point, respectively.

At this point, an important comment should be made: G(P, Q) represents an m xm
matrix the elements G; ; (P, Q) of which are defined with the field point P belonging
to the segment 2;, whereas the source point Q belongs to €2;. This implies that P
and Q share their domain only for the diagonal elements G; ; (P, Q). Keeping this
in mind, the elements G; j(P, Q) of the matrix of Green’s type meet the following
properties:

1. The peripheral (i # j) elements G; ; (P, Q), as functions of the coordinates

of the field point P on £2;, satisfy the homogeneous equation corresponding to
(6.1), that is:

A[Gi,j(P, 0)] =0, forP e€Q;.

2. The diagonal (i = j) elements G; ;(P, @), as functions of the coordinates of
the field point P in €2;, satisfy the homogeneous equation corresponding to
(6.1) everywhere on 2; except for P = Q, that is:

A[Gii(P,Q)] =0, forP,Q €Q;andP # Q.

3. For P = Q, the diagonal elements G, ; (P, Q) contain the logarithmic singu-
larity:

1 1

Gj’i(P, Q) = o In m

4. The elements G; j(P, Q) satisfy all the relevant boundary and contact condi-
tions imposed by (6.2)—(6.4).
It is evident that property 3 holds for both the Laplace and the Klein—-Gordon equa-
tion, since the modified Bessel (or Macdonald) function of order zero of the second
kind

S Ko(k|P — 0]
T

representing the fundamental solution for the static Klein—Gordon equation (see
Chapter 3), contains the same logarithmic singularity as the fundamental solution of
the Laplace equation in two dimensions.

In the following sections, we will show how matrices of Green’s type can be con-
structed in practice, for a wide range of boundary-value problems, that model different
phenomena in continuum mechanics.
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6.2 Construction of Matrices of Green’s Type

In this section, we will present a set of sample problems, in order to assist the reader
in our technique. In each of those, several individual features of our approach will
be highlighted and explained. We employed this methodology successfully, in our
earlier chapters. We aim, at establishing a creative atmosphere, where the reader
can gradually become familiar with the concept of matrix of Green’s type. Our first
example is perhaps the simplest of its brethren.

Example 6.1. Consider an infinite strip 2 = {—00 < x < 00,0 < y < b} of width
b, and let it be composed of two semi-strips 21 = {—o0 < x < 0,0 < y < b}
and 2, = {0 < x < 00,0 < y < b}, each filled with homogeneous isotropic
conducting materials with conductivities A; and A;, respectively. Let u1(x, y) €
and u;(x, y) € Q5 satisfy the Poisson equations

Pui(ry) | Puilxy)
dx2 dy2

filx,y), (x,y)e;,i=1,2, ©6.7)

with f1(x, y) and f>(x, y) being integrable on €27 and 25, respectively.
In addition, let the Dirichlet boundary conditions

ui(x,0) =ui(x,b) =0, =12, (6.8)
be imposed on the outer contour of €2, whilst we impose the contact conditions

0u1(0.y) _ , 0u2(0,y)
ax ox

ul(o’ y) = “2(0:)’)7 (69)

on the interface x = 0, with A defined as A,/A;. In addition, we require the bound-
edness conditions

Jim g (x,y) <o, lim up(x,y) < oo (6.10)

for the problem to be well-posed.
Expand the functions u; (x, y) and f;(x, y), i = 1,2, in the Fourier series

ui(x.y) = > wuin(x)sinvy, fi(x.y) =Y fin(x)sinvy (6.11)

n=1 n=1

with v = nm/b. After substituting these expansions in the original formulation of
(6.7)-(6.10), we obtain the following set of three-point-posed boundary-value prob-
lems for the coefficients 11 ,(x) and uz ,(x), n = 1,2,3,..., of the first expansion
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in (6.11):
d?uq ,(x
CULI) 2 (0) = —fin(). € (-00,0), 6.12)
d2uy ,(x
CU21) (1) = — o). x € (0.00) (6.13)
lim uy,(x) <oco, lim up,(x) < oo, (6.14)
X—>—00 X—>00
dui (0 duz 5 (0
110 (0) = 12.,(0), ;’;( ) ) Z’)"C( ). (6.15)

To find the solution to the above setting, we refer back to Chapter 5. Clearly, the
fundamental sets of solutions for the homogeneous equations corresponding to (6.12)
and (6.13) can be represented with, for example, the functions

vXx

e and e V.

Hence, in accordance with the standard procedure of the method of variation of
parameters, we can write the solution to the boundary-value problem stated by (6.12)—
(6.15) in the form

Uin(x) = Cin(x)e"™ + Djp(x)e™™™, i=1,2, (6.16)

where C; ,(x) and D; ,(x) are to be determined. This yields the following well-posed
system of linear algebraic equations

eVx e VX Ci,,n (x) 3 0 1
veV* —pe V¥ D! (x) ) \—fin(x))’ t=hs
for the derivatives of the coefficients C; , (x) and D; ,(x) of (6.16). After solving the
above system we obtain

1 _ 1 .
Ci,,n(x) = _Ee vx.fi,n(x)’ Dl/,n(x) = EGUXﬁ’n(x)’ 1= 1’ 2.

Straightforward integration of the above yields

1 X

Clat) = =50 [ fa®dt + ©17)
1 X

Diat) = o [ & a6+ 51 6.19)

1 X
Con0) = =51 [ e fua@)dt + 12 ©.19)
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and

l X
Do) = 5 /0 e fon(E)dE + 6. (6.20)

After substituting these expressions in (6.16) and properly rearranging the integral
terms, we obtain the general solutions to (6.12) and (6.13) of the form

1 X
uin(x) = y1e’ +81e7 + / [T =TI @) 6.2D)
—0o0
and
1 X
Uz n(x) = y2e™ + ST 4 oo / ™78 — O (9)dE. (6.22)
0

We can obtain the constants of integration y1, y2, 81, and 82 in uy ,(x) and uz 5 (x)
by imposing the boundary and contact conditions in (6.14) and (6.15). The first bound-
edness condition in (6.14), for example, yields §; = 0. The boundedness of u2 , (x)
as x goes to infinity (see the second condition in (6.14)) allows us to find y, directly.
In order to do so, it is convenient to first transform the expression for u» ,(x) in (6.22)
into an equivalent formula as

200 = |50 [ pa@de+p |+ |50 [theds e,

from which it follows immediately that since the exponential function e* is un-
bounded at infinity, the factor of e"* must be zero for u; ,(x) to be bounded as x
goes to infinity. This yields

1 o0
Y2 = 5/0 eV fon(£)dE.

Now, we can use the contact conditions in (6.15) to get the following well-posed
system of linear algebraic equations

(13) ()= (V) ©23)

for the remaining constants of integration y; and 5 in (6.17) and (6.20), with M and
N defined as

1 [0 [ e
M=t /_ @ i@ + 5 /0 ¢ fo n(E)dE,

0 A o0
N = %/_Oo(e”E +e7VE) fia(E)dE + E/o e fon(€)dE.
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We then find the solution of the system in (6.23) as

0 © 22
y1=%{/_m[—v5+l+ “ﬂfln@)du/ lzﬁe_vgfz,n(é)df}

0
= [ et hnee - [T e ).

Upon substituting y1, ¥2, 81, and & into (6.17)—(6.20), and subsequent substitution
of C; »(x) and D; ,(x) into (6.16), the functions u; ,(x) and u3 ,(x) can be written
in compact form as

0 (o))
1 () = /_ () fin(E)dE + /0 gh(.E) fon®)dE  (624)

for x € (—o0, 0], and

0 [ee)
() = /_ () fin(E)dE + /0 Sh(.E) fon®)dE (625

for x € [0, 00).
The kernel-functions gl’.’j (x, &) in the above integral representations are written as

(1 4+ A)e =€l 4 (1 — 1)e?*+9

n — B <0
g1 (x.§) (£ A , —oo<ux,£<0,
A _
gl (x.§) = mev(x ) _co<x<0< £ < o0,
g = — D g0z
21 ? V(1+A,) ’ — — [}
and
14+ Me V=&l _ (1 = 1)ev&+d)
¢ha(r by = LA (1= Ae 0<x.f<oo

20(1 + ) ’

Making use of the fundamental rule for Fourier coefficients (the Fourier—Euler for-
mulas), we can write f; ,(x) in the second series in (6.11) as

2 (b . .
fln(é)zgf fi(€,n)sinvndn, i=1,2, n=1,2,3,....
0
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After substituting f1 ,(§) and f5 ,(£) into (6.24) and (6.25), and subsequently sub-
stituting u1,, (x) and u ,(x) into the first series in (6.11), we finally obtain the solu-
tion of the boundary-value problem of (6.7)—(6.10) in integral form

ui(x,y) = // (Zgu(x s)smvysmvn)fl(s mdgdn

/ / ( > ehat E)vaysmvn)fz(é DdEdn. (x.y) € Q1. (6.26)

and

us(x, y) = / / (Zgzl(x s)smvysmvn)fl(s mddn

// ( Zgzz(x E)smvysmvn) fa(§.md&dn,  (x.y) € Q3. (6.27)

Upon inspection of above integrals and recalling the relation in (6.6), where u; (x, y)
and fij(x,y), with i = 1,2 in (6.26) and (6.27), defining the components of the
vector-functions U(x, y) and F(x, y)

1 9 b 9 E Q'? .
Ul(x’y): ul(x y) (x y) ! l:112a
0? (X, y) ¢ Qi7
and
1 ki 9 b e Q'? .
Firy) = {10, ey e
0, (x,y) & €,
we recognize that the kernel-functions
2 o0
5 Zg{‘j(x,é) sinvysinvy, i,j =1,2, (6.28)
n=1

in (6.26) and (6.27) represent the elements G;; (x, y; €, ) in the matrix of Green’s type
G(x, y; &, n) for the homogeneous boundary-value problem corresponding to (6.7)—
(6.10).

Upon close analysis we find that the series expansions in (6.28), with the expres-
sions for g{’j (x, &) found earlier in this section, can be readily summed up with the aid
of the standard summation formula

n
1
E a cosno = —3 In(1 —2g cosa + ¢?) (6.29)
n

n=1
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valid for g < 1 and 0 < @ < 27, and was utilized repeatedly, earlier in our book.
Indeed, the expansion in (6.28) can be rewritten as

1 -
Gij(x,y;é,n)=3Zg?j(x,é)[cosv(y—n)—COSV(y+n)], i,j =12,

n=1

and the summation ultimately yields the following compact closed formulas

1 = ea)(z—f)| 1-2 11— ea)(z+z)|
G11(Z,§)=Z n|1—e“’(z_§)|_1+A n|1_ew(2+§)| ’
A 11 _ew(Z—E)|
G s = )
12(Z é‘) 7T(1 + A) n |1 _ ew(z_§)|
1 |1 _ew(z—f)|
G ,0) =
21(2,9¢) 71+ A) n 1 _ew(z—§)|
and
1 11— ew(z—z)| 1= 11— ew(z+?)|
Gll(sz)—E[nll_ew(z—Zn 1+A n|1—ew(z+§)|

for the elements of the matrix of Green’s type G(x, y;&,n) for the homogeneous
boundary-value problem, corresponding to that in (6.7)—(6.10). Here @ = 7/b. We
introduced complex variable notations z = x + iy and ¢ = & 4 in for the field point
(x, ¥) and the source point (£, ), respectively, with the bar on ¢ denoting its complex
conjugate.

Clearly, the above expressions for the elements of the matrix of Green’s type are
computable immediately, since they represent real-valued functions, whilst the com-
plex variables are only used for compactness.

It can be readily seen that, for A equal to unity (that is, the materials occupying
the fragments €21 and Q25 of 2 are identical), the above expressions reduce to the
well-known closed form (refer to, for example, Chapter 2)

1 1 — e@(z=%)
Ge.) = =

2 |1 —e@(@=0)]
of the Green’s function for the Dirichlet problem for the Laplace equation in the infi-
nite strip @ = {—o0 < x < 00,0 < y < b}.

Example 6.2. We continue with a mixed boundary-value problem for two Klein—
Gordon equations stated on the segments 21 = {—a < x < 0,0 < y < b} and
Q, ={0 < x < 00,0 <y < b} of the compound semi-infinite strip Q = {—a <
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X < 00,0 <y < b}. Let Q7 and Q2 be filled with materials whose conductivities
are defined by A; and A,, respectively. Consider now the problem

Vzui(x,y) —kizui(x,y) =—fi(x,y), (x,y)eQi, i=1,2, (6.30)
a -,
MY gyy(cay) =0, lim ua(x.y) < oo, 6.31)
8x X—>00
i (x, b
ui (x,0) = 0, % —0, i=12, (6.32)
y

and

8“1(07 y) — AaMZ(O’ y)
ax aix

u1(0,y) = uz(0,y), (6.33)

where B8 > 0and A = A,/A1.

Due to the form of the conditions in (6.32), we can expand the unknown functions
u; (x, y) and the right-hand side terms f;(x,y), i = 1,2, from the above equation
into the Fourier series

> 2n—1)xm
ui(x,y) = Z Ui p(x)sinvy, v= —p (6.34)
n=1
and
o0
fie,y) =) fin(x)sinvy. (6.35)
n=1
After substituting these expansions in the original formulation of (6.30)—(6.33),
we obtain the following set (n = 1,2,3,...) of three-point-posed boundary-value
problems
d?uy ,(x)
o 0P kDU () = —fia(@). x € (~a.0). (6.36)
d*us ,(x
P20 (02 4 K rn() = — o @), x € (000 (637
dx?
d _
M —Buip(—a) =0, lim up x(x) < oo, (6.38)
dx ’ x—>o0
d 0 d 0
U1 (0) = (), L0 A2 O) (639)
dx dx

for the coefficients u1 ,(x) and u2 , (x) of the expansion in (6.34).
Clearly, fundamental sets of solutions for the homogeneous equations correspond-
ing to (6.36) and (6.37) can be composed of, for example, the functions

eh,—x —h,-x

with i; = /v2 +ki2,fori =1,2.

and e
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Hence, in accordance with the standard procedure of the method of variation of pa-
rameters, the solution of the boundary-value problem in (6.36)—(6.39) can be written
in the form

Ui n(X) = Cin(x)e"* + D;y(x)e M, i =1,2, (6.40)

where the coefficients C; ,(x) and D; ,(x) are to be determined. This yields the
following well-posed system of linear algebraic equations

chix e—hix Ci/n (x) 0 .
hix —hix ’ = . » i=12,
hie ! —]’Zie ! Di,n(x) _fl,n(x)

for the derivatives of C; ,(x) and D; ,(x) of (6.40). After solving the above system,
we obtain

Cin0) = =5 a0, D) = 5 fip0), i = 1.2

Straightforward integration yields

CrLa(x) = =3 ‘h'ffln@)déwl, (6.41)

Din(x) = 3~ ’“ffln(s)dswl, (6.42)

Cz,n(x)z—% /0 e "% £ 1 (E)dE + 12 (6.43)
and

D2n(x) = 5, Tt fy L (E)dE + 6. (6.44)

Substituting these expressions in (6.40) and rearranging the integral terms appro-
priately, we obtain general solutions to the equations in (6.36) and (6.37) as

1

s / [eM&=H _eMm&=D) 1 (£)de (6.45)

U (x) = yre"* + 81T 4 7
1

and

Uz p(x) = yae2¥ 4 Spe X 4

X
s [ O -9 ea. 646)
2h2 Jo

The constant coefficients y1, y2, 61, and 82 in Uy, (x) and u5 , (x) as written above,
can be obtained by imposing the boundary and contact conditions in (6.38) and (6.39).
The boundedness of u3 ,(x) as x goes to infinity allows one to directly find y» (see
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the second condition in (6.38)). In order to do this, it is convenient to transform the
expression for 13 , (x) in (6.46) into the equivalent form

on () = [ /0 ok £, L (E)dE + )/2] o

™

L " o
+[2h2 /0 c fz,n(s)ds+82]e

from which it follows immediately that the factor of ef2X must be zero, since Uz 5 (x)

is required to be bounded as x goes to infinity. This yields

L[>
2= g | e fa®)de

The remaining conditions in (6.38) and (6.39) lead us to the well-posed system of
linear algebraic equations

(hy — B)e™™e —(hy + B)ef1e 0 71 0
1 1 1 st = M (6.47)
hy —h Aho 8» N

in y1,61,and 8, with M and N in the right-hand side vector defined as

M= O(e—’"é — M) £ (E)dE + —— / we—hsz”(s)ds
2h1 : 2hs Jo : ’
N=1 O(e’“f +eME) £ (6)dE + A / ooe—hﬁfzn@)ds.
2 _a 9 2 0 bl

The solution of the system in (6.47) now is found as

0
Y1 = %{ /—a[(hl + Aho)e™ME 4 (hy — Aha)e" €] i (8)dE

oo
b [ e—hszz,n@ds}ezhl“,
0

_ 0
h=Ta { [0 M)+ G = Aa)e ) £ €08

2 [ ooe—hszz,n@)ds}

and

0
8 = %{ / [(h1 — B)e™'E + (hy + B)e" P4 11 (6)d &

—a

= [T G e - B o
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where
A = (hy + M) (hy + B)e?™ — (hy — M) (hy — B).

Upon substituting y1, y2, 681, and 8 in (6.41)—(6.44), the functions u; ,(x) and
U3, (x) can be rewritten in compact form as

0 ()
U1 () = /_ (6 B) fun(E)AE + /0 S0 E) fon®)dE  (648)
and
0 (o))
Uz n(x) = /_ (5. E) fun(E)AE + /0 CH(E) rn®dE (649

with the kernel-functions g?j (x, &) written as

1
ghi(x.§) = m{(hl + B)[(hy + Aho)e M TEL 4 (hy — Ahpy)elt B e2hia
+ (1 = B)(h1 + Ah)e ™ OHE) 4 (hy — Ag)e ]

812(x. §) = %[(hl + B)et1@ato) 4 (ny — e x|k,
1
gH1(x.§) = Ly = e + (hy + peh CetOeex,
and

1
820 ) = oA + Pl + Mha)e™ 2 — (g — Ahgye el
= (= B)(hy — Ahp)[e7 208 emh2leE]y,

Note that the variables x and § in g, (x, £) range between —a < x,§ < 0, while
for g1, (x,§) we have —a < x < 0 < £ < oo. For g%,(x,£) the variables range
between 0 < x,§ < oo, whilst for g%, (x,&) wehave —a < § <0 < x < o0.

Recall that, in accordance with the fundamental rule for Fourier coefficients (Fou-
rier—Euler formulas), the coefficients f; ,(x) of the series in (6.35) can be written
as

2 (b . .
f,n(§)=5/ fi¢,m)sinvndn, i=1,2,n=1,2,3,....
0

Upon substituting f1,(§) and f> ,(§) in (6.48) and (6.49), and subsequently sub-
stituting u1 ,(x) and u3 ,(x) into the series in (6.34), we finally obtain the solution
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of the boundary-value problem of (6.30)—(6.33) in integral form

b (0 2 e
e = [ [ (52g;’1<x,s>sinvy Sinvn) fi(6. mdsd

// ( > et E)vaysmvn)fz(é mdedn, (x.y) €,

and

b 0 2 o0
uz(x,y)=/0 /_ (52g31(x,$)sinvy Sinvn) f1E md&dn

[ / ( IEAE s)smvysmvn) o mdedn,  (x.y) € .

Thus, in compliance with the definition given in the introductory section of this
chapter, we conclude that the series

o0

2 . .
Gij(x,y:&,n) = ZZgl’-’j(x,E) sinvy sinvng (6.50)

n=1

l ¢ -
=3 Z gij(x, &) [cosv(y —n) —cosv(y + )], i,j =12,
n=1
represents the elements G;; (x, y; &, n) of the matrix of Green’s type G(x, y; §, n) for
the homogeneous boundary-value problem corresponding to (6.30)—(6.33).
If we set ky = 0 and k, = 01in (6.30) we obtain i; = ho, = v. This transforms the
coefficients g;‘j (x, &) of the series in (6.50) to

g 8) = S [0+ B + D)e ™M TF 4 (1 - 2)e"(F D)2
+ (0 =B+ 1) CHD 4 (1 = e’ ED),
gha(x.§) = [0 + Pt + (v — pe™ e,
Gi(x.8) = — [ = e + (v + pe’CerDle™,
and
55 (x,6) = s— (v + B)((1 + e P78 — (1 = p)e W H+8)e2va

2VA*
(v = )1 =) EFD 4 e

with A* = (1 + ) + B)e?" — (1 — M) (v — B).
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Upon close analysis, it is revealed that the expansions in (6.50), with the coefficients
g{; (x, &), as written above, represent a series of the type

o0 n

Z q—cosna, whereg < 1and 0 < o < 2,
n=1 n
which diverges for ¢ = 1 and @« = 0. Hence, the series in (6.50) converges non-

uniformly (contains the logarithmic singularity) for the elements G11(x, y; &, n) and
Gao(x,y;§.1m).

In order to get an idea of the convergence of the series in (6.50), we have con-
ducted a numerical experiment. The accuracy level that we can attain by truncating
the series can be observed in Figure 6.2, where we depict a profile of the elements
Gi11(x,y:;&,n) and Goi(x, y; &, ), with the series (6.50) truncated to its 10th partial
sum. We have chosena = w, b = 7, A = 0.01, and 8 = 2.5 and the source point is
placed at (—1.0, 1.5) € Q.

Figure 6.2. Convergence of the series in (6.50).

Based on the resulting numerical data, we can conclude that, if we require accu-
rate values of G(x, y; &, n) in the entire region €2, then a series-only representation
of similar to (6.50) is not efficient and cannot be recommended. To enhance its com-
putability, we will implement the approach originally proposed in [43]. In doing so,
the coefficients g, (x,§) of G11(x, y; &, n) are transformed as

wo o PEO[1 ea e
gnx.§) = [E_v(1+/\)+v(1+l)}

2v

p(x,§) |:(1—/\)(V—,3)€_2va—/3(1 +2) e—2va i|
2v v(l + A)A* SES A

where

p(x.§) = vp1(x.§) + Ppa(x.§)
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with
Prx.8) = (1 + e 4 (1 - 2)e )
+ (1 4+ e P&+ (1 = p)e vt 6.51)
and
Pp2(x, €) = [(1+ Ve84 (1 = 1)e? O +D)e2va
— (1 + 1)e™"&FD) 4 (1 — p)e v xEy)

This splits the series representation of G11(x, y; &, n) into two segments, the first
of which

1 i P &) [(1 =) = Be™ — (1 4 1)]
2b(1+A) V2 ((1 + M)+ peve —(1-1)(v— ﬂ))
x [cosv(y —n) —cosv(y + n)] (6.52)

n=1

converges uniformly at the rate of

n
Z q—zcosmx, whereg < 1and 0 < o < 2.
n=1 n
Hence it is already in a computer-friendly form. With regard to the second series in

G11(x, y: &, n), written as

P05 E) os vy — 1) = cos vy + )
V<e

1 o0
T

we can split it into

pl(xvé)

1 o0
3 [cos v(y — ) —cos v(y + )]
26(1+2) = ve2va

B pax.f)
TEm P 2 leosv(y =) —cosv(y + )] (65)

where the second expansion converges uniformly at the same rate as (6.52). Hence, by
combining the two, we obtain a uniformly convergent series component for

Gii(x,y:§.1m) as
1 i (1 =2 = B)p1(x, §)e™"* = (1 + V) p3(x, §)
2b(1 +A) = v ((1+ 1)+ e — (1 —-1)(v — B))
X [cosv(y —n) —cosv(y + n)] (6.54)
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where

p3(x.8) = 2((1 + B)e ™ FE 4 (1 - pyevl*Fl),

The non-uniform convergence of the first series in (6.53)

o p1(x.§)
2b(1+ ) nz=:1 ve2va

[cos v(y —n) —cosv(y + )] (6.55)

is evident. The good news is, however, that it is completely summable. To prepare for
the summation, we substitute p;(x, &) from (6.51) in (6.55), and rewrite the latter as

X o—v|x—§]
m{(l + B) |:n§1 ¢ [cosv(y —n) —cosv(y + n)] (6.56)
O —v(Q2atx+E)
t) [cosv(y —m) —cosv(y + n)]]
n=1
O ov(x+§)
+1-p feos v(y — 1) —cos v(y + )]

1

e v(2a—|x—£&))

Recalling the expression for v = (2n — 1)7/2b, we sum all of the above series
using the standard summation formula [1, 27]

——[cosv(y —n) —cosv(y + 27)]:|}

- 1. 1+2 2
Z cos(2n—1)a_—ln ogeose t4q

4 1—2gcosa + ¢

Figure 6.3. Improvement of the convergence.
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yielding the following closed form for (6.56)

1
27(1 + A)

1 4 2e®*=8) cos(y — 1) + 206
1 —2e@&—8) cos(y — 1) + e20x—f)

{(1 +B) ln( (6.57)

1 —2e®C=8) cos(y + 1) + 20—
X
1 4 2e@(—=8) cos(y + 1) + e20(x—F)

1+ 2ew(2a+x+§) cos(y — 1) + e20(2a+x+§)
X 1— 2ew(2a+x+§') COS(y — 7’) + ezw(20+X+§)

1— 2ew(2a+x+$) cos(y + 77) + eZw(2a+x+§)
x 1 4 2e@a+x+§) cos(y + 1) + e2a)(2a+x+$))

1 4 262G+ cos(y — 1) 4 20 +E)
1 —2e@@+8) cos(y — ) 4 e20(x+8)

+(1 —ﬂ)ln(

9 1 — 268 cos(y + 1) + 205
1 4 2e9(x—=6) cos(y + ) + e20(x—%)

1+ 2e®(2a—x+§) cos(y — 1) + e20(2a—x+£)
x 1 — 2e@@a=x+8) cos(y — ) 4 e202a—x+8)

1— 26w(2a—x+§) cos(y + n) + eZw(Za—x+§)
X 1 4 2e@a—x+8§) cos(y +1n) + e2w(2a—x+§) ) }’

where w = 7/2b.

Hence, the sum of the uniformly convergent series in (6.54) and the expression in
(6.57) provide a computer-friendly formula of G11(x, y; &, 1) of G(x, y;&,n). The
improvement of the series convergence for the rest of the elements can be accom-
plished in a similar manner.

To illustrate the accuracy improvement attained by the development we have just
described, with regard to the convergence of the series representing elements of the
matrix of Green’s type, we depict, in Figure 6.3, the same profile of G(x, y; &, 1) asin
Figure 6.2. We employed the computer-friendly elements of G(x, y; &, n), with their
series components truncated to the 10th partial sum.

Example 6.3. Consider yet another problem where its matrix of Green’s type can be
obtained in closed series-free form. Let the half-plane Q, = {a < r < 00,0 <
¢ < m}, reduced by a semi-circular cut-out of radius a, be filled with a conducting
(A2) isotropic homogeneous material. Let also 5 contain a semi-circular inclusion
Q; ={0 <r <a,0 < ¢ < 7} made out of a foreign conducting (1) isotropic
homogeneous material. To determine the potential field generated in 2 = Q7 U2, by
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a unit point source located arbitrarily on €2, we consider the boundary-value problem

VZui(r.p) = —fi(r.@). (r.9) € Qi,i = 1,2, (6.58)

ui(r,0) =uj(r,m)=0, i=12, (6.59)

lim uq(r, @) > 0o, lim us(r,¢) > 0o (6.60)
r—0 r—o0

and

dui(a,p) kauz(a,ga)
ar ar

where V? represents the Laplace operator written in polar coordinates

g2 ! 9 (0 N 1 92
“ror \U or r2 9¢2
andA=A2/)Ll.

Note that in [45], we have derived a series expansion for elements of the matrix
of Green’s type for the Dirichlet problem in a compound semi-circle. The matrix
of Green’s type for the above problem can be obtained from the one in the refer-
ence, by taking a limit for the semi-circle’s radius approaching infinity. However, in
order to be consistent, we will derive it by following the procedure described in Ex-
ample 6.2. That is, expanding the functions u; (v, ¢) and the right-hand side terms
fi(r,p),i = 1,2,in (6.58)—(6.61) into the Fourier series

l/l]((,l, (/7) = Mz(d, ‘/’)’ (6.61)

u;(r,p) = Z U; n(r)sinng (6.62)
n=1
and
filri9) = Y fin(r)sinng (6.63)
n=1

and substituting these expansions in the original problem, we obtain the following set
(n =1,2,3,...) of three-point-posed boundary-value problems

2
1d (rM) _ ’:—2u1,n(r) = fin(r). re(©a),  (6.64)

rdr dr
1d ( dus,(r n?
14 (2D 2 1) = —fon(), rE@o), (665
rdr dr r
lin%)ul,n(r) > 00, rlggo U p(r)y>o0, i=1,2, (6.66)
d d
Ui(@) = up @), L@ _  d2n(@) (6.67)
dr dr

for the coefficients u1 , (r) and u5 , (r) of the expansion in (6.62).
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Following the procedure described in detail earlier, the solutions u,(r) and
Uz 5 (r) to (6.64)—(6.67) are found in integral form

o0

uia(r) = /0 g11(r.0) fin(e)do + / g12(r.0) f2.n(0)do (6.68)

a

and

o0

o (F) = /0 21 0) fin(0)do + / ¢h(n0) fon@de  (6.69)

a

where the kernel-functions gl’-’j (r, o) are expressed as

1 r\" 1—=X sro\n
" (r,o0)=—|| - — (= , 0<r<op<a,
g11(r.0) 2n[(g) +1+A(a2)} =rs=eg=a

gi’z(h@)=# Zn, 0<r<a<o<oo,
n(l+ A1) \o - - =
1

n
g5 (r.0) = (g) , 0<o<ac<r<oo,
r

n(l+ A

()1r”1—Aa2" e
$22(r.0 2n 0 1+X \ro =T =20=%

Note that the main-diagonal elements g7, (r,0) and g3,(r, 0), for ¢ < r, can be
obtained from the above ones by exchanging r and o.

Upon proceeding with our routine, we ultimately express the solution to the bound-
ary-value problem in (6.58)—(6.61) as

and

ur(r,g) = / / ( Zgnw)smngosmnw)fl(g V)vdody

/ / ( Zglz(r Q)smmpsmnw) fale. ¥)¥dedy, (r.) € 2,

and
T ora (o 0
us(r, p) = /0 /0 (;Zg’gl(r,g)sinnwsinnw) file.v)vdody

/ / ( Zgzz(rQ)Slnn¢Slnn¢)f2(Q V)vdody, (1) € .
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This implies that we can find the elements G;_; (r, ¢; 0, ¥) of the sought-after ma-
trix of Green’s type G(r, ¢; 0, V) as

2 & . .
Gij(r.gi0.¥) = — ) & ;(r.0)sinngsinny. (6.70)
=1

The series in (6.70) is completely summable. We will illustrate this for G11(r, ¢; 0, ¥)
which allows us the following transformation

2 o0

Gu(r.g.0.9) = - Z gl (r,0)sinng sinny

1 1 L ) n
= Z—Z;[(g) +m(2—§) ][cosn(w—xﬂ)—cosn((p-i—lﬂ)]

n=1

1 > 1 r A e 1 ro\"
:E[Z;(g) cosn(p — W)+H——)LZ_(a_2> cosn(p — )

X1 (r
_ Z;(E) cosn(p +v) — 1—|—)LZ (—) cosn(ga+¢)i|. (6.71)

The four series in the above formula can be summed by making use of the standard
formula in (6.29), yielding the following closed series-free form for G11(r, ¢; 0, V)

By ja® — z¢]
Gui(r,e;0,¥) = (lan §|+1+Aln|a2—25|>’

where, for compactness, complex variable notation
z=r(cosp +ising) and ¢ = o(cosy +isiny)

is used for the observation and the source point, with the bar on ¢ representing its
complex conjugate.
The remaining elements of G(7, ¢; 0, V) are found similarly as

R e
Gia(r.@:0.¥) = a+on :i_g:

| -
Ga(r,p;0,¥) = 1 1z~ £]

a0 +4) 2=

and

lz=¢ 1-1 |a® -z
Go(r.p;0.%) = (lan / 1+)tln|az_2§|>.
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Figure 6.4. The field generated by multiple sources.

To present a practical implementation of the matrix of Green’s type that we just con-
structed, we can apply the superposition principle for obtaining a potential field gen-
erated by multiple sources with different intensities, acting at a number of points on
Q. As an example, Figure 6.4 depicts the field generated by sources with intensities
Ky = 10, and K, = 20, K3 = 25 and K4 = 30, acting at: (1.2, 7/3) on 2;,and
(3,7m/4), (3,31/5), and (3,57 /6) on 5, respectively. For the parameters in the
problem, we chose a =2 and A = 0.1.

Example 6.4. To explore the technique for obtaining computer-friendly forms of ma-
trices of Green’s type further, we let the region Q, = {b < r < 00,0 < ¢ < 7},
representing a half-plane reduced by a semi-circular cut-out with radius b, be filled
with a conducting (1,) homogeneous isotropic material. Let also €2, contain a semi-
annular inclusion Q1 = {a < r < b,0 < ¢ < 7} made out of a foreign conducting
(A1) homogeneous isotropic material. To determine the field of potential generated
by an arbitrarily located unit point source in 2 = 7 U 2, analytically, we construct
the matrix of Green’s type for the following boundary-value problem, written in polar
coordinates

V2ui(r,9) = —fi(r,@), (o) e, i=1.2, (6.72)
ui(r,0) =u;(r,m) =0, i=1,2, (6.73)
ui(a,¢) =0, lm us(r,¢) > oo, (6.74)

r—>00

and

duy(b, @) _ ous (b, @)

ui(b,¢) = uz(b, 9), 5 5

with A = A, /A1.

(6.75)
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Following the derivation procedure, that we described in detail in Example 6.3, we
now express the elements of the matrix of Green’s type G(r, ¢; 0, ¥) for the problem
in (6.72)—(6.75) in series form:

2 ¢ L -
Gij(r,p;0.¥) = ~ Z gi;(r,o)sinngsinny, i,j =1,2. (6.76)
n=1

In our case, the coefficients g;‘j (r, 0) of the above series are found as

q2n — p2n o\" b2 n
n —_ — — —_— E—
ghi(no) =5 — [(1 » (%) +(1+A>(m) L r=e
A bh2\"
g¥2(7,9)=m(02"—”2")(5), a<r<b<p<oo,

b2\"
g51(r.0) = (azn—QZ")(—) , a<o<b<r<oo,

nA* ro

and

gn(rQ):i L ﬁn[(l+k)a2n+(l—k)b2n]—|— in r<o
224 2n | A* \ro 0 ’ -
where
A* = (A —1)a®" — (A + 1)b".

Note that for r > o we can obtain the expressions for the diagonal elements
g711(r.0) and g7, (r, ¢) from those listed above by exchanging r and o.

The series in (6.76) is non-uniformly convergent, but its convergence can be im-
proved in the same way as we have shown before: we first consider the entry
G11(7, ¢; 0, ¥) and transform its coefficient to

1 1 1
n — —
s1(re) = [A* RS (A+1)b2"]

a2n_r2n o\n bZ n
N )

_ (A—1a?" a?" — 2" o\" 2\ "

T A+ b2 2nA* [(1—)&) (;) +(1+2) (E) }

aZn _ r2n

n b2 n
_W[(l—/\)(g) +(1+A)(E)] r<o.
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Now, we denote the first of the two additive terms in g7, (r, ¢) with R, (r,0) and
transform it to

n (A — Da?" a®" — 2" o\n p2\"
ll(r’ Q) - (A + 1)b2n 2nA* |:(1 _)‘) (;) + (1 + /\) (E) :|

(A= Da?™(a?" — r?") (()L + 1)b?" — (A — 1)0*")
B 2n() 4 1) (b2ro)" A*

Removing the brackets from the second additive term g7, (r, 0), we can rewrite the
latter as

" (r.0) = R (r.0) — 1—A a2Q n+ 1—-A (rg)n
En O =0 a1 0 b2 A+ 1) \p2

1 (a®\" N 1 (r\"
2n \ro 2n\o/)
Once g',(r, o) is substituted into (6.76), the series can be partially summed. With

complex variable notation, for the observation and the source point, a computer-
friendly form of G11(r, ¢; 0, ¥) reads

r=o

’

2 w . .
Gu(r,g;0,¥) = p Z R, (r,0)sinngsinny
n=1

1 —|]a? - A—1 27 — b2¢| b2 —z¢
R Pt it (Y i 120D =280 6 79
2w\ lz=glla? =z8| A+ a2z = b2 |b? — 2|

Note that for r > p, the first logarithmic term in G11(r, ¢; 0, %) is unchanged
whereas the second one transforms to

A—1 i |b2z —a2¢| |b? — zZ|
n = .
A1 b2z — a2 16 - 2
For the remaining elements of G(r, ¢; o, ¥ )for the setting in (6.72)—(6.75), we find
the following

2 ¢ A |z =] ]a® - z¢|
Gia(r,¢;0.¥) = — R",(r,0)sinng sinny + n 2
12(r, 010, %) n’; 12(r, @) sinng sinny T+ 1)z —¢| a2 — 27|
(6.78)
with
_ 2n(,2n _ ,.2n
" (r0) = AA—=1a""(a r )’
n(A + Drio" A*

1 |z — | |a?® — z¢|

2 o0
G , 950, = — Rn 5 S.n S.n +
21030, 9) = — ) Ry, (r,0) sinngsinny

n=1

7+ |2 —¢fja? -]
(6.79)
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with
(l _ 1)a2n(02n _ QZn)
n(A + Drigt A*

Rgl(”, o) =

’

and

2 ¢ N
Ga(r.p:0.¥) = — E R, (r,0) sinng sinny
T n=1

L fA=1 |p*>—zg]  |z=¢]]a® -z
— In + In = 6.80
2n (* F =z e =) O

with

" B A — Da?" [(/X + 1)a?" — (A — 1)b2”]
R, (r,0) = I + i A .

Clearly, the series components in (6.77)—(6.80) are uniformly convergent, making
them suitable for immediate computer implementation.

Example 6.5. Let the infinite strip 2 = {—0c0 < x < 00,0 < y < b} be composed
of three segments: the semi-infinite strip 21 = {—o0 < x < —a,0 < y < b},
the rectangle Q, = {—a < x < a,0 < y < b} and another semi-infinite strip
Q3 ={a < x <00,0 <y < b}. Let in addition each of the three segments of Q2 be
filled with a homogeneous isotropic conducting (with conductivities A1, A, and A3)
material. To obtain the potential field, generated in Q2 = U?:l 2; by an arbitrarily
located unit point source, analytically, we define the following mixed boundary-value
problem

0%u; (x,y) N %u;(x,y) _

3 0 0, (x,y)eQ, i=12,3, (6.81)
wi(e.0) = D) oy (6.82)
dy
lim ui(x,y)>o00, lim us(x,y) > oo, (6.83)
X—>—00 X—>00

ouy(—a, duz(—a,

wiay) =up(a,y), MHCEN) _ WaCAD) gg)
and
duz(a, dus(a,

uz(a, y) = us(a,y), zgx 2 A2 38(x y), (6.85)

where A1 and A, in the contact conditions (6.84) and (6.85) are defined in terms of
the conductivities of the materials with which the segments are filled as A; = Az/A;
and Az = A3/A2.
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Following our familiar procedure, we expresses the elements G; ; (x, y; £, ) of the
(3 x 3) matrix of Green’s type G(x, y; &, n) of the problem in (6.81)—(6.85) in series
form

2 ¢ o )
Gij(x,y;&En) = 5 E gf”j(x,g) sinvysinvy, i,j =1,2,3, (6.86)
n=1

withv = 2n — 1)z /2b.

For compactness, we will only treat those elements of G(x, y; &, ) which model
the potential field generated in each segment of 2 by a unit source acting at a point
(&, n) belonging to 2. These are G;1(x, y;€,1), i = 1,2,3, in the first column of
G(x, y;£,n). Their coefficients g, (x, £) are found as

1 — — *
gl 8) = (e FTHATH [T+ A1 - o)
+ (1 _ A])(l + lz)e4va]ev(x+é+2a)},

1
g5 (x.§) = T[(l —A2)e" Ot 4 (1 4 2y)e? BN Eta)
v
and

2
— (4a—x+§)
ghix.§) = —ertamxt

with
A* = (1= 21)(1 = 22) + (1 4+ A)(1 + Ap)e*.

The series in (6.86) converges non-uniformly at the same rate as the series in
(6.50). To describe the method for improving the series convergence, we focus on
G11(x,y:&, 1), and transform its coefficient g, (x, &) through subtraction and addi-
tion of the term

Lev (x+&+2a) )

2v
This reduces g, (x, ) to

1 — —
ghi(x.§) = E[ev(x+f+2“) + eV —E)

A1
VA*

Now, adding and subtracting

+ [(1 _ /\2) —(1+ Az)ev(3a—x)]ev(x+$+2a)'

A ev(x+£-'—|—2a)
v(l+ A1)
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and performing some trivial algebra, we transform g7, (x, §) to

1 [4/\1(1—12)ev(x+s+za)+ — A QVOHE+2a) | vlx—El)

n = —
g (x.§) = (1 + A1) A" 1+ A

With expression for g, (x, £), the entry G11(x, y; £, ) in (6.86) reduces to

1o 1[40 -2
Gu(x,y;6n) = Z;[ i Z)ev(x+$+2a)

(1+ A)A*

G“ I

A
ﬁ " (xHEt2a) 4 omvix— El] sinvysinvn. (6.87)

Clearly, the series

sinvy sinvn

Z 411 (1 —42) v(x+§+2a)
l)(l + ll)A*

is uniformly convergent, whereas the other series in (6.87)

1 [1-2
Z - [ﬁ eV HE+2a) 4 vl 5|:| sinvy sinvny

1 1 —A
5 XZ: ~ |: . All eV (x+é+2a) +e —v|x— E|i| [cosv(y —n) —cosv(y + n)]

is completely summable. Upon conducting the summation, we finally obtain the fol-
lowing computer-friendly formula for G11(x, y; &, ),

8A1(1—A2) St eu(x-f—E—{—Za)
(1 + A1) = 2n —1)A*

Gu(x,y;&n) = sinvy sin vy

1— X |1 + ecu(z-}—f—{—2c1)| |1 _ eco(z-}—{—{—Za)|

n —
27(1 4+ Ay) |1 — e@(E+E+2a)| |] 4 ew(z+E+20)|

1 4 e@z=8)| |1 — e@(z—0)
L MR =T T (6
21 —e@GE=D| |1 4 ez 2b

where we customarily employ complex variable notation for the field and the source
points. Note that for A; = A, = 1, equation (6.88) reduces to the classical Green’s

function [45, 57]
|1 + @D |] —e@z— §)|

G(x
o = a0 1 § oD
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A
\
1\
|

Figure 6.5. Profile of the matrix of Green’s type computed by (6.86).

Figure 6.6. Profile of the matrix of Green’s type computed by (6.88).

for the Dirichlet—-Neumann problem for Laplace equation on the infinite strip Q2 =
{—00 < x <00,0 <y < b}

In Figures 6.5 and 6.6, we can observe a smoothing effect, achieved by the conver-
sion of the series-only representation in (6.86) to a mixed, computer-friendly formula
in (6.88). We depict a profile of G(x, y; &, n), with the 10th partial sum of the series
components included.

In summary, we find the algorithm based on the eigenfunction expansion method
and the variation of parameters to be successful in obtaining series representations of
matrices of Green’s type for a number of specific boundary-value problems for the
two-dimensional Laplace and static Klein—-Gordon equations, on regions filled with
piecewise homogeneous isotropic materials.

The formulas for elements of the matrices of Green’s type, that we obtained here,
contain non-uniformly convergent series and are therefore not quite suitable for im-
mediate computer implementation. We propose special analytical transformations to
improve the series convergence radically, converting them into computer-friendly for-
mulas.
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6.3 Fields of Potential on Surfaces of Revolution

In this section, the reader will encounter a new class of boundary-value problems
for specific sets of two-dimensional elliptic partial differential equations. We will
construct a number of matrices of Green’s type modeling potential fields, generated
by point sources in assemblies of thin shells of revolution, where each single fragment
is made out of a homogeneous isotropic conducting material.

Example 6.6. Let two thin-walled elements be joined together to form a cylindrical
shell, closed at one edge, with a hemispherical cap, both shells are of unit radius
as shown in Figure 6.7. Let the middle surface of the cap occupy the region Q; =
{0 < ¢ <m/2,0 <9 < 2m} whilst the middle surface of the cylindrical element is
Qy ={0 <x <a,0 <y <2x}. Inaddition, let the materials, of which the elements
are made, have conductivities of A; and A,, and the interior and exterior surfaces of
the assembly Q2 = €21 U 2, be insulated.

»

Figure 6.7. Cylindrical shell closed with spherical cap.

We consider the Poisson equation

Vui(p,9) = —fi(p.®), (9, 9) € Qu, (6.89)

with the Laplace operator

1 9 ] 1 92
V2 = — |sing— |+ ———
sing dgp ( ¢8¢) sin? ¢ 902
written in geographical coordinates ¢ and ¢ on the unit spherical surface, and another
Poisson equation

azuZ(xvy) + azuZ(x’ Y) — _
0x2 dy2

fa(x,y), (x,y) € Qa, (6.90)

with the Laplacian written in Cartesian coordinates x and y, representing geographi-
cal coordinates on the cylindrical surface. Let the functions u; (¢, ¥) and u(x, y) be
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subjected to the boundary and contact conditions

lim uy(p.9)] < 0. a 229 | g4 vy =0, (6.91)
p—0 0x

ouy(m/2, 0 du5(0,

ur(m/2,9) = uz2(0,y), l(a/ ):A 2( y), (6.92)
0 ox
N1(@.0)  dui(e.2

11(0.0) = u1 (@, 27), l”a(g ) _ ”1(§x 2 (6.93)
2

ws(x,0) = up(x,2), 200 dualx.2m) (6.94)
dy dy

with A = A, /A1.

Note that we impose the first condition in (6.91) in order to ensure the boundedness
of uy(p, ) at the pole ¢ = 0 of the sphere, whilst the second condition in (6.91)
could mimic either Dirichlet type (if « = 0), or Neumann type (if § = 0), or Robin
type (if neither of them are zero). The conditions (6.92) are imposed to model ideal
contact of the elements in the assembly. The conditions in (6.93) and (6.94) reflect
the 27r-periodicity of u1(¢,¥) and u,(x, y), with respect to the variables ¥ and y,
respectively.

Clearly, the boundary-value problem in (6.89)—(6.94) models a potential field, gen-
erated in the assembly, by f1(¢,?) and fa(x, y).

Our approach to the boundary-value problem in (6.89)—(6.94) is driven by relation
(6.6). In other words, we will intend to obtain its solution in integral form

ui(p,9) = //Q Grilg, 99 0) /i (DAL (V. )
n //Q Guale D380 o6 K26
and
ua(x, y) = //Q Gaa(r 3Dl DR D)
" /[Q (e 36 (6 Ra(E )

which will give us explicit expressions for the elements G;_; of the sought-after matrix
of Green’s type.

In view of the 277 -periodicity of the functions u; (¢, ) and fi (@, ©) with respect
to ¥, and of us(x, y) and f>(x, y) with respect to y, we expand them into Fourier
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series as
1 o
u1(p, ) = Sur0(p) + Y uf,(p)cosnd +uj,(p)sinnd,
n=1
1 o0
fi(@.9) =2 fro(@) + 3 fiulg)cosnd + fi,(p)sinnd (695
n=1
and

1 > .
ua(x. y) = Juz0(x) + > u§,(x) cosny + us, (x) sinny,

n=1
1 [e.°]

S, y) =2 f0(x) + 3 fiu(x)cosny + f3,(x)sinny. (6.96)
n=1

Upon substituting these expansions into (6.89)—(6.94), we arrive, for n = 0, at the
following three-point-posed boundary-value problem

1 d d
—— | sing u10(¢) =—fio(p), O0<op<mn/2, (6.97)
sing dg do
2
M =—frx), 0<x<a, (6.98)
dx?
d
lim Juro(@)] < 0o, @229 | gii@) =0 (6.99)
—>0 dx
and
d 2 d 0
u10(7/2) = u20(0), u“:l(”/ ) _ 41200 (6.100)
10 dx
whilst forn = 1,2, 3, ..., we obtain
2
1 d (simpd”l”(‘”)) ! L.“;(‘p) = —fin(p). 0<@<m/2, (6.101)
sing dg do sin” ¢
2
d7uan (x) —n%usp(x) = — fon(x), 0<x <a, (6.102)
dx?
d
lim |uin(@)| < o0, « u2n(a) + Buan(a) =0 (6.103)
—0 dx
and
dui, (/2 dus,(0
U1 (7/2) = u2,(0), n(/2) _ , duan(©) (6.104)

do dx
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Note that in (6.101)—(6.104), we omit the superscripts ‘c’ and ‘s’ on u,(¢) and
Uz, (x). We will recall them at a later stage in the development, when they must be
treated separately.

Consider first the case of n = 0. To construct matrix of Green’s type for the ho-
mogeneous boundary-value problem corresponding to (6.97)—(6.100) we recall from
Chapter 2 the fundamental set of solutions of (6.97)

u%)((p) =1 and ugzo) (¢) = In(tan ¢ /2)
whilst for the trivial case of (6.98) we have
uglo)(x) =1 and ugzo)(x) = X.

Following the standard procedure of Lagrange’s method of variation of parameters,
we obtain the general solution of (6.97) as

4 2
uiole) == [0 (2202 fondy + €1+ Comtang2) 6109

while for the general solution of (6.98), we find

ur0(x) = — /0 (x — £) fro(®)dE + D1 + Dax. (6.106)

We employ the boundary and contact conditions in (6.99) and (6.100) to obtain the
constants of integration in (6.105) and (6.106). The first condition in (6.99) yields
C, = 0. The remaining constants are obtained as

ci=| 2[“ * pa —ln(tan%)}fm(w sy + [T e

AB p
D1 = [ fosinyay + [ EEE pyera

and

T

Dy = —/02 SH:\W Sro(¥)dy.

Substituting the constants of integration C1, C», D and D, into (6.105) and (6.106),
we obtain

u10(g) = fo ® 800w fro(W) sinpdy + /0 (0. 5) fro®)dE  (6.107)
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and

uz0(x) = /0 * g0 () fro(W) sinydy + /0 2% (. 6) fao(E)dE  (6.108)
with the kernel-functions defined as

(¢ + pa) —ABIn(tany/2), 0<¢ <y <7/2,

0 _
gnle.y) = A8 {((X_Fﬂa)_kﬂln(tan(p/Z), 0<vy <¢=<n/2,

g‘l’z(w,é)=w, 0<¢<n/2,0<&<a,
ggl(x,w)=o%g_x), 0<x<a 0<y <m/2,

and
0 (x.£) = a+pa—%§), 0<x=<§=a,
2 ﬂ a+pBa—x), 0<&<x<a.

Hence, we have completed the analysis of the boundary-value problem in (6.97)—
(6.100) and can now address equations (6.101)—(6.104). In order to construct their
matrix of Green’s type, we recall from Chapter 2 that the fundamental set of solutions
for the homogeneous equation corresponding to (6.101) consists of the functions

m((p) tan” ¢ /2 and ”(131)(‘9) =cot’ ¢/2

whereas the set for the homogeneous equation corresponding to (6.102) can be repre-
sented by

m(x) =¢e"* and u,, )(x) =e ¥,

Following Lagrange’s procedure, we find the general solution to (6.101) as

¢ 1
Uin (@) =/O o (tan" ‘/f ot" % — tan” (gcot —) Sin(¥) sinydy

+ Cy tan” 5 + C, cot” ‘; (6.109)
and
X sinh — X
) = | SIEZY) @ + D Do (6110)
0

The first condition in (6.103) yields C, = 0. Applying the remaining conditions
in (6.103) and (6.104), we arrive at a well-posed system of linear algebraic equations
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for the remaining constants of integration Cy, D1 and D,. The determinant A* of the
coefficient matrix of this system is

A" =1 -=1(B —an)e ™™ + (1 + 1) (B + an)e™®

and the constants are found as

T

A’ _ —na 2
Dy =MD [P Ly sin vy
L LA / fon coshn (& —a) — B sinhn (€ — a)] fon(E)E.
nA*
A na %
Dzz%/o " Y fin9) sinydy

—a) — fsinhn(§ —a)] f2n(§)dS.

and

C, = /2 [)L [(B 4+ an)e™ —*(/3 —an)e 4] can” K
0 nA 2
1

— % (tan" 3 cot” —)i|f1n(1ﬂ) sin ydyr

nA* / [an coshn(§ —a) — B sinhn(§ —a)] fon(E)dE.

Upon substituting Cy, C, D1 and D5 into (6.109) and (6.110), we arrive at

win() = /0 % gl 0. V) fin () sinydy + /0 Zh@.5) fn®)dE  (6.111)

and

o (x) = /0 % g8 () fin (W) sinydy + /0 S E) fn(E)dE  (6.112)
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with the kernel-functions defined as

(an + B)e" tan” v/2[(1 + A) cot™ ¢/2
—(1—=A)tan” ¢/2] — (@n — B)e " tan” /2
x[(1=Aycot” /2 — (1 + " 9/2, v =g,
(xn + B)e"?tan” ¢/2[(1 + A) cot /2
—(1—=MA)tan” /2] — (@n — Ble "% tan” ¢ /2
x[(1 = A)cot* /2 — (1 + A) tan” ¢//2], ¢ <Y,
g12(¢.§) = 2[ancoshn(a — £) — Bsinhn(a — §)] /(nA¥)
xtan”¢/2, 0<¢=m/2,0=<¢=a,
gh1(x,¥) = 2[ancoshn(a — x) — Bsinhn(a — x)] /(nA*)
xtan" /2, 0<x<a,0<y <m/2,

1
gri(e.¥) = IA*

and

[@n coshn(x —a) — Bsinhn(x —a)]

" (n.£) = 1 x[(1 4 A)e" + (1 - 1)e ], £ <x,
§2214-5) = nA* [an coshn(§ —a) — Bsinhn(é —a)]
x [(1 4+ A)e™ + (1 — A)e™™¥], x <é&.

At this point in our development, with the elements of the matrices of Green’s
type to the problems in (6.97)—(6.100) and (6.101)—(6.104) determined successfully,
we return to the series expansions in (6.95) and (6.96), and express their coefficients

J5), f5,0), f5,(6).and f3 (§) in terms of the functions f1(y, 7) and f2(, 1)

as

1 21
ffn(x/f):; | fily, ) cosntdr, n=0,1,2,...,

1 2w
fia (W) = ey fily, t)sinntdt, n=1,2,3,...,

1 2n
f5© =~ [ Ameosnman n=0.1.2...

and

1 2w ]
5@ = [ e msinmdn n=1.2...
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Substituting £, (¥) and £ (§) into (6.107), (6.108), (6.111) and (6.112), we ob-
tain

% 2n 1
uin@@) = [ [ et ncosn iy 0ysin ey

a 27[1
+ /0 [0 —gha(p. O cosmfa(E.mdnds, n=0,1.2,....

and

% 2 1
i) = [ 7 [ Sehitropycosne i oysind ey

a 2m 1
*fo /o —gh(x ) cosmnfaE.mdndé. n=0.1.2,....

whilst substituting £ () and £, (€) into (6.107), (6.108), (6.111) and (6.112), we
get

% 2m 1
uia@) = [ 7 [ Seti@opysinnc i o sinydray

a 2w 1 )
+/ofo —gla(¢.§)sinnnfo(§. mdnd§, n=12.3.....

and
% 2 1
w0 = [ 7 [ Sehiopysinnc i 0y sinydray

a 21 1 .
+/o/0 —g5 (0, §) sinnnfo(€, Mdndé, n=12,3,....

Continuing with the procedure, we now substitute the above expressions u{, (¢)
and u{, (¢) into the expansion of u1 (¢, ¢) from (6.95), yielding

Z r2m
ul((P»l?):/(;/(; G11(p, v, 7) f1(¥, T) sinyd tdyr

a 2
+[/ Gia(p. 9:5.0) fo(E.)dndE,  (9.9) € Q1. (6.113)
0 0

which gives us the first two elements G11(¢,¥; v, 1) and Gi2(p, 9; &, 1) of the
matrix of Green’s type G for the homogeneous boundary-value problem correspond-
ing to (6.89)—(6.94). For G11(¢, ¥; ¥, t) we found the series expansion

1 1 &
Guilp, 9:9.7) = —ghi(e.¥) + — > gli(e, ¥)cosn(? — 1)

n=1
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whose coefficients g?l (¢, V) and g7, (¢, ¥) have been derived earlier in this section.
Substituting them into the above series, we transform it, for ¢ < i, to

Gii(p, 059, 7) = [ﬁ(a+ﬁa) (tan%)} (6.114)

1 oo

— {(om + B)e"*? tan” [(1 + A) cot” = W — (1 —2)tan" ‘/f}
2 — nA*

— (an — B)e™ "% tan” |:(1 — A)cot” = W — (1 + A) tan" W]} cosn(t — 7).

In order to get an expression of G11 (¢, ¥; ¥, t) valid for ¥ < ¢, we must exchange
the variables ¢ and ¥ in (6.114).
Accordingly, we find for the entry G2 (@, ¥; €, n) of the matrix of Green’s type

Gia(p. V6. n) = _,3 [@ + Bla —§)]
1 [e.e]
2— Z [(,3 + an)e™@H _ (B — om)e”(é_“)] tan” %cos n(® —n).
Analogously, upon substituting u$, (x) and u3, (x) into the expansion of u>(x, y)
from (6.96) we arrive at

% 27
Uz (x.y) = /0 /0 Gor (e, y: . 1) i (¥ 7) sinyid Td

a 21
+ / / Goa(x. y:E.0) fo(6. dndE,  (x.y) € Q. (6.115)
0 0

which discloses the other two elements of the matrix of Green’s type G. We find an
expression for Go1(x, y; ¥, 1) as

A
Go1 (v yi 1) = 55 fo o fla =)

+

8>

2 ni [(B + am)e @™ — (B — an)e" ] tan” %cosn(y - ).

n=1

whilst for Gz (x, y; &, n), valid for x < &, we have

a+ Bla— 5) (I=21)e™ + (1 4+ A)e"*
2P Z nA*

x [(B + an)e”(”_‘g) — (8- om)e”(s_“)] cosn(y —n).

Ga(x,y:6.n) =
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To obtain an expression for G,z (x, y; &, n) valid for £ < x, we have to exchange the
variables x and £ in the above.

Notice that the series components in the peripheral elements G, (¢, 9; &, 1) and
G21(x, y; ¥, 1) of G converge uniformly, whereas the series in the diagonal ele-
ments G11(¢, V; ¥, 1) and Gaa(x, y; &, n) are not uniformly convergent and diverge
for (¢, 9) = (¥, 1) and (x,y) = (&, 1), respectively. This reveals the logarithmic
singularity of the diagonal elements of G. To improve the series convergence, we can
split off the terms responsible for the singularity similar to what we used repeatedly
earlier in this manual.

It is worth noting that there is a particular instance of the problem in (6.89)—(6.94),
for which all series in the elements of the matrix of Green’s type that we just found
allow a complete summation: (i) if both elements in the assembly under consideration
are made out of the same material (A; = A, and, subsequently, A = 1), and (ii) if
the Dirichlet boundary condition is imposed at x = « in (6.91) (implying @ = 0 and
B = 1), then the elements of G reduce to

1 e?% —20Wcos(¥ — 1) + e 2422

1(p, 99, 7) az ®2 —2dWcos( — 1) + W2

1 e2@ —2efPcos() — 1) + e2E—2) p2

Gia(e. :8.m) = 4 In e2¢ —2efdcos( —n) + P2
Ga1(x, y; 9, 7) = % In e ;3‘3:6;??;1{)8—(;)_4;;jx;2)\yz :
and
1 e?2@) _2e(E=%) cog(y — i) + 29
G2l Y8 ) = P cos(y — ) + €0
where

® =tanp/2 and V¥ =tany/2.

In one of this Chapter Exercises, we challenge the reader to derive the above compact
formulas.

Example 6.7. Let a thin hemispherical shell of unit radius, whose middle surface is
Q={0<¢ <m0 < v < x}, consist of two congruent segments Q21 = {0 < ¢ <
/2,0 < ¥ <m}land Qp ={n/2 < ¢ <m0 <P < m}. Letthe segments be made
out of different homogeneous isotropic materials whose conductivities are defined by
A1 and A,, respectively.
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Consider the following well-posed boundary-value problem defined in spherical
coordinates

Vaui(p.9) = —fi(p.9), (p.9)eQi, i=12, (6.116)
ur(p,0) =ui(p,m), uz(e,0) = us(p, ), (6.117)
lim |ui(p,9)| <oo, lim |uz(p, )| < oo, (6.118)
(p—)() p—>1

and

dur(r/2.9) _  dua(n/2.9)

u1(w/2,9) = uyx(mw/2,9), 9 3o

(6.119)

where V72 is the Laplace operator and A = A5/A;.
If u; (@, ) and f; (¢, 9), fori = 1,2, are expanded in the Fourier sine-series

ui(p.9) = ) uin(¢)sinnd and  fi(p.9) = ) fin(p)sinnd.  (6.120)

n=1 n=1

then the coefficients u1,(¢) and u,, (@) in the first of them are defined through the
following three-point-posed boundary-value problem

2
o (s ) D p ) g/, 6120

sing do do sin ¢
1 d d 2
o (e ) ) pe /. 6122
sing do do sin” ¢
lim |u1,(@)] < oo, lim |uz,(¢)| < oo, (6.123)
—0 p—>T
and

duy(7/2) _  dus(w/2)

U1n(7w/2) = uz,(7/2), do do

(6.124)

As we recalled in Example 6.6, a fundamental set of solutions to the homogeneous
equation corresponding to (6.121) can be represented by the functions tan” ¢ /2 and
cot” ¢ /2. Selecting the latter, the general solutions to the equations in (6.121) and
(6.122) are obtained as

uin(p) = fo(p % (tan” %cotn % — tan” gcot” %) fin(Y) sinyrdyr

+ Cy tan” % + Dycot” (6.125)
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and

¢ 1
Uz (@) = /; o (tan" %cot" g — tan g;)cot —) Jin () sinyrdyr

+ C, tan” % + Dy cot” %- (6.126)

The constants of integration in the above expressions for 11, (¢) and vz, (@) can
be obtained by imposing the boundary and contact conditions (6.123) and (6.124),
yielding

1 (" v .
D=0, C,= —f cot” — fon(Y) sinyrdp,
2n z 2

1 (2 ¥
C1=— ¢
! 2n0( 2+1+/\

tan” —) Fin (W) sinydy

A, T n W 1
Fa e Jy o0 ey
and
B 1 Z . v .
D2 =R fy 7 sy

b4 " w )
_m . cot Efz,,(W) sin yd .

After substituting C; and D; into (6.125), the latter transforms to

uin(p) = 2171 /(ﬂ (tan" %cotn % — tan” (5 cot” —) Sin(¥) sinydy

L3 ) |
+ 2n Jo (cot"%+ 1+ktan” w)tan” %fln(‘ﬂ) sinydy

A T AV .
+n(l+l) /’5 cot Etan Efzn(w)smwdw (6.127)

whilst, after substituting C, and D5 into (6.126), we obtain

1 ¢
uzn(p) = E[{ (tan” %cot" % — tan” (;) cot” —) San (W) sinydyr
3

1 [~ 1—2A
—|—E . (tan”%— 1+)LCOtn g) cot” —f2n(w)s1anlp

o W
n(1+x)/ cot” —fln(w) sinydy. (6.128)
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Hence, the solution of the boundary-value problem in (6.121)—(6.124) is expressed
in integral form in (6.127) and (6.128), providing matrix of Green’s type for the cor-
responding homogeneous problem. Elements of its first row appear as

11(e. =5 " — 4+ ——tan" — |tan" =, O0<¢p <y < —,
gnle. ¥) 2n(CO st 2)an2 <S¢y =3
and
g’llz((pv W) = —COtn £tann g, O < (p < z < w < 7,
n(l+ 1) 2 2 —7T =9 -7 =

whilst for elements of the second row, we have

1 © v
n N = — tn_t n_’
821(¢-¥) A+ a2

and

1 o 1—2A 0 /2 4
ggz(fﬂﬂﬁ)zﬁ(tanna—1+Acot"5)cot" > EffﬂEWEn.

To complete our derivation procedure, we follow the pattern developed in Example
6.6. We express the right-hand side functions f1,(¥) and f2,(¥) in (6.127) and
(6.128) in terms of the functions f1(¢, ) and f>(¢, ¥) of (6.116) by making use of
the standard Fourier—Euler formulas. Subsequently, we substitute 11, (¢) and 15, (¢)
into the first series in (6.120). This reduces the solution of equations (6.116)—(6.119)
to

u(p,v) = /02/(; Gi11(p, 0¥, 1) (¥, ©) sinydtdy (6.129)

+ [; foﬂ G12(p, 0¥, 1) (¥, D) sinydTdy, (p,9) € Q,
and
uz(p.9) = /075 /On Ga1(p. 9. 1) fi(W. 7) sinyd tdy (6.130)
+ [; /Oﬂ G (@, ;9. 7) fo(¥, T) sinydtdy, (p,.0) € Q.

which explicitly gives us the elements

2 o0
Gij(p.0:9.1) ==Y gl i(p.y)sinnd sinnt, i.j =12, (6.131)
ﬂn=1 ’
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of the matrix of Green’s type for the homogeneous boundary-value problem corre-
sponding to (6.116)—(6.119).
The series in (6.131) are completely summable, so that we arrive at

1 1-A4
Gl](gl), '(9, 1//, ‘L') = E (H()(CD, 19, \IJ, T) + H—/\Hl(q), 19, ‘-IJ, T)) s (6132)

A
. = —— Hy(P, 3V .1
Gi2(p, %5 ¥, 7) A D) o(®, % ¥, 1), (6.133)
1
G21(§0, 191 w, T) = mH@(@, l’, ‘I’, 'C), (6134)
and

1 1
Ga(p, V¢, 1) = e (Ho(<I>, VW, 1) — 1—H1(d>, W, r)) (6.135)

+ A
with
®% — 20V ) W2
Ho(®,9: W, 7) = In cosd +7) +
®2 — 20V cos( — 1) + P2
and

1 —20Wcos(? + 1) + P2W?

Hi(d,9;¥,7) =1
1( D = W eos(@ — 1) + D202

with @ and W, as introduced earlier in Example 6.6, being
® =tanp/2 and V¥ =tany/2.

In one of the Chapter Exercises, we challenge the reader to perform the actual
summation of the series in (6.131) in order to obtain a closed analytical formulas for
the elements G; (¢, ¥; ¥, v) exhibited in (6.132)—(6.135).

Example 6.8. Consider an assembly of two thin-walled elements, as depicted in Fig-
ure 6.8, consisting of a circular plate with radius R, joined to a segment of a toroidal
shell, having a circular meridian cross-section. Let the plate’s middle plane and the
shell’s middle surface occupy the regions 271 = {0 < r < R,0 < ¥ < 27} and
Qr ={n/2 < ¢ < ¢o,0 <V < 2w}, respectively, with 0 < @9 < 7. Let the shell’s
meridian cross-section represent a unit circle while the plate’s radius R is greater than
one. Assume also that both elements are made out of the same isotropic homogeneous
material.

If the interior and exterior surfaces are insulated, the potential field in such an as-
sembly can be modeled by the equations

10 duy(r,v) 1 ui(r,9) .
;a—r (ra—r) r—ZT— fl(r,ﬁ), (r,l?)eQI, (6136)
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Q,
a
Figure 6.8. Circular plate joint with toroidal shell.
and
19 My (e, ) 1 0%us(p. )
—_ __ [(pZ—=—=r 7 — = = ), ,0) € Qp, (6.137
s (PP 52D — o), )€ R @130

with D representing a function of ¢, defined as D(¢) = R + sin ¢.
Let equations (6.136) and (6.137) be subject to the boundary and contact conditions

lim Ju1(p.9)| < 00, ua(go.?) =0 (6.138)
p—>

and

dui(R,9) _ ua(0,9)

(6.139)

Clearly, the above problem assumes 27 -periodicity with respect to the angular coordi-
nate ¢. With this in mind, we expand u1(r, ¢) and u5 (¢, ¥) as well as the right-hand
side functions f(r, ¢) and f> (@, ©)in (6.136) and (6.137) in the Fourier series

] [e.¢]
ui(r,) = Eulo(r) + Z u§, (rycosnd + uj,(r) sinnd,

n=1
fi(r, %) = %flo(r) + Z S, (r)cosnd + f7,(r) sinnd (6.140)
n=1
and

1 > .
ur(p, %) = Euzo(ﬁﬂ) + Z u$, (p) cosnd + w3, (¢) sinnd,

n=1

@.9) = 3 fro(@) + 3 (@) cosnd + fy@sinnd. (614D

n=1
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This results in a set (n = 0,1,2,...) of three-point-posed boundary-value prob-
lems for the coefficients of the above expansions u1,(r) and us,(¢). We have to
consider n = 0 individually. Evidently, we arrive at the following problem formula-
tion:

1d (rd““’(r)) — —fio(r), 0<r <R, (6.142)
rdr dr
1 d duzo(‘/?) _
T@)%( (p)——— ) = —/f20(p), 0<¢ <go, (6.143)
(}1_% |u10(</7)| <00, uz(pe) =0, (6.144)
u10(R) = uz0(0), duro(R) _ duZO(O). (6.145)

dr do

As we recalled repeatedly, earlier in this book, a fundamental set of solutions for
the equation
1 d d IZA10) (r )
r =0
rdr dr

can be composed of the functions

uglo)(r)zl and ”10)(r) Inr.

With regard to a fundamental set of solutions for the equation

Li duzo(fﬂ)) 0
D) dgo( @) ’

we note that one of its components is trivial, u(l)(q)) 1, whilst for the second

component ”20) (¢) we arrive, after straightforward integration, at

2 14+ Rt 2
ugzo) (p) = arctan ———— + Rtang/ .

N7 N <

Using the fundamental sets of solutions just displayed and following our routine
procedure, we obtain the matrix of Green’s type for the homogeneous problem corre-
sponding to (6.142)—(6.145) the elements of which appear as

(6.146)

T ,0)—1 R, < o,
g ( )={ (0000 =Ine/R. 1= oo () = T(go. 1)

T(p9,0) —Inr/R, r>op,

T(po, V), ¢ =V,

0 =T 0 =
g21(¥.0) (po.9). 82200, ¥) {T(wo,w), 0>
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with the function 7 (¢, ¥) being defined in terms of the component u20) (p) as

T(p. %) = uSy () —uSy (V)

which, after some elementary algebra, appears in the form

2 v R? — 1sin(¢p — ¥)/2
T(p,¥) = ———— arctan - .
VRZ -1 Rcos(p —v)/2 + sin(p — ) /2
Returning now to the case of n = 1,2,3,..., we arrive at the three-point-posed

boundary-value problem

1d duti,(r n2
na (r ;”r())—r—zum(r>=—f1n(r>, 0<r <R,

1 d Dduzn(go) n?
Ddy do D2

lim |u1,(¢)| <00, u2x(¢o) =0,
o—0

—U(@) = —fan(@), 0 <9 <o,

dui,(R) _ duzy,(0)
dr dy

u1n(R) = uz,(0),

for the coefficients u1,(r) and ua, (@) of the series in (6.140) and (6.141).
Recall the standard fundamental set of solutions

(1)(r) =r" and ”(131)(” =r"

for the equation

1d duy,(r) n? .
rdr (r dr —r—zuln(r)—O.

The fundamental set of solutions for the equation

1 d (DduZn((P)) n’

D d(p d(p D2 5 U2n ((P) =0

can be composed of the functions [33]

S()—ex( arctan 1+Rtan<p/2)
1) = €Xp JRZ 1 JRE=1

and

So(p) = ex ( arctan L+ Rtanq)/2)

(6.147)

(6.148)

(6.149)

(6.150)
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With the fundamental sets of solutions mentioned above, the elements of the matrix
of Green’s type for the homogeneous problem corresponding to (6.147)—(6.150) are

founds as
n _ L) 51082000
g“("g)‘zn (5) St ()] r=e

ryr S
a1 = 5 (%) oIS )20 = $160 Sa(eo)]
(0.0) = ( ) [S1(90)S2(¥) — S1(¥)S2(¢0)]
a0 =5 (% S1(90)S$2(0) ’
and
(o) = 5 o IS S200 = SinSate)). 9 <

Note that, in order to obtain g, (r, o) for r > o, and g5, (¢, V) for ¢ > ¥, we
exchange the variables in the above formulas.

Proceeding with our derivation procedure, we obtain the elements of the matrix of
Green'’s type for the homogeneous problem corresponding to (6.136)—(6.139) in series
form

1 1 &
G(rdi0.1) = 5-ghi(ro) + " Z gli(r.) cosn(¥ — 1), (6.151)

Gialr 90 0) = 5_gh(rd) + Zguu Peosn@—1).  (6152)

1
Gar(p,950.7) = —g31(#.0) + — Zgzl&p Q)cosn(¥ —1),  (6.153)

and

1
—g% (@, ¥) + — Z g5, (¢, ¥) cosn (¥ — 7). (6.154)

GZZ((/J! 19711”? T) T
n 1

The series in the above equations are completely summable. After performing some
elementary but quite cumbersome algebra, we obtain

R* —2aR?rocos(¥ — 1) + (arpo)?

o0
1
n
_ = —1]
> gh(ro)cosn(® —7) = I R2(r2 — 2rocos(d — 1) + 02)

it

1 R2 —2yRr cos( — 1) + (yr)?
R? —2BRr cos(?¥ — 1) + (Br)?’

Z gl(r,¥)cosn(d —1) =
n=1

8

R? — 2nRocos( — 1) + (ng)2
—28Rocos( — 1) + (80)2°

1
Z ghi(p.Q)cosn(® —1) = ;1
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and

1% 1—2a)COS(1.9—T)+CU2
n j— = —
’;gzz(w,W)COS”(ﬁ R e S————

where the parameters «, 8, y, 8, , @, and ¢ are introduced as
oy n[51(0)S2(¢0) ,[51(0)S2(90)S1(¥)
S1(90)S2(0)° S1(¢o) ’
= VS 05W) Sz( ) S1(9)S2(0)
f= V510500, 0 "7 | 51050

w = }{/SI(‘/’)SZ(KOO)SMV/), o= {S1(@)S2(¥).

S1(¢o)

Hence, the expressions in (6.151)—(6.154) are computer-friendly and are ready for
immediate practical implementation.

and

Example 6.9. Let a thin hemispherical shell of radius a, with middle surface 2; =
{0 <9 <7m/2,0 < ¥ < 27}, be joined to another congruent hemispherical shell,
with middle surface Q23 = {7/2 < ¢ < 7,0 < ¥ < 27}, and to a thin annular plate
occupying the region Q, = {a < r < b,0 < ¥ < 2z}, forming a ‘Saturn’ type
assembly. Let each of the elements be made out of an isotropic homogeneous con-
ducting material. In addition, the thickness of the elements is assumed to be negligibly
small compared to the shells’ radius a and to the width of the plate w = b —a.
Assuming that all surfaces of the assembly are insulated, the two-dimensional po-
tential field in the assembly can be modeled by the following system of equations

1 a ( Ml((ﬂvl?)) 1 azul(@ﬁ)
— | sing +

=0. (p.9) e (6155

sing d¢ dg sin?¢g 002
10 ous(r, ) 1 82us(r, ) B
ror (r or ) + 2 92 =0, (n?)eQy, (6.156)
1 J . u3(¢719) 1 82u3((p,19)
e =0 9) € Qs (6157
Sin(p B(p (Sln(p 3¢ + Sinz(p 992 ’ ((P7 ) € a3, ( )

subject to the boundary and contact conditions
lim |u1(p, P)| <oo, uz(b,¥) =0, lim |uz(p,?)| < oo, (6.158)
o—0 p—>1

ui(r/2,9) =uz(a,9) = usz(w/2,9) (6.159)
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and

duy(m/2,9) dus(a, V) duz(m/2,1)
1 — A2 — A3 =

A
g or ap

0, (6.160)

where A;,(i = 1,2, 3) represent conductivities of the materials out of which the as-
sembly elements are made.

Note that the above problem, in contrast to nearly all the others that we considered
so far, is defined for the homogeneous equations in (6.155)—(6.157). We will not de-
scribe the derivation procedure in detail, which would involve expressing the solution
to the problem in integral form, with the product of the sought-after matrix of Green’s
type and the vector of the right-hand side functions in the set of governing equations.
Instead, we will only display ultimate expressions for the elements of the matrix of
Green’s type.

Since the setting in (6.155)—(6.160) is 27 -periodic with respect to ¥, our customary
procedure allows us to express the elements of its matrix of Green’s type

G(x, %6 1) = (Gi,j(x’ A T))i,j=1,3

in trigonometric series form

n=1

1|1 o
Gij(x,0:6,1) = p [Eg?,j(x,é) + Z gi j(x, &) cosn(P — r)} (6.161)

with x and & conditional notations for the first coordinate of the observation and the
source point, respectively.

The coefficients g7’ j (x,8),(n = 0,1,2,. . .) of the series in (6.161) represent
elements of the matrix of Green’s type for a four-point-posed boundary-value problem
for the set of ordinary differential equations

1 d 2
o (e ) - =0 e G162
sing dg do sin” ¢
1d duzp (r n?
i (r;—';()) — r—2u2n(r) =0, relab), (6.163)
1 d 2
. _(sin¢“3"(‘”))_ S un(9) =0, ge(@/2m).  (6.164)
sing dg do sin” ¢

on the edges of the graph depicted in Figure 6.9. Recall that we developed the back-
ground for such a graph-based statement earlier, in Chapter 5.
The set of equations (6.162)—(6.164) is subject to the boundary conditions

Ji_)mo|u1n(<p)| <00, uzx(b) =0, leBr [us, ()] < 00 (6.165)
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>
P
—2
Ql 1
Q,
a b T
Q .

Figure 6.9. ‘Saturn’ type thin-walled assembly.

imposed at the end-points E1, E»,and E3 of the graph, and to the ideal contact con-
ditions

uln(n/z) =us,(a) = u3n(77/2)» (6.166)
Aldizlln(.T[/z) _/\zduz,,(a) _k3du3n(n/2) —0 (6_167)
dy dr deo

imposed at the graph’s vertex V.

For the sake of simplicity, we assume in the following development, that each ele-
ment of the assembly is made out of the same material, implying A; = A, = A3. In
addition, we assume the unit radius @ = 1 for the hemispherical shells occupying €2
and Q3.

As usual, we need to treat the case of n = 0 individually, since its fundamental set
of solutions is different from the one we found for n = 1,2, 3,.... The components
ggj (x, ) of the elements G; j(x,¥; €, r) in (6.161) are found to be

b
g (p.¥) =In (b cot%) Lo =¥ ghlp.0)=In = g)3(p,¥) = Inb;

b b b
gn(ry) =InZi ghiro)=In_.r<o gh(ny)=In:

b %
ghlp.v) =Inbi ghlg.0) =In-: g0y =mn(banl). o <v.

Note that to obtain the diagonal elements g(l’1 (¢, ) and gg3 (¢, ) for ¢ > ¥, and
the element ggz (r, 0) for r > g, we exchange the variables in the above equations.

Forn = 1,2,3,..., the components g’f’ j (¢, &) (with the second variable £ con-
ditionally denoting the first coordinate of the source point) in the first row elements
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G1,j (¢, ;& 7) of (6.161) are expressed as

tan” $[A% cot” § — (b" + b tan" 5], ¢ <,
tan” S[A* cot" § — (B" + b7 tan" §], ¢ =,

1 b\" o\m %
n _ _ (= nr
g12(p.0) = WA [(Q) (b) ]tan >

n 1
ghle.¥) = IAF {

and
b" —p7" [0 W
ga(p. ¥) = ——— tan” S cot" .

For the components of the elements in the second row, we get

ggl(r, V) = ni* [(g)n ~ (g)”] tan” %,
L e =r[(B) - @] r=e
gzz(n 0) = m (30" —o0™™) [(2)’1 — (%)n] , r=o,

and

1 h\" r\"
gha(r,y) = AR [(;) — ([;) }cot" %

The components of the elements in the last row appear as

b*"=b7" ap. ¥
g51(p.¥) = nTCOt" Etan" >

1 b\"  so\" ®
n - (& n
832(p,0) = A |:(Q) (b) }cot >

and

1 cot” L[A*cot” £ — (" + b ") cot" ], ¢ <,
g33(p.¥) = { > ; J

2nA* |cot” E[A* cot” ¥ — (b" + b ) cot" Y], ¢ >y,

where, in all components above, A* = 3b" — bh7",

Note that the series in the diagonal elements G;;(x,?;&,t) of the matrix
G(x,v; €&, 1) in (6.161), with coefficients gg. as just found, do not (and cannot) con-
verge uniformly. This is an unavoidable consequence of the logarithmic singularity
and decreases the practicality of the expansions in (6.161). However, the situation can
be notably improved by using a partial summation of the series, transforming the com-
ponents responsible for the singularity into elementary functions, which significantly
raises the rate of convergence of the series.
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To illustrate this improvement, we display final expressions for several of the ele-
ments of G(x, ¥; &, t), after their series representations have been partially summed.
In this case, the elements of the first column reduce to

1 b+ b7
Gll((p, 19, wy T) = —m{z Z W@I’l\pn Cosn(l? — T)
n=1
| b?(1 —20W0O + d2W2)(h* — 2H2DOVO + q>2xp2)}
n 9

(®2 —20V0 + V2)3

b2n _ r2n

man COSI’Z('I? — T)

Gor(r, 99, 1) = é{zz

n=1

b* —2rb> VO + r2\IJ2}
+1 ’

N or(r2—2r 0 + v2)

and

. 1 S b" —b™" —n\n
G31((P, 'L(}, w, T) = a 2 Z nbz—nA*CD v COSI’l('I} — 7,')
n=1

+1

O2p* —2p20VE + W2
n
b(®2 —20¥0O + ¥2) [’

where we introduce

<I>:tan8
2

, U= tan%, and © = cos(¥ — 1)
for compactness.

Similarly, we can derive a computer-friendly formula for the remaining elements of
the matrix of Green’s type for the problem in (6.155)—(6.160). In one of the Chapter
Exercises, we recommend the reader to perform this derivation.

6.4 Chapter Exercises

1. Construct a matrix of Green’s type for a problem modeling the potential field
on the infinite strip 2 = {—0c0 < x < 00,0 < y < b}, comprised of the two
semi-strips: 21 = {—0c0 < x < 0,0 <y <b}and 2, = {0 < x < 00,0 <
y < b}, each filled with a homogeneous isotropic conducting material, whose
conductivities are A1 and A,, respectively. Assume ideal contact between the
fragments and let the boundary conditions be imposed as

duy(x,b)  dua(x,b)

0.
dy dy

ul(x,O) = MZ(x70) =
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. Construct a matrix of Green’s type for the Dirichlet problem modeling the po-

tential field on the rectangle Q2 = {—a < x < a,0 < y < b}, comprised of two
other rectangles, which are in ideal contact: Q2; = {—a < x < 0,0 < y < b}
and Q7 = {0 < x < a,0 < y < b}, each filled with a homogeneous isotropic
conducting material whose conductivities are A1 and A5, respectively.

Construct a matrix of Green’s type for a problem modeling the potential field
on the compound half-disk Q = {0 < r < b,0 < ¢ < 7}, consisting of two
segments, inideal contact: 21 = {0 <r <a,0<¢p <m}andQr ={a <r <
b,0 < ¢ < m}, each filled with a homogeneous isotropic conducting material
whose conductivities are A1 and A5, respectively. Let the boundary conditions
be

auZ(bv §0) —

0.
or

u1(r,0) = uz(r,0) = uy(r, ) = us(r,m) =

. Determine the potential field generated by a unit point source, arbitrarily placed

within a thin-walled structure composed of two segments, one of which is a
hemispherical shell with radius R;, whose middle surface occupies the region
Q1 = {(¢1,%1)]0 < ¢1 < /2,0 < ¥ < 2x}, whilst the second segment
is the spherical belt 2, = {(¢2,%2)|po < @2 < 7/2,0 < ¥, < 27} with
radius R, greater than R;. Note that the contact line between the segments is
the equator ¢; = 7/2 of the hemispherical segment, whereas for the second
segment it is the parallel ¢ = ¢o. This predetermines the parameter g as
arcsin(R1/R»). Assume that the inner and the outer surfaces of the structure
are insulated, with ideal contact taking place between the fragments. Let A;
and A, represent the conductivities of the materials out of which the fragments
are made and, finally, let the Dirichlet boundary condition u5(7/2,9,) = 0 be
imposed on the free edge of the structure.

. Derive the compact expressions for the elements of matrix of Green’s type, as

displayed in Example 6.6.

Perform the summation of the series in (6.131) in Example 6.7 in order to obtain
closed analytical formulas for elements of the matrix of Green’s type shown in
(6.132)—(6.135).

. Derive a computer-friendly formula for all the elements of the matrix of Green’s

type, where the series representations were obtained in Example 6.9.



Chapter 7
Diffusion Equation

In the last two chapters, we will focus on parabolic partial differential equations. We
will develop and use, in this chapter in particular, a special technique for obtaining
Green’s functions for a number of problems for the classical diffusion (heat) equation
which has multiple applications in engineering and natural sciences. The next chapter
also deals with parabolic equations. We will turn the reader’s attention to the so-called
Black—Scholes equation, which had relatively recently emerged as a powerful driving
force in financial mathematics (see [8, 52, 55, 65, 75]). There, we will construct
Green’s functions for a number of terminal-boundary-value problems for the Black—
Scholes equation.

The discussion that we will initiate in the present chapter, touches upon techniques
for obtaining accurately computable formulas for Green’s functions for a wide range
of problems for the diffusion equation in one and two spatial dimensions. The ap-
proach based on the Green’s function formalism has traditionally been widely used
for problem solving in the field (e.g. [9, 13, 17, 29, 45, 46]), providing the user with a
reasonably rigorous background for numeric work.

We intend to show that the experience we gained earlier in this book, in dealing
with elliptic equations, can as well be used successfully for at least several particular
problem settings for the diffusion equation. We will present a brief discussion on the
potential of our approach, and we will provide evidence that it allows us to obtain
several alternative formulas for Green’s functions which are, in many cases, more
economical computationally, compared to those already available in the literature.
What is especially important, with the aid of our approach to the diffusion equation,
many new expressions for Green’s functions can be constructed.

In Section 7.1, we will briefly address basic concepts of the Laplace integral trans-
form, which represents an important part of our approach to the construction of
Green’s functions for parabolic equations. We will review only those concepts from
the subject, that are essential to our discussion later in both Chapter 7 and Chapter 8.
The next two sections of the current chapter will describe methods that can be used to
obtain compact formulas for Green’s functions and matrices of Green’s type, for the
diffusion equation in one and two spatial variables.
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7.1 Basics of the Laplace Transform

In those areas of engineering and natural sciences where processes and phenomena are
modeled by partial differential equations, various integral transforms have tradition-
ally been used. One of them is the Laplace transform, which turns out to be especially
efficient in the diffusion (heat) equation. In this section, we will recall only the very
basics of the Laplace transform. Since topics related to this transform have tradi-
tionally been included in standard undergraduate courses on differential equations, it
seems reasonable to assume that our reader has at least a rudimentary background in
this field.

Our objective in this section is not to deliver a detailed presentation of the theory of
Laplace transform and its applications. This would simply be impossible within the
scope of a single brief section. We target a more modest goal: in reviewing the subject,
we restrict our presentation to the elementary aspects of the Laplace transform, that
are required to proceed with the discussion in this and the next chapter. For a more
detailed analysis of this subject, we refer the reader to more specialized sources like
[13, 17,29, 35,37, 63].

Definition. Let f(¢) represent a function of the real variable ¢ and let it be defined
for ¢ > 0. Now, the function F(p), defined as the improper integral

F(p) = /O P f(1)di 7.1)

is called the Laplace transform of f(t), provided that the foregoing improper integral
converges.

In conventional sources related to the method of the Laplace transform, the function
f(¢) is customarily referred to as the original.
We will be using the standard short-hand notation

F(p) = L{f (@)}

for the relation in (7.1) between the original f(¢) and its Laplace transform F(p).

It can be readily shown that the existence of the Laplace transform F(p) (that is, the
convergence of the improper integral in (7.1)) is guaranteed, if the original function
f(¢) is piecewise continuous on the interval [0, co) and also is of exponential order.
A function f(¢) is said to be of exponential order, if there exist nonnegative numbers
o0, M and t¢ such that

|f(B)] < Me”!

for ¢t > 9. This condition is sufficient for the Laplace transform F(p) to exist for all
p>o.
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The argument p of the Laplace transform F(p) in (7.1) represents a complex vari-
able and the original function f(¢) can be found in terms of F(p) as the following
inverse transform

o+iR
f(t) = lim / F(p)ePldp. (7.2)
R—o00 Jo—iR

In our notation of the relation in (7.2), we use the conventional short-hand

L™YF(p)} = f(0).

Applications of the Laplace transform method to a problem in applied mathematics
involves: (i) finding the direct Laplace transform (that is, converting f(z) onto F(p)
by taking the integral in (7.1)) of the original problem (if the latter is somewhat diffi-
cult to tackle otherwise), (ii) solving the problem that results from stage (i) (these are,
in most cases, much easier to solve), and (iii) finding the inverse Laplace transform
by taking the integral in (7.2).

Laplace transforms can readily be obtained for most specific types of originals. This
is a matter the straightforward integration in (7.1): it is not too difficult to integrate
the product of the exponential function with most elementary and even with special
functions. Subsequently, rather extensive tables of the f(¢) < F(p) relationship are
available in nearly every existing textbook and handbook on engineering and science
which discusses the topic (see, for example, [13, 29, 37, 63]).

From the appearance of the inverse Laplace transform in (7.2), it follows that we
expect finding the original f(¢), given its transform F(p), to be more complicated.
However, we should note that direct computation of the integral in (7.2) can in many
cases be avoided since, given a transform F(p), it is often possible to find the corre-
sponding original in the existing tables of integral transforms. However, this might
not be the case in reality. If so, then actual integration in the plane of complex vari-
able becomes the only method of computing the original. In cases when the analytical
integration in (7.2) fails, numerical methods are unavoidable.

In the following, we review several important properties of the Laplace transform
and will present a number of specific f(¢) < F(p) relations, which are critical to
our developments in this and the next chapter.

We begin with the Linearity Property, which states that the Laplace transform of a
linear combination of functions equals a linear combination of the transforms of each
of the functions. That is

L{ZCifi(t)} = [ ey

i=1 i=1

= ZCi /ooe‘l”f,-(t)dt. (7.3)

i=1 0
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It is evident that this property is a direct corollary of the linearity property of a
definite (improper) integral.

Differentiation of the original is another important property of the Laplace trans-
form, which is widely usable when implemented to solve differential equations. It
states that the transform of the derivative of f(z) can be found in terms of the trans-
form F(p) of f(¢) itself as

d 00 d
L{%}:/O - (f(;))dz_pF(p) 100).

This property can be readily justified performing integration by parts:
[ (40
0 d t

f(l)

writing the integrand as
e ?'=u, du=—-pePldt, ——2dt=dv, v=f()
yielding
* df (t) —pt |
t
/(; ¢ ( dt ) A 0

which justifies the property.

Integration of the original is another widely usable property of the Laplace trans-
form. However, before going to its formulation and justification, it is convenient to
prove an important statement, which is usually referred to as the Convolution Theo-
rem for the Laplace transform: if the functions f(¢) and ¢(t) are piecewise continuous
on the interval [0, 00), are also of exponential order, and if F(p) and ®(p) represent
the transforms of f(¢) and ¢(¢), respectively, then

t o0 t
-7 = —pt T — = .
L{ /0 FOel )dr} /O c UO o r)dr}dr F(p)®(p)

To proceed with the proof of the above statement, let

F(p) = /0 P f(D)dr and B(p) = /O e PEp(E)dE

represent the Laplace transforms of f(¢) and ¢(¢), respectively.
After multiplying F'(p) and ®(p), we get

F(p)®(p) = /0 P f(v)d [O e PE £(6)dE
- [ ” / T e fo)p(e)drdt
0 0

- [ ~ f@de / T e O 6.
0 0

+p /0 P! f(t)dt = pF(p) — £(0).
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By making t fixed and after introducing a new variable t = t + &, which yields
t —t = & and dt = d§&, we can rewrite the above expression for F(p)®(p) in terms
of r and ¢ as
[e.¢] (e e]
Fnep) = [ f@dr [ e -oar
0 T

Since both the originals, f(¢) and ¢(¢) satisfy the conditions sufficient for the ex-
istence for the Laplace transform, the order of integration in the above expression is
not important. Hence, we exchange the order of integration

o0 t
F(p)®(p) = /0 e Pldr /0 F@olt - Dt

which can be rewritten as

/Ooo e Uot F@p(t - r)df} di

t
—L { /0 F@el - r)dr} — F(p)®(p) 7.4)

completing the proof of the convolution theorem. We are now ready to formulate the
integration property for the original. That is, to express the Laplace transform of the
integral

/Ot f(v)dr

in terms of the Laplace transform F(p) of the original f(z), we first obtain the
Laplace transform of ¢(¢) = 1. That is

o0 1
L{1} =/ e P 1dt = —.
0 p
In other words, ®(p) = 1/ p. Subsequently, if ¢(¢) = 1, the relation derived in (7.4)

implies
f [T [ o] = FO
L{/(; f(‘L')d‘C} _/0 e ? /0 f(@)dt|dt = . (7.5)

which gives us a very simple expression for the transform of the integral of the original
function, in terms of the transform of the original itself.

Translation Theorem specifies another property of the Laplace transform, which
is critical for our developments in this chapter. It states that if F'(p) represents the
Laplace transform of f(¢), and if 8 is a real number, then

LieP £(1)) = /0 P (1))t = F(p — B).
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The proof of this statement follows immediately from the definition of the Laplace
transform. To proceed with this, we rewrite the transform of the product bt f()as

/0 T [ )] ar = /0 ¥ e 0B f(1)ar,

As mentioned earlier in this section, our objective is to provide the reader with those
fundamentals of the Laplace transform method, which are crucial to the derivations
in the current chapter and the next one. In order to have all of those listed, within the
scope of the current section, provide several additional relations below, the first two
of which are the inverse transforms of an elementary and a special function, namely

1 1 a2
L! {—e—“ﬁ} = e, a>0, (7.6)
JP NETH
and
1 1 02
L™ {Ko(ay/p)} = 7 (7.7)

where Ko(a,/p) is the modified Bessel (or Macdonald) function of order zero of the
second kind, which we have already encountered in Chapter 5 when we discussed the
static Klein—Gordon equation.

Another important relation is the inverse transform of an elementary function, rep-
resenting a special function. That is,

_af

with erfc(€) a special function which is conventionally called the complementary er-
ror function (see [1, 3, 13, 27, 37]), and is defined as

erfc(§) = % [:0 e_"Zdn.

The relations in (7.6)—(7.8), as well as many others, can be found in standard tables
of integral transforms, available in numerous textbooks and handbooks within the
field. Here we recommend, for example, [37] and [63].

7.2 Green’s Functions

To introduce the notion of Green’s function for the diffusion equation, we consider a
simply connected region €2 belonging to the two-dimensional Euclidean space. Let 2
be bounded with a piecewise smooth contour I' = (_Jj—; T.
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Consider the following initial-boundary-value problem, where the homogeneous
diffusion equation

ou(P,
% = xV?u(P,t) — Bu(P,t), PeQ, t>0. (7.9)

is subject to the initial condition
u(P,0) = f(P), PeQ, (7.10)

and the boundary condition

ou(P,t T
—ua( D 4 y(Pyu(P.y=0, i=Tm Pel. (711
nj

ai(P)
In the above setting, V2 represents the Laplace operator in the coordinates of P,
x > 0 is a constant coefficient corresponding to, in physical settings, the thermal
diffusivity of the material filling the region, and 8 is the convection coefficient. The
functions «; (P) and y; (P) in (7.11) are defined on I" in such a way that at least one of
them is nonzero for every segment I'; of ', whilst n; represents the direction normal
to I['; in point P.
Assume that the initial-boundary-value problem specified in (7.9)—(7.11) is well-
posed (has a unique solution).

Definition. If the solution u(P,t) of the initial-boundary-value problem in (7.9)-
(7.11) is expressed in integral form

u(P,t) = //Q g(P.t;0)f(Q)dQ, Pe, t>0, (7.12)

then the kernel g(P,t; Q) of the above equation is called the Green’s function of the
homogeneous (with f(P) = 0) problem corresponding to (7.9)—(7.11).

We believe that at this point in our presentation, it is appropriate to refer to a phys-
ical problem that can be modeled with the setting in (7.9)—(7.11), and recall a notion
that interprets the Green’s function g(P,t; Q) in physical terms.

In the theory of heat conduction [13], the problem in (7.9)—(7.11) models the heat
flow in a thin plate occupying the region 2. The plate is made of an isotropic homo-
geneous conductive material with thermal diffusivity ». Through the plate’s lateral
surfaces, Newtonian cooling takes place, with the parameter B being directly propor-
tional to the heat transfer coefficient. In particular, if B = 0 then the surfaces of the
plate are insulated. The boundary condition in (7.11) specifies the heat exchange of
the plate with the surrounding media, with temperature at zero degrees, through the
edge I'. In this physical context, the function u (P, t) is referred to as the temperature
at a point P in the plate at time ?.



324 Chapter 7 Diffusion Equation

With the above interpretation, the Green’s function g(P, t; Q) of the homogeneous
problem corresponding to that in (7.9)—(7.11) is called the influence function of a
point source and is interpreted as the temperature response at an observation point P
at time 7, caused by an instant point source of heat, located in Q, released at time
t = 0. In addition, it is understood that g(P, ¢; Q) is zero for t < 0.

Note that the definition we just introduced turns out to be somewhat instructional
with respect to the search of efficient procedures for the construction of Green’s func-
tions. To elaborate on this, we point out that if we aim to obtain the Green’s function
to the problem in (7.9)—(7.11), then it looks natural to try and find the solution to the
latter. The key part of such a strategy is that we aim not just to solve the problem,
but to find the solution in integral form, as in (7.12). With this achieved, the kernel of
(7.12) provides an explicit expression for the sought-after Green’s function.

The strategy that we just sketched will be a driving force behind our work in this
chapter. Keeping in mind the key idea, that we mentioned in the previous paragraph,
we have chosen a specific routine to construct the Green’s function, which turns out
to be effective in a vast number of particular problems. In the following series of ex-
amples, we will provide a convincing justification of our assertion that a combination
of the Laplace transform method and the method of variation of parameters method is
quite efficient for our purposes.

7.2.1 Problems with one Spatial Variable

Example 7.1. We try to find the Green’s function for the diffusion equation, for all
of two-dimensional space 2 = {—oc0 < x < 00, ¢ > 0}. This is usually referred to as
the fundamental solution of the diffusion equation in one spatial variable [3, 13, 18,
25, 53, 57, 66].

To obtain this Green’s function, we consider the homogeneous diffusion equation
in one spatial variable

du(x,t) xazu(x, 1)

5 52 x € (—00,00), >0, (7.13)
subject to the initial condition
u(x,0) = f(x) (7.14)
and the ‘boundary’ conditions
lim |u(x,?)| <oo, lim |u(x,t)| < oo. (7.15)
X—>—00 X—>00

In the process of finding the Green’s function for the homogeneous problem corre-
sponding to (7.13)—(7.15), we will establish a pattern for tackling a significant number
of other problems.
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We begin by taking the Laplace transform U(x, p) of the function u(x,t) with
respect to the time variable 7. That is,

o
U(x, p) =/ e Plu(x,t)dt.
0

Using the properties of linearity and differentiation of the original of the Laplace
transform, we arrive at the following self-adjoint boundary-value problem

d2U(x, 1
% ~ LU p) = = f). (7.16)
X b% b%
lim |U(x, p)| <oo, lim |U(x, p)| < oo (7.17)
X—>—00 X—>00

for the transform U(x, p) of u(x,t).

We approach the above problem with the method of variation of parameters, as
developed in Chapter 1. In doing so, the general solution to the equation in (7.16) is
found in the form

UG p) = [ S le ) eV g

+ DyeV9* 4 Dye V¥, (7.18)

where the parameter ¢ is introduced for compactness for g = p/x.

Before imposing the boundary conditions in (7.17) and deriving with expressions
for the constants of integration D1 and D,, we regroup the terms in the above equation
and rewrite it as

U = (D12 [V e ) e
+ (Dz + ﬁ _x eVt f(g)dg) e Vax,

We now turn to the first of the conditions in (7.17). Noting that, since the function
e~v4* is unbounded as x goes to negative infinity, we see that its factor in the above
expression must be zero. This yields D, = 0. With similar reasoning, we conclude
that the second condition in (7.17) implies that the factor of ev4* must also be zero,
resulting in

1
2x.\/q

After substituting the expressions for Dy and D, that we just found, into (7.18)

[ VI £y,
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and rearranging like integral terms, we arrive at the integral representation

U, p) = — {f " eI f(6)d

2x./q | J-
4 /x [eﬁ(E—x) _ eﬁ(x‘f)]f(g)dg}

for the solution to the problem in (7.16) and (7.17).

In accordance with our recommendations developed in Chapter 1 regarding the use
of the method of variation of parameters, the above integral representation for U(x, p)
can be rewritten in a compact single-integral form as

Ulx. p) = / Glx. p:6) fE)dE (7.19)

with the kernel-function defined in two pieces as

1 evVa(x—§) —00 < x <& < o0,
G(x,p:§) = {

20 /q |eviE—) oo > x> &> —o0.

The appearance of G(x, p; £) suggests that it can be written in single-piece form

|
Glx. pi§) = e V1ML

Theorem 1.4 of Chapter 1 suggests that the above represents the Green’s function of
the homogeneous boundary-value problem, corresponding to that in (7.16) and (7.17).
Recalling the relation ¢ = p/x that we introduced earlier, we rewrite G(x, p;§) as

1 _Ix—&l «/ﬁ
G(x,p;§ = NG . 7.20
(ropi) = 5 e (7.20)
This means, that we now have the Laplace transform U(x, p) of the solution u(x, ¢)
of the initial-boundary-value problem in (7.13)—(7.15) available (see (7.19)). We now
proceed to look for u(x, t) itself, representing the inverse transform of U(x, p). That
is,

w(e.t) = L { / G(x,p;@f(s)ds}

- / LG (x, p: )} f(E)dE. (7.21)

Based on the definition that we introduced earlier in this section, we conclude that
the kernel-function of the integral in (7.21) represents the Green’s function g(x,¢; £)
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of the homogeneous problem, corresponding to (7.13)—(7.15), which implies that, in
order to find it, we take the inverse Laplace transform

g(x.1;6) =L Y{G(x, p:£)}

of the Green’s function G(x, p; §) of the homogeneous boundary-value problem, cor-
responding to (7.16) and (7.17). Now, after recalling the relation in (7.6) and applying
it to (7.20), we finally find g(x, ¢; £) to be

1 (x—8)2

e 4xi 7.22
2/ nmt ( )

which is readily recognized as the classical fundamental solution of the one-dimen-
sional diffusion (heat) equation.

g(x.t;8) =

Hence, the approach based on the combination of the Laplace transform and the
method of variation of parameters turns out to be very fruitful. In the following ex-
ample we will use it to derive another classical Green’s function for the diffusion
equation.

Example 7.2. In this example, we aim to derive the Green’s function for the initial-
boundary-value problem corresponding to

du(x,1) J{E)Zu(x, t)

o1 PRCIN x €(0,00), t>0, (7.23)
u(x,0) = f(x), (7.24)
u(0,1) =0, xli)moo lu(x,t)| < oo (7.25)

statedon @ = {0 < x < 00,1 > O}
Following the procedure that we developed, and applied successfully, in Exam-
ple 7.1, we define the self-adjoint boundary-value problem

d?U(x, 1

% v = f0 (7.26)
X X X

U©,p) =0, lim |U(x, p)| < o0 (7.27)

for the Laplace transform U(x, p) of the solution u(x,?) of the problem in (7.23)-
(7.25).

In continuing the method of variation of parameters, we find the general solution of
equation (7.26) as

1
2. /xp
+ DeVE 4 Dy VEX (7.28)

U, p) = /0 [ V5 V7 _ e VP f()dt
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To find the constants of integration, D and D,, we recall the boundary conditions
stated in (7.27), the first of which implies

D+ D, =0,

whilst the second condition provides us with

= ), YOG

yielding

__ L [Ty
D, = wﬁfo e VE f(e)ds.

Substituting D; and D5 into (7.28), we obtain the following compact expression
for U(x, p)

U = 5 [ Y e

So, the Green’s function for the homogeneous boundary-value problem correspond-
ing to that in (7.26) and (7.27) is found to be

1 _lx—¢gl _ (x4
Glx, pif) = 7——=le” vx VP —e” V5 V7,
2. /xp
the inverse Laplace transform of which

g(x.1;6) =L Y{G(x, p:£)}

is again found with the aid of relation (7.6) as

1 =52 5?2

2W[e 4xt —e 4xt ] (729)

representing the classical expression for the Green’s function for the homogeneous
initial-boundary-value problem corresponding to (7.23)—(7.25).

Note that with the fundamental solution (see (7.22)) of the diffusion equation avail-
able, the method of images can readily be used to derive the Green’s function in (7.29):
the latter can be read as the sum of the field generated by unit heat source in (7.22),
placed in the point £ with that generated by the unit sink given by

g(x.t;8) =

_(x+8?
e 4t

1
g(xyt,é)z—zm

placed in the point —&, symmetric with respect to £ about the origin.
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Example 7.3. We will again exploit our approach, to derive another classical Green’s
function for the diffusion equation. We consider an initial-boundary-value problem
on Q = {0 < x < oo,t > 0} for the diffusion equation in (7.23), subject to the initial
condition in (7.24) and the boundary conditions

ou(0,1)
dax

imposed for all times ¢ > 0.

Proceeding in accordance with our approach, we reduce the initial-boundary-value
problem appearing in (7.23), (7.24), and (7.30) to the self-adjoint boundary-value
problem

—Bu(0,t) =0, lim |u(x,t)] <oo, B >0, (7.30)
X—>00

d2U(x, |

%_EU()"W =— /™) (7.31)
X X %

dUg{ 2 - puo.p) =0, lim |U(x, p)| < o0 (7.32)

for the Laplace transform U(x, p) of u(x,t).

Recalling the general solution of (7.31), which has already been displayed in (7.28),
we impose the boundary conditions in (7.32). The second one, as we found in the
previous example, yields

1 oo
Dy = 2%&/; e Vi f(§)dE.

Proceeding once more, we differentiate U(x, p) in (7.28), yielding

dUx.p) _ ("1 g | a-o)
o o [ e 1D gy

+ Dy /qeV®* — Dy Jqe V¥,
where again ¢ = p/x, implying that the first boundary condition in (7.32) gives us
Di(Vqg—B)—Da2(g+B)=0
leading, in light of the expression for D that we found above, to

_ Vi B [ e
N [0 e VIE £(£)dE.

Once D and D, are substituted into (7.28), we arrive at

v = z%lﬂ{ [ e - evaeD) peya

[ vae-e  NI=B —ﬁ(x+$)} }
+/0 |:e N T FE)dE

for the solution to (7.31) and (7.32).
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A shorthand expression for the above becomes the single integral

Ux. p) = Oo[ vt NP g <x+§)}f(s>ds,

2%\/60 \/_+ﬂ

the kernel-function of which

1 — -t NI—B ﬂ
Y Jalx—¢l —Ja(x+E)
G(x,p,s)—zxﬂ[e T T " }
_ 1 lx— af N JrB -
=35 [e f+ [ﬁe } (7.33)

represents the Green’s function for the homogeneous boundary-value problem corre-
sponding to (7.31) and (7.32).

To ease performing the inverse Laplace transform of G (x, p; ) in (7.33), we trans-
form it to the equivalent formula

Glxopi) = 5o [ TP N S ],

1
e
2/xp VP + VB
The inverse Laplace transform of G(x, p; &), which represents the Green’s func-

tion g(x,t; £) of the homogeneous initial-boundary-value problem corresponding to
(7.23), (7.24), and (7.30) is ultimately found with the aid of relations (7.6) and (7.7)

as
1 x—£)2 x 2
g(X,l;$)=2\/m[e_(4ft) 4ot ]
Bx+8) B2xt x + S)
e exfc ( fv/xt + = . 7.34
7 (/8 2/ xt ( )

Note that for 8 = 0 in (7.34), the latter reduces to the classical [13] Green’s func-
tion

1 (x—8)2 (x+£)?
x,t;8) = e dxt 4 e dxt 7.35
g(x,1:§) 5 Tm[ ] (7.35)
for the problem stated in (7.23), (7.24), with boundary conditions imposed as
du(0,t )
u(0,1) =0, lim |u(x,1)| < oc. (7.36)
3)6 X—>00

In the Chapter Exercises, we advise the reader to use our approach for the direct
derivation of the Green’s function shown in (7.35).

It is worth noting that, analogous to the case of the Green’s function appearing in
(7.29), the method of images can help to derive the Green’s function in (7.35). In
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contrast to (7.29), in order to satisfy the first condition of (7.36), we must add another
unit source whose field strength is given by

_(x+85?
e 4xt

g(x,t:$)=2\/m

to the fundamental solution of the diffusion equation shown in (7.22).

Summarizing the work we presented in the opening part of this section, we outline
the following stages of our procedure for the construction of Green’s functions for the
diffusion equation:

(i) upon applying the Laplace transform, an original initial-boundary-value prob-
lem for the diffusion equation reduces to a boundary-value problem for a linear
ordinary differential equation;

(i1) the Green’s function for the boundary-value problem appearing in stage (i) is
constructed by means of the method of variation of parameters;

(iii) taking the inverse Laplace transform of the Green’s function obtained in stage
(i1), we ultimately derive the desired Green’s function for the diffusion equation.

Whilst considering another classical problem in our next example, we discuss two
alternative approaches to the construction of its Green’s function. Along with the
Laplace transform and the method of variation of parameters, we discuss an alternative
way, which is also helpful in several situations with the diffusion equation.

Example 7.4. We derive the Green’s function for the homogeneous initial-boundary-
value problem corresponding to

du(x,1) xazu(x, 1)

oy s xe.a). >0 (1.37)
u(x,0) = f(x) (7.38)

and
u(0,1) =0, u(a.t) =0 (7.39)

Taking the Laplace transform, the above reduces to the self-adjoint boundary-value
problem

d?U(x, 1
% Py py =L r, (7.40)
X X X

U@©,p)=0, U(a,p)=0. (7.41)
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for the transform U(x, p) of u(x,t). We now find an expression for the Green’s
function for the problem in (7.40) and (7.41), valid for x < &:

(eVa* — e=VaX)(eVdla—E) _ oV/a(E—a))
2 /Hp(eVT — e /14)

G(x,p:§) = (7.42)

with ¢ = p/x. Due to the problem in (7.40) and (7.41) being self-adjoint, an expres-
sion for G(x, p; ), valid for x > &, can be obtained from that in (7.42) by exchanging
x and &.

To ease performing the inverse Laplace transform of G(x, p;£), representing the
sought-after Green’s function, we rewrite one of the factors in (7.42) as

1 e~Vaa
(evVi? — e=V19) 1 —e2V4a

and write it as the sum of a geometric progression:

1 —J/qa & — na
—(eﬁa_e—ﬁa) =ec V4 Ze 2./q .

n=0

With this in mind, G(x, p; £) from (7.42) reads

1 00
G(X,p;é) — Wi Z[e—@(é—x+2na) _e—\/g(‘;'-i—x-i—Zna)
v n=0

_ e VEQu+ a8 | o~/ QO+ Datx-8)

With the aid of the relation in (7.6), the Green’s function g(x, ¢; §) of the homoge-
neous initial-boundary-value problem corresponding to (7.37)—(7.39) is found as

g(x,t:6) = L YG(x, p; £)}
1 i[e_ (E=x+2na)? _ (E4+x42na)?
n=0

4xt —e 4xt
2V nmt =

_ E+x—2m+Da)? _(E=x—2(+Da)?
—e 4xt +e 4xt

We can rewrite this in a more compact formula by appropriately rearranging the
series components, yielding

o0
1 _ (x—g+2ma)? _ (xtéE+2ma)?
E [e dxt

4xt —e
2 nmt | 2=

g(x,1;6) = ] (7.43)
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which represents one of the two standard expressions for the Green’s function to the
problem in (7.37)—(7.39) known and used in the field [13, 17, 57].

To obtain an expression for the Green’s function g(x, ¢; §) alternative to (7.43), we
turn to a technique rooted in the classical method of eigenfunction expansion [29, 66],
and consider again the initial boundary-value problem in (7.37)—(7.39). By expand-
ing the functions u(x,#) and f(x) into a Fourier series, with respect to the spatial
variable x

o0 . B [e.e] ' B n
u(x,t) = Z Uy (t)sinvx, f(x)= nXZ:] fasinvx, v= - (7.44)

n=1
and substituting these into (7.37)—(7.39), we arrive at the trivial initial value problem

duy(t)

i + vazun(t) =0,

un(0) = fu

for the coefficients of the first series of (7.44), the solution of which is

2
up(t) = fne xtt

Expressing f,, by means of the fundamental rule for the Fourier coefficients (the
Fourier-Euler formula), we rewrite u, (¢) as

(1) = (% /0 £®) sinvsds) G

After substituting this into the first of the series in (7.44), and exchanging the order of
the summation and integration, we obtain the solution of the problem in (7.37)—(7.39)
in the formula

u(x,t) = /Oa % Z e~ sinvx sin vEf(§)dE.
n=1

Hence, since the solution of the initial boundary-value problem in (7.37)—(7.39) is
found as an integral over [0, a], we conclude that the kernel-function

2 o0
glx,1;6) = " E eV’ in vx sin vE (7.45)
n=1

of that integral represents the sought-after Green’s function.

Hence, the standard algorithm of eigenfunction expansion has led us to a formula
for the Green’s function under consideration, alternative to (7.43). The formula in
(7.45) is itself classical and can be found in every standard textbook in the field. Note
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that having these two different formulas is highly convenient for numerical implemen-
tations, because the formula in (7.45) converges at a high rate for large values of the
time variable ¢ whereas the one in (7.43) does so for small values of ¢.

We will not analyze convergence of the series in (7.45). We can justify this, at
least formally, by noting that, in the following, its sum will be expressed in terms of a
special function, which can be tabulated in order to make the problem of convergence
a matter of software development rather than a subject that needs to be discussed in
this context.

It turns out that a number of Green’s functions for the diffusion equation, which we
will derive later in this chapter, can be expressed in terms of the Jacobi Theta function
of the third kind ¥3(c, §). This is a two variable function whose series representation

[e.e]
V3(a, f) =142 Z e P cos 2nma (7.46)

n=1

is available in [1, 27, 37, 66].

Consider, for example, the Green’s function g(x, ¢; £), that we derived in (7.45). Its
Theta function form can be readily obtained if the product of sines in (7.45) transforms
into the difference of cosines as

vt . .
e " sinvxsinv

QN

WK

g(x.t;8) =
1

n

e’ [cos v(x — £) — cos v(x + £)]

I
Q| =
K

3
Il

e =

Q|-

1

eV cos v(ix —§)— Z e ! cos v(x + é):| ,

n=1 n=1

which immediately converts the above into
1 x—§& xt 1 x+§& xt
) =—|h|l=— 5 )-1|-——=|h|—= 5])—-1
§x.1:5) 2a|: 3( 2a az) i| Za[ 3( 2a az) :|
1 x—§& xt x+& xt
— s ==, =) -0 ——=,=]]. 7.47
2a|: 3( 2a az) 3( 2a az)] (7.47)

7.2.2 Problems in Two Spatial Variables

In the following, we present a series of examples concerning problems for the diffu-
sion equation in two spatial variables. A combination of the Laplace transform and
the eigenfunction expansion methods turns out to be efficient for the construction of
their Green’s functions. The example below deals with probably one of the simplest
problems of its kind.
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Example 7.5. Let u = u(x, y,t) be a solution of the diffusion equation
du Pu  0%u
— =x|— +— | — Bu, ,y)e, t>0, 7.48

with a convectional term Bu. Let  be the infinite strip {—co < x < 00,0 < y < b},
and assume the initial condition to be

u(x,y.0) = f(x,y) (7.49)
whilst boundary conditions are as
u(x,0,t) = u(x,b,t) =0, lim |u(x,y,t)] < oo. (7.50)
x—>£o00
Our objective is to obtain the Green’s function G(x, y, ¢; &, ) of the homogeneous
initial-boundary-value problem corresponding to that in (7.48)—(7.50). In pursuing

this objective, we recall the definition, introduced earlier in Section 7.2, which covers
our approach to search for the solution to the above problem in integral form

U(r.y.1) = //Q Glx,y.t:6.0) f(E)AQAE D) (7.51)

providing an explicit expression of the sought-after Green’s function.
Taking the Laplace transform of u(x, y, t) with respect to the time variable ¢

o0
Ulx.y. p) = / e Pux, . 1)di
0

we obtain a self-adjoint boundary-value problem for the following static Klein—
Gordon equation

PU(x,y,p)  PUlx,y.p) p+B
dx2 dy2 %

subject to the boundary conditions

Utx.y.p) =~ fx.7)

U(X’O’p)ZU(x7b’p):Oﬁ llm |U('x’y7p)| <OO.
x—+o0

It is evident that the set

. nmwy
sin , n=1,2,3,...,
b

represents eigenfunctions of the above boundary-value problem. Hence, to solve it
in accordance with the method of eigenfunction expansion, we expand U(x, y, t) and
the right-hand side function f(x, y) in the following Fourier series with respect to y

Ux,y,p) = Y Un(x,p)sinvy, f(x,y) =) fa(x)sinvy,  (7.52)

n=1 n=1

where v = nn/b.
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This allows us to impose the boundary conditions on the segments y = 0 and
y = b of Q, yielding the boundary-value problem

2
d UC;;(JZC,P) — 02Uy (x, p) = —lfn(x) (7.53)
X X

lim |U,(x, p)| < o0 (7.54)
x—+o00

for the coefficient Uy (x, p) of the first series of (7.52). As short-hand notation, we
have introduced the parameter w as

2
w /w, (7.55)

The problem in (7.53) and (7.54) has already been considered earlier in this section
(see equations (7.16) and (7.17)), and its Green’s function was displayed in (7.20). In
our current notation, it reads

| N
G (x, pi§) = e @ F

leading to the solution of the problem in (7.53) and (7.54)

o0

Uneop) = [ et g ede.

)

Using the Fourier—Euler formula for the coefficients f;(x) of the second series
in (7.52), and subsequently substituting Uy (x, p) into the first series in (7.52), the
inverse Laplace transform U(x, y; p) of u(x, y, t) is written as

b poo X e—a)lx—él
Uerop) = [ [ 3 S sinvysinvnf @ ndédn
0 J—oo, xw

so that, after recalling the expression for w from (7.55), we can write u(x, y, t) itself
as

b o 0 _Ltl S B
(x,y.1) // 1 R ¢
u(x,y,t) = —
0 —wbﬁnzl Vp+ B+ xv?
x sinvy sinvnf (&, n)dédn
L
0 J—oo 2b/x p+ B+ xv2

X (cosv(y —n) —cosv(y + 1) f(§,nd&dn.
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To find the inverse Laplace transform that is contained in the above integral, we
make use of relation (7.6), along with the translation theorem yielding

~(UE 1 pr)
—v2xt
u(x, y. 1) _/ / 2b«/mr Z
X (cosv(y —n) —cosv(y +n)) f(§,n)dédn

which reveals the following formula for the Green’s function

(U522 1 p1)
2b+/xmt

x Z e Vixt (cosv(y —n) —cosv(y + 1))

n=1

G(x,y,t;6,n) =

for the homogeneous initial-boundary-value problem corresponding to (7.48)—(7.50).
We can also write the above in terms of the Jacobi Theta function 3 as

S = e L2\ 2 b2) T 2 p2) ]

Example 7.6. Consider the initial-boundary-value problem

Ju Pu  0%u
i X (8x2 ) Bu, (x,y)eQ, t>0, (7.57)
u(x,y.0) = f(x.y), (7.58)
u(x,0,t) = iu(x,b,t) =0, lim |u(x,y,t)|] < oo (7.59)
dy x—>=%o00

on the infinite strip 2 = {—c0 < x < 00,0 < y < b}, and, following our fa-
miliar approach, construct the Green’s function for the corresponding homogeneous
problem.
The problem in (7.57)—(7.59) gives rise to the following boundary-value problem
p+h 1
V2U(x, y, p) = ——=U(x,y.p) = = f(x.7)

9 .
U(x.,0,p) = @U(x,b,p) =0, xgriloolU(x,y,p)l <00

for the Laplace transform U(x, y, p) of u(x, y, t), in the static Klein—-Gordon equa-
tion.
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It is evident that the set

nwy
T )
represents the eigenfunctions to the above problem, which is why, in the following the
eigenfunction expansion method, we expand U(x, y, p) and f(x, y) in the series

sin n=1,3,5...,

Uy p) = Y Unlx.psinvy fy)= Y. fu(o)sinvy,

n=1,3,5,... n=1,3,5,...

where v = nmr/(2b). This yields the boundary-value problem in (7.53) and (7.54) for
the coefficients Uy, (x, p) of the first of the above expansions.

Proceeding with our derivation procedure (the remaining phase of which is exactly
the same as in Example 7.5), we finally obtain the Green’s function for the homoge-
neous initial-boundary-value problem corresponding to (7.56)—(7.58) in the form

—£)2
Geoytitn) = o
X, y,t;6,n) = —————
Y 1 2b/xmt
n2x2 —
x Y e cos T —m  onx(y )
e 2b 2b

The above formula can be expressed in terms of the Jacobi Theta function 3. How-
ever, some preparatory work is required: performing the following transformation

—£)2
(R

G(x,y.t;6,n) =
(x.y.1:6.m) T
n2x2 —
X Z e a2 ¥t (cos nn(;b ) — cos nﬂ()sz-i- 'I))
n=1,3,5,
N i 2n7(y — 1) 2n7(y + 1)
+ Z e a2 ¥ (cos ———= —cos —)
— 2b 2b
o~ _em2x2,, ( 2nw(y —1) 2nw(y + 1)
—Ze 4b COST—COST
n=1

(7.60)

we realize that the sum of the first and the second series in the above represents a
single series

o~ —n2x2 ( nw(y —n) nx(y + 1)
e 4b COS—————m@M@M@ —COS———
2b 2b

n=1
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whilst the third series simplifies to

Z°° _n2x? ( nz(y —n) nx(y + n))
€ b COS———— — COS ——
n=1

b b
converting (7.60) into

(U522 4 p1)
Gx,y,1:6,n) = —(————

2ba/xmt
o0 n2ﬂ2 —_—
X {nZ_:le_ a2 ¥ (cos ”n(;b m — cos nn()zz;— 77))

i —"2’2’2;::( nmw(y —n) nn(y—f—n))}
— e b COST—COST

n=1

which ultimately reads, in terms of the Jacobi Theta function, as
—(SGE2 480 -
e\ At y—n xt y+n xt
G » Vo t; ) - 19 sy 1o | T 19 s 19
R TN T [ 3( 4b 4b2) 3( 4b 4b2)
y—n xt y+n xt
-3 | =, = D3| ———. =) | 7.61
3(219 b2)+3( 2 bz)] (7.61)

Example 7.7. In order to construct another Green’s function for the diffusion equa-
tion, consider the mixed initial-boundary-value problem

ou Zu  0%u
=l +— - Q 7.62
5 %(8x2+8y2) Bu, (x,y) e, t>0, (7.62)
u(x,y,0) = f(x,y), (7.63)
u(x,0,t) =u(x,b,t) =0, (7.64)
ou(0, y,t )
wuO.y,1) _ yu(0,y,t) =0, y >0, lm |u(x,y.t)| < oo (7.65)
3)6 X—>00

on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.
In accordance with the procedure based on the Laplace transform, the problem in
(7.62)—(7.65) gives rise to the following boundary-value problem
+ 1
Vo -2 oty = s, (7.66

U(x,0,p)=U(x,b,p) =0, (7.67)

U (0, y, p)
ax

for the transform U(x, y, p) of u(x, y, ).

—yU@,y,p) =0, lim |U(x,y,p)| <oo (7.68)
X—>00
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To solve (7.66)—(7.68), following the method of eigenfunction expansion, we ex-
pand U(x, y,t) and the right-hand side function f(x, y) of (7.66) in a Fourier sine-
series, with respect to y

U, y.p) = 3 Unlx. p)sinvy,  f(r.y) = fu@)sinvy,  (7.69)

n=1 n=1

where v = nm/b.
This yields the boundary-value problem

d2U, (x. 1 w2 + p+
—5(2 DUy =~ o), w2 =PI )
X x %
dUn(0.p) _ yUn (0, p) =0, lim |Un(x, p)| < 0o (7.71)
dx X—>00

for the coefficient U, (x, p) of the first series in (7.69).
The general solution of the equation in (7.70) has been found earlier in this section.
Using our current notation, it reads

X
1
Unter.p) = [ 51260 — 91 1 61
0 2xw
+ Die®* + Dye @, (7.72)
In light of the boundary conditions in (7.71), the constants of integration in the
above are found as
1 o0
Dy=— | e fuE)dE
0

2xw
and

w -y —wé&
= d€.
2 2 N Jo € fn édé§

Upon substituting them in (7.72), we obtain

Un(x. p) = /O T et o) 1 )0

2xw
T o8 27V ot
+ /0 2xw ¢ + W+ ye Jn(§)d§. (7.73)

To adjust the above formula to the needs of our upcoming development, we trans-
form the constant factor of the second exponential function in the second of the above
integrals as
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This simplifies (7.73) to the compact form

o0

1

Uy(x, p) =/ 2_[e—wlx—SI + e @(x+E)
0 y A0}

2ol £ (6

w + 4

and allows us to write down the solution to the problem in (7.66)—(7.68) as

1
U(x,y,p) = / / Z —|:e_"’|x_§| + e GH)
— bxw

2y ﬂmx+®}mnvymnvnf@ nd&d.
a)—l-)/

Hence, the solution to (7.62)—(7.65) must be the inverse Laplace transform of
U(x,y, p), appearing as the volume integral

b proo [e%9)
1 Z 1
u(x’yst) Z/ / b_ L_1 {—[e_wlx_a +e—w(x+§)
0 Jo % w

2
- —ye_‘”(x+5):|} sinvy sinvnf (&, n)dEdn.
w+y

The kernel-function of which
1 & 1
Gx,y,t:6m) =— > L {—[e“"'x‘g' + e @0t
bx = w

2
— —ye_w(x+§)i| } sinvysinvng (7.74)
w+y
represents the Green’s function for the homogeneous problem corresponding to
(7.62)—(7.65).
To find the inverse transform
L ot | gottn _ Y otts)
w w—+y

we recall the abbreviated notations introduced earlier for the parameters @ and v,
which reduce the above to

\/_e «/p+ﬂ +xv? Jre ‘j;f N p+B+xv?
+
Vp+ B+ xv? Vp+ B+ xv?

N

\/P+,3+%v2<yﬁ+ \/p+ﬂ+xv2>

L—l




342 Chapter 7 Diffusion Equation

The inverse Laplace transform of the first two additive components in the above
equation can be obtained with the aid of the relation in (7.6) and the translation theo-
rem, whereas for the last component we employ the relation in (7.8) and the translation
theorem. Recalling now the series expansion (7.52) of the Jacobi Theta function 93,
the sought-after Green’s function, the series expansion of which was just exhibited in
(7.74), ultimately converts to

—Bt 2 2
e (x—£) (x+8)
G T A e — T 4ot + T 4t
(x,y, ;6,1 TN [e e
+§
-2 «/%ntey(x+$)e)’2”terfc( s ):|
Y 24/ %t
—n xt y+n xt
[193( 2b bZ) 193( 2b ’bZ)] 7.7

Returning to the problem in (7.62)—(7.65), now note that, if we assume the param-
eter y to be zero, the mixed boundary condition in (7.65) on the boundary segment
x = 0 of Q reduces to the Neumann type. Clearly, the Green’s function for such a
setting

—Bt 2 2

(] _(x=8 x+&)

G(x,y,t;§, dxt e dxt
(x,y,t:6,m) = b ,— ]

+
[ (2 2b” w)on ()] o

follows from that in (7.75), if y is set equal to zero. In one of the chapter exercises,
the reader is challenged to derive the above Green’s function directly.

Example 7.8. Consider the mixed initial-boundary-value problem

du Pu  0%u
5 x (8x2 ) Bu, (x,y)eQ, t>0, (7.77)
u(x,y,0) = f(x,y), (7.78)
ou(x,0,1) _ ou(x,b,t) _ 0. (779
dy dy
u0,y,t) =0, lim |u(x,y,t)| < o0 (7.80)
X—>00

on the semi-infinite strip 2 = {0 < x < 00,0 < y < b}.
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The problem in (7.77)—(7.80) gives rise to the following boundary-value problem

+ 1
VUG -2 Uy py = fen), 81
aU(x,0, p) _ dU(x, b, p) _o, (7.82)
dy dy

U@O,y,p) =0, lim |U(x,y,p)| < oo (7.83)
X—>00

for the Laplace transform U(x, y, p) of u(x, y, t).
In contrast to the problem in the previous example (equations (7.66)—(7.68)), the

set
cos?, n=0,1,2,....

provides eigenfunctions to the problem in (7.81)—(7.83). Hence, proceeding with the
method of eigenfunction expansion, we expand U(x, y,t) and f(x, y) in (7.81) into
a Fourier cosine-series with respect to y

U(x.y,p) = ) Un(x,p)cosvy, f(x,y) =) fa(x)cosvy (7.84)

n=0 n=0
with v = nx/b.
This yields the boundary-value problem

dzUn(xap) .

w?+p+p
dx? ’

1
a)2U,,(x, p) = ——fn(X), (1)2 =
X 4

Uy(0,p) =0, lim |Uy(x, p)| < o0
X—>00
for U, (x, p) in the first series of (7.84).

Following the method of variation of parameters, we find the solution of the above
problem in the form

Un(x. p) = /O T L ol L emolt0) £ 6)at. (7.85)

2xw

Notice that the Fourier—Euler formula

1, n=0,

b
7u®) =2 [ r6mosvnd sn={27 "

reduces (7.85) to the integral form

b oo
€ —wlx— —
Untrop) = [ [ gt - el Bl cosunf €. nydedn,
0o Jo xw
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which allows us to write down the solution of equations (7.81)—(7.83) as

Pl N e et @+)
U(x,y,p)=/ / — ) Sem @S el
0 0 2b%r;a)

x cosvy cosvnf(&, n)dédn.

Taking the inverse Laplace transform of the above, the solution to the problem in
(7.77)-(7.80) appears as the volume integral

u(x,y,t) = /b /Oo L iL_l {S_n[e_w|x—§| _e—w(x—i—E)]}
0 0 4b}{ =0 w

x(cosv(y —n) +cosv(y + n) f(§ nd&dn,

the kernel-function of which

1 X 1 (En ol -
Gy, rigm) = = YL ehdl ety
n

X (cosv(y —n) +cosv(y + 1)), (7.86)

therefore represents the Green’s function for the homogeneous problem corresponding
to (7.77)—(7.80).

It is important to note that the parameter w has a slightly different form for the zero
term (n = 0) of the series in (7.86) compared with the rest of its terms. Taking this
into account, we ultimately arrive at the following representation

—Bt 2 2
€ (x—§) (x+§)
G(x,y,t;§, = ————|e . —e
(x,y,t;€,1n) 4b\/_t|: ]

y—n xt y+n xt
95 | —L, = P | ——, = 7.87
X[ 3( 2 b2)+ 3( 2 bZ)] 787
for the sought-after Green’s function, expressed in terms of the Jacobi Theta func-
tion 93.

Example 7.9. Consider the Dirichlet problem

ou ?u  *u

E—%(ax—z-i-ay—z)—ﬂu, (x,y) e, t>0, (7.88)
u(x,y,0) = f(x,y), (7.89)
u(x,0,t) =u(x,b,t) =u(0,y,t) =u(a,y,t) =0 (7.90)

on the rectangle 2 = {0 < x <a,0 < y < b}.
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The problem described above gives rise to the following boundary-value problem

1
vty -2 vy = Lren. aon
U(x,0,p) =U(x,b,p) =U(Q,y,p) =Ula,y,p) =0 (7.92)

for the static Klein—-Gordon equation, for the Laplace transform U(x,y, p) of
u(x,y,t).

Two scenarios for exploiting the method of eigenfunction expansion are possible in
order to treat the problem appearing in (7.91) and (7.92). In accordance with the first
of them, we expand U(x, y,t) and f(x, y) of (7.91) in the Fourier double-series

o0 [e.e]
U(x,y,p) = Z Umn sin pux sinvy, f(x,y) = Z fmn sin ux sinvy (7.93)
m,n=1 m,n=1
with 4 = mm/a and v = nxr/b. Substituting these into (7.91), we arrive at

p+ph

1
(I’Lz + 1’Z)Umn + Unn = ;fmn

Solving this equation for Uy, , whilst the Fourier coefficients f,, are expressed in
terms of f(x, y) as

4 b ra
fon = = /0 /0 (€. ) sin & sinvndédy

we get

4 (b e sin wésinvn
Unn = — , d&dn.
= | [ A S deay

Now substituting the above in (7.93), we obtain U(x, y, p) in the form

4 (b e & sin pxsinvy sin u€ sinvn
Ux,y,.p) = — ,mdéd 7.94
wornr=gp [0 X e G ndedn @94

the inverse Laplace transform of which, representing the solution u(x, y,?) to equa-
tions (7.88)—(7.90), can be readily obtained with the aid of the trivial transform

L—l 1 — eO’t
p—o0
converting (7.94) into

4e—Bt pb pa X
u(x,y,t) = izb /(; /0 Z e~ x> +v?)

m,n=1

X sin wx sinvy sin u& sinvn f (&, n)d&dn.
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This formula reveals the sought-after Green’s function

o0
Z e XA iy uxsinvy sin ué sinvy.  (7.95)

m,n=1

4e=B1
G(x,y,t;6,n) = b

Proceeding with the second eigenfunction expansion scenario for the boundary-
value problem appearing in (7.91) and (7.92), we expand its solution U(x, y, ) as
well as the right-hand side function f(x, y) of (7.91) in the Fourier sine-series

Ulx,y,p) = Y _ Un(x,p)sinvy, f(x,y) =Y fa(x)sinvy,  (7.96)

n=1 n=1

where v = nm/b.
This yields the boundary-value problem

d?Un(x.p)

w2+ p+ B
dx? ’

1
@?Up(x, p) = = fa(x). o° =
x x

U,(0,p)=0, U,(a,p)=0
for the coefficients Uy (x, p) of the first series in (7.96).

Following the method of variation of parameters, we find the solution of the above
problem in the form

R
Un(x.p) = 2w Jo e¥e —e®a

x (e~@(x—El-a) | colx—tl-a) _ o(+i-a) _ola—x—6) £ £yt

To ease the necessary algebra that follows, we multiply the numerator and the de-
nominator of the kernel in the above integrand by e~®¢, which yields

1 a 1
Un(x.p) = 2ew Jo 1 —e2wa

> (e—a)|x—§'| =+ ew(lx_$|_2‘1) _ ea)(x—{—S—Za) — e_w(x+$))fn($)d$'
(7.97)

In light of the evident relation

> 1
Z e—za)ka —
1 — e—zwa
k=0
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equation (7.97) transforms into

I L
Un(x, p) = %/0 (e~ @P—El 4 eolix—tl-2a)

00
_ e@(x+E—2a) _ e—a)(x+$)) Z e—2wka In(€)dE
k=0

1 [T k k

_ (e-o(x—142ka) | qolx—¢-2a(c+1)

o /O >
k=0

_ e@(x+E—2a(k+1)) _ e_w(x+$+2ka))fn é)dE.

Further following our procedure, we find the solution to the boundary-value prob-
lem in (7.91) and (7.92) as

b pra 1 o 1 S
_ - _ —w(|x—§|+2ka) o(|x—§[—2a(k+1))
U(x,y,p)—/0 /0 beL)Z(e +e
n=1 k=0
_ew(x+$—2a(k+1)) _ e—w(x+€+2ka))] sin vy sin vnf(s’ n)d%—dn

Now, taking the inverse Laplace transform of the above, the solution to the (7.88)—
(7.90) appears as the volume integral

b ra —Bt X 2 2
€ _ (Ux—E&l+2ka) _(Ux—&|=2a(k+1))
u(x, y,t) = / / E (e Tt +e Tt

o Jo b/xmt -

=0
_ (x+E—2ak+1)2 _ (x+E+2ka)?
—e 4xt —e 4xt
o0
vt .
X E e Y sinvysinvnf (&, n)dEdn
n=1

the kernel function of which
e~ Pt i
b/nmt

k=0

(x—¢gl+2ka)? _ (x—&l—2a(k+1)2
4xt +e 4xt

G(x,y.t:6.m) = (e”

_ (x+E—2ak+1)?
4xt

(e}
_ GokEt2ka)? U P .
—e —e axt ) E e sinvy sinvny
n=1

represents the Green’s function for the homogeneous problem corresponding to
(7.88)—(7.90).
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The second series in the above formula for the Green’s function can customarily be
converted to Jacobi Theta function 3 form. Doing so, we finally arrive at

G( fE ) e Pt i( _(|x—é)t+[2ka>2 N _(|x—s|—42ut<k+m2
x? ) ; 5 = € x c x’
Y 1 b xmt t=0
_ (x+E—2ak+1)2 _ (x+E+2ka)?
—e Ayt — 4xt
y—n xt y+n xt
X|Hh|l—, =] - —, — 7.98
[3(219 bZ) 3(2b b2)} (799

Note that of the two alternative expressions of the Green’s function on the rectangle
derived in the current example (see (7.95) and (7.98)), the first one is computationally
preferable for large values of ¢, whereas the second works better for small values of ¢.

In the last example in this section, we will highlight technical details in our proce-
dure for the construction of the Green’s function for a simple problem stated in polar
coordinates.

Example 7.10. Consider the initial boundary-value problem

ou 2y 10du 1 9%u

E— (874';8—"4"_—2@), (r,(p)EQ, t >0, (7.99)
u(r,9,0) = f(r,¢) (7.100)
u(r,0,t) =u(r,m,t) =0 (7.101)

on the upper half-plane @ = {0 < r < 00,0 < ¢ < 7}.

For the above to be a well-posed problem, its solution is assumed bounded for r
going to zero and infinity.

Upon applying the Laplace transform

L{u(r,¢,t)} = U(r, ¢, p)

the problem in (7.99)—(7.101) transforms into a boundary-value problem for the static
Klein—Gordon equation written in polar coordinates, that is,

2 19 1 3 p 1
(ar—z L r—za?—;)v(w,m——;f(r,m,(r,go)esz. (7.102)

The above equation is subject to the boundary conditions

U(r,0,p) =U(r,m,p) =0 (7.103)
lim |U(r, ¢, p)| <oo, lim |U(r, ¢, p)| < co. (7.104)
r—0 r—00
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Using the expansions

U(r.g, p) = ) Un(r, p)sinng, f(r.9) = ) fu(r)sinng, (7.105)

n=1 n=1

we obtain the following boundary-value problem

d? 1d p n? 1

— 4+ -———=+= U =—— 7.106
(a,r2 +o (% + r2)) n(r.p) =——fa(r). (7.106)
lim |Uy,(r, p)| < oo, lim |Uy(r, p)| < 00 (7.107)
r—0 r—o00

in Uy (r, p).

Notice that in Chapter 3 (see Example 3.21), we considered a problem of the type
in (7.106) and (7.107), and the Green’s function G, (r, p; 0) for the corresponding
homogeneous problem was obtained. Using our current notation, it appears in the
form

In(Ar)K,(Ao), r <o,

(7.108)
I,(Ao)Kn(Ar), 1>,

Gn(r,p;0) = {

with A = /p/x, whilst I,(Ar) and K, (A7) represent the nth-order modified Bessel
functions [73, 74] of the first and the second kind, respectively, which allows us to
write down the solution U(r, ¢, p) of the problem in (7.102)—(7.104) as

Ulr.g. p) = fo /O %Zlmxrma@)

x sinng sinny f(o, ¥)odody, r <o. (7.109)

Note that for r > p, the product I, (Ar)K,(Ao) in (7.109) must, in accordance
with (7.108), be replaced with I,,(10) K;, (Ar). Taking the inverse Laplace transform
of U(r, ¢, p), we obtain the solution u(r, ¢, t) to equations (7.99)—(7.101) as

u(w,t)=/0/0 G(x,y,t;§,n) f(0,¥)odody

with
G(x,y, t;£,)) =L7" {i Z In (,/Br) K, (,/EQ) sinng sinnW}
nm = % x
=L {L DI (\/Er) Kn (\/39) [cos n(p — ¥) — cosn(p + w)]}
nm = % b%

(7.110)

the Green’s function to the homogeneous problem corresponding to (7.99)—(7.101).
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Recall the so-called summation theorem for the modified Bessel functions (see, for
example, [37, 74]):

Ko(w|(rcosgp —pcosy) +i(rsing — osiny)|)
= Io(wr)Ko(@0) +2 Y In(wr)Kn(wg) cosn(p —¥), o > 0.
n=1

In view of the above, the series in (7.110) can be summed, transforming the expres-
sion for G(x, y, t; &€, n) into

Glr.y.6m) = 5L {Ko (\/% —z|) Ko (\/% —E|)} ,

where z and ¢ are introduced, for compactness, as z = r(cos¢ + i sing) and { =

o(cosy +isiny).
To perform this transformation, we recall the relation from (7.7) yielding

1 _lz—¢l? |z—¢|2

G(x,y,t;6,n) = [e™ axr —e ant | (7.111)

dxmt

which is the well-known expression for the Green’s function for the Dirichlet problem
for the diffusion equation on the upper half-plane y > 0 [13, 57, 66]. In standard
textbooks, this Green’s function is usually derived with help of the method of images,
starting from the fundamental solution

1 Iz —¢|?
exp | —
At 4t

of the diffusion equation in two dimensions.

7.3 Matrices of Green’s Type

In this section, we will discuss the construction procedure for matrices of Green’s
type for diffusion (heat conduction) phenomena taking place in media whose conduc-
tive properties vary discontinuously as functions of the spatial coordinates, within the
region to be considered.

Example 7.11. For the first illustrative example, we obtain the matrix of Green’s
type for the assembly of thin, semi-infinite rods, as depicted in Figure 7.1. Each rod is
composed of a homogeneous conducting material the heat conductivity and thermal
diffusivity of which are 4; and x;, respectively, with an initial temperature f;(x). We
assume ideal contact at the contact point x = 0, that is, both the temperature and the
heat flux are assumed continuous for x = 0.
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hi, %

Figure 7.1. Assembly of semi-infinite rods.

We also assume that the heat flow within each rod moves only in the x direction,
i.e. the lateral surfaces of the rods are insulated. The resulting problem is associated
with the set (i = 1, 2, 3) of three heat equations

dui(x,t) _Bzui(x,t)

o X 2 x €(0,00), t>0, (7.112)

subject to initial conditions
u; (x,0) = fi(x), i=12,3, (7.113)
and put into the format of the system format by the conditions of ideal contact
u1(0,1) = u(0,1) = u3(0,1). (7.114)

and

hlaul(o, t) +h28u2(0,t) +h38u3(0,t) _

. 11
ox ox ox 0 (7.115)

In addition, we assume that the temperature u; (x, ¢) is finite at infinity for all times
t>0

lim |u;j(x,t)] <oco, i=12,3. (7.116)
X—>00

To proceed with our construction procedure for the matrix of Green’s type for the
homogeneous problem corresponding to (7.112)—(7.116), we take the Laplace trans-
form

L{u;(x,t)} = Ui(x.p), i=1,2,3,

of u; (x,t) with respect to the time variable 7.
By virtue of the properties of linearity and differentiation of the original of the
Laplace transform (see Section 7.1), the system (7.112)—(7.116) transforms into the
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following multi point posed boundary-value problem in U; (x, p)

d2U;(x, 1

M—EUi(x,p)z——fi(x), i=1.2.3 (7.117)
dx? X’ i

U1(0, p) = U2(0, p) = U3(0, p), (7.118)
dU; (0, d U, (0, dUs(0,

. 1( P)+h2 2( P)+h3 3(0, p) _o, (7.119)

dx dx dx
lim |Ui(x, p)| <oo i=1,2,3. (7.120)
X—>00

Using the method of variation of parameters, the general solution of equation
(7.117) is found (see Example 2.1 in Section 2) to be

x 1 x5 f
, = T N
it p) = [ 5oV e ey
4 MeVEE N VR =123, (7.121)

where the constants of integration M; and N; can be obtained from the boundary and
contact conditions stated in (7.117)—(7.120). That is, the boundedness conditions in
(7.120) yield

© _ /P
M = VE e =123
2/%p Jo
Based on these expressions for M;, the values of N; can be found from the contact
conditions. That is, the continuity conditions formulated at x = 0 in (7.118) lead to

ot VEE
M-d= = [T - n@ a0

and

- B¢ e
€

Me-t= = [T e -

The continuity condition for the heat flux at x = 0 in equation (7.119) provides us
with
By hz h3
—N+ —Ns
NZRRNG V3
hy - /2 hr _ [ ha — |2
o | [ e+ 2R ) + eV A Ja
2@ 0 X1 X2 %3

(7.124)

f2(§) | d§. (7.123)
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The relations (7.122)—(7.124) form a well-posed system of linear algebraic equa-
tions for ;. After solving it, we obtain

JE
M= 2Hf/ [(r ) féﬁ@)

hy — [2 ha — |2
+ 22 VB e+ e @Efg(s)]ds

%)
Ze
o ho _ h1 _ h3 e V2
%= 5z ), [(m ) R
h 2
+2%—11 ”lsf(m "3§f3(é)}dé,
and
N / ( e ’“)e G
> 2Hf NZRRNARNCTY NI
h D
+2%—11 ”'Sf(§)+ ”ffz(s)]ds,
where
H - h1 h2 h3
NN RN 7Y

For the compactness of following, we introduce the column vector-functions
U(x. p) = (U1(x. p), Uz(x. p). Us(x. p))"
and
F(x) = (fi(x). f2(x). f30)T

Upon substituting the M; and N;, that we just found, into (7.121) and doing some
algebra, we obtain the vector U(x, p) in terms of the vector F(x):

U(x. p) = /0 G(x. p: HF(E)dE.

Clearly, the kernel-matrix G(x, p;§) = (G;j(x, p;£))3x3 of this integral repre-
sents the matrix of Green’s type for the homogeneous boundary-value problem corre-
sponding to (7.112)—(7.116). In the following, we display the elements G;;(x, p; )
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of G(x, p; &) in a row-by-row manner. The elements of its first row are found as

Grile.pif) = —— | g ™8
11 b 9 2H %1p
+( Mo ha ks )e—(x+s> }f’l}
NZA /2o /%3' s
h2 _(¢+i)ﬁ
Gia(x, p;§) = ————e VA1 V2IVE
p:€ oo J7
and
Grs(x, pif) = 3 GtV
Hx3/p
For the elements G2 (x, p; &) of the second row of G(x, p; §) we have
Gai(x, p;§) = h—le_(\/%'*'\/%)ﬁ
H}fl\/ﬁ
! —Ix—¢l /2
G ) ; = — H 2
22(x, p;§) TH %2p|: e

+ ( ha o hs )e—(x+s) ;’2]
NN RN ’
and

s AtV

— e
Hxs/p

Finally, the elements G3;(x, p; §) of the third row are found as

Gas(x, pi§) =

h (X
G31(x, p;§) = —Hxllﬁe vz m)«/ﬁ,

h (=X &
Gaa(x, pif) = —2 o UatUm)VP

Hxz\/pP 7

and

1 —|x—¢l /L&
Gi3s3(x, p; &) = m He 3

+( hs — hi )e—(x+$) }53:|
NZEENE TR '
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Hence, the solution vector of the original initial-boundary-value problem in
(7.112)—~(7.116) can be found as the inverse Laplace transform of the vector

U(x, p; &), in the form

u(x, 1) = (uy (x, 1), ua(x, 1), us(x, )T
That is
u(x, ) = L™HU(x, p)}
= [T penwes = [ s nores

Hence, the inverse Laplace transforms of G(x, p;§&) represent the sought-after
matrix of Green’s type g(x,?; &) that we are looking for. The elements g;; (x,?;§)
of g(x,t; §) are obtained from the corresponding elements G;; (x, p; §) of G(x, p; §),
with the help of the relation in (7.6). The elements of the first row of g(x,¢;§) are

found as
R p—— TR
X, 156) = e *
gn 2H /gt
+(h1_h2_h3 e_%
NZTRRN 7RV ’
ho L4 £ 2
X, 16 = ———¢ ¥ Vvl
g12(x,1;€) HoaJat
and

h3
7t; o ——
g13(x,1:§) HosJt

whilst for the elements of the second row of g(x,¢; &), we obtain

T

(v1:8) = e Wt
g21(x,1; = ———¢C *2 e
Hxis/mt
_ =92
He 4xot

1
g22(x,1:§) = 21‘1—@[

+ _ _ e dxot ,
NZ%) NZA4l X3
and

h3

(x.1:8) AR
23(x,1;6) = ————e IRVEE I
£ Hxs/mt
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Finally, the elements of the third row of g(x, ¢; £) are found as

hl _L( x_ 4 £ )2
g31(x.1:§) = e VBT
Hix /7t
/’l2 L4 & )2
grn(x,1:8) = ———e ¥ Vi3 Va2
Hxy/mt
and
1 " _(i—sf
X, t;§) = ———— e 413
g3 8 = S

( h3 hq ho ) _(X+5)2i|
+ - - e Wl |,
X3 /X1 NZ%)
In the following, we examine a two-dimensional initial boundary-value problem for
a set of the diffusion equations.

Example 7.12. Construct the matrix of Green’s type for the initial-boundary-value
problem

ou;(x,y,t

% — VUi (e, 1), (ny)eQi, >0, i=12 (7125

ui(x,y,0) = fi(x,y), uij(x,0,t) =u;(x,b,t) =0, (7.126)
Iim |up(x,y,t)] <oo, lim |ua(x,y,t)| < oo, (7.127)

X—>—00 X—>00

ou1(0,y,1) ouz(0, y,1)
|— = A—————

u1(0,y,1) = u2(0,y,1), A
ox ox

(7.128)

stated on the infinite strip Q = {—00 < x < 00,0 < y < b} composed of two semi-
infinite strips 21 = {—oco<x < 0,0 <y <b}and QR ={0 < x < 00,0 < y < b}.

The above problem might be thought of, in physical terms, as a problem that models
the process of heat conduction within a thin plate, with its middle plane occupying the
region €2, one segment of which (£21) is made of a material whose conductivity and
thermal diffusivity are A1 and »;, respectively, whilst the thermal constants of the
other segment (£25) are A, and ;. The initial temperature of the plate is given by the
functions f1(x,y) and f>(x,y). The lateral surfaces of the plate are insulated, the
contour lines y = 0 and y = b are kept at zero temperature at all times, and ideal
contact is assumed at the intersection line of the segments x = 0.

Applying the Laplace transform

L{uj(x,y,t)} =Ui(x,y,p), i=12,
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produces the boundary-value problem

1 .
V2Ui(x.y.p) — —}f Uitx.y.p) = = filx.y).  (x.y) € Qi i =12, (7.129)
1

1

Ui(x,0, p) = Ui(x,b, p) =0, (7.130)

im [Ui(x,y, p)f < oo, lim [Ua(x,y, p)| < oo, (7.131)
U1 (0, y, aU,(0, y,

U0, y. p) = Ua(0, y, p), Ay 2010y p) 00207, p) (7.132)

0x ox

for the transforms U; (x, y, p) of u; (x, y,1).
Upon expanding U; (x, y, p) and f;(x, y) in the Fourier series

o0 o0
Ui(x.y.p) = ) Uin(x. p)sinvy,  fi(x.y) = Y fin(0)sinvy, i =12,
n=1 n=1

(7.133)

with v = nn /b, we arrive at the boundary-value problem

d?U; ,(x, 1
LUnp) (2 PNy ep) = =L fin), i= 12, (1.134)
dx? X ’ %
xli)rlloo Ui n(x, p)| < oo, xlgrolo |Uzn(x, p)| < o0, (7.135)
dU 0, dU. 0,
Uin(0.p) = Upp0.p). 1y 0 02) Q02 0.2) (7.136)

for the Fourier coefficients U; , (x, p) for the first of the expansions in (7.133).
After the problem in (7.134)—(7.136) is treated by our customary method of varia-
tion of parameters, the function Uy ,(x, p) is obtained as

x ew1(§—x) _ oo1(x—§)
Uiatrop) = [ S IGYE
—00 X111
O (wy + 01)e® 78 — (Awy — wy)e®1 G+
+/ (Awz + w1) (Awz — w1) Fin(E)dE
—0 2x1m1 (Aa)z + a)l)
0o /\ewlx—wzé‘ )“2 P
_— dg, ===, ;= 24 2
/o 12 (Aws +w1)f2’n(§) : Al i b X

When the first two integrals are combined, the above reduces to
0

Urn(x. p) =/ g’fl(x,é)fl,n(é)dEJrfO g12(x.§) fo.n(§)dE,

where

(Awz + 01)e™ FEl — Aoy — wy)e®1 O HE)
2}{16()1 (ka)z + 6()1)

g1 (x,6) =
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and
kewlx—a)zé‘
n
X, )= ——-—.
g12(x, ) 22 vy + 1)

For U; ,(x, p), we similarly have

0 [e%s)
Ve p) = [ b9 fin@e + [ et 0) 61
where
e@1§—wax
ggl(xvs) = m
and

(Awz + w1)e” 2 7El 4 (Qwy — wp)e™ @23 +9)
2%2602(1602 + a)l)

ggz(X,E) =

To obtain the matrix of Green’s type for the homogeneous problem corresponding
to
(7.125)—(7.128), we encourage the reader to follow our customary derivation pro-
cedure to completion. We will make the rest of our presentation more compact by
turning to a particular case of the problem under consideration. In doing so, let the
thermal diffusivity of the materials of €2; and €2, be identical. That is, %7 = %, = x»
which implies

This reduces the expressions for g7’ j (x, &) just displayed to

_Ix—¢l x+E
o+ 1)e v VPT* g qye v VP
2/x(A + 1)/ p +vZx ’
/\e% p+v2x e%\/m

g1a(x,§) = m’ g (x,§) = m

(7.137)

g (x,6) =

and

_lx=é&l _x+&
) gy D PRV L (o~ 1ye vx VPV
82205 220+ )/p + vox '
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Following our routine, the solution to (7.129)—(7.132) is obtained as
b 0 2 00
n . .
Uix,y, p) = /O |32 et psinvy sinvfi . mdédn
|

b ) oo
# [ 52 ehtfsinvy sinvafaededn, = 1.2
o Jo b

Taking the inverse Laplace transform of U; (x, y, p), we finally obtain the solution to
(7.125)—(7.128) in the form

b 0
ui(x, y 1) = /0 /_ gn(x. y.1:6.1) f1 (6. dEdn

b 00
4 [0 [O ey E ) foEdEdn, i =12, (1.138)

with the kernel-functions g;; (x, y, ¢; &, n) representing matrix elements of the sought-
after matrix of Green’s type

G(x,y.1:6,1) = (gij (x. . 1:6.m), iy 5+

expressed in terms of g{’j (x,§) as

SN

o0
gij(x.y.t:6.m) =< Y L7Mgl (x. &)} sinvy sinvn.
n=1

Taking, for example, the element g11(x, y,¢; &, n) and describing the procedure of
its inverse Laplace transform in detail, we write this element as

1 o0
gulr.y.t:6.m) = o Y L el (x,8)} (cos v(y — ) —cosv(y + n)). (7.139)

n=1

After recalling g7, (x,§) as displayed in (7.137), we obtain its inverse transform
with the aid of the relation in (7.6) and the translation theorem, transforming equation
(7.139) to

1
V056N = ———
gu(x,y,t;€,m) YNET (e PR

> _ 2 xt 2 —
X Ze ™ bé" |:0052n7z(y ) —cos2nn(y+n):|.
—_ 2b

_a-92 A -1 _(x+s)2)
4t e 4xt

2b
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This reduces to the following formula, containing the Jacobi Theta function

( fE) 1 ( _(x4—é[)2 A—1 _(x:rét)z)
X, y,15¢, = —=1|¢€ i - € X
F1ILE Y L 4b/xmt A+1

—n xt y+n xt
9 RN N 7.14
[3(2b b2) 03(2b b)} (7.140)

The other matrix elements of G(x, y, t; &, n) are obtained as

(x.y. 1) = A e_(x4—5f>2
B2 b = o Dbt
—n xt y+n xt
[193( 5 b2) z93( o bz)} (7.141)
(v ot360) = O
RS _2()L+1)b«/}m
—n xt y+n xt
[193( 7 b2) 93 (—2b ,b—z)} (7.142)

and

(x, . 1:6,1) : ( e L B gz)z)
X, y,t;6&,n) =——7-—1|¢ x x
8200 VB ) = et A+ 1

—n xt y4+n xt
o (52 m) -0 ()] o

In this section, we have considered several illustrative examples demonstrating the
possibilities to obtain matrices of Green’s type for the diffusion equation in media,
whose conductive properties vary discontinuously as a function of the spatial vari-
ables within the region of interest. Many other problems of this kind can be treated
similarly.

7.4 Chapter Exercises

1. Construct the Green’s function for the diffusion equation
ou 0%u
_ = %_’
ot dx2
that we obtained earlier in Section 7.2.1 (see equation (7.35)), subject to the
initial condition u(x, 0) = 0, and the boundary conditions
du(0,1)
ax

O<x<oo, t>0,

=0, lim |u(x,t)| < oco.
X—>00
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2. Construct the Green’s function for the diffusion equation

ou 0%u
szax_z’ O<x<a, t>0,
subject to the initial condition u(x, 0) = 0, and the boundary conditions:
(@) 2490 = 0, u(a,1) = 0;
(b) % —yu(0,t) =0,u(a,t) = 0.
3. Construct the Green’s function for the diffusion equation

ou
Ez}cvzu—ﬂu, —co<x<oo, O<y<b, 1t>0,

subject to the initial condition u(x, y, 0) = 0, and the boundary conditions

ou(x,0,1) ou(x,b,rt) .
= =0, lim
8y 8y x—>=+o00

lu(x,y,t)] =0.

4. Construct the Green’s function for the diffusion equation

0
a—?:xvzu—ﬂu, 0<x<oo, O0<y<b, >0,

subject to the initial condition u(x, y,0) = 0, and the boundary conditions:
(a) W =0,u(x,0,7) = u(x,b,t) = 0;
0 b
(b) (0, y,0) = 0,u(x,0,1) = 2D = o
() PG2D — yu (0, y,1) = 0,u(x,0,1) = 2L — o

() 2020 — o y(x,0,1) = 2D g

dx dy
u(0,y,t) _ ou(x,0,t) _ du(x,b,t) __
(e) G20 _ ¢ 200 _ bl _ g,
5. Construct the Green’s function for the diffusion equation
ou 5
azxv u—pu, 0<x<a, O0<y<b, >0,
subject to the initial condition u(x, y, 0) = 0, and the boundary conditions
ou(0, y, ¢t
WOYD _ o yuay.) =0
ox

and

u(x,0,t) =u(x,b,t) =0.



Chapter 8
Black-Scholes Equation

The partial differential equations that we have dealt with so far in this manual, were
well-represented in standard textbooks, used in the field. This is primarily so, due
to a wide range of applications of those equations in various areas of engineering
and natural sciences. That is, the diffusion equation, which has been reviewed me-
thodically in the previous chapter, finds numerous applications in continuum mechan-
ics [13, 27, 29] (in both fluid and solid sections of this science). As to the two-
dimensional static Klein—Gordon equation, that we considered in Chapter 3, its ap-
plication might be associated, for example, with a simulation of the phenomenon of
steady-state heat conduction in thin-walled structures, whose lateral surfaces are unin-
sulated. The higher-order partial differential equations, that we analyzed in Chapter 4,
serve as mathematical models for a score of problems in different areas of structural
mechanics [7, 19, 24, 26, 32, 38, 42, 47, 56, 59, 60, 64, 71, 72]. It is, of course, need-
less to list the vast number of various applications of the classical Laplace equation in
engineering and science.

Our focus in the present chapter is on an equation that has not yet been integrated
into the standard courses on applied partial differential equations. Hence, the equa-
tion to be looked at herein stays apart from all other equations listed above. The
history of its application is relatively short, compared with the others: indeed, the
Black—Scholes equation, which will be explored in this chapter, was introduced as a
model in financial mathematics only in recent decades [8, 52, 55, 75], which is why
it cannot be considered a customary equation in the area of applied partial differential
equations. However, the equation is becoming increasingly popular in its field where
it is widely used for qualitative as well as quantitative analysis of stock option pricing
problems. This attracts numerous researchers working in this rapidly developing area
of financial engineering, that is slowly but surely becoming an integral part of applied
mathematics.

Our approach to the Black—Scholes equation and its treatment are very similar to
those of the diffusion equation that we described in detail in Chapter 7: the use of
the Laplace transform will be combined with the method based on eigenfunction ex-
pansion, in order to treat a number of terminal-boundary-value problems for the gov-
erning equation. Some necessary preparatory work is presented in Section 8.1, where
we will show that a special solution of the Black—Scholes equation, which is, quite
customarily in the field, referred to as its Green’s function, represents, in fact, its fun-
damental solution. In Section 8.2 the emphasis will be on the construction of those
Green’s functions that were never before exposed in books. In Section 8.3 our focus
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will be on several methodological issues related to our approach to the construction
of Green’s functions for parabolic type equations. Section 8.4 changes our view an-
gle, as we focus on numerical results, illustrating the computational potential of the
procedures, based on Green’s functions.

8.1 The Fundamental Solution

The intention in this section is to establish a terminological basis for our work on
Green’s functions for the Black—Scholes equation

V(S 1) 0282 2V(S, 1) AV(S. 1)
S
o 2 as2 ™

—rV(S,1) =0 (8.1)

which represents a linear, backward in time, parabolic type partial differential equa-
tion with variable coefficients. In shorthand form, it will in this book, frequently be
referred to as BSE.

To explain the process modeled by (8.1), we note that the function V' = V(S,¢)
represents, in financial terms, the price of the derivative product, with the independent
variables S and ¢ being the share price of the underlying asset and time, respectively.
The constant parameters o and r are the volatility of the underlying asset and the
risk-free interest rate, respectively.

Green’s function-based methods, which are advocated throughout this book as a
tool for solving boundary-value and initial-boundary-value problems for partial dif-
ferential equations, may also be productive in dealing with the BSE. It is worth noting,
however, that only a limited number of computer-friendly formulas for Green’s func-
tions of this equation are accessible to users. This circumstance considerably restrains
the applicability range for the Green’s function methods in the field.

The objective in this chapter is to develop a Green’s function-based analytical ap-
proach to a class of terminal-boundary-value problems posed the BSE. Note that the
term terminal applies in this case due to the fact that the equation is backward in time.
A number of Green’s functions will be constructed later, but before going any further
with their construction, we will focus on a terminological issue that plays an important
role in the rest of our presentation.

Consider the inhomogeneous BSE

V(S,t) o028%293%V(S,1) oV (S, 1)
S
o T2 asz s

—rV(S.1) = F(S.1) (8.2)

on the region 2 = (S1 < § < 82) X (T >t > —o0) of the S, ¢ plane. Let the above
equation be subjected to the terminal condition

V(S.T) = ¢(S) (8.3)
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with ¢(S) representing, in financial terms, the pay-off function of a given derivative
problem at the expiration time T. Let also the boundary conditions

V(S1,t) = B1(t) and V(S3,t) = Ba(t) (8.4)

be imposed on the boundary lines S = S; and S = §3 of Q2.
It is evident that, upon introducing a new unknown function v (S, ¢) which can, for
example, be expressed in terms of V(S,¢) as

080 = V(S = 5 — - 1Ba0) ~ BaO] + Br(0) 85)

the terminal boundary-value problem in (8.2)—(8.4) reduces to

w(S,t) 0252 9%v(S,1) ov(S,t)
— ty=H t .
5 + > 552 +rS S rv(S,t) (S,1), (8.6)
v(S.T) = f(S) (8.7)
with the homogeneous boundary conditions
v(S1,1) =0 and v(S,,t) =0 (8.8)

imposed on the boundary lines S = S; and S = S5 of .

In view of relation (8.5), the right-hand side functions H(S,¢) and f(S) in (8.6)
and (8.7) are expressed in terms of the right-hand sides F(S,?) and ¢(S) from (8.2)
and (8.3) as

S —51

H(S,t)=F(S,t
(8.0) = F(S.0 +

[r (B2(t) — B1 (1)) + Bi(t) — B3(1)]

B1(t) — Ba(2)

—B (¢ B (¢ S
1) +rBy(t) +r S, — S,

and

J(S) =(S) -

S-S
~[B2(T) = Bi(T)] = By(T).
S2— 5
Let G(S,t; n) represent the Green’s function for the homogeneous (H(S,t) = 0
and f(S) = 0) terminal-boundary-value problem corresponding in (8.6)—(8.8). If so,
then, as follows from the qualitative theory of partial differential equations [3, 18, 22,

25, 39, 53, 54, 57, 61, 66, 67, 77], the solution to (8.6)—(8.8) itself can be expressed
as the sum

S2 T S2
w&o=/ G@vamwn+[ L G(S.1 — ) HG.1)dndr  (8.9)

S

of two integral representations.
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This implies that, in order to obtain a computer-friendly analytical solution to the
terminal-boundary-value problem in (8.2)—(8.4), we have to find a compact form of
the Green’s function G (S, ¢; 1) of the homogeneous problem corresponding to (8.6)—
(8.8).

Before going any further with the presentation of a construction procedure for
Green’s functions for various terminal-boundary-value problems for the BSE, we turn
to the following function

) s+ (= S)NT -0
— exp| -
on/2m(T —1) ( 202(T —1) )

(S, t:n) = (8.10)

which is well known in financial mathematics, and is traditionally referred to, in the
literature related to the field, as the Green’s function of the Black—Scholes equation
[55, 65, 75].

In order to be more accurate in our terminology, we now have to present the reader
some specifics of ®(S,¢;n): we will specify a terminal-boundary-value problem for

the BSE, for which ®(S, ¢; n) represents the actual Green’s function. In doing so, we
will consider the problem

v(S,T) = f(S), (8.11)
lim |[v(S,t)] <oo and lim |v(S,?)] < o0 (8.12)
S—0 S—o00

for the homogeneous Black—Scholes equation

2¢2 92
W(S.0) | oS Pu(S.0) | Bu(S.0)

y T g (s =0 (8.13)

on the quarter-plane Q = (0 < S < 00) x (T >t > —o0) of the S, ¢-space, and will
show that this is the actual problem.

Since the Black—Scholes equation is used to model problems, occuring in financial
mathematics, and if we interpret the independent variables S and ¢ appropriately, the
quarter-plane €2 represents the whole S, ¢-space. This makes it quite reasonable to
call (S, ¢;n) either the fundamental solution of the BSE or its whole space Green’s
function. Note also that, following conventional Green’s function terminology, the
variable 1 € (0, co) in (8.10) can be referred to as the source point variable.

A special comment is required with regard to the symbolism used in setting up the
boundary conditions in (8.12). Both end-points of the domain of the independent vari-
able S represent the so-called singular points [25, 53, 66] of the Black—Scholes equa-
tion. Hence, the corresponding boundary conditions cannot formally assign definite
values to the solution of the governing differential equation. Instead, the conditions in
(8.12) imply that the sought-after solution has to be bounded for S going to both zero
and infinity.
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For several decades, the function in (8.10) was the only available Green’s func-
tion for the BSE in financial mathematics. In this chapter, we describe a nontrivial
approach [49], which will enable us to construct Green’s functions for the Black—
Scholes equation not only for the boundary conditions in (8.12), but also for a variety
of others. This approach follows from the technique for the diffusion equation. Simi-
lar to the latter, it is based on a combination of the classical integral Laplace transform
formalism and the method of variation of parameters.

Since the BSE may be considered as of the Cauchy—Euler type [20, 53, 66] for the
variable S, it can be reduced, in financial mathematics (see, for example [55, 65]),
to an equation with constant coefficients. That is, after introducing new independent
variables x and ©

o2
x=InS and 1= 7(T —1t) (8.14)
the equation in (8.13) reads
ou(x, 0%u(x, ou(x,
ur.o)  Sut) oD e (8.15)
ot 9x2 dx

representing a parabolic diffusion-type single-parameter partial differential equation
forward in time.

The parameter ¢ in (8.15) is defined in terms of the parameters r and o of the
Black—Scholes equation as ¢ = 2r/02.

The change of variables in (8.14) converts the conditions in (8.11) and (8.12) into

u(x,0) = f(e*), (8.16)

lim |u(x,7)] <oo and lim |u(x,7)| < o0 (8.17)
X—>—00 X—>00

imposed on equation (8.15) on the half-plane (—oo < x < 00) X (0 < T < 00).
Applying the Laplace integral transform

U(x;s) = L{u(x, 1)} = /000 e Tu(x,t)dr

to the problem in (8.15)—(8.17), we arrive at the following boundary-value problem
for the transform U(x; s):

277(+- )

TS |-V ouns) = — ). (8.18)
dx dx

XEIPOOW()C;S” < 00, xli)rréolU(x;sﬂ < 00. (8.19)

Note that (8.18) is a linear inhomogeneous ordinary differential equation with constant
coefficients, since s now is only a parameter and U(x; s) is treated as a single-variable
function of x.
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To find a fundamental set of solutions for the homogeneous equation corresponding
to (8.18), we consider its characteristic equation

K+ (c-Dk—(s+¢)=0
the roots of which are found as
ki=a+w and kr=o0—-w

with o = /s + B, whilst the parameters « and f are defined in terms of ¢ as

1— 1 2
o= 2c and /3:( ;Lc) (8.20)

This yields two linearly independent particular solutions of the homogeneous equa-
tion corresponding to (8.18) as

Up(x;s) = e@tOX and  Uy(x;s) = e@ ¥
with their linear combination
U(x;s) = A(x;5)e@TO¥ 4 B(x;s5)e@ ¥ (8.21)

representing, in accordance with the method of variation of parameters, the general
solution to (8.18). Following this procedure, as described in detail earlier in our book,
we arrive at the well-posed system

e(a—l—a))x e(oz—(u)x A’(x; S) _ 0
(@ + ©)e@x (@ —pye@ox | “\ pxs) ) T 1@
of linear algebraic equations for the derivatives of the coefficients A(x;s) and B(x;s)

with respect to x from the linear combination in (8.21). We obtain the solution of the
above system as

—OXa—XW —ax
€ €

Al(x;s) = =y, /") and B'(x;s5) =

exw

2w

f€).

After integration, the functions A(x;s) and B(x;s) themselves are found in the
form

A(x;s) = —i /X e e f(ef)dE + M(s)
and

B(x;s) = % /x e ek fef)dE + N(s).

—o0
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Substitution of these into (8.21) yields the general solution of (8.18) in the form

Ulxis) = —— / T d) (260 00— sy
20 J -0
+ M(5)e@FTO* L N(s5)e@—®)> (8.22)

The constants of integration M(s) and N(s) can be obtained through imposing the
boundary conditions in (8.19). Omitting the details, we get

N(s) =0, M(s) = % /_ * eateto Febde.

Upon substituting these into (8.22), we obtain the solution to the boundary-value
problem in (8.18) and (8.19) as

X ea(x—é)
Utris) = [ S e 00D piebyag

oo 2

0 qa(x—§)
+ / C ot p(ef)dg
oo 2w

which can be rewritten in a compact single-integral form as

oo .a(x—§)
U(x:s) = / ¢ —e £ (). (8.23)

oo 2

The solution u(x, 7) to the initial boundary-value problem in (8.15)—(8.17) can be
obtained from U(x;s) with the aid of the inverse Laplace transform

u(x,7) = L~HU(x;5)}.

To obtain it, we keep in mind that the parameter w has earlier been introduced in terms
of the parameter s of the Laplace transform as /s + B, yielding

{e—|x—swsTﬁ

2s+ B

Referring back to Chapter 7, we recall the transform of (7.6) and the Translation
Theorem, which converts the above expression for u(x, t) into

o0
u(x,r)=/ e -1

—00

}ﬂéws

00 x(x=§e=BT (2
u(x, ‘C) = / W@ 4t f(eé)dé (824)
—00

To obtain the solution v (S, ¢) to the system in (8.11)—(8.13), we perform backward
substitutions in accordance with the relations in (8.14). This implies that x, T and &
must be replaced with S, ¢ and n , respectively as

o2
x=1InS, ‘EZT(T—Z), and & =1Inn.
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Clearly, the differential of the variable of integration £ in (8.24) converts to the form
1
d§ = —dn
n

whilst the interval of integration (—oo, 00) in (8.24) transforms, according to the rela-
tion £ = In 7, to the interval [0, o) with respect to . With all this in mind, we arrive
at the solution of the terminal-boundary-value problem in (8.11)—(8.13) as

o0 1
U(S’t)_/o ony/21(T —1)

s o2 In )
xexp(aln——ﬂ%(T—t) 1
n

- m) S (mydn (8.25)

revealing, in light of relation (8.9), the Green’s function to the problem in (8.11)—
(8.13) as
S\2
1 S 2 (In3)
Gt =——explam T (T —1)— ————]. (8.26)
on/2n(T —1t) n 2 20%(T —1t)
At this point, it is not evident that the above expression for G(S,¢; 7 ) and the one
for ®(S,t; n) displayed in (8.10) are identical. To verify their identity, we express «
and B in (8.26) in terms of the original parameters o and r of the BSE as

o2 o2\ 2
=— —r r+_
a=22 and ,3:( 2)
o

o2

and rewrite (8.26) accordingly as
1

on+/2n(T —1t)

o2 a2\2 In 532
T—r S (r+7) (nn)
n———T —-t)— ———— 8.27
xexp( oz n 202 ( ) 202(T — 1) (8.27)

G(S.t;n) =

Now multiplying the above expression by the product of the two factors
e—r(T—t)er(T—t)

this product being equal to unity, we leave the first of these factors (the negative
exponent) in its current form, combine the second factor with the existing exponential
term in (8.27), and subsequently rewrite the latter as

e T(T—0)

on/2n(T —1)

2 2 Sy2
r—% 8 (r+%)? (In )
2 2 n

xexp(— 2 lnn—i—r(T—t)— 752 (T_t)_Zoz(T—t) .

G(S.t;n) =
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Combining the second and third additive terms in the argument of the extended
exponential function above, we reduce it to

r-% S (r-%) (In 3)?

m2 -2 p gy T
02 nn 202 ( ) 202(T — 1)

which immediately transforms to

(In5)2 +2(r =GN T —)In S + (r — )T —1)?
B 202(T — 1) '

It is evident that the numerator in the above fraction represents a complete square,
reducing the above to

IS+ (= G)T -0
202(T — 1)

Hence, the expression for ®(S,¢;7n) presented in (8.10) is indeed identical to
G(S,t;n) in (8.26). This implies that ®(S, ¢; n) does in fact represent the Green’s
function for the terminal-boundary-value problem posed in (8.11)—(8.13). In other
words, our approach has proved to be effective, and in the next section we bring a
thorough justification of its successful applicability to other terminal-boundary-value
problems for the BSE.

8.2 Other Green’s Functions

As we already mentioned before, our approach to the construction of Green’s func-
tions for the BSE follows from the procedure for the diffusion equation, proposed in
Chapter 7. It is based on a combination of two classical methods in applied mathemat-
ics, which are: the method of Laplace integral transform and the method of variation
of parameters traditionally used to find the general solution of linear high-order ordi-
nary differential equations. In the following series of examples we will describe the
procedure in detail.

Example 8.1. Consider the terminal-boundary-value problem

w(S,t) 02852 9%v(S.1) av(S,1) _

o > 552 +rS as rv(S,t) =0, (8.28)
v(S.T) = f(S), (8.29)
v(S1,1) =0 and v(Sz,t) =0, (8.30)

posed in the region Q = (S; < S < S2) X (T >t > —0).
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Recall from [55, 66] that the solution of the above problem can be written in terms
of the Green’s function G(S,¢;n) of the corresponding homogeneous (f(S) = 0)
problem as

S>
wS.0 = [ (.0 fndn, (831)
1
The above relation determines the strategy, that we will follow for the actual deriva-
tion of a compact formula for the Green’s function G(S, ¢; n).
As in the previous section, we emphasize the single-parameter forward in time
parabolic equation

du(x,7) 0%u(x, 1) ou(x, 1)

oc oz Tl-D—2

arising from (8.28) after introducing new independent variables x and t

—cu(x, 1) (8.32)

02
x=MhS and T="o(T~1) (8.33)

with ¢ in (8.32) defined in terms of r and o as ¢ = 2r /0.

Note that equation (8.32) has, in contrast to the Black—Scholes equation, constant
coefficients. This simplifies the situation significantly.

After introducing the variables x and 7 in accordance with the relations of (8.33),
the terminal-boundary-value problem in (8.28)—(8.30) transforms in the following
initial-boundary-value problem

u(x,0) = f(e*), (8.34)
u(a,t) =0 and u(b,7)=0 (8.35)

for equation (8.32) on the semi-infinite strip-shaped region (¢ < x <b) x (0 < T <
00) in the x, t-plane, with

a=InS; and b =1nS,.
Applying the Laplace transform

U(x;s) = L{u(x, 1)} = /Ooo e Tu(x,t)dt

to the system in (8.32), (8.34) and (8.35), we obtain the following boundary-value
problem

WL};S) + =SS LU s) = — £, (8.36)
dx dx
Ulais) =0, U(h;s) =0 (8.37)

for the Laplace transform U(x;s) of u(x, 7).
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We recall from Section 8.1 (observe the relation in (8.22)), that the general solution
to the equation in (8.36) can be written, in accordance with the method of variation of
parameters, as

X ea(x—é)
w””:/'3;4w@”—w“@vﬁms

+ M(5)e@T®* 4 N(s5)e@@)x (8.38)
where w is defined as w = /s + B, whilst o and § are expressed as

1— 1 2
o= ¢ and B = te .
2 2

After imposing the boundary conditions in (8.37), we arrive at the system of linear
algebraic equations

e(oc-i—w)a e(oc—w)a M(S) B 0
(e(a+w)b e(oe—a))b) x (N(S) ) - (\IJ(S)) (8.39)

in M(s) and N(s), where

b

1

U(s) = _/ > [e(a—w)(b—S) _ e(“+‘”)(b_$)]f(e$)d§.
a 20

Solving the system in (8.39), we obtain

b e(a—w)aea(b—é)[ew(s—b) _ ew(b—f)]
M(s) = / @b _ calb—a)
a 2wlew(a=b) — ew(b—a)]

f(ef)ds

and

f(f)de.

N b o(atw)ago(b—E) [ew(é—b) _ ew(b—é)]
() = _/a 2w[ew@bd) _ ewb-a)]

Upon substituting these in (8.38), the latter reads as

X eoe(x—{-‘)
WL@:/ S (7 o070 £k
a w

N /b @ =8 [ew(x—a) _ gw(a—x)|[ewE—b) _ co(b=§))
a

fef)de

zw[ew(a—b) _ ew(b—a)]

which can be expressed, in single-integral form, making use of absolute value function
notation, as

b ea(x—é)
U(xv S) = /a 2w [ew(a—b) _ ea)(b—a)]
% {ew[(x+£§)—(a+b)] + e@l@t+b)=(x+8)]

_ ollab) £l _ qol—a)—lx—£y £(f) gt
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Transforming the factor e?@—2) _e®(b=a) in the denominator to

ea)(a—b)cu . ew(b—a) — _ew(b—a)[l . e2a)(a—b)]

we rewrite U(x; s) as

b et(x—€)
U(x;s) = —/
a

2we@b=a) [] — g20(@=b)]

> {ew[(X+$)—(a+b)] + e@latb)—(x+8)]
_ e@lla—b)+|x—£[] _ ew[(b—a)—\x—fl]}f(ef)dg (8.40)

Note that an immediate inverse Laplace transform of U(x;s) is problematic, if the
latter is kept in its current form. Hence, we first adjust it by representing the factor
1/[1—e2®(@=D)] in the integrand of (8.40) as the sum of the geometric series

2nw(a—>b)
1— e2w(a b) Ze

the common ratio ¢2?@~?) of which appears to be a negative exponent (¢ < b) and

is, therefore, less than unity, transforming (8.40) to

b ot(x £
Ulxss) = / -3 (el D)
a n=0

+ ea)[2n(a—b)—|x—§|] _ ew[(x-f-*g‘)-{—Zn(a—b)—zb]

_ ew[2a+2n(a—b)—(x+$)]}f(eé)d%-'
The inverse Laplace transform of the above can be performed term-by-term. Recall
that w, in terms of the parameter s of the Laplace transform, reads as /s + 8. This

yields the solution u(x, t) of the initial-boundary-value problem in (8.32), (8.34) and
(8.35) as

u(x,7) = L~YHU(x,s)}
_ /b e(x—) Bt i {exp (_[|x — &+ 2(n+ 1)(a - b)]2)
a n=0

2nt 4t
[lx — | —2n(a — b)]? [2b — (x 4+ &) —2n(a — b))
+ exp (— a7 ) — exp (— . )

~exp (_[(x +&) - 2c;r— 2n(a — b)]Z)} AV



374 Chapter 8 Black—Scholes Equation

which can be written in a more compact form by rearranging the summation in the
above series. In doing so, we combine the first two exponents with other two, whilst
summing from negative to positive infinity. Recalling the transform of (7.6) and the
Translation Theorem for the Laplace transform in Chapter 7, we obtain

b ea(r—E)o—pr X [lx — &| + 2m(a — b)]?
u(x,7) = /a Wm;m {eXp (_ 4t )

Cexp (_ [2b— (x + &) —2m(a — b)]Z)} FEhis.

4t

We obtain the solution v (.S, ) to the system in (8.28)—(8.30) from the above through
backward substitution of x, T and & with S, ¢ and 7, respectively, which we can do in
accordance with the relations in (8.33). When « and j are expressed in terms of the
original parameters r and o of the Black—Scholes equation, we obtain v (S, ¢) in the
form

2 2
r—% r+%)?

S
v(S,1) = /52 exp(—57Iny — A (T~ 1)
S

1 on+/2n(T —1t)

S 5132
5 i exp _(ln;+2mlns—;)
202(T —t)

m=—0o0

(In 55 _ 2m In %)2
—enp (- L S )}f(n)dn

transforming, after combining the sums of the additive components in the series factor
into a single logarithmic function, to

Sz ex (—"§ InS _ 4% (T —1))
u(S.1) =/ AN R BT
S

1 on/27n(T —1t)

2 2(m+1)
s52m 53

0 (]n S22m )2 (ln S S12m )2
gp3 {e"p(_ = —r)) _exp(_ 32T 1) )}f(")d"'
(8.41)
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Since the solution to the problem in (8.28)—(8.30) is obtained in the integral form
of (8.31), the kernel of equation (8.41)

o2 a2\2
~5 1p S _ %)
T s (A
2(m—+1)

on/2n(T —1t)
S5

o (1n 55172 (in )’
_ nS;3 _ _ SnSq
X _Z { exp ( 22T 1) t)) exp ( 2027 —1) )} (8.42)

represents the Green’s function to the homogeneous setting corresponding to that in
(8.28)—(8.30).

It is evident that the above series converges at a high rate, unless the variable ¢ is
in the immediate proximity of the expiration time 7', which implies that, when com-
puting values of G(S,7; 1), we can attain any accuracy level as required for practical
application by truncating its series appropriately to the M th partial sum as

r

exp(—

G(S,t;n) =

r—"—z2 S (r—{—%)2
exp(- = S = T (7))

on/2n(T —1t)

Sszm SZ(WH-I)
x % N "\ exp (oSSt s (8.43)
2 TP\ T 202 P\ 22r =0 ) '

We performed a multi-parameter numerical experiment in order to come up with
practical recommendations for the choice of the truncation parameter M in (8.43).
We calculated approximate values of G(S, ¢; n) for a wide range of the parameters r,
o, S1 and S,. The experiment suggests unconditionally, that M > 5 is a sufficient
condition for obtaining values of G (S, t; 1) from (8.43), accurate to the sixth decimal
place, even for values of ¢ in a very proximity of 7.

Later, in Section 8.4, we will present graphical evidence of the computer-friendly
nature of the form in (8.43).

G(S,t;n) ~

Example 8.2. With the experience gained from working on Example 8.1, consider
another terminal-boundary-value problem for the BSE, namely

w(S,t) 0252 0%v(S,1) ov(S,1) _
o7 > 952 +rS as ruv(S,t) =0, (8.44)
v(S,T) = f(S), (8.45)
D
[v(0,7)] < oo and w®.1) +yv(D,t) =0, y >0, (8.46)

aS
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defined on the S, ¢ space for the region 2 = (0 < § < D) x (T >t > —00), where
D is a positive constant.

Note that, in (8.46), we impose different types of boundary conditions on the two
bounding segments S = 0 and S = D of 2. In mathematical physics the second of
these conditions is referred to as either the mixed type or the Robin type [13, 17, 29].
To our best knowledge, mixed boundary conditions have not yet been considered in
association with the Black—Scholes equation. It is in fact unclear if such problem
settings might be premature with regard to financial engineering. But from standpoint
of mathematics, they look feasible and might find realistic applications within the field
in years to come.

In order to construct Green’s function to the homogeneous ( f(S) = 0) problem
corresponding to (8.44)—(8.46), we follow our procedure from Example 8.1. Upon
introducing new independent variables x and t, as suggested in (8.33), we convert the
system (8.44)—(8.46) to the following initial-boundary-value problem

u(x,0) = f(e), (8.47)
du(b, 1)
ax
for equation (8.32) on the quarter-plane (—oo0 < x < b) X (0 < 7 < 00). The

parameters b and o in (8.48) are defined in terms of D and y from the original problem
as

|u(—o0,1)| < 00 and 4+ ou(b,t) =0 (8.48)

b=InD and o= Dy.

Applying the Laplace transform to the problem in (8.32), (8.47) and (8.48), we
arrive at the boundary-value problem

2 . .

d U();,S) +(C—1)M_(S+C)U(X;S) :_f(GX), (849)
dx dx

|U(—00;s)| < 00, dU:s) + oU(b:s) =0 (8.50)

dx

for the transform U(x; s) of u(x, 7).
The method of variation of parameters gives the general solution to the equation in
(8.49) of the form

Uleis) = - / T D06 _ o0(—6)] £(eb) g
’ 20 J_o
+ M(s5)e@t®x L N(g)e@®)* (8.51)
with o and w as introduced earlier, in Example 8.1.

To determine M(s) and N(s), we take advantage of the boundary conditions in
(8.50). When x goes to negative infinity, the integral component in (8.51) vanishes,
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whereas the M (s)-containing component approaches zero. Hence, for the first condi-
tion in (8.50) to hold, N(s) must be zero

N(s) =0 (8.52)

because the exponential factor of the N(s)-containing component in (8.51) is un-
bounded for x going to negative infinity.
Hence, the derivative of U(x;s) in (8.51) reads as

dU(x;s)

= M(s) (o + w)e@t)
dx

L b / "D (g — 0)e?E D _ (g 4 0)e?TI] f(eb)dt
20 J_oo

and the second condition in (8.50) yields the following equation
1 b
L / G- [(q — )e®ED) _ (g 4 )e? D] f(eb)dt
20 J_wo

b
i / (BB [0E=b) _ 0(b=0)] f(cf) 4t
20 J_oo

+ M(s)(a + 0)e@T? 4 op(s)e@T9?b = ¢

from which M (s) is found as

Y —w
M _ e—oE—bow @(E—b) _ (o(b=§) &
() = / [z‘} Yo } J(@)ds,

where ¥ = o + «.
Now substituting the above expression for M (s) into (8.51) and taking into account
(8.52), we obtain the solution to the boundary-value problem in (8.49) and (8.50) as

1 X
UG5 = 5 / (8 (g0 (E—) _ 0] £(cf) gt
—00

1 (P B —
ea(x—é)ew(x—b)[ @ e@(E—b) _ ew(b_g)]f(eé)df

20 J_oo v+ ow

To obtain the inverse Laplace transform u(x, t) of the above, which represents the
solution to the initial boundary-value problem in (8.32), (8.47) and (8.48), we simplify
the above expression for U(x; s). After some tedious but straightforward algebra, we
obtain its more compact form

b ea(x—§) 5 —
Co) — € —olx—§| _ ® o(x+£-2) 3
U(x;s) /_OO o |:e 19+a) ]f(e )d§
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which is still inconvenient for immediate inverse Laplace transform. To make things
easier, we rewrite U(x;s) in the equivalent form

b _a(x—§) 209
CQ) — ¢ —o|x—&| _ _ w(x+£-2b) £
U(x;s) /_Oo o [e (19 o 1) e ]f(e )dE.

Upon recalling the expression for w in terms of the parameter s of the Laplace
transform, the above transforms to

b a(x—8) (o—+s+Blx—E|
U(x;s) = [ {
Vs +B
29 1 _
_ |: _ i|e«/s+ﬂ(x+§' 2b)}f(e§')ds
O+ Vs+PVs+p Vs+p
The inverse transform of the above can be obtained with the aid of the relations in

Chapter 7 (see (7.8)). The solution u(x, t) of the initial-boundary-value problem in
(8.32), (8.47) and (8.48) is found in the form

oo 2

b
u(x,f):/ e (r—6—p7
—0o0

Ao (55T e ()]
2me P 47 P s

_ 9T (x+E-2D) oo (19\/; — %)} feHds  (8.53)
T

Recall that the conventional abbreviation erfc(-) represents the complementary
Gauss error function [1, 3, 27, 37, 66], which is defined as

2 *® 2
erfc(p) = ﬁ/ e Ydx.
®

The solution v(S, ¢) of the terminal-boundary-value problem in (8.44)—(8.46) can
be obtained from (8.53) by backward substitution of the original parameters, implying

D
v(S,t):/(; %exp(aln%—ﬁ%z(T—t))

1 (In $)2 (In 31)2
x o/2n(T —1) [eXp(_ 202(T —t)) + eXp(_ 202(T — t))i|
Sn

9262 (7 \_91. Sn 9 In %5
—g9e 2 IO 5 orfe (— 202(T —t ——D) d
S V2T —1) 5 T =0 J(mydn




Section 8.2 Other Green’s Functions 379

from which we arrive at a conclusion that the kernel G(S, ¢; ) of the above integral
represents the Green’s function to the homogeneous problem corresponding to that in
(8.44)—(8.46). After some trivial algebra, it can be written in the form

G(S,t;n) = % (%)aexp (—ﬁ%z(T - t))

1 (In $)2 (In 34
Novand o | P\ 2020 —0) TP\ 2020

_ Sn
ST]) v 202 (T—1) D In D2
— — e 2 erfc | =/202(T —1) — —=——1| ¢ .
(D2 2 V262(T = 1)

(8.54)

Recall that &, 8 and ¥ in (8.54) read, in terms of the original parameters o and r of
the Black—Scholes equation and the D and y in (8.46), as

g r+‘7—2 ?
o= -2 , 5:( 22) and ¥ =Dy +a.
o

Example 8.3. Note that the problem specification in (8.44)—(8.46) allows two partic-
ular cases that might be of interest in option pricing valuation. One of these cases is
for y equal to zero, transforming the boundary conditions in (8.46) to

w(D.1)
s

Later, in the Chapter Exercises, we challenge the reader to implement our technique
and derive the Green’s function for the problem in (8.44), (8.45), and (8.55) from
scratch. In the following, we will obtain it, by taking advantage of the formula for the
Green’s function that appeared in (8.54). Making subsequent changes necessitated by
setting y = 0, which implies ¥ = «, we arrive at

S\¢ 2
G(S.1:m) = % (5) exp (—ﬁ%(T - r))

S 2
1 (n$) (n 3%)2
“Novarad -0 [exp(_ 20%(T — r)) " eXp(_ 20%(T — r))}

|v(0,t)] < o0 and (8.55)

_ Sn
Sn) o a202 (T—t) o 1n D2
- | — e 2 erfc —\/20'2T—l e —
(D2 2 ( ) V202(T —1)

(8.56)

which is the sought-after Green’s function.



380 Chapter 8 Black—Scholes Equation

Example 8.4. The second particular case for the problem in (8.44)—(8.46) is when y
goes to infinity. This transforms the boundary conditions in (8.46) to

|v(0,¢)] < oo and v(D,t) =0. (8.57)

Later, in the Chapter Exercises, we challenge the reader to implement our tech-
nique and derive the Green’s function for the setting in (8.44), (8.45), and (8.57) from
scratch. In the following, we will get it from (8.54) directly . Note that this is not as
straightforward as in Example 8.3: taking the limit in (8.54) for y going to infinity is
not a trivial exercise. That is why, in order to get it done, we revisit the expression

b aa(x—§) 9 —
U(x;s) = / ¢ 5 [e—w|x—f| — wew<x+f—2b)} F(eb)de (8.58)
oo 2w U+ o

that we obtained earlier for the Laplace transform U(x; s) of u(x, ) in Example 8.2,
for the problem in (8.44)—(8.46). Observing that

. V- . (Dy+a)—ow
lim = lim ————— =
y=oot +w  y—oo (Dy +a)+w

we write (8.58) for the problem in (8.44), (8.45), and (8.57) as

b eot(x—i—') b
Utxis) = [ St o) et g

oo 20

e 2

/b eoz(x—S) e—\/s+ﬁ|x—§| e«/s+ﬂ(x+§—2b)
Vs+ B Vs+B

The inverse Laplace transform of the above is no longer a problem and we find

b ea(x—é‘)—ﬁr
u(x, 1) =/ —_—

} fef)ds.

o 27T
_£)2 _ 2
y [exp (_%) —exp (_W)} Febyde

allowing to find the solution of the problem in (8.44), (8.45) and (8.57) as

D nS — B (T —
S L S

no/2x(T —t)

(In )2 (In 372
[0 (- zmet=n) oo (-t =) [
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which simplifies to

[P (S\ exp(-B% (T —1)
U(S’t)_/o n(n) o/21(T —1)

(In $)2 (In 31)2
Lo (=) o0 (- s =) Jrone

from which follows that

s« exp(-p% (T ~1)

etl 5 /272(T —1)

(In $)2 (In 3%)2
g [exp ( 2027 - z)) e ( 2027 - r))} (859

represents the Green’s function to the homogeneous problem corresponding to that in
(8.44), (8.45), and (8.57).

G(S,t;n) =
n

Example 8.5. Consider another terminal boundary-value problem

w(S,t) 0252 9%v(S,1) av(S,1) _

o 5 352 +rS 5s ruv(S,t) =0, (8.60)
v(S.T) = f(S). (8.61)
d(S1,1) (Sa, 1)

S =0 and 39S =0 (8.62)

on the region 2 = (S1 < § < S83) x (T >t > —00), and construct Green’s function
to the corresponding homogeneous ( f(S) = 0) problem.

Omitting the customary details of the derivation procedure, which have been thor-
oughly explained earlier, we present a brief sketch, whilst focusing on issues that are
specific to the problem under consideration.

After a change of variables as specified in (8.33), the problem in (8.60)—(8.62)
reduces to the initial-boundary-value problem

ou(x,7)  u(x, 1) ou(x, )

P = 952 +(—-1) I cu(x, ), (8.63)
u(x,0) = f(e), (8.64)
W@o) _ o gna M0 _ (8.65)

ox ox

where c is introduced as 2r /o2, whilst

a=InS; and b =1InS,.
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Applying the Laplace transform
o
U(x;s) = L{u(x, 1)} = / e Tu(x,1)dt
0

to (8.63)—(8.65), we arrive at the boundary-value problem

2 . .
% +e— DS L Uaes) = — £, (8.66)

X dx
Was) o g UGBS (8.67)

0x dx

for U(x;s). Following the procedure of variation of parameters, we find the solution
of the system (8.66)—(8.67) as

xea(x—é)
Utxis) = [ 55 e — e pefhas
a

b e8¢ — 0)e®ED) _ (¢ + w)e®®=H)]
a 26()(0[2 — a)2)[ew(a—b) _ ew(b—a)]

x [(@ — ©)e®X ™ — (a + 0)e? @] £(ef)de

with @ defined as ® = /s 4+ B, whilst @ and f are expressed in terms of the param-
eter ¢ that we introduced recently as

1- 1 2
o= ZC and ,3:( +C).

2
The above expression for U(x; s) reduces to single-integral form:
b e (x—£)
Ulx:s) = /; 2002 — 02)[e?@=D) _ col—a)]
x {(a — w)2e?l+D—-@+D)] | (¢ 4 g)2e@ll@th)—(x+8)]

_ (a2 . wZ)[ew[lx—El—l—(a—b)] _ ew[(b—a)—lx—éll]}f(eé)dg (8.68)

To ease performing the inverse transform of U(x;s), we rewrite (as was suggested
earlier in Example 8.1) one of the factors in the integrand in (8.68) as

1 ew(a—b)

1)
_ _ _.w(a—b) 2nw(a—b)
ew(@—b) _ acw(b—a) = | _ g2w(a—b) — © Z ¢ '
n=0

This converts (8.68) to

b ea(x—§)
Ulx;s) = / — Y {eelletiraenia | golontab -l
a

n=0

_x-ow [e@lC-+O+2n(@—b)=2b] | ew[2n(a—b)—(x+s)+za]]} f(e5)de,
o+ w
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which can be transformed as

o0

b eoe(x—i—‘)
Ulx:s) = / > {ew[|x—s+2(n+1)(a—b)] 4 coln(a—b)—lx—¢]
a @ n=0

2
_ (1 - - :’w) [0+ +2n(a—b)~2b] | ew[zn(a—b)—(;hufg)+2a]]}f(eg)dS

b 1
- f ea(x—é){_
a 2w :

_ ew[(x+§)+2n(a—b)—2b] _ eao[2n(a—b)—(x+‘;')—{—2a]]

[e.e]
[e@lx—E+2(+D@-b)] | cwl2na—b)~|x—]
0

1 o0
T Z[ew[(x+$)+2n(a—b)—2b] + ew[Zn(a—b)—(X+f)+2a]]}f(eg)dg‘
n=0
(8.69)
It is evident that the inverse transform of the first series component
1 [e.e]
- Z[ew[lx—él+2(n+l)(a—b)] + ewl2na—b)—|x—¢ll
2w =
_ ew[(x+§)+2n(a—b)—2b] _ ecu[2n(a—b)—(x+§)+2a]] (8.70)

in (8.69) can be obtained term-by-term with the aid of the relation from (7.6) and
the Translation Theorem. Indeed, recalling the expression for @ in terms of s in the
Laplace transform, we turn the inverse transform of (8.70) into

e Pt

o0
Z[ _[\x—sw+2(z+1)<a—b>]2 " _[2}1((1—22—\)6—5\]2
e T e T
2JrntT s

_Lx+&)+2na—b)—2b]2 _[2na—b)—(x+8&)+2a]2
4t 4t

—e —e l. (8.71)

It appears that the inverse transform of the second series component in (8.69)

1
o+ w

oo
Z [ew[(x +&)+2n(a—b)—2b] + ew[2n(a—b)—(x +S)+2a]] (8.72)
n=0

cannot be directly obtained by means of the standard relations available from Chapter
7 without some preparatory work. In doing so, we recall the relations

L! {%e_kﬁ } - \/l_e_ﬁi (8.73)
S T
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and

S5 o) M) ®.79

listed in Chapter 7 as (7.6) and (7.8). In light of the decomposition

—k
L—l{ e Vs } _ ea(at-l—k)erfc (Ol\/_—i—

1 1 /1 1
Ss(s+a) E(ﬁ_ ﬁ+a)
the relation in (8.74) transforms to

. O R B U o) Kk
L {ﬁ } L {—ﬁ+ae } oe erfc(aﬁ+2ﬁ)

which gives birth to the new relation

1 1 2 k
L! {me_kﬁ} = \/ﬁe_l‘%r — 0@t erfe (aﬁ + ﬁ) . (8.75)

By using the above, the inverse Laplace transform of (8.72) is found in the form

o { Z [(x+$)+2rz(u—b>—2b]2 + e_[2n<a—h)—ix+s>+2u]2
«/nr
Ly Z [ea(ar+(x+$)+2n(a—b)—zb)erfc (aﬁ L4+ 2ma—b) - Zb)
n=0 2\/?
+ eoe(on+2n(a—b)—(x+§)+2a)erfC (Olﬁ n 2n(a—b)—(x + &) + 2(1) i|}
2/t
(8.76)

With (8.71) and (8.76) in mind, we finally arrive at the inverse Laplace transform
of (8.69), which appears as

b
u(x,7) = L H{U(x;5)} = / @ —hr

a

1 Z [lx— SI+2(n4+l)(a —b)12 n _[2n<a—h4)—|x—s|]2
e e T
2ﬁ

_ [(x+$)+2n(a—b)—2b]2 _[n@a=bm—(x+&+2a]2
4T _|_ e 4t

(x+&) +2n(a—>b)—2b
)

4 o@@T2n(@—b)~(x+8)+20) gy (aﬁ N 2n(a—>b) ;5);+ £)+2a )} } Py,

o0
- |:ea(ar+(x+§)+2n(a—b)—2b)erfc (aﬁ +
n=0
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The first series component of the above reduces to the more compact form

b
u(x,r)=/ S 2l
a

x—&l+2m(a—b)12 2b—2m(a—b)—(x+£)]%
Z - 4@ 4e” It
{2 VT ="
s Z [ea(ar+(x+£—‘)+2n(a—b)—2b)erfc (Ol«/? + (x + E) + 21’1(61 - b) - 2b)
o 27T
+e(x(at+2n(a—b)—(x+§)+2a)erfc(aﬁ+ 2n(a—>b) _\(/)i“'é) +2a):|}f(e$)dé.
2T

After replacing the variables x, &, and t with S, 7, and 7, in accordance with (8.33)

o2
x=1InS, &é=Inp, and IZT(T_t)’

we arrive at the solution v (S, t) of the problem in (8.60)—(8.62)

S2 15\* Bo? 1
V0= /s] (5) P (_T(T - t)) {o,/zn(T —

S2(m+1)
) (ln

)2 (In “2—5;-)?
TIS SnSq
aps [exp( 202(T — z))“"p(_ 202(T —1) )}

m=—0o0

Sr]S

In(=5ts
az ) 0o SUSZ” T —¢ 2(11+1)
—aexp( (T—t))Z:[( 2(n+1)) erfc(aa U\/m)

1 S2(n+l)
SZ(n+l) o T —¢ ( S SZn ) 1
+ (1— erfc (aa + ! )] Ef(n)dn

NN 2 o/2(T —1)

Thus, the sought-after Green’s function reads as

g 130,2 1
G(S.t;n) = et eXp (_T(T B Z)) {W

| s52m 2 " 20+ 2
o N yszm SnSZm
* 2 [e"p(_zoZ(T—t))“"p(_ 20%(T —1) )]

m=—0o0
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S S

> SnSZ” T —t (G0 27:”‘“)

_ t)) ; [( 2(n+1)) erfc(ao 0 T )

— a exp (
SZ(n+1)

In(X—=;7)
Slz(fl'i‘l))ot ( T—[ SnSZ” )]
+ [ L——) erfc| ao + Z ) (8.77)
( NN 2 o/2(T —1)
Since an estimation of the series convergence in the above formula does not look
trivial, we might use numerical data to help decide whether this form is computer-

friendly or not. To undertake this endeavor, we suggest, in Chapter Exercises, that the
reader conduct a multi-parameter numerical experiment.

Example 8.6. Construct the Green’s function of the homogeneous ( f(S) = 0) prob-
lem corresponding to

w(S,t) 02852 9%v(S,1) (S, 1)
- —0, 8.78
o1 2 as2 ST TS (8.78)
v(S,T) = f(S), (8.79)
WD) Dy=0 and  Tim [v(S.0)] < 0o (8.80)
Y S—o00

on the region Q = (D < S < 00) X (T >t > —00).

Since all stages of the derivation procedure, which we will in this case apply, have
been explained earlier, our presentation is limited to a schematic description. After
the customary change of variables introduced in (8.33), the problem in (8.78)—(8.80)
reduces to the initial-boundary-value problem

ou(x, 1) azu(x 7) ou(x, 1)

9 ) +(—=1) P cu(x, ), (8.81)
u(x,0) = f(e). (8.82)
814;(;, D _ Yu(a.7) =0 and lim Ju(x,7)| <00 (8.83)

inu(x, 1), where ¢ = 2r/0%,a =InD,and ¥ = yD.
The system in (8.81)—(8.83) gives rise, in turn, to the boundary-value problem

2 .

d0CRS) oY) L U = — £, (8.84)
dx2 dx

) U@ =0 and Jim [U(x9)] < o0 (8.85)
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for the Laplace transform U(x; s) of u(x, 7). Using the method of variation of param-
eters, the solution of (8.84)—(8.85) is then found in the form

Ulx:s) = / - {L[ea(x—s)e—wlx—a el o+ 2a))
a

2w
e—a(x+$)e—w(x+§—2a) :
d€, 8.86
N L (380

where, as we recall, » is defined through the parameter s of the Laplace transform as
w = /s + B, whilst ¢ and § are expressed in terms of the parameter ¢ as

1 - 1 2
a = ¢ and B = te .
2 2

Clearly, the inverse Laplace transform in (8.86) represents the solution of (8.81)—
(8.83). It can be found directly by using the relations in (8.73), (8.75) together with
the Translation Theorem, yielding

*° G 8 g2 eTCFD  (yena2
u(x,7) = / et { P A P =
a

2T 21T

— (¥ — )@@+ (x+E-2a))

x erfc ((19 — )T+ )H—ZET;ZCI)} f(eg)dé.

After replacing x, £, and T with S, 1, and ¢, respectively, in accordance with (8.33)

o2
x=1InS, &=Inp, and ‘17:7(7_'—[)

the solution v (S, ) of the problem in (8.78)—(8.80) appears as

N AP N
o= [ e (=P ”){am

S\ (In($))? 1 (In(3$))?
) [(5) e"p(_ 20%(T —z)) T e P (_ 20%(T —t))}

_ @ —a)Sy w—g?e? gy
DZ

T—¢ WG
X erfc((z? —a)o 5 + Om)}f(n)dn.
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Hence, the Green’s function for the homogeneous terminal boundary-value prob-
lem corresponding to that in (8.78)—(8.80) reads

G(S.17) = Lex (_ﬂ;‘Z(T_t)) _
BIE TP 2 o/27(T —1)

S\° (In($))? 1 (In(31))2
. [(;) eXp(_ 202(T —t)) T sne eXp(_ 202(T — r))}

@ - a)Sﬁeiﬁ’—‘Qz"Z (T—1)
D2

T—t In(3%)
X erfc((z? —)o 5 + Um)}. (8.87)

In the Chapter Exercises, we challenge the reader to take a close look at two partic-
ular cases following from this problem. These are the cases when y in (8.80) is either
zero, reducing the first boundary condition to the Neumann type, or goes to infinity,
in which case the condition reduces to the Dirichlet type.

8.3 A Methodologically Valuable Example

In this section, we will focus our attention on a particular case of an equation, encoun-
tered before in Section 8.2: if the parameter ¢ in (8.15) becomes unity (¢ = 1), the
equation reduces to

u(x, 1) _ 0%u(x, 1)

P w2z u(x, 7). (8.88)
Consider the initial-boundary-value problem
u(x,0) = f(x), (8.89)
u(0,7) =0 and lim |u(x,7)| < o0 (8.90)
X—>00

posed for (8.88) on the quarter-plane 2 = (0 < x < 00) X (0 < 7 < 00) of the
(x, )-space.

The problem in (8.88)—(8.90) is probably not of direct interest to financial math-
ematics. It is, however, of methodological value with regard to the approach to the
construction of Green’s functions for the Black—Scholes equation, that we have im-
plemented in this chapter.

If we apply the Laplace transform

U(x;s) = L{u(x, 1)} = /Ooo e tu(x,t)dt
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to the system in (8.88)—(8.90), we arrive at the boundary-value problem

2 .
dU—(xz’s) — s+ DUxss) = —f(x), (8.91)
dx
U0:5) =0, lim [U(x;s)| < o0 (8.92)

in U(x;s).
Proceeding in accordance with the method of variation of parameters, and express-
ing the general solution of (8.91) as

U(x;s) = A(x:5)e™V3 T 4 B(x;s)e ¥ Vstl (8.93)
we arrive at
e—XV/sF1 eXV/s+1
A(x;8) = ——— d B'(x;s) = —— .

Upon integrating the above equations, the functions A(x; s) and B(x;s) themselves
are found in the form

. _ —S s+1
Atwis) = 5 [ EIF ey 4 1)
and
Bxis) = —— / " VT () dE + N(s).
28 +1 Jo

Substitution of these into (8.93) yields
1 X
Usis) = 5 [ @V 0V r(gya
+ M(S)ex‘/s—H + N(S)e—x\/s-i-l.

The ‘constants of integration” M(s) and N(s) can be obtained by imposing the
boundary conditions in (8.92). Omitting the details, we have

Utris) = e g [T D

2 — / (e(x E)/s+1 _ —(X+E)«/ST)f(E)ds

which, in compact single-integral form, reads as

Utis) = 5 [ (@ I VST S
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representing the solution of the boundary-value problem in (8.91)—(8.92), which re-
veals the Green’s function of the corresponding homogeneous problem as

G(x,s;8) = (e—lx —El/s+1 _ —(x+§')\/s+71).

Hence, Green’s function g(x, ;&) for the homogeneous initial-boundary-value
problem corresponding to (8.88)—(8.90) can be obtained from G(x, s; &) by perform-
ing the inverse Laplace transform, yielding the following compact form

—‘L’
2
Following the procedure as described, we find up with another Green’s function
associated with (8.88): in the case of the problem for the equation in (8.88) subject to
the initial condition of (8.89), specified as
ou(0, 1)
ox

the Green’s function is found as

(x—8)2 _ 48?2
( = —e 47 ) (8.94)

gx,t:8) =

—yu(0,7) =0, y >0, and lim |u(x,7)| < 00, (8.95)
X—>00

e—‘[
2/t

+ ye? OO~ Drere (y«/_+

_x=8)2 _x+8)2
(e 4t + e 4t

g(x,t;8) =

8.96
2V7 ) (©20

Note that for the specific case of y = 0, which transforms the condition imposed for
x = 01n (8.95) to the Neumann type, the above expression for the Green’s function
reduces to

—'C

Wi

Now, let equation (8.88) be considered in a different domain 2 = (0 < x <
b) x (0 < T < 00), with boundary conditions imposed as

I (8.97)

gx,7;:8) =

u(0,7) =0, and wu(b,7)=0. (8.98)

We will discuss two alternative approaches to constructing the Green’s function for
the homogeneous initial-boundary-value problem corresponding to (8.88), (8.89) and
(8.98).

In the first one, we expand the functions u(x, t) and f(x) in the Fourier sine series

u(x,t) = Z Up(t)sinvx, f(x) = Z fnsinvx (8.99)

n=1
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with v = nz/b. Itis evident that, with such a series formula for u(x, t), the boundary
conditions in (8.98) are satisfied and, upon substituting the above series into (8.88) and
(8.89) we arrive at the initial value problem

dup(t)
dt

+ (0 + Dua(r) =0,
un(0) = fn
for the coefficients of the first series in (8.99). From this statement, it follows that
(1) = fre”CTDT,

Expressing f;, by means of the Fourier—Euler formula [66] for the coefficients of
the second series in (8.99), we obtain

b
(1) = (% fo 1®) sinvsds)e*““”’.

After substituting u, (t) into (8.99), the solution to (8.88),(8.89) and (8.98) is found
as

b o0
u(x, 7) =/0 %Ze_("zﬂ)’ sinvx sinvéf(§)dE
n=1

revealing the following series representation
gx.&1) = 2 i e~ DT gin yx sin vE (8.100)
9 b b .
n=1

for the Green’s function for the homogeneous initial-boundary-value problem corre-
sponding to (8.88),(8.89) and (8.98).

We will show that we can express the sum of the series in (8.100) in terms of a
special function. In doing so, recall the series expansion [1, 3, 27, 66]

Y3, f)=1+2 Ze n2mB cos 2nma (8.101)

n=1

of the so-called Jacobi Theta function of the third kind which we used earlier in our
book (see, for example, Chapter 7).
In order to apply the above series expansion to (8.100), we transform the latter as

T X

glx,&1) = Ze v2 Tlcosv(x — &) —cosv(x + £)]

—‘C

I |
<

Z Tcosv(x —§) — Ze_"zfcos v(x-i-S))

n=1
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from which, in light of (8.101), it follows that

g(x.£:7) eb: {[03 (%b%) = 1] - [193 (x;f,blz) _ 1]}
e’ x—§& 1 Xx+E T
e [193 (7, ﬁ) — 73 (—2b ,b—z)} : (8.102)

We can recommend this compact form of the Green’s function for the problem in
(8.88), (8.89) and (8.98) for practical implementations, given that most mathemati-
cal software available nowadays includes standard subroutines for the Jacobi Theta
function.

To get a formula for the Green’s function under consideration, alternative to (8.100)
and (8.102), we will use the Laplace integral transform, which aids us in converting
the problem in (8.88), (8.89) and (8.98) to

2
% — (s + DHU(x,s) = — f(x).
X

U,s) =0, U(b,s)=0
for the Laplace transform U(x,s) of u(x,7). Obtaining the Green’s function
G(x,s; &) for the homogeneous problem corresponding to the above one is a rou-

tine procedure. Since the problem is in self-adjoint form, we show only the branch of
G(x,s;§) valid for x < &:

(ex«/s-f—l _ e—x\/s-i-l)(e(b—é)\/s—f—l _ e(g_b)\/s-f—l)
2.5 + 1(eb“/s+1 — e_b*/S‘H)

G(x,s:§) =

whilst the other branch of G(x, s; &), valid for x > &, can be obtained from the above
one by exchanging x and .
To facilitate the inverse transform of G(x, s; §), we interpret the factor

1 e—b«/s-{-l
ebVs+1 _ g—b/s+1 - 1— e—zb«/s+1

as the sum of a geometric series, with first term ebs 1 whereas its common ratio
is e 265+l < 1 yielding

[e o]
1 — e—b«/s-f—l Z e—2nb\/s+1
eb/s+1 _ a—b+/s+1 '

n=0
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This formula for one of the factors of G(x,s; &) allows us to express it in series
form

G(x,s;£) o~ E—x+2nb)Vs+1 _ —(E+x+2nb)v/s+1

== (
248 + 1 ’;
e—(z(n-i-l)b—i-‘—x)«/s-i—l + e—(2(n+1)b+x—$)«/s+1).

Taking the inverse Laplace transform of the above, we obtain the Green’s func-
tion g(x, 7; §) for the homogeneous initial-boundary-value problem corresponding to
(8.88), (8.89) and (8.98)

g(x,1:§) = L7HG(x,5:6)},

which reads as

(E=x+2nb)% _ (E+x+2nb)? _Quthb——x)? _Qu4Db—g+x)?
E ( 47 —e 47 —e 4T +e 4t )

2«/717:

The above looks highly cumbersome. However, by combining the exponential
functions and rearranging the summation, we arrive at its compact equivalent

gx,0:8) =

Z = _(E—x+2mb)? _Etx+2mb)?
e

) (8.103)
2 m——oo

Hence, (8.103) displays an alternative to (8.100) and it turns out that these two ex-
pressions are not equally suitable for computer implementation. In the section that
follows, in order to illustrate this point, we will compare the computational potential
of equations (8.100) and (8.103). In addition we will provide several numerical illus-
trations of the computer readiness of the Green’s functions that we have derived in
Sections 8.2 and 8.3 for a variety of terminal-boundary-value problems posed for the
Black—Scholes equation.

8.4 Numerical Implementations

This section turns away from theoretical aspects; it intends to explore the computa-
tional potential of numerical procedures, which might use those Green’s functions of
the Black—Scholes equation that we have constructed earlier in this chapter, or those
that could be constructed by following the various approaches described herein. Ear-
lier in this book, we pointed out that Green’s function-based numerical procedures
should be highly efficient.

To justify the computational efficiency of the Green’s function-based approach to
terminal-boundary-value problems for the Black—Scholes equation, we note that, in
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Figure 8.1. Convergence of the series in (8.100).

contrast to most of the purely numerical methods that are commonly utilized in the
field (the finite difference methods, for example) [11, 34, 36, 58], the Green’s function
approach is well posed from a computational point of view. To support this point, we
recall that the approach does not utilize numerical differentiation procedures, which
are themselves quite expensive. Instead, it utilizes numerical integration routines,
which are computer-friendly in nature.

Let us first recall two alternative formulas for the Green’s function for the problem
stated in (8.88), (8.89), and (8.98), obtained earlier in Section 8.3. These are the
forms displayed in (8.100) and (8.103). It is evident that the convergence of the series
representation in (8.100) strongly depends upon the variable 7, because the series
converges at a slow rate for relatively small values of t, implying that, in such cases,
a high accuracy level is only attainable if a high order partial sum of the series is
requested. To illustrate this point, we depict profiles of some N th order partial sums
of the series in (8.100) in Figure 8.1, with b = 7, ¢ = 1073 and § = /4, for
N = 10,25, and 100.

To get a sense of the rate of convergence of the series in (8.103) and to compare
it with that of the series in (8.100), we leave it as an exercise to the reader to study
Figure 8.2, where we present convincing evidence for the efficiency of the formula
in (8.103) for both relatively small and large values of t. In Figure 8.2 we used the
same defining parameters as in the case illustrated by Figure 8.1. That is, b = 7 and
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Figure 8.2. Convergence of the series in (8.103).

£ = 7/4, with the values of 7 fixed as 1073, 5 x 1073, 1072, and 10~!. The series
was, in all cases, truncated to the 10th partial sum.

Hence, after analyzing the data displayed in Figures 8.1 and 8.2, we may conclude
that of the two alternative representations for the Green’s function to the problem
posed in (8.88), (8.89), and (8.98), obtained in this section, the one in (8.103) is
independent of the value of 7, whereas the formula in (8.100) is only recommended
for relatively large values of 7.

In order to test the computability of the series representation for the Green’s func-
tions obtained in Section 8.2 (see the form in (8.42)), we turn to the next illustration,
corresponding to the setting in (8.2)—(8.4). This is a terminal boundary-value problem
stated for the Black—Scholes equation on the region 2 = (57 < § < 83) x (T >
t > —o00). As we showed earlier in Section 8.1, the solution to this problem is dis-
played in (8.5), with the component v(S,t) expressed in the integral form of (8.9),
the kernel G(S,;n) of which represents the Green’s function to the homogeneous
problem corresponding to that in (8.28)—(8.30) displayed in (8.42). It does not seem
computer-friendly, because it is quite cuambersome and contains a series component.
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Figure 8.3. Solution of (8.2)—(8.4) with a non-smooth pay-off function.

However, with regard to the latter, the multi-parameter experiment, as described ear-
lier in Section 8.2, reveals a high rate of convergence for the series. This promises
that the formula in (8.42), as a whole, will be really computer-ready. The solution
profile depicted in Figure 8.3 indeed confirms our high expectation. The parameters
that specify the problem setting were chosen as: r = 0.06, c = 0.8, S1 = 1.0,
S2 = 2.0, and T = 1.0, the series component of G(S, ¢; ) was truncated at M = 5,
the right-hand sides B;(¢) and B, (t) of the boundary conditions in (8.4) have been
chosen as the following differentiable functions

Bi(t) = 10exp(=50(t — T/2)?) and B, (t) = 6sin>(2nt/T),

whilst the right-hand side F(S,¢) of the governing equation in (8.2) and the pay-off
function ¢(S) in (8.3) were chosen as

300(S = SD[(S1 + $2)/2—=S], S =< (S1+ 82)/2,

F(S,t) =S and ¢(S) = {0’ S > (S1+82)/2.
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Figure 8.4. The case of a piecewise smooth pay-off function.

Notice that the chosen pay-off function loses its differentiability at the midpoint of
the interval [S1, S2], but the solution depicted in Figure 8.3 does not show any compu-
tational irregularity in the immediate vicinity of that point (like, for instance, abnormal
oscillation), which would be unavoidable for a custom numerical procedure based on,
for example, the method of finite differences. This is especially impressive given that
the numerical integration for computing both the integrals in (8.9) was accomplished
with the aid of the most primitive quadrature method (the standard trapezoid rule),
where we used only ten quadrature nodes for both the variables of integration.

In the next illustration, we now also aim for a numerical solution of the terminal-
boundary-value problem stated in (8.2)—(8.4). The region 2 = (51 < § < §7) x
(T >t > —o0) is, in this case, specified by S = 1, S = 10, and T = 1.0. The
other parameters specifying the problem were chosen as: » = 0.06, 0 = 0.8. The
series component of G(S,¢;n) of (8.42) was truncated at M = 5. The right-hand
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sides B1(¢) and B, (t) of the boundary conditions in (8.4) have been chosen as the
following rapidly varying but still differentiable functions

Bi(t) = 6sin®*(t/T) and Ba(t) = 4exp(—100(r — T/3)?).

The right-hand side F (.S, t) of the governing equation in (8.2) and the pay-off function
@(S) in (8.3) were chosen as

0, S1 <8 < Eq,
20(S — E1)/(E2 — E1), E1 =S < Es,
20(S — E3)/(E2 — E3), E» < S < Ej,
0, E3; <§ <5,

F(S.t)=0 and ¢(S) = , (8.104)

where
Ei=0281+ Sz)/3, E, =(S1+ Sz)/z, and FE3 = (252 + Sl)/3

Clearly, the above problem setting looks even more challenging with regard to nu-
merical treatment than the one depicted in Figure 8.3, because the pay-off function in
(8.104) looses its differentiability at multiple points (E£1, E2,and E3) on the interval
[S1, S2]. The solution profile depicted in Figure 8.4 is perfectly smooth and does not
show any signs of oscillation generated by the irregularity of the pay-off function.

The case to which the solution is depicted in Figure 8.5 provides another illus-
tration of high computational potential of the Green’s function approach to terminal
boundary-value problems, stated for the Black—Scholes equation. We turn again to
the problem specified in (8.2)—(8.4) with r = 0.06, 0 = 0.8, S; = 10, S, = 50, and
T = 1.0. Additionally, we truncated the series component of the Green’s function
G(S,t;7n)in (8.42) at M = 5. The right-hand sides B(¢) and B (t) of the boundary
conditions in (8.4) have been chosen as the following quite rapidly varying but still
differentiable functions

Bi(t) = 20sin®(xt/(2T)) and Ba(t) = 15t%sin>2nt/T).

The right-hand side F (S, t) of the governing equation in (8.2) and the pay-off function
@(S) in (8.3) were chosen as

20, S1<S< E;

F(S,t) =0 and S) = ,
(8.1) o(S) {0’ AR
with £ being the midpoint of the interval [S1, S2]. Notice that this case is, without
any doubt, the most challenging of all that we considered so far, because the pay-off
function ¢(S) in this setup is discontinuous, but the smoothness of the function in
Figure 8.5 is never affected by this discontinuity.
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Figure 8.5. The case of a discontinuous pay-off function.

To further explore the computational potential of the Green’s function method as
applied to terminal-boundary-value problems with irregularities, stated for the Black—
Scholes equation, we present the last of our illustrations, describing the problem

202 92
av(S,t) +0 S=0%v(S, 1) +rS8v(S,z) 3

. e = v(S,1) = 0, (8.105)

v(S,T) = ¢(S), (8.106)
D

[v(0,1)] < oo and w(D.1) =0 (8.107)

aS

stated in S, ¢ space for the region 2 = (0 < § < D) x (T >t > —00), with D a
positive constant.
The solution to the above problem is

D
v(S,1) = /0 G(S,t;me(mdn, (8.108)

with the kernel G (S, ¢; ) representing the Green’s function obtained earlier in Section
8.2 (see equation (8.56)).
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Iy,

Figure 8.6. Solution profile of the problem in (8.105)—(8.107).

To be specific, we chose the following parameters for the problem in (8.105)—
(8.107): r = 0.06, 0 = 0.8, D = 5, and T = 2, whilst the terminal condition
is imposed with the discontinuous pay-off function

0, 0<S<D/2

S) =
v(5) {20, D/2<S <D,

having the jump of discontinuity at the midpoint of the interval [0, D].

As usual, the standard trapezoid rule routine, with as little as ten quadrature nodes,
was implemented in order to evaluate the integral in (8.108) accurately, for all points
on .

Note that similar to the case considered in the previous illustration and shown in
Figure 8.5, the solution profile depicted in Figure 8.6 is also perfectly smooth, despite
the sharp discontinuity of the pay-off function. Indeed, no visible oscillation or other
irregularity is observed.

Hence, from the series of illustrations presented in this section, we can reasonably
conclude that the Green’s function-based method reveals quite promising computa-
tional potential for solving terminal-boundary-value problems for the Black—Scholes
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equation. The method provides the user with highly accurate numerical solutions,
even for problem settings involving non-smooth and even discontinuous components.
We must especially emphasize, that we applied no special tricks to suppress possible
numerical oscillations of the solution in one way or the other. This reveals an evident
regularizing feature of the Green’s function method, which completely avoids numer-
ical differentiation and only requires numerical integration in order to compute the
solution.

8.5

1.

Chapter Exercises

Use the approach developed in this chapter to derive the Green’s function for
the terminal-boundary-value problem stated in (8.44), (8.45) and (8.55).

Use the approach developed in this chapter to derive the Green’s function for
the terminal-boundary-value problem stated in (8.44), (8.45) and (8.57).

. Conduct a multi-parameter numerical experiment to explore the convergence of

the series formula for the Green’s function, which we derived in (8.77).

. Figure out the formula, to which the Green’s function in (8.87) reduces, if the

parameter y in the first of the boundary conditions of (8.80) is either equal to
zero or going to infinity.



Appendix
Answers to Chapter Exercises

Chapter 1

1. (a) Yes.
(b) Yes.
(c) Yes.
(d) Yes.
(e) Yes.
() Yes.
(g) No, because any function y = const represents a solution.

(h) No, because any linear function y = Cx, with C an arbitrary constant, is a
solution.

(i) Yes.
(j) Yes.
(k) Yes.

() No, because any linear function y = Cx + D, with C and D arbitrary
constants, is a solution.

—x, forx <s,

—s, forx >s.

1 {x[h(s—a)—l], forx <,

2. (@) glx,s) = {

(b) g(x,s) = 1+ ha s[h(x —a) —1], forx > s.

For h = 0, the boundary conditions in this problem reduce to those of part
a). This consequently reduces the above Green’s function to that of part a).
1 J(1+ hix)[ha(s —a)—1], forx <s,
(©) g(x,8) = —
H | (14 hys)[ha(x —a)—1], forx >s,
with H = hy + hi(1 + haa). for hy = 0, the present Green’s function
reduces to that of Example 1.3 of Section 1.1.
1 {ln[(ms + p)/(ma + p)lin[(mx + p)/pl. x <.

@ glx.s) = M |In[(mx + p)/(ma + p)]In[(ms + p)/p], x =>s,

with M = mIn[(ma + p)/p].
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1 (e™P* —1)(e B2 —eB5), forx <s,
© g9 = —p—— 1t " T T
Ble=Pa—1) | (e —1)(eP* —eP¥), forx >s.
1 [eB*—1, forx <s,
® glx.5) = E {e_ﬂs —1, forx >s.
© g(r.s) = 1 sink(a — s)sinkx, forx <s,
8 &l 5) = ksin(ka) |sink(a — x)sinks, for x >s.
x2[ks?(3a — x)(3a — 5) — 2(3s — x)(6 + ka?)],
1 for x <,
h) g(x.s) = — P
M) g(x.s) A | s?[kx?(3a — s)(3a — x) — 2(3x — 5)(6 + ka?)],
for x > s,

with A = 12(3 + ka?).

1 [x?(3s? + 2ax — 6as), forx <s,
(i) glx.s) = o
12a |s (3x“ +2as — 6ax), forx >s.
x2[2(x = 3s)(1 + ka) + 3ks?], forx <s,
(G glx,s) = 2 2
[2(s —3x)(1 + ka) + 3kx“], forx >s,

with A = 12(1 + ka).
1 { x2(3s2 — 6as + 2ax) — 1/k, forx <s,

k X,
) gx.5) = 12a |s2(3x2 — 6ax + 2as) — 1/k, forx > s.

1 {xz(s —a)*[2s(x —a) + a(x —s)], forx <s,
M glx,s) = o3 )2 »
s?(x —a)*[2x(s —a) + a(s — x)], forx >s.
3. (a) Yes.
(b) Yes.
(c) No, the condition for self-adjointness is not satisfied.
(d) No, the condition for self-adjointness is not satisfied.
(e) Yes.
4. (a) The integrating factor e ~2* reduces the given equation to the following self-
adjoint form:

—2x //(x) —2x /(x)+4e xy = 0.

(b) The integrating factor e**/2 reduces the given equation to the following
self-adjoint form:

X /2 //(x) +xex /2 /(x) x26x2/2y(x) — O
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(c) The integrating factor x> reduces the given equation to the following self-
adjoint form:

X7 (0) = x 2y () + x Py (x) = 0.

(d) The integrating factor x ! reduces the given equation to the following self-
adjoint form:

xy"(x) + ¥ () =x"ly(x) = 0.

. (a) Yes.

(b) Yes.
(c) Yes.
(d) Yes.
(e) Yes.
() No.

After applying the integrating factor e3*, the original boundary-value problem,
the Green’s function of which

1 {e_(5x+2s) — 26— forx <,

g(x,s) = ? e—(Gx+2s5) _ e—S(x—s)’ for x > s,

is asymmetric, and which is not self-adjoint, reduces to the following self-
adjoint form

ey (x) + 3¢y’ (x) = 10> y(x) =0,  y(0) =0, y(o0) < o0,
the Green’s function of which

1 {6—2(x+s) _65x—2s’ for x <'s,

g(x,s) = 7 e 2(rts) _e55=2x  for x > .

turns out to be symmetric.

. The Green’s function is found as

1 sinkxcosk(s—1), forx <s,
g(x,s) =

kcosk |sinkscosk(x —1), forx >s.

The construction procedure, which uses a standard fundamental set of solutions
(in this case it is composed of the functions: y; = sinkx and y, = coskx),
turns out to be more cumbersome in comparison with the procedure that uses the
special fundamental set of solutions: y;(x) = sinkx and y»(x) = cosk(x—1).
This occurs, because the latter procedure does not imply direct satisfaction of the
boundary conditions as part of the construction of the Green’s function. When
the special fundamental set of solutions is obtained, the boundary conditions are
taken care of in advance.
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—In(s/a), forx <s,

—1In(x/a), forx >s.

8. () g(x,s) = {

1 {(ekx + Ae k¥)sinhk(s —a), forx <s,

b 2 8) =
(b) g(x,s) kA (eks +Ae_’”) sinhk(x —a), forx >s,

with: A = (k —h)/(k + h) and A = ek 4 re~ka,

x2(s —a)?[2s(x —a) + a(x —s)], forx <s,

s2(x —a)*[2x(s —a) + a(s — x)], forx >s.

1
() glx,s) = ] {

1 |x[3s(s —2a)(2 + kx) + 2x2(1 + ka)], forx <,
@ glr.s) = + ,

s[3x(x —=2a)(2 + ks) + 25°(1 + ka)], forx >,
with A = 12(1 + ka).

© glr.s) = 1 (s —a)’[2(x —a) + (x —s)], forx <s,
&&= (x —a)?[2(s —a) + (s —x)], forx >s.

1 |x[ka(a —s)(x? + s> —2as) — 6s], forx <s,
A |s[ka(a — x)(x% + s* —2ax) — 6x], forx >s,

with A = 6ka?.

1 {)62(35"2 —6as +2ax)—1/k, forx <s,

X,5) = —
(g) g( ) 12a 32(3x2—6ax+2£15)—1/kv for x > S.

x[(3s% + x? — 6as) — 6a/k], forx <s,

1
(h) g(x,s) = 6 {s[(3x2 + 52— 6ax) —6a/k], forx > s.

2cosa + sina

9. (@) y(x) = sin x — cos x + e*.

(b) y(x) = (a —1)(a — 3)e? coshx —2x — 3.

2sina — cosa

©) y(x) = sina(l + x)e?™™ — cos x.
_ b a4 43 4
@ y(x)= 12Ox (x* —4a>x + 3a”).
@) y(x) = 6x5 — 22> [2x2(3a + 5) — a®(3a + 7)]
a+1 '

® y(x) = cos(%) - 9”6’;23 [27%x —3a(8 + 72)| — 1.

1
(g y(x) = 5()63 +3x2 4 6x + 6)e".
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Chapter 2

In the answers to Exercises 6 through 9, for compactness, complex variable notation is
used for the observation and the source point. Theseread z = x +iy and { = £ +in,
respectively.

1|1 —e@@E=0]||] 4 @) T

6' G ’ 7 ’ :_1 —_—, = —.
(ryigom = 5o e 40D T 2b

1 1 — e@E=0|1] 4 e@(z—0)
7. G(x,y;é,n)=—(ln| c 1+ e |

2 |1 — e®(=0)||1 4 e(z=0)|
11— ew(z—i—f)Hl + ea)(z—l-Z)| P
+1n = )7 w = ——.
[1 — e@G+D||] 4 ewz+D)] 2b
1 1 —e®(z=0)|1 w(z—=%)
8. G(x,y;s,n)z—(lnl e 11 +e70)
2r [1 —e@@E=D||1 4 e@(z—0)]
11+ ew(z-i—?)H] _ eao(z-i—§)| T
+ ln = )s w = .
|1 4+ e@G+D||] — @+ 2b

1|1 —e@@E=0|] — @+
9. G(L)’f, 77) - Eln |1 _ew(z_;-)”l _ew(z+é-)|

2 < (B —v)sinhvxsinhvé

b = veY4(f sinh va + v cosh va)

withw = /b and v = now.

sinvy sinvn,

In the answers to Exercises 10 through 14, we accept the complex variable notation
z =r(cos@ +ising) and { = p(cos ¥ + i sin ) for the observation and the source
point, respectively.
ja? — z8||h?z — a?¢|
|z = ¢I[b? = 2|
o0
FKo(r.0)+ Y Kn(r.0) cosn(p — w>}, r<o.

n=1

1
10. G(r,¢:0,¥) = E{ln

with

1+ bB1In(b/0) ni
1+bBIn(b/a) a’
Kn(r.0) = (r*" —a®")

naZn(b2n + Q2n) + bﬂ[an(bzn _ a2n) + b2n(92n _a2n)]
n(®2roP[n(b?" + ) + (b2 —a?")] ’

Ko(r,0) = —Inr +
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11.

12.

and for r > g, the variables r and ¢ must be exchanged in K¢(r, 0) and K, (r, 0),
whilst the factor |h%z — a?¢| must, in this case be replaced by |a?z — b%(|, in
the logarithmic component of G(r, ¢; 0, V).

b2 — z¢| |b%z — a?¢|
|z —¢|la? - zE|
FKo(r,0) + Y52, K, 0) cosn(p — W)}, r<o.

1
G(r,p:0,¥) = E{ln

with

apIn(b/r)In(o/b)
1 +aBIn(b/a)

Kn(r.0) = a®"(¢*" = b*")

n(an + (12") + aﬁ[(bZn o aZn) + (bZn o r2n)]
n(b2re)2[n(b?" + a*") + ap(b2" —a2")]

KO(r’ Q) =

and for r > g, the variables r and o must be exchanged in Ko(r, 0) and K (r, 0),
whilst the factor }bzz — a2§| must, in this case, be replaced by |a22 — b2§|, in
the logarithmic component of G(r, ¢; 0, ¥).

1 — 2 _ . F b2 — - b2z — a2
G(V’wig,l//):Z{ln'Z ¢lla Z((lerQ)Zqu z a§|

FKo(r 042 Y K, 0)+ K2 (7, 0] cosn(w—w)}, r<o.

n=1
with
Ko(r.0) = —— 121,
* bﬁ 2n 2n 2n 2n
Kn(r,9)=m{n[(rb) —(@0)*M] = [(ro)*" — (ab)*M)]}

Ku(r,0) = [(n —bp)a®" — b?>"*1p]

(r?" + a®™)[(n + bB)b*" + (n — bp)o*"]
2n2(b%ro)"[(n + bB)b2" — (n — bB)a?"]’

and for » > g, the variables r and ¢ must be exchanged in K¢ (7, 0), K, (7, 0),
and K} (r, 0), whilst the factor |b?z — a?¢| must, in this case, be replaced by
|a’z — b?¢|, in the logarithmic component of G(r,¢; 0, V). It can be easily
observed that the above expression for the Green’s function becomes undefined
if B =0.
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1 (. |z —¢lla® = zZ||p? — zE| |p2z — a?¢
13. G(r,p;0,¥) = E{ln (h2ro)? | |

+Ko(r,0)+2 3 [Kn(r,0)+ K (1. 0)] cosn(w—w)}, r<o.

n=1
with
Ko(r.g) = 10,
Ki(0) = 55ty (D) = @0)")] = [10)*" = (@)}

Kn(r,0) = [(n —ap)a®" —ab®" ]

(b + 0*™M)[(n + aP)r®" + (n — ap)a®"]
2n2(b%ro)"[(n + aB)b?" — (n — aB)a?"]’

and for r > p, the variables r and ¢ must be exchanged in K¢(r, 0), Ky (r, 0),
and K} (r, 0), whilst the factor |b?z — a¢| must, in this case, be replaced by
la®z — b?|, in the logarithmic component of G(r, ¢; 0, V).
2= glla? = 2E1b2 - = |22 — a?¢|
n

(b%ro)?

Ko 0)+2 X2 [Kn(r. 0)+ K2 (7. 0)] cosn(go—xm}, r<o.

1
14. G(r,¢:0,¥) = E{

with
Kot gy = L1 GBI/ = 5B /)
aPBy + bBa[1 4+ aP11In(b/a)]
R 0 T i e L]
Kn(r0) = 5z (n @1 + b2 (07" — (@)™
T(aBr — bB2)(r0)*" — (@b)™)] + abP1 B2 (6" — Q™) — aP™)}
and

Aa,r,n, 1) = (n +ap)r** + (n — apy)a”",

B(b,o.n,B2) = (n + bp2)b>" + (n —bp2)o™",
D(a,b,n, 1, B2) = (n +aP1)(n + bB2)b*" — (n — af1)(n — bpa2)a",
R(a,b.n,B1.B2) = (n —aP1)(a — bp2)a® — [n(aP1 + bP2) + abB1pa]b>".
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Note that for r > o, the variables r and ¢ must be exchanged in Ky(r, 0),
Kn(r,0), and K}(r,0), whilst the factor |b?z — a?¢| must, in this case, be
replaced by |a?z — b%{| in the logarithmic component of G(r, ¢: 0, V).

Chapter 4
2 l4vx —& nm
lG , V&, = — _— leél. 1 s = —,
(x,y:&,1n) n’; 3 e sinvysinvny, v b
1 > n(x,i:)
2. (b) G i invn,
®) Gl y:5.m = 4b Z v3(1 4 2v2a2 — cosh 2va) S vy Sy
nr"
v=—
, b~
with

2n(x, £) = 2sinhvx {e“S [(E — (1 + 2va — e %) — 2124?]
e E[(vE + 1)(1 — 2va —e™2%) + 2v2a2]}
+vxe™ {e"¥ [1 + 2va + h2a(a - §)]
e E[(2vE + 1)(1 — ) — 2va]}
—pxe'® {evf [(2vE — 1)(1 — e %) — 2v4]
— e [1—2va + 4v2a(a — §) — em]} ,

valid for x < &, whereas the formula g, (x, £) is valid for x > £ can be
obtained from that above by exchanging x and &.

400 sin ix sinvy
3 W y) = abD Z Z ¢ pv(p? +v?)2

X (cos ay — cos juaq)(cos vby — cosvby),

4Q0 Z (u? + ov?) sin px sinvy

My(x,y) =
i oot po(pu? + v2)2
X (cos pap — cos pay)(cos vhy — cosvby),
4Q0 (v2 + op?) sin ux sinvy
My(x,y) = Z Z

2 2)2
ot pv(p? +v?)
X (cos paps — cos pay)(cos vhy — cosvby),

with u = mn/a andv = nm/b.
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4 vb
4. (a) w(x,y) = QO Z Z ::)n(:jxinv?)}z (1 cos —) (1 —cos pa).

_ 2Q0 sin yx sin vy
(b) wx,y) = Z Z 202(12 + 12)2

m=1n=1
X <2 sin % — JLa cos %) (sinvb — vb cos vb),

with u = mn/a andv = nn/b.

6. (a) w(x,y) = —4Q0 Z Z Sin jLxsin vy ] (1 — cos %) (1 —cosvb).

abD £ luv [(u? +v2)2+ 2
400 adgad sin wx sinvy
b ,y) = ———
(b) w(x,y) ab mX=:1nX=: v [(? + v2)2 + A]

400 sin px sin vy
(c) w(x,y) = abD mzlr; szz (,u +12)2 4+ A]

X (sin wa — pa cos pa)(sin vbh — vb cos vb),

with 4 = mm/a andv = nn/b.

oo 0 ~2

48a*(1 —0?)Zo Z Z (1 +0) (M +v?)

10. u(x,p) =—

Ehlb ==
X COS (X sin vg (1 — cos 7) (1 —cosvb),
48a*(1 — 02)Zy o o= 02(1 + 0) + (7% +v?)
V) == ; A
. pl
x cos ux sinvg | 1 — cos > (1 —cosvb),
48a*(1—02)Zy (;L + v2)2
w(x,p) = Enb 2 Z Z

X COS [LX Sin Vg (l — cos —) (1 —cosvb),
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with o o
M:T’ VZTv = pa,
and
A = 120%a?(1 — 0?) + 2 (1% +vH)*.
Chapter 5
1. (a) Yes.
(b) Yes.
(c) Yes.
2. (a) The elements g;;(x,§), (i, j = 1,2) of the matrix of Green’s type are de-
fined as

(1 —=Ak&)(x +a) for—a<x<E<O,

1
gnx.§) = {(1 —Akx)(§ +a) for—a<§<x<0,

Ak
Me—ké for

g12(x.§) = i —a<x<0, 0<§&<oo,
Ak
ety = HEFD ke por g <t<0 02x<oo
x.6) 1 [HeFS=H — (1 — dka)e *&+E)  for0 < x < & < o0,
X, 6)= —
§22 2H | HekE—) _ (1 - )Lka)e_k(ﬁ‘g) for0 < £ < x < o0,

with H = 1 + Aka.
(b) The elements g;;(x,£), (i, j = 1,2) of the matrix of Green’s type are de-
fined as
sinhk(x + a)(coshk& — A sinh k&)
1 for—a <x <§ <0,
kA* | sinhk(€ 4+ a)(coshkx — A sinh kx)
for—a <& <x <0,

gn(x,§) =

—kE
g12(x,§) = kGA* sinhk(x +a) for—a <x <0<¢§ < o0,

—kx
g21(x,§) = GIZA* sinhk(§ +a) for—a <& <0<x < o0,

ek€ (A sinh ka cosh kx 4 cosh ka sinh kx)
1 for0 <x <§ < o0,
822X, 8) = ——5 1 _kx/q . :
kA* | e **(A sinhka cosh k€ + cosh ka sinh k§)
for0 <& <x < o0,

with A* = Asinhka + coshka.
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(c) The elements g;; (x,§), (i, j = 1,2) of the matrix of Green’s type are de-
fined as

sink(x 4+ a)(Asink& coska — cos k& sinka)
1 for—a <x <§ =<0,
gu(x.§)=—1. . .
A* | sink(€é + a)(Asinka coskx — cos ka sinkx)

for—a <& <x <0,
A
g12(x, &) = Esink(x +a)sink(§ —a), —a<x=<0<§&<a,
1
g21(x,8) = Fsmk(f +a)sink(x —a), —a<§<0=<x=<a,

sink(§ —a)(Asinka coskx + cos ka sinkx)
1 for0<x <§ =<a,
A* |sink(x —a)(Asinka coské + coskasink§)

for0 <& <x <a,

g22(x,8) =

with A* = k(1 4+ 1) sinhka coshka.

(d) The diagonal elements g;; (x, §) of the matrix of Green’s type are defined
as

e *€[hy coshkx + (hy + h3) sinhkx]
for0 < x <§& < o0,
e**[hy coshk& + (ha 4 h3) sinh k€]

for0 <& <x < o0,

1
gii(x’é:) = E

withi = 1,2,3 and H = k(h1 + ha + h3), while its peripheral elements
gij (x,8), (i # j) are defined as

h.
gij(x,£) = —E’e—"("+5), for0 < x,§ < 0.

3. y1(x) = thl(x—l)—izsinnx,
g T
1
yz(x) = ——th(x — 1),
T
1
y3(x) = —;th(x -1

with H = (hy + hy + h3)_1.
4. Yes, it is.
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5. The elements g;;(x,£), (i, j = 1,2) of the influence matrix are found as

E(x +a)’[2E11(£%x — 3a%x — 2a&?)
1 +3ELEQRxE +3ax —af)], —a<x<E<O,

gux8) = T 6a3R; | x(& + a)?[2E Iy (x2E — 3a%E — 2ax?)
+3EIx(2x§ + 3aé —ax)], —a <€ <x <0,
ga(.8) = 5 s xE( 4@ Ca-Hla—f. —asx=0fza
10,8 = 5o xEE +a2a-Na—v. —a<f<0<r=a
x(£ +a)*[2EL1x(2ax(a + &) — £(xE + 6a®x — 3af)
1 +3Ea*(x? —2a€ +£%)], 0<x<f<a
g22(x,§) =

6a3Ry | &(x + a)2[2EL1EQat(a + x) — x (xE + 6a%E — 3ax)
+3Ea%(§? —2ax —x?)], 0<§<x <a,

where Ry, R, and R, are introduced as

R0=4E11+3E12,R1=E11R0, and R2=E12R0.

6. The elements g;;(x,£), (i, j = 1,2, 3) of the influence matrix are found as:

x%(a —§)[E(x —3a)(§ — 2a) — 2a°x],
1 0<x=<é(=a,

S T R | 26— 0l — 3a)(x — 20) — 2628],
0<é(<x=a,

gr0.d = @ -, 0=x<a=f=la
&ﬂL$F=MEhXRa—®M—WL 0<x<a,2a <§<3a,
g0 = @ -Ha-x. 0=fzasrsla

1 (@a—x)[(2x —a)(a —3E) +2x?], a<x <& <2a,
$209 = 1, {(a —Ol2E—a)a—30)+28%. a<t<x<2a
g22(.8) = @ = Ve —a)@ =30 + 2], @ sx =20 =E<3
g31(6.6) = - Ea—§)a—x), 0=E=<a2a<x <3,

4aE1
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g32(x,§) =

g33(x,§) =

1
12EL

(a—8)[QE —a)(a—3x)+2£%], a<&<2a<x<3a,

2EI1[x%(x — 38) + 12x(xE —ax — af) + 16a°]

1 +3aEL[Ta(x + §) —5x€], 2a <x <& <3a,
12ELEI |2EL[E%(E — 3x) + 128(x§ — ax — af) + 16a3]
+3aEL[7a(x + &) —5x€], 2a <& <x <3a.

7. The elements g;;(x,£), (i, j = 1,2, 3) of the influence matrix are found as:

g11(x,§) =

g12(x,§) =

g13(-x’$) =

g21(x,§) =

g22(x,8) =

g23(x,§) =

g31(x,8) =

g32(x,§) =

g33(x,§) =

8. Yes, itis.

Chapter 6

B (£ —a)(E% 4+ ak — 4a® + 5ax —3x§), 0<x<§&<a,
6EI |(x —a)(x®> 4+ ax —4a? + 5a€ —3x§), 0<E<x<a,
1

6aE]
a

- — — < < < <

6E1(2a §)(x —a), 0<x<a, 2a<§&<3a,

lEI(a—é)(2a—x)(3a—x)(a—x),0§§fa <x <2a,

a@a-§8€QR2a-£&€QBa—-§)(a—x), 0<x<a<§<2a,

6a
(@ —x)(2a —&[(x + & —2a)> +2x(a - §)]

1 fora <x <& < 2a,
6aEl | (a—§)(2a—x)[(x + & —2a)> + 26 (a — )]

fora <& <x <2a,

X
6aE]l

a
—(a — -2 20 < x < < E<
6El(a &) (x a), a<x<3a, 0<¢<a,

§
6aEl

(a—x)(x—2a)a—§), a<x<2a<E§<3a,

(@—-8Q2a—§)(x—2a), a=f=2a=<x=3a,

(2a — x)(x? + 2ax — 3xE + 4a& — 4a?)
1 for2a < x <& < 3a,

6EI | (2a — £)(£% + 2aé — 3xE + 4ax — 4a?)

for2a <& < x < 3a.

1. The elements G;j(x,y:§,n), i,j = 1,2, of the matrix of Green’s type are
defined with the observation point (x, y) € €2; and the source point (§,7) € Q;.
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They are found in compact closed form:

Gui(x,y:§.m)
21{1&@—0&@—0+ —1m&@+o&@+@]
20| Exz-DEGE -0 A+1 Exz+Ei(z+0)
Gia(x,y:§.m)
_ A EGE-DEE-))
T+ Ex(z=Ei1(z =)
Gar(x. y:6.1m)
_ 1 EGE-)EE-]
T+ Exz—0Ei(z=0)
Gaa(x,y:6.m)
:_L[lEuz—o&@—r) A—lmEmz+0Exz+@}
20| Exz=QE(z—8) A+l E+DEGE+Y) ]

where complex variable notation is used for the observation z = x + iy and the
source { = £+in points. The parameter A represents the ratio A = A,/ of the
conductivities of the materials filling the segments of €2, and, for compactness,
we introduce the real-valued functions of a complex variable £ and E5:

&@—ﬁﬂwgﬂ‘md&@—hﬂwgﬁ‘

2. The elements G;;(x, y:&,1), (i, j = 1,2) of the matrix of Green’s type are de-
fined with the observation point (x, y) € €2; and the source point (§,7) € Q;.
The diagonal elements G11(x, y; &, 1) and Goa(x, y; €, n) contain the logarith-
mic singularity. After splitting it off, all elements are found as:

Gui(x,y:€.m)
_ L] EC-DIEE + O
- |: E(z—O[E(z + O)F nX:lgu(x ,E)sinvy s1nvr]:|

4 ¢ o
Gia2(x,y;6.n) = - Z gt (x, &) sinvy sin vy,

n=1

4 < o
Gai(x,y:6.n) = - Z g5, (x, &) sinvy sinvy,

n=1
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Gaa(x,y;€.1m)
1| EC-DIEC+DF &, L
~ [h‘ EG_0OEGC+OF © ,,;g”(x’g) ey ”] ’

containing only uniformly convergent series. This makes the above expressions
quite computer-friendly. Complex variable notation is used in the above for
the observation point z = x + iy and the source point { = & + in. The
parameters A and k and v are introduced as: A = Ay /A1, k= (1—=1)/(1 + 1),
and v = nx/b, whilst, for compactness, the real-valued function of a complex
variable E is introduced as

£ =10 ().

The coefficients glf; (x, &) of the series components of G;; (x, y: &, n) are defined
as

sinh va cosh vx cosh v€ 4 A cosh va sinh vx sinh v
(1 4+ A)neve sinh 2va

gn(x,§) = ,

valid for —a < x < £ < 0, whereas, in the above, the variables x and & must be
exchanged with —a < § < x <0;

sinhv(a + x) sinhv(a — &)

=2
g12(x,§) (1 + A)n sinh2va

valid for —a < x <0< § <a,

sinhv(a + £) sinhv(a — x)
(1 4+ A)n sinh 2va

g21(x,8) =

’

valid for —a < ¢ <0 < x <a, and

sinh vx cosh va sinh v + A cosh vx sinh va cosh v
(1 + A)nev@ sinh 2va

g22(x.§) =

)

valid for 0 < x < £ < a, whereas, in the above, the variables x and £ must be
exchanged with —a < § < x <0.

. After splitting off the singular components in the diagonal elements

G11(r,p;0,v¥) and Gaa(r, @; 0, V) of the matrix of Green’s type in question,
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its elements are expressed in the form:

1 z—¢ > ) )
Gu(r.g:0.9) = oy |:1n 1z = ¢l +4 Z gl (r,0)sinng smnw:| ,

z—¢l "=

2 o0
G , 0,0, = — n . 1 1 :
12(r,0;0, %) ~ nE_ g1, (r, 0) sinng sinnyr

2
Go1(r,¢:0. %) = n (1 0)si . ’
21(r,¢;0, V) Ez g51(r,0)sinng sinny

G (r.p:0.¥) = 5 |:ln :z g_: +4 Z g5, (r,0)sinng Slnnvfi|
n=1

containing only uniformly convergent series. This makes the above representa-
tions convenient for immediate computer implementation. Note that the obser-
vation point and the source point in the expressions for G;; (r, ¢; 0, V) belong
to individual regions, i.e. (r,¢) € Q; and (0, V) € ;. Complex variable nota-
tion, with z = r(cos ¢ + i sing) and { = p(cos ¥ + i sin ) is used for com-
pactness. The coefficients g;‘j (7, 0) of the series components of G;; (7, ¢; 0, V)
are defined as:

(ro)"
2nA*(ab)?n

A r\" ro\”n
glz(r,g)=nA*[(5) +(b—2)] 0O<r<a<o<h,

g21(r,0) = $[(§)n+ (2—3)’1] 0<o<ac<r=h,

g11(r,0) = — [(1+1)a®*" + (1 -21)b*"],0<r0<a,

and

g22(r,0) = THA

4. The boundary-contact-value problem modeling the sought-after potential field
in the composite structure is stated as:

1 i(sin(p 3141(@1,191))+ 1 Puiler.?) _
sin @1 01 S sin? ¢ a3 ’

(p1.71) € Q1,
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0’

1 i(sin(p 3uz(<pz,192)) 4 1 %uz(p2, 92) _
sin g g2 > G175 sin? ¢ 037

(2, 12) € Q2,

. T
lim |u1(p1,91)] < oo, ul(—,ﬂl) = u2(¢o. V2)
910 2

and

dui(m/2,91) Aauz(wo,ﬁz) Az
= =%

dp1 dg2

, uz(%,ﬂz) —0, A

The elements of the matrix of Green’s type for the above problem are found, for
A/ sin @ = 1, in the compact closed form:

. 1 @52 = 209,01 + (O1¥;Pg)?
G11(<.01,191,W1,11)=Eln 72— 20,00y, + V2

1 1-201W0001; + (91 W2Pp)?

G ,01:Y2,72) = — In ,
L ) G 6 U251 + (B100)2

1 1-20,9;9¢0 D0 D)2
Ga1(p2. 291, 71) = ——In—5——— 0021 + (P21 0)2
dr D5 —20W 1 DgO2; + (V1 Do)

’

s

and

1 1 —20,W509; + (P2¥2)?

G22(¢2,02;Y¥2,72) = —1In
47 D3 — 20, W,0,;, + V3

’

with ®¢ = tan ¢¢ /2, whilst the functional components &, Wy ,and Oy, k,[ =
1,2, in terms of the independent variables, read as:

®; = tan g%k Yy = tan % and Oy; = cos(Fy — 17).

Chapter 7

Some of the answers to the exercises in Chapter 7 are expressed in terms of the Jacobi
Theta function of the third kind ¢3(p, ). We recall that a series representation of this
function reads

o
3 (p,r)=1+2 Z e T cos2nmp.
n=1
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Qi — (x—¢|42an)? ret2am)?
2. (@ g(x,t;6) = E (=" qe ar Le i
2t
n=0
_[x+e—2am+1)2 _ lx—&l—2a(n+1)]2 }
—e 4t —e 41 .

. . ' e_((x;{i)2+/3t) 5 y—n xt 9 y+n xt
. (x,y.1:6,m) = AbJurl [3( 2b b2)+ 3( 2b b_2)}

ﬂt 2 2 —
€ _x=8 (x+§) y n xt
. b G ) ,t, B 4xt — 4xt ]} - =
4 ( ) (X y E n) F € ]|: 3( 2)

y+n xt y—n 4xt
_293( 4b ’b_Z)_’%( 2b ’b_2)
y+r] 4xt
J“%( 2b B2 )]
e [—ZV\/}fnte”(x'FH”’”)

4b/xmt
( x + S) _ =82 _(x+§)21|
xerfc 4+ e dxt 4 e ant
2/t

—n xt y+n xt
[‘93( 4b b2) ’93( 4b b2)
y—n 4xt y+n 4xt
03( % ’b2)+ﬂ3( 2 ’bz)]

e Bt x—§)2 (+6)2 y—n xt
G ) 7t; ) = ——7—e 4 T ax 75’ —_—, =
@ Gy = gl e ,][ ()

y+n xt y—n 4xt
— )
3( 4b b2) 3(2b b2)

y+n 4xt
+l93( o bz)i|.

© G, y.t:6.n) =

—Bt 2 2
€ x=6)% x+&)
G X, y,t; €, = —— (e dxt 4 e dxt

—n xt y+n xt
|:193( b b2)+l93 (—Zb ,b—z)]
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— o0
e Bt _Rak+(x+8)])? _Ratk+D)—(x+8)]2
5. G(x,y, 660 = ——— E le dxt —e At
bxmt
k=0
_ [2ak+|x—£1% _ Rat4+D—|x—£2
+ e 4xt — e dxt

00 2
_xmm?t pmgy | namn
X E e b2 s1nTsm—.
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