Math 421 - Lecture notes

© 2016 Advanced Engineering Calculus Rutgers University
Triet Pham - All Rights Reserved




TABLE OF CONTENTS

1 Linear algebra 5
1.1 Vector Spaces and Matrix Algebra . . . . . ... ... ... ... ..... 5
1.1.1  Introduction . . . . . . . . . . .. . e 5

1.1.2 Vector Spaces . . . . . v v v v v v i e e e e e e e 5

1.1.3  Subspace . . ... .. .. . ... 6

1.1.4 Linear independence and basis . . . . . . ... ... ... ..... 6

1.1.5 Matrixalgebra . . . .. ... ... oL 7

1.1.6  Special matrices . . . . . .. .. .. ... 7

1.1.7 System of linear equations . . . . . . ... ... .. ........ 8

1.2 Rank of a matrix and determinants . . . . . . . .. .. ... ... ..... 8
1.2.1 Introduction. . . . . . . . .. . ... 8

1.2.2 Rankofamatrix . ... .. ... .. .. ... ... ... ... 9

1.23  Determinants . . . . . . . . .. . .o e e 9

1.2.4  Properties of determinants . . . . . . . ... ... ... ... .. 10

1.3 Inverse of a Matrix and Cramer’sRule . . . . . .. .. .. ... ... ... 11
1.3.1 Inverseofamatrix . . .. .. .. ... .. ... .. .. ...... 11

1.3.2 Some properties of inverse . . . . . . . ... ... 11

1.3.3 Findingtheinverse . . . . . . . . .. . .. .. ... ... ... 11

1.3.4 Solving system of equations with inverse . . . ... ... .. ... 13

1.35 Cramer’srule . . . . . .. .. L 13

1.4 Eigenvalues and Eigenvectors . . . . . . . ... ... ... ... ...... 13
1.41 Introduction. . . . . . . . .. . . .. e 13

1.4.2 Finding eigenvalues . . . .. ... ... ... ... .. ... .. 14

1.4.3 Finding eigenvectors . . . . . . . . . . . . .. 14

1.4.4  Some propertieS . . . . . . . .. e e e e 15

1.5 Orthogonal Matrices and Diagonalization of Matrices . . . . . .. .. .. 16
1.5.1 Introduction. . . . . .. . .. .. ... 16

1.5.2 Orthogonal eigenvectors . . . . . . . . .. ... ... .. ..... 16

1.5.3 Orthogonal matrices . . . .. .. ... .. ... ... ....... 18

1.5.4 Orthogonal matrix formed by eigenvectors . . . .. ... ... .. 18

1.5.5 Diagonalization of matrices . . . . . . ... ... ... ...... 19



2 The Laplace transform 21

3

2.1 Definition of the Laplace transform . . . . . . ... ... ... ... .... 21
2.1.1 Introduction . . . . . . ... . ... 21
2.1.2  Definition and basicremarks . . . . . . . ... ... 21
2.1.3 Connection with power series . . . . . . . . . . . ... ... ... 22
2.1.4 The Laplace transform of basic functions . . . . . ... ... ... 22
2.2 Inverse Laplace Transform and Transform of Derivatives . . . . . . . . .. 23
2.2.1 Theinverseproblem . . . . . ... ... ... ... ... .. 23
222 Examples . . . . ... e e 24
2.2.3 Laplace transform of the derivatives . . . . . . ... ... ... .. 25
224 Solvinglinear ODEs . . . . . ... .. ... ... .. .. ..... 25
2.2.5 Zero-input response and zero-state response . . . . . . . . . . . .. 26
2.3 Translation Theorems; Unit Step Function (Heaviside Function) . . . . . . 27
2.3.1 Introduction. . . . . . .. .. ... 27
2.3.2  The operator £L~! o 7,: translation on the s-axis . . . . .. ... .. 27
2.3.3 The operator L o U,: translation on the t-axis . . . . . .. ... .. 28
2.4 Derivatives of Transforms and Transforms of Integrals . . . . . .. .. .. 30
24.1 Introduction. . . . . . .. . .. ... 30
2.4.2 Derivatives of the Laplace transforms . . . . . ... ... ... .. 30
243 Convolution . . . . . . ... L 31
244 Transforms of integrals . . . . . . . .. .. ... 31
2.5 Transforms of a Periodic Function ; the Dirac Delta Function . . . . . . . . 33
2.5.1 Transform of periodic functions . . . . .. ... ... ... .... 33
2.5.2 The Dirac Delta function . . . . . ... ... .. ... ....... 34
2.5.3 A summary of Laplace transformresults . . . . . . . ... ... .. 37
2.6 Systems of Linear Differential Equations . . . . . .. ... ... ...... 38
2.6.1 Introduction. . . . . . . . . ... 38
2.6.2 Example . .. .. ... 39
Fourier Series 41
3.1 Orthogonal Sets of Functions and Fourier Series . . . . . . ... ... ... 41
3.1.1 Orthogonal structure and geometry of a vector space . . . . .. .. 41
3.1.2  Orthogonal functions . . . . . . .. .. ... ... .. ....... 42
3.1.3  Orthogonality with respect to a weight function . . . . . . . .. .. 43
3.1.4 Fourier Series . . . . . . . . o v v it e e e 44
3.1.5 Orthogonal series expansion . . . . . . . . . . . .. .. .. .... 44
3.1.6  Trigonometric Series . . . . . . . . . . ... ..o 44
3.2 Fourier Series . . . . . . . . ... 46
3.2.1 Orthogonal series expansion . . . . . . . . . . ... .. .. .... 46
3.2.2 Trigonometric Series . . . . . . . . ... ... 46
3.2.3 Convergence of Fourier series . . . . . . ... ... ........ 48
3.2.4 Periodicextension . . . . ... ... 48



325 Anexample . . . ... 48

3.3 Fourier Sine and Cosine series, Complex Fourier Series . . . . . .. .. .. 49
33.1 Evenandoddfunctions. . . ... ... ... ... .. ... .... 49
3.3.2 Cosine and SiN€ SETiI€S . . . . . .« o v vt b e 49
3.3.3 Halfrange expansions . . . . . . . . .. .. ... ... ..., 50
3.3.4 Application: Particular solution of a differential equation . . . . . . 53
3.3.5 Complex Fourierseries . . . . . . . ... ... ... ........ 56
3.3.6 Fundamental period and fundamental frequency . . . . . . . .. .. 58
4 Basic Partial Differential Equations 59
4.1 Boundary Value Problems (BVP) and Regular Sturm-Liouville Problems . 59
4.1.1 Introduction - Linear operator in infinite dimensional space . . . . . 59
4.1.2 Regular Sturm-Liouville problem . . . . ... ... ... ... .. 59
4.1.3 Eigenvalues and eigenfunctions . . . . .. ... ... ... .... 60
4.1.4 Properties of regular Sturm-Liouville problem . . . . . . . . .. .. 61
4.1.5 Self-adjointform . . . . ... ... ... ... ... . ..., 62
4.1.6 Definition . . . . . . ... 62
4.1.7 Sturm-Liouville operator . . . . . . . . ... ... ... 62
4.1.8 Converting to self-adjointform . . . . . ... ... ... ... ... 63
4.2 Separable Partial Differential Equations . . . . . . ... ... ... .... 64
421 Introduction . . . . . . . . . . ... e 64
422 Separable PDEs. . . . ... ... ... ... .. ... ... ..., 64
4.2.3 Classification of second order linear PDEs . . . . . . ... ... .. 65
4.3  Heat Equation and Boundary Value Problems (BVPs) . . . ... ... .. 66
4.3.1 Derivation of the heatequation . . . . . . . . ... ... ...... 66
4.3.2 Heat equation as a boundary value problem . . . . ... ... ... 68
4.3.3 The boundary condition . . ... ... .. ... .......... 70
4.4 Wave Equation and Boundary Value Problems (BVPs) . . . .. ... ... 71
4.4.1 Derivation of the wave equation . . . . . ... .. ... ...... 71
4.4.2 Wave equation as a boundary value problem . . . . . ... ... .. 74
443 Standing waves . . . . . ... e e e e 76
4.44 Wave equation on unbounded domain . . . ... .. ... .. ... 77
4.5 Laplace Equation and BVPinarectangle . . ... ... ... ....... 79
4.5.1 Context for Laplace equations . . . . . . ... ... ... ..... 79
4.5.2 The Laplace equation as steady state solution to heat and wave
equation in higher dimensions . . . . . . ... ... ... ... .. 80
4.5.3 Some other contexts for the Laplace equation . . . . ... ... .. 80
454 Laplace equation as BVPinarectangle . . . ... ... ... ... 81
4.6 Nonhomogeneous Boundary Value Problem . . . . ... ... ....... 85
4.6.1 Non-seperable equations . . . . . .. ... ... ... ... ... . 85
4.6.2  Solving non-homogeneous BVP with homogenous boundary con-
ditions . . . . ... 87



4.6.3  Solving homogeneous BVP with time dependent boundary conditions 89
4.6.4 Solving non-homogeneous BVP with time dependent boundary con-

ditions . . . . ... 90

4.7  Orthogonal Series Expansions forBVP . . . . .. ... ... ....... 91
477.1 Introduction . . . . . . . . .. . .. 91

4772 Aheatequationexample . . . . . ... ... Lo 91

4773 A waveequationexample . . .. ... ... ... ... ... .. 94

4.8 Fourier Series in Two Variables . . . . . ... ... ... .. ....... 96
4.8.1 Introduction. . . . . . . .. .. ... 96

4.8.2 Two dimensional Fourier sine and cosine series . . . . . . .. . .. 97

4.8.3 Heat equation for temperatures inaplate . . ... ... ... ... 97

LIST OF REFERENCES 100



Chapter 1

Linear algebra

1.1 Vector Spaces and Matrix Algebra

1.1.1 Introduction

The Laplace transform we studied in the last chapter is an example of a linear operator.
The natural domain of a linear operator is a linear space, roughly a collection of objects
that is closed under addition and scalar multiplication. For example, for any integer n, the
collection of n-tuples R" is an example of a vector space. In the first part of this section we
study the basic properties of linear space.

The natural linear operator that acts on R" is represented by a m x n matrix. The second
part of this section deals with matrix algebra: the interaction between linear operators on
R™.

1.1.2 Vector spaces

Definition 1.1.1. A vector space is essentially a collection that is closed under addition
and scalar multiplication. That is let V' be a vector space. Then for any v,y € V and
scalars a, b,

axr+by eV.

The usual properties of addition and multiplication apply, such as commutatitivity, as-
sociativity and distributivity. The (unique) identity for the addition operation is called the
0 vector:

r+0=0+2z=u2x.

Finally every element x has its additive inverse —x:
r+(—x)=—2x+2=0.

Example 1.1.2. The typical examples of a vector space include
a. R", the space of n-tuples.



b. C|0,0), the space of continuous functions on [0, 00).

c. C"[0,00), the space of functions that are continously differentiable up to the nth
order.

In general, one just check that the collection is closed under addition and scalar multi-
plication. The 0 element and the existence of additive inverse are usually obvious.

1.1.3 Subspace

A subset W of a vector space V' is a subspace if W itself is a vector space. For example,
C|0, 00) is a subspace of C''[0, 00). Another example is the collection of 3-tuples with zero
first entry being a subspace of R3.

1.1.4 Linear independence and basis

Definition 1.1.3. A subset W of a vector space V' is linearly independent if the following
holds for any wy, - -- ,w, € W:

n

ZCZ‘U}Z‘ =0

=1

if and only if

cp=¢c=-:--=¢,=0.

We say W is linearly dependent if the above fails.

Example 1.1.4. The collection {[1,0,0],[0,1,0], [0,0, 1]} is a linearly independent subset
of R3. The collection {[1,0,0],[0,1,0],[1,2,0]} is a linearly dependent subset of R3.

Definition 1.1.5. A subset W of a vector space V is a basis of V' if the following holds:
a. W is linearly-independent.
b. For any v in'V, there exist wy, - - - ,w, and scalars cy,- - - , ¢, such that

n
E Ciw; = V.
=1

Remark: It is a fact that any vector space has a basis. Moreover, all bases of a vector
space have the same size. The size of a basis of a vector space is referred to as its dimension.

Example 1.1.6. The collection {[1,0,0],[0,1,0],[0,0,1]} is a basis of R3. Thus (obvi-
ously) the dimension of R? is 3.



1.1.5 Matrix algebra

Definition 1.1.7. A matrix is a rectangular array of elements

aj; Qa2 - Qip

m1 Gm2 - Amnp
The above matrix has m rows and n columns. We also say it is a m X n matrix.

Let A, B be m x n matrices. We say A = B if a;; = b;; for any 7, j. We define A + B
to be a m X n matrix such that

(A + B)l] = aij + b”
Similarly, for a scalar ¢, we define cA to be a m x n matrix such that
(CA)Z‘J‘ = CCLZ'j.

Now let A be m x n and B be n x k matrices. We define AB to be a m x k matrix such
that

(AB)Z] = Z ailblj.
=1

Matrix addition and multiplication enjoy the usual properties of addition and multi-
plication such as commutatitivity, associativity and distributivity. We won’t go into the
details.

Finally, let A be a m x n matrix. The transpose of A, denoted as A7, is a n x m matrix
such that

The following is a frequently used result about the transpose of a product of matrices:

(AB)" = BT AT,

1.1.6 Special matrices

A n x n matrix A is upper triangular if all the entries below the diganoal are 0: A;; = 0
for all 7 > j. We say A, «, is lower triangular if all the entries above the diagonal are 0:
A;; =0forall j > 1.

If only the diagonal entries of A is non-zero then we say A is a diagonal matrix.

A diagonal matrix is a scalar matrix if all the diagonal entries are equal.

A scalar matrix is an identity matrix, denoted as I, if all the diagonal entries are 1s.

A matrix A is symmetric if A = A7,



1.1.7 System of linear equations

A system of m linear equations and n unknowns are of the form Ax = b where A is a
m X n matrix and b is a vector in R™. The standard way to solve the system is to reduce
the augmented matrix [A|b] to row echelon form or reduced row echelon form. Roughly
speaking, a row echelon form transforms A into a matrix that is as close to upper triangular
as possible while a reduced row echelon form transforms A into a matrix that is as close to
the identity matrix as possible.

The operations that one can perform on a matrix to reduce it to echelon forms are:
swapping rows, multiplying a row with a scalar, adding two rows and replace the sum with
one of the rows.

We say a system is inconsistent if it has no solution and is consistent otherwise. If
m < n the system is under-determined and if m > n it is over-determined. An under-
determined system always has at least one solution (and usually infinitely many solutions)
while an over-determined system usually is inconsistent. If m = n it is of interest to see if
there is only one solution (solution is unique). Also note that the system Ax = 0 is always
consistent (no matter the size of A) since x = 0 is always a trivial solution.

1.2 Rank of a matrix and determinants

1.2.1 Introduction

In studying a linear system of equations Ax = b, it is clear that the properties of A play
a crucial role in the existence of uniqueness of the solution. We have mentioned two in
the last section: over-determined (m > n) and under-determined (m < n). These tell us
whether we have more (or less) equations than the unknowns. Note, however that not all
equations tell us something “new". For example, the following are essentially 1 equation:

r+y = 1
20+ 2y = 2.

If we look at the matrix [ ; ; } superficially, we may conclude that this system is neither

over- nor under-determined since m = n = 2. Yet this system is under-determined because
only the second equation is redundant. We will see that in stead of the size of the rows,
a better way to capture how many equations are “relevant” is the rank of a matrix. By
comparing the rank with the number of the unknowns, we will be able to tell whether we
can expect the existence of a solution and whether it is unique.

An alternative way to investigate the existence and uniqueness of the solution is via the
determinant of a matrix, which is only defined if a matrix is square.


https://en.wikipedia.org/wiki/Row_echelon_form

1.2.2 Rank of a matrix

Definition 1.2.1. The rank of a m x n matrix A is the maximum number of linearly inde-
pendent row vectorsi n A.

Remark: Since elementary row operations do not change the linear structure among the
rows, the rank of a matrix is equal to the number of non-zero rows in its row echelon form
or reduced row echelon form. This is how we find the rank of a matrix in practice.

Example 1.2.2. After row reduction, the matrix

1 1 -1 3
A=|[2 -2 6 8
3 5 -7 8
is reduced to
. 1 1 -1 3
A=101 =2 —-1/2
00 O 0

Thus rank(A) = 2.

In the previous example, suppose we want to solve the system Ax = b. After reduction,
the augmented matrix [A|D] is reduced to [A|b] where A is given above. It is clear that if
the the system is consistent if and only if the last entry of bis zero. We capture this fact by
saying a system Ax = b is consistent if and only if rank(A) = rank([A|b]).

On the other hand if the system Ax = b is consistent then in the above example, it is
clear that only the first two equations are relevant. There are 4 unknowns in the system.
Thus we have the freedom to choose 2 of them to be arbitrary values (usually the last two
unknowns by convention). If we let r denote the rank of the matrix then n —r is the number
of free unknowns we can assign arbitrary values to.

1.2.3 Determinants

Roughly speaking, determinant is a mapping from the space of n X n matrices to the real
line. To give its definition we need to introduce some notation. For a n x n matrix A, we
denote A% to be the n — 1 x n — 1 matrix obtained by deleting the ith row and jth column.
The determinant of A is defined inductively as followed:

a. det(A) = aj1ae — ajpas for Agys.

b. Generally, for a fixed j,

det(A) = Zm:(—l)i”det(Aij).

=1



This is expansion along the j-th column. Also for a fixed ¢,

n

det(A) = "(—1)"det(AY).

j=1

This is expansion along the ¢-th row. It is a remarkable fact that we obtain a single number,
called the determinant of A, for expansion along any row or any column.

Example 1.2.3. Expanding along the first row:

det( )=2(0x3—-3x5)—4(6x3—-3x1)+7(6x5—0x1)=120.

= o N

4
0
5

W W

1.2.4 Properties of determinants

We list here some basic properties of determinants:

a. det(A) = det(AT).

This is easy to see for 2 x 2 matrices. For 3 x 3 and higher it is easy to see that expanding
along a row of A is the same as expanding along a column of AT and the resulting matrices
after deleting specific row and column of A and AT are in fact transposes of each other.
Thus the result is true by induction.

b. det(AB) = det(A)det(B).

c. Let A’ be the resulting matrix after swapping two rows (columns) of A. Then
det(A’") = —det(A).

d. Let A’ be the result of multiplying a row (column) of A with a constant ¢. Then
det(A’) = cdet(A).

e. Let A’ be the result of multiplying a row of A wit a constant, add it to another row
and replace that row. Then det(A’) = det(A).

Remarks: ¢, d, e can be derived from b by represnting the elementary row operations
with action by a matrix. That is we can show A’ = F A for some matrix F. It is easy to
show that the matrix E' has the expected determinant (e.g. det(E) = —1 in statement c).

f. If A has a zero row (column) then det(A) = 0. This is easy to see by expanding
along the zero row or column.

g. If A have two identical rows or columns then det(A) = 0. This follows from e and
f.

h. If A is triangular then det(A) = []'_, a;;. This can be seen by expanding along the
first column (if A is upper triangular) or the first row (if A is lower triangular).

10



1.3 Inverse of a Matrix and Cramer’s Rule

1.3.1 Inverse of a matrix

We have seen that a m x n matrix A is a linear mapping from R” to R™. When m = n
the linear map A might be one-to-one and onto. That is it might have an inverse, denoted
as A~!. From its definition as an inverse, A~! satisfies

AATT =ATA=1T

Conversely, if there exists a matrix B such that AB = BA = [ then B is the inverse of
A. In fact, we only need either AB = I or BA = I to conclude B = A~! (this fact needs
some explaination which we’ll skip).

- 2]
A= [_11 —21].

If A~! exists we say A is non-singular. Otherwise we sa A is singular.

Example 1.3.1.

1.3.2 Some properties of inverse

a. The inverse is unique. That is if there are B, C' such that BA = CA = [ then B = C.

Reason: The above equation implies (B — C)A = 0. Since A~! exists (from either the
existence of B or ('), multipliying both sides with A~! on the right gives B — C' = 0 or
B=C.

b. (AB)"! = B7tA~L

Reason: Clearly B~'A~'AB = I.

c. (A Ht=A.

Reason: From definition of the inverse.

d. (ATt =(AHT.

Reason: (A™HTAT = (AA Y =17 =L

1.3.3 Finding the inverse

Let A be a n x n matrix. Let C;; = (—1)""/M;; where M;; is the determinant of the
(n — 1) X (n — 1) submatrix obtained by deleting the ith row and jth column of A. Denote

C111 C{12 e Cln ‘ C{11 C121 e Cln
ade _ .21 22 2 _ .12 22 2
Cnl Cn2 e Cnn Cln C2n T Cnn

11



Suppose det(A) # 0 then

1
 det(A)

-1

adj A.

Note that this result also implies that A™! exits if and only if det(A) # 0. To show that it
1s true, we need to show

A;ade =1,

det(A)
or equivalently
ajpr a1 -+ Qip CH 021 cee Cln det(A) 0 cee 0
Q21 Q22 *-° A2p Cia Cy -+ Oy, 0 det(A) ce 0
A1n Ap2 - App Cln CQn T Cnn 0 0 cee det(A)

That is we need to show

Z aijCij == det(A), \4)
j=1

and
n

Z aijij = O,Vi 7§ k.

j=1
The first equation is exactly the definition of det(A), expanding along the ith row. The
second equation can be explained as followed. For simplicity let’s say we want to show

Z alegj =0.
j=1

Imagine that we replace the second row of A with the first row and call the resulting matrix
A. If we calculate C’Qj of A it is the same as Cy; of A,Vj since Cy; is obtained exactly
by deleting the second row of A and the jth column (so the second row’s information is
irrelevant). Now since A has two identical rows, its determinant is 0. We thus have

ZCLUCQJ =0= Z&Qjégj = det([l) =0.
j=1 7=1

In practice, an easier way to find the inverse if to look at the n x 2n augmented matrix
[A|I] and perform Gaussian elimination until we obtain [/|B]. The matrix B is exactly
A~!. The reason is because Gaussian elimination is equivalent to being multiplied on the
left by a matrix. That is there must be a matrix B such that

BIA|I] = [I|B].
Butthen BA=TorB= A1

12



1.3.4 Solving system of equations with inverse

Consider the n x n system Az = b. If A~! exists then the system has a unique solution:
x = A~'b. In particular, the homogenous system Az = 0 has a unique and trivial solution
x = 0if and only if A is invertible. Conversely, Ax = 0 has a non-zero solution if and only
if A is non-invertible. Also note the aside fact that finding the inverse to solve for a system
is much more costly in terms of computation than using Gaussian elimination.

1.3.5 Cramer’s rule

Consider the vtimesn system Az = b and suppose that A is invertible. Then we can repre-
sent v = A~'b. Note however that we do not have a representation for x; (or xo, - , )
individually using the inverse approach. If for some reason our interest is to only find a
particular z; in the whole vector x, Cramer’s rule gives us the way to do so.

Theorem 1.3.2. Cramer’s rule Let A, i = 1,--- ,n be the matrix that resulted from re-
placing the ith column with the b column. Then

det(A?)
Tr; = .
det(A)
Example 1.3.3. Consider the system
3 2 1 7
1 -1 3 | =13.
5 4 =2 1
Then
7T 2 1
Al = -1 3
1 4 =2
and
-39
l=—+=-3.
P 13 3

1.4 Eigenvalues and Eigenvectors

1.4.1 Introduction

Let A be an x n matrix. We have mentioned that A is a linear map from R"™ to R™. It is of
interest and importance to look at the vectors that A “fixed". Thatis to find v € R", v # 0
so that

Av = v

13



for some constant \. In the above equation,the action of A on v essentially does not change
v, aside from a constant factor. Intuitively, one can believe that v captures some essential
characteristic of A because A does not change v. We say \ is an eigenvalue and v is an
eigenvector associated with the eigenvalue A. (Note: there can be more than one eigen-
vectors associated with one eigenvalue). It turns out that under certain conditions, we can
re-construct A from its complete set of eigenvalues and eigenvectors. This is the diago-
nalization result and it shows how eigenvalues and eigenvectors give information about the
original matrix.

1.4.2 Finding eigenvalues

The system Av = Av is equivalent to (A — AI)v = 0. The requirement that it has a
non-trivial solution v is equivalent to requiring that A — A/ is singular or

det(A— M) =0.

This is the equation for the eigenvalues of A. The LHS is a polynomial in A, usually
of degree n. Since eigenvalues are the roots of a polynomial, it can be repeated, real or
complex-valued.

Example 1.4.1. An example of real, repeated eigenvalues:
3 4
-5
det(A—X) = (A=5)>=0iff X =5.
Example 1.4.2. An example of repeated complex eigenvalues:
0 —1
t-
det(A—=XI) = N +1=0iff \ = +i.

1.4.3 Finding eigenvectors

Once we find a specific value of A, we can proceed to sovle the system (A — A\)v = 0.
Since det(A — AI) = 0 this system has infinitely many solutions by construction. As a
consequence eigenvector is not unique. That is if v is an eigenvector then cv is also an
eigenvector for any ¢ # 0 becaus

Av = v
implies
A(ev) = AMev).

What we present as eigenvectors are the basis vectors of the solution space. Note that there
are n — r basis vectors of the solution space (where 7 is the rank of the matrix A — \T).

14



Example 1.4.3.

]

We have showed \ = 5 is the eigenvalue.

-2 4
o [ 1],

And thus an eigenvector would be v = [ i } :

Example 1.4.4.

A =

— = ©
— O
O =

You can easily check that A = 8 is an eigenvalue.
111
A-81 = 1 11
111

Here A — 81 is of rank 1 so we would expect two (linearly independent) eigenvectors
associated with eigenvalue 8. Indeed if v = [vy,vs,v3|T then the only equation v satisfies
isvy + vy +v3 = 0. Thus vi = [—1,0,1]7 and vo = [—1,1,0]" would be 2 eigenvectors
associated with eigenvalue 8.

1.4.4 Some properties

Here we list some properties about eigenvalues and eigenvectors that can be useful in their
computation.

a. If a + @b is an eigenvalue of a (real entry) matrix A then a — b is also an eigenvalue
of A. If v is an eigenvector associated with a + ib then v (the complex conjugate of v taken
entriwise) is an eigenvector associated with a — ¢0.

Reason: This comes from an algebra fact that complex roots of a real entry polynomial
come in conjugate pairs. Since A has real entry,

Av = v

implies



b. A matrix A is singular iff it has an eigenvalue 0.

Reason: An eigenvalue equalling 0 is equivalent to det(A) = 0 iff A is singular.

c. Conversely, a matrix A is non-singular (invertible) iff all of its eigenvalues are non-
zero. In this case, if A is an eigenvalue of A with eigenvector v then % is an eigenvalue of
A~! with the same eigenvector v.

Reason: Av = Av implies v =AA"'vor ;v =A"1v.

d. If A is triangular then its eigenvalues are exactly its diagonal entries.

Reason: If A is triangular then A — A/ is also triangular and det(A — A ) = [, (a; —

=1
A). Clearly the roots of this polynomial are \;;,i = 1,--- , n.

1.5 Orthogonal Matrices and Diagonalization of Matrices

1.5.1 Introduction

The notion of orthogonality is of fundamental importance in many areas. The motivation
is quite natural: two vectors vy, vy (in R? or R?) are orthogonal if vI vy = 0. This can be
verified geometrically by just drawing out vy, vo. For example, [—1, 1] and [1, 1] are clearly
orthogonal.

More abstractly, we can define for any two vectors vy, vy in R" to be orthogonal if
vivy = 0. Note that we lose the geometrical intuition for n > 3. On the otherhand, some
fundamental properties of orthogonal vectors are still applicable in higher dimension, such
as orthogonal vectors are linearly independent. We can also discuss orthogonality of two
functions, as we will see in the chapter on Fourier series. It is of interest then to see
discuss properties related to orthogonality of vectors and matrices, onf of which is the
diagonalization of matrices.

1.5.2 Orthogonal eigenvectors

Theorem 1.5.1. Let A be an n x n symmetric matrix. The eigenvectors corresponding to
distinct eigenvalues are orthogonal.

Remark:
a.First it is only true for symmetric matrix. For example, the matrix

= o)

has distinct eigenvalues 1, 3 and two eigenvectors [ é } , corresponding to A = 1 and { i 1

corresponding to A = 3 but they are not orthogonal.
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Second it is only true for eigenvectors corresponding to distinct eigenvalues. For exam-
ple the matrix

7T 4 —4
A = 4 -8 -1
-4 -1 -8
has eigenvalues \;y = —9 and \; = 9. There are two eigenvectors corresponding to \; =
-9
0 1
Vi = 1 Vg = —4
1 0

The eigenvector corresponding to Ao = 0 is

4
V3 = 1
-1

Observe that v1, vy are orthogonal to vs but v; is not orthogonal to vs.
Proof.  Let A be symmetric and \; # A, be two distinct eigenvalues of A. Since they are
distinct both of them cannot be zero. WLOG suppose \; # 0. Then

1
Vive = ()\—(AVl)T)W
1
1 A
= )\—lvlTAvg /\_le Va.
That is \
(2 —1)vlivy=0

The conclusion follows since i—j # 1 because they are distinct.
Next we cover a result for eigenvalues of symmetric matrix.

Theorem 1.5.2. Let A be an n x n symmetric matrix. Then all of its eigenvalues are real.

Proof.  Let A be an eigenvalue of A with associated eigenvector v. WLOG A # 0 since
then it is real. We know that A is also an eigenvalue (if A is real then A = X and if it is
complex then this is the result from the previous section) with associated eigenvector v.
Then

vliv.

1
Viv=<(AV)v=<vlAv =

>l >

>~
>l

Now v’'v is real and non-zero since v is not a zero vector. Therefore % isreal. Thus A = \
is a real number.

17



1.5.3 Orthogonal matrices

Definition 1.5.3. A set of vectors {v1,--- ,v,} is orthonormal if v v; = 1 and v]v; =
0,i# jforalll <i,j <n.

Definition 1.5.4. A matrix A is orthogonal if AT A = I. Equivalently, A is orthogonal if
AT = AL The last equivlanet definition is if the columns of A form an orthonormal set.

Remark: It is worthwhile to note that an orthogonal matrix is automatically invertible
(its inverse is its transpose).

1.5.4 Orthogonal matrix formed by eigenvectors

Let A be a symmetric matrix. We will accept without proof the fact that A has n indepen-
dent eigenvectors. So we can form a n X n matrix P whose columns are eigenvectors of
A. Since the eigenvectors corresponding to distinct eigenvalues are orthogonal, P is “al-
most" orthogonal. If we can make the eigenvectors corresponding to the same eigenvalue
orthogonal and normalize all columns to length 1 then P will indeed be orthogonal. In fact
this can always be done and the procedure used is referred to as Gram-Schimidt process,
see e.g. here.

In practice, we do not have to employ Gram-Schmidt but more or less “guess" at what
we need. The following example will illustrate.

Example 1.5.5. Reconsider the matrix

7T 4 —4
A = 4 -8 -1
-4 -1 -8
which has eigenvalues \y = —9 and Ao = 9. There are two eigenvectors corresponding to
A =-9
0 1
vi=|1]|;vao=| —4
1 0

The eigenvector corresponding to Ao = 0 is
V3 = 1
-1

We mentioned that v, vy are orthogonal to v but v is not orthogonal to v». It is easy to
choose vy orthogonal to vy so that v, is still an eigenvector indepndent of v using Gram-
Schmidt. Nevertheless, what we’ll do is look at how we find v, vy, namely from the system
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A+ 91 = 0. The reduced form is

1 1/4 —1/4
0 0 0
0 0 0
x
Thusifv = | y | is an eigenvector coressponding to X\ = 9 then 4x +y — z = 0. We want
z
to choose two solutions for x,y, z that are orthogonal to each other. Utilizing 0,1 helps.
0 1
So the first choice is vi = | 1 | and the second choice is vy = | —2
1 2
Thus
I e
eoys oy
Bl Ot
V2 V3 V6

1.5.5 Diagonalization of matrices

Diagonal matrices are very simple to work with. Specifically, the product C' of two diagonal
matrices A, B is diagonal, with diagonal entries equal to the product of the corresponding
diagonal entries of A, B. Thatis C;; = A;B;;, Vi. Consequently, if A is diagonal, A" is
also diagonal and (A™);; = (Ayu)™.

Thus given a square matrix A, we would like to relate it to a diagonal matrix via the
notion of simlarity. Two matrices A, B are similar if there exists an invertible matrix P
so that A = P~'AP. One motivation for calling such relation simlarity is because two
similar matrices have the same eigenvalues (can you see why?). Thus given a matrix A, we
would like to see if it is similar to a diagonal matrix D. By the above remark, if this can be
done, the diagonal entries of D are exactly the eigenvalues of A. We say in this case that A
can be diagonalized and the process of finding such matrix P is called the diagonalization
process.

It turns out that not all matrices can be diagonalized. This has to do with the fact
that not all matrices has a full set of eigenvectors. If a matrix A does have a full set of
eigenvectors, an orthogonal matrix P can be formed using these eigenvectors similar to the
above example. Moreover, in this case

A=PDpP!'=pPDPT,

where the column of P is the corresponding eigenvector to the eigenvalue on the diagonal
of D.
To see that this is the case, we will show that

PTAP = D.
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Indeed, P = [vyvs - - - v,,| where v; is the ith eigenvector of A. We see that
AP = [AVlAVQ cee Avn] = [)\1V1/\2V2 cee )\nvn]
Thus

T

PTAP = | 2 | [\Mvideva - - Agva] = D,

V'T
where D;; = v;\;v; = 0if i # j and equals ); if ¢ = j by the orthogonality of v;, v;.

Example 1.5.6. Reconsider the matrix

7T 4 -4
A = 4 -8 -1
-4 -1 -8

We have showed that an orthognal matrix formed by eigenvectors of A is

P =

- o8
Sl |
g

V2 V3 6

A has eigenvalues A\ = —9 (with multiplicity 2) and Ay = 9. One can verify that

1 1 1 1 1
74 4 Vi Vi U -9 0 0 v (1) e
4 =8 -1 |=|0 5 & 0 =90 ||~-% &5 =
4 -1 -8 I I 0 0 9 12 1

Vi V3G V6 V6T e
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Chapter 2

The Laplace transform

2.1 Definition of the Laplace transform

2.1.1 Introduction

In mathematics, there is an abstract notion of an operator: a mapping from a function space
to a function space. Let £ denote such an operator. We say L is a linear operator if it
satisfies

L(af +bg) = aL(f)+bL(g),

where a, b are real numbers and f, g are functions. From elementary calculus, the differen-
tiation % and integration [ dt¢ are examples of linear operators.

The Laplace transform that we will study in this chapter is a linear operator that has
many important applications, e.g. (but not limited to) in solving ordinary differential equa-

tions (ODEs) and partial differential equations (PDEs).

2.1.2 Definition and basic remarks

Definition 2.1.1. Let f be a function defined for t > 0. Then the integral

(1)) = / et (n)de

0

is said to be the Laplace transform of f, if the integral exists.

Remarks:

a. While f is a function of ¢, the Laplace transform of f is a function of s.

b. An arbitrary function f does not necessarily have a Laplace transform (if the integral
does not converge). E.g. f(t) = e’ does not have a Laplace transform.

c. Also because of the issue of convergence of the integral, the Laplace transform of an
arbitrary function f may not be defined for all values of s. E.g. if f(¢) = €, a a constant
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then L£(f) is only defined for s > a. When the domain of s is not explicitly stated, we
understand that we only work with the values of s such that £( f) is well-defined.
d. The Laplace transform is indeed a linear operator:

Llaf +bg) = /0 T e af(t) + bo(t)]dt
= o[ et b [ et = atth) +b200)

You can see the linearity of the Laplace transfrom comes from the linearity property of the
integral operator.

2.1.3 Connection with power series

The Laplace transform can be viewed as a continuous anolog of a power series. Specifi-
cally, if a(n) is a discrete function of a positive integer n, the power series associated with
a(n) is

Z a(n)z",

n=0

o) x"
n=0 n!-

where x is a real variable. For example, the power series representation of e is )
That is a(n) = - in this particular series.

Suppose we formally replace the discrete variable n with a continous variable ¢. Then
the summation over n becomes integration over ¢. The function a(n) becomes a function
f(t) (which is a continuous extension of a(n) to the positve half of the real line). Thus a
continuous version of the power series becomes

/ F()adt.
0
Replacing « with e™* gives

/000 ft)atdt = /OOO Ft) (e ®)dt = /OOO F(t)edt.

Thus, the Laplace transform can be viewed as a continuous version of a power series
where the discrete variable n is replaced by the continuous variable ¢, the discrete coeffi-

S

cients a(n) replaced by f(t) and x replaced by e*.

2.1.4 The Laplace transform of basic functions

The following are some formulas that you should memorize for the purpose of this course.
It is also recommended that you go over their derivation at least once.
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1
|
L") = Sﬁl,n —1,2,3--
1
L(e™) = o
. k
E(Sln(kt)) = m
S
E(COS(th)) = m
. k
E(Slnh(k}t)) = m
S
E(COSh(kt)) = m

Remarks:
a. L£(1) can be seen as a special case of £(¢") with n = 0 from the fact that 0! = 1.
b. The Euler formula states ¢ = cosz + isinz. Hence cosz = 1(e” + ¢~**) and

. ; i .. T —x . r_ _—x
sinz = (" — e7™). Also from definition, cosh(z) = <= sinh(z) = =f—. These

identities, coupled with the formula for £(e) can be used to derive the Laplace transforms
of sin, cos, sinh, cosh.

Example 2.1.2. Laplace transform of a piece-wise defined function Let
f(t) = 1,if0<t<3
2, ift > 3.
Then

B
=
|
c\
do
|
=
QL
—
+
[\
cﬁo\
8
Q)
.
QL
~

—~
—_
|
° I
w
v
~—
@

[V IV B
w
<-bl
o
w

V)

2.2 Inverse Laplace Transform and Transform of Deriva-
tives

2.2.1 The inverse problem

Given a function g(s), it is natural to ask if there is a function f such that £L(f) = g. That
is g is the Laplace transform of f; or f is the inverse Laplace transform of g. We denote

F(t) = L7 (g(s)).
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For example, if g(s) = - then f(t) = ¢ is such that £(f) = g and f = L7'(g).
It is worthwhile to compare £ and £~! with differentiation and integration in elementary
calculus.

Remarks:

a. There is a general formula for the inverse Laplace transform, called the Mellin’s
inverse formula, see e.g. here. It requires integration in complex coordinates and hence
the formula is beyond the scope of this course. We will rely on the formulas for Laplace
transform of basic functions and basic manipulations to find inverse Laplace transforms.

b. The inverse Laplace transform is not unique point wise. For example

fit)=0,t >0

and
fo(t) = 0,t#1
= 1,t=1

have the same Laplace transforms, thatis £(f1) = L£(f2) = 0. However, if we know apriori
that the inverse Laplace transform is continuous then it is also unique pointwise.
c. The inverse Laplace transform is a linear operator. That is

L7 agi(s) + bga(s)) = aL™ (g1(s)) + bL (ga(s)).
(It follows from the linearity of the Laplace transform). We will utilize this property to find

the inverse Laplace transforms.

2.2.2 Examples
Example 2.2.1.

1 1 1
£*1<———+ ):t—l—l—e%.
s2 5 s5—=2

Example 2.2.2.

£71< s +6s+9 ) _ £1<—%+ % N = )
(s—1)(s—2)(s+4) s—1 s—2 s+4
16, 25, 1T
= 5 e + G e + 3 06 .
In the second example, we have utilized the technique of partial fraction decomposition.
That is we find A, B, C' such that

s° +6s+9 A, B C
(s—1)(s—2)(s+4) s—1 s5—2 s+4

For a review of partial fraction decomposition, see e.g. here.
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2.2.3 Laplace transform of the derivatives

Theorem 2.2.3. Let f be a function defined on [0, 00) with sufficiently nice derivatives.

Then
L(f™) = s"L(f)(s) =" f(0) = "2 f/(0) — -~ = f7D(0).
Example 2.2.4.
L(f'(t)) = sL(f)(s)— f(0)
L(f"(t)) = s°L(f)(s) —sf(0) = f(0).
Remark:

a. The Laplace transform of derivatives of f (of any order) involves the Laplace trans-
form of f (multiplied with a power of s) subtracting a polynomial in s. Note that the terms
£(0), f(0), -+~ , f®=1(0) are constants.
b. This makes the Laplace transform a suitable tool to solve linear ODEs with initial
conditions. After the transform, the ODEs becomes an equation where the the Laplace
transform L(f)(s) is the term to solve for. The linearity of the Laplace transform preserves
the linearity of the equations. The initial conditions provide information for f(0), f/(0),-- -, f™~1(0).

2.2.4 Solving linear ODEs
Example 2.2.5. Solve

y'(t)+3y = 13sin(2t),

y(0) = 6.
Sol:
Denoting Y (s) = L(y)(s). Taking the Laplace transform on both sides yield
2
Y(s) —y(0) +3Y = 13 .
V() ~y(0) +3¥(5) = 135
That is
65> + 50
Y(s) = .
(%) (s+3)(s?+4)
Using partial fraction yields
65% + 50 8 —2546

+ .
(s+3)(s?+4) s+3 s2+4
Taking the inverse Laplace transform yields

y(t) = 8¢ — 2cos(2t) + 3sin(2t).
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Example 2.2.6. Solve

y' =3y +2y = e,

y(0) =1,4(0) =
Sol:
Again denoting Y (s) = L(y)(s). Taking the Laplace transform on both sides yield

Y (5) — s9(0) — 4/ (0)] = 3[sY (5) — y(0)] + 2V (5) = ——.

That is
+ s+ 2.

(s* =35 +2)Y(s) = p——y

s2+6s5+9 s’ +6s+9
Yls) = (2 =3s+2)(s+4)  (s—1(s—2)(s+4)

From Example (2.2.2) we have

y(t):£_1< s2+6s+9 ) _ 16, 025 5 1

-1 —2)(s+4) 50T TRf

2.2.5 Zero-input response and zero-state response

Consider an abstract linear ODE;:
S ay(t) = g(t)
i=0

y'(0) = ¢,i=0,---,n—1

Denoting L£(y)(s) = Y (s) and L(g)(s) = G(s), from the examples in the previous section
the Laplace transform of the ODE has the form

P(s)Y (s) + Q(s) = G(s),

where P(s) = >_"" , a;s' and Q(s) is a polynomial of degree at most n — 1 whose coeffi-
cients come from the initial conditions 37 (0),7 = 0,--- ,n — 1. Thus

i) = £ (o) 4 £ (B0 = mle) + e

This is the abstract formulation of the solution of a linear ODE using Laplace transform.
There are two special cases:

a. The input g(¢) = 0. Then clearly G(s) = 0 and y(¢) = yo(t). Thus we refer to yo(t)
as the zero-input response.

b. The initial conditions ¢; = 0,4 = 0,--- ,n — 1. Then clearly Q(s) = 0 and y(t) =
y1(t). Thus we refer to y; () as the zero-state response.

In general then, the solution to the initial value ODE is the sum of the zero-input re-
sponse and the zero-state response.
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2.3 Translation Theorems; Unit Step Function (Heaviside
Function)

2.3.1 Introduction

The previous section on the Laplace transform of derivatives can be looked at as a study of
a particular interaction of linear operators. Indeed, if we denote D" as the n-th derivative
operator then the previous result says that £ o D" is also a linear operator, and

LoD"(f(t) = s"L(f)(s) ="' F(0) = " 2f(0) — -~ — f"D(0).

(It is a quick but still interesting exercise to verify that £ o D™ is indeed linear).
Another interesting example of a linear operator is the translation operator. Let a be a
fixed constant. We denote 7, to be the linear operator such that

Ta(f(1)) = [(t —a).

Again, you can quickly verify that 7, is indeed linear. In this section we study the interac-
tion between the inverse Laplace transform and the translation operator. That is we study
the operator £~! o 7.

A last interesting example of a linear operator is as followed. Define the unit step
function or the Heaviside function as followed:

Ut) = 1,t>0
= 0,t<0.

With a slight abuse of notion, we denote /, to be the operator:

Un(f(1) = Ta (U () =U(t = ) f(t — ).

Note that the right hand side of the above is just a multiplication of two functions. Roughly
speaking, U, (f) has the effect of shifting f by a units to the right and “zero" out the part
of f to the left of a. The last result we study in this section is the interaction between the
Laplace transform and the operator I/,. That is we study the operator £ o U,,.

2.3.2 The operator £~ ! o 7,: translation on the s-axis

Theorem 2.3.1. Let a be a real number and suppose that L(f) = F(s) then
L(e™f(t) = F(s—a).
Equivalently,
L7H(F(s —a)) = e f(1).
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Example 2.3.2.

Example 2.3.3.

() - o (2

(e (o)

= 2% + 113,

Remark: Note how we would approach this example from the previous section using
partial fraction. Using the result about translation it is much quicker to find the inverse
Laplace transform of this example.

Example 2.3.4.

£ (32 + is n 6) = £ ((s + 28)2 + 2)
- Natmm) - (o)
= e 2 cos(V2t) — V2e 2 sin(V2t).

Remark: Again note how we would not be able to handle this example using partial
fraction and the result of the previous section, because s + 4s + 6 is irreducible and it is
not of the form s% + k2.

2.3.3 The operator L o U,: translation on the t-axis

Theorem 2.3.5. Let a be a real number and suppose that L(f) = F(s) then
L(f(t—a)l(t—a)) = e “F(s).
Equivalently,
L e F(s)) = f(t — a)U(t — a).

Example 2.3.6.

‘Cfl < 1 4623> _ 64(1‘/72)2/{@ . 2)
s —
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Remark: The thinking process for the above example is as followed: first we need to
identify the function f such that £L(f) = s—%f This already is an application of the first
translation theorem; which gives f(¢) = . Then we apply the second translation theorem
to get the conclusion.

Example 2.3.7.

LEUE—2)) = L([(t—2)*+2(t—2)+4JU(t—2))
- [2! 2 4}

$2 sl
Example 2.3.8.

s
s24+1

L(cos(U(t — 7)) = L(—cos(t — mU(t — 7)) = —e™

Example 2.3.9. Solve

where

ft) = 0,0<t<n
= 3cos(t),t > .

Remarks:

a. f is a piecewise defined function. It represents an external force that is “kept off"
from time O to 7 and then “turned on" afterwards.

b. The procedure to solve this problem is routine; i.e. we apply the Laplace transform
on both sides. We skip the details (see also Section 4.3 Example 9 in the textbook). The
only thing new is to express f in a convenient form that utilizes the result we developed in
section. Namely we write

f(t) = —3cos(t —m)U(t — )

and use the result in the previous example.
c. f(t) may also take the form

f(t) = 3cos(t),0<t<m
= 0,t>m.

That is the external force that is “turned on" from time O to 7 and then “turned off" after-
wards. We can re-write f(t) using the Heaviside function as

f(t) = 3cos(t)(1—-U(t— 7))
= 3cos(t) +3cos(t —m)U(t — 7).
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2.4 Derivatives of Transforms and Transforms of Integrals

2.4.1 Introduction

In this section, we continue to pursue the theme of the interaction between linear operators
we’ve already known (translation, differentiation - --) and the Laplace transform (or the
inverse Laplace transform). In particular, we will look at the interaction of differentiation
and the inverse Laplace transform. Secondly, we look at the interaction between integration
(more specifically the convolution operation) and the Laplace transform. As an application,
we will use the results covered in this section to solve the Volterra Integral Equation).

2.4.2 Derivatives of the Laplace transforms
Theorem 2.4.1. Let '(s) = L(f(t)). Denote F™ as the n-th derivative of F. Then
LE"f(1) = (~1)"F™(s).
Equivalently,
£ f(t) = £V ((—1)"F(”)(s)>.

Remark: Compare this result with the Laplace transform of the derivative of f:

LOf™M () = s"L(f)(s) = 8" f(0) = s"2f1(0) = - = fO7D(0).
Example 2.4.2.
L(tsin(kt)) = —dils (Wkk?)
B 2ks
= @y

Example 2.4.3. Solve

" + 16z = cos(4t), z(0) = 0,2'(0) = 1.

Ans:

Denote F(s) = A(xz(t)). Taking the Laplace transform on both sides give
2F(s) — s2(0) — '(0) + 16F(s) = o——.
SF(s) — 52(0) ~2/(0) + 16(s) = o

That is

s . 1
(s2416)2 2416

F(s) =
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Observe that

i( 1 ) B —2s
ds\s2+16/  (s2+16)%
Thus

(1) = & sin(a) + {sin46)

2.4.3 Convolution
Definition 2.4.4. Let f(t) and g(t) be two functions defined on [0, c0) with nice enough
properties. The convolution of f and g, denoted as f * g is defined as

fxg(t)= /Otf(u)g(t — u)du.

Remarks:
a. The convolution of two functions is a function.
b. Applying a change of varible by letting v = ¢t — u we have

t t
9410 = [ flugt—wdu= [ f(t - v)gv)av
0 0
Thatis f « g = g * f: the convolution operator is commutative.

Example 2.4.5.

t
1
e' xsin(t) = / e"sin(t — u)du = §(et —sint — cost).
0

2.4.4 Transforms of integrals

Theorem 2.4.6. Let f(t) and g(t) be two functions defined on [0, 0c) with nice enough
properties and F(s), G(s) their corresponding Laplace transforms. Then

L(f xg(t)) = F(s)G(s).
Equivalently,
LT F(s)G(s)) = f*g(1).

Remarks:
a. We do not have the converse result. That is we do NOT have

L(ft)g(t)) = F(s) * G(s).

b. A useful particular case : the inverse Laplace transform of F%(s) is f * f(t). Re-
peating this procedure we can find the inverse Laplace transform of F"(s) for any n, even
though it may be tedious.
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Example 2.4.7.

7 1 .. sin(kt) — kt cos(kt)
1 _ _
L ((52 n k2)2) 2 Sin* sin(kt) oTE .

c. Another useful particular case: taking g(¢) = 1 we have

E(/Otf(u)du> = Fis)

Example 2.4.8.

1 t
-1 . — ] — —
L <s(52 n 1>> /0 sin(u)du = 1 — cost.

c. Convolution versus partial fractions: sometimes it is convenient to give the answer to
an inverse Laplace transform as a convolution. This has the drawback of being not explicit
(since the convolution might be hard to calculate). On the other hand a partial fraction may
be performed on the Laplace transform which gives an explicit inverse Lapalce transform.
The following example will make clear.

Example 2.4.9. Find

@)

Sol: The answer can be given simply as

ft) = \/% cos(V/2t) % cos(vV/12t).

But notice this is not as explicit as we would like (the convolution would be inconvenient to
carry out). On the other hand, using partial fraction we get
s  —1/5 6/5
(824 2)(s2+12) 242 2412

Thus
6

1 . .
_ﬁ sin(v/2t) + 5—\/ﬁ sin(v/12t).

Example 2.4.10. Volterra integral equation Solve for f(t) that satisfies

ft) =

— 3 2t ! tfud )
f(t) t°—e /0 flu)e U
Sol:
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Taking the Laplace transform on both sides gives

Fls)=2 - —
() 2 s+1 s-—1
That is
(—s*+6s+6)(s—1)
F(s) = 1
st(s+1)
'+ +657—6
st(s+1)
We simplify F(s) as followed:
—st+ 83 -1 n 1
st(s+1)  s+1 s(s+1)
I S
s+ 1 s s+
=21
 s4+1 s
6s>—6  6(s—1)(s+1)
st(s+1) st(s+1)
6s—6) 6 6

We can now find f(t) = 3t> — t3 + 1 — 2e~" by applying the routine inverse transform.

2.5 Transforms of a Periodic Function ; the Dirac Delta
Function

2.5.1 Transform of periodic functions

Theorem 2.5.1. Let f be periodic with period T'. Then

£y = 2 IO

Proof. By definition

ey = [Cetrwa= [t [T e

T

T o]
= / e St (t)dt + / e D f(t + T)dt
0

0

_ / et ()dt + e TL(f (1))
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The conclusion follows. [ |
Example 2.5.2. Let f(t) be a square-wave function. Namely:
ft) = LkE<t<k+1;keven
= 0, otherwise.

Then f(t) is periodic with period 2. Thus

L esty —e 8
ey = e loer

1—e2 (1 —e2)
B 1
 s(l4es)

2.5.2 The Dirac Delta function

Unit impulse function

Definition 2.5.3. Let a,ty be given. We define
1
5a(t—t0) = %,to—&§t<to+a
= 0 otherwise.

We say 6,(t — to) is a unit impulse function (concentrated around ty with width a).

Remarks:

a. [;° d4(t — to)dt = 1. Hence the name unit impulse function.

b. We usually thinks of a as very small. J,(t — to) represents a force that acts for a very
short period of time around ¢, with large magnitude.

The Dirac Delta function

Imagine if we let @ — 0 in the unit impulse function d, (¢ — to) and obtain a limiting object,
denoted as 6(t — to). Since for any a, the integral [ 04(t — to)dt = 1 we also expect
the same holds for 6(¢ — ty). Also from the definition of §,(¢ — ty), the pointwise value
of §(t — to) should be co at t = ¢, and O otherwise. This expectation is very informal
and in fact we cannot justify the existence of d(t — o) as a function. Nevertheless, we can
still view d(¢ — t) as an object that has certain characteristics when it interacts with other
functions. (In more advanced mathematics course you will learn that d(¢ — to) is referred
to as a distribution.)

Definition 2.5.4. The Dirac Delta “function” concentrated at ty > 0 denoted by 6(t — ty),
is characterized by two properties:

a. 5(t—t0) :OO,t:to
=0, t#0.

b. / S(t — to)dt = 1.
0
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Remark: Again, we emphasize that the Dirac Delta function is not a function. Its
existence is “seen" by its action on other functions as in the following result.

Theorem 2.5.5. Let f(t) be a function with nice enough properties. Then for ty > 0

/ f(t)s t—todt—hm/ F()0a(t — to)dt = f(to).
0 a—0

Remarks:

a. Note that the integral on the LHS is defined via the limit as @ — 0. By itself it does
not necessarily have any meaning because §(¢ — t) is not a function.

b. The action of 4(¢ — ¢) on the function f is precisely the evaluation of f at ¢,.

c. The condition ¢y > 0 is because the left limit of the integral is at 0. That is if 5 = 0
then tp — a < 0 will be outside the left limit of the integral and what we say below in the
proof will no longer be correct.

Proof.  Denote F\(t) as the anti-derivative of f(¢). Then by L’Hospital rule:

F(t0+a)—F(t0—a)

lim/ f(t)oa(t —to)dt = lim

a—0 a—0 2a
_ tllg% f(tO —|—(l> —g f(tO — CL) — f(to)

The following corollary is immmediate:
Corollary 2.5.6. Forty > 0
E((S(t - to)) = G_Sto.

Remark: Again note that this corollary only holds for ¢, > 0. That is we CANNOT
conclude L£(4(t)) = 1 by plugging in ¢, = 0 on both sides of the equation. Observe also
that for a nice enough function f,

lim £(f) = lim Ooe_Stf(t)dt

S5—00 S§—00 0

= / lim e~ f(t)dt = 0.
0

§—00

Even though §(¢ — t) is not a function, L£(§(t — t()) is consistent in the sense that it also
sastisfies limg o, L(5(t — t9)) = 0 for ¢y > 0. This property does not hold for L(§(t)).

Example 2.5.7. Solve

y'+y = 46(t —2n)
WO =1.4(0) = 0.
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Sol Let Y (s) denote the Laplace transform of y. Then
s*Y — sy(0) — 5/ (0) +Y = 4e*™,
That is

46271'5 s

s2+1+32+1'

Y(s) =
Taking the inverse Laplace transform gives

y(t) = 4sin(t —2m)U(t — 27) + cos(t)
= 4sin(t)U(t — 2m) + cos(t).
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2.5.3 A summary of Laplace transform results

Property t domain s domain

Linearity af(t) + bg(t) aF(s) + bG(s)

s domain derivative t"f(t) (—1)"F™)(s)

t domain derivative f™(t) s"F(s) =S st f=1=0(0)
t domain convolution f*gt) = fg fw)g(t —u)du | F(s)G(s)

t domain integration fot f(u)du ng)
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Property t domain s domain
t domain translation flt—a)l(t —a) e " F(s)

s domain translation e f(t) F(s—a)

t domain scaling f(at) Q)

Periodic function

ft+T) = f(t)

Dirac delta function

6(t —to)

2.6 Systems of Linear Differential Equations

2.6.1 Introduction

In this section we look at system of differential equations. The technique of Laplace trans-
forms will be used to solve such system. Specifically after the transform we get a system
of algebraic equations, where the unknowns are the Laplace transforms of the original so-
lutions. The original solutions are obtained by solving for those Laplace transforms and

taking the inverse Laplace transform.
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2.6.2 Example
Example 2.6.1. Solve
oy +10z; — 4y = 0

—dxy + a5 +4xy = 0
21(0) = 0,27(0) = 1,22(0) = 0,25(0) = —1.

Sol: Let X1(s), Xa(s) denote the Laplace transforms of x1(t), x2(t) respectively. Then
s°X; — s21(0) — 2)(0) + 10X, —4X, = 0
—4X, + 52Xy — s12(0) — 25,(0) +4Xy = 0
Adding the two equations gives
(s +6)X; +s*° Xy =0
or

s*+6
X2 = — 32 Xl-

Substituing into the first equation gives

2
6
Xy(s2+ 1044512y =1,
s
That is
52 52
Xi(s) = 4 2 ~ (2 2 :
st4+14s24+24 (s +2)(s2+12)
Thus

s+ 6
CEDICESDA

Xa(s) = —
Taking the Laplace transform gives

x(t) = L cos(V/2t) * cos(V/12t).

V24
Alternatively, using partial fraction we get
X,(s) = 321+/52 T 5264 o
Thus
21(f) = ——— sin(v/3t) + —0 sin(V/128).
5V2 5v12
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Similarly,

—2/5 3/5
Xaos) = 5 192 2412

Thus
2

: 3.
53 sin(v/2t) + ——— sin(v/12t).

5v/12

Z’Q(t) =
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Chapter 3

Fourier Series

3.1 Orthogonal Sets of Functions and Fourier Series

3.1.1 Orthogonal structure and geometry of a vector space

Let V be a vector space with a basis B. For simplicity suppose that B is a finite collection
of vectors vy, vy, -+, v,. This means that any vector x in V' can be expressed as a linear
combination of v;,2 =1,--- ,n:

n
X = E CiV;.
i=1

The coefficients c; are called the coordinates of x with respect to the basis B. Thus given
a vector x, we want to determine the corresponding coefficents ¢;. A good choice of the
basis B can make this process very simple. For example, in V' = R? the most natural basis
is B ={[1,0]7,[0,1]"}. We can immediately read off the coefficients c; for any vector x:

- [2]-n 2] =[]

Indeed, the coordinates we use to express x is implicitly understood as using B as the
choice of basis. Compare this with the choice of B’ = {[1,0]7,[1,1]7}. To find the
coordinates of a vector x with respect to B’ requires us to solve a linear system of equations.

What makes the choice of B good and B’ not as good? It is the orthonomality of B
(and not of B’). Recall that inner-product between two vectors X = [z, o, -+ ,x,]! and
Y = [y1,92, -+ ,yn)|T is defined as

n
X y= Z LilYi-
i=1
Inner-product is a bilinear operator. That is

(ax +by) ¢ = a(x-()+b(y-()
x-(ay +0() = a(x-y)+b(x-().



Thus if we have an orthonomal basis B, that is

Vi'Vj = 0,Z7éj
= 1,i=j.

Then

n

X = E CiV;

i=1
implies
¢ =XV, Vi,

Finding the coefficients c; then requires taking inner-products, a much simpler procedure
than solving system of equations.

We can generalize this concept to functions (which is the continuous version of vectors).
We want to define the notion of orthogonality (which requires the notion of inner-product).
From there we can find candidates for orthonormal bases of functions and express an arbi-
trary function in terms of the vectors in a basis. A particular choice of basis (the cosine and
sine functions) will be the focus of the remainder of the chapter. Fourier series involves
studying the representation of functions in this basis and their properties.

3.1.2 Orthogonal functions

Definition 3.1.1. Ler f1, f> be defined on [a,b] with nice enough properties. The inner
product of f1, fo, denoted as (f1, f2) is defined as

(f17f2):/ fl(l‘)fg(f)dl‘

f1, f2 are orthogonal if (f1, f2) = 0. The Ly norm of f1, denoted as || f1]| is defined as

1l = /(i ) = 4/ / £(2)dz.

A set of (possibly infinite) functions {¢o, ¢1, - - - } is orthogonal if (¢;, ¢;) = 0,Vi # j. A
set of functions {¢g, @1, - } is orthonormal if it is orthogonal and ||¢;|| = 1 for all i.

Remark: The norm of a function tells us how “big" it is in a certain sense. There are
many ways to define a norm, for example the sup norm which returns the maximum of | f|;
the L1 norm which returns the area under the curve of | f|. In this sense, the L2 norm is one
of the many norms but it has the advantage of having a natural connection with the inner
product.
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Example 3.1.2. The set {1, cos 2x, cos 3z, - - - } is orthogonal but not orthonormal on [—, ).
Indeed, for any m # n

(1,cosmz) = / cosmzdr = —(sin(mm) — sin(—mm)) =0
. m
™ 1 ™
(cosmzx,cosnr) = / cos mx cos nrdr = 5 / [cos(m + n)z + cos(m — n)z|dx = 0,

since fjﬁ cosmz = 0 for any integer m as we have seen from the first computation
On the other hand, for any m

™ 1 s
| cos(maz)||* = / (cosmx)*dx = 5/ [1 + cos2mz|dx = 7.

- -

cos2x cos3x }

Therefore the set {1, cos 2, cos 3z, - - - } is not orthonormal but the set {\/LE, CUZE B
is.

3.1.3 Orthogonality with respect to a weight function

We may have a set of functions that are orthogonal on any finite interval say [—a, a] and
want to extend the orthogonality property to the whole real line (—oo, 00). A problem that
may arise is integrability : the integral on (—oo, 00) may not converge. For example, it is
clear that oo = 1 and ¢;(x) = x are orthogonal on any interval [—a, a]. We cannot say
they are orthogonal on (—oc, 00) because [ fooo xdx is undefined. To proper way to extend
the notion of orthogonality is orthogonality with respect to a weight function. The weight
function helps with integrability on the whole real line but also preserves the symmetry of
the original set.

Definition 3.1.3. Ler f1, fo be defined on [a,b] with nice enough properties. The inner
product of f1, fo with respect to a weight function w(t) denoted as (f1, f2)" is defined as

(flyfz)w:/ w(z) f1(x) foz)de.

The Ly norm of f1, denoted as || f1||" is defined as

b
LA =/ (frs f1)* = \// w(z) ff(x)dz.

A set of functions {¢pg, 41, - - } is orthogonal with respect to a weight function w(z) on if
(i, 05)" = 0,Vi # j. A set of functions {¢o, ¢1,- - } is orthonormal with respect to a
weight function w(x) if it is orthogonal and ||¢;||" = 1 for all i.

Example 3.1.4. The set {Hy = 1, Hi(x) = 2x, Hy(x) = 4z — 2} are orthogonal on
(—00,00). with respect to weight function e™*"
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3.1.4 Fourier series

3.1.5 Orthogonal series expansion

Given an orthogonal set of functions {¢g, ¢y, -- - } and a function f, it is natural to ask if
we can expand f in terms of the ¢.s. That is can we find coefficients ¢; so that

= Zcicbi(x)?

Note that unlike the example in R", we usually expect the expansion to be an infinite
series since a general space of functions is usually infinite in dimension. In an ad hoc way,
suppose that the equation f(z) = Y >°, ¢;¢;(x) is true, then it is actually simple to find ¢;
by the orthogonality of ¢,. Indeed, for a specific index k

o0

(fa Qbk) = (Z Cz¢z Zcz ¢k = Ck||¢k||2

=1 i=1

That is ¢, = ‘(‘];qbﬁg if the representation is true. As we will see in the next section, the

representation 1s true if and only if the series representation converges.

3.1.6 Trigonometric Series

Lemma 3.1.5. For any p > 0, the set of trigonometric functions

—I,Cc08s —, 08 —x, -+ ,sin —x, sin —x, sin —x,

s 2 3 ™ 2T 3T
{1 Cos }
p p p p p

is orthogonal on [—p, p|.

Proof.  We first show the orthogonality between 1 and cos & :c as well as 1 and sin &7 a:

p k w x
/ coS —de:p - 2 / cos kxdr = P sin kx =0
—p D i - km —
p w x
/ sin k—ﬂxdx o / sin kxdx = _P coskx = 0.
—p D i - km —

Now we show the orthogonality between cos —yc and cos 2 x

P mm nm p [T
coS —x cos —zxdr = = cos mx cos nxdx
—p b b L —
= 2£ [cos(m + n)z + cos(m — n)z|dx = 0.
T

44



Similarly, sin “Fx and sin “ :p are orthogonal:

Proomm | onm p [T . .
sin —xsin —zxdr = = sin ma sin nxdx
D p T Jon
iy
p

= 5 [cos(m — n)z — cos(m + n)z|dx = 0.
7r

Lastly, cos ™*x and sin “ :1: are orthogonal:

/p mm nm p /’T _
cos —xsin —xdr = = cos mzx sin nxdx
-p p D I -
= 2£ [sin(m + n)z + sin(n — m)z]dz = 0.
T

We would like to use the trigonometric series as the orthogonal basis for a function
expansion as discussed in the previous section. The expansion of a function f, defined on
[—p, pl, using this basis would read

f(z) = % +; <ancosmx+bnsingx).

p p

The choice of % for the constant coefficient is conventional and probably helps to keep the
formula for ay, a,, b, in a uniform way (see below). The series is called the Fouries series
of f and a,, b, are called the the Fourier coefficients of f.

Now note that
p
/ lde = 2p
—-p

p
/(COSEJ})zdl’ = p

. P
P

/(sinﬂxfdx = p.
. D

If the Fourier serires representation is true, the Fourier coefficients are determined as we

discussed before:
1 [P
ag = —/ f(x)dx
a, = /f COS—(I?d:L’
b, = —/ f(m)sin—xdx.
PJp p

Whether this representation holds depends on the convergence of the Fourier series, which
we discuss in the next section.
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3.2 Fourier Series

3.2.1 Orthogonal series expansion

Given an orthogonal set of functions {¢g, ¢y, -- - } and a function f, it is natural to ask if
we can expand f in terms of the ¢}s. That is can we find coefficients ¢; so that

=> adilx

=1

Note that unlike the example in R", we usually expect the expansion to be an infinite
series since a general space of functions is usually infinite in dimension. In an ad hoc way,
suppose that the equation f(z) = Y_>°, ¢;¢;(x) is true, then it is actually simple to find ¢;
by the orthogonality of ¢;. Indeed, for a specific index &

o0

(f: ¢k) = (Z Cz¢z Zcz ¢k = Ck||¢k||2

=1 =1

That is ¢, = ‘(‘J;‘z’ﬁg if the representation is true. As we will see in the next section, the

representation 1s true if and only if the series representation converges.

3.2.2 Trigonometric Series

Lemma 3.2.1. For any p > 0, the set of trigonometric functions

—T,C0S —,CO0S —x, -+ ,sin —x,sin —x, sin —u,

s 2 3 ™ 2T 3w
{1 Cos }
p p p p p

is orthogonal on [—p, p|.

Proof ~ We first show the orthogonality between 1 and cos & :c as well as 1 and sin &7 x

D ™ T
/ CoS kla:dx I / cos kxdx = P sin kx =0
—p P I - km —
p ™ T
/ sin kla:dw o / sin kxdx = _P coskx = 0.
p P I - km —

Now we show the orthogonality between cos —ac and cos 2 ac

P mm nm p [T
COoS —x cos —zxdr = = cos mx cos nxdx
—p b b L

T

= 2£ [cos(m + n)z + cos(m — n)z|dx = 0.
T™J)_x
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Similarly, sin %x and sin %ﬂx are orthogonal:

Proomm | onm p [T . .
sin —axsin —zxdr = =— sin ma sin nxdx
N p T J r
T
p

= o [cos(m —n)x — cos(m + n)z|dx = 0.
™ —T

Lastly, cos %x and sin %x are orthogonal:

P mmw . nw p [T )
cos —zsin —xdxr = = cos mx sin nzdx
D p T Jon
™
p

= 5 [sin(m + n)z + sin(n — m)z]dz = 0.
T™J -z

We would like to use the trigonometric series as the orthogonal basis for a function
expansion as discussed in the previous section. Now note that

p
/ lde = 2p
—-p

p
/(cosmx)de = p

—p P
p nm
/ (sin —az)%dx = p.
p P
Thus, to keep the norm on all basis functions the same, the series we would actually use is
{ 1 T 2T 3T .o 2 . 3w }
—,COS —,COS —X,COS —T, -+ ,S8in —x,sin —x,sin —x, - -+ ¢.
2 p p p p p p

The expansion of a function f, defined on [—p, p|, using this basis would read
CLO o nm . nm
flx)=—+ <an cos — + b, sin —:v)
2 ; p p

This is called the Fouries series of f and a,, b,, are called the the Fourier coefficients of f.
If the Fourier serires representation is true, the Fourier coefficients are determined as

we discussed before:
1 /4
a = - / f(z)dz
PJp
1 /4
a, = —/ f(m)cosmxdx
bJyp b

1 P
b, = —/ f(m)sinmxdx.
PJ_p p

Whether this representation holds depends on the convergence of the Fourier series, which
we discuss in the next section.
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3.2.3 Convergence of Fourier series

Theorem 3.2.2. Let f be a piece-wise differentiable function on [—p, p| with piece-wise
continuous f'. Then at any point of continuity the Fourier series of | converges to f(x). At

a point of discontinuity, the Fourier series for f converges to w

We will give an example of this convergence at the end of the section.

3.2.4 Periodic extension

Observe that all the functions in
3

T 21 3 .omT . 2
1,co8 —x,Ccos —x,Cco8s —x, - -+ ,8in —x, sin —x, 8in —x, - - -
p p p p p p

have a period 2p (even qthough this is not neccessarily their fundamental period):

k k
oS —T‘-(ZE +2p) = cos(lx + 2km) = cos Ty
p p p
k k k
sin l(x +2p) = sin(—Wx + 2k7) = sin ey
P p p

Thus if we have a function f defined on [—p, p|] and a Fourier series for f, we can extend
f to (—o00,00) by defining that f(z + 2p) = f(z) for all z. That is we do a periodic
extension on f with period 2p. Since all the functions in the trigonometric basis as period
2p, the same Fourier series will hold for the extension of f to (—oo, 00).

3.2.5 An example

Let f(x) be a square wave. That is

flz) = -1,-1<2<0
— 1,0<z<1
flx+2) = f(z).

That is f(x) is defined on [—p, p] with p = 1 and we extend f with period 2 to (—o0, c0).
We will give a picture example of how the partial series converge to the function f(x). For

notational purpose, the partial series 4 + 2:;1 (an cos %”x + by, sin %x will be denoted
as Si. The picture compares S, S5, S11, Sy9 With f(x), respectively. Note that f(z) has
discontinuities at x = 2k + 1, in particular at z = 1. By the convergence theorem, the

series converges to w = 0. Note how the Sy always attains value 0 at x = 2k + 1.
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3.3 Fourier Sine and Cosine series, Complex Fourier Se-
ries

3.3.1 Even and odd functions

In the previous section, we expand a function f defined on [—p, p] with a series involving
cosine and sine. Since cosine and sine are symmetric around 0, we suspect that represent-
ing a function with a similar symmetric structure around 0 may involve less trigonemtric
functions. We will show that this is indeed the case. First we recall that a function f is odd
if f(r) = —f(—x) and even if f(x) = f(—=z). The following are some properties of even
/ odd functions:

a. The product of two even or odd functions is even.

b. The product of an even and an odd function function is odd.

c. The sume (difference) of two even (odd) functions is even (odd).

d. [* flx)dz =2 [ f(x)dxif fis even.

e. [* f(z)dz =0if fis odd.

3.3.2 Cosine and sine series

Lemma 3.3.1. Let f be an even function on [—p,p|. Then the Fourier series of f only
involve cosine functions:

nm

f(z) = % + ;ancos ?x
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On the other hand, if f is an even function on [—p, p| then its Fourier series only involve
sine functions:

Proof.  Recall that if f has the Fourier series

flz) = % + ; (an COS %T:E + b, sin %x)

then

ag = %/_Zf(ic)dw

1 P

a, = —/ f(x)cosnlxdx
pJ, p
1 P

b, = —/ f(:c)sinn—ﬂa:dw.
pJ, p

If f is even then f(z)f(x)sin “tx is odd and b, = 0,Vn by property e in the previous
section. Similarly, if f is odd then ap = 0 and f(x) cos “tx is odd so a, = 0,Vn also by
property e.

Example 3.3.2. Consider the square wave function defined on [—7, | as
flz) = —1,—7 <z <0;
= 1,-0<zx <.
This is an odd function. Thus it only involves sine in its expansion. The coefficients are
2 [T 21— (=1
b, = —/ (1) sinnaxdx = —(—).
0

™ ™ n

That is

flx) = %il_;—_l)nsinnx.
n=1

3.3.3 Half range expansions

Let f be defined on [0, p]. We would like to find a Fourier series representation for f. That
is we want to expand f using the basis

T 2T 3T .o .27 .37
{1, cOs —x,COS —T,COS —T, - -+, Sih —x, Sin —x, sin —x, - - - }
p p p p p p
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We cannot proceed immediately because this trigonometric basis is NOT orthogonal on
[0, p]. Indeed if m is even and n is odd (so that both m + n and m — n are odd)

P mm nmw p [T
cos —x cos —zxdr = = cos mx cos nxdx
0 p p ™ Jo
4 —4
- L [cos(m + n)x + cos(m — n)x|dx = -
2m Jo 2T

One can modify the choice of basis to something more suitable for the interval [0, p|. On
the other hand, there is a very simple way to re-use the results we have developed so far
by extending f to the interval [—p, p| using an odd or even extension. Specifically we can
define, for an even extension:

and for an odd extension

One last way to extend f is to use the identity expansion. That is we just “copy and paste"
the entire graph of f onto the interval [—p, 0]. In this way, the extension of f is periodic
with period p.

Note that for odd and even extension, f is periodic with period 2p. Therefore, for an
odd extension we can use the sine expansion with basis

{ LT .27 .37 }
sin —x, sin —x, sin —x, - - - ¢.
p P p

In this case the Fourier coefficients are
2 D
ag = - / f(z)dx
P Jo
2 P
a, = - / f(z) cos Txdx.
P Jo p

Note that the integration is from 0 to p with a factor of 2 because f(z) cos %x is an even
function. For an even extension we can use the cosine expansion with basis

T 21 37
{1, COS —, COS —T,COS —T, - - - }
p p p
In this case the Fourier coefficients are
nmw

9 [P
b, = —/ f(z) sin —zdz.
D Jo p
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Again note that the integration is from 0 to p with a factor of 2 because f(z)sin 2=

LCL A
p

again an even function. For the identity expansion, f is periodic with period p. Thus we
would need to use the entire Fourier series expansion with a modified basis

2T 4
{1, CcOS —, COS
p

—x,C0s —1,

2T

) Yy o
,8in —ux, sin
p

o .
—ux,sin —ux, - -
p

3

That is p is replaced by p/2 in the basis so that every basis function has a period p (instead
of 2p as before) which coincides with the period of f.

Qo

Qn

bn

2

/ " Fw)de
/f cos—mdm
/f 2n7r

) sin —a:dx

Here again the integration is from 0 to p with a factor of 2 but the reason is not because
of odd or even property. It has to do with the fact that all functions in the integrand are
periodic with period p. The original Fourier coefficients are computed as integration from
—p to p. But since the period is p we can integrate on half the period and double the integral

to get the same result.

Latly, since the Fourier series holds for the extension of f on the interval [—p, p] it also

holds for f on its original domain [0, p].

Example 3.3.3. Consider f(z) = 2* defined on [0,p].
a. Expanding f in a cosine series gives

2 [P 2
ay = —/ ridr = Zp?
D Jo 3
2 D 4 2 —1)"
a, = —/ x%os(mw)dag:%.
D Jo p nem
Thus
flz) = % % g oS ?x
b. Expanding [ in a sine series gives
2 P 4 2 -1 n+1 4 2
b, = —/ x sm(n z)dr = ) + 3]?3[(—1)”—1]
2 Jo P nm n3m
Thus
0 4 n+1 4
:Z{ b P~y 1)”—1]}sinﬂx
n3m3 P



c. Expanding f using the identity expansion gives

2 [P 2
ag = —/ 22dr = =p?
P Jo 3

2 [P on 2
a, = —/ 2 cos(—ﬂx)dx— 1; 5
P Jo p n=m
2 [P 2 —p?
b, = —/ 7 sin(ﬁx)dm S
P Jo p nm
Thus
= 2 2 2
:p_ Z cosﬂx—p—sinﬁx.
3 — nmw P

3.3.4 Application: Particular solution of a differential equation
Consider a spring mass system that is subject to a driving force f:

2" (t) + kx = f(¢t),
where f is periodic with period 2:

ft) = nt,0<t<1
= m(t—2),1<t<2,

To solve for x(t), we first represent f in a half-range sine expansion. With p = 1, the
Fourier coefficents for f are

1
2(—1 n+1
b, = 2/ wtsin(nnt)dt = #
0 n
That is
> 2 n+1
Z sin(nwt).

n=1

Since the second derivative of sine is negative sine, we guess the particular solution z,, is
of the form

= Z B,, sin(nmt).
n=1

Plug this form into the differential equation gives

0 o0 2 n+1
Z(k: — mn?n?) B, sin(nnt) Z sin(nwt).
n=1 n=1
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That is

2(_1)n+1
n(k — mn?m?)

B, =

The particular solution is

> n+1
sin(nt).

Z n( k mn2772)

n=1

Remark: It is conceivable to approach this problem using the Laplace transform for
periodic function as we discussed before. However, we can anticipate that the Laplace
transform X () of z(t) is easy to solve for; but the explicit inverse Laplace transform may
not be easy to find given the fact that we have found the particular solution to be an infinite
sine series. This may be considered as an advantage of the Fourier series method over the
Laplace transform.

Resonance

Consider the problem

2'(t) +x(t) = f(t),t >0
where f(t) is periodic with period 27 and defined on [0, 27] as followed:

fit) = t,0<t<m
= 2m—t,m <t <2

We want to find a particular solution to this problem. Using even-extension (cosine), we
have

n=1,n Odd
Assuming z,(t) = @ 4+ > | a, cos(nt) and plugging into the equation we have

+ Z an(1 —n?)cos(nt) = 7 + Z o cos(nt).
n=1 n=1,n odd

%o

2

But here we see a problem: when n = 1 the equation reads
—4

ale:—,
s
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which, at least right now, yields no solution for a; (and hence for xz,(t)). Intuitively, this
problem occurs because the period of the forcing function, which is 27, coincides with the
period of the homogenous solution to the problem:

Z"(t) + x(t) =0,

which is z,(t) = C cos(t) + Cysin(t). When this happens, resonance occurs.
To understand better why the coincidence of the two periods causes a problem, consider
the ODE

2"(t)+x(t) = cost,

Here we put cost for the forcing function, which also has period 27 but it is easier to find
a particular solution in this case. Indeed, we can see that x,(t) = stsint is a particular
solution. Observe that sin ¢ is multiplied by ¢, which causes the amplitude of the solution
to go to infinity as ¢ — oo, hence resonance. This explains why any other forcing function
f(t) of fundamental period 27 will also induce this resonance property since the Fourier
expansion of f(¢) will either have cos(t) or sin(t) term. (Fundamental period because
sin(nt) for n > 1 also have period 27 bu won’t induce resonance on the system. Clearly
27 is not the fundamental period of sin(nt) for n > 1.)

Now that we know how to solve the problem x” (t)+x(t) = cost, we revisit the problem

2" (t) + x(t) = f(t),t >0
where f(t) is periodic with period 27 and

flt) = t,0<t<nm
2 —t,m <t < 27.

We now view it as a sum of problems of the form
2"(t) + x(t) = A, cos(nt), t >0

where A, is given as above. When n # 1, this problem has solution

When n = 1 it has solution
A
ot (t) = 7125 sint.

Thus a particular solution to the original problem is

A = A4,
z(t) = %tsint +) " cos(nt).
n=2

55



Finally, we can easily see that the problem
2"(t) + ax(t) = f(t),t >0

a # 1 and f(t) given as above has a particular solution that is representable by Fourier
series. Similarly,

2"(t) + 2(t) = f(t),t >0
also has a particular solution that is representable by Fourier series if we modify f(¢) to
fit) = t,0<t<L
= 2L—t,L <t <2L,

where L # 7. Indeed in this case we need to assume z,(t) = % 4 > | a, cos(“*t) and
plugging into the equation we have

3+ 2 anll= () eos(nt) = 10

n=1

The term 1 — (%F)* # 0 for all integers n as long as L # .

3.3.5 Complex Fourier series

Recall the Euler formula '
e = cos(r) + isin(x)

and conversely,

eix + e—ix

COS(T = —
(@) s

) eim _ 6—iz
sin(z) = %

Given this connection, we can expect that the Fourier series can be represented in terms of
the complex exponential e'* instead of sine and cosine. Indeed, the collection of functions

—3inx —2imx —imx AT 2imx i
o, P, P o,e 7176p76p y€ Py

is orthogonal on [—p, p|]. Note that the sequence is double sided : this has to do with the
fact that we need e~* to represent sine and cosine. It also has to do with the fact that if
f(x) is a complex valued function (such as €®) then the Ly norm of f(z) is defined as



To verify orthogonality, for any —oo < m # n < oo, by Euler’s formula

/ inTtz imwz p int(n+m)x |P
erer dt = ———e »
—p im(n +m) —p
— b i(ntm)r _ _—i(nt+m)m
im(n +m) (e ‘ )

p .
pum _— pum 0.
() sin(n +m)m

Similarly,

p intx P
/ (l)e » dx = —sinnm = 0.
p ™m

INTT

Now the Ls norm squared of e » is

p inTtr —inmTT
er e r» dr = 2p.

—-p

Therefore, if f(z) has complex Fourier series representation
o0 .
fx) =co+ Z er
n=-—o0o

then

—inmTx

1 /” (
Cn = — flx)e » dz,Vn.
2p —p )

Example 3.3.4. Let f(x) = e * on |—m,t|. Then

¢, = % _:e_xe_inxd$:_2ﬂ<i$+1) <€—i(n+1)x_€(in+1)x>
— g (e - 1)
U
_ (_1)n81nﬂ7rn2+m;
Thus . N
fla)= 30 (0 e

57



3.3.6 Fundamental period and fundamental frequency

Let f(x) defined on [—p, p] have Fourier series

oo
flz) = %o 4 Zancos L by, sin Ll
2 n=1 p p
o0
= Z c,er .
n=—oo

In both of the representation, the fundamental period (measured in time, usually seconds)

is T' = 2p. The fundamental frequency (measured in Hertz, which is number of revolutions
per second) is f = % If we map the periodic motion to a circular motion, then each

revolution corresponds to a 27 radian. Hence we can define the angular frequency (which
serves a similar role to angular speed) as w = 27 f, whose unit is radian per second. Thus

the fundamental angular frequency is w = 2?” = L and the Fourier series can be written as
oo
agp .
flz) = ) + E @y, cOS nwx + b, sin nwx
n=1
o0
= E cpe™t.
n=—oo

The graph of (nw, |c,|) is referred to as the frequency spectrum of f.
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Chapter 4

Basic Partial Differential Equations

4.1 Boundary Value Problems (BVP) and Regular Sturm-
Liouville Problems

4.1.1 Introduction - Linear operator in infinite dimensional space

Linear operators on finite dimensional space (such as R™) can always be represented by
matrices. Matrices are relatively “simpler” to study in terms of their properties (this does
not mean that theorems about matrices are not deep or sometimes very hard to prove) due
to their finite dimensional nature. In infinite dimensional space (such as C?|a, b], the space
of twice differentiable functions on [a, b]) we also have linear operators, such as differential
operators. In fact, the study of solutions to linear differential equations can be viewed as
the search for the eigenfunction corresponding to the eigenvalue O of this linear operator.
As we have seen, among the matrices symmetric matrices have very nice properties : all
their eigenvalues are real and their eigenvectors form an orthogonal basis. The analogy of
symmetric matrices in the infinite dimensional space is self-adjoint operator. It is beyond
the scope of this course to study such operator in abstract. We present instead a concrete
example of such an operator, in the form of a differential equation: the Sturm-Liouville
problem.

4.1.2 Regular Sturm-Liouville problem

Let p, ¢,  be real-valued functions on [a, b] with sufficiently nice property, r(z) > 0, p(z) >
OVz. A regular Sturm-Liouville problem with coefficients p, g, r is

d

- (r(@)y) + (g(2) + Ap(2))y = 0,

subject to

Avy(a) + Biy'(a) = 0
Agy(D) + Bay'(b) =
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Remarks:

a. This is a boundary value problem, in the sense that the solution is defined on a (usu-
ally spatial) interval |, b] and its (and its derivative’s) values are specified on the boundary
points a, b. Compare this with the initial value problem where the solution is defined on a
(usually time) interval [0, co) and values are specified at the initial time ¢ = 0.

b. The boundary conditions are said to be homogeneous (it is non-homogenous if the
RHS are non-zero). The differential equation is linear. Homogenous boundary conditions
and the linear DE imply that a linear combination of solutions is still a solution (which is
not the case for the non-homogenous boundary conditions).

4.1.3 Eigenvalues and eigenfunctions

Definition 4.1.1. The values of \ so that the regular Sturm-Liouville problem has a non-
trivial solution are called the eigenvalues of the problem. The solution(s) correspond to a
specific eigenvalue is called the eigenfunction(s) associated to this eigenvalue.

Remark: Let £ be a linear operator (that maps function to function). An example would

be the derivative operator. A more interesting example would be

d? d

L=—+2——4]

i
where I is the identity operator. In this sense the LHS of a linear DE can be seen as the
image of a linear operator map. One usually define an eigenvalue associated with £ as the
value )\ so that there exists a non-zero function f such that

Lf =M\

f is said to be the eigenfunction associated with eigenvalue A. In this way it is an extension
of the notion of eigenvalue / eigenvector of a matrix.

The way we (and the textbook) define eigenvalue / eigenfunction of a Sturm-Liouville
problem above is similar, except for a negative sign and a weight function p(x). That is

d

2 T@) + a(2)y = =Ap()y,

so the linear operator is
d d
L= %(T(Z‘)%) +q(x)1.

The function p(x) is interpreted as the weight function that we will use to define orthogo-
nality of eigenfunctions in the next section.

Example 4.1.2. Consider the regular Sturm-Liouville problem
y"+ Ay =0,y4(0) =0,y(L) =0.
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This is a model of the deflection of a beam (see section 3.9 of the textbook). It is a special
case of the Sturm-Liouville problem described in the previous section with r(z) = p(x) =
l,q(z) =0,A; = Ay =1,B;, = B, =0.

Case 1 : A = 0. The solution to the DE is y = cix + co. Applying the boundary
conditions imply ¢y = co = 0. Thus y = 0 is the only solution.

Case 2 : \ = —a? < 0. The solution to the DE is iy = c; cosh ax +c, sinh ax. Applying
the boundary conditions imply c; = co = 0. Thus again y = 0 is the only solution.

Case 3 : X\ = a® > 0. The solution to the DE is y = c; cos ax + ¢y sin aw. Applying
the boundary conditions imply c; = 0 and o = “F. Thus a nonzero solution is

. nmw
Y = CySin —x
L

Eigenvalues and eigenfunctions: From the three cases we see that the eigenvalues are

2
nm o . : 3 nm
A= (—L ) and the associated eigenfunctions are sin “*.

4.1.4 Properties of regular Sturm-Liouville problem

a. There exist an infinite number of real eigenvalues that can be arranged in increasing
order A\ < Ay < -+ < A\, < --- suchthat \y — oo asn — oo.

b. The dimension of the eigenspace corresponding to each eigenvalue is 1. That is for
each eigenvalue, there is only one eigenfunction (excluding scalar multiples)

c. Eigenfunctions corresponding to distinct eigenvalues are independent.

d. The set of eigenfunctions form an orthogonal set with respect to weight function
p(z) on [a, b].

Remarks: Compare how similar these properties are to those of symmetric matrices
(except perhaps for property b).

Lemma 4.1.3. Let vy, yo be two eigenfunctions corresponding to two distinct eigenvalues
)\1, )\2. Then
yi(a)yz(a) = ya(a)yi(a)
i (0)ya(b) = 3(0)y1(b).
Remark: We already have y; # 1o from property c. This lemma will be useful to show
the self-adjoint property of the Sturm-Liouville operator below. Proof.
By assumption, ¥, y, satisfy
Ayi(a) + Biyi(a) =
Arya(a) + Biys(a) = 0.
Since the boundary condition is not trivial, A;, By cannot be both 0. That is the deter-

minant of the above system must be 0: y;(a)ys(a) — yi(a)y2(a) = 0. The equation at b is
similar.
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4.1.5 Self-adjoint form
4.1.6 Definition

As mentioned in the introduction, self-adjoint operator is a generalization of symmetric
matrices in infinite dimensional space and the Sturm-Liouville operator is an example of
it. First, we clarify how to generalize the notion of symmetric matrices into an operator.
Recall that we define a matrix to be symmetric if a;; = a;;, V7, j. This characterization
clearly cannot be generalized. Instead, we look at how symmetric interacts with inner-
product, as we also have inner product in infinite dimensional space. Indeed, a matrix A is
symmetric if and only if for any vectors u, v

(Au)'v = vl (Av).
The proof is quite simple and the direction when A is symmetric is obvious. On the other
hand, letu = ¢;,v = ¢;,4,7 = 1,--- ,n where ¢; denotes the vector with 1 a the ith entry
and 0 otherwise. Then we can see the above equation implies that A;; = Aj;.
Now similarly we can define an operator L to be self-adjoint if for all functions u, v in
the domain of £
(Lu,v) = (u, Lv),

where (-, -) denotes the inner product between two functions.

4.1.7 Sturm-Liouville operator

We now show that the Sturm-Liouville operator
d

L= r(a) ) 4 gl

is self-adjoint on the domain that is the eigenfunctions of the problem.
First note that since the sum of self-adjoint operators is self-adjoint, and it is clear that
q(z)1 is self-adjoint, we only need to check the operator

d d
= %(T(x)%)-

By integration by parts

/ 2 rlend @)l = () (o)
On the other hand,

/ el (@) ula)de = () (@)ulz)
From (4.1.3)

and the proof is complete.
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4.1.8 Converting to self-adjoint form

We have seen that self-adjoint operators enjoy nice properties: real eigenvalues, orthogonal
eigenvectors etc. The Sturm-Liouville operator is self-adjoint, thus the eigenvalues and
eigenfunctions of the Sturm-Liouville differential equations have the same properties. It is
clear that not all differential equations are Sturm-Liouville type and hence not self-adjoint.
However, we can transform an linear ODE into a self-adjoint form using the following
technique.

Consider the ODE:

a(x)y” +b(x)y + (c(z) + Md(z))y =0 (4.1)
with appropriate boundary conditions. Recall the Sturm-Liouville problem:
L)) + (ala) + dpla)y = 0
which is equivalent to
r(@)y” +r'(2)y’ + (a(z) + Ap(z))y = 0.
Thus the ODE (4.1) would be a Sturm-Liouville problem if
d

%b(:c) = a(x).

This clearly cannot always be the case. On the other hand, the ODE (4.1) can be turned
into a Sturm-Liouville problem if there is a function m(x) so that

m(@)a(e)y" + o] = - (rta)y).

T dr
That is
m(z)a(z) = r(x)
m(z)b(x) = 7r'(x)

Assuming m(x) # 0, we have

That is
_ b(=)
d—(log(r(x)) - CL(Q?)
or
J ayde

r(z)=e

Reversing the above argument, we can see that by multiplying both sides of (4.1) by
- b(x) dx
e a(z)

a(z)
i @) g Coy . .
e’ «@ ™" which is a self-adjoint form.

m(z) = the ODE (4.1) is transformed a Sturm-Liouville problem with r(z) =
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4.2 Separable Partial Differential Equations

4.2.1 Introduction

A partial differetial equation (PDE) is an equation that involes the partial derivatives of
a multi-variate function. The variables can be purely spatial (z,y, z) such as the wave
equation or both temporal and spatial (¢, x) such as the heat equation. There is no universal
technique to find explicit solution of a PDE (even a linear one). In fact, explicit solution
is rather the exception than the norm when one investigates a PDE. Nevertheless, we will
study several classes of PDE that yield more or less explicit solutions for the remainder of
the course.

A useful thing to keep in mind is the techniques we study will yield a particular solution
to the PDE, but not necessarily the general solutions of the PDE. For example, in the
equation

Ugy + Uyy = 0

a particular solution would be u(z,y) = cxy where c is a constant. But one easily sees that
another possible solution is u(z,y) = ax + by, a, b are constants.

4.2.2 Separable PDEs

A particularly useful technique when we look for an explicit solution of a PDE is to make
an ansatz, that is a guess for the functional form of the solution. The guess should certainly
be based on the structure of the equation, for example the wave equation mentioned above

Upg + Uyy = 0
can be re-written as
Ugy = —Uyy.
So it is natural to guess that a form of u(x, y) is
u(z,y) = a(x)b(y), (4.2)

for some function a, b (since then the part of x is unaffacted by differentiation with respect
to y and vice versa). Any solution of u(z,y) in the form (4.2) is referred to as a product
solution of the PDE, and the technique of finding a product solution is called separation of
variables. Lastly the PDE is said to be separable if we can use separation of variables to
find a solution for it.

An example

Find the product solution of

Ugg = 4uy.
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Sol:
Let u(x,y) = a(x)b(y). Then the equation becomes

a2 (2)b(y) = 4a(z)by (y).
That is

Azz (*T> _ by (y)
da(z)  b(y)

Since the LHS only depends on x and the RHS only on y, it means that they both equals to
a constant —c. Solving

by
b

= —C

gives b(y) = Ke~® for some arbitrary constant K. The second order ODE
Qpy +4ca =10
has solution
‘a(r) = cle\/mx + cze_\/mx.
if ¢ < 0. If ¢ > 0 then it has solution
a(z) = ¢; cos(V2ex) + ¢y sin(vV2ex).

Note: For the particular choice ¢; = ¢3 = % andc; = —cy = % we have sinh(\/%x) and
cosh(\/%:c) as general solution. Thus it is also possible, and indeed common, to express
the general solution when ¢ > 0 in terms of sinh and cosh. Lastly if ¢ = 0 then it has
solution

a(x) = ¢1 + cou.

4.2.3 C(lassification of second order linear PDEs

A second order linear PDE has the form
Ay, + Bugy + Cuyy + Duy + Euy + Fu =G,

where A, B,C, D, E, F,G are constants. It is second order because the highest partial
derivative has second order. It is /inear because a linear combination of solutions to such
an equation is also a solution. We have the following classifications:

a. The equation is elliptic if B?> — 4AC < 0

b. The equation is parabolic if B> — 4AC = 0

c. The equation is hyperbolic if B2 — 4AC > 0.
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Example 4.2.1. The heat equation
U — ktiye = 0,k >0
is parabolic. The wave equation
Uy — P Ugy = 0
is hyperbolic. The Laplace equation
Ugg + Uyy =0
is elliptic.

These classifications are important because the techniques to solve different types of
PDEs are very different. Also, different types of PDEs model different physical phenom-
ena. For example, the parabolic PDEs usually model the temperature of an object (thus it
is called the heat equation) while the hyperbolic PDEs usually model the displacement of
an object from its equilibrium (thus it is called the wave equation).

Remarks:

The names elliptic, parabolic, hyperbolic comes from the analogy of the form of the
PDE with the representation of the conic sections in quadratic form:

Az? + Bay + Cy?* + Dx+ Ey+ F = 0.

This equation represents an ellipse if B? — 4AC < 0, a parabola if B> — 4AC = 0 and a
hyperbola if B> — 4AC > 0. See also here for more details.

4.3 Heat Equation and Boundary Value Problems (BVPs)

4.3.1 Derivation of the heat equation

Consider a rod with length L and cross sectional area A. We assume that this rod is in-
sulated except possibly at the two ends (that is no heat goes in and out anywhere of the
rod except possibly at the two ends). We denote the temperature at time ¢ > ( at a point
x,0 < x < L of the rod as u(t, x).

We need to introduce some concepts before deriving the heat equation. First we define
the notion of heat. The quantity of heat in an element of mass m and temperature w is
defined as

Q = ymu. (4.3)

That is the heat quantity is proportional to the mass and temperature of the object. The
propotional constant «y is called the specific heat. This makes sense as the more mass, the
higher temperature and / or higher specific heat should all lead to higher heat quantity.
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Remark 4.3.1. It is worth emphasizing that formula (4.3) is an idealized formula for a
point mass object. For an extended object that may have different temperature at different
points, an integration (adding over the heat quantity of the point mass components) is
needed to get the heat quantity of that object.

Another phenomenon we need to introduce is heat conduction, which is the transfer
of heat within a body. Specifically, imagine we have a cool rod at the beginning of the
experiment:

u(0,2) =0,0 <z < L.

Suppose we heat the rod at the left end z = 0 : u(¢,0) = C > 0,¢ > 0. This will make
the rest of the rod increase in temperature, that is u(¢,a) > 0 for a > 0,¢ > 0. Obviously
some heat quantity has been transfered fromz = 0tox = a > 0.

The law that governs the heat conduction is called the Fourier’s law, and for the one
dimensional rod in consideration it is as followed

Q: = —KAu,, 4.4)

where K is the constant called the thermal conductivity (of the rod’s material). Approxi-

mating w, with W, Fourier’s law states that

u(t, v+ dz) — u(t, x)
dz

That is, roughly speaking, the rate of change of heat is proportional to the cross sectional
area A and the temperature difference u(t,x + dx) — u(t,x). This essentially is New-
ton’s law of cooling. The difference here is Fourier’s law states rather that the rate of
change of heat is proportional to the cross sectional area A and the tempreature gradient
W (in discrete version) or u, (in continuous version). Either way this makes
emperical sense. Lastly the negative sign captures the convention that heat flows from
higher temperature to lower temperature. That is if u(¢,z) > u(t, x 4+ dx) then there is a
positive heat flow from (¢, x) to (¢, z + dx) thus Q:(¢, ) should be positive. The negative
sign guarantees this happens. Conversely, if we compute Q;(t, z) to be positive then we can
conclude that heat flows (instantaneously) from x to the right at time ¢. For more details on
Fourier’s law and heat conduction see here.

Now consider a slice of the rod [zg, 2o + A] with length A. Let the mass density of
the rod’s material be p. We can imagine the slice is composed of (infinitely many) point
masses with coordinate x and “length" dx. By formula (4.3), the heat quantity in each of
this point mass x at time ¢ 1s

Qi~—-KA

Q(tv :E) = VP(Adx)u(t’ ZE)

The heat quantity of the slice is the (continous) sum of the heat quantity in each of the point
mass:

zo+A

Zo
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We want to analyze the rate of heat change in this slice Q(t, zo, A). That is how fast
heat goes in (or out) of this slice at any given time. By definition, it is just the derivative of
Q(t, xg, A) with respect to t:

d zo+A
%Q(t, xo, A) = / ypAu(t, z)dx. 4.5)
xo
Note that we have interchanged the order of differentiation and integration in the RHS of
the above equation, which can be justified under certain technical assumptions.

On the other hand, since the rod is insulated, from conservation of energy the heat
change from the slice must results from the change at the two ends of the slice [xq, o+ A].
That is the rate of change of the heat in the slice can also be expressed as

d d
%Q(t’ .Z'D) — %Q(t Zo + A)

This is simply saying the rate of change of heat is equal to the rate of heat going in at the
left end minus the rate of heat going out at the right end. For example, if %Q(t, ro+A) =
%Q(t, xo) then the heat change at one end balances the heat change change at the other
end and the rod’s heat remains constant (over time). If heat flows in at the left end x then
LQ(t,20) > 0 and no heat flows out at the right end o + A then £Q(t, 7o) = 0 and the
net heat change in the slice is positive.

By Fourier’s law (4.4),
Qt20) — QU0+ A) = KAy (020 + &) — us(t.20) ) +6)
dt y Lo dt y Lo - Uz \Ty Lo Uy (T, Lo . .

Equating (4.5) and (4.6) gives

zo+A
/ ypAu(t, z)dr = KA{ux(t, o+ A) — uy(t, xo)}.

Zo

Dividing both sides by A and let A — 0 gives
K
Ut = —Ugy = kuxz
P

This is the heat equation. The constant £ = % is called the thermal diffusivity (of the
material fo the rod).

4.3.2 Heat equation as a boundary value problem
The boundary value problem

Consider an insulated rod with length L whose temperature at the two ends are always kept
at 0:
u(t,0) = u(t,L) =0,t > 0.
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Suppose that its initial temperature profile is given by a function f(z):
u(0,2) = f(z),0 <x < L.

From our derivation of the heat equation above, the temperature u(t, x) of the rod at any
time ¢ and position x is described by the solution to the BVP

U = Klgy 4.7)
u(t,0) = wu(t,L)=0,t>0 (4.8)
uw(0,z) = f(z),0<xz<L. 4.9)

The general solution
We will now solve this BVP. First we look for the solution to the equation
Uy = kumz

without worrying about the boundary and initial conditions. This equation is separable,
that is we make the ansatz

u(t,z) = A(t)B(x).
Note that we have considered this equation in the example of the last section. Plugging in
to the equation we have
At me
_— = —_= —)\
kA B ’
for some constant \. Thus A, B satisfy respectively the DEs

Ar+ kXA = 0
B.. +AB = 0.

The solution for A(%) is
A(t) = Ce ™,
for some constant C' to be determined. The solution for B(x) depends on the sign of A\ and
it is
B(z) = Ciz+Cy,A=0

B(z) = Cjcos(azx)+ Cysin(ar),A=a*>0

B(z) = C)cosh(ax)+ Cysinh(ar), A = —a® < 0.
Remark 4.3.2. We observe that we look for non-zero solutions in both A(t), B(x). The
reason is if either one is zero then u(t,x) = 0 and it contradicts the initial condition

u(0,2) = f(z) (unless f(x) = 0). This will be a general theme in subsequent sections
when we investigate the wave and Laplace equations which are also separable.
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4.3.3 The boundary condition

We now consider the boundary condition. u(t,0) = wu(t, L) = 0 implies
A(t)B(0) = A(t)B(L) = 0.

Since A(t) is not the zero function, we conclude that B(0) = B(L) = 0 and note that B(z)
solves the regular Sturm-Liouville problem

Biw+0’B = 0

B(0)=B(L) = 0.
The condition B(0) = B(L) = 0 implies that A\ = o > 0 and
B(z) = C) cos(ax) + Cy sin(ax)

since the other two possibilities of A also forces B(x) = 0, which again implies u (¢, x) = 0.
The condition B(0) = 0 implies C; = 0. The condition B(L) = 0 implies

sin(aL) = 0.
Thus (recalling that we have the freedom to choose what A = o is)
nm
a=—
L Y

for some natural number n. For each choice of o = ”T” it is conceivable that we have a
different corresponding constant C7. That is we have a family of solution
. onm
B,(z) =C, sm(fx).

Since the boundary condition is homogeneous, the sum of solutions is a solution and thus
the general solution to the DE:
By +a°B = 0
B(0)=B(L) = 0

is
- . nm
B(z) = ; Cy, sm(faj).

Thus the general solution to the heat equation, considering only the boundary condition is

2,2 nm

U(t, .T) - Z Cne_knLiQt SIH(TI'>
n=1

(The constant C' in the general solution of A(t) is absorbed into the C), in the above repre-
sentation).

Remark: As t — oo, each term of the series converges to 0. Thus we may believe that
u(t,z) — 0ast — oo (we need to justify exchanging the limit and the summation to make
it rigorous). This agrees with our intuitition that the temperature of the rod converges to 0
everywhere due to the fact that the two ends are kept at constant O degree.
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The initial condition

The condition «(0, x) = f(z) implies

That is C/,s are the Fourier coefficients in the half-range expansion of f(z) on the interval
[0, L] using the sine series. Recalling our results in the Fourier chapter gives

C, = %/OL f(x) sin(n%a:)dx.

Thus the solution to the heat equation (4.7) is

2

- L nm n?r2, NI
u(t,z) = z_; (%/0 f(z) sin(fa:)da:)e*kﬁ sm(fszz).

An example

Consider the heat equation

Ut = Uy
u(t,0) = wu(t,m)=0,t>0
u(0,2) = 1,0<x <.

/0 ’ sin(n)dr = 2-1- (="

™ n

That is

u(t,z) =

Z _1_7(_1)716_”% sin(nx).

n=1

RN

4.4 Wave Equation and Boundary Value Problems (BVPs)

4.4.1 Derivation of the wave equation

Consider a string of length L that originally ( before time ¢ = 0 ) lies along the interval
[0, L] on the x-axis. Suppose at time ¢ = 0 we pluck the string and let go. Let u(¢, z) be the
displacement of the string away from the x-axis at time ¢ > 0 and coordinate z,0 < x < L.
We suppose that the string is clamped at the two ends:

u(t,0) = u(t,L) =0,t > 0.
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The “shape" of the string given by the pluck is described by a function f(x):
u(0,2) = f(x).

¥
0.1 \
0.08

0,06
0.04
a.02

We seek to find an equation that u(¢, z) follows, under the following assumptions:

a. The displacement u(t, z) is always small compared with the length L of the string.
This has the practical consequence that the length of any segment of string whose x coor-
dinates lie between [z, z + Ax] for some small Az can be approximated by Az.

b. The string is light. That is the effect of gravity on the string is negligible. Conse-
quently, the motion of the string is the result of only the tension of the string itself.

c. The magnitude of the tension of the string is constant in time and uniform through
out the string.

Remarks: It goes without saying that the only “motion" of the string is vertical motion.
That is if we fix any coordinate = of the string then the only motion at that coordinate is
along the y axis.

Now we look at the forces that act on a segment of the string whose x coordinates lie
between [x, x + Ax] for some small Az. The goal is to apply Newton’s second law to this
segment, whose (vertical) acceleration can be captured approximately by (¢, z) since Ax
is small.

From assumptiob b, the only forces acting on this segment are the tensions of the string
(the part excluding this segment). Thus there are two tensile forces T, T'5 acting at the two
end of the segments as in the picture above. The angles T, T's make with the horizontal
line are v and 3 respectively.

Remarks: More technically precise, 3 is measured counter-clockwise from the positive
x-axis to T'a; « is measured counter-clockwise from the negative x-axis to T;. This would
ensure that the expression (4.10) of the net force acting on the segment is correct no matter
how T, Ty point ( “up" or "down" ). For example, if (contrary to the picture) T points
“down" then sin 3 is negative. Similarly if T'; points “up" then sin « is negative.

From assumption a, «, 3 are close to 0. Thus cos(a) ~ cos(f) ~ 1, which implies
sin(a) ~ tan(«) (sin(5) ~ tan(f)). Finally from assumption c, the maginute of T; and
T5 are equal, which we denote as 7. Thus the net force that acts on this segment vertically
is

Tsin 3 — Tsina ~ T(tan § — tan a). (4.10)
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I X x+Ax R
X
slope = tan o x+Ax

_¥

ox |,
P =mass per unit length

Remark: The negative sign on 7' sin o can be thought intuitively as because T'; always
points “left." See also the above remark about how we precisely define «, 5.

Geometrically, the tensile forces T, T5 are tangents to the segment at the two ends.
Thus the slope they make with the horizontal line are equal to the derivatives of u with
respect to x at these two ends, respectively. Finally, recall that the slope of a line is equal
to the tangent of the angle it makes with respect to the horizontal line. That is

tana = u,(t,x)
tan S = wu.(t,x + Ax)

Thus the net force acting on the segment vertically is
Tsinf —Tsina =~ T(tan f — tan ) = T(ug(t, z + Ax) — u,(t, z)).

Let p be the mass per unit length of this segment. By assumption a, the length of this
segment is approximately Az. By Newton’s second law, the net vertical force acting on
the segment is equal to the mass of the segment, which is approximately pAx times the
acceleration, which is approximately wy (¢, ). That is

T(ug(t,x + Ax) —u,(t,x)) = p(Ax)uy(t, ).

All these approximations become exact as Az — 0. Thus dividing both sides by Az an let
Az — 0 we have

2
Ut = A Ugy,
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where a? = % is a constant that depends on the material of the string.

4.4.2 Wave equation as a boundary value problem

The boundary value problem

Consider a string of length L that is clamped at the two ends:
u(t,0) = u(t,L) =0,t > 0.

Suppose the initial shape of the string is given by a function f(z):
u(0,z) = f(x),0 <z < L.

Also suppose that the initial velocity of the string is given by a function g(z):
u(0,z) = g(x),0 < x < L.

Remark: The initial velocity of the string u;(0, x) = g(x) tells us the initial velocity of
the string at the coordinate x (whether it’s going up or down and how fast). In particular, if
the string is plucked, that is we give it an initial shape f(z) and let go, then g(z) = 0.

From our derivation of the wave equation above, the y-coordinate of the string at the
point z at time ¢ follows the BVP:

2

Ug = A Ugg
u(t,0) = u(t, L) 0,t >0
u(0,z) = f(x),0<z<L
u(0,z) = g(z),0 <z < L.

The general solution

Like the heat equation, the wave equation is also separable. Thus again we make the ansatz
u(t,z) = A(t)B(x).
Plugging in to the equation we have

Att B:m:

24BN
for some constant \. Thus A, B satisfy the DEs
Att + CL2AA = 0
B, +A\B = 0.
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The solutions for A(t), B(z) depend on the sign of A and they are

Alt Cit+Cy, A =0
A(t) = Ccos(aat) + Cysin(aat), A = a* >0
A(t) = Cjcosh(aat) + Cysinh(aat), A\ = —a* < 0

)
)
)
)
)
)

B(z) = Cla+CyLA=0
B(z) = C)cos(az)+ Cysin(ar), A =a? >0
B(x C} cosh(ax) + Chysinh(az), A = —a® < 0.

The boundary condition

The boundary condition we are considering is exactly the same as the boundary condi-
tion for the heat equation. That is we conclude B(x) satisfies the regular Sturm-Liouville
problem

Buw+AB = 0
B(0)= B(L) = 0.

Repeating the same argument as in the heat equation, we have a family of solutions
B,(z) =C, sin(mx),
L
wheren =1,2,---.
From the analysis of the boundary condition, we also have A\, = % > 0. Thus the
form of the general solution for A(t) is:

Alt) = ¢4 cos(a%t) + O sin(a%t).
Thus the general solution for u(t, ) is
u(t,x) = Z {C}L cos(an%t) + C? Sin(an%t)} sin(n%a:).

i=1
The initial conditions
Plugging in initial conditions
w(0,z) = f(z),0<z<L
u(0,z) = g(x),0 <z <L,

we have

> Cisin(ra) = f(@)

i(a%CZ) sin(%x) = g(z).

i=1
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That is C}’s (resp. a”—L“C’?l’s ) are the Fourier coefficients in the half-range expansion of
f(z) (resp. g(x)) on the interval [0, L] using the sine series. Recalling our results in the
Fourier chapter gives

L
cl = %/ f(x)sin(n%x)dm
2 gy

nm
2 = = in(—x)dz.
D= o [ o) sin( T

In particular, when the string is plucked, g(x) = 0 and C? = 0, Vn.

4.4.3 Standing waves
We first present a technical result:

Lemma 4.4.1. For all n, there exists Cf; and ¢,, so that
ct Cos(a%t) + C2 sin(a%t) =03 sin(a%t + ¢n).
Proof: Using trig identity, we have

sin(%t + ¢y = sin(ey) cos(a%t) + sin(a%t) cos(¢n).

Thus we require

C?sin(¢,) = C}

n

C3cos(¢,) = C2

n

This system has solution

Cr = V(C)?2 +(C3)?

¢n = tan™? (%) )
nm
—x

u(t,z) = Z c? sin(a%t + ¢n) sin( 7
i=1

= iu”(t,x),
i=1

Thus, u(t, z) can be written as

)

where

u"(t,x) = C? sin(an%t + on) sin(n—gx).
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A
-
Y

Fundamental
(First harmonic)
n=1

— Second harmonic
A n=2

= — — = = Third harmonic

- - = - - - n=3

Fourth harmonic
n=4

The u™(t, z) is referred to as the n-th standing wave or the n-th normal mode. 1t is called
a standing wave because each u" has the shape of essentially sin(“*x) with time-varying
amplitude C?2 cos(a*t + ¢y,).

The points on [0, L] for which sin(**x) = 0 corresponds to the points of the standing
waves where there is no motion. These points are called nodes. It is easy to see that the
n-th standing wave has n — 1 nodes.

The period of the standing wave is the time it takes to complete one cycle (of up and

down motion). For each fixed x, the up and down motion is described by the term
c? sin(a%t + ¢n).

Thus the period of the n-th standing wave is

2L
T, =—.
an
The frequency of the n-th standing wave is
1 an n |T

f1 1s called the fundamental frequency or the first harmonic. For n > 1 f,,’s are called the
overtones. In particualr, f, is referred to as the n — 1 overtone.

4.4.4 Wave equation on unbounded domain

Some physical phenomena such as electromagnetic waves also follow the wave equation
(see e.g. Maxwell’s equation ). The difference is they happen on an unbounded domain. In
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this section we consider the solution of a wave equation on the real line. The difference with
the previous section is that there is no boundary condition imposed. (Properly speaking
we need to consider electromagnetic waves in 3-d spatial variables. For demonstration
purposes, we’ll just consider the equation in 1-d spatial variable).

Consider the problem

Uy = @ Uyy, —00 < T < 00,1 >0
U(O,l’) = f(x),ut(O,:L’):g(x)

We solve this problem in 3 steps.
Step 1: Change of variables. We let

& = x+at
n = x—at.
By the chain rule:
o0& on
Uy :u5%+un% = Ug + Uy
on
Uy = u§a + una = aug — au

Similarly

Ou, 85 n Ou, 877
Yor = "5 or | Oy ox

Ou; 0§ Ouy On
aft ot 81; ot - 0“2u§§ - a2un£ — a2u§,7 + CLQUW,

= Ugg + Upe + Ugy + Uy
Uy =

Multiply u,, with a? and subtracting u,;, using the fact that a*u,, — u, = 0 we obtain
un€ =0.

Step 2: Integrate wu,¢ = 0

Integrate this equation first with respect to 1 gives ue = f(§), for some function f(§)
to be determined (so that when we differentiate with respect to 1 we obtain 0). Integrate
again with respect to 7 gives u(&,n) = F(§) + G(n), where F'(§) = f(£) and G(n) is
some function of 7 also to be determined (again so that when we differentiate with respect
to £ we only obtain f(&)). Converting back to (¢, x) variables, we have

u(t,z) = F(x + at) + G(z — at).

Step 3: Plugging in the initial conditions:
We have

w0,2) = F(z)+Gx) = fz

)
u(0,2) = aF'(z) —aG'(z) = g(z).
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The second equation can be integrated to give

olF(a) — Flao)] - al6(z) - Gla) = [ " g(s)ds,

o

where 1z is an arbitrary constant. Letting ¢ = F'(z) — G(z() we obtain the system

F(z) + G(z) = [(z)

F(z) - G(x) = é/w g(s)ds + c.

o

That is
Pla) = 57(a) + 5o [ g)ds e
Gla) = 31@) — 5 [ als)ds =

Finally, plugging in u(t,z) = F(z + at) + G(x — at) gives

1 1 x+at
u(t,z) = =[f(z+at) + f(x — at)] + —/ g(s)ds.
2 2a r—at
In particular, when g(x) = 0 we see that the solution is the superposition of two traveling
waves: 3 f(z + at) traveling to the right and % f(z — at) traveling to the left, both with
speed a.

4.5 Laplace Equation and BVP in a rectangle

4.5.1 Context for Laplace equations
In this section we study the Laplace equation:
Au(z,y) = Ugy + Uy, = 0, (z,y) € Q

where () is a rectangle inside R? subject to some boundary conditions on the boundary of
Q). Note that unlike the heat or wave equations, conventionally both independent variables
of u(x,y) are spatial variables. In this sense there is no time dimension in the Laplace
equations. The choice of () as a rectangular domain is to facilitate the derivation of ex-
plicit solution. We note that one can study the Laplace equation on a general domain (for
example, a circle) and in dimension larger than two.

Also unlike the heat or wave equation, we will not present the derivation for the Laplace
equation. The reason is there are many contexts where the Laplace equation arises, e.g.
describing the steady state solution of the heat or wave equation in higher dimensions (see
below). For more information about the situation where the Laplace equation arises, see
e.g. here.
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4.5.2 The Laplace equation as steady state solution to heat and wave
equation in higher dimensions

The main principle behind the heat equation is Fourier’s law, which says in one dimension
Qt = —KAUx

The quantity g = % is called the local local heat flux density and in higher dimension we
have

q=—KVu.

(Note: ¢ is a vector in the above equation). Thus we can believe that arguing in a similar
way to the one dimensional case, by analyzing the rate of change of the heat in a rectangle,
we can derive the heat equation in two dimension as

up = k(Ugy + uyy). 4.11)

The wave equation in two dimension requires the analysis of the tension in a membrane
(e.g. that of a drum), which is beyond the scope of this note. We will accept that the wave
equation in two dimension is

Uy = O (U + Uyy). (4.12)

A steady state is a state where the system’s property (the temperature of the rod, the
displacement of the string) becomes steady, i.e. does not change with time. For example,
the solution of the heat equation for a rod subject to the zero boundary condition tends to
u(t,z) = 0 ast — oo. Thus u(t, z) = 0 is the steady state solution for this particular heat
equation.

We maynot know whether a system will converge to a steady state solution. On the
other hand, if a steady state is reached then by definition we must have

ug =0
(which also implies u;; = 0 ). Plugging this into (4.11) and (4.12) we obtain in both cases
Uy + Uyy = 0,
which is the Laplace equation. The time dimension disappears since the steady state does

not depend on time by definition.

4.5.3 Some other contexts for the Laplace equation

We mentioned some other contexts where the Laplace equation may arise. First, in complex
analysis if we have a complex function

f(2) = u(z,y) +iv(z,y)
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where z = x + iy and f(2) is analytic (roughly an infinitely differentialbe function) then
both u and v satisfy the Laplace equation. Second, the potential of an eletric field follows
a non-homogenous Laplace equation, or more precisely referred to as a Poisson equation:

Ugg + Uyy = —p-
Lastly, the stream function of an incompressible fluid that is also irrotational also follows a

Laplace equation.

4.5.4 Laplace equation as BVP in a rectangle

Consider the steady state temperature u(x,y) on a rectangular plate [0, a] x [0, b] that is
kept at O at the lower horizontal end y = 0 and at temperature profile f(x) at the upper
horizontal end y = b. The plate is insulated at the two vertical ends x = 0,z = a. The
insulation condition implies that Q;(0,y) = Q:(a,y) = 0, where () is the heat quantity at
the point (z, y). Recalling the Fourier’s law

Qi = —kuy,
the insulation condition is translated to
uz(0,9) = ug(a,y) = 0,0 <y <b.
Thus the steady-state temperature is described by the BVP:

Upg + Uyy = 0
u(z,0) = 0;u(z,b) f(x),0<z<a
uz(0,y) = uz(a,y) 0,0 <y <b. (4.13)

The general solution

Similar to the wave equation we make the ansatz

u(z,y) = A(z)B(y).

Plugging in to the equation we have

Asa By,
= —— = —)\
A B ’
for some constant \. Thus A, B satisfy the DEs
A +AA = 0
By, —AB = 0.
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The solutions for A(x), B(y) depend on the sign of A and they are

Alx) = Ciz+C,A=0

A(z) = Cycos(az)+ Cysin(az), A = a?>0
A(z) = Cjcosh(az)+ Cysinh(az), A = —a® <0
Bly) = Cly+Cy, =0

B(y) = C}cosh(ay)+ Cysinh(ay),A =a® >0
B(y) = C}cos(ay)+ Cysin(ay), A = —a® < 0.

Note the reverse case for B(y) compared to A(z) for A > 0 and A < 0. This is because the
DE for B has the term —\B instead of +\A in the DE for A.

The boundary condition for x
The boundary condition for x is
uz(0,y) = up(a,y) = 0,0 <y < b.
This implies
A.(0)B(y) = As(a)B(y) = 0.

Since B(y) is not identically 0, we conclude that A,(0) = A,(a) = 0. That is A(z) solves
the regular Sturm-Liouville problem

A +XA = 0
A(0) = Ay(a) =

There are two possible cases for A that would lead to non-trivial solution here. First A = 0
implies A(z) = Cyz + Cs. The boundary condition implies C; = 0. Thus A(x) = C for
some constant Cj is a solution correspond to the A = 0 case.

Second, A > 0 implies

A(x) = Ccos(ax)+ Cysin(ax),
In this case, u,(0,y) = 0 implies Cy = 0 and u,(a,y) = 0 implies
aa = 2nm
or o = 2’}7” Thus there is a family of solution

2nwx

A, (x) = C, cos(

),

a

where a, = 2% n =1,2,---.
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The boundary condition for y

The boundary condition for y is
u(z,0) = 0;u(z,b) = f(2),0 <z < a.

Using a similar argument as the above section, we conclude that B(y) solves the problem

By, —AB = 0
B(0)=0,B(b) = f[f(z),
where we have concluded from the above section that \,, = a? = (277“)2 .n=0,1,--- are

the possible choices for .
If a,, = 0 then B(y) = Ciy + C%. B(0) = 0 implies C% = 0.
If o, = 2”“ > ( the general solution for B(y) takes the form

2 2
B,(y) = C} cosh(%y) + C, sinh(%y).

The condition B(0) = 0 implies C] = 0.
We now have the general form of u(zx,y) as

2nm 2
ZA = Coy + ZC’ sinh( —y) cos( i

n=1

).

The condition u(z,b) = f(x) implies

2nmx

= 2
Cob + Z C, sinh(%b) cos(

a
n=1

We can rewrite this as

- 2 2 —A 2
Cob+ 3 Cysinh(Z208) cos(=0) = 3 Creos(Fo0) = f(a)
=0

a

n=1

to make the LHS into a Fourier cosine series, where

Co = Cob
C, = C, smh(zn—ﬂb)

We see that C,, are the Fourier coeficients in the cosine series expansion of f (x). Thus

. 1 [@
~ 2 ¢ 2
C, = a/o f(z) cos( n;m)dx.




From this it follows that

Co = i/af(ﬂv)da:

c, = ————
asmh 2””1) / f () cos(

Thus the solution to the BVP (4.13) of the steady-state tempreture on the plate is

2nﬁ$

)dx.

u(z,y) / f(z d:c y—l—Z{m/ f(z) cos( 2n7r )dx} 81nh(2—y)cos(

Dirichlet problem

The BVP (4.13) we considered has a mixture of boundary condition types. That is it has
both Dirichlet type of condition:

u(z,0) = 0;u(z,b) = f(x),0<z<a
and Neumann condition
uz(0,y) = uz(a,y) = 0,0<y<b

This comes from the physical property of the problem we want to solve, that is the plate
is kept at certain temperatures at two ends and kept insulated at the other two ends. On
the other hand, one can consider problem where all boundary conditions are of Dirichlet
type. This problem is, not surprisingly, referred to as the Dirichlet problem (for Laplace
equation). It will have the following form

Upg +Uyy = 0
u(z,0) = f(x);u(z,b) = g(x),0<z<a
u(0,y) = Fy);ula,y) = G(y),0 <y <b. (4.14)

This problem is not straightforward to solve in this form. Observe that the general solution
that we found in (4.5.4) is the same. The difficulty lies in the fitting of the boundary
conditions as in (4.5.4) and (4.5.4). There, the zero boundary conditions played a major
role in simplifying the process of fitting the boundary conditions.

Nevertheless, we can utilize the superposition principle to help us solve the Dirichlet
problem by dividing it to two Dirichlet problems with boundary conditions equal to zero
on two sides. More specifically, we can consider the problems

Upg + Uy = 0
u(z,0) = f(z);u(z,b) = g(x),0<z<a
u(0,y) = 0;u(a,y) = 0,0<y<b. (4.15)
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and

Ugy + Uyy = 0
uw(z,0) = 0;u(z,b) = 0,0<z<a
u(0,y) = F(y);u(a,y) = G(y),0<y<b. (4.16)

It is straightforward to show that if u(x,y) is the solution to (4.15) and usy(x,y) is the
solution to (4.16) then

u(, y) = u (2, y) + uz(z,y)

is the solution to (4.14). The problems (4.15) and (4.16) can be solved using a similar
techniques to the one we presented above. More spefically, the reader can verify that

uy (7, y) = Z {An cosh n—Wy + B,, sinh n—ﬂy} sin nlx,
n=1 a a a
where
2 a
A, = —/ f(z)sin LI
a 0 a
2 a
B, = asinh_%b /0 g()sin %Ta:dx — A, cosh na—ﬂb.
And
uz(z,y) = ; {An cosh n%x + B,, sinh n%m} sin n%y,
where
9 b
A, = —/ F(y)sin Tydy
b Jo b
B 2 /bG( )si nmw p A L nm
n = sin — — A, cosh —a.
bsinh Fa J, Y p Y b

4.6 Nonhomogeneous Boundary Value Problem

4.6.1 Non-seperable equations

The heat, wave and Laplace BVPs we considered so far are all separable. That is we can
make the ansatz u(t,z) = A(t) B(z) and proceed to solve for A, B. In this section we will
consider extension of BVPs such that separability no longer holds and how to solve such
problems.
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Non-homogenous equations

The term homogenous in mathematics when referred to ODEs and PDEs usually means
“the RHS equals to zero and the LHS only involves terms that contains the solution «". For
example the heat, wave and Laplace equations we have considered so far are homogenous:

u; — kugz, = 0 (heat equation)
U — Uy, = 0 (wave equation)
Uz + Uy, = 0 (Laplace equation).

On the other hand, the following heat equation that models heat being generated inter-
nally with rate F'(z, t) is non-homogenoues:

kg, + F(x,t) = uy,
because if we collect terms that involve « on the LHS it becomes
up — kg, = F(x,1).

The non-homgeneity makes the equation no-longer separable (The ansatz u(t, z) = A(t) B(x)
is not appropriate unless it is also the case that F'(z,t) = C(t)D(x) ). Thus we need a dif-
ferent approach for the non-homogeneous case.

Time-dependent boundary conditions

Another extension would be solving the usual homogenous equations we considered so far,
subject to time dependent boundary conditions instead of constant boundary conditions.
For example, consider the problem
Uy = Upe, 0 <z <1,t>0
u(0,t) = cost,u(l,t)=0,t>0
u(z,0) = 0,0 <z <.

This is similar to the heat BVP we consider except for the boundary condition
u(0,t) = cost,

which depends on ¢. However, this also makes the problem non-separable. To see why, sup-
pose we make the ansatz u(t) = A(t)B(xz). Then u(0,t) = cost implies that A(t)B(0) =
costor A(t) = %. The equation u; = u,, becomes

sintB(z) = costBy,.
This implies

™ — tant

B(x)
which is impossible as B is only dependent on .
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4.6.2 Solving non-homogeneous BVP with homogenous boundary con-
ditions
The abstract procedure

Consider the problem

Uz + F(2,t) = u,0<az<L,t>0
u(t,0) = wu(t,L)=0,t>0
u(0,z) = f(z),0<xz<L.

The technique to solve this problem is to assume that both v(z,t) and F'(x,t) can be ex-
panded using Fourier sine series with time dependent Fourier coefficients:

u(t,x) = Zun(t)sin(n%x)
F(t,z) = ZF sin ) (4.17)

Remarks:

a. This assumption essentially says that our problem is still separable. Indeed the
crucial assumption is on the form of F'(x,t). It is conceivable that we can come up with
an example of F'(x,t) that does not admit the representation as in (4.17). However, for a
specific F'(x,t) we can easily check to see if the assumption is satisfied and proceed. An
easy example where the assumption holds is when £ is only dependent on .

b. The representation u(t,z) = > ° | u,(t)sin(“F apriori satisfies the boundary con-
ditions u(t,0) = u(t, L) = 0. In order to solve for ¢ we only need to find the coefficients
u,(t). Also observe that F,(t) is known once we know the specific form of F'(¢, z).

Plugging in the form as in (4.17) gives

- n?m?
Z {Fn(t) - ?un(t)} sin( Z ul, (t) sin( )
n=1
Equating the coefficients of sin(“*x) gives an ODE in ¢:
2,2
u, (t) + da un(t) = Fu(t).

L2
This is a linear first order ODE whose general solution can be found explicitly. Each

general solution for u,, depends on a constant C,,. Finally these C/ s can be found by the
initial condition u(t,0) = f(z).
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An example

Consider the BVP
Upe + (1 —2)sint = u,,0<z<1,t>0
u(0,t) =0,u(l,t) = 0,t>0
u(z,0) = z—1,0<z<1.

We first consider the representation

(1 —z)sint = ZF sin(nmzx).

That is
Z sm (nwz) =1—=x.
ot mt
Clearly - F"(t) is the Fourier coefficients of the sine series expansion of 1 — z. Thus we have
! 2
F.(t) = 25int/ (1 — z)sin(nrz)dr = — sint.
0 nm
The ODE in ¢ becomes
ul () + n®mu,(t) = 2 sin ¢
" nw '
It has a general solution
2 —n2n2t ' n?n?s —n272t
un(t) = —e e sin sds + u,(0)e .
nm 0
To determine w,,(0) we use the initial condition
u(z,0) = z—-1,0<z<1.

That is
Zun sin(nrz) =z — 1.
From the Fourier sine series of x — 1 we have
1
u,(0) = 2/ (x — 1) sin(nmz)dz.
0
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4.6.3 Solving homogeneous BVP with time dependent boundary con-
ditions
The abstract procedure
Consider the problem
Upe = U, 0<ax<L,t>0

u(t,0) = wup(t), u(t,L) =us(t),t >0
uw(0,2) = f(z),0<z<L.

We seek to transform this problem into a problem with time independent boundary condi-
tions by making the substitution

u(t,z) =v(t,x) + o(t, ),

where
B(t,2) = uo(t) + L (wa(t) = uo(t)).

The function ¢(t, z) enjoys the following nice properties:

o(t,0) = uo(t), o(t, L) = u(t)

Pluggging in the form u(t, x) = v(t, z) + ¢(t, z) into the original BVP, we see that v (¢, x)
satisfies the BVP

Voo + F(t,x) = v,0<z<L,t>0
v(t,0) = wo(t,L)=0,t>0
v(0,2) = g(z),0<z <L,
where F'(t,x) = —¢;(t, z) and g(x) = f(x)—¢(0, z). This is a non-homogenous BVP with

homogenous boundary conditions. We can follow the procedure outlined in the previous
section to solve it.

An example
Consider the problem
U = Ug,0<z<1,t>0

cost,u(l,t) =0,t >0
u(z,0) = 0,0<z<1.

<
—~
=

~

I
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‘We make the substitution
u(t,x) =v(t,x) + (1 — ) cos(t).

Then v(t, x) solves the BVP

Uge + (1 —2)sint = v, 0<x<1,t>0
v(0,t) =0,v(1,t) = 0,t>0
v(z,0) = z—1,0<z<L.

This is exactly the problem we solved in the section (4.6.2).

4.6.4 Solving non-homogeneous BVP with time dependent boundary
conditions

Lastly, consider the problem

Upe + Fx,t) = w,0<z<L,t>0
u(t,0) = wp(t), u(t,L) =ui(t),t >0
uw(0,z) = f(z),0<xz<L.

We can use the same substitution in the previous section to transform this problem into a
problem with time independent boundary conditions:

u(t,z) =v(t,x) + o(t, ),

where
T

o(t, x) = uo(t) + E(Ul(t) —u(t)).

Pluggging in the form u(t,z) = v(t,z) + ¢(t,x) into the original BVP, we see that
v(t, ) satisfies the BVP

Ve + G(t,x) = v,0<z<L,t>0
v(t,0) = wv(t,L)=0,t>0
v(0,2) = g(z),0<z <L,
where F(t,x) = G(t,z) — ¢+(t,x) and g(x) = f(x) — ¢#(0, z). This is a non-homogenous

BVP with homogenous boundary conditions and we can follow the procedure outlined in
the section (4.6.2) to solve it.
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4.7 Orthogonal Series Expansions for BVP

4.7.1 Introduction

In this section, we consider several examples of BVPs with nonstandard boundary condi-
tions. The technique to sovle these problems is orthogonal series expansion, the details of
which we present below.

4.7.2 A heat equation example

Consider the BVP
U = Ky,
subject to
u(t,0) = 0,u.(t,1) = —hu(z,1),h>0,t >0
uw(0,2) = 1,0<x<1.
Remark:

a. This problem models a rod of unit length, whose initial tempreature is 1 everywhere.
At the right end there is heat transfer into a surrounding medium, whose temperature is
kept at a constant zero. (Hence the rod’s left end is at a constant temperature 0). To see
this, recall Fourier’s law for heat transfer:

Qt = _Kux

and Newton’s law of cooling, which says the rate of change of heat is proportional to
the temperature difference. Thus the condition u,(t,1) = —hu(z, 1) can be seen as (; =
h(u(z,1)—0), which captures the fact that the heat transfer is proportional to the difference
of temperature of the right end of the rod and the environment.

b. In terms of boundary condition, the condition u,(t,1) = —hu(x, 1) is a new one and
thus the techniques we developed before to solve BVP will need to be modified to solve it.

Solution:

We will still use separation of variables, that is we make the ansatz

u(t,z) = A(t)B(x).
This is because this ansatz is still consistent with the boundary condition u,(t, 1) = —hu(z, 1).
Proceed as before, we have

At Bwa:_
A~ B Y
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for some constant \. Thus A, B satisfy respectively the DEs

A+ kXNA =
B.. +A\B = 0.

The solution for A(t) is
A(t) = Ce ™,

for some constant C' to be determined. The solution for B(z) depends on the sign of A and
itis

B(l’) = 01I+02,/\:0

B(z) = C)cos(ax)+ Cosin(az), A =a® >0

B(z) = C)cosh(az)+ Cysinh(ax), A = —a? < 0.

We now consider the boundary conditions
u(t,0) = 0,u.(t,1) = —hu(x,1).

A quick check shows that the choice B(z) = Cjz + Cs is not possible unless we have
Cy = Cy = 0. The choice B(z) = C cosh(ax) 4+ Cy sinh(ax) also is not possible. First
the condition u(¢,0) = 0 implies C; = 0. Second the condition u,(¢,1) = —hu(z,1)
implies tanh(a) = —%. The graph of tanh(z) intersects the graph of — only at z = 0
(note that 2 > 0 so —% < 0). The choise az = 0 is not possible here since this form of B(x)
implies A = o? > 0.
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N1
: tanh(z)
™
0 £
———————— o _1

This leaves us with the choice of B(x) = C cos(ax) + Cysin(ax). The left boundary
condition implies that C; = 0. The right boundary condition implies

tan(a) = —%.

The graph of tan(z) intersects the graph of —7 at infinitely many points a,,,n = 1,2, - - -.
We do not have an explicit representation «v,,. Nevetheless, we can still write the general

y =tan x

e —

fom =3

2w

hed

—

solution to the BVP as
u(t,z) = i Che ot sin(az).
n=1
Pluggin in the initial condition we have
u(0,z) = iCn sin(a,x) = 1.
n=1
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The o, are not of the form “* so this is not a Fourier expansion of 1. Rather, we re-

call the following result about eigenvalues and eigenfunctions of a regular Sturm-Liouville
problem. Consider the problem

d

= (r(@)y) + (a(2) + Ap(2))y = 0,a <& < b.

Subject to

Ay(a) + Biy'(a) =
Agy(b) + Boy'(b) = 0.
Then the eigenfunctions corresponding to distinct eigenvalues are orthogonal with respect
to the weight function p(z) on [a, b]. In our problem, sin(a,,x) are eigenfunctions corre-
sponding to eigenvalues «, for the Sturm-Liouville problem
B(0) = 0,B.(1)+ hB(1) =0.

Thus sin(«,x) are orthogonal with weight functions p(X) = 1. Applying this result gives

fol sin(ay,x)dx

fol sin?(az)dz

Cn=

4.7.3 A wave equation example

Consider the BVP
Upp = a2um,0 <zx<l1l,t>0
subject to
u(t,0) = 0,u.(t,1)=0,,t>0
u(0,z) = z,u(0,z)=0,0 <z <1
Remarks:

a. This problem models the twist angle u(¢, x) of a torsionally vibrating shaft of unit
length.

b. In terms of boundary condition, we get a Dirichlet type on the left end and a Neu-
mann type on the right end. We will still use separation of variable to solve the problem.
Similar to what we have above, the mixed boundary condition has the effect of making the
eigenvalues of the regualr Sturm-Liouville problem

Bee+AB = 0,0<z<1
B(0) = 0,B,(1)=0
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to have eigenvalues not of “Fourier type", that is they are not of the form “*. Nevetheless,
the eigenfunctions corresponding to the eigenvalues are still orthogonal so when it comes
to solving for the undetermined coefficients using the initial conditions, we can still use
orthogonal series expansion techniques.

c. There are two initial conditions on (0, ) and u;(0, z) because the PDE is second
order in ¢.

Solution:

Using separation of variables

u(t,x) = A(t)B(z),

we have

At sz
ST )
a?A B ’

for some constant \. Thus A, B satisfy respectively the DEs

Att + (]{2)\A = 0
B.. +AB = 0.

We first discuss the solution for B(z). As mentioned above, B(z) satisfies the regular
Sturm-Liouville problem

B(0) = 0,B.(1)=0.

We would not verify the details that if A < 0, the only solution to this problem is B(z) = 0.
Thus we conclude A > 0 and

B, (z) = C, sin(a,x),
where «,, satisfies
cos(a,) = 0.
Here we do have an explit formula for «v, :

2n —1
Oénz(nT)Wﬂl:LQ,“'

Going back to A(t), A(t) solves the DE
Ay +a* A = 0,n=1,2,---
Because a?),, > 0, we know A(t) has the form

A, (t) = Clsin(aa,t) + C2 cos(aant).
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The initial condition u;(0, ) = 0 translates to A/, (¢) = 0, which implies C}} = 0. Thus
u(t,z) = Y An(t)B,(x)
n=1

= Z C,, cos(aat) sin(a,x).

n=1

The initial condition «(0, z) = x implies

u(0,2) = ZC” sin(apz) = .
n=1

As we mentioned, the collection {sin(«,z),n = 1,2, -} is orthogonal. Thus

fol z sin(a,z)dz

Cn =3 :
Jy sin*(ax)dx

4.8 Fourier Series in Two Variables

4.8.1 Introduction

In this section, we explore the techniques of solving two dimensional heat and wave equa-
tions. They are

uy = k(uze + uy,) heat equation

Uy = o2 (Ugy + u,,) heat equation.

At first glance, separation of variables is still applicable. That is it is still reasonable to
assume

u(t, z,y) = A(t)B(x)C(y),

(with appropriate boundary conditions, of course). The difference is when we obtain the
general form for B(x),C(y) in terms of a series and use the initial condition to solve for
the coefficients, we will have to deal with a series in two variables:

>3 Awnsin("ra)sin(Shy) = f(r,9),0 <@ < a0 <y <b
a

m=1 n=1

We will see how to solve for the coefficients A,,, in the following section.
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4.8.2 Two dimensional Fourier sine and cosine series

We present the following results without proof. The intuition behind the representation is
similar to the one dimensional sine and cosine series. The technical difficulty lies in the
convergence of the series to the true function, which we skip.

Let f(x,y) be a sufficiently nice function defined on 0 < x < a,0 < y < b. Then the
two dimensional Fourier sine series representation of f is

" = mm nm
= Amn in(— in(— 5
E E sin( - x) sin( 2 Y)

m=1 n=1

where

4 a b
A= o [ [ ) sin( ) sin G day.

On the other hand, the two dimensional Fourier cosine series representation of f is

flx,y) = Aw+ Z Ao cos( ) + Z Agp cos(
+ Z Z A, cos(%x) cos(%y),
m=1 n=1

where
1 a b
A = dxd
00 ab/o ; f(z,y)dzdy
2 a b
AmO = _/ / f(ﬂf,y)COS(m.f)dl'dy
0 0

9 b
Ao = / f(z,y) cos( )dxdy
o Jo

Apn = / / f(z,y) cos —x) cos( ; )dxdy

4.8.3 Heat equation for temperatures in a plate
Consider the BVP
U = k(Upp +Uyy),t>0,0<2<a0<y<b
u(t,0,y) = ult,a,y) =u(t,z,0) = u(t,z,b) =0
w0, z,y) = flz,y).

u(t, z,y) describes the temperature on a rectangular plate whose initial temperature profile
is f(z,y) and whose temperature at all four sides are kept at 0.

97



Using separation of variables, we make the ansatz
u(t,x,y) = At)B(x)C(y).
Plugging this form in the PDE we have
ABC = kA(CB,, + BCy,).

That is

Ac_ Buw  Cuy
kA B C

The only way for an equation of the form

f(t) = g(x) + h(y)

to hold is when f(¢) = g(z) + h(y) = —A. Furthermore, it also must be that g(z) = —u
and h(y) = —\ + p for some constants A, 4. However, from our experience with one
dimensional heat equation, we note that B(x) and C'(y) will solve a regular Sturm-Liouville
problem. Thus, to make it convenient for us, we will actually write

B - N

ny _

o - "

Ay

A —(A+p).

Thus B, C solve the regular Sturm-Liouville problems

Bo +AB = 0,B(0) = B(a) =0
Cyy+uC = 0,0(0) = C(b) =0

and A solves the DE
A+ k(A +p)A=0.

Using the same argumetn as the one dimensional heat equation case, the general solutions
for A, B, C are

n2x2 2.2

A(t) 0 k(3 +%)t’
Bu(x) = Clsin(—2),

a
Culy) = Clsin(—7).

98



The general solution for the BVP is

u(t,z,y) = ZZAmnA(t)Bn(x)Cn(y)

m=1 n=1
- Z ZAmne_ &) sm(mm)sin(%).
a
m=1 n=1

We use the initial condition to solve for C), :

u(0,x,y) ZZAW” sin(— nmz sin(mbry) f(z,y).

m=1 n=1

Using the two dimensional sine series we have

A / / f(z,y)sin —:U) sm( 2 )d:vdy
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