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Preface

Partial differential equations are often used to construct models of the most
basic theories underlying physics and engineering. For example, the system of
partial differential equations known as Maxwell’s equations can be written on
the back of a post card, yet from these equations one can derive the entire theory
of electricity and magnetism, including light.

Our goal here is to develop the most basic ideas from the theory of partial dif-
ferential equations, and apply them to the simplest models arising from physics.
In particular, we will present some of the elegant mathematics that can be used
to describe the vibrating circular membrane. We will see that the frequencies
of a circular drum are essentially the eigenvalues from an eigenvector-eigenvalue
problem for Bessel’s equation, an ordinary differential equation which can be
solved quite nicely using the technique of power series expansions. Thus we
start our presentation with a review of power series, which the student should
have seen in a previous calculus course.

It is not easy to master the theory of partial differential equations. Unlike
the theory of ordinary differential equations, which relies on the “fundamental
existence and uniqueness theorem,” there is no single theorem which is central
to the subject. Instead, there are separate theories used for each of the major
types of partial differential equations that commonly arise.

However, there are several basic skills which are essential for studying all
types of partial differential equations. Before reading these notes, students
should understand how to solve the simplest ordinary differential equations,
such as the equation of exponential growth dy/dx = ky and the equation of
simple harmonic motion d?y/dz? + wy = 0, and how these equations arise in
modeling population growth and the motion of a weight attached to the ceiling
by means of a spring. It is remarkable how frequently these basic equations
arise in applications. Students should also understand how to solve first-order
linear systems of differential equations with constant coefficients in an arbitrary
number of unknowns using vectors and matrices with real or complex entries.
(This topic will be reviewed in the second chapter.) Familiarity is also needed
with the basics of vector calculus, including the gradient, divergence and curl,
and the integral theorems which relate them to each other. Finally, one needs
ability to carry out lengthy calculations with confidence. Needless to say, all
of these skills are necessary for a thorough understanding of the mathematical



language that is an essential foundation for the sciences and engineering.
Moreover, the subject of partial differential equations should not be studied
in isolation, because much intuition comes from a thorough understanding of
applications. The individual branches of the subject are concerned with the
special types of partial differential equations which which are needed to model
diffusion, wave motion, equilibria of membranes and so forth. The behavior
of physical systems often suggest theorems which can be proven via rigorous
mathematics. (This last point, and the book itself, can be best appreciated by
those who have taken a course in rigorous mathematical proof, such as a course
in mathematical inquiry, whether at the high school or university level.)
Moreover, the objects modeled make it clear that there should be a constant
tension between the discrete and continuous. For example, a vibrating string
can be regarded profitably as a continuous object, yet if one looks at a fine
enough scale, the string is made up of molecules, suggesting a discrete model
with a large number of variables. Moreover, we will see that although a partial
differential equation provides an elegant continuous model for a vibrating mem-
brane, the numerical method used to do actual calculations may approximate
this continuous model with a discrete mechanical system with a large number of
degrees of freedom. The eigenvalue problem for a differential equation thereby
becomes approximated by an eigenvalue problem for an n X n matrix where n
is large, thereby providing a link between the techniques studied in linear al-
gebra and those of partial differential equations. The reader should be aware
that there are many cases in which a discrete model may actually provide a
better description of the phenomenon under study than a continuous one. One
should also be aware that probabilistic techniques provide an additional compo-
nent to model building, alongside the partial differential equations and discrete
mechanical systems with many degrees of freedom described in these pages.
There is a major dichotomy that runs through the subject—linear versus
nonlinear. It is actually linear partial differential equations for which the tech-
nique of linear algebra prove to be so effective. This book is concerned primarly
with linear partial differential equations—ryet it is the nonlinear partial differen-
tial equations that provide the most intriguing questions for research. Nonlinear
partial differential equations include the Einstein field equations from general
relativity and the Navier-Stokes equations which describe fluid motion. We hope
the linear theory presented here will whet the student’s appetite for studying
the deeper waters of the nonlinear theory.
The author would appreciate comments that may help improve the next
version of this short book. He hopes to make a list of corrections available at
the web site:

http://www.math.ucsb.edu/ "moore

Doug Moore
March, 2003
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Chapter 1

Power Series

1.1 What is a power series?

Functions are often represented efficiently by means of infinite series. Examples
we have seen in calculus include the exponential function

oo

1 n
—1—|—x+§x +§l‘ +- nzz;)mx, (1.1)
as well as the trigonometric functions
cosaczl——x2+lx4— :i( 1)’CL 2k
2! 4! (2Kk)!
k=0
and
1
s1nx—x—§x —|——JL‘ — —Z 2k—|—l) . —ARS

An infinite series of this type is called a power series. To be precise, a power
series centered at x( is an infinite sum of the form

ao + a1(z — xq) + ag(x — x0)* + - Zanx—xo ,

where the a,,’s are constants. In advanced treatments of calculus, these power
series representations are often used to define the exponential and trigonometric
functions.

Power series can also be used to construct tables of values for these functions.
For example, using a calculator or PC with suitable software installed (such as
Mathematica), we could calculate

1
2 n __
1+1+_2:1 > 1" =25,
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1 2 1 3 1 4 1 n
L1+ 1%+ 1%+ Z—l = 2.70833,
n=0
8 1 12 1
> — 1" = 2.71806, > —1" = 2.71828,
n. n.
n=0 n=0

As the number of terms increases, the sum approaches the familiar value of the
exponential function e* at x = 1.

For a power series to be useful, the infinite sum must actually add up to a
finite number, as in this example, for at least some values of the variable x. We
let sy denote the sum of the first (IV + 1) terms in the power series,

sy = ag + a1 (x — x0) + as(x — )% + - —l—aNx—sco Zanx—xo ,

and say that the power series

oo

E l’*.’to

converges if the finite sum sy gets closer and closer to some (finite) number as
N — o0.

Let us consider, for example, one of the most important power series of
applied mathematics, the geometric series

14z + 22 Zx

In this case we have

sy=14+zc+2> 4254+, sy =x+aidad ot 4Nt
1—.’17N+1
SN—ZL'SN:].—(EN-H, SN = ——
1—=

If |#| < 1, then 2V*! gets smaller and smaller as N approaches infinity, and

hence
lim 2Vt =o0.
N—oo

Substituting into the expression for sy, we find that

. 1
lim sy = .
N—oo 1—=z

Thus if || < 1, we say that the geometric series converges, and write

0
> "=
n=0




On the other hand, if |z| > 1, then x¥ ! gets larger and larger as N ap-
proaches infinity, so limy_.o 27V 7! does not exist as a finite number, and neither
does limpy_, o, sy. In this case, we say that the geometric series diverges. In
summary, the geometric series

oo
1

E " converges to 1= when |z| < 1,
-z

n=0

and diverges when |z| > 1.
This behaviour, convergence for |z| < some number, and divergences for
|z| > that number, is typical of power series:

Theorem. For any power series
o]
ap + a1 (x —x0) + az(x —x)* + - = Z an(x — x0)",
n=0

there exists R, which is a nonnegative real number or oo, such that
1. the power series converges when | — zg| < R,
2. and the power series diverges when |x — xo| > R.
We call R the radius of convergence. A proof of this theorem is given in more

advanced courses on real or complex analysis.!
We have seen that the geometric series

1+x+x2+x3+...22x"
n=0

has radius of convergence R = 1. More generally, if b is a positive constant, the
power series

RS0 o

has radius of convergence b. To see this, we make the substitution y = z/b,
and the power series becomes Y y", which we already know converges for
ly| < 1 and diverges for |y| > 1. But

ly<1 < ‘%‘<1 & x| < b,

ly >1 < ‘%’>1 & x| > 0.

1Good references for the theory behind convergence of power series are Edward D.
Gaughan, Introduction to analysis, Brooks/Cole Publishing Company, Pacific Grove, 1998
and Walter Rudin, Principles of mathematical analysis, third edition, McGraw-Hill, New
York, 1976.



Thus for |z| < b the power series (1.2) converges to

1 1 b

lfyzlf(x/b) b—x’

while for |x| > b, it diverges.
There is a simple criterion that often enables one to determine the radius of
convergence of a power series.

Ratio Test. The radius of convergence of the power series

oo
ap + a1(x — zp) + az(x fxo)z 4= Zan(:c — )"
n=0

is given by the formula

so long as this limit exists.
Let us check that the ratio test gives the right answer for the radius of conver-
gence of the power series (1.2). In this case, we have
1 |an] 1/0m prtl
Gp = —, SO = =
|an+1 | 1/bn+1 bn

:b’

and the formula from the ratio test tells us that the radius of convergence is
R = b, in agreement with our earlier determination.
In the case of the power series for e,

oo 1 .
>
“— nl
in which a,, = 1/n!, we have
n 1/n! 1)!
|| _ /n :(n+):n+l,
]~ DLl
and hence
R=tim 2% = i (n51) = o0,

so the radius of convergence is infinity. In this case the power series converges
for all z. In fact, we could use the power series expansion for e to calculate e”
for any choice of x.

On the other hand, in the case of the power series

o0

n
E nlx™,
n=0



in which a,, = n!, we have

! 1
a n a .
2] = = , R = lim M—hm = 0.
] Dl md w00 Jaa] oo \m ot 1
In this case, the radius of convergence is zero, and the power series does not
converge for any nonzero x.

The ratio test doesn’t always work because the limit may not exist, but
sometimes one can use it in conjunction with the

Comparison Test. Suppose that the power series

Zan(xfxo)", an(xfxo)”
n=0 n=0

have radius of convergence Ry and Rs respectively. If |a,| < |b,| for all n, then
Ry > Ry. If |a,| > |by| for all n, then Ry < Rs.

In short, power series with smaller coefficients have larger radius of convergence.
Consider for example the power series expansion for cosz,

oo

1 22k
1+Ox—§x + 023 +—x— Z .

In this case the coefficient a,, is zero when n is odd, while a,, = £1/n! when
n is even. In either case, we have |a,| < 1/n!. Thus we can compare with the

power series
o0

1 n
1+x+§x —i—?x +E$+ Zﬁx
n=0
which represents e” and has infinite radius of convergence. It follows from the
comparison test that the radius of convergence of

o0

1
Z(_l)kmm%

k=0

must be at least large as that of the power series for e”, and hence must also be
infinite.

Power series with positive radius of convergence are so important that there
is a special term for describing functions which can be represented by such power
series. A function f(z) is said to be real analytic at x¢ if there is a power series

oo
Z an(z — )"
n=0

about xy with positive radius of convergence R such that

o0
= Zan(x—xo)”, for | — x| < R.



For example, the functions e® is real analytic at any xy. To see this, we
utilize the law of exponents to write e* = e®0e® 0 and apply (1.1) with x
replaced by = — xzq:

o o

1 e
e’ = e g (x —x0)" g an(z — 9)", where ap = —.
n! n!
n=0

This is a power series expansion of e” about xy with infinite radius of con-
vergence. Similarly, the monomial function f(z) = z™ is real analytic at zg

because
n

n! .
a" = (x —wo+x0)" = ; mxg (& — o)’
by the binomial theorem, a power series about xg in which all but finitely many
of the coefficients are zero.

In more advanced courses, one studies criteria under which functions are
real analytic. For our purposes, it is sufficient to be aware of the following facts:
The sum and product of real analytic functions is real analytic. It follows from
this that any polynomial

P(z) = ag +a1z +asz® + -+ apa™

is analytic at any xzg. The quotient of two polynomials with no common factors,
P(x)/Q(x), is analytic at x¢ if and only if z( is not a zero of the denominator
Q(z). Thus for example, 1/(x — 1) is analytic whenever x # 1, but fails to be
analytic at x¢g = 1.

Exercises:

1.1.1. Use the ratio test to find the radius of convergence of the following power
series:

a Z(—l)":ﬁ", b. Z - i 1:6",
n=0 n=0
¢ i 3 (x=2)" d ii(xfw)"
. n=0 n+1 7 . n=0 2 ’
e} o 1
e. Z(h‘ —14)", f. Z n_ 3z —
n=0 n=0

1.1.2. Use the comparison test to find an estimate for the radius of convergence
of each of the following power series:

= 1 2k — k, .2k
E ——x " b. E (=1)%z=",
|
k=0 (2k)! k=0
=0 k=0



1.1.3. Use the comparison test and the ratio test to find the radius of convergence
of the power series
> 1 x\2m
> (5)
— (mh)2 \2

1.1.4. Determine the values of xg at which the following functions fail to be real
analytic:

c.  h@)=—"s—r d. ¢(x) =

xt— 322+ 2’ x3 — 522 + 62

1.2 Solving differential equations by means of
power series

Our main goal in this chapter is to study how to determine solutions to differ-
ential equations by means of power series. As an example, we consider our old
friend, the equation of simple harmonic motion

ey

which we have already learned how to solve by other methods. Suppose for the
moment that we don’t know the general solution and want to find it by means
of power series. We could start by assuming that

y:a0+a1m+a2m2+a3x3+...:Zanx”. (1.4)
n=0

It can be shown that the standard technique for differentiating polynomials term
by term also works for power series, so we expect that

dy 2 = n—1
E:a1+2a2x+3a3x +--~:n¥1nanx .

(Note that the last summation only goes from 1 to co, since the term with n =0
drops out of the sum.) Differentiating again yields

2 3
T =20+ 3200+ 4-3asa® £ = ;n(n — Dana"2.

We can replace n by m + 2 in the last summation so that

o0 o0

= Y (m+2)(m+2—Dam22™2 =D (m+2)(m + Dag 2™
m+2=2 m=0

a’y
dx?



The index m is a “dummy variable” in the summation and can be replaced by
any other letter. Thus we are free to replace m by n and obtain the formula

d?y > n
prh Z(n +2)(n+ Dapqoz™.
n=0

Substitution into equation(1.3) yields

oo

Z(n +2)(n+ 1)anpp22" + Z apz™ =0,

n=0 n=0

or
e}

S [(n+2)(n+ Dansa + agz” = 0.

n=0
Recall that a polynomial is zero only if all its coefficients are zero. Similarly, a
power series can be zero only if all of its coefficients are zero. It follows that

(n+2)(n+1)anst2 + an =0,
or

anv2 = =7 n (1.5)

n+2)(n+1)
This is called a recursion formula for the coefficients a,.
The first two coefficients ag and a; in the power series can be determined
from the initial conditions,

d
y(0) = ag, ﬁ(O) =aqaj.

Then the recursion formula can be used to determine the remaining coefficients
by the process of induction. Indeed it follows from (1.5) with n = 0 that

ap 1
A = ——— = —<Qop.

2-1 2
Similarly, it follows from (1.5) with n =1 that

aq - 1
=730 TR
and with n = 2 that
a1 11
WT T3 T 3% T g

g, = D D)
2n — (2n)| 05 2n+1 — (2n+1)‘ 1-



Substitution into (1.4) yields

1 5 1 3 1 4
yzao—l—alx—iaox —galx —&—Iaox + -

15, 14 1 4 14
= ag (1533 +Ix ~~)+a1 <x5x +ax —
We recognize that the expressions within parentheses are power series expan-

sions of the functions sin z and cos x, and hence we obtain the familiar expression
for the solution to the equation of simple harmonic motion,

Yy = agcosx + ay sinzx.

The method we have described—assuming a solution to the differential equa-

tion of the form -
y(z) = Z anx"
n=0

and solve for the coefficients a,,—is surprisingly effective, particularly for the
class of equations called second-order linear differential equations.

It is proven in books on differential equations that if P(z) and Q(x) are well-
behaved functions, then the solutions to the “homogeneous linear differential
equation” ,

d d
S+ Pa) 2+ Qa)y =0

can be organized into a two-parameter family

y = aoyo(z) + ary1(z),

called the general solution. Here yo(x) and y; (z) are any two nonzero solutions,
neither of which is a constant multiple of the other. In the terminology used in
linear algebra, we say that they are linearly independent solutions. As ag and
ap range over all constants, y ranges throughout a “linear space” of solutions.
We say that yo(z) and y;(z) form a basis for the space of solutions.

In the special case where the functions P(z) and Q(x) are real analytic,
the solutions yo(x) and y;(x) will also be real analytic. This is the content of
the following theorem, which is proven in more advanced books on differential
equations:

Theorem. If the functions P(z) and Q(x) can be represented by power series

P(z)=) pale—20)", Q@)= qulx—x0)"
n=0 n=0

with positive radii of convergence Ry and Rs respectively, then any solution
y(x) to the linear differential equation
d*y

d
T+ P@) 2+ Qa)y =0



can be represented by a power series

x) = Z an(x — x0)",
n=0

whose radius of convergence is > the smallest of Ry and Rs.

This theorem is used to justify the solution of many well-known differential
equations by means of the power series method.

Example. Hermite’s differential equation is
d?y dy
—2x—+2py =0, 1.6
oz 2o 2y (1.6)

where p is a parameter. It turns out that this equation is very useful for treating
the simple harmonic oscillator in quantum mechanics, but for the moment, we
can regard it as merely an example of an equation to which the previous theorem
applies. Indeed,

P(r) = =2z,  Q(z)=2p,

both functions being polynomials, hence power series about g = 0 with infinite
radius of convergence.
As in the case of the equation of simple harmonic motion, we write

o0
y= E anx™.
n=0

We differentiate term by term as before, and obtain

o0
= E na,z™ 1, 2 E n(n — Dayz n=2
d:v
n=1

Once again, we can replace n by m + 2 in the last summation so that

d2 o0 o0
%g: Z (m+2)(m 42— 1Dang0™ 22 = Z m+2)(m + 1)am22™,
m—+2=2 m=0

and then replace m by n once again, so that

d? >
Eg => (n+2)(n+ Dapa™ (1.7)
n=0
Note that
d o0
e D (1.8)
n=0

10



while

2py = Z 2panx™. (1.9)

n=0

Adding together (1.7), (1.8) and (1.9), we obtain

?y ., dy S "N n
i Qx% + 2py = ;(n +2)(n+ Dapqoz™ + ;(—271 + 2p)anx”.

If y satisfies Hermite’s equation, we must have

o}

0= Z[(n +2)(n+ 1D)anpi2(—2n + 2p)ay]z™.

n=0

Since the right-hand side is zero for all choices of x, each coefficient must be
Z€ro, SO
(n+2)(n+ 1)apy2 + (—2n + 2p)a, =0,

and we obtain the recursion formula for the coefficients of the power series:

2n — 2p
2 )+ ) (1.10)

Just as in the case of the equation of simple harmonic motion, the first two
coefficients ag and a; in the power series can be determined from the initial
conditions, p

Y

y(O) - a07 dx

The recursion formula can be used to determine the remaining coefficients in
the power series. Indeed it follows from (1.10) with n = 0 that

(0) = aj.

a9 = —ﬁao.

Similarly, it follows from (1.10) with n =1 that

2—2p 2(p—1)
a3 = ——aj; = 7T

3.2 -

and with n = 2 that

o A2 _22-p) -2 _2%p(p—2)
! 43727 4.3 2 ° 4l

ag-.

Continuing in this manner, we find that

6-2p _2B3-p20-p) _2(p-1p-3)
5.4 °° 5.4 T 51

as = ai,

11



C8-2p  2B-p)2%(p-2p  2p(p—2)(p—4)
- a4 = ap = — ap,
6-5-2 6-5 4! 6!
and so forth. Thus we find that

ag

2 _ 3 _ _
y = ay {1_22_1!?30”21?(12! 2) 4 2p(p 62!)(1? 4)x6+_”]
+a, |:3? — 2(p37 1).%'3 + 22(p— g(p— 3)955
2)(p—1)(p—3)(p—5)

We can now write the general solution to Hermite’s equation in the form

y = aoyo(z) + ary1(z),

where
20 5, 2p(p—2) 4 Pp(p—-2)(p—4)
yo(x) = *EI + a0 x ol x° +
and
2p—1 2(p—1)(p — 2(p—1)(p — —
() = 2 — (=1 5, 2@-DP=3) s 22@-DE-3)p-5) -

3! 5! 7!

For a given choice of the parameter p, we could use the power series to construct
tables of values for the functions yo(x) and yi(z). Tables of values for these
functions are found in many ”"handbooks of mathematical functions.” In the
language of linear algebra, we say that yo(z) and y;(x) form a basis for the
space of solutions to Hermite’s equation.

When p is a positive integer, one of the two power series will collapse, yielding
a polynomial solution to Hermite’s equation. These polynomial solutions are
known as Hermite polynomials.

Another Example. Legendre’s differential equation is

4y dy
1—2%)— —22—=+p(p+1)y=0 1.11
( )32 7y TP+ 1y =0, (1.11)
where p is a parameter. This equation is very useful for treating spherically
symmetric potentials in the theories of Newtonian gravitation and in electricity
and magnetism.
To apply our theorem, we need to divide by 1 — 22 to obtain

d? 2z d +1
y y P+

dr?2  1—22dx 1— 22
Thus we have ) ( D
z pp+
Pe)=-1—p Q@=7_gz"

12



Now from the preceding section, we know that the power series

T+u+u?+ud+--- converges to 1
—u

2

for |u| < 1. If we substitute v = x*, we can conclude that

1
1— 22

=1+2?+a*+2°+---,

the power series converging when |z| < 1. It follows quickly that

2z 3 5
P(:c):fl_sz =2z —22° —2z° —
and ( 0
pp +
Qz) =5 =p+ 1) +pp+ 1) +pp+ 1)z’ + -

Both of these functions have power series expansions about xy = 0 which con-
verge for |z| < 1. Hence our theorem implies that any solution to Legendre’s
equation will be expressible as a power series about xy = 0 which converges for
|x] < 1. However, we might suspect that the solutions to Legendre’s equation
to exhibit some unpleasant behaviour near x = 1. Experimentation with nu-
merical solutions to Legendre’s equation would show that these suspicions are
justified—solutions to Legendre’s equation will usually blow up as x — +1.

Indeed, it can be shown that when p is an integer, Legendre’s differential
equation has a nonzero polynomial solution which is well-behaved for all x, but
solutions which are not constant multiples of these Legendre polynomials blow
up as r — *£1.

Exercises:

1.2.1. We would like to use the power series method to find the general solution
to the differential equation

d?y dy
SV 4% p 19y =0
dx? T 1 ’

which is very similar to Hermite’s equation. So we assume the solution is of the

form
oo
y = E a’nwn7
n=0

a power series centered at 0, and determine the coefficients a,.
a. As a first step, find the recursion formula for a,5 in terms of a,,.

b. The coefficients ag and a; will be determined by the initial conditions. Use
the recursion formula to determine a,, in terms of ag and aq, for 2 < n < 9.

c. Find a nonzero polynomial solution to this differential equation.

13



d. Find a basis for the space of solutions to the equation.

e. Find the solution to the initial value problem

d*y dy
a2~ Vdr 12y =0, y(0) =0,

dy

2=t

f. To solve the differential equation

d?y dy
S gz —3)2 12y =
72 (z 3)dx + 12y =0,

it would be most natural to assume that the solution has the form

y= Z an(z —3)".
n=0

Use this idea to find a polynomial solution to the differential equation

d?y dy
Y 4 —3)=2L 412y =0.
T2 (z 3)dx + 12y =0

1.2.2. We want to use the power series method to find the general solution to
Legendre’s differential equation
d*y dy
1—2%)—2 —22—= +p(p+ 1)y =0.
( ) o2 7 TPP+ 1y
Once again our approach is to assume our solution is a power series centered at
0 and determine the coefficients in this power series.

a. As a first step, find the recursion formula for a,o in terms of a,,.

b. Use the recursion formula to determine a,, in terms of ag and aq, for 2 <n <
9.

c. Find a nonzero polynomial solution to this differential equation, in the case
where p = 3.

d. Find a basis for the space of solutions to the differential equation

2

d d
(1 fx2)d—;; - 2x£ +12y = 0.

1.2.3. The differential equation

2

R R

where p is a constant, is known as Chebyshev’s equation. It can be rewritten in

the form
d%y

P+ Quy =0, whee  Pa)=-r"— Q)

14



a. If P(z) and Q(x) are represented as power series about xg = 0, what is the
radius of convergence of these power series?

b. Assuming a power series centered at 0, find the recursion formula for a2
in terms of a,,.

c. Use the recursion formula to determine a,, in terms of ag and aq, for 2 < n <
9.

d. In the special case where p = 3, find a nonzero polynomial solution to this
differential equation.

e. Find a basis for the space of solutions to

*y  dy
(171’2)@ 7l’%+9y:0

1.2.4. The differential equation

(_d_2 n f) 2=z (1.12)

dx?

arises when treating the quantum mechanics of simple harmonic motion.

a. Show that making the substitution z = e~ /2

Hermite’s differential equation
d%y

d

y transforms this equation into

b. Show that if A = 2n+1 where n is a nonnegative integer, (1.12) has a solution
of the form z = e=%"/2Pp, (z), where P,(z) is a polynomial.

1.3 Singular points

Our ultimate goal is to give a mathematical description of the vibrations of a
circular drum. For this, we will need to solve Bessel’s equation, a second-order
homogeneous linear differential equation with a “singular point” at 0.

A point xq is called an ordinary point for the differential equation

d?y
dz?
if the coefficients P(x) or Q(x) are both real analytic at = x¢, or equivalently,
both P(x) or Q(z) have power series expansions about z = xy with positive
radius of convergence. In the opposite case, we say that xq is a singular point;

thus xg is a singular point if at least one of the coefficients P(x) or Q(z) fails
to be real analytic at x = zg. A singular point is said to be reqular if

+ P(w)j—z +Q(x)y=0 (1.13)

(x — z9)P(x) and (x — 20)°Q(x)

15



are real analytic.
For example, o = 1 is a singular point for Legendre’s equation
d*y 2z dy  plp+1)

P\pT2) _
dz? 1—952d95Jr 1—z2 7 ’

because 1 — 22 — 0 as © — 1 and hence the quotients

2z p(p+1)
1— 22 and 1— 22

blow up as x — 1, but it is a regular singular point because

(6= DP@) = (0= g =

and

2 2p(p+1) _plp+1)(1—2)
(0= 1°Q() = (0 — 12 = PP
are both real analytic at xo = 1.
The point of these definitions is that in the case where x = xg is a regular
singular point, a modification of the power series method can still be used to

find solutions.

Theorem of Frobenius. If x is a regular singular point for the differential
equation

d?y dy

— + P(z)— =0

2z TP@ o+ Q@)y =0,

then this differential equation has at least one nonzero solution of the form
y(@) = (& —20)" Y _ an(z — z0)", (1.14)
n=0

where r is a constant, which may be complex. If (x —x0)P(x) and (z —x¢)?Q(z)
have power series which converge for |x — xg| < R then the power series

o0
Z an(x — x0)"
n=0

will also converge for |x — zo| < R.

We will call a solution of the form (1.14) a generalized power series solution.
Unfortunately, the theorem guarantees only one generalized power series solu-
tion, not a basis. In fortuitous cases, one can find a basis of generalized power
series solutions, but not always. The method of finding generalized power series
solutions to (1.13) in the case of regular singular points is called the Frobenius
method .2

2For more discussion of the Frobenius method as well as many of the other techniques
touched upon in this chapter we refer the reader to George F. Simmons, Differential equations
with applications and historical notes, second edition, McGraw-Hill, New York, 1991.

16



The simplest differential equation to which the Theorem of Frobenius applies
is the Cauchy-Euler equidimensional equation. This is the special case of (1.13)
for which

P@ =" Qu=1,
where p and ¢ are constants. Note that
xP(z)=p and 22Q(x) = ¢

are real analytic, so x = 0 is a regular singular point for the Cauchy-Euler
equation as long as either p or ¢ is nonzero.

The Frobenius method is quite simple in the case of Cauchy-Euler equations.
Indeed, in this case, we can simply take y(z) = a”, substitute into the equation
and solve for r. Often there will be two linearly independent solutions y; (z) =
2™ and yo(x) = 2™ of this special form. In this case, the general solution is
given by the superposition principle as

=c12" + coz™.
1 2

For example, to solve the differential equation
2

d d
CY a4 oy =,

2
. dxz? dx

we set y = z" and differentiate to show that

dy/dx = rz"! = z(dy/dz) = ra”,
d*y/dz? =r(r —1)a""2 = 22(d*y/dz?) = r(r — 1)a".

Substitution into the differential equation yields
r(r—1)az" +4ra” + 22" =0,
and dividing by x" yields
rir—1)+4r+2=0 or r*+3r4+2=0.

The roots to this equation are r = —1 and r = —2, so the general solution to
the differential equation is

— - C1 | C2
Yy =cx V4o 2:——1——2.
r T

Note that the solutions y;(z) = =% and y2(x) = 72 can be rewritten in the

form

oo )
n@ =Y aan ) =2t bt
n=0 n=0

where ag = by = 1 and all the other a,’s and b,,’s are zero, so both of these
solutions are generalized power series solutions.

17



On the other hand, if this method is applied to the differential equation

d*y dy
2
Y 5 Ly =0
T iz + Tl Ty ’
we obtain
T(T*1)+37‘+1:T2+2T+1,

which has a repeated root. In this case, we obtain only a one-parameter family
of solutions

Y= cx L.
Fortunately, there is a trick that enables us to handle this situation, the so-called
method of variation of parameters. In this context, we replace the parameter ¢
by a variable v(x) and write

y=uv(z)r "t
Then
d d?
W@yt v, DL - 2/ (@) 20wy,

Substitution into the differential equation yields
22 (v (x)z™t — 20" ()72 + 20(z)2™3) + 3x(v (z)z ™! —v(x)z™?) +o(z)z™ =0,

which quickly simplifies to yield
"

1
v (x) +'(z) = 0, — =, log |v'| = —log |z| + a, v ==,
T T

U/
where a and co are constants of integration. A further integration yields

v=cyloglz|+c1, so  y=(cologlz|+ecr)zt,

and we obtain the general solution

1 log |z
y= o 408l
X X

In this case, only one of the basis elements in the general solution is a generalized
power series.

For equations which are not of Cauchy-Euler form the Frobenius method is
more involved. Let us consider the example

Py dy
2r—= + = = 1.1
xdx2+dx+y 0, (1.15)
which can be rewritten as
d%y dy 1 1
—2 + P(z)-=Z = hi P(z) = — = —.
P Y 1@y =0, whee  Pa)=., Q)=
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One easily checks that z = 0 is a regular singular point. We begin the Frobenius
method by assuming that the solution has the form

oo oo
y=ux" E apz” = E anz™ .
n=0 n=0

Then
d — d? =
d—y = Z(n +7)apz" T d—‘g = Z(n +r)(n+7r—1)a,z" 2
x n=0 x n=0
and
2 o0
21:ﬁ = Z 2(n+7r)(n+r—1a,z™ 1L
dx? =

Substitution into the differential equation yields

Z 2(n+r)(n+r—1a,z" ™ + Z(n +r)a,z" T 4 Z a, "t =0,
n=0 n=0 n=0

which simplifies to

x” Z(Qn +2r —1)(n+r)apz™t + z apz™| = 0.
n=0 n=0

We can divide by =", and separate out the first term from the first summation,
obtaining

(2r — Dragz™* + Z(2n +2r — D)(n 4 r)az™ ' + Z anx"™ = 0.
n=1 n=0
If we let n = m + 1 in the first infinite sum, this becomes
o0 (o)
(2r — Vragz™" + Z Cm+2r+1)(m+7r+ Dapz™+ Z anz” = 0.
m=0 n=0
Finally, we replace m by n, obtaining
(2r — Dragz™" + Z(Qn +2r+D(n+7r+ Dagp2™ + Z anz™ = 0.
n=0 n=0
The coefficient of each power of x must be zero. In particular, we must have
(2r — 1)rag =0, @2n+2r+1)(n+r+ 1laps1 +a, =0. (1.16)

If ag = 0, then all the coefficients must be zero from the second of these equa-
tions, and we don’t get a nonzero solution. So we must have ag # 0 and hence

(2r—1)r=0.
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This is called the indicial equation. In this case, it has two roots

1
7’1:0, 7‘225.

The second half of (1.16) yields the recursion formula

1
n+2r+1)(n+r+1)

Apt1 = f( Qs for n > 0.

We can try to find a generalized power series solution for either root of the
indicial equation. If » = 0, the recursion formula becomes

1
Upt1 = — 7 Qn.
1 2n+1)(n+1)
Given ag = 1, we find that
a; =—1 a *fia b
1=—1 2T T3 oM T 3y
1 1 1 1
ag=———Q2 = —————— Gy = —— Qg = ——
YT 5.3 (5-3)(3-2) YT T (15 3)ar
and so forth. In general, we would have
1
n=(=1)" :
w =) G T @ o
One of the generalized power series solution to (1.15) is
1 1 1
— 001 2 3 4_
yi(e) =a Tra T (5.3)(3!)“@ +(7~5-3)4!x
1 1 1
—1_ L2 3 4_
R S O TET RN COv-SE VT
If r = 1/2, the recursion formula becomes
1 1

It T o )t (12 + )™ (it D(2n+3)™

Given ag = 1, we find that

1
“=Ty 2.5 2.5-3

and in general,

ap, = (-1)"

n!2n+1)2n—1)---1-nl
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We thus obtain a second generalized power series solution to (1.15):

1 1 1
yo(w) = 2'/? [1 —z+ a?

— 3 DY
3" 953" T3 m5.3)" T ]

The general solution to (1.15) is a superposition of y;(z) and y2(x):

1 + 1 2 1 3+ 1 4
=c |l—2+ —2° — x xt =
y-a 327 T (.33 T (75-3)4
1 1, X
+eavr |1 — -z + x4

3° 7 25.3° T 3753

We obtained two linearly independent generalized power series solutions in
this case, but this does not always happen. If the roots of the indicial equation
differ by an integer, we may obtain only one generalized power series solution.
In that case, a second independent solution can then be found by variation of
parameters, just as we saw in the case of the Cauchy-Euler equidimensional
equation.

Exercises:

1.3.1. For each of the following differential equations, determine whether x = 0
is ordinary or singular. If it is singular, determine whether it is regular or not.

a. y' +zy + (1 —2?)y=0.
by + (1/a)y + (1 — (1/22)y = 0.
c. 22y" + 22y + (cosx)y = 0.
d. 23y" + 22y’ + (cosz)y = 0.
1.3.2. Find the general solution to each of the following Cauchy-Euler equations:
a. 22d%y/dx? — 2zdy/dx + 2y = 0.
b. 22d?y/dx? — xdy/dx + y = 0.
c. 22d?y/dx® — xdy/dx + 10y = 0.
(Hint: Use the formula
20t = gaghi — go (elogx)bi = gleitlosr — o [cos(blog ) + isin(blog x)]
to simplify the answer.)

1.3.3. We want to find generalized power series solutions to the differential
equation

21



by the method of Frobenius. Our procedure is to find solutions of the form

oo oo
Y= z" § anxn — § :anxn—&-r’
n=0 n=0

where r and the a,,’s are constants.
a. Determine the indicial equation and the recursion formula.
b. Find two linearly independent generalized power series solutions.

1.3.4. To find generalized power series solutions to the differential equation

Py dy
20° Y Yy =0
xde + dx oy

by the method of Frobenius, we assume the solution has the form

o]

_ § : n+r

y - a’ﬂx Y
n=0

where r and the a,,’s are constants.
a. Determine the indicial equation and the recursion formula.

b. Find two linearly independent generalized power series solutions.

1.4 Bessel’s differential equation

Our next goal is to apply the Frobenius method to Bessel’s equation,
d
r— (w—y> + (22 = p?)y =0, (1.17)
x
an equation which is needed to analyze the vibrations of a circular drum, as we
mentioned before. Here p is a parameter, which will be a nonnegative integer

in the vibrating drum problem. Using the Leibniz rule for differentiating a
product, we can rewrite Bessel’s equation in the form

or equivalently as

d*y dy
ﬁ +P(l‘)% + Q(l‘) =0,
where ) )
1 T4 —p
P = — d = .
@=- ad  Qu)="—
Since
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we see that x = 0 is a regular singular point, so the Frobenius theorem implies
that there exists a nonzero generalized power series solution to (1.17).
To find such a solution, we start as in the previous section by assuming that

y= Z anx"tr.
n=0
Then
dy dy
ﬁ = Z(n +r)a,z" x% = Z(n + r)anz" ",
n=0 n=0
d ( dy) i 2 -1
— (=] =) (n+7r)a2"
dx \  dz o
and thus
d [ d -
S (m%) = Z(n +7r)2a,x™ . (1.18)

On the other hand,

[eS) [eS)
IZy _ E anxn+r+2 — E am_gl’erT,
n=0 m=2

where we have set m = n + 2. Replacing m by n then yields

2y = an_ox"t". (1.19)
n=2
Finally, we have,
_p2y = - Zp2an$n+r~ (120)
n=0

Adding up (1.18), (1.19), and (1.20), we find that if y is a solution to (1.17),

o0 o0 o0
g (n 4+ 7r)2a,z™*" + g Aoz — E planz™ " = 0.
n=0 n=2 n=0

This simplifies to yield

o0

oo
S+ 1) = plana™ + " anna™t =0,

n=0 n=2

or after division by z",

o0 oo
Z[(n +7)? — planz™ + Z Ap_ox™ = 0.
n=0 n=2
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Thus we find that
(r? = pHag + [(r +1)* = p*larx + Z{[(n +7)% = p?lay + an_o}z™ = 0.
n=2

The coefficient of each power of x must be zero, so
(r*—=p®ag =0, [(r+1)2=p%a; =0, [(n+r)*—p?lan+a,_o=0 forn>2.
Since we want ag to be nonzero, r must satisfy the indicial equation

(r* = p*) =0,

which implies that r = £p. Let us assume without loss of generality that p > 0
and take r = p. Then

[(p+1)* —p®la; =0 = 2p+1)a; =0 = a; = 0.
Finally,
[(n+p)?—p’lan+an2=0 = [n*+2nplay, +an =0,

which yields the recursion formula

1

—————=anp_29. 1.21
2np+n2a 2 ( )

Gy =
The recursion formula implies that a,, = 0 if n is odd.
In the special case where p is a nonnegative integer, we will get a genuine
power series solution to Bessel’s equation (1.17). Let us focus now on this
important case. If we set

aOZQP—p!’

we obtain

—ay 1 1_(1)1“2 1
T pra T apryop 2 Np+ 1)

—ay 1 NN
a, = = — _ =
YT 8416 8(p+2) \2 U(p+1)!

and so forth. The general term is
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Figure 1.1: Graph of the Bessel function Jy(x).

Thus we finally obtain the power series solution

= () S e ()

The function defined by the power series on the right-hand side is called the
p-th Bessel function of the first kind, and is denoted by the symbol J,(z). For

example,
e m 1 T\ 2m
Jo(x) = Z(—l) (m))? <§> :
m=0
Using the comparison and ratio tests, we can show that the power series ex-
pansion for J,(x) has infinite radius of convergence. Thus when p is an integer,
Bessel’s equation has a nonzero solution which is real analytic at = 0.

Bessel functions are so important that Mathematica includes them in its
library of built-in functions.®> Mathematica represents the Bessel functions of
the first kind symbolically by BesselJ[n,x]. Thus to plot the Bessel function
Jn(z) on the interval [0, 15] one simply types in

n=0; Plot[ BesselJ[n,x], {x,0,15}]

and a plot similar to that of Figure 1.1 will be produced. Similarly, we can
plot J,(x), for n =1,2,3.... Note that the graph of Jy(z) suggests that it has
infinitely many positive zeros.

On the open interval 0 < & < 0o, Bessel’s equation has a two-dimensional
space of solutions. However, it turns out that when p is a nonnegative integer, a
second solution, linearly independent from the Bessel function of the first kind,

3For a very brief introduction to Mathematica, the reader can refer to Appendix A.
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Figure 1.2: Graph of the Bessel function Ji(x).

cannot be obtained directly by the generalized power series method that we have
presented. To obtain a basis for the space of solutions, we can, however, apply
the method of variation of parameters just as we did in the previous section for
the Cauchy-Euler equation; namely, we can set

y = v(x)Jp(@),

substitute into Bessel’s equation and solve for v(z). If we were to carry this out
in detail, we would obtain a second solution linearly independent from J,(z).
Appropriately normalized, his solution is often denoted by Y),(z) and called the
p-th Bessel function of the second kind. Unlike the Bessel function of the first
kind, this solution is not well-behaved near x = 0.

To see why, suppose that y;(x) and ya(z) is a basis for the solutions on the
interval 0 < x < oo, and let W (y1,y2) be their Wronskian, defined by

x 1(x
W(yhyz)(x):‘ y1(w) y}( ) ‘
2 2
This Wronskian must satisfy the first order equation

d
7 @W (1, 52)(2)) = 0,
as one verifies by a direct calculation:

d d d
wﬁ(wylyé —zyay)) = ylw%(xyé) = ny%(xyll)

= —(z% = n?)(y1y2 — y2y1) = 0.
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Thus
c

Wy y2)(z)=¢, or Wy, (@)= —,

where ¢ is a nonzero constant, an expression which is unbounded as x — 0.
It follows that two linearly independent solutions y;(z) and yo(z) to Bessel’s
equation cannot both be well-behaved at z = 0.

Let us summarize what we know about the space of solutions to Bessel’s
equation in the case where p is an integer:

e There is a one-dimensional space of real analytic solutions to (1.17), which
are well-behaved as z — 0.

e This one-dimensional space is generated by a function Jy,(z) which is given
by the explicit power series formula

nw = (5) S ()

m=0

Exercises:
1.4.1. Using the explicit power series formulae for Jy(z) and J;(z) show that

%Jg(m‘) =—Ji(x) and %(9&]1 (2)) = aJo(z).

1.4.2. The differential equation

Py dy
207Y ay 9 2\, _

is sometimes called a modified Bessel equation. Find a generalized power series
solution to this equation in the case where p is an integer. (Hint: The power
series you obtain should be very similar to the power series for J,(z).)

1.4.3. Show that the functions

1 1
yi1(x) = —=cosx and  ya(x) = —=sinz

Vi Vi

are solutions to Bessel’s equation

d d
@ (x_y> + (2% = p?)y =0,

. dzr dr

in the case where p = 1/2. Hence the general solution to Bessel’s equation in
this case is

1 1
Y =C—=COST + Coa—=SInT.

v v
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1.4.4. To obtain a nice expression for the generalized power series solution to
Bessel’s equation in the case where p is not an integer, it is convenient to use
the gamma function defined by

F(x):/ t* e tdt.
0

a. Use integration by parts to show that I'(z + 1) = 2T'(z).
b. Show that I'(1) = 1.

c. Show that
'n+1)=nl=nn-1)---2-1,

when n is a positive integer.

d. Set
1

T 2I(p+1)

and use the recursion formula (1.21) to obtain the following generalized power
series solution to Bessel’s equation (1.17) for general choice of p:

v=5i0) = (3) DV s (5)

ao
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Chapter 2

Symmetry and
Orthogonality

2.1 Eigenvalues of symmetric matrices

Before proceeding further, we need to review and extend some notions from
vectors and matrices (linear algebra), which the student should have studied
in an earlier course. In particular, we will need the amazing fact that the
eigenvalue-eigenvector problem for an m x n matrix A simplifies considerably
when the matrix is symmetric.

An n x n matrix A is said to be symmetric if it is equal to its transpose AT.
Examples of symmetric matrices include

13 3—A 6 5 a b c
<3 1) , 6 1—A 0 and b d e
) 0 8—A c e f

Alternatively, we could say that an n X n matrix A is symmetric if and only if

x- (Ay) = (4x) -y. (2.1)

for every choice of n-vectors x and y. Indeed, since x -y = x”'y, equation (2.1)
can be rewritten in the form

x" Ay = (Ax)"y =x" A"y,

which holds for all x and y if and only if A = AT.
On the other hand, an n x n real matrix B is orthogonal if its transpose is
equal to its inverse, BT = B~!. Alternatively, an n x n matrix

B = (b1b2...bn)
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is orthogonal if its column vectors by, bs, ..., b, satisfy the relations

b;-b; =1, b;-by=0, ---, b;-b,=0,
by -by=1, ---, by-b, =0,
b, -b, = 1.

Using this latter criterion, we can easily check that, for example, the matrices

sinf  cosé —2/3 -1/3 2/3

(cos@ —sin 9) 1/3 2/3 2/3
, and
2/3 —=2/3 1/3

are orthogonal. Note that since
BTB=1 = (detB)?= (det BT)(det B) = det(B"B) =1,

the determinant of an orthogonal matrix is always +1.
Recall that the eigenvalues of an n x n matrix A are the roots of the poly-

nomial equation
det(A — AI) = 0.

For each eigenvalue );, the corresponding eigenvectors are the nonzero solutions

x to the linear system
(A—XDx=0.

For a general n x n matrix with real entries, the problem of finding eigenvalues
and eigenvectors can be complicated, because eigenvalues need not be real (but
can occur in complex conjugate pairs) and in the “repeated root” case, there
may not be enough eigenvectors to construct a basis for R™. We will see that
these complications do not occur for symmetric matrices.

Spectral Theorem.! Suppose that A is a symmetric n x n matrix with real

entries. Then its eigenvalues are real and eigenvectors corresponding to distinct
eigenvectors are orthogonal. Moreover, there is an n X n orthogonal matrix B
of determinant one such that B~'AB = BT AB is diagonal.

Sketch of proof: The reader may want to skip our sketch of the proof at first,
returning after studying some of the examples presented later in this section.
We will assume the following two facts, which are proven rigorously in advanced
courses on mathematical analysis:

1. Any continuous function on a sphere (of arbitrary dimension) assumes its
maximum and minimum values.

2. The points at which the maximum and minimum values are assumed can
be found by the method of Lagrange multipliers (a method usually dis-
cussed in vector calculus courses).

LThis is called the “spectral theorem” because the spectrum is another name for the set of
eigenvalues of a matrix.
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The equation of the sphere S»~! in R" is

x1
wi+as+--4ai=1 or x'x=1, where x= T2
Tn,
We let
9(x) = g(x1, 2, ... @) =x"x— 1,

so that the equation of the sphere is given by the constraint equation g(x) = 0.
Our approach consists of finding of finding the point on S”~! at which the
function

f(x) = f(z1,20,... ,2,) = x' Ax

assumes its maximum values.
To find this maximum using Lagrange multipliers, we look for “critical
points” for the function

H(x,\) = H(z1,x2,... ,2n, \) = f(x) — Ag(x).
These are points at which
Vf(z1,22,... ,2n) = AVg(z1,22,... ,2n), and g(z1,22,...,2,)=0.

In other words, these are the points on the sphere at which the gradient of f is
a multiple of the gradient of g, or the points on the sphere at which the gradient
of f is perpendicular to the sphere.

If we set
ailr a2 Q1n
az; Q22 as
A= ",
apl1 QAp2 * Qnn

a short calculation shows that at the point where f assumes its maximum,

H
9 = 2041%1 + 2(12'21'2 —+ -+ 2ainxn - 2)\3’]1 = 0,
8$i
or equivalently,
Ax — Ax = 0.
We also obtain the condition
oOH
_— = — = 0
0 g9(x) =0,

which is just our constraint. Thus the point on the sphere at which f assumes
its maximum is a unit-length eigenvector bq, the eigenvalue being the value \q
of the variable .

Let W be the “linear subspace” of R™ defined by the homogeneous linear
equation by - x = 0. The intersection S*~! N W is a sphere of dimension n — 2.
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We next use the method of Lagrange multipliers to find a point on S*~ ' NW
at which f assumes its maximum. To do this, we let

gi(x) =x"x=1,  ga(x) =b;-x.

The maximum value of f on S~ N W will be assumed at a critical point for
the function
H(X, )\,,U,) = f(X) - )‘gl(x) - :LLQQ(X)

This time, differentiation shows that

0H
axi

= 2a;171 + 205272 + - - + 2052, — 2Ax; — pb; = 0,

or equivalently,
Ax — Ax — pby = 0. (2.2)
It follows from the constraint equation b - x = 0 that
b - (Ax) = bT (4x) = (bT A)x = (bT A”)x
= (Aby))"x = (\by)Tx = \1b; - x =0.

Hence it follows from (2.2) that Ax —Ax = 0. Thus if by is a point on S*~!NW
at which f assumes its maximum, by must be a unit-length eigenvector for A
which is perpendicular to b;.

Continuing in this way we finally obtain n mutually orthogonal unit-length
eigenvectors by, by, ..., b,. These eigenvectors satisfy the equations

Ab; = A\iby, Abs = Xsby, ... Ab, = \sb,,
which can be put together in a single matrix equation
(Ab1 Aby - Abn) = (Albl Aobsy - )\nbn) ,

or equivalently,

A0 0
A(by by - by,)=(by by - by) 0 Af" 0
0 0 An
If we set
B=(by by - by,),
this last equation becomes
A0 0
ap=p|® 2 0
0 o0 An
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Of course, B is an orthogonal matrix, so it is invertible and we can solve for A,
obtaining

M O - 0 M O - 0
A=B 0 A? : 9 B™', or B'AB= 9 A? : 9

We can arrange that the determinant of B be one by changing the sign of one
of the columns if necessary.

A more complete proof of the theorem is presented in more advanced courses
in linear algebra.? In any case, the method for finding the orthogonal matrix B
such that BT AB is diagonal is relatively simple, at least when the eigenvalues
are distinct. Simply let B be the matrix whose columns are unit-length eigen-
vectors for A. In the case of repeated roots, we must be careful to choose a
basis of unit-length eigenvectors for each eigenspace which are perpendicular to
each other.

Example. The matrix
5 4 0
A=1[4 5 0
0 0 1
is symmetric, so its eigenvalues must be real. Its characteristic equation is

5-\ 4 0
0=| 4 5-X 0 |[=[A=5)*-16](A—1)
0 0 1-2X

=AM =100+ 9N -1)=(A-1)*(A—9),

which has the roots Ay = 1 with multiplicity two and Ay = 9 with multiplicity
one.

Thus we are in the notorious “repeated root” case, which might be expected
to cause problems if A were not symmetric. However, since A is symmetric,
the Spectral Theorem guarantees that we can find a basis for R® consisting of
eigenvectors for A even when the roots are repeated.

We first consider the eigenspace W corresponding to the eigenvalue A; = 1,
which consists of the solutions to the linear system

5—1 4 0 b1
4 5—1 0 b | =0,
0 0 1-1 bs

or
4by  +4by =0,
4by,  +4by =0,
0 =o.

2There are many excellent linear algebra, texts that prove this theorem in detail; one good
reference is Bill Jacob, Linear algebra, W. H. Freeman, New York, 1990; see Chapter 5.
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The coefficient matrix of this linear system is
4 4 0
4 4 0
0 00
Applying the elementary row operations to this matrix yields
4 4 0 1 1 0 1 1 0
4 4 0 |—-[4 4 0]—=[000
0 00 0 00 0 00

Thus the linear system is equivalent to

b +by =0,
0 =0,
0 =0.

Thus W; is a plane with equation b; 4+ by = 0.

We need to extract two unit length eigenvectors from W; which are perpen-
dicular to each other. Note that since the equation for W7 is by + by = 0, the
unit length vector

1
2
n-=— E
0
is perpendicular to Wj. Since
1
0 V2
b= 0 | €W, wefindthat by=nxb; = ;—; cW.
1 0

The vectors by and by are unit length elements of W; which are perpendicular
to each other.

Next, we consider the eigenspace Wy corresponding to the eigenvalue Ay = 9,
which consists of the solutions to the linear system

5-9 4 0 b1
4 5—-9 0 b | =0,
0 0 1-9 bs
or
—4b1 +4b2 = 0,
4by  —4bs =0,
—8b; =0.
The coefficient matrix of this linear system is
-4 4 0
4 -4 0
0 0 -8
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Applying the elementary row operations to this matrix yields

—4 4 0 1 -1 0 1 -1 0
4 —4 0 - 4 -4 0 -1 0 0 O
0 0 -8 0o 0 -8 0 0 -8
1 -1 0 1 -1 0
-0 0 O0]—={(0 0 1
0 0 1 0 0 0
Thus the linear system is equivalent to
bp —by =0,
b3 = 07
0 =0,

and we see that

Wy =span | 1

0
We set L
2
b3 == ﬁ
0
Theory guarantees that the matrix
1 1
0B u
B = 0o =L L1
vV2oov2 )
1 0 0

whose columns are the eigenvectors by, by, and bg, will satisfy

B 'AB =

OO =

0 0
10
09

Moreover, since the eigenvectors we have chosen are of unit length and perpen-
dicular to each other, the matrix B will be orthogonal.

Exercises:

2.1.1. Find a 2 x 2-matrix B such that B is orthogonal and B~'AB is diagonal,

where
5 4
e

2.1.2. Find a 2 x 2-matrix B such that B is orthogonal and B~!'AB is diagonal,

where
3 4
().
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2.1.3. Find a 3 x 3-matrix B such that B is orthogonal and B~'AB is diagonal,
where

5 4 0
A=14 5 0
0 0 1

2.1.4. Find a 3 x 3-matrix B such that B is orthogonal and B~'AB is diagonal,

where
1

-1 2 0
A= 2 0 2
0 2 1

2.1.5. Show that the n x n identity matrix I is orthogonal. Show that if By and
Bs are n x n orthogonal matrices, so is the product matrix BBy, as well as the
inverse B '.

2.2 Conic sections and quadric surfaces

The theory presented in the previous section can be used to “rotate coordinates”
so that conic sections or quadric surfaces can be put into “canonical form.”

A conic section is a curve in R? which is described by a quadratic equation,
such as the equation

ax? 4 2bxyxo + cxs =1, (2.3)

where a, b and ¢ are constants, which can be written in matrix form as

(3 2)(2)

If we let

we can rewrite (2.3) as
xTAx =1, (2.4)

where A is a symmetric matrix.
According to the Spectral Theorem from Section 2.1, there exists a 2 x 2
orthogonal matrix B of determinant one such that

1 T (X0
B AB_BAB_<O A )

If we make a linear change of variables,

x = By,
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then since x? = yT BT equation (2.3) is transformed into

y'(B"AB)y=1, (w1 u2) ( Aol fQ ) ( o ) =1,
or equivalently,
Ayt + Aays = 1. (2.5)
In the new coordinate system (yi,y2), it is easy to recognize the conic section:
e If \; and Ay are both positive, the conic is an ellipse.
e If \; and A2 have opposite signs, the conic is an hyperbola.

e If \; and )y are both negative, the conic degenerates to the the empty set,
because the equation has no real solutions.

In the case where A\; and Ay are both positive, we can rewrite (2.5) as
yi v
VA2 (V1A

from which we recognize that the semi-major and semi-minor axes of the ellipse

are \/1/A1 and 1/1/)a.
The matrix B which relates x and y represents a rotation of the plane. To
see this, note that the first column by of B is a unit-length vector, and can

therefore be written in the form

cos
b1 = <sin 9> ’
for some choice of 6. The second column b, is a unit-vector perpendicular to

b; and hence
—sinf
by =+ ( cos 6 > ‘

We must take the plus sign in this last expression, because det B = 1. Thus

1 cos 6 0 —sinf
B(O)_<sin9>’ B(1>_(COSG>’
or equivalently, B takes the standard basis vectors for R? to vectors which have
been rotated counterclockwise through an angle . By linearity,

cosf —sinf
B= ( sinf  cosf )
must rotate every element of R? counterclockwise through an angle 8. Thus once

we have sketched the conic in (yi, y2)-coordinates, we can obtain the sketch in
(21, z2)-coordinates by simply rotating counterclockwise through the angle 6.

37



Example. Let’s consider the conic

513 — 6xy79 + brg =1, (2.6)

() (B 3 )(3) =0

The characteristic equation of the matrix
5 -3
(57

(5-X)2=9=0, M —-10A+16=0, (A—=2)(A—=8)=0,

or equivalently,

is

and the eigenvalues are A\; = 2 and Ay = 8. Unit-length eigenvectors corre-
sponding to these eigenvalues are

e () e (38)

The proof of the theorem of Section 2.1 shows that these vectors are orthogonal
to each other, and hence the matrix

p=(1vs s )

is an orthogonal matrix such that

rn (20
pan-(20)

Note that B represents a counterclockwise rotation through 45 degrees. If
we define new coordinates (y1,y2) by

(5)=2(h)

equation (2.6) will simplify to

e (39)(3)

2 2
Y3

Y1 + -1
(1/v2)2 (1/VB)?
We recognize that this is the equation of an ellipse. The lengths of the semimajor
and semiminor axes are 1/v/2 and 1/(2v/2).

or

2y7 + 8ys =
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Figure 2.1: Sketch of the conic section 527 — 6x122 + 523 — 1 = 0.

The same techniques can be used to sketch quadric surfaces in R®, surfaces
defined by an equation of the form

ail a2 a3 T
( Ty T2 T3 ) az1 Q22 (23 T2 =1,
asy Gas2 ass T3

where the a;;’s are constants. If we let

a1l a2 ais Tl
A= an axn a3 |, x=| z2 |,
aszr Qs as3 xs3

we can write this in matrix form
xTAx = 1. (2.7)

According to the Spectral Theorem, there is a 3 x 3 orthogonal matrix B of
determinant one such that BT AB is diagonal. We introduce new coordinates

y= |1 by setting x = By,
Y3

and equation (2.7) becomes
vy (BTAB)y = 1.

Thus after a suitable linear change of coordinates, the equation (2.7) can be put
in the form

)\1 0 0 Y1
(vryzys )| 0O X2 O y2 | =1,
0 0 )\3 Y3
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Figure 2.2: An ellipsoid.

or
MYT + A2ys + Asy3 =1,

where A1, Ao, and A3 are the eigenvalues of A. It is relatively easy to sketch the
quadric surface in the coordinates (y1,y2,ys)-
If the eigenvalues are all nonzero, we find that there are four cases:

e If A\, Ao, and A3 are all positive, the quadric surface is an ellipsoid.

e If two of the A’s are positive and one is negative, the quadric surface is an
hyperboloid of one sheet.

e If two of the A’s are negative and one is positive, the quadric surface is an
hyperboloid of two sheets.

e If A\, Ao, and A3 are all negative, the equation represents the empty set.

Just as in the case of conic sections, the orthogonal matrix B of determinant
one which relates x and y represents a rotation. To see this, note first that since
B is orthogonal,

(Bx)-(By) =x"B"By =x"Iy =x-y. (2.8)

In other words, multiplication by B preserves dot products. It follows from this
that the only real eigenvalues of B can be +1. Indeed, if x is an eigenvector for
B corresponding to the eigenvalue A, then

M(x-x) = (Mx) - (\x) = (Bx) - (Bx) = x - x,
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so division by x - x yields A\? = 1.

Since det B = 1 and det B is the product of the eigenvalues, if all of the
eigenvalues are real, A = 1 must occur as an eigenvalue. On the other hand,
non-real eigenvalues must occur in complex conjugate pairs, so if there is a non-
real eigenvalue p + ¢v, then there must be another non-real eigenvalue pu — iv
together with a real eigenvalue A. In this case,

1 =det B = Apu+iv)(p—iv) = Mp® + 2.

Since A = £1, we conclude that A = 1 must occur as an eigenvalue also in this
case.
In either case, A =1 is an eigenvalue and

W, ={x€R%: Bx =x}

is nonzero. It is easily verified that if dim W7 is larger than one, then B must
be the identity. Thus if B # I, there is a one-dimensional subspace Wi of R®
which is left fixed under multiplication by B. This is the axis of rotation.

Let Wit denote the orthogonal complement to Wy. If x is a nonzero element
of Wy and y € Wit, it follows from (2.8) that

(By)-x=(By) (Bx)=y ' B'Bx=y"Ix=y -x=0,
so By € Wit. Let y, z be elements of Wi such that
yy=1 y-z=0, z-z=1;
we could say that {y,z} form an orthonormal basis for Wi-. By (2.8),
(By)-(By) =1, (By)-(Bz)=0, (Bz)-(Bz)=1.

Thus By must be a unit-length vector in Wi and there must exist a real number
0 such that
By = cosfy + sin 0z.

Moreover, Bz must be a unit-length vector in Wi- which is perpendicular to
By and hence
Bz = +(—sinfy + cos 0z).

However, we cannot have
Bz = —(—sinfy + cos 6z).
Indeed, this would imply (via a short calculation) that the vector
u = cos(0/2)y +sin(0/2)z

is fixed by B, in other words Bu = u, contradicting the fact that u € Wi-.
Thus we must have
Bz = —sin 0y + cos 0z,
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Figure 2.3: Hyperboloid of one sheet.

and multiplication by B must be a rotation in the plane Wi through an angle
0. Moreover, it is easily checked that y + iz and y — iz are eigenvectors for B

with eigenvalues
e = cosf + isin 6.

We can therefore conclude that a 3 x 3 orthogonal matrix B of determinant
one represents a rotation about an axis (which is the eigenspace for eigenvalue
one) and through an angle 6 (which can be determined from the eigenvalues of
B, which must be 1 and e*%).

Exercises:
2.2.1. Suppose that
2 3

A= < 23 ) |
a. Find an orthogonal matrix B such that BT AB is diagonal.
b. Sketch the conic section 223 + 6x122 + 223 = 1.
c. Sketch the conic section 2(z; — 1)% + 6(xy — 1)xy + 223 = 1.
2.2.2. Suppose that
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Figure 2.4: Hyperboloid of two sheets.

a. Find an orthogonal matrix B such that BT AB is diagonal.
b. Sketch the conic section 22?2 — 4z1z5 + 523 = 1.

c. Sketch the conic section 23@% — 4129 + 53@% — 4z + 4y = —1.

A(‘; f)

a. Find an orthogonal matrix B such that BT AB is diagonal.

2.2.3. Suppose that

b. Sketch the conic section 422 + 4x129 + 22 — /by + 2v/5xy = 0.

2.2.4. Determine which of the following conic sections are ellipses, which are
hyperbolas, etc.:

a. 23 +4xyzo + 323 = 1.

b. 3 + 6x129 + 1023 = 1.

c. =322 + 6x179 — 423 = 1.

d. —2? +4x129 — 323 = 1.

2.2.5. Find the semi-major and semi-minor axes of the ellipse

533% + 621719 + 51‘% = 4.
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2.2.6. Suppose that

O W N
o O O

a. Find an orthogonal matrix B such that BT AB is diagonal.
b. Sketch the quadric surface 4x1z2 + 323 + 923 = 1.

2.2.7. Determine which of the following quadric surfaces are ellipsoids, which
are hyperboloids of one sheet, which are hyperboloids of two sheets, etc.:

a. 23 — 23 — 23 — 6row3 = 1.

b. 3 + 2% — 2% — 6x120 = 1.

c. ¥2 4+ 23 + 23 + dw22 + 273 = 0.
2.2.8. a. Show that the matrix

1/3  2/3 2/3
B=|-2/3 —1/3 2/3
2/3 —2/3 1/3

is an orthogonal matrix of deteminant one. Thus multiplication by B is rotation
about some axis through some angle.

b. Find a nonzero vector which spans the axis of rotation.

c. Determine the angle of rotation.

2.3 Orthonormal bases

Recall that if v is an element of R, we can express it with respect to the
standard basis as

v=ai+bj+ck, where a=v-i, b=v-j c=v-k

We would like to extend this formula to the case where the standard basis
{i,j,k} for R? is replaced by a more general “orthonormal basis.”

Definition. A collection of n vectors by, ba, ..., b, in R" is an orthonormal
basis for R™ if

bl'b1:17 bl'bQZO, Tty bl'bnzoﬂ
b2'b2:17 ) b2bn:0a (29)
b, b, =1.

44



From the discussion in Section 2.1, we recognize that the term orthonormal
basis is just another name for a collection of n vectors which form the columns
of an orthogonal n x n matrix.

It is relatively easy to express an arbitrary vector f € R™ in terms of an
orthonormal basis by, bs, ..., b,: to find constants ¢y, cs, ..., ¢, so that

f =cib; +cby+ -+ c,by, (2.10)

we simply dot both sides with the vector b; and use (2.9) to conclude that

C; = bl‘ -f.
In other words, if by, bg, ..., b, is an orthonormal basis for R™, then
feR" = f=({-b)by+ -+ (f -b,)b,, (2.11)

a generalization of the formula we gave for expressing a vector in R® in terms
of the standard basis {i, j, k}.
This formula can be helpful in solving the initial value problem

d

o Ax,  x(0)=f, (2.12)
dt

in the case where A is a symmetric n x n matrix and f is a constant vector.
Since A is symmetric, the Spectral Theorem of Section 2.1 guarantees that the
eigenvalues of A are real and that we can find an n x n orthogonal matrix B

such that

M 0 - 0
B1AB = 0 X -~ 0
0 0 - A
If we set x = By, then
%:%:AXZAB}’ = (fl_i’:B_lABy'
Thus in terms of the new variable
Y1 dy, /dt A 0 - 0 "
y= v we have dy2/dt | _ [ O A -+ O v |
n dyn /dt 0 0 - nJ \u

so that the matrix differential equation decouples into n noninteracting scalar
differential equations

dyi/dt = Ay,

dyz/dt = Aaya,
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We can solve these equations individually, obtaining the general solution

Art
1 ciet
Aot
Y2 | | cee™?
y= = , ;
Ant
Yn Cp€
where ci1, co, ..., ¢, are constants of integration. Transferring back to our
original variable x yields
CleAlt
Aot
Co€
x=2B = c1b1eMt 4 eoboe™?t 4 - 4 ¢, b et
c et
where by, bs, ..., b, are the columns of B. Note that

X(O) =c1by + by + -+ 4+ ¢, by,

To finish solving the initial value problem (2.12), we need to determine the
constants ¢y, co, ..., ¢, SO that

c1by + coby + - - + ¢, by, = 1.
It is here that our formula (2.11) comes in handy; using it we obtain

x = (f-by)bieM + ...+ (f-b,)b,e*".

Example. Suppose we want to solve the initial value problem

dx 5 4 0 3
i 4 5 0]x, x(0) =1, where f=|1
B \o o1 4

We saw in Section 2.1 that A has the eigenvalues A\; = 1 with multiplicity two
and Ao = 9 with multiplicity one. Moreover, the orthogonal matrix

0o L i
V2 2
B=|o0 =% L
V2 V2

1 0 0

has the property that
1 00
B'AB=|( 0 1 0
0 09
Thus the general solution to the matrix differential equation dx/dt = Ax is

cret

x =B | cet | =cibre’ + cabsel + esbse™,
caet
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where

0
bi=[(0], by=
1

shsh-
3
I
sk

0

Setting ¢ = 0 in our expression for x yields

X(O) = ¢1b1 + coby + c3bs.

To solve the initial value problem, we employ (2.11) to see that
0\ /3 %\ /3
a=(0]-[1 =& (1] =Vv2
1 4 0 4

Hence the solution is

Exercise:

2.3.1.a. Find the eigenvalues of the symmetric matrix

O O = Ut
S O U
N = O O
—= NN OO

b. Find an orthogonal matrix B such that B~!AB is diagonal.
c. Find an orthonormal basis for R? consisting of eigenvectors of A.

d. Find the general solution to the matrix differential equation

dx
— = Ax.
a0

e. Find the solution to the initial value problem

dx

e Ax, x(0) =

N O W
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2.3.2.a. Find the eigenvalues of the symmetric matrix

-3 2 0
A= 2 -4 2
0 2 =5

(Hint: To find roots of the cubic, try A =1 and A = —1.)
b. Find an orthogonal matrix B such that B~1AB is diagonal.
¢. Find an orthonormal basis for R® consisting of eigenvectors of A.

d. Find the general solution to the matrix differential equation
dx
— = Ax.
dt

e. Find the solution to the initial value problem

dx )
— = Ax, x(0)= {2
dt 0

2.3.3. (For students with access to Mathematica) a. Find the eigenvalues of the
matrix

2
A=11
1

N W
B~ DN

by running the Mathematica program
a = {{2,1,1},{1,3,2},{1,2,4}}; Eigenvaluesl[al

The answer is so complicated because Mathematica uses exact but complicated
formulae for solving cubics discovered by Cardan and Tartaglia, two sixteenth
century Italian mathematicians.

b. Find numerical approximations to these eigenvalues by running the program
Eigenvalues[N[a]]
The numerical values of the eigenvalues are far easier to use.

c. Use Mathematica to find numerical values for the eigenvectors for A by
running the Mathematica program

Eigenvectors[N[a]]

and write down the general solution to the matrix differential equation

dx
& _ ax.
a -
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Figure 2.5: Two carts connected by springs and moving along a friction-free
track.

2.4 Mechanical systems

Mechanical systems consisting of weights and springs connected together in an
array often lead to initial value problems of the type

d*x dx
where A is a symmetric matrix and f is a constant vector. These can be solved
by a technique similar to that used in the previous section.

For example, let us consider the mechanical system illustrated in Figure 2.5.
Here we have two carts moving along a friction-free track, each containing mass
m and attached together by three springs, with spring constants ki, ko and k3.
Let

x1(t) = the position of the first cart to the right of equilibrium,
x9(t) = the position of the second cart to the right of equilibrium,
P = force acting on the first cart,

Fy = force acting on the second cart,

with positive values for F} or Fj indicating that the forces are pulling to the
right, negative values that the forces are pulling to the left.

Suppose that when the carts are in equilibrium, the springs are also in equi-
librium and exert no forces on the carts. In this simple case, it is possible to
reason directly from Hooke’s law that the forces F} and F» must be given by
the formulae

Fy = —kz + kao(zo — 1), Fy = ko(x1 — z2) — ko,

but it becomes difficult to determine the forces for more complicated mechanical
systems consisting of many weights and springs. Fortunately, there are some
simple principles from physics which simply the procedure for finding the forces
acting in such mechanical systems.
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The easiest calculation of the forces is based upon the notion of work. On
the one hand, the work required to pull a weight to a new position is equal to
the increase in potential energy imparted to the weight. On the other hand, we
have the equation

Work = Force x Displacement,

which implies that

Force Work Change in potential energy
rce = =— .
Displacement Displacement

Thus if V' (21, x2) is the potential energy of the configuration when the first cart
is located at the point x; and the second cart is located at the point zo, then
the forces are given by the formulae

ov ov

Fy=—— Fy=——.
! 81‘1’ 2 6$2

In our case, the potential energy V is the sum of the potential energies stored
in each of the three springs,

1 1 1
V(l‘l,l‘g) = 5]61.1‘? + 5]@2(3’51 — 31‘2)2 + 5]@3.%%,

and hence we obtain the formulae claimed before:

oV

Fl = 78—:1;1 = 7k1$1 + k2($2 - ‘Tl)’
oV

Fam -2 oo - )~

It now follows from Newton’s second law of motion that
Force = Mass x Acceleration,

and hence ) )
d T d T2
Fi =m——— Fy =m——=.

L= M 2T M

Thus we obtain a second-order system of differential equations,

d2
" dtjc21 = —kiw1 + ka(zg — 1) = — (k1 + k2)a1 + ko,
d*x
m dt22 = ka(w1 — z2) — k3wo = koxy — (ko + k3)zo.
We can write this system in matrix form as
d*x —(kl + kg) ko
My = Ax, where A= ( ko (ks k) ) (2.14)
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Note that A is indeed a symmetric matrix. The potential energy is given by the
expression

V(z1,29) = —% (r122) A (i;) :

Example. Let us consider the special case of the mass-spring system in which
m:k/‘l:k]Q:k/’g:L

so that the system (2.14) becomes
d*x -2 1
To find the eigenvalues, we must solve the characteristic equation

—2-x 1
det( ) 2>\>:()\+2)2—1:0,

which yields
A=-24+1.

The eigenvalues in this case are
)\1 = —1, and )\2 = -3.

The eigenspace corresponding to the eigenvalue —1 is
W1:{bER2:(A+I)b=0}=...:span( 1 )

It follows from the argument in Section 2.1 that the eigenspace corresponding
to the other eigenvalue is just the orthogonal complement

W_s zspan< 711 ) .

Unit length eigenvectors lying in the two eigenspaces are

n- () e (58

The theorem of Section 2.1 guarantees that the matrix

s (12 )

whose columns are by and bs, will diagonalize our system of differential equa-
tions.
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Indeed, if we define new coordinates (y1,y2) by setting

(2)=(z ) ()

our system of differential equations transforms to

Py /dt* = —y,
dPyo/dt? = —3ys.

We set w; =1 and wy = \/g, so that this system assumes the familiar form

APy /dt? + Wiy, = 0,
APy /dt? + w3y, = 0,

a system of two noninteracting harmonic oscillators.
The general solution to the transformed system is

Y1 = aq coswit + by sinwqt, Yo = Qg COS wat + by sin wat.

In the original coordinates, the general solution to (2.15) is

T1 1/\/5 —1/\/5 a1 coswit + by sinwqt
X = = . s
T2 1/V2 1/V2 a9 COS wal + by sin wot
or equivalently,

x = by(a; coswit + by sinwit) + ba(as cos wat + b sin wat).

The motion of the carts can be described as a general superposition of two
modes of oscillation, of frequencies

w1 w2

— and —.

2 2
Exercises:

2.4.1.a. Consider the mass-spring system with two carts illustrated in Figure 2.5
in the case where k; = 4 and m = ko = k3 = 1. Write down a system of second-
order differential equations which describes the motion of this system.

b. Find the general solution to this system.
c. What are the frequencies of vibration of this mass-spring system?

2.4.2.a. Consider the mass-spring system with three carts illustrated in Fig-
ure 2.5 in the case where m = k1 = ko = k3 = k4 = 1. Show that the motion of
this system is described by the matrix differential equation

d?x

2 Ax, where A=|1 -2 1
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Figure 2.6: Three carts connected by springs and moving along a friction-free
track.
b. Find the eigenvalues of the symmetric matrix A.
c. Find an orthonormal basis for R consisting of eigenvectors of A.
d. Find an orthogonal matrix B such that B~1AB is diagonal.
e. Find the general solution to the matrix differential equation
d*x

W:Ax.

f. Find the solution to the initial value problem

1
d*x dx
@ =Ax x0=|2]. Go=o

2 1 0 0
1
A=10 1 9 1

0

b. What are the frequencies of oscillation of a mechanical system which is
governed by the matrix differential equation

d?x

2.5 Mechanical systems with many degrees of
freedom™

Using an approach similar to the one used in the preceding section, we can
consider more complicated systems consisting of many masses and springs. For
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Figure 2.7: A circular array of carts and springs.

example, we could consider the box spring underlying the mattress in a bed.
Although such a box spring contains hundreds of individual springs, and hence
the matrix A in the corresponding dynamical system constains hundreds of rows
and columns, it is still possible to use symmetries in the box spring to simplify
the calculations, and make the problem of determining the “natural frequencies
of vibration” of the mattress into a manageable problem.

To illustrate how the symmetries of a problem can make it much easier to
solve, let us consider a somewhat simpler problem, a system of n carts containing
identical weights of mass m and connected by identical springs of spring constant
k, moving along a circular friction-free track as sketched in Figure 2.6.

We choose a positive direction along the track and let x; denote the dis-
placement of the i-th cart out of equilibrium position in the positive direction,
for 1 <4 < n. The potential energy stored in the springs is

1 1 1 1
V(T1,... o) = 5/{(95“—ml)2+§k(x2—x1)2+§/€(a¢3—:132)2+. A k(e —2n_1)?

2
-2 1 0 1 1
1 1 -2 1 - To
:_Ek(xl To X3 - xn) 0 1 -2 -+ 0 T3
1 0 0 -2 Tn
We can write this as
V(z1,. .. 2,) = —=kxT Ax,
where
T -2 1 o --- 1
To 1 -2 1 - 0
x=\| z3 |, A= 0 1 =2 0 ,
Ty 1 0 o .- =2
or equivalently as
1 n n
V(l‘l, .. ,.Z‘n) = —§kZZaijxixj,
i=1 j=1

o4



where a;; denotes the (4, j)-component of the matrix A.

Just as in the preceding section, the force acting on the i-th cart can be
calculated as minus the derivative of the potential energy with respect to the
position of the i-th cart, the other carts being held fixed. Thus for example,

F, = 6‘z1 kJZaljx] + = kZazlml = kZaljxj,

the last step obtained by using the symmetry of A. In general, we obtain the
result:

F, = axz = kZa”x7,
which could be rewritten in matrix form as
F = kAx. (2.16)

On the other hand, by Newton’s second law of motion,

d*x
— =F.
dt?
Substitution into (2.16) yields
d2 d*x  k
dtQ =kAx or ﬁ = EAX, (217)

where A is the symmetric matrix given above. To find the frequencies of vi-
bration of our mechanical system, we need to find the eigenvalues of the n x n
matrix A.

To simplify the calculation of the eigenvalues of this matrix, we make use of
the fact that the carts are identically situated—if we relabel the carts, shifting
them to the right by one, the dynamical system remains unchanged. Indeed,
lew us define new coordinates (y1,... ,yn) by setting

T1=Y2, T2=Y3, ..., Tn-1=Yn, ITn=7UY1,

or in matrix terms,

0 1 0
0 0 1 0
x =Ty, where T = 0 O 0
0 00 1
10 0 0

Then y satisfies exactly the same system of differential equations as x:

= Ay (2.18)
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On the other hand,

d’x k d’y k
@ w7 T e Aty o

d2y k 1
— =T ATy.
dt? m Y

Comparison with (2.18) yields
A=T7'AT, or TA=AT.

In other words the matrices A and T' commute.

Now it is quite easy to solve the eigenvector-eigenvalue problem for 7. In-
deed, if x is an eigenvector for T' corresponding to the eigenvalue A, the compo-
nents of x must satisfy the vector equation Tx = Ax. In terms of components,
the vector equation becomes

To = Ax1, X3 = AT2, ...,Tp = ATp_1, T1 = AInp. (2.19)
Thus x5 = A2xq, £4 = A3z, and so forth, yielding finally the equation
T = \'x7.

Similarly,
To = AN'ao, ..., Tp,=Az,.

Since at least one of the z;’s is nonzero, we must have
A" =1 (2.20)
This equation is easily solved via Euler’s formula:
1=e? = (2™/™)" =1, and similarly [(e*™/™)/]" =1,
for 0 < j <n —1. Thus the solutions to (2.20) are
A=1n), for0<j<n-—1, where n=¢>™/" (2.21)

For each choice of j, we can try to find eigenvectors corresponding to n’. If
we set 1 = 1, we can conclude from (2.19) that

] 27 n—1)j
o=, az=nY, ..., x,=n""]

thereby obtaining a nonzero solution to the eigenvector equation. Thus for each
7,0< 7 <n-—1, we do indeed have an eigenvector

for the eigenvalue 1/. Moreover, each eigenspace is one-dimensional.
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In the dynamical system that we are considering, of course, we need to solve
the eigenvalue-eigenvector problem for A, not for 7. Fortunately, however, since
A and T commute, the eigenvectors for T are also eigenvectors for A. Indeed,
since AT = TA,

T(Ae;) = A(Te;) = A(n'e;) = 1 (Ae;),

and this equation states that Ae; is an eigenvector for 7" with the same eigen-
value as e;. Since the eigenspaces of 1" are all one-dimensional, Ae; must be a
multiple of e;; in other words,

Ae; = Aje;, for some number );.

To find the eigenvalues A; for A, we simply act on e; by A: we find that the
first component of the vector Ae; = \je; is

—2 4 4TV = 9 4 (2T 472/ — _9 4 2 cos(2mj/n),

where we have used Euler’s formula once again. On the other hand, the first
component of e; is 1, so we immediately conclude that

Aj = =2+ 2cos(2mj/n).
It follows from the familiar formula
cos(2a) = cos® a — sin®

that
Aj = =2+ 2[cos(mj /n))* — 2[sin(7j/n)]* = —4[sin(7j/n)]>.

Note that A; = A,—;, and hence the eigenspaces for A are two-dimensional,
except for the eigenspace corresponding to j = 0, and if n is even, to the
eigenspace corresponding to j = n/2. Thus in the special case where n is odd,
all the eigenspaces are two-dimensional except for the eigenspace with eigenvalue
Ao = 0, which is one-dimensional.

If j # 0 and j # n/2, e; and e, _; form a basis for the eigenspace corre-
sponding to eigenvalue A;. It is not difficult to verify that

1
1 cos(mj/n)
ey teny)=|  coszmi/m)
cos((n — 1)mj/n)

and
0

; sin(wj/n)
5(ej —ey_j) = sin(27.rj/n)

sin((n — 1)7j/n)
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form a real basis for this eigenspace. Let

w; = +/—A; = 2sin(mj/n).

In the case where n is odd, we can write the general solution to our dynamical
system (2.17) as

(n—1)/2
1
x = eg(ag + bot) + Z §(ej +en—;)(aj coswjt + b; sinw;t)
=1

(n—1)/2
+ ; %(ej —ep—j)(cjcosw;t + djsinw;t).

The motion of the system can be described as a superposition of several modes
of oscillation, the frequencies of oscillation being

wj [k sin(mj/n)
2t Vm T

Note that the component

—_ =

eo(ao + bot) = 1 (ao + bot)
1

corresponds to a constant speed motion of the carts around the track. If n is
large,
sin(r/n) . w/n 1 N wr . k1

a_ )
T ™ n 2 mn

so if we were to set k/m = n?, the lowest nonzero frequency of oscillation would
approach one as n — oc.

Exercise:

2.5.1. Find the eigenvalues of the matrix

010 --- 0
0 1 0
T_ 0 0 0 0
0 0 0 1
1 00 0
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Figure 2.8: A linear array of carts and springs.

by expanding the determinant

-2 1 0 0
0 —-x 1 0
0 0 =X 0
0 0 0 1
1 0 0 -A

2.6 A linear array of weights and springs*

Suppose more generally that a system of n— 1 carts containing identical weights
of mass m, and connected by identical springs of spring constant k, are moving
along a friction-free track, as shown in Figure 2.7. Just as in the preceding
section, we can show that the carts will move in accordance with the linear
system of differential equations

d?x k
p7e Ax = EPX,
where
-2 1 0 0
1 -2 1 0
P = 0 1 -2
0 0 -2

We take k = n and m = (1/n), so that k/m = n?.
We can use the following Mathematica program to find the eigenvalues of
the n X n matrix A, when n = 6:

n=26;
m = Table[Max[2-Abs[i-j],0], {i,n-1} ,{j,n-1} 1;
p = m - 4 IdentityMatrix[n-1];
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a=nA2p
eval = Eigenvalues[N[a]]

Since
=2 if j=q,
2—li—jls=1 ifj=ix1
<0 otherwise,

the first line of the program generates the (n — 1) x (n — 1)-matrix

210 --- 0
121 -+ 0
M = o1 2 ... .
0o0 - --- 2

The next two lines generate the matrices P and A = n?P. Finally, the last
line finds the eigenvalues of A. If you run this program, you will note that all
the eigenvalues are negative and that Mathematica provides the eigenvalues in
increasing order.

We can also modify the program to find the eigenvalues of the matrix when
n =12, n = 26, or n = 60 by simply replacing 6 in the top line with the new
value of n. We can further modify the program by asking for only the smallest
eigenvalue lambda[[n]] and a plot of the corresponding eigenvector:

n = 14;
m = Table[Max[2-Abs[i-j],0], {i,n-1} ,{j,n-1} 1;
p = nA2 p;

m - 4 IdentityMatrix[n-1]; a
eval = Eigenvalues[N[a]]; evec =
Print[evall[[n-111];
ListPlot[evec[[n-1]11];

Eigenvectors[N[a]];

If we experiment with this program using different values for n, we will see
that as n gets larger, the smallest eigenvalue seems to approach —n? and the
plot of the smallest eigenvector looks more and more like a sine curve. Thus the
fundamental frequency of the mechanical system seems to approach 7 /27 = 1/2
and the oscillation in the fundamental mode appears more and more sinusoidal
in shape.

When n is large, we can consider this array of springs and weights as a model
for a string situated along the z-axis and free to stretch to the right and the left
along the z-axis. The track on which the cart runs restricts the motion of the
weights to be only in the z-direction. A more realistic model would allow the
carts to move in all three directions. This would require new variables y; and
z; such that

yi(t) = the y-component of displacement of the i-th weight,

2z;(t) = the z-component of displacement of the i-th weight.

60



-~ 20 40 60 80 100
-0.02; " :

-0. 04}
- 0. 06}
- 0. 08¢
-0. 1¢
-0. 12¢
- 0. 14¢

Figure 2.9: Shape of the fundamental mode (n=100).

If we were to set

z1 z1 21
x2 €2 22

X = 9 y - . 9 Zz = I
Tn Tn Zn

then an argument similar to the one given above would show that the vectors
x, y and z would satisfy the matrix differential equations

d k d k d k
x y v/ Az

_ = X = =
it om0 a T m Y
and each of these could be solved just as before.

Using a similar approach, we could consider even more complicated systems
consisting of many masses and springs connected in a two- or three-dimensional

array.
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Chapter 3

Fourier Series

3.1 Fourier series

The theory of Fourier series and the Fourier transform is concerned with dividing
a function into a superposition of sines and cosines, its components of various
frequencies. It is a crucial tool for understanding waves, including water waves,
sound waves and light waves. Suppose, for example, that the function f(¢)
represents the amplitude of a light wave arriving from a distant galaxy. The
light is a superposition of many frequencies which encode information regarding
the material which makes up the stars of the galaxy, the speed with which the
galaxy is receding from the earth, its speed of rotation, and so forth. Much of
our knowledge of the universe is derived from analyzing the spectra of stars and
galaxies. Just as a prism or a spectrograph is an experimental apparatus for
dividing light into its components of various frequencies, so Fourier analysis is
a mathematical technique which enables us to decompose an arbitrary function
into a superposition of oscillations.

In the following chapter, we will describe how the theory of Fourier series can
be used to analyze the flow of heat in a bar and the motion of a vibrating string.
Indeed, Joseph Fourier’s original investigations which led to the theory of Fourier
series were motivated by an attempt to understand heat flow.! Nowadays, the
notion of dividing a function into its components with respect to an appropriate
“orthonormal basis of functions” is one of the key ideas of applied mathematics,
useful not only as a tool for solving partial differential equations, as we will see
in the next two chapters, but for many other purposes as well. For example, a
black and white photograph could be represented by a function f(z,y) of two
variables, f(x,y) representing the darkness at the point (z,y). The photograph
can be stored efficiently by determining the components of f(z,y) with respect
to a well-chosen “wavelet basis.” This idea is the key to image compression,
which can be used to send pictures quickly over the internet.?

LFourier’s research was published in his Théorie analytique de la chaleur in 1822.
2See Stéphane Mallat, A wavelet tour of signal processing, Academic Press, Boston, 1998.
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We turn now to the basics of Fourier analysis in its simplest context. A
function f : R — R is said to be periodic of period T if it satisfies the relation

fE+T)=f(), forallteR.

Thus f(t) = sint is periodic of period 27.
Given an arbitrary period T, it is easy to construct examples of functions
which are periodic of period T—indeed, the function f(t) = sin(2t) is periodic

of period T" because

2n(t+1T)
T

2mt

. . 2wt .
sin( )= sm(T +27) = sm(T).

More generally, if k is any positive integer, the functions

okt okt
7;) and sin(%)

cos(

are also periodic functions of period T'.

The main theorem from the theory of Fourier series states that any “well-
behaved” periodic function of period T can be expressed as a superposition of
sines and cosines:

2mt 4t 27t 4t
f =24 a cos(%) +as cos(%) o4 Sin(%) Fbysin(—C) ..

2 T
(3.1)

In this formula, the ax’s and by’s are called the Fourier coefficients of f, and
the infinite series on the right-hand side is called the Fourier series of f.

Our first goal is to determine how to calculate these Fourier coefficients. For
simplicity, we will restrict our attention to the case where the period T' = 2,
so that

f(t) = % +ajcost+agcos2t + ...+ bysint + bysin2t + ... . (3.2)

The formulae for a general period T are only a little more complicated, and are
based upon exactly the same ideas.

The coefficient ag is particularly easy to evaluate. We simply integrate both
sides of (3.2) from —m to m:

f(t)dt:/ %dt—f—/ alcostdt—l—/ as cos2tdt + . ..

—T —T —T —T

T s

+ by sintdt + bosin2tdt + ... .

—T —T

Since the integral of cos kt or sin kt over the interval from —7 to 7 vanishes, we
conclude that

i f(t)dt = Taop,

—T
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and we can solve for ag, obtaining

——— Ft)dt. (3.3)

™J -z

To find the other Fourier coefficients, we will need some integral formulae.
We claim that if m and n are positive integers,

T f —
/ cosntcosmtdt =4 O™ (3.4)
- 0, for m # n,
T £ —
/ sinntsinmtdt =4 0 O " (3.5)
- , for m # n,
/ sin nt cos mtdt = 0. (3.6)

Let us verify the first of these equations. We will use the trigonometric
identities
cos((n + m)t) = cos nt cosmt — sin nt sin mt,

cos((n — m)t) = cos nt cos mt + sin nt sinmt.

Adding these together, we obtain

cos((n + m)t) + cos((n — m)t) = 2 cos nt cos mt,

or
cos nt cosmt = %(cos((n + m)t) + cos((n — m)t)).
Hence
T 1 us
/ cos nt cos mtdt = 5 / (cos((n +m)t) + cos((n — m)t))dt,
and since

K

/ cos(kt)dt = %sin(kt)

—T

if k # 0, we conclude that

4 m, form=n,
cosnt cos mtdt =
0, for m # n.

:O’

—T

—T

The reader is asked to verify the other two integral formulae (3.5) and (3.6)
in the exercises at the end of this section.
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To find the formula for the Fourier coefficients ay for &k > 0, we multiply
both sides of (3.2) by sin kt and integrate from —m to 7:

™ ™

f(t) cos ktdt = / (12—0 cos ktdt + / ay costcosktdt + . ..

—T —T

s
—|—...—|—/ ay, cos kt cos ktdt + . ..

—|—...—|—/ bj sin jt cos ktdt + . .. .
According to our formulae (3.4) and (3.6), there is only one term which survives:

T

f(t) cos ktdt = / ay, cos kt cos ktdt = may,.

—T

We can easily solve for ay:

ar = — f(¢) cos ktdt. (3.7)
L
A very similar argument yields the formula

be =~ [ F(t) sin ktdt. (3.8)
™ —T

Example. Let us use formulae (3.3), (3.7), and (3.8) to find the Fourier coeffi-
cients of the function

—m, for —m <t <0,
f@)=<m, for0<t<m,
0, for t =0,

extended to be periodic of period 27. Then

% = average value of f - Oa

and
1 U 1 0 1 s
Uy, = — f(t)cosmtdt| = — —mcosmtdt| + — 7 cos mtdt
oy T | n T | Jo
1-— 1
= ——W[sinmt]g,r + —E[Sinmt]ar =...=0,
™ m ™m
while
I . I . I
by, = — f(t)sinmtdt| = — —msinmtdt| + — 7 sin mtdt
T —r ™ —r Vs 0
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Figure 3.1: A graph of the Fourier approximation ¢5(t) = 4sint+ (4/3) sin 3¢ +
(4/5) sin 5t.

1 o . l-m .22
= ——[cosmt]’, + ———[cosmit]f = — — — cosmm
Tm T m m m
2 (1— (1)) = %, if m is odd,
T m B 0, if m is even.

Thus we find the Fourier series for f:
. 4 4
f(t) =4sint + §s1n3t+ gsm5t+ e
The trigonometric polynomials
. . 4 .
¢1(t) =4sint, ¢3(t) = 4sint + 3 sin 3t
. 4 . 4 .
¢5(t) =4sint + 3 sin 3t + R sin 5¢
are approximations to f(¢) which improve as the number of terms increases.
By the way, this Fourier series yields a curious formula for 7. If we set
x=m/2, f(x) = m, and we obtain
. 4 . 4
T =4sin(r/2) + 3 sin(37/2) + R sin(5m/2) + - -
from which we conclude that

1 1 1 1
T T
T=Al-gtgogtg )
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Figure 3.2: A graph of the Fourier approximation ¢;3(¢). The overshooting near
the points of discontinuity is known as the “Gibbs phenomenon.”

The Fourier series on the right-hand side of (3.1) is often conveniently ex-
pressed in the ¥ notation,

a = 2wkt = 2kt

_ % :

ft) = 5 JrZakcos( T )Jerksm( T ), (3.9)
k=1 k=1

just as we did for power series in Chapter 1.

It is an interesting and difficult problem in harmonic analysis to determine
how “well-behaved” a periodic function f(t) must be in order to ensure that
it can be expressed as a superposition of sines and cosines. An easily stated
theorem, sufficient for many applications is:

Theorem 1. If f is a continuous periodic function of period T', with condin-
uous derivative f’, then f can be written uniquely as a superposition of sines
and cosines, in accordance with (3.9), where the ay’s and by’s are constants.
Moreover, the infinite series on the right-hand side of (3.9) converges to f(t) for
every choice of t.

However, often one wants to apply the theory of Fourier series to functions
which are not quite so well-behaved, in fact to functions that are not even be
continuous, such as the function in our previous example. A weaker sufficient
condition for f to possess a Fourier series is that it be piecewise smooth.

The technical definition goes like this: A function f(t) which is periodic of
period T is said to be piecewise smooth if it is continuous and has a continuous
derivative f’(t) except at finitely many points of discontinuity within the interval
[0, 7], and at each point tg of discontinuity, the right- and left-handed limits of
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fand f7,
lim (f(t)),  lim (f(2)), lim (f'(t)), I (f'(¢)),

t—to+ t—to— t—to+ t—to—

all exist. The following theorem, proven in more advanced books,? ensures
that a Fourier decomposition can be found for any function which is piecewise
smooth:

Theorem 2. If f is any piecewise smooth periodic function of period T, f
can be expressed as a Fourier series,

_ap > 2kt > . 27kt
flt)= 5 —l—;akcos( )—I—;bksm( T )

T

where the ay’s and by’s are constants. Here equality means that the infinite
sum on the right converges to f(t) for each t at which f is continuous. If f is
discontinuous at tg, its Fourier series at ty will converge to the average of the
right and left hand limits of f ast — tg.

Exercises:

3.1.1. The function f(t) = cos®t can be regarded as either periodic of period
7 or periodic of period 27. Choose one of the two periods and find the Fourier
series of f(t). (Hint: This problem is very easy if you use trigonometric identities
instead of trying to integrate directly.)

3.1.2. The function f(t) = sin® ¢ is periodic of period 27. Find its Fourier series.

3.1.3. The function

t, for —m<t<m,
t =
J®) {O, for t =,

can be extended to be periodic of period 2x. Find the Fourier series of this
extension.

3.1.4. The function
f(@t) =1t, for ¢ € [—m, 7],

can be extended to be periodic of period 27w. Find the Fourier series of this
extension.

3.1.5. Find the Fourier series of the following function:

() = 2, for —m <t <,
| f(t = 2km), for —m + 2kw <t < 7+ 2k7.

3.1.6. Establish the formulae (3.5) and (3.6), which were given in the text.

3See, for example, Ruel Churchill and James Brown, Fourier series and boundary value
problems, 4th edition, McGraw-Hill, New York, 1987 or Robert Seeley, An introduction to
Fourier series and integrals, Benjamin, New York, 1966.
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3.2 Inner products

There is a convenient way of remembering the formulae for the Fourier coeffi-
cients that we derived in the preceding section. Let V be the set of piecewise
smooth functions which are periodic of period 2w. We say that V is a wvec-
tor space because elements of V can be added and multiplied by scalars, these
operations satisfying the same rules as those for addition of ordinary vectors
and multiplication of ordinary vectors by scalars. We define an “inner product”
between elements of V' by means of the formula

(f.9)= 1 j f(t)g(t)dt.

™

Thus for example, if f(t) = sint and g(t) = 2 cost, then
1 ™ ™
(f,9) = —/ 2sint costdt = / sin(2t)dt = — cos(2t)|™,. = 0.
T J—xn -7

The remarkable fact is that this inner product has properties quite similar
to those of the standard dot product on R":

e (f,g) =g, f), whenever f and g are elements of V.

o (f+g,h)=(f,h)+(g:h).

e (cf,g) =c(f,g), when c is a real constant.

e (f, f) >0, with equality holding only if f = 0 (at all points of continuity).

This suggests that we might use geometric terminology for elements of V'
just as we did for vectors in R™. Thus, for example, we will say that an element
f of V is of unit length if (f, f) = 1 and that two elements f and g of V are
perpendicular if (f,g) = 0.

In this terminology, the formulae (3.4), (3.5), and (3.6) can be expressed by
stating that the functions

1/V2, cost, cos2t, cos3t, ..., sint, sin2t, sin3t,

are of unit length and perpendicular to each other. Moreover, by the theorem in
the preceding section, any element of of V' can be written as a (possibly infinite)
superposition of these functions. We will say that the functions

e1(t) =cost, es(t) =cos2t, ...,

é1(t) =sint, és(t) = sin2t,

make up an orthonormal basis for V.
We saw in Section 2.3 that if by, ba, ... , b, is an orthonormal basis for R",
then
feR" = f=(f-b)bi+ -+ (f b,)b,.
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The same formula holds when R™ is replaced by V and the dot product is
replaced by the inner product (-,-): If f is any element of V', we can write

f(@&) = (f(t), eo(t))eo(t) + (f(t), ex(t))er(t) + (f (1), e2(t))ea(t) + - -
+{f(t), ex(t))er(t) + (f(2), ea(t))ea(t) + - --

In other words,

Y—— + (f,cost) cost + (f,cos2t) cos2t + ...

+(f,sint)sint + (f,sin2t) sin2t + ... ,
= (12—0+alcost+a26052t+...+blsint—|—bgsin2t+... ,

where
a0:<f?1>7 a1:<f7COSt>a a2:<faC082t>7 DR

b1 = <f, sin t>, b2 = <f, sin 2t>,

Use of the inner product makes the formulae for Fourier coefficients almost
impossible to forget.
We say that a function f(t) is odd if f(—t) = —f(t), even if f(—t) = f(¢).
Thus
sint, sin 2t, sin 3t,

are odd functions, while
1, cost, cos 2t, cos 3t,
are even functions. Let
Woqq = {f €V : f is odd}, Weven = {f €V : f is odd}.
Then
1,9 € Woqa = JF+39€Wgaq and cf € Woaa

for every choice of real number c¢. Thus we can say that W q is a linear
subspace of V. Similarly, Weven is a linear subspace of V.
It is not difficult to show that

f € Wodda g€ Weven = <f7 g> = 0;

in other words, the linear subspaces Wodd and Weven are orthogonal to each

other. Indeed, under these conditions, fg is odd and hence

™ 0 7T
)= [ swawde =< [ s+ [ oot

™
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0 s

- %/ﬂ f(ft)g(—t)(fdt)Jr%/O f(t)g(t)dt
1" L[

:_;/0 —(f(t)g(t))(—dt)-i—;/o f(t)g(t)dt =

The variable of integration has been changed from ¢t to —t in the first integral
of the second line.
It follows that if f € W qq,

ap = (f,1) =0, an = (f,cosnz) =0, formn >0.
Similarly, if f € Weven,
by, = (f,sinnz) = 0.

Thus for an even or odd function, half of the Fourier coefficients are auto-
matically zero. This simple fact can often simplify the calculation of Fourier
coeflicients.

Exercises:
3.2.1. Evaluate the inner product

(o =2 [ roewa

™

in the case where f(t) = cost and g(t) = |sint|.

3.2.2. Evaluate the inner product

e” 1
()= [ i@l
1 x
in the case where f(z) = cos(log(x)) and g(z) = 1, where log denotes the natural
or base e logarithm. (Hint: Use the substitution x = e*.)

3.2.3. Determine which of the following functions are even, which are odd, and
which are neither even nor odd:

a. f(t) =13+ 3t

b. f(t) =1 +|t.

c. f(t)=¢'

d. f(t)=%(e +e ).

e. f(t)=3(e"—e™").

f. f(t) = Jo(t), the Bessel function of the first kind.
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3.3 Fourier sine and cosine series

Let f:[0,L] — R be a piecewise smooth function which vanishes at 0 and L.
We claim that we can express f(t) as the superposition of sine functions,

f(t) = bysin(nt/L) + basin(2wt/L) + ... + by sin(nwt/L) + ... . (3.10)

We could prove this using the theory of even and odd functions. Indeed, we can
extend f to an odd function f:[—-L,L] — R by setting

=) f(), for ¢ € [0, L],
—f(=t), forte[-L,0],

then to a function f : R — R, which is periodic of period 2L by requiring that

ft+2L)=ft), forallteR.

The extended function lies in the linear subspace W 4. It follows from the

theorem in Section 3.1 that f possesses a Fourier series expansion, and from the
fact that f is odd that all of the a,,’s are zero. On the interval [0, L], f restricts
to f and the Fourier expansion of f restricts to an expansion of f of the form
(3.10) which involves only sine functions. We call (3.10) the Fourier sine series
of f.

A similar argument can be used to express a piecewise smooth function
f:[0,L] — R into a superposition of cosine functions,

ft) = % + ay cos(mt/L) + agcos(2nt/L) + ...+ anp cos(nmt/L) + ... . (3.11)

To obtain this expression, we first extend f to an even function f : [-L,L] - R
by setting

~ (@), for t € [0, L],
f(=t), forte[-L,0],

then to a function f : R — R which is periodic of period 2L, by requiring that

ft+2L) = f(t), for all t € RR.

This time the extended function lies in the linear subspace Weven. It follows
from the theorem in Section 3.1 that f possesses a Fourier series expansion, and
from the fact that f is even that all of the b,,’s are zero. On the interval [0, L],
f restricts to f and the Fourier expansion of f restricts to an expansion of f of
the form (3.11) which involves only cosine functions. We call (3.11) the Fourier
cosine series of f.

To generate formulae for the coefficients in the Fourier sine and cosine series
of f, we begin by defining a slightly different inner product space than the one
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considered in the preceding section. This time, we let V' be the set of piecewise
smooth functions f : [0, L] — R and let

Vo={feV:f(0)=0=f(L)},

a linear subspace of V. We define an inner product (-,-) on V by means of the
formula

(f.9) = %/O f()g(t)dt.

This restricts to an inner product on Vj.
Let’s consider now the Fourier sine series. We have seen that any element
of Vj can be represented as a superpostion of the sine functions

sin(wt/L), sin(2nt/L), ..., sin(nwt/L),

We claim that these sine functions form an orthonormal basis for V{y with respect
to the inner product we have defined. Recall the trigonometric formulae that
we used in §3.1:

cos((n 4+ m)wt/L) = cos(nwt/L) cos(mnt/L) — sin(nnt/L) sin(mnt/L),
cos((n — m)wt/L) = cos(nnt/L) cos(mnt/L) + sin(nnt/L) sin(mnt/L).
Subtracting the first of these from the second and dividing by two yields

sin(nwt/L) sin(mnt/L) = %(cos((n —m)7t/L) — cos((n +m)nt/L),

and hence .
/ sin(nwt/L) sin(mmnt/L)dt =
0

L
% /0 (cos((n — m)wt/L) — cos((n + m)wt/L)dt.

If n and m are positive integers, the integral on the right vanishes unless n = m,
in which case the right-hand side becomes

1 L
_/ dr="L.
2 Jo 2

% /07T sin(nwt/L) sin(mnt/L)dt = {

Hence

1, for m =n,

(3.12)
0, for m #n.

Therefore, just as in the previous section, we can evaluate the coefficients of
the Fourier sine series of a function f € V{ by simply projecting f onto each
element of the orthonormal basis. When we do this, we find that

f(t) = bysin(nt/L) 4 besin(2xt/L) + ...+ sin(nwt/L) + ...,
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where

L
by = (f,sin(nt/L)) = % /0 F(t) sin(nt/L)dt. (3.13)

We can treat the Fourier cosine series in a similar fashion. In this case, we
can show that the functions

L, cos(nt/L), cos(2nt/L), ..., cos(nnt/L),

V2

form an orthonormal basis for V. Thus we can evaluate the coefficients of the
Fourier cosine series of a function f € V by projecting f onto each element of
this orthonormal basis. We will leave it to the reader to carry this out in detail,
and simply remark that when the dust settles, one obtains the following formula
for the coefficient a,, in the Fourier cosine series:

2 L
ap = Z/ f(t) cos(nmt/L)dt. (3.14)
0
Example. First let us use (3.13) to find the Fourier sine series of

f(t) = (3.15)

t, for 0 <t <m/2,
m—t, form/2<t<m.

In this case, L = 7, and according to our formula,

92 /2 T
by, = — / tsinntdt+/ (m —t)sinntdt| .
T 0 w/2

We use integration by parts to obtain
/2 /2
) —t 1
tsinntdt = | — cosnt + — cosntdt
0 n o M

_ - cos(nm/2) n %[SinntHg/Q _ - cos(nm/2) N sin(nm/2)
n

/2

0

2n 2n n2
while
s _ ¢t a ™ 1
/ (m — t) sinntdt = [L cos(nt)] - / — cosntdt
w/2 n /2 /2 n
weos(nm/2) 1 . . meos(nm/2)  sin(nw/2)
DR L e e .
Thus
_ 4sin(nm/2)
n — 7rn2 I
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Figure 3.3: A graph of the Fourier sine approximations ¢1, ¢3, ¢5 and ¢7.

and the Fourier sine series of f(t) is

FO) = Lsint — L sin3t 4 sin5t -~ sinTt + (3.16)
= WSID 977 Sin 257(_ Sin 497{_ Sin e . .

The trigonometric polynomials
4 . 4 . 4
o1(t) = ;smt, ¢3(t) = ;smt—%sm?)t,...

are better and better approximations to the function f(¢).
To find the Fourier cosine series of

t, for 0 <t <m/2,
1) = /
m—t, form/2<t<m,

we first note that

a(,:% VO”/QtdtJr/T;(w—t)dt] = % B (g)2+% (2)1 = g

To find the other a,’s, we use (3.14):

) /2 T
ap = — / t cos ntdt —|—/ (m —t) cosnitdt| .
™ 1Jo /2

This time, integration by parts yields

w/2 t
/ t cosntdt = [— sin nt}
O n

7

7\'/2 71'/2 1
—/ — sinntdt
0 o M




wsin(nm/2) 1 /2
= T + E[Cosnt] 0/

7 sin(nw/2) n cos(nm/2) 1

2n n? n?
while
4 —t " 1
/ (m —t) cosntdt = {(W ) sin(nt)] + / — sin ntdt
w/2 n /2 x/2 N
—msin(nm/2) 1 .
= E[cosnt] /2
—msin(nn/2)  cos(nm/2) 1
= o + 2 3 cos(nm).

Thus when n > 1,
2 [2cos(nm/2) — 1 —1(—-1)"]
an = — w/2) —1—1(-1)"],
™n?
and the Fourier sine series of f(t) is

2 2 2
f(t):Z*;cos?tfgcos&ffEcoletf.... (3.17)

Note that we have expanded exactly the same function f(t) on the interval [0, 7]
as either a superposition of sines in (3.16) or as a superposition of cosines in
(3.17).

Exercises:

3.3.1.a. Find the Fourier sine series of the following function defined on the
interval [0, 7]:

() = 4t, for 0 <t < 7/2,
N dmw —4t, for w/2 <t <.
b. Find the Fourier cosine series of the same function.
3.3.2.a. Find the Fourier sine series of the following function defined on the
interval [0, 7|:
fit)y =t(mr —1t).

b. Find the Fourier cosine series of the same function.
3.3.3. Find the Fourier sine series of the following function defined on the

interval [0, 10]:
t, for 0 <t <5,
ft) =
10 —¢t, for 5 <t <10.
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3.3.4. Find the Fourier sine series of the following function defined on the
interval [0, 1]:
f(t) =51 —1).

3.3.5.(For students with access to Mathematica) Find numerical approximations
to the first ten coefficients of the Fourier sine series for the function

ft) =t +t* =23
defined for ¢ in the interval [0, 1], by running the following Mathematica program

f[n] := 2 NIntegrate[(t + tA2 - 2 tA3) Sin[n Pi t], {t,0,1}1;
b = Table[f[n], {n,1,10}]

3.4 Complex version of Fourier series®

We have seen that if f : R — R is a well-behaved function which is periodic of
period 27, f can be expanded in a Fourier series

ft) = % + aj cost + ag cos(2t) + . ..

+bysint + by sin(2t) + ... .

We say that this is the real form of the Fourier series. It is often convenient to
recast this Fourier series in complex form by means of the Euler formula, which
states that

e = cos@ + isinb.

It follows from this formula that

e + e =2cos, e 4 7% = 2isind,
or i0 0 i0 i0
1 —1 X2 —1
cos@:i7 sin&:&.
2 2
Hence the Fourier expansion of f can be rewritten as
f(t):%_,'_z_l( it+e—it)+%(e2it+e—2it>_’_“.
b, . . b . .
_|_2_1i(ezt _ 67”) + 2—2(62” _ 672115) +o,
or
ft)=...Fcoe® tc 1o £ g+ cret + et ., (3.18)

where the ¢;’s are the complex numbers defined by the formulae

. Qo o al—ibl - ag—ibg
CO_?; C1 = 2 ) - 2 ) ey
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ay + Zbl ag + Zb?
2 €
If k # 0, we can solve for aj and by:

C_1 =

ar = ¢ + c—g, b, = i(Ck — C,k). (3.19)

It is not difficult to check the following integral formula via direct integration:

i . . 2 f =
/ eimteintgy = { £ COT =L (3.20)
0 for m # n.

If we multiply both sides of (3.18) by e~%**, integrate from —7 to 7 and apply
(3.20), we obtain
f(t)e *dt = 2mey,
which yields the formula for coefficients of the complex form of the Fourier
series:
1

k=5 f(t)e ™. (3.21)

—T

Example. Let us use formula (3.21) to find the complex Fourier coefficients of
the function
fit)y=t for —-m <t <m,

extended to be periodic of period 27. Then

1 (7 .
cL = —/ te "ty
2 J_,

We apply integration by parts with u = ¢, dv = e~ *dt, du = dt and v =
(i/k)e Rt

—T

1 . ) . 71]6
- |:%Zez7rk+%lewrk:| :Z( k) )

k=5 [(it/k)e‘“ﬂ”w - /Tr (i/k)e—ikfdt]

It follows from (3.19) that

(="
T

It is often the case that the complex form of the Fourier series is far simpler to
calculate than the real form. One can then use (3.19) to find the real form of
the Fourier series.

ap = (Ck + C,k) =0, by, = i(Ck — C,k) =-2

Exercise:

3.4.1. Prove the integral formula (3.20), presented in the text.
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3.4.2. a. Find the complex Fourier coefficients of the function
f)y=t*  for —r <t <,

extended to be periodic of period 2.

b. Use (3.19) to find the real form of the Fourier series.

3.4.3. a. Find the complex Fourier coefficients of the function

fit)y=t(mr—1) for —m <t <,

extended to be periodic of period 2.

b. Use (3.19) to find the real form of the Fourier series.

3.4.4. Show that if a function f : R — R is smooth and periodic of period 27 L,
we can write the Fourier expansion of f as

f@)=...+ coe L Lo e oo 4o et 4 et

where

1t ht/L
= — te " dt.
=g / e

3.5 Fourier transforms*

One of the problems with the theory of Fourier series presented in the previous
sections is that it applies only to periodic functions. There are many times when
one would like to divide a function which is not periodic into a superposition of
sines and cosines. The Fourier transform is the tool often used for this purpose.

The idea behind the Fourier transform is to think of f(¢) as vanishing outside
a very long interval [—wL,wL]. The function can be extended to a periodic
function f(t) such that f(¢t + 27nL) = f(¢t). According to the theory of Fourier
series in complex form (see Exercise 3.4.4),

f@)=...+ c_ge 2L 4o LemtIL 4 oot/ D 4 et/ Dy ,
where the ¢;’s are the complex numbers.

Definition. If f : R — R is a piecewise continuous function which vanishes
outside some finite interval, its Fourier transform is

fo= [ " fe i€, (3.22)

The integral in this formula is said to be improper because it is taken from —oo
to oo; it is best to regard it as a limit,

o] ) L )
/ f(t)e ®tdt = Jim f(t)e %tdt.

— 00 —rL
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To explain (3.22), we suppose that f vanishes outside the interval [—nL,wL].
We can extend the restriction of f to this interval to a function which is periodic
of period 2w L. Then

wL
f(t)efikt/Ldt
—nL

flk/L) = [ T fye /L gt =

represents 2w L times the Fourier coefficient of this extension of frequency k/L;
indeed, it follows from (3.21) that we can write

f) = ... 4 cge™ P p e jem T cg + eyt 4 et 4
for t € [-nL,nL], where
1
= —f(k/L
Ck 271'Lf( / ),
or alternatively,
f)=...+ if(—Q/L)e*M/L + if(—l/L)e*“/%
U 2nl 2L

L roy 4 L Amett  Lf "
+27rLf(0)+27TLf(1/T)e L+27.‘_Lf(2/L)€2tL+....

In the limit as I. — oo, it can be shown that this last sum approaches an
improper integral, and our formula becomes

50 =0 [ Feece (323

Equation (3.23) is called the Fourier inversion formula. If we make use of
Euler’s formula, we can write the Fourier inversion formula in terms of sines
and cosines,

=5 [ F@eoscde+ o [ fle)simerag,

a superposition of sines and cosines of various frequencies.

Equations (3.22) and (3.22) allow one to pass back and forth between a given
function and its representation as a superposition of oscillations of various fre-
quencies. Like the Laplace transform, the Fourier transform is often an effective
tool in finding explicit solutions to differential equations.

Exercise:

3.5.1. Find the Fourier transform of the function f(¢) defined by

f(t){l, if—1<t<1,

0, otherwise.
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Chapter 4

Partial Differential
Equations

4.1 Overview

A partial differential equation is an equation which contains partial derivatives,

such as the equation
ou  0*u

ot 0x?’
in which u is regarded as a function of x and ¢. Unlike the theory of ordinary
differential equations which centers upon one key theorem—the fundamental
existence and uniqueness theorem—there is no real unified theory of partial dif-
ferential equations. Instead, each type of partial differential equations exhibits
its own special features, which usually mirror the physical phenomena which
the equation was first used to model.

Many of the foundational theories of physics and engineering are expressed
by means of systems of partial differential equations. The reader may have
heard some of these equations mentioned in previous courses in physics. Fluid
mechanics is often formulated by the Euler equations of motion or the so-called
Navier-Stokes equations, electricity and magnetism by Maxwell’s equations, gen-
eral relativity by Einstein’s field equations. It is therefore important to develop
techniques that can be used to solve a wide variety of partial differential equa-
tions.

In this chapter, we will give two important simple examples of partial dif-
ferential equations, the heat equation and the wave equation, and we will show
how to solve them by the techniques of “separation of variables” and Fourier
analysis. Higher dimensional examples will be given in the following chapter.
We will see that just as in the case of ordinary differential equations, there is an
important dichotomy between linear and nonlinear equations. The techniques
of separation of variables and Fourier analysis are effective only for linear par-
tial differential equations. Nonlinear partial differential equations are far more
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difficult to solve, and form a key topic of contemporary mathematical research.’
Our first example is the equation governing propagation of heat in a bar of
length L. We imagine that the bar is located along the xz-axis and we let

u(z,t) = temperature of the bar at the point x at time ¢.

Heat in a small segment of a homogeneous bar is proportional to temper-
ature, the constant of proportionality being determined by the density and
specific heat of the material making up the bar. More generally, if o(z) denotes
the specific heat at the point x and p(z) is the density of the bar at x, then the
heat within the region D, ,, between z; and x5 is given by the formula

x2
Heat within Dy, 4, = / p(x)o(x)u(z,t)dx.
1
To calculate the rate of change of heat within D,, ;, with respect to time, we
simply differentiate under the integral sign:

d 2 2 ou
— [/ p(x)o(x)u(x,t)dm} = / p(x)o(x)—(x,t)dzx.
dt |/, o at

Now heat is a form of energy, and conservation of energy implies that if no
heat is being created or destroyed in Dy, ,,, the rate of change of heat within
Dy, z, is simply the rate at which heat enters D, .,. Hence the rate at which
heat leaves D, ., is given by the exp

o a
Rate at which heat leaves Dy, ,, = —/ p(x)a(x)a—?(%t)dx. (4.1)
z1
(More generally, if heat is being created within Dy, ,, say by a chemical reac-
tion, at the rate u(z)u(x,t) 4+ v(z) per unit volume, then the rate at which heat
leaves Dy, ., is

T2 a T2
- [ plalo@) @t + [ ulaute )+ vl))de,)
xr1 1

On the other hand, the rate of heat flow F'(x,t) is proportional to the partial
derivative of temperature,

F(x,t) = —H(x)g—;(a:,t), (4.2)

where k(z) is the thermal conductivity of the bar at z. Thus we find that the
rate at which heat leaves the region D, ., is also given by the formula
2 9F

F(xa,t) — F(x1,t) = %(x, t)dx. (4.3)

1

IFurther reading can be found in the many excellent upper-division texts on partial differ-
ential equations. We especially recommend Mark Pinsky, Partial differential equations and
boundary-value problems with applications, 2nd edition, McGraw-Hill, 1991. An excellent
but much more advanced book is Michael Taylor, Partial differential equations: basic theory,
Springer, New York, 1996.

82



Comparing the two formulae (4.1) and (4.3), we find that

2 OF 2 ou
a—x(x,t)dx = —/I p(x)a(x)a(x,t)dx.

T 1

This equation is true for all choices of x1 and x2, so the integrands on the two
sides must be equal:

oF ou
o o) 2.

It follows from (4.2) that

0 Ju Ju
5 (e ) = ~staro@) 5.
In this way, we obtain the heat equation

plote) Gy = o (x5t (4.4)

In the more general case in which heat is being created at the rate u(z)u(x,t)+
v(x) per unit length, one could show that heat flow is modeled by the equation

pllo) G = 5 (W@ G )+ uteyu+ via). (45)
In the special case where the bar is homogeneous, i.e. its properties are the

same at every point, p(z), o(z) and x(x) are constants, say o and & respectively,
and (4.4) becomes

2
Qu_ x 0w (4.6)
ot po Ox?
This is our simplest example of a linear partial differential equation. Although
its most basic application concerns diffusion of heat, it arises in many other
contexts as well. For example, a slight modification of the heat equation was
used by Black and Scholes to price derivatives in financial markets.?

Exercises:

4.1.1. Study of heat flow often leads to “boundary-value problems” for ordi-
nary differential equations. Indeed, in the “steady-state” case, in which u is
independent of time, equation (4.5) becomes

i (5@ 5@ ) + o) + v(o) =0

2A description of the Black-Scholes technique for pricing puts and calls is given in Paul
Wilmott, Sam Howison and Jeff Dewynne, The mathematics of financial derivatives, Cam-
bridge Univ. Press, 1995.

83



a linear ordinary differential equation with variable coefficients. Suppose now
that the temperature is specified at the two endpoints of the bar, say

u(0) =a, u(L)=27.

Our physical intuition suggests that the steady-state heat equation should have
a unique solution with these boundary conditions.

a. Solve the following special case of this boundary-value problem: Find u(x),
defined for 0 < x < 1 such that

d?u
72 0, wu(0)=70, wu(l)=50

b. Solve the following special case of this boundary-value problem: Find u(x),
defined for 0 < x < 1 such that

dPu
dz?

c. Solve the following special case of this boundary-value problem: Find u(x),
defined for 0 < x < 1 such that

T 1—2)=0, u(0)=0, u(l)=0
R x —x) = u = u = U.
sz ) )
d. (For students with access to Mathematica) Use Mathematica to graph the
solution to the following boundary-value problem: Find u(x), defined for 0 <
x < 1 such that

d*u

You can do this by running the Mathematica program:

a =20; b=1; alpha = 50; beta = 100;

sol = NDSolve[ {u’’[x] + (1 + xA2) ulx] == 0,
ulal == alpha, ulb] == beta.}, u, {x,a,b}];
Plot[ Evaluatel ulx] /. soll, {x,a,b}]

4.1.2.a. Show that the function

1
uo(x, t) = \/ﬁe"ﬁ/%

is a solution to the heat equation (4.6) for ¢ > 0 in the case where k/(po) = 1.

b. Use the chain rule with intermediate variables T = x — a, t = t to show that

1
e—(z—a)2/4t

uq(x,t) = i
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is also a solution to the heat equation.

/ ug(z, t)dr = 1.

Hint: Let I denote the integral on the left hand side and note that

ery /4td d
47rt/ / ey

Then transform this last integral to polar coordinates.

c. Show that

d. Use Mathematica to sketch ug(z,t) for various values of t. What can you
say about the behaviour of the function ug(z,t) as t — 07

e. By differentiating under the integral sign show that if h : R — R is any
smooth function which vanishes outside a finite interval [—L, L], then

u(zx,t) = /00 Ug(z,t)h(a)da (4.7

— 00
is a solution to the heat equation.

REMARK: In more advanced courses it is shown that (4.7) approaches h(x) as
t — 0. In fact, (4.7) gives a formula (for values of ¢ which are greater than zero)
for the unique solution to the heat equation on the infinite line which satisfies
the initial condition u(x,0) = h(z). In the next section, we will see how to solve
the initial value problem for a rod of finite length.

4.2 The initial value problem for the heat equa-
tion

We will now describe how to use the Fourier sine series to find the solution to
an initial value problem for the heat equation in a rod of length L which is
insulated along the sides, whose ends are kept at zero temperature. We expect
that there should exist a unique function u(z,t), defined for 0 < x < L and
t > 0 such that

1. u(x,t) satisfies the heat equation

Ou 0%u
E = 02@, (48)

where ¢ is a constant.

2. u(x,t) satisfies the boundary condition u(0,t) = w(L,t) = 0, in other
words, the temperature is zero at the endpoints. (This is sometimes called
the Dirichlet boundary condition.)
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3. u(x,t) satisfies the initial condition u(x,0) = h(z), where h(x) is a given
function, the initial temperature of the rod.

In more advanced courses, it is proven that this initial value problem does in
fact have a unique solution. We will shortly see how to find that solution.

Note that the heat equation itself and the boundary condition are homoge-
neous and linear—this means that if u; and uo satisfy these conditions, so does
c1u1 + cousg, for any choice of constants ¢; and cy. Thus homogeneous linear
conditions satisfy the principal of superposition.

Our method makes use of the dichotomy into homogeneous and nonhomo-
geneous conditions:

Step I. We find all of the solutions to the homogeneous linear conditions of the
special form

u(z,t) = f(z)g(?).
By the superposition principle, an arbitrary linear superposition of these solu-
tions will still be a solution.

Step II. We find the particular solution which satisfies the nonhomogeneous
condition by Fourier analysis.

Let us first carry out Step I. We substitute u(z,t) = f(z)g(t) into the heat
equation (4.8) and obtain

fa)g'(t) = ¢ f"(x)g(2).

Now we separate variables, putting all the functions involving ¢ on the left, all
the functions involving = on the right:

— 2 f H(x).

g(t) f(z)
The left-hand side of this equation does not depend on z, while the right-hand
side does not depend on t. Hence neither side can depend upon either = or t.

In other words, the two sides must equal a constant, which we denote by A and
call the separating constant. Our equation now becomes

g _ )
glt)  fl)

which separates into two ordinary differential equations,

eI g'(t) = Acg(t), (4.9)
and

PW o e — e

f(z) =\ (@) =Af(x). (4.10)
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The homogeneous boundary condition u(0,t) = u(L,t) = 0 becomes

f(0)g(t) = f(L)g(t) = 0.

If g(t) is not identically zero,

(If g(t) is identically zero, then so is wu(z,t), and we obtain only the trivial
solution u = 0.)

Thus to find the nontrivial solutions to the homogeneous linear part of the
problem requires us to find the nontrivial solutions to a boundary value problem
for an ordinary differential equation:

d2
1'(@) = 5 (@) = M), (0)=0= f(L). (4.11)
We will call (4.11) the eigenvalue problem for the differential operator
d2
T da?

acting on the space Vj of well-behaved functions f : [0, L] — R which vanish at
the endpoints 0 and L.

We need to consider three cases. (As it turns out, only one of these will
actually yield nontrivial solutions to our eigenvalue problem.)

Case 1: A = 0. In this case, the eigenvalue problem (4.11) becomes

f'(x) =0, f(0)=0=f(L).
The general solution to the differential equation is f(x) = ax + b, and the only

particular solution which satisfies the boundary condition is f = 0, the trivial
solution.

Case 2: A > 0. In this case, the differential equation

f'(@)=Af(z), or f'(z)=Af(x)=0

has the general solution
f(z) = creV?® + cae™ V2,
It is convenient for us to change basis in the linear space of solutions, using
cosh(V\z) = %(e‘/h + e*ﬁm), sinh(VAz) = %(eﬁ‘r —e VAT
instead of the exponentials. Then we can write

f(z) = acosh(VAz) + bsinh(VAz),
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with new constants of integration a and b. We impose the boundary conditions:
first
fO)=0 = a=0 = f(z)=bsinh(VAz),

and then
f(L)=0 = bsinh(VAL)=0 = b=0 = f(z)=0,
so we obtain no nontrivial solutions in this case.

Case 3: )\ < 0. In this case, we set w = v/—A, and rewrite the eigenvalue
problem as

f'(@) +wf(x) =0, f(0)=0= f(L).
We recognize here our old friend, the differential equation of simple harmonic
motion. We remember that the differential equation has the general solution
f(x) = acos(wz) + bsin(wx).
Once again
f(0)=0 = a=0 = f(z)="0bsin(wz).

Now, however,
f(L)=0 = bsin(wl) = b=0or sin(wl) =0,

and hence either b = 0 and we obtain only the trivial solution or sin(wL) = 0.
The latter possibility will occur if wL = nw, or w = (nw/L), where n is an
integer. In this case, we obtain

f(x) = bsin(nmx/L).

Therefore, we conclude that the only nontrivial solutions to (4.11) are constant
multiples of

f(z) =sin(nwx/L), with \=—(nw/L)? n=1,2,3,....

For each of these solutions, we need to find a corresponding g(t) solving equation
(4.9),
g'(t) = A?g(1),
where A = —(nm/L)?. This is just the equation of exponential decay, and has
the general solution
g(t) _ be—(ncw/L)2t7

where a is a constant of integration. Thus we find that the nontrivial prod-
uct solutions to the heat equation together with the homogeneous boundary
condition u(0,t) = 0 = u(L, t) are constant multiples of

Un (1, 1) = sin(nmz/L)e e/ D%

88



It follows from the principal of superposition that
u(z,t) = by sin(ﬂx/L)e_(c”/L)Zt + by sin(27rx/L)e_(2”/L)2t +... (4.12)

is a solution to the heat equation together with its homogeneous boundary
conditions, for arbitrary choice of the constants by, bo, ... .

Step IT consists of determining the constants b,, in (4.12) so that the initial
condition u(x,0) = h(x) is satisfied. Setting ¢ = 0 in (4.12) yields

h(z) = u(x,0) = by sin(rz/L) + basin(2rz/L) + ... .
It follows from the theory of the Fourier sine series that h can indeed be rep-
resented as a superposition of sine functions, and we can determine the b,’s as

the coefficients in the Fourier sine series of h. Using the techniques described in
Section 3.3, we find that

L
by = 2/ h(zx)sin(nmz/L)dx.
L Jo

Example 1. Suppose that we want to find the function u(zx,t), defined for
0 <z <7 andt >0, which satisfies the initial-value problem:

ou_
ot 9z2’

In this case, the nonvanishing coefficients for the Fourier sine series of h are

u(0,t) = u(m,t) =0, wu(x,0)=h(zr)=4sinzx+2sin2x+7sin3x.

b1:47 b2:2a b3:77

so the solution must be

—4t t

u(z,t) = 4sinze " 4 2sin 2ze " 4 7sin 3ze .

Example 2. Suppose that we want to find the function u(zx,t), defined for
0 <z <7 andt >0, which satisfies the initial-value problem:

ou  O%u
a - ﬁv ’U,(O,t) - u(ﬂ'vt) - Oa U(I,O) - h(I),
where
fi <z<
W) = x, or 0 <z <m/2,
m—x, form/2<x<m.

We saw in Section 3.3 that the Fourier sine series of h is

4 4 4
h(z) = ;sinxf %Sin3x+ Esin&rf Msin7z+... ,

and hence

4 4 4
u(w,t) = = sinze™" — on sin 3ze™ % + % sin5ze™ 2 — ... .
™ ™ ™
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Exercises:

4.2.1. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

2
% = %, u(0,t) = u(m,t) =0, wu(z,0)=sin2z.

You may assume that the nontrivial solutions to the eigenvalue problem
f"(x) =Af(x), [f(0)=0= f(m)
are
A= —n?, f(x) = by, sinnz, forn=1,2,3,...,
where the b,,’s are constants.
4.2.2. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:
ou  0%*u

%= 92 uw(0,t) = u(m,t) =0, wu(x,0)=sinz+ 3sin 22z — 5sin 3z.
T

4.2.3. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies

the following conditions:
ou  9*u
ot 0x2’

(In this problem you need to find the Fourier sine series of h(x) = z(m — x).)

u(0,t) = u(m,t) =0, wu(z,0)=xz(r—z).

4.2.4. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:

1 2
275—4_1?9_1; = %’ u(()’t) = ’U,(ﬂ"t) =0, u(:E, 0) = sinx + 3sin 2.

4.2.5. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:

ou  0%u

D5 = a2

u(0,t) = u(m,t) =0, wu(z,0)=sinz + 3sin2x.

4.2.6.a. Find the function w(z), defined for 0 < z < 7, such that

=0, w0)=10, w(r)=>50.

b. Find the general solution to the following boundary value problem for the
heat equation: Find the functions u(z,t), defined for 0 < z < 7 and ¢ > 0, such
that

ou  0%*u

o =2 w0 =10, u(mt)=50. (4.13)
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(Hint: Let v = u — w, where w is the solution to part a. Determine what
conditions v must satisfy.)

c. Find the particular solution to (4.13) which in addition satisfies the initial
condition

4
u(z,0) =10 + —Oz+281nz — 5sin2z.
T

4.2.7.a. Find the eigenvalues and corresponding eigenfunctions for the differen-
tial operator

d2
T e
which acts on the space Vj of well-behaved functions f : [0, 7] — R which vanish
at the endpoints 0 and 7 by

L + 3,

2
L(f) = %Hf-

b. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:

2
% = % +3u, u(0,t) =u(mt) =0, wu(z,0)=sinz+ 3sin2z.

4.2.8. The method described in this section can also be used to solve an initial
value problem for the heat equation in which the Dirichlet boundary condition
u(0,t) = u(L,t) = 0 is replaced by the Neumann boundary condition

ou ou
6_3:(O’t) = %(L,t) =0. (4.14)

(Physically, this corresponds to insulated endpoints, from which no heat can
enter or escape.) In this case separation of variables leads to a slightly different
eigenvalue problem, which consists of finding the nontrivial solutions to

F/(@) = (@) = M), T(0)=0=F(E).

a. Solve this eigenvalue problem. (Hint: The solution should involve cosines
instead of sines.)

b. Find the general solution to the heat equation

ou  O%u

a9z

subject to the Neumann boundary condition (4.14).
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c. Find the function u(x,t), defined for 0 < 2 < 7 and ¢ > 0, such that:

2
% = %, %(Oﬂf) = %(ﬂ',t) =0, wu(z,0)=3cosx+ 7cos2z.

4.2.9. We can also treat a mixture of Dirichlet and Neumann conditions, say

u(0,t) = %(L,t) =0. (4.15)

In this case separation of variables leads to the eigenvalue problem which consists
of finding the nontrivial solutions to

F() = (@) = M(@), 1(0)=0=f(L).

a. Solve this eigenvalue problem.

b. Find the general solution to the heat equation

ou  0%u

at  da?
subject to the mixed boundary condition (4.15).

c. Find the function u(z,t), defined for 0 < z < 7 and ¢t > 0, such that:

ou  9%u ou . .
Tk u(0,t) = %(ﬂ',t) =0, wu(z,0)=4sin(z/2)+ 12sin(3z/2).

4.3 Numerical solutions to the heat equation

There is another method which is sometimes used to treat the initial value
problem described in the preceding section, a numerical method based upon
“finite differences.” Although it yields only approximate solutions, it can be
applied in some cases with variable coefficients when it would be impossible to
apply Fourier analysis in terms of sines and cosines. However, for simplicity,
we will describe only the case where p and k are constant, and in fact we will
assume that ¢ = L = 1.

Thus we seek the function u(z,t), defined for 0 < z < 1 and ¢ > 0, which
solves the heat equation

ou  9*u
ot 02
subject to the boundary conditions u(0,t) = u(1,t) = 0 and the initial con-
dition u(x,0) = h(z), where h(z) is a given function, representing the initial
temperature.
For any fixed choice of ¢y the function u(x, o) is an element of V4, the space of
piecewise smooth functions defined for 0 < x < 1 which vanish at the endpoints.
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Our idea is to replace the “infinite-dimensional” space Vj by a finite-dimensional
Euclidean space R™ ™! and reduce the partial differential equation to a system
of ordinary differential equations. This corresponds to utilizing a discrete model
for heat flow rather than a continuous one.

For 0 <1i < mn, let ; =i/n and

u;(t) = u(z;,t) = the temperature at x; at time ¢.

Since ug(t) = 0 = u,(t) by the boundary conditions, the temperature at time ¢
is specified by

uy(t)
ORI I
Up—1(t)
a vector-valued function of one variable. The initial condition becomes
h(z1)
u(0) = h, where h= h(m)
h(Zn-1)

We can approximate the first-order partial derivative by a difference quo-
tient:

= (mi ! ’t) 2 i) —w®) _ fJuin®) —w)] nfuiy1(t) — u (1))

5_56 2 Tit+1 — T4 1/TL
Similarly, we can approximate the second-order partial derivative:
o Ti4+x; o) Ti_1+T4
u b (2t t) - G2 (m=p 1)
JR—— 1‘-7 =
0z 1/n

N ou [ x; + 41 ou (1 + x5
“nl5 (257220) - 5 (2]

= n?fui1(t) = 2u;(t) + uipa (1))
Thus the partial differential equation

ou  d*u
ot 0x2
can be approximated by a system of ordinary differential equations
du;
dtl = nz(ui,l — 2u; + ui+1).
This is a first order linear system which can be presented in vector form as
92 1 0O --- 0
du 1 -2 1 0
— =n?Pu, where P = 0 1 -2 ... . ,
dt
0 0 -2
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the last matrix having n — 1 rows and n — 1 columns. Finally, we can rewrite
this as

Ccll—;l = Au, where A=n?’P, (4.16)
a system exactly like the ones studied in Section 2.5. In the limit as n — oo
one can use the Mathematica program of §2.6 to check that the eigenvalues of A
approach the eigenvalues of d?/dxz? as determined in the preceding section, and
the eigenvectors approximate more and more closely the standard orthonormal
basis of sine functions.

One could continue constructing a numerical method for solution of our ini-
tial value problem by means of another discretization, this time in the time
direction. We could do this via the familiar Cauchy-Euler method for finding
numerical solutions to the linear system (4.16). This method for finding ap-
proximate solutions to the heat equation is often called the method of finite
differences. With sufficient effort, one could construct a computer program,
using Mathematica or some other software package, to implement it.

More advanced courses on numerical analysis often treat the finite difference
method in detail.> For us, however, the main point of the method of finite
differences is that it provides considerable insight into the theory behind the
heat equation. It shows that the heat equation can be thought of as arising
from a system of ordinary differential equations when the number of dependent
variables goes to infinity. It is sometimes the case that either a partial differen-
tial equation or a system of ordinary differential equations with a large or even
infinite number of unknowns can give an effective model for the same physical
phenomenon. This partially explains, for example, why quantum mechanics
possesses two superficially different formulations, via Schrédinger’s partial dif-
ferential equation or via “infinite matrices” in Heisenberg’s “matrix mechanics.”

4.4 The vibrating string

Our next goal is to derive the equation which governs the motion of a vibrating
string. We consider a string of length L stretched out along the z-axis, one end
of the string being at x = 0 and the other being at z = L. We assume that the
string is free to move only in the vertical direction. Let

u(zx,t) = vertical displacement of the string at the point x at time t.

We will derive a partial differential equation for u(z,t). Note that since the
ends of the string are fixed, we must have u(0,t) = 0 = u(L, t) for all ¢.

It will be convenient to use the “configuration space” Vj described in Sec-
tion 3.3. An element u(x) € Vj represents a configuration of the string at some

3For further discussion of this method one can refer to numerical analysis books, such as
Burden and Faires, Numerical analysis, Seventh edition, Brooks Cole Publishing Company,
2000.
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instant of time. We will assume that the potential energy in the string when it
is in the configuration u(z) is

V(u(z)) = /OLg (Z—Z>de, (4.17)

where T is a constant, called the tension of the string.

Indeed, we could imagine that we have devised an experiment that measures
the potential energy in the string in various configurations, and has determined
that (4.17) does indeed represent the total potential energy in the string. On
the other hand, this expression for potential energy is quite plausible for the
following reason: We could imagine first that the amount of energy in the string
should be proportional to the amount of stretching of the string, or in other
words, proportional to the length of the string. From vector calculus, we know
that the length of the curve u = u(x) is given by the formula

L
Length = / V14 (du/dx)?dz.
0

But when du/dz is small,

2
1—&—1 @ : =1+ d_u 2—|—asmall error
2 \ dx o dx ’

and hence
1
1+ (du/dz)? is closely approximated by 1+ E(du/dx)Q.

Thus to a first order of approximation, the amount of energy in the string should
be proportional to

/L 14l duzd /Ll du 2d+ tant
_ - = — —_ 11 nte.
; 5\ 7o x 3\ x + consta

Letting T' denote the constant of proportionality yields

energy in string = / I\ I
x

LT(du
O 2

2
) dx + constant.
Potential energy is only defined up to addition of a constant, so we can drop
the constant term to obtain (4.17).

The force acting on a portion of the string when it is in the configuration
u(z) is determined by an element F'(z) of V. We imagine that the force acting

on the portion of the string from = to = + dx is F(z)de. When the force
pushes the string through an infinitesimal displacement £(x) € Vp, the total
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work performed by F(x) is then the “sum” of the forces acting on the tiny
pieces of the string, in other words, the work is the “inner product” of F' and &,

L
(F(x),&(x)) = / Fo)e(x)da

(Note that the inner product we use here differs from the one used in Section 3.3
by a constant factor.)

On the other hand this work is the amount of potential energy lost when the
string undergoes the displacement:

ey = [ 5 (%)m/% (%)m

L gu o¢ L roe\?

We are imagining that the displacement £ is infinitesimally small, so terms
containing the square of £ or the square of a derivative of £ can be ignored, and

hence .
ou 0¢

(F(z),¢(z)) = -

Integration by parts yields

sy =7 [ 5 tewar - (2¢) -7 (5e) 0

Since £(0) = &(L) = 0, we conclude that

L 92y

L
/O F(x)é(x)ds = (F(x), ) = T

Since this formula holds for all infinitesimal displacements £(x), we must have

0%u

for the force density per unit length.

Now we apply Newton’s second law, force = mass X acceleration, to the
function u(x,t). The force acting on a tiny piece of the string of length dx is
F(x)dx, while the mass of this piece of string is just pdz, where p is the density
of the string. Thus Newton’s law becomes

0%u 0%u

If we divide by pdz, we obtain the wave equation,

Pu_Tou L Pu_ 0
otz p ox?’ o2 0z’
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where ¢ = T/p.

Just as in the preceding section, we could approximate this partial differential
equation by a system of ordinary differential equations. Assume that the string
has length L = 1 and set x; = i/n and

u;(t) = u(x;,t) = the displacement of the string at x; at time ¢.

Then the function u(z,t) can be approximated by the vector-valued function

Up—1 (t)

of one variable, just as before. The wave equation is then approximated by the
system of ordinary differential equations

d*u 9 9
—— =c¢*n“Pu,
dt?

where P is the (n —1) x (n— 1) matrix described in the preceding section. Thus
the differential operator

d2
=3 is approximated by the symmetric matrix n2P,
x

and we expect solutions to the wave equation to behave like solutions to a
mechanical system of weights and springs with a large number of degrees of
freedom.

Exercises:

4.4.1.a. Show that if f : R — R is any well-behaved function of one variable,
u(z,t) = f(x + ct)
is a solution to the partial differential equation

ou ou 0
ot “or
(Hint: Use the “chain rule.”)

b. Show that if g : R — R is any well-behaved function of one variable,
ul(a,t) = glx — ct)
is a solution to the partial differential equation

ou ou
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c. Show that for any choice of well-behaved functions f and g, the function
u(z,t) = f(x +ct) + gl — ct)
is a solution to the differential equation
Pu 0% 0 0 Ju  Ou
a2 o [a*a] (E‘%) =0

Remark: This gives a very explicit general solution to the equation for the
vibrations of an infinitely long string.

d. Show that . .
ooty = L+ D+ Ie =t
is a solution to the initial value problem
02 02 0
s —Cas =0, u@0)=[), S (0=0.

o2~ o2 ot

4.4.2. Show that if the tension and density of a string are given by variable
functions T'(x) and p(x) respectively, then the motion of the string is governed

by the equation
0%u 1 0 ou
—=—|T(x)=— ).
otz p(x) oz ( (x)ax)

4.5 The initial value problem for the vibrating
string

The Fourier sine series can also be used to find the solution to an initial value
problem for the vibrating string with fixed endpoints at * = 0 and z = L.
We formulate this problem as follows: we seek a function u(z,t), defined for
0 <z <L andt >0 such that
1. u(x,t) satisfies the wave equation
*u 0%
— = 4.18
o2 ~ ¢ a2 (4.18)

where ¢ is a constant.

2. u(x,t) satisfies the boundary condition u(0,t) = w(L,t) = 0, i.e. the
displacement of the string is zero at the endpoints.

3. u(x,t) satisfies the initial conditions

Ou
u(z,0) = hy(x) and E(I,O) = ha(z),

where hq(z) and ha(x) are given functions, the initial position and velocity
of the string.
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Note that the wave equation itself and the boundary condition are homogeneous
and linear, and therefore satisfy the principal of superposition.
Once again, we find the solution to our problem in two steps:

Step I. We find all of the solutions to the homogeneous linear conditions of the
special form

u(z,t) = f(z)g(t).

Step II. We find the superposition of these solution which satisfies the nonho-
mogeneous initial conditions by means of Fourier analysis.

To carry out Step I, we substitute u(x,t) = f(x)g(t) into the wave equation

(4.18) and obtain
fa)g"(t) = f"(x)g(t).

We separate variables, putting all the functions involving ¢ on the left, all the
functions involving x on the right:

70 _ 1@
o T

Once again, the left-hand side of this equation does not depend on zx, while the
right-hand side does not depend on ¢, so neither side can depend upon either x
or t. Therefore the two sides must equal a constant A\, and our equation becomes

g0 )
gt)  fl@)

which separates into two ordinary differential equations,

g”(t) B , B

gy =N o 9= Ac?g(t), (4.19)
and

f/l(x) _ r 7" z) = T

f(x) =A or f ( ) Af( ) (4.20)

Just as in the case of the heat equation, the homogeneous boundary condition
u(0,t) = u(L, t) = 0 becomes

f(0)g(t) = f(L)g(t) =0,
and assuming that g(t) is not identically zero, we obtain
f0)=f(L)=0.

Thus once again we need to find the nontrivial solutions to the boundary value

problem, ,
P(@) = (@) = A (@), 1(0) = 0= S(L).
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and just as before, we find that the the only nontrivial solutions are constant
multiples of

f(z) =sin(nrx/L), with \=—(n7/L)?, n=1,2,3,....

For each of these solutions, we need to find a corresponding ¢(t) solving
equation (4.19),

g'(t) = —(nm/L)*c*g(t), or g¢"(t)+ (nm/L)*cg(t) = 0.
This is just the equation of simple harmonic motion, and has the general solution
g(t) = acos(nent/L) + bsin(nent /L),

where a and b are constants of integration. Thus we find that the nontrivial
product solutions to the wave equation together with the homogeneous bound-
ary condition u(0,¢) =0 = u(L,t) are constant multiples of

Un(x,t) = [ay cos(nermt/L) + by, sin(nent/L)] sin(nrz/L).

The general solution to the wave equation together with this boundary condition
is an arbitrary superposition of these product solutions:

u(xz,t) = ag cos(emt/L) + by sin(ent/L)] sin(ma /L) (4.21)

+[ag cos(2¢emt/L) + by sin(2emt/L)] sin(2rz /L) + ... . (4.22)

The vibration of the string is a superposition of a fundamental mode which has
frequency

er 1 ¢ JT/p

L2r 2L 2L °
and higher modes which have frequencies which are exact integer multiples of
this frequency.

Step II consists of determining the constants a,, and b, in (4.22) so that the

initial conditions

ou

u(z,0) = hy(x) and a(m,

0) = hala)
are satisfied. Setting ¢ = 0 in (4.22) yields
hi(z) = u(x,0) = ay sin(mx /L) + agsin(2ra /L) + ...,

so we see that the a,,’s are the coefficients in the Fourier sine series of h;.
If we differentiate equation(4.22) with respect to t, we find that

ou —c cm .
E(m, t) = [Tal sin(ent/L) + fbl cos(emt/ L)) sin(wx/L)
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—2cm

+ [ag sin(2¢ent/L) + %rbg sin(2ent/L)] cos(2ma /L) + ...,

and setting ¢ = 0 yields

ou cm, . 2em . .
ho(z) = E(m,O) = fbl sin(rx/L) + Tbg sin(2ra /L) + ... .
We conclude that
nemw

Tbn = the n-th coefficient in the Fourier sine series of ha(x).

Example. Suppose that we want to find the function u(x,t), defined for 0 <
x < m and t > 0, which satisfies the initial-value problem:

u  0%u
92 T ar2 u(0,t) = u(m,t) =0,
. . . ou
u(x,0) = 5sinz + 12sin 2z + 6sin 3z, E(gc, 0) =0.

In this case, the first three coefficients for the Fourier sine series of h are
a; = 5, ags = 127 as = 6,
and all the others are zero, so the solution must be

u(x,t) = 5sinx cost + 12 sin 2x cos 2t + 6 sin 3x cos 3t.

Exercises:

4.5.1 What happens to the frequency of the fundamental mode of oscillation of
a vibrating string when the length of the string is doubled? When the tension
on the string is doubled? When the density of the string is doubled?

4.5.2. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

Pu  0%u
92 " o2 u(0,1) = u(m,t) =0,
) ou
u(z,0) = sin 2z, 5(;16,0) = 0.

You may assume that the nontrivial solutions to the eigenvalue problem
f(x) =Af(x), [f(0)=0= f(m)

are
A= —n? f(z) = by sinnz, forn=1,2,3,...,

where the b,,’s are constants.
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4.5.3. Find the function u(z,t), defined for 0 < x < 7 and ¢ > 0, which satisfies
the following conditions:

u  0%*u
W = @, U(O,t) = U(Tfﬂf) = 0,
. . . ou
u(z,0) = sinz + 3sin 2z — 5sin 3z, E(:c, 0) =0.

4.5.4. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:

?u  0%u

W = ﬁ’ U(O,t) = 'U,(ﬂ',t) = 0,

u(z,0) = (7 — x), %(w, 0) =0.

4.5.5. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

Pu  0%u
92 o2 u(0,t) = u(m,t) =0,
u(z,0) =0, %(w, 0) = sinx + sin 2z.

4.5.6. (For students with access to Mathematica) a. Find the first ten coeffi-
cients of the Fourier sine series for

h(z) =z —z*
by running the following Mathematica program

f[n] := 2 NIntegrate[(x - xA4) Sin[n Pi x], {x,0,1}1;
b = Table[f[n], {n,1,10}]

b. Find the first ten terms of the solution to the initial value problem for a
vibrating string,

Pu  0%u
2 = a2 u(0,t) = u(m,t) =0,
ou
_ a4 Ou _
u(z,0) =z — 2%, 5 (x,0) = 0.

c. Construct a sequence of sketches of the positions of the vibrating string at
the times t; = ih, where h = .1 by running the Mathematica program:

vibstring = Table[
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Plot[
Sum[ b[n] Sin[n Pi x] Cos[n Pi tl, {n,1,10}1,
{x,0,1}, PlotRange -> {-1,1}

1, {t,0,1.,.1}

d. Select the cell containing vibstring and animate the sequence of graphics
by running “Animate selected graphics,” from the Cell menu.

4.6 Heat flow in a circular wire

The theory of Fourier series can also be used to solve the initial value problem
for the heat equation in a circular wire of radius 1 which is insulated along the
sides. In this case, we seek a function u(6,t), defined for § € R and ¢ > 0 such
that

1. u(0,t) satisfies the heat equation

ou 0%

T2 4.23
ot~ C 002 (423)
where ¢ is a constant.

2. u(0,t) is periodic of period 27 in the variable 6; in other words,

w(f + 27, t) = u(6,t), for all 6 and t.

3. u(0,t) satisfies the initial condition u(#,0) = h(6), where h(f) is a given
function, periodic of period 2, the initial temperature of the wire.

Once again the heat equation itself and the periodicity condition are homoge-
neous and linear, so they must be dealt with first. Once we have found the
general solution to the homogeneous conditions

ou 0%
5 = ¢ 207 w(f + 27, t) = u(6,t),

we will be able to find the particular solution which satisfies the initial condition
u(6,0) = h(0)

by the theory of Fourier series.
Thus we substitute u(6,t) = f(6)g(t) into the heat equation (4.23) to obtain

FO)g' () = f"(0)g(t)
and separate variables:
g0 _ f"0)
g(t) fo)
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The left-hand side of this equation does not depend on 6, while the right-hand
side does not depend on ¢, so neither side can depend upon either 6 or ¢, and
we can write

J0 11O

cg(t)  fO) 7

where A is a constant. We thus obtain two ordinary differential equations,

gt sy 2

gy - g'(t) = Ac7g(t), (4.24)
and

PO g

f(@) _)‘v f (0) )\f(@) (4.25)

The periodicity condition w(f + 7,t) = u(6,t) becomes
f(0+2m)g(t) = f(0)g(t),
and if ¢g(¢) is not identically zero, we must have
10 +27) = 1(6).

Thus to find the nontrivial solutions to the homogeneous linear part of the
problem requires us to find the nontrivial solutions to the problem:

d2
F10) = 255 (f(0)) = Af(0),  f(6+2m) = f(6). (4.26)
We will call (4.11) the eigenvalue problem for the differential operator
d2
L=

acting on the space V of functions which are periodic of period 2.
As before, we need to consider three cases.

Case 1: A = 0. In this case, the eigenvalue problem (4.26) becomes
f1(0) =0, f(0+2m) = f(0).
The general solution to the differential equation is f(0) = a + bf, and
a+b0+2m)=a+b0)=b=0.

Thus the only solution in this case is that where f is constant, and to be
consistent with our Fourier series conventions, we write f(0) = ag/2, where ag
is a constant.

Case 2: A > 0. In this case, the differential equation

f10) = Af(0), or f7(0) = Af(6) =0

104



has the general solution
£(8) = ae™Y?0) 4 pe= (VA0
Note that
a#0= f(0) > +too as 60— oo,

while
b#£0= f(0) > tco as 60— —oo.

Neither of these is consistent with the periodicity conditions f(6 + 27) = f(0),
so we conclude that @ = b = 0, and we obtain no nontrivial solutions in this
case.

Case 3: A < 0. In this case, we set w = +/—A\, and rewrite the eigenvalue
problem as

F1(0) + W’ f(0) =0, f(0+2m) = f(6).

We recognize once again our old friend, the differential equation of simple har-
monic motion, which has the general solution

f(0) = acos(wh) + bsin(wh) = Asin(w(d — 6p)).

The periodicity condition f(6 + 27) = f(#) implies that w = n, where n is an
integer, which we can assume is positive, and

f(0) = ay,, cos(nb) + b, sin(nd).

Thus we see that the general solution to the eigenvalue problem (4.26) is

A=0 and f(0)= %
or
A= —n? where n is a positive integer and () = a,, cos(n#) + by, sin(nf).
Now we need to find the corresponding solutions to (4.24)
g'(t) = A?g(1),
for A\ =0,—1,—4,-9,...,—n?,.... As before, we find that the solution is

g(t) = (constan‘u)e*’ﬂ‘32'57

where ¢ is a constant. Thus the product solutions to the homogeneous part of
the problem are

UO(Q, t) = %, Un(e’ t) = [an COS(TLG) + bn Sin(n@)]e_”202t,

where n =1,2,3,....
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Now we apply the superposition principle—an arbitrary superposition of
these product solutions must again be a solution. Thus

u(,t) = C%O + X5 [an cos(nb) + by, sin(n@)]e_"QCQt (4.27)

is a periodic solution of period 27 to the heat equation (4.23).
To finish the solution to our problem, we must impose the initial condition

u(0,0) = h(6).

But setting ¢t = 0 in (4.27) yields

% + X021 [ay, cos(nd) + by, sin(nb)] = h(),
so the constants ag, a1, ... ,b1,... are just the Fourier coefficients of h(#). Thus

the solution to our initial value problem is just (4.27) in which the constants ag
and by can be determined via the familiar formulae

1 [ 1 [
ak = — h() cos k6db, by = — h() sin k0d6.

™) _x T™J—n

Note that as t — oo the temperature in the circular wire approaches the constant
value ag/2.

Exercises:

4.6.1. Find the function u(6,t), defined for 0 < 6 < 27 and ¢ > 0, which satisfies
the following conditions:

2
% = %, u(f + 2m,t) = u(f,t), wu(f,0) =2+ sinf — cos36.

You may assume that the nontrivial solutions to the eigenvalue problem

f1(O) =Af0),  f(0+2m) = f(0)

are a
A=0 and f(0)= ?O,

and
A=-n? and f(#) = a, cosnd + b, sinnd, forn=1,2,3,...,

where the a,,’s and b,,’s are constants.

4.6.2. Find the function u(6,t), defined for 0 < 6 < 27 and ¢ > 0, which satisfies
the following conditions:

2
= O w8+ 2m0) = u(0,0),
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u(0,0) = |6], for 6 € [—m, 7.

4.6.3. Find the function u(6,t), defined for 0 < § < 27 and ¢ > 0, which satisfies
the following conditions:

8%u  0%u
W = W, U(9+27T,t) :U(H,t),
u(6,0) =2+ sin 6 — cos 36, 88—1;(9,0) = 0.

4.7 Sturm-Liouville Theory*

We would like to be able to analyze heat flow in a bar even if the specific
heat o(x), the density p(z) and the thermal conductivity x(z) vary from point
to point. As we saw in Section 4.1, this leads to consideration of the partial

differential equation
ou 1 0 Ju
ou _ Il == 4.2

ot p(x)o(z) 0z (H(m)3z> ’ (4.28)

where we make the standing assumption that p(x), o(x) and k(z) are positive.

We imagine that the bar is situated along the x-axis with its endpoints
situated at © = a and x = b. As in the constant coefficient case, we expect that
there should exist a unique function u(z,t), defined for « < z < band t > 0
such that

1. u(z,t) satisfies the heat equation (4.28).
2. u(x,t) satisfies the boundary condition u(a,t) = u(b,t) = 0.

3. u(z,t) satisfies the initial condition u(z,0) = h(x), where h(z) is a given
function, defined for z € [a, b], the initial temperature of the bar.

Just as before, we substitute u(z,t) = f(x)g(t) into (4.28) and obtain
=t Y,
1) ) =~ (@) (@) )

Once again, we separate variables, putting all the functions involving ¢ on the
left, all the functions involving = on the right:

O _ 1 (a1
mw‘mmme(()m(Ofmy

As usual, the two sides must equal a constant, which we denote by A, and our
equation separates into two ordinary differential equations,

g'(t) = Ag(1), (4.29)
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and

1 d df B N
T (05 ) =) (430

Under the assumption that u is not identically zero, the boundary condition
u(a,t) = u(b,t) = 0 yields
fla)=f(b) =0.
Thus to find the nontrivial solutions to the homogeneous linear part of the
problem, we need to find the nontrivial solutions to the boundary value problem:

;i R\T ﬁ X - x a)=0=
p(@)o (@) dx< (@) 7. )> M@),  fla)=0=f(b). (4.31)

We call this the eigenvalue problem or Sturm-Liouville problem for the differen-

tial operator
1 d d
L = V—_— N
p(x)o(x) dx <n(x) da:) ’

which acts on the space Vp of well-behaved functions f : [a,b] — R which
vanish at the endpoints a and b. The eigenvalues of L are the constants A for
which (4.31) has nontrivial solutions. Given an eigenvalue A, the corresponding
etgenspace is

Wy ={f €Vy: f satisfies (4.31)}.

Nonzero elements of the eigenspaces are called eigenfunctions.

If the functions p(z), o(z) and k(x) are complicated, it may be impossible to
solve this eigenvalue problem explicitly, and one may need to employ numerical
methods to obtain approximate solutions. Nevertheless, it is reassuring to know
that the theory is quite parallel to the constant coefficient case that we treated
in previous sections. The following theorem, due to the nineteenth century
mathematicians Sturm and Liouville, is proven in more advanced texts:*

Theorem. Suppose that p(z), o(x) and x(x) are smooth functions which are
positive on the interval [a,b]. Then all of the eigenvalues of L are negative real
numbers, and each eigenspace is one-dimensional. Moreover, the eigenvalues
can be arranged in a sequence

0>A>X> >N >0,

with A, — —oo. Finally, every well-behaved function can be represented on
[a,b] as a convergent sum of eigenfunctions.

Suppose that fi(x), fa(z), ..., fa(x), ... are eigenfunctions corresponding to
the eigenvalues A1, Ao, ..., Ay, ... . Then the general solution to the heat
equation (4.28) together with the boundary conditions u(a,t) = u(b,t) =0 is

uet) = 3 eufula)e,
n=0

4For further discussion, see Boyce and DiPrima, Flementary differential equations and
boundary value problems, Seventh edition, Wiley, New York, 2001.
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where the ¢,,’s are arbitrary constants.

To determine the ¢,’s in terms of the initial temperature h(x), we need a
generalization of the theory of Fourier series. The key idea here is that the
eigenspaces should be orthogonal with respect to an appropriate inner product.
The inner product should be one which makes L like a symmetric matrix. To
arrange this, the inner product that we need to use on V; is the one defined by
the formula

b
)= [ pl)o@) @)

Lemma. With respect to this inner product, eigenfunctions corresponding to
distinct eigenvalues are perpendicular.

The proof hinges on the fact that

(L(f),9) = (f,Llg)),  for f,g €V,

so that if we thought of L as represented by a matrix, the matrix would be
symmetric. This identity can be verified by integration by parts; indeed,

b b
wih)a) = [ @@= [ (KoL @) ste)

b
- [ K@ L@ L wdr == (£ L(o))

where the steps represented by dots are just like the first steps, but in reverse
order.

It follows that if f;(x) and f;(z) are eigenfunctions corresponding to distinct
eigenvalues A; and A;, then

Ailfis £3) = (L(f), 9) = (£, L(g)) = A;{fis i),
and hence
(i = ) fi, f5) = 0.

Since A\; — A; # 0, we conclude that f; and f; are perpendicular with respect to
the inner product (-,-), as claimed.

Thus to determine the ¢,’s, we can use exactly the same orthogonality tech-
niques that we have used before. Namely, if we normalize the eigenfunctions
so that they have unit length and are orthogonal to each other with respect to
(,-,), then

Cn = <h, fn>7

or equivalently, ¢, is just the projection of h in the f, direction.

Example. We consider the operator



which acts on the space Vj of functions f : [1,e™] — R which vanish at the
endpoints of the interval [1,e™]. To solve the eigenvalue problem, we need to
find the nontrivial solutions to

x% @%(@) =Af(z), (1) =0=f(e). (4.32)

We could find these nontrivial solutions by using the techniques we have learned
for treating Cauchy-Euler equations.

However, there is a simpler approach, based upon the technique of substitu-
tion. Namely, we make a change of variables x = e* and note that since

. d 14 i .1d d
dr =c¢ dZ, %—e—za and hence 17@—6 e—za—a

Thus if we set R
(2) = f(z) = f(e%),
the eigenvalue problem (4.32) becomes

%(z) = \(2),  F0)=0= f(n),

a problem which we have already solved. The nontrivial solutions are
A\ = —n2, fn(z) =sinnz, where n =1,2,....
Thus the eigenvalues for our original problem are
A = —n?, forn=1,2,...,
and as corresponding eigenfunctions we can take

fn(z) =sin(nlog ),

where log denotes the natural or base e logarithm. The lemma implies that
these eigenfunctions will be perpendicular with respect to the inner product
(-,+), defined by

o= [ Lr@g. (1.33)

Exercises:

4.7.1. Show by direct integration that if m # n, the functions
fm(z) = sin(mlogx) and fn(z) = sin(nlog x)

are perpendicular with respect to the inner product defined by (4.33).
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4.7.2. Find the function u(x,t), defined for 1 < z < e™ and ¢t > 0, which satisfies
the following initial-value problem for a heat equation with variable coefficients:

Oou 0 Ou o
5 = %o, <x%) , o u(l,t) =ule™,t) =0,

u(z,0) = 3sin(log ) + 7sin(2logz) — 2sin(3log x).

4.7.3.a. Find the solution to the eigenvalue problem for the operator

d d

which acts on the space Vj of functions f : [1,e"] — R which vanish at the
endpoints of the interval [1,e"].

b. Find the function u(z,t), defined for 1 < 2 < €™ and ¢t > 0, which satisfies
the following initial-value problem for a heat equation with variable coeflicients:

ou 8<8u

— o

%= %on )—3u, u(1l,t) =wu(e",t) =0,

u(z,0) = 3sin(logz) + 7sin(2log z) — 2sin(3log x).

4.8 Numerical solutions to the eigenvalue prob-
lem*

We can also apply Sturm-Liouville theory to study the motion of a string of

variable mass density. We can imagine a violin string stretched out along the

x-axis with endpoints at x = 0 and = 1 covered with a layer of varnish which

causes its mass density to vary from point to point. We could let

p(x) = the mass density of the string at  for 0 <z < 1.

If the string is under constant tension 7T, its motion might be governed by the
partial differential equation

0u T 0%*u
— = ——= 4.34
o2 p(x) 0z?’ (4:34)
which would be subject to the Dirichlet boundary conditions
u(0,t) =0 = u(1,t), for all t > 0. (4.35)

It is natural to try to find the general solution to (4.34) and (4.35) by sepa-
ration of variables, letting u(x,t) = f(x)g(t) as usual. Substituting into (4.34)
yields

T SO T @

flx)g"(t) = mf"(l”)g(t), or 9(0) = p(x) f(z)
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The two sides must equal a constant, denoted by A, and the partial differential
equation separates into two ordinary differential equations,

T
p(x)

The Dirichlet boundary conditions (4.35) yield f(0) = 0 = f(1). Thus f must
satisfy the eigenvalue problem

(@)= XM(x),  g"(t) = \g(t).

T d?

L(f)=Af, f(0)=0=f(1), where L:p(z)@'

Although the names of the functions appearing in L are a little different than
those used in the previous section, the same Theorem applies. Thus the eigen-
values of L are negative real numbers and each eigenspace is one-dimensional.
Moreover, the eigenvalues can be arranged in a sequence

0> A1 >dg> > Ay >,

with A, — —oo. Finally, every well-behaved function can be represented on
[a,b] as a convergent sum of eigenfunctions. If fi(x), fa(z), ..., fu(z), ... are
eigenfunctions corresponding to the eigenvalues A1, Aa, ..., An, ... . Then the
general solution to (4.34) and (4.35) is

e, t) =3 fule) [ancos( “Ant) + by, sin( —Ant)},
n=0

where the a,,’s and b,,’s are arbitrary constants. Each term in this sum represents
one of the modes of oscillation of the vibrating string.

In constrast to the case of constant density, it is usually not possible to find
simple explicit eigenfunctions when the density varies. It is therefore usually
necessary to use numerical methods.

The simplest numerical method is the one outlined in §4.3. For 0 < i < n,
we let z; = i/n and

u;(t) = u(x;,t) = the displacement at z; at time t.

Since uo(t) = 0 = u,(t) by the boundary conditions, the displacement at time
t is approximated by

Up—1 (t)

a vector-valued function of one variable. The partial derivative

0%y . nated b d*u
— is approximate —_—
ot? pprox Y ae?’
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Figure 4.1: Shape of the lowest mode when p = 1/(z + .1).

and as we saw in §4.3, the partial derivative

0%u ) ) 9
922 is approximated by n“Pu,
where
-2 1 0 0
1 -2 1 0
P = 0 1 -2
0 0 -2

Finally, the coefficient (T'/p(x)) can be represented by the diagonal matrix

T/p(z1) 0 0 e 0
0 T/p(z2) 0 e 0
Q= 0 0 T/p(x3)
0 0 : o T/p(xn-1)

Putting all this together, we find that our wave equation with variable mass den-
sity is approximated by a second order homogeneous linear system of ordinary
differential equations

d*u

e Au, where A=n2QP.

The eigenvalues of low absolute value are approximated by the eigenvalues of A,
while the eigenfunctions representing the lowest frequency modes of oscillation
are approximated eigenvectors corresponding to the lowest eigenvalues of A.
For example, we could ask the question: What is the shape of the lowest
mode of oscillation in the case where p(z) = 1/(x+.1)? To answer this question,
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we could utilize the following Mathematica program (which is quite similar to
the one presented in Exercise 2.5.2):

100; rhol[x] := 1/(x + .1);

Table [Max[2-Abs[i-j],0], { i,n-1 } ,{ j,n-1 } 1;
m - 4 IdentityMatrix[n-1];
DiagonalMatrix[Table[(1/rho[i/n]), { i,1,n-1 } 11;
:= nA2 q.p; eigenvec = Eigenvectors([N[al];
ListPlot[eigenvec[[n-1]]]

poo B B
i

If we run this program we obtain a graph of the shape of the lowest mode,
as shown in Figure 4.1. Note that instead of approximating a sine curve, our
numerical approximation to the lowest mode tilts somewhat to the left.
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Chapter 5

PDE’s in Higher
Dimensions

5.1 The three most important linear partial dif-
ferential equations

In higher dimensions, the three most important linear partial differential equa-
tions are Laplace’s equation

Pu, Pu Pu_
0x2 oy 022
the heat equation
ou 5 (*u  O*u  O%u
- =c —-_ —+ =,
ot ox?2 = Oy? 022

and the wave equation,

0u o (0?u  9*u  O%u
= (s tast2>s ]
ot? 0x2 = Oy? 022

where c is a nonzero constant. Techniques developed for studying these equa-
tions can often be applied to closely related equations.

Each of these three equations is homogeneous linear, that is each term con-
tains u or one of its derivatives to the first power. This ensures that the principle
of superposition will hold,

u1 and ug solutions = cju; + cousg is a solution,

for any choice of constants ¢; and c¢o. The principle of superposition is essential
if we want to apply separation of variables and Fourier analysis techniques.

In the first few sections of this chapter, we will derive these partial differen-
tial equations in several physical contexts. We will begin by using the divergence
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theorem to derive the heat equation, which in turn reduces in the steady-state
case to Laplace’s equation. We then present two derivations of the wave equa-
tion, one for vibrating membranes and one for sound waves. Exactly the same
wave equation also describes electromagnetic waves, gravitational waves, or wa-
ter waves in a linear approximation. It is remarkable that the principles devel-
oped to solve the three basic linear partial differential equations can be applied
in so many contexts.

In a few cases, it is possible to find explicit solutions to these partial dif-
ferential equations under the simplest boundary conditions. For example, the
general solution to the one-dimensional wave equation

0%u , 0%u

o2 = ¢ a2

for the vibrations of an infinitely long string, is
u(z,t) = f(z+ct) + gz — ct),

where f and g are arbitrary well-behaved functions of a single variable.

Slightly more complicated cases require the technique of “separation of vari-
ables” together with Fourier analysis, as we studied before. Separation of vari-
ables reduces these partial differential equations to linear ordinary differential
equations, often with variable coefficients. For example, to find the explicit so-
lution to the heat equation in a circular room, we will see that it is necessary
to solve Bessel’s equation.

The most complicated cases cannot be solved by separation of variables,
and one must resort to numerical methods, together with sufficient theory to
understand the qualitative behaviour of the solutions.

In the rest of this section, we consider our first example, the equation gov-
erning heat flow through a region of (x,y, z)-space, under the assumption that
no heat is being created or destroyed within the region. Let

u(zx,y, z,t) = temperature at (z,y, z) at time ¢.

If o(x,y,2) is the specific heat at the point (x,y,z) and p(x,y,z) is the
density of the medium at (z,y,z), then the heat within a given region D in
(z,y, z)-space is given by the formula

Heat WithinD:///p(a:,y,z)a(m,y,z)u(w,y,z,t)dxdydz.
D

If no heat is being created or destroyed within D, then by conservation of energy,
the rate at which heat leaves D equals minus the rate of change of heat within
D, which is

—% [///Dpoudxdydz} :_///Dpaaa—?dxdydz, (5.1)

by differentiating under the integral sign.
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On the other hand, heat flow can be represented by a vector field F(z, y, 2, t)
which points in the direction of greatest decrease of temperature,

F(xm% th) = —li((E,y7 z)(Vu)(m,y, th)7

where k(z,y, z) is the so-called thermal conductivity of the medium at (z,y, 2).
Thus the rate at which heat leaves the region D through a small region in its
boundary of area dA is

—(kVu) - NdA,

where N is the unit normal which points out of D. The total rate at which heat
leaves D is given by the flux integral

—//aD(/iVu) -NdA,

where 0D is the surface bounding D. It follows from the divergence theorem
that

Rate at which heat leaves D = — /// V - (kVu)dxdydz. (5.2)
D

From formulae (5.1) and (5.2), we conclude that

// pa@dxdydz:/// V - (kVu)dzdydz.
p Ot D

This equation is true for all choices of the region D, so the integrands on the
two sides must be equal:

0
Py, 2)o(w,9,2) 5 (2,9, 2:8) = V- (£V0) (@, 1)
Thus we finally obtain the heat equation

ou 1
5 ey ey FEeATW).

In the special case where the region D is homogeneous, i.e. its properties are
the same at every point, p(x,y,z2), o(z,y,2) and x(x,y,2) are constants, and
the heat equation becomes

ou k [0%u @ 0%u

9% " po |02 Tog T o2

If we wait long enough, so that the temperature is no longer changing, the
“steady-state” temperature u(z,y, z) must satisfy Laplace’s equation

o Pu
0x2 Oy 022
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If the temperature is independent of z, the function u(x,y) = u(z,y, z) must
satisfy the two-dimensional Laplace equation

%u  0%u

— +=— =0.

ox? = 0y?
Exercises:

5.1.1. For which of the following differential equations is it true that the super-
position principle holds?

o Pu
ox?  Oy? 022

Explain your answers.

5.1.2. Suppose that a chemical reaction creates heat at the rate
ANa,y, 2)u(z, y, 2, t) + v(z,y, 2),

per unit volume. Show that in this case the equation governing heat flow is

5.2 The Dirichlet problem

The reader will recall that the space of solutions to a homogeneous linear second
order ordinary differential equation, such as

d2_u+ d_u+ u=20
aez P T4

is two-dimensional, a particular solution being determined by two constants. By
contrast, the space of solutions to Laplace’s partial differential equation

%u  Ou
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is infinite-dimensional. For example, the function u(z,y) = 2% — 3zy? is a
solution to Laplace’s equation, because

ou o , 0%u
a—x =3 — 3y 5 w = 633,
ou 0%y
a - _6 ) - = —6 )
Oy vy Oy? v
and hence o2 52
U u
22 +a 3 = 6x — 62 = 0.
Similarly,

u(z,y) =7, u(z,y) =2 —62%*+y*, and u(x,y) =e"siny

are solutions to Laplace’s equation. A solution to Laplace’s equation is called
a harmonic function. It is not difficult to construct infinitely many linearly
independent harmonic functions of two variables.

Thus to pick out a particular solution to Laplace’s equation, we need bound-
ary conditions which will impose infinitely many constraints. To see what
boundary conditions are natural to impose, we need to think of a physical
problem which leads to Laplace’s equation. Suppose that u(z,y) represents
the steady-state distribution of temperature throughout a uniform slab in the
shape of a region D in the (x,y)-plane. If we specify the temperature on the
boundary of the region, say by setting up heaters and refrigerators controlled by
thermostats along the boundary, we might expect that the temperature inside
the room would be uniquely determined. We need infinitely many heaters and
refrigerators because there are infinitely many points on the boundary. Spec-
ifying the temperature at each point of the boundary imposes infinitely many
constraints on the harmonic function which realizes the steady-state tempera-
ture within D.

The Dirichlet Problem for Laplace’s Equation. Let D be a bounded
region in the (z,y)-plane which is bounded by a curve 9D, and let ¢ : 0D — R
be a continuous function. Find a harmonic function v : D — R such that

u(z,y) = o(x,y), for (z,y) € OD.

Our physical intuition suggests that the Dirichlet problem will always have a
unique solution. This is proven mathematically for many choices of boundary
in more advanced texts on complex variables and partial differential equations.
The mathematical proof that a unique solution exists provides evidence that
the mathematical model we have constructed for heat flow may in fact be valid.

Our goal here is to find the explicit solutions in the case where the region D
is sufficiently simple. Suppose, for example, that

D:{(x,y)ERQ:OSxSCL,OgySb}.
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Suppose, moreover that the function ¢ : 9D — R vanishes on three sides of 9D,
so that

$(0,y) = ¢(a,y) = ¢(z,0) =0,
while

o(z,b) = f(),

where f(z) is a given continuous function which vanishes when z = 0 and = = a.
In this case, we seek a function u(z,y), defined for 0 <z < a and 0 <y < b,
such that

1. u(z,y) satisfies Laplace’s equation

%u %
9.2 + e =0. (5.4)

2. u(x,y) satisfies the homogeneous boundary conditions u(0,y) = u(a,y) =
u(z,0) = 0.

3. u(x,y) satisfies the nonhomogeneous boundary condition u(x,b) = f(z),
where f(z) is a given function.

Note that the Laplace equation itself and the homogeneous boundary con-
ditions satisfy the superposition principle—this means that if u; and wuy satisfy
these conditions, so does cyuy + coug, for any choice of constants ¢; and cs.

Our method for solving the Dirichlet problem consists of two steps:

Step I. We find all of the solutions to Laplace’s equation together with the
homogeneous boundary conditions which are of the special form

u(z,y) = X(2)Y (y).

By the superposition principle, an arbitrary linear superposition of these solu-
tions will still be a solution.

Step II. We find the particular solution which satisfies the nonhomogeneous
boundary condition by Fourier analysis.

To carry out Step I, we substitute u(z,y) = X ()Y (y) into Laplace’s equation
(5.3) and obtain
X"(@)Y (y) + X (2)Y"(y) = 0.

Next we separate variables, putting all the functions involving x on the left, all
the functions involving y on the right:

X"x) _ _Y"(y)

X(x) Yy

The left-hand side of this equation does not depend on y, while the right-hand
side does not depend on x. Hence neither side can depend upon either x or y.
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In other words, the two sides must equal a constant, which we denote by A, and
call the separating constant, as before. Our equation now becomes
X"(z) _ Y'(y)
X@) Y

:>\’

which separates into two ordinary differential equations,

X" (x) = AX (), (5.5)
and

Y (y) = =AY (y). (5.6)

The homogeneous boundary condition «(0,y) = u(a,y) = 0 imply that
X(0)Y(y) = X(a)Y (y) = 0.

If Y(y) is not identically zero,

X(0)=X(a) =0.

Thus we need to find the nontrivial solutions to a boundary value problem for
an ordinary differential equation:

X"(a) = L3 (X () = AX(z), X(0)=0=X(a),

which we recognize as the eigenvalue problem for the differential operator
2
T dr?
acting on the space 1} of functions which vanish at 0 and a. We have seen before
that the only nontrivial solutions to equation (5.5) are constant multiples of

X (z) =sin(nrz/a), with A= —(nn/a)?, n=1,2,3,....

For each of these solutions, we need to find a corresponding Y (y) solving
equation (5.6),
Y'(y) = =AY (y),

where A\ = —(nm/a)?, together with the boundary condition Y (0) = 0. The
differential equation has the general solution

Y (y) = Acosh(nmy/a) + Bsinh(nry/a),

where A and B are constants of integration, and the boundary condition Y'(0) =
0 implies that A = 0. Thus we find that the nontrivial product solutions to
Laplace’s equation together with the homogeneous boundary conditions are con-
stant multiples of

un(2,y) = sin(nrz/a) sinh(nry/a).
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The general solution to Laplace’s equation with these boundary conditions is a
general superposition of these product solutions:

u(z,y) = By sin(mx/a) sinh(ry/a) + By sin(2nz/a) sinh(27y/a) + ... . (5.7)

To carry out Step II, we need to determine the constants By, Ba, ... which
occur in (5.7) so that

u(z,b) = f(z).
Substitution of y = b into (5.7) yields

f(z) = By sin(mz/a) sinh(nb/a) + Bs sin(2nz/a) sinh(27b/a)+

...+ Bysin(2nk/a) sinh(kwb/a) + . .. .

We see that By sinh(kwb/a) is the k-th coefficient in the Fourier sine series for

f(z).

For example, if a = b =7, and f(x) = 3sinz + 7sin 2z, then we must have
f(x) = By sin(z) sinh(7) + Bag sin(2z) sinh(27),

and hence

3 7
Bi=——+—, By=—"———, By=0 f k=3,....
"7 osinh(r)” 7?7 sinh(2m)’ ¥ o ’

Thus the solution to Dirichlet’s problem in this case is

sinzsinhy + —

7
———— sin 2x sinh 2y.
Snh(2) sin 2z sinh 2y

u(@,y) = sinh(r)

Exercises:

5.2.1. Which of the following functions are harmonic?

a. f(z,y) =2 +y>
b. f(z,y) = 2% —y*
c. f(z,y)=e"cosy

5.2.2. a. Solve the following Dirichlet problem for Laplace’s equation in a square
region: Find u(x,y),0 <z < 7,0 <y <, such that

?u  0%u
@—Fa—gﬂ:o’ u(0,y) = u(m,y) =0,
u(z,0) =0, u(z,m) = sinx — 2sin 2z 4 3sin 3z.
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sin z sinh y + ——=— sin 2 sinh 2.

Figure 5.1: Graph of u(z,y) = S )

_3
sinh ()

b. Solve the following Dirichlet problem for Laplace’s equation in the same
square region: Find u(z,y),0 <2z < 7,0 <y < 7, such that

%u  Ou
W+a_y2_0’ u(0,y) =0,

u(m,y) = sin 2y + 3sin 4y, u(z,0) =0 = u(z, 7).

c. By adding the solutions to parts a and c together, find the solution to the

Dirichlet problem: Find u(z,y),0 <2 <m,0 <y < 7, such that
O?u  0%u
a 9 a9 07 07 = 07
92 " 0y u(0,y)

u(m, y) = sin 2y+3 sin 4y, u(z,0) =0, u(z, ) = sin x—2 sin 2z+3 sin 3z.

5.3 Initial value problems for heat equations

The physical interpretation behind the heat equation suggests that the following
initial value problem should have a unique solution:

Let D be a bounded region in the (x,y)-plane which is bounded by a piece-
wise smooth curve 0D, and let h : D — R be a continuous function which
vanishes on 9D. Find a function u(z,y, t) such that
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1. wu satisfies the heat equation

ou o (0%u  0%u

2. u satisfies the “Dirichlet boundary condition” u(x,y,t) = 0, for (z,y) €
oD.
3. u satisfies the initial condition u(z,y,0) = h(zx,y).

The first two of these conditions are homogeneous and linear, so our strategy is
to treat them first by separation of variables, and then use Fourier analysis to
satisfy the last condition.

In this section, we consider the special case where

D={(z,y) €eR*:0< x<a,0<y<b},
so that the Dirichlet boundary condition becomes
u(0,y,t) = u(a,y,t) = u(x,0,t) = u(x,b,t) =0.
In this case, separation of variables is done in two stages. First, we write
u(z,y,t) = fz,y)g(t),

and substitute into (5.8) to obtain

0? 0?
fana® = (52 + 54) o0,

Then we divide by ¢ f(z,y)g(t),

Loy L (0 &F
2507 Y= Ty (aﬁ - ayz) '

The left-hand side of this equation does not depend on = or y while the right
hand side does not depend on t. Hence neither side can depend on z, y, or t, so
both sides must be constant. If we let A denote the constant, we obtain

Ul L (0,0
C flay) \922 - 0y?)
This separates into an ordinary differential equation
g'(t) = Ag(t), (5.9)

and a partial differential equation

2 0
<a_xl2” n 8_;2[) _Af (5.10)
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called the Helmholtz equation. The Dirichlet boundary condition yields

f0,y) = fla,y) = f(2,0) = f(z,b) = 0.

In the second stage of separation of variables, we set f(z,y) = X(2)Y (y)
and substitute into (5.10) to obtain

X"(x)Y (y) + X (2)Y"(y) = AX (2)Y (),

which yields
X"(z)  Y'(y)

X(o) T Y
o X'@) | Y
X(z) V)

The left-hand side depends only on x, while the right-hand side depends only
on ¥, so both sides must be constant,

X"(x) _ Yy

X@ "7 Y

Hence the Helmholtz equation divides into two ordinary differential equations
X"(z) = puX(z), Y"(y)=vY(y), where p+v=A\

The “Dirichlet boundary conditions” now become conditions on X (x) and Y (y):

The only nontrivial solutions are
X(z) = sin(mnz/a), with pu=—(mr/a)®, m=1,2,3,...,

and
Y (y) = sin(nmy/b), with v=—(n7/b)?, n=1,2,3,....

The corresponding solutions of the Helmholtz equation are
fmn(2,y) = sin(mzx/a) sin(nry/b), with A\,, = —(mn/a)? — (n7/b)?.
For any given choice of m and n, the corresponding solution to (5.9) is

g(t) _ e—CZAmnt — 6—02((m7r/a)2+(n7r/b)2)t.

Hence for each choice of m and n, we obtain a product solution to the heat
equation with Dirichlet boundary condition:

Um,n (2, Y, t) = sin(mmzx/a) sin(mry/b)e_cz((m”/“)zﬂ”ﬂ/b)z)t.
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The general solution to the heat equation with Dirichlet boundary conditions is
an arbitrary superposition of these product solutions,

e}
u(z,y,t) = Z by sin(mmx/a) sin(nwy/b)e_c2((m”/a)2+(m/b)2)t. (5.11)

m,n=1

To find the constants b,,, appearing in (5.11), we need to apply the initial
condition u(x,y,0) = h(z,y). The result is

h(z,y) = Z b sin(mmx/a) sin(nmy/b), (5.12)

m,n=1

expressing the fact that the b,,,,’s are the coefficients of what is called the double
Fourier sine series of h. As in the case of ordinary Fourier sine series, the b,,,’s
can be determined by an explicit formula. To determine it, we multiply both
sides of (5.12) by (2/a) sin(prz/a), where p is a positive integer, and integrate
with respect to x to obtain

g/Oa h(z,y) sin(prz/a)dz

a

o0

=Y b E /O " sin(pra/a) sin(mm/a)dz] sin(nmy/b).

m,n=1

The expression within brackets is one if p = m and otherwise zero, so

2 /oa h(z,y) sin(prz/a)dz = Z bpn, sin(nmy/b).

a
n=1

Next we multiply by (2/b) sin(gmy/b), where ¢ is a positive integer, and integrate
with respect to y to obtain

a b
22 / / h(z,y) sin(prz/a) sin(gry/b)dxdy
ab Jo Jo

oo b
=3 b li/ sy /) sy /D)y |

The expression within brackets is one if ¢ = n and otherwise zero, so we finally
obtain

29 a b
bpg = 55/ / h(z,y) sin(prz/a) sin(qry/b)dxdy. (5.13)
0o Jo
Suppose, for example, that c =1, a = b =7 and

h(z,y) = sinx siny + 3sin 2z sin y + 7 sin 3z sin 2y.
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In this case, we do not need to carry out the integration indicated in (5.13)
because comparison with (5.12) shows that

biu=1, by =3, bzxp=7,

and all the other b,,,’s must be zero. Thus the solution to the initial value
problem in this case is

u(z,y,t) = sinxsin ye™ " + 3sin 2z sin ye > + 7sin 3z sin 2ye 3%
Here is another example. Suppose that a = b = 7w and
h(z,y) = p(z)q(y),
where
x, for 0 <z <m7/2, v, for 0 <y <m/2,
p(z) = q(y) =
m—ux, form/2<x <, m—y, form/2<y<m.

b= (2) [ sertorsnmea]
— <%> 2 { /0 ! p(z) sin mxdx} { /0 ’ q(y) sin nydy]
_ (%)2 VO“/Q zsinmaede + /ﬂ;(w — ) sinmxdm]

/2 T
[/ y sin nydy —I—/ (m —y)sin nydy] .
0 w/2

The integration can be carried out just like we did in Section 3.3 to yield

o= (2 [ 2ttt

™

m2 n?

_ % [ L L sin(mn/2) sin(mr/Q)} .

Thus in this case, we see that

16 «— [ 1 1
h(z,y) = ) Z [Wﬁ Siﬂ(mw/?)sin(mr/Q)} sin ma sin my,

m,n=1
and hence
16 &= [1 1
u(z,y,t) = = Z {Wﬁ sin(mm/2) sin(mr/Q)} sinmzx Sinmye_(m2+"2)t,
m,n=1
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Exercises:

5.3.1. Solve the following initial value problem for the heat equation in a square
region: Find w(z,y,t), where 0 <z < 7,0 <y < m and ¢ > 0, such that

ou 0%y 82_u

ot~ o2 "oy
u(z,0,t) = u(z,m,t) = u(0,y,t) = u(m, y,t) =0,
u(z,y,0) = 2sinzsiny + 5sin 2z sin y.
You may assume that the nontrivial solutions to the eigenvalue problem

2 2
G @)+ G h ) = M), F(2.0) = fam) = F0.) = f(m.9) =0,

are of the form

A=-—m?—n? f(z,y) = by sin ma sin ny,

form=1,2,3,... andn=1,2,3,..., where b, is a constant.

5.3.2. Solve the following initial value problem for the heat equation in a square
region: Find u(x,y,t), where 0 < 2z < 7,0 <y <7 and t > 0, such that

ou PPu 9

o~ o2 oy
u(x, O»t) = ’LL(CL’,’]T,t) = u(O,y,t) = u(ﬂ,yﬂf) = O»
u(z,y,0) = 2(sinz)y(m — y).

5.3.3. Solve the following initial value problem in a square region: Find u(z, y,t),
where 0 <z < 7,0 <y <mandt >0, such that

1 Ju  Pu  *u

sA+10t oa2 oy
u(z,0,t) = u(z, 7, t) = u(0,y,t) = u(m,y,t) =0,
u(z,y,0) = 2sinzsiny + 3sin 2z sin y.
5.3.4. Find the general solution to the heat equation
ou 0*u  0%u

ot~ 0a2 T oy
subject to the boundary conditions
u(z,0,t) = u(0,y,t) = u(m,y,t) =0,

u(z,m,t) = sinz — 2sin 2z 4 3sin 3z.
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5.4 'Two derivations of the wave equation

We have already seen how the one-dimensional wave equation describes the
motion of a vibrating string. In this section we will show that the motion of a
vibrating membrane is described by the two-dimensional wave equation, while
sound waves are described by a three-dimensional wave equation. In fact, we
will see that sound waves arise from “linearization” of the nonlinear equations
of fluid mechanics.

The vibrating membrane. Suppose that a homogeneous membrane is fas-
tened down along the boundary of a region D in the (z,y)-plane. Suppose,
moreover, that a point on the membrane can move only in the vertical direc-
tion, and let u(z,y,t) denote the height of the point with coordinates (z,y) at
time ¢.

If p denotes the density of the membrane (assumed to be constant), then
by Newton’s second law, the force F acting on a small rectangular piece of
the membrane located at (z,y) with sides of length dz and dy is given by the

expression
2

0*u
F= pw(z, y)dxdyk.

Suppose the force displaces the membrane from a given position u(z,y) to a
new position

u(z,y) +n(z,y),

where n(z,y) and its derivatives are very small. Then the total work performed
by the force F will be

0%u
F - n(z,y)k =n(z, y)pw(x, y)dxdy.

Integrating over the membrane yields an expression for the total work performed
when the membrane moves through the displacement 7:

0%u
Workz// n(m,y)pw(x,y)dxdy. (5.14)
D

On the other hand, the potential energy stored in the membrane is propor-
tional to the extent to which the membrane is stretched. Just as in the case of
the vibrating string, this stretching is approximated by the integral

. T u\” ou\>
Potential energy = 5 / / o + 3y
D

where T is a constant, called the tension in the membrane. Replacing u by u+n
in this integral yields

2 2
New potential energy = %// [<?> + (g_u) ] dxdy
D x Y
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[ LG @)+ (5) (5)] e
LG+ (3) o

If we neglect the last term in this expression (which is justified if 7 and its
derivatives are assumed to be small), we find that

New potential energy — Old potential energy = / / TVu - Vndzdy.
D

It follows from the divergence theorem in the plane and the fact that i vanishes
on the boundary 0D that

// TVu-Vndxder// TnV~Vudxdy:/ TnVu-Nds =0,
D D oD

and hence
Change in potential = — // n(z,y)T(V - Vu)(z,y)dzdy. (5.15)
D

The work performed must be minus the change in potential energy, so it
follows from (5.14) and (5.15) that

[ [ ot aisiy = [ [ atea)n(v - Vaote.dsdy.

Since this equation holds for all choices of 7, it follows that

82
PoE = =TV -Vu,
which simplifies to

2 2
— =¢*V-Vu, where ¢ =—,
ot? p

Pu_ g (Pu |
oz~ \ 922 T oy? )

This is just the wave equation.

or equivalently

The equations of a perfect gas and sound waves. Next, we will describe
Euler’s equations for a perfect gas in (z,y, 2z)-space.! Euler’s equations are
expressed in terms of the quantities,

v(x,y,z,t) = (velocity of the gas at (z,y, z) at time t),

IFor a complete derivation of these equations, see Chapter 9 of Alexander Fetter and John
Walecka, Theoretical mechanics of particles and continua, McGraw-Hill, New York, 1980, or
Chapter 1 of Alexandre Chorin and Jerrold Marsden, A mathematical introduction to fluid
mechanics, third edition, Springer, 1993.
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p(x,y, z,t) = (density at (z,y, z) at time t),
p(z,y, z,t) = (pressure at (z,y, z) at time t).

The first of the Euler equations is the equation of continuity,

ap B
% +V-(pv)=0. (5.16)

To derive this equation, we represent the fluid flow by the vector field

F = pv,

//SF~NdA

represents the rate at which the fluid is flowing across S in the direction of IN.
We assume that no fluid is being created or destroyed. Then the rate of change
of the mass of fluid within D is given by two expressions,

/// @(x,y,z,t)d:cdydz and —//F~NdA,
p Ot s

which must be equal. It follows from the divergence theorem that the second of

these expressions is
—/// V- F(z,y, 2 t)drdydz,
D

/// ?dxdydz:—///V-Fdxdydz.
p ot D

Since this equation must hold for every region D in (z,y, z)-space, we conclude
that the integrands must be equal,
dp

S =—V-F ==V (pv).

so that the surface integral

and hence

which is just the equation of continuity.
The second of the Euler equations is simply Newton’s second law of motion,

(mass density)(acceleration) = (force density).

We make an assumption that the only force acting on a fluid element is due to
the pressure, an assumption which is not unreasonable in the case of a perfect
gas. In this case, it turns out that the pressure is defined in such a way that
the force acting on a fluid element is minus the gradient of pressure:

Force = —Vp(z(t), y(t), 2(¢), t). (5.17)
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The familiar formula Force = Mass x Acceleration then yields

p% (v(z(8),y(t), 2(2), 1)) = =Vp(x(t), y(t), 2(t), 1)

Using the chain rule,

dv _ Ovdr . ov dy L ov dz L ov dt
dt  Oxdt Oydt 0Ozdt Otdt’
we can rewrite this equation as
ov 1
— -V)v=—-Vp. 5.18
5 v VIv=— (5.18)
Note that this equation is nonlinear because of the term (v - V)v.
To finish the Euler equations, we need an equation of state, which relates

pressure and density. The equation of state could be determined by experiment,
the simplest equation of state being

p=a’p7, (5.19)

where a? and v are constants. (An ideal monatomic gas has this equation of
state with v =5/3.)

The Euler equations (5.16), (5.18), and (5.19) are nonlinear, and hence quite
difficult to solve. However, one explicit solution is the case where the fluid is
motionless,

p=po, P=po, V=0,
where py and pg satisfy
bo = a2/)3~
Linearizing Euler’s equations near this explicit solution gives rise to the linear
differential equation which governs propagation of sound waves.
Let us write
p=po+p,p=po+p,v=v,

where p/, p’ and v’ are so small that their squares can be ignored.
Substitution into Euler’s equations yields

a /

S V() =0,
ov' 1
— =—-—_VY,
ot Po

and
= [a*v(po) Vo’ = 2,
where ¢? is a new constant. It follows from these three equations that
82 / (3VI
P (V .

ﬁz—po E)ZVVPIZCQVVp/
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Thus p’ must satisfy the three-dimensional wave equation

82pl 82pl a2p/
922 © y? * 622)'

82 ,0/

ot?

=2V -Vp =c2 ( (5.20)

If the sound wave p’ is independent of z, (5.20) reduces to

82p/: ) 82pl+82p/
ot? ox2  oy? )’

exactly the same equation that we obtained for the vibrating membrane.

Remark: The notion of linearization is extremely powerful because it enables
us to derive information on the behavior of solutions to the nonlinear Euler
equations, which are extremely difficult to solve except for under very special
circumstances.

The Euler equations for a perfect gas and the closely related Navier-Stokes
equations for an incompressible fluid such as water form basic models for fluid
mechanics. In the case of incompressible fluids, the density is constant, so no
equation of state is assumed. To allow for viscosity, one adds an additional term
to the expression (5.17) for the force acting on a fluid element:

Force = v(Av)(z,y, z,t) — Vp(z(t), y(t), 2(t), ).

Here the Laplace operator is applied componentwise and v is a constant, called
the viscosity of the fluid. The equations used by Navier and Stokes to model an
incompressible viscous fluid (with p constant) are then

ov 1
V-v=0, E+(V~V)vfz/Avf;Vp.

It is remarkable that these equations, so easily expressed, are so difficult to
solve. Indeed, the Navier-Stokes equations form the basis for one of the seven
Millenium Prize Problems, singled out by the Clay Mathematics Institute as
central problems for mathematics at the turn of the century. If you can show
that under reasonable initial conditions, the Navier-Stokes equations possess a
unique well-behaved solution, you may be able to win one million dollars. To
find more details on the prize offered for a solution, you can consult the web
address: http://www.claymath.org/millennium/

Exercise:

5.4.1. Show that if the tension and density of a membrane are given by vari-
able functions T'(x,y) and p(x,y) respectively, then the motion of the string is
governed by the equation

0%u 1

— =——V - T(z,y)Vu).

e R

133



5.5 Initial value problems for wave equations

The most natural initial value problem for the wave equation is the following:

Let D be a bounded region in the (,y)-plane which is bounded by a piece-
wise smooth curve 9D, and let hy, hs : D — R be continuous functions. Find a
function w(z,y,t) such that

1. wu satisfies the wave equation

0%u %u  0%*u

2. u satisfies the “Dirichlet boundary condition” u(x,y,t) = 0, for (z,y) €
oD.

3. w satisfies the initial condition
ou
U(.%‘,y,O):hl(l',y)7 E($7y70):h2(x7y)

Solution of this initial value problem via separation of variables is very similar
to the solution of the initial value problem for the heat equation which was
presented in Section 5.3.

As before, let us suppose that D = {(x,y) € R*: 0 < z < a,0 <y < b}, so
that the Dirichlet boundary condition becomes

u(07 y7 t) = u(a7 y7 t) = ’U,(.T, 07 t) = u(x7 b7 t) = 0'

We write
u(z,y,t) = f(z,y)9(t),
and substitute into (5.21) to obtain

, of o
Fana'© = (54 + 55 ato)

Then we divide by ¢ f(z,y)g(t),

1 1 (Wf+8ﬁ>.

CQg(t)gH(t):f(x?y) 922 " Oy

Once again, we conclude that both sides must be constant. If we let A denote
the constant, we obtain

1 1 <82f a2f>

27 == ja o2 * o

This separates into an ordinary differential equation

g"(t) = Ag(1), (5.22)
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and the Helmholtz equation
o*f o0°f

The Dirichlet boundary condition becomes

f(ovy) :f(a7y) :f(3770> :f(m’b) =0.

The Helmholtz equation is solved in exactly the same way as before, the
only nontrivial solutions being

fmn(z,y) = sin(mmz/a) sin(nmy/b), with A, = —(mw/a)? — (n7/b)2.
The corresponding solution to (5.22) is

g(t) = Acos(wmnt) + Bsin(wpnt), where wWmn = vV —Amn.

Thus we obtain a product solution to the wave equation with Dirichlet boundary
conditions:

u(z,y,t) = sin(mra/a) sin(nmy/b)[A cos(wmnt) + B sin(wmnt)].

The general solution to to the wave equation with Dirichlet boundary conditions
is a superposition of these product solutions,

oo

u(z,y,t) = Z sin(mmx/a) sin(nwy/b)[Amn co8(Wmnt) + Bmn sin(wmnt)]-

m,n=1

The constants A,,, and B,,, are determined from the initial conditions.

The initial value problem considered in this section could represent the mo-
tion of a vibrating membrane. Just like in the case of the vibrating string, the
motion of the membrane is a superposition of infinitely many modes, the mode
corresponding to the pair (m,n) oscillating with frequency wy,,/27. The lowest
frequency of vibration or fundamental frequency is

e RO ORION

Exercises:

5.5.1. Solve the following initial value problem for a vibrating square membrane:
Find u(z,y,t),0 <z <m0 <y <, such that

0%u _ 0%u &

92 " 92 92
u(r,0,t) = u(x,m,t) = u(0,y,t) = u(r,y,t) =0,
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u(x,y,0) = 3sinzsiny + 7sin 2z siny, 58_7;(:0’%0) =0.

5.5.2. Solve the following initial value problem for a vibrating square membrane:
Find u(z,y,t),0 <z <m0 <y <, such that

Py, (P 0
ot2 ox2 oy )’

u(z,0,t) = u(z, 7, t) = u(0,y,t) = u(m,y,t) =0,

0
u(z,y,0) =0, 6—?(96,3/,0) = 2sinxsiny + 13 sin 2z sin y.

5.5.3. Solve the following initial value problem for a vibrating square membrane:
Find u(z,y,t),0 <z < 7,0 <y <, such that

Pu P 0

2 = 022 T oy
u(z,0,t) = u(x,m,t) = u(0,y,t) = u(r,y,t) =0,

u(e,,0) = p(@)aly), 5 (,,0) =0,

(2) x, for 0 <z <7/2, Y, for 0 <y <m/2,
) = =
P m—x, form/2<ax<m, 1 m—y, form/2<y<m.

5.6 The Laplace operator in polar coordinates

In order to solve the heat equation over a circular plate, or to solve the wave
equation for a vibrating circular drum, we need to express the Laplace opera-
tor in polar coordinates (r,6). These coordinates are related to the standard
Euclidean coordinates by the formulae

r =rcosb, y = rsind.

The tool we need to express the Laplace operator

02
o2 " oy

in terms of polar coordinates is just the chain rule, which we studied earlier in
the course. Although straigtforward, the calculation is somewhat lengthy. Since

8.T ZQ(TCOSG):COSH7 @:—(TSiDQ)ZSiHQ,

or  or or Or

136



it follows immediately from the chain rule that

Ou Oudx Oudy ou ou

o " owor Tayar gy T MG
Similarly, since
oxr 0 _ . oy 0 - _
%—%(TCOSQ)— rsind, 60—89(r81n9)—r00s0,

it follows that
ou Ou 8_95 ou @ B

. ou ou
90 = 0000 T agag — O g, T rest)g

or Oy
We can write the results as operator equations,

0 0 . 0 0
o (cos @)= + (sinf)

. 0 0
e = (—rsinf)— + (r cos H)a—y

3_y7 a6 ox

For the second derivatives, we find that

2
Ou_ 9 (8u) = 92 [0059% —l—sinH@] = COSQ2 (@> —l—sinH2 <8u)

o2~ or or or Ox Oy Oor \ Oz or \ dy
0%u 2 2
_ 29U . .2 ,)07U
= cos 06302 + 2cosfsinf w0y + sin 08 3
Similarly,
OPu_ 0 du 0f  ou o
902~ 90'09’ o0 | "M ar Ty
= —rsin@% (g—Z) —l—rcos@% (g—Z) — TCOSHZ—Z — rsiHHg—Z
2 2 2
=r? sinze% —2r? cos@sin@aigy + 12 cos? Hg—yg — r%,
which yields
10%u . ,,0% ., 0%u 5 ,0%u  10u
2902 = sin 9@ - QCOSHSHlaaxay + cos 98—y2 o

Adding these results together, we obtain

0%u 1 0%u  O%u @ 10u

oz "o T a2 T ror
or equivalently,
Pu 1 0%°u  10u

Au= —+ —=— 4+ ——.
Y or?2  r2002  ror
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Finally, we can write this result in the form
10 ou 1 0%u
Ay — = - - . 5.24
YT T or (rar)+r2802 (5.24)

This formula for the Laplace operator, together with the theory of Fourier
series, allows us to solve the Dirichlet problem for Laplace’s equation in a disk.
Indeed, we can now formulate the Dirichlet problem as follows: Find u(r, 6), for
0 <r <1 and# € mathbbR, such that

1. wu satisfies Laplace’s equation,
10 Ju 1 0%u
R (P i 5.25
r or <T8r>+r2802 ’ (5:25)
2. w satisfies the periodicity condition u(r, 0 + 27) = u(r,0),

3. u is well-behaved near r = 0,

4. u satisfies the boundary condition u(1,60) = h(#), where h(0) is a given
well-behaved function satisfying the periodicity condition h(6+427) = h(6).

The first three of these conditions are homogeneous linear. To treat these
conditions via the method of separation of variables, we set

u(r,0) = R(r)©(0), where ©O(0+27m) = O(0).
Substitution into (5.25) yields

1i< dR) R d*0

"o )T e =

rdr

We multiply through by 2,

d dR d’e
’l"a (Tﬂ) @+RW —0,

and divide by — RO to obtain

_rd (AR _ 146
Rdr \ dr) ©dp?"
The left-hand side of this equation does not depend on 6 while the right-hand

side does not depend on r. Thus neither side can depend on either 8 or r, and
hence both sides must be constant:

r d (dR) 1 d*e

“Rar \"dr ) T ©do?

Thus the partial differential equation divides into two ordinary differential
equations
d*e
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d dR

We have seen the first of these equations before when we studied heat flow in a
circular wire, and we recognize that with the periodic boundary conditions, the
only nontrivial solutions are

where ag is a constant, and
A= —-n? O =a,cosnd+ b, sinnb,
where a,, and b,, are constants, for n a positive integer. Substitution into the

second equation yields
d dR 9

If n = 0, the equation for R becomes
d dR
ar (7) =0,

R(r) = A+ Blogr,

which is easily solved to yield

where A and B are constants of integration. In order for this equation to be well-
behaved as r — 0 we must have B = 0, and the solution ug(r, ) to Laplace’s
equation in this case is constant.

When n # 0, the equation for R is a Cauchy-Euler equidimensional equation
and we can find a nontrivial solution by setting

R(r) =r™.

Then the equation becomes

d d m _.2.m
r£<rﬂ(r ))—nr ,

and carrying out the differentiation on the left-hand side yields the characteristic
equation
m? —n? = 0,

which has the solutions m = £n. In this case, the solution is
R(r) = Ar™ 4+ Br™".

Once again, in order for this equation to be well-behaved as r — 0 we must
have B =0, so R(r) is a constant multiple of ™, and

Un(r,0) = a,r™ cosnf + b,r" sinnf.
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The general solution to (5.25) which is well-behaved at r = 0 and satisfies
the periodicity condition u(r, 0 + 27) = u(r, 8) is therefore

u(r,8) = C12_0 + Z(anr" cosnf + b,r" sinnf),

n=1

where ag,ai,...,by,... are constants. To determine these constants we must
apply the boundary condition:

h(8) = u(1,0) = 612_0 + Z(an cosné + b, sinnb).
n=1

We conclude that the constants ag, a1,...,b1,... are simply the Fourier coeffi-
cients of h.

Exercises:

5.6.1. Solve the following boundary value problem for Laplace’s equation in a
disk: Find u(r,6),0 < r <1, such that

12 % + i@ =0
ror \' or r2 002

u(r,0 + 2m) = u(r,0), u well-behaved near r =0
and

u(1,0) = h(0), where h(f) =1+ cosf — 2sinf + 4 cos26.

5.6.2. Solve the following boundary value problem for Laplace’s equation in a
disk: Find u(r,6),0 < r <1, such that

Loy 1o
ror \' or r2 002
u(r, 0 + 2mw) = u(r,0), u well-behaved near r =0

and
u(1,60) = h(0),

where h(#) is the periodic function such that
h(6) = |6], for —m <0 <.

5.6.3. Solve the following boundary value problem for Laplace’s equation in an
annular region: Find u(r,0),1 <r <2, such that

12 % +i&—0
ror \' or r2 002
u(r, 8 + 2m) = u(r, ), u(1,6) =1+ 3cosd — sinf + cos 260

and
u(2,60) = 2cosf + 4 cos 26.
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5.7 Eigenvalues of the Laplace operator

We would now like to consider the heat equation for a room whose shape is given
by a well-behaved but otherwise arbitrary bounded region D in the (z,y)-plane,
the boundary 0D being a well-behaved curve. We would also like to consider
the wave equation for a vibrating drum in the shape of such a region D. Both
cases quickly lead to the eigenvalue problem for the Laplace operator

2 2
N
oxr? = Oy?

Let’s start with the heat equation

% = ?Au, (5.26)

with the Dirichlet boundary condition,
u(z,y,t) =0 for (z,y) € OD.

To solve this equation, we apply separation of variables as before, setting
u(z,y,t) = fz,y)g(t),
and substitute into (5.26) to obtain
F@.y)g (1) = (Af)(z,)g(t).
Then we divide by ¢ f(z,y)g(t),

1o,
g(t)_f(x,y)

The left-hand side of this equation does not depend on x or y while the right-
hand side does not depend on t. Hence both sides equal a constant A, and we
obtain

(Af)(z,y).

m (Af)(z,y).

This separates into
gt)=cxag(t)  and  (Af)(z,y) = Af(z,y)
in which f is subject to the boundary condition,
flz,y) =0 for (x,y)€ dD.
The same method can be used to treat the wave equation

0%y

W = CzAU, (527)
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with the Dirichlet boundary condition,
u(z,y,t) =0 for (z,y) € dD.

z,y)
This time, substitution of u(z,y,t) = f(x,y)g(t) into (5.27) yields
1

fla,y)g"(t) = (Af) (@, y)g(t),  or g"(t) = (Af)(z,y).

c?g(t) f(z,y)

Once again, both sides must equal a constant A\, and we obtain

1 1
2g(t)?

(Af)(x,y)-
This separates into
g'(t)=Xg(t)  and  (Af)(z,y) = Af(z,y),
in which f is once again subject to the boundary condition,
f(z,y)=0 for (x,y) € dD.

In both cases, we must solve the “eigenvalue problem” for the Laplace op-
erator with Dirichlet boundary conditions. If A is a real number, let

Wy = {smooth functions f(z,y) : Af = Af, f|0D = 0}.

We say that A is an eigenvalue of the Laplace operator A on D if Wy # 0.
Nonzero elements of W), are called eigenfunctions and W) itself is called the
eigenspace for eigenvalue A\. The dimension of W), is called the multiplicity of
the eigenvalue A\. The eigenvalue problem consist of finding the eigenvalues A,
and a basis for each nonzero eigenspace.

Once we have solved the eigenvalue problem for a given region D in the
(z,y)-plane, it is easy to solve the initial value problem for the heat equation
or the wave equation on this region. To do so requires only that we substitute
the values of X into the equations for g. In the case of the heat equation,

g'(t) = AAg(t) = g(t) = (constant)e®
while in the case of the wave equation,
g (t) = 2\g(t) = g(t) = (constant) sin(cv/—\(t — to)).

In the second case, the eigenvalues determine the frequencies of a vibrating
drum which has the shape of D.

Theorem. All of the eigenvalues of A are negative, and each eigenvalue has
finite multiplicity. The eigenvalues can be arranged in a sequence

0> >X > >N, >,
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with \,, — —oo. Every well-behaved function can be represented as a convergent
sum of eigenfunctions.?

Although the theorem is reassuring, it is usually quite difficult to determine the
eigenvalues A1, Ag, -+, A,,- -+ explicitly for a given region in the plane.

There are two important cases in which the eigenvalues can be explicitly
determined. The first is the case where D is the rectangle,

D={(z,y):0< 2 <a,0<y<b}
We saw how to solve the eigenvalue problem

o*f  O%f _
W+a—y2_)\fa f(xay)_o fOI' (x,y)eaD,

when we discussed the heat and wave equations for a rectangular region. The
nontrivial solutions are

o = () (2" o) s (22 (72,

where m and n are positive integers.
A second case in which the eigenvalue problem can be solved explicitly is
that of the disk,
D ={(z,y) : 2* +y* < a’},

where a is a positive number, as we will see in the next section.?

Exercises:

5.7.1. Show that among all rectangular vibrating membranes of area one, the
square has the lowest fundamental frequency of vibration by minimizing the

function o I
fla.) = (3) +(3)

subject to the constraints ab = 1, a,b > 0. Hint: One can eliminate b by setting
a = 1/b and then find the minimum of the function

™

g@)= (5) "+ (rap?,
when a > 0.

5.7.2. Let D be a finite region in the (x,y)-plane bounded by a smooth curve
0D. Suppose that the eigenvalues for the Laplace operator A with Dirichlet
boundary conditions on D are A1, Ag, ..., where

O>)\1>)\2>"‘,

2Note the similarity between the statement of this theorem and the statement of the
theorem presented in Section 4.7. In fact, the techniques used to prove the two theorems are
also quite similar.

3A few more cases are presented in advanced texts, such as Courant and Hilbert, Methods
of mathematical physics I, New York, Interscience, 1953. See Chapter V, §16.3.
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each eigenvalue having multiplicity one. Suppose that ¢, (z,y) is a nonzero
eigenfunction for eigenvalue A,. Show that the general solution to the heat
equation

ou
E—AU

with Dirichlet boundary conditions (u vanishes on 9D) is

’U,(:,E7 t) = Z bn¢n(x7 y>6)\"ty
n=1

where the b,,’s are arbitrary constants.

5.7.3. Let D be a finite region in the (z,y)-plane as in the preceding problem.
Suppose that the eigenvalues for the Laplace operator A on D are Aq, Ao, ..
once again. Show that the general solution to the wave equation

)

o A

together with Dirichlet boundary conditions (u vanishes on dD) and the initial
condition
ou

E(‘ra:%o) = 07

is
u(x, t) = Z bn¢n(x, y) COS( 7>\nt)a
n=1

where the b,,’s are arbitrary constants.

5.8 Eigenvalues of the disk

To calculate the eigenvalues of the disk, it is convenient to utilize polar coordi-
nates r, 0 in terms of which the Laplace operator is

19 [ 0f\ 1&f -
;E(TE)JFT_?WV’ f1oD = 0. (5.28)

Once again, we use separation of variables and look for product solutions of the
form

f(r,0) = R(r)©(#), where R(a)=0, O(0+2m)=0(0).

Substitution into (5.28) yields

= ARO.

rdr \"dr 2 do?

11( dR) R d*6
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We multiply through by r2,

d ( dR d*e 9
T (rﬁ> ) +RW = Ar°RO,

and divide by RO to obtain

Li 7’@ — 2= ,ld2_®

Rdr \' dr - ede?

Note that in this last equation, the left-hand side does not depend on 6 while

the right-hand side does not depend on r. Thus neither side can depend on
either 6 or r, and hence both sides must be constant:

_ii ﬁ +)\2—lCl2_®_
Rdr \" dr " T e M

Thus in the manner now familiar, the partial differential equation divides
into two ordinary differential equations

d*e
d [ dR 0 -
T'% (7’%) — A\r‘R = —ILLR, R(a) =0.

Once again, the only nontrivial solutions are

an
== 6 == —
w=0, 9

and

p=—-n? O =a,cosnb +b,sinnb,

for n a positive integer. Substitution into the second equation yields
d dR
r— <r—> + (=Ar? =n?)R = 0.

Let £ = /—Mr so that 22 = —A\r2. Then since

L d
dr  Tdx’
our differential equation becomes
d dR 9 N
S (96%> + (z*=n°)R=0, (5.29)

where R vanishes when x = v/—M\a. If we replace R by y, this becomes
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The differential equation appearing in (5.30) is Bessel’s equation, which we
studied in Section 1.4.

Recall that in Section 1.4, we found that for each choice of n, Bessel’s equa-
tion has a one-dimensional space of well-behaved solutions, which are constant
multiples of the Bessel function of the first kind J,(x). Here is an important
fact regarding these Bessel functions:

Theorem. For each nonnegative integer n, J,(x) has infinitely many positive
Z€ros.

Graphs of the functions Jy(z) and Ji (x) suggest that this theorem might well be
true, but it takes some effort to prove rigorously. For completeness, we sketch
the proof for the case of Jy(x) at the end of the section.

The zeros of the Bessel functions are used to determine the eigenvalues of
the Laplace operator on the disk. To see how, note first that the boundary

condition,
y( v *)\CL) = 07

requires that v/—Aa be one of the zeros of J,(z). Let ay, denote the k-th
positive root of the equation J,(z) = 0. Then

O‘i k
V=Aa=anr = A=-—3,
a
and
R(r) = Ju(an kr/a)

will be a solution to (5.29) vanishing at r = a. Hence, in the case where n = 0,

and
fO,k(T7 9) = Jo(ao’kr/a)

will be a solution to the eigenvalue problem

19 (af\  18* B

Similarly, in the case of general n,

Ak = *a;ék7
and
Fri(r,0) = Jp(o kr/a) cos(nd) or gy = Jp(om xr/a)sin(nd),
forn =1,2,..., will be solutions to this eigenvalue problem.
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Figure 5.2: Graph of the function fo 1(r,0).

FEach of these eigenfunctions corresponds to a mode of oscillation for the
circular vibrating membrane. Suppose, for example, that a = 1. Then

ap,1 = 2.40483 = )\0’1 = —5.7832,

g2 = 5.52008 = Ag2 = —30.471,

op,3 = 8.65373 = Ao 3 = —74.887,

0,4 = 11.7195 = X 3 = —139.039,
and so forth. The mode of oscillation corresponding to the function fp; will
vibrate with frequency

VAL _ Q01 g00y

2 2

while the mode of oscillation corresponding to the function fy o will vibrate with
frequency

;

_)‘O 2 Q.2
~ = —= = .87855.
2w 2w

Similarly,
a1 = 3.83171 = )\171 = —14.682,

gy = 5.13562 = Ay = —26.3746,

and hence the mode of oscillation corresponding to the functions fi; and g1,
will vibrate with frequency

VAL 011 goggy

21 2T
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Figure 5.3: Graph of the function fyo(r, ).

while the mode of oscillation corresponding to the functions f2; and go; will
vibrate with frequency

VoS I SRSTEY
2m

2

A general vibration of the vibrating membrane will be a superposition of
these modes of oscillation. The fact that the frequencies of oscillation of a
circular drum are not integral multiples of a single fundamental frequency (as
in the case of the violin string) limits the extent to which a circular drum can
be tuned to a specific tone.

Proof that Jy(x) has infinitely many positive zeros: First, we make a change
of variables x = e* and note that as z ranges over the real numbers, the corre-
sponding variable x ranges over all the positive real numbers. Since
d 1d d 1d d
d:zd7 _— = — dh —:z——:—.
rTeds dr e*dz and aence xdm ¢ e*dz dz
Thus Bessel’s equation (5.30) in the case where n = 0 becomes

@y

Tt e**y = 0. (5.31)

Suppose that zp > 1 and y(z) is a solution to (5.31) with y(zp) # 0. We
claim that y(z) must change sign at some point between zp and 2o + 7.
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Figure 5.4: Graph of the function fi 1(r,6).

Assume first that y(z9) > 0. Let f(z) = sin(z — zp). Since f"(z) = —f()
and y(z) satisfies (5.31),

d

2 W@ G) =y (@G =y(2) " (2) = y"(2) [ (2)

= —y(2)f(2) + **y(2) f(2) = (¥ = D)y (2) f (2)-

Note that f(z) > 0 for z between zg and zg + 7. If also y(z) > 0 for z between
zo and zg + , then y(2)f(z) > 0 and

zo+m
0< / (€ — () f(2)dz = () f'(2) — o () F (]2

20

=y(z0 +7)f (20 +7) — y(20) f(20) = —y(20 + 7) — y(20) <O,

a contradiction. Hence our assumption that y(z) be postive for z between zg
and zg + 7 must be incorrect, y(z) must change sign at some z between zy and
zo + 7, and hence y(z) must be zero at some point in this interval.

If y(z0) < 0, just apply the same argument to —y. In either case, we conclude
that y(z) must be zero at some point in any interval to the right of z = 1 of
length at least 7. It follows that the solution to (5.31) must have infinitely many
zeros in the region z > 1, and Jy(z) must have infinitely many positive zeros,
as claimed.

The fact that J,(x) has infinitely many positive zeros could be proven in a
similar fashion.
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Exercises:

5.8.1. Solve the following initial value problem for the heat equation in a disk:
Find u(r,0,t),0 < r < 1, such that

ou 10 ou 1 0%u
5 = ror (a—> 2 og
u(r, 0+ 2m,t) = u(r,0,t), u well-behaved near r = 0,
u(1,0,t) =0,
u(r,0,0) = Jo(aw,17) + 3Jo (g 2r) — 2J1 (a1 17) sin 6 + 4.J3 (e 17) cos 26.

5.8.2. Solve the following initial value problem for the vibrating circular mem-
brane: Find u(r,6,t),0 < r <1, such that

Pu_10 (o) 10k
a2 ror\'or) " 12oe2
u(r, 0+ 2w, t) = u(r,0,t), u well-behaved near r = 0,

ou
1 = —_— =
u(1,6,t) =0, pr (r,6,0) =0,

u(r,0,0) = Jo(ap1r) + 3Jo(ao,2r) — 2J1 (a1 17) sin 0 + 4J2 (g 17) cos 26.
5.8.3. (For students with access to Mathematica) a. Run the following Mathe-
matica program to sketch the Bessel function Jy(z):
n=0; Plot[ BesselJ[n,x], {x,0,15}]

b. From the graph it is clear that the first root of the equation Jy(xz) = 0 is
near 2. Run the following Mathematica program to find the first root oy, of
the Bessel function Jy(x):

n=0; FindRoot[ BesselJ[n,x] == 0 ,{x,2}]
Find the next two nonzero roots of the Bessel function Jy(z).

c. Modify the programs to sketch the Bessel functions Ji(z), ..., Js(z), and
determine the first three nonzero roots of each of these Bessel functions.

5.8.4. Which has a lower fundamental frequency of vibration, a square drum or
a circular drum of the same area?

5.9 Fourier analysis for the circular vibrating
membrane*

To finish up the solution to the initial value problem for arbitrary initial displace-
ments of the vibrating membrane, we need to develop a theory of generalized
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Fourier series which gives a decomposition into eigenfunctions which solve the
eigenvalue problem.

Such a theory can be developed for an arbitrary bounded region D in the
(z,y)-plane bounded by a smooth closed curve dD. Let V denote the space of
smooth functions f : D — R whose restrictions to D vanish. It is important
to observe that V' is a “vector space”: the sum of two elements of V again lies
in V and the product of an element of V' with a constant again lies in V.

We define an inner product {,) on V' by

- / /D f(@,p)g(x,y)dedy.

Lemma. With respect to this inner product, eigenfunctions corresponding to
distinct eigenvalues are perpendicular; if f and g are smooth functions vanishing
on 0D such that

Af=Xf, Ag=pg, (5.32)
then either A = p or (f,g) = 0.

The proof of this lemma is a nice application of Green’s theorem. Indeed, it
follows from Green’s theorem that

/anagdHf@gd //( f(9g/0)] — gy[ f(ag/ay)]> dady

af og 0 of 39 / / 0%g 82
// [69583: dy dy dedy + 83@2 dudy.
Hence if the restriction of f to 9D vanishes,

//Dngdxdy:—//DVf~ngxdy.

Similarly, if the restriction of g to 0D vanishes,
// gAfdxdy = —// Vf - Vgdzdy.
D D
Thus if f and ¢ lie in V,
(r.89) == [ [ vF-Vadady = tg.27).
In particular, if (5.32) holds, then

p(f.g) = (f, Ag) = (Af,g9) = X[, 9),

and hence

A=t 9) =
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It follows immediately that either A — p = 0 or (f,g) = 0, and the lemma is
proven.

Now let us focus on the special case in which D is a circular disk. Recall the
problem that we want to solve, in terms of polar coordinates: Find

u(r,6,t),0 <r <1,

so that
Pu_ 10 (o), 10
o2 ror rar r2 002’
u(r,0 4 2m,t) = u(r,0,t), u well-behaved near r = 0,
u(1,6,t) =0,
ou
U(T‘,G,O) = h(ﬂ 9), E(T7970) =0

It follows from the argument in the preceding section that the general solu-
tion to the homogeneous linear part of the problem can be expressed in terms
of the eigenfunctions

fn,k(ra 0) = Jn(an,kr/a) COS(TLG), In.k = Jn(an,kr/a) sin(n@).

Indeed, the general solution must be a superposition of the products of these
eigenfunctions with periodic functions of ¢ of frequencies y/— A, x/27. Thus this
general solution is of the form

u(r,0,t) = Z ao,k 9o,k (7, 0) cos(ao,kt)
k=1

Z Z ko frok (7, 0) + by kG i (7, 0)] cos(aun it). (5.33)
=1 k=1

We need to determine the a,, ;’s and the b, ;’s so that the inhomogeneous initial
condition u(r,0,0) = h(r,0) is also satisfied. If we set ¢ = 0 in (5.33), this
condition becomes

Z ao,k fo,x + Z Z[an,kfn,k + by kGnk) = h. (5.34)
k=1 n=1 k=1

Thus we need to express an arbitrary initial displacement h(r, ) as a superpo-
sition of these eigenfunctions.

It is here that the inner product (,) on V comes to the rescue. The lemma
implies that eigenfunctions corresponding to distinct eigenvalues are perpendic-
ular. This implies, for example, that

(fo, fo) =0, unlessj=k.
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Similarly, for arbitrary n > 1,
<fn,ja fn,k:> = <fn,jagn,k:> = <gn,j7gn,k> = 07 unlessj =k.
The lemma does not immediately imply that

<fn,jagn,j> =0.

To obtain this relation, recall that in terms of polar coordinates, the inner
product (,) on V takes the form

(f.9)= /01 { :ﬂ f(r,0)g(r,0)rdo| dr.

If we perform integration with respect to 6 first, we can conclude from the
familiar integral formula

27
/ sin nf cos nfdf = 0
0

that
(frgs gn.j) =0,

as desired.
Moreover, using the integral formulae

27 -
/ cosnfcosmfdd = { for m = n,
0 ) for m 7£ n,

27 —
/ sinnfsinmfdd = 4 for m = m,
0 0, for m #mn,

/027T sin nf cosmédf = 0,
we can check that
(frgs Fme) = (Gnj> Gme) = (g Gme) = 0,
unless m = n. It then follows from the lemma that
(fngs fmk) = (In.g Gmk) = (frjs Gmk) = 0,

unless 7 = k and m = n.

From these relations, it is not difficult to construct formulae for the coeffi-
cients of the generalized Fourier series of a given function h(r,#). Indeed, if we
take the inner product of equation (5.34) with w,, 1, we obtain

an,k<fn,k7 fn,k) = <h7 fn,k>7
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or equivalently

<h, fn k>
gy = IRl 5.35
ok <fn,k:7 fn,k> ( )
Similarly,
<h>gn k>
by = oIkl 5.36
" <gn,kvgn,k> ( )

Thus we finally see that the solution to our initial value problem is

u(r,0,t) = Z ao,k fo,k (7, 0) cos(ao xt)

k=1

oo oo

3 an sk k(1. 0) + bo kg ik (1, 0)] cos(an it),

n=1k=1

where the coefficients are determined by the integral formulae (5.35) and (5.36).
Exercises:

5.9.1. (For students with access to Mathematica) Suppose that a circular vi-
brating drum is given the initial displacement from equilibrium described by
the function

h(r,0) = .1(1 —r),

for 0 < r < 1. In order to find the solution to the wave equation with this initial
condition, we need to expand h(r,#) in terms of eigenfunctions of A. Because
of axial symmetry, we can write

h(T’, 9) = a071J0(040,1r) =+ a072J0(o¢0,27") 4+ ...

a. Use the following Mathematica program to determine the coefficient a1 in
this expansion:

d = NIntegrate[r (BesselJ[0,2.40483 r])A2,{r,0,1}1;
n = NIntegratel[r (BesselJ[0,2.40483 r]) .1 (1-r),{r,0,1}]1;
a0l = n/d

b. Use a modification of the program to determine the coefficients ag.2, a3,
and ag 4.

¢. Determine the first four terms in the solution to the initial value problem:
Find
u(r, 0,t),0 <r <1,

so that

Pu_10 (o), 10%
oz ror 81" r2 092’
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u(r,0 + 2w, t) = u(r,0,t), u well-behaved near r = 0,

u(1,6,t) =0,
ou
u(r,0,0) = .1(1 —r), E(T‘,G,O) =0.

5.9.2. (For students with access to Mathematica) The following program will
sketch graphs of the successive positions of a membrane, vibrating with a su-
perposition of several of the lowest modes of vibration:

<< Graphics ‘ParametricPlot3D¢
a0l = .2; a02 = .1; a03 = .2; a04 = .1; all = .3; bll = .2;
vibmem = Tablel[

CylindricalPlot3D[

a01 BesselJ[0,2.4 r] Cos[2.4 t]

a02 BesselJ[0,5.52 r] Cos[5.52 t]
a03 BesselJ[0,8.65 r] Cos[8.65 t]
a04 BesselJ[0,11.8 r] Cos[11.8 t]
all BesselJ[1,3.83 r] Cos[u] Cos[3.83 t]
b1l BesselJ[1,3.83 r] Sin[u] Cos[3.83 t],

{r,0,1}, {u,0,2 Pi}, PlotRange -> {-.5,.5}
1, {t,0,1.,.1}

+ o+ o+ o+ o+

a. Execute this program and then animate the sequence of graphics by running
“Animate selected graphics,” from the Graphics menu. (Warning! Generating
the sequence of graphics takes lots of memory. If you have insufficient memory
for the animation, try inserting PlotPoints -> 8 within the CylindricalPlot
statement.)

b. Replace the values of a01,... with the Fourier coefficients obtained in the
preceding problem, execute the resulting program to generate a sequence of
graphics, and animate the sequence as before.
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Appendix A

Using Mathematica to solve
differential equations

In solving differential equations, it is sometimes necessary to do calculations
which would be prohibitively difficult to do by hand. Fortunately, computers
can do the calculations for us, if they are equiped with suitable software, such
as Maple, Matlab, or Mathematica. This appendix is intended to give a brief
introduction to the use of Mathematica for doing such calculations.

Most computers which are set up to use Mathematica contain an on-line
tutorial, “Tour of Mathematica,” which can be used to give a brief hands-on
introduction to Mathematica. Using this tour, it may be possible for many
students to learn Mathematica without referring to lengthy technical manuals.
However, there is a standard reference on the use of Mathematica, which can
be used to answer questions if necessary. It is The Mathematica Book, by
Stephen Wolfram, Fourth edition, Wolfram Media and Cambridge University
Press, 1999.

We give here a very brief introduction to the use of Mathematica. After
launching Mathematica, you can use it as a “more powerful than usual graphing
calculator.” For example, if you type in

(11 - 5)/3
the computer will perform the subtraction and division, and respond with
Out[1] = 2
The notation for multiplication is *, so if you type in
2 x (7 + 4)
the computer will respond with

Out[2] = 22
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You can also use a space instead of * to denote multiplication, so if you input
28

the computer will respond with

Out[3] = 16

The computer can do exact arithmetic with integers or rational numbers.
For example, since A is the symbol used for raising to a power, if you type in

2A150
the computer will calculate the 150th power of two and give the exact result:
Out [4] = 1427247692705959881058285969449495136382746624

On the other hand, the symbol N tells the computer to use an approximation
with a fixed number of digits of precision, so entering

N[2A150]
will give an approximation to the exact answer, expressed in scientific notation:
Out[6] = 1.42725 1045

Real numbers which are not rational, such as 7, have infinite decimal expan-
sions which cannot be stored within a computer. However, we can approximate
a real number by a finite decimal expansion with a given number of digits of pre-
cision. For example, since Mathematica uses the name E to denote the number
e, typing in

N[E]

will tell Mathematica to give a rational approximation to e to a standard number
of digits of precision:

Out[6] = 2.71828

In principle, the computer can calculate rational approximations to an arbitrary
number of digits of precision. Since the number 7 is represented by Mathematica
as Pi, typing in

N[Pi,40]

will tell Mathematica to give a rational approximation to w to 40 digits of
precision:

Out [7] = 3.1415926535897932384626433832795028841972

The computer can represent not only numbers but functions. Within Math-
ematica, built-in functions are described by names which begin with capital
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Figure A.1: Graph of the logarithm function.

letters. For example, Log denotes the natural base e logarithm function. Thus
entering

N[Logl[2],40]
will give the logarithm of 2 with 40 digits of precision:
Out [8] = 0.693147180559945309417232121458176568076

One can also plot functions with Mathematica. For example, to plot the
logarithm function from the values 1 to 3, one simply inputs

Plot[Logl[t]l,{t,1,3}]

and Mathematica will automatically produce the plot shown in Figure A.1.
We can also define functions ourselves, being careful not to capitalize them,
because capitals are reserved by Mathematica for built-in functions. Thus we

can define the function
kt

y(t) = ce
by typing
ylt] := c x EA(k * t);
Mathematica will remember the function we have defined until we quit Mathe-
matica. We must remember the exact syntax of this example (use of the under-
line character and the colon followed by the equal sign) when defining functions.
In this example ¢ and k are parameters which can be defined later. Just as in

the case of functions, we must be careful to represent parameters by lower case
letters, so they will not be confused with built-in constants. Further entry of

c=1; k= 1; N[y[1]]
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yields the response
Out[11] = 2.71828
while entering
Plot[y[t],{t,0,2}]

will give a plot of the function we have defined, for ¢ in the interval [0, 2].
We can use Mathematica to solve matrix differential equations of the form

dx_AX

= = Ax, (A1)

where A is a square matrix with constant entries.

The first step consists of using Mathematica to find the eigenvalues and
eigenvectors of A. To see how this works, we must first become familiar with
the way in which Mathematica represents matrices. Since Mathematica reserves
upper case letters for descriptions of built-in functions, it is prudent to denote
the matrix A by lower case a when writing statements in Mathematica. The

matrix
-2 5
= (7 %)

can be entered into Mathematica as a collection of row vectors,
a = {{-2,5},{1,-3}}
with the computer responding by
Out[1] = {{-2,5},{1,-3}}
Thus a matrix is thought of as a “vector of vectors.” Entering
MatrixForm[a]
will cause the computer to give the matrix in the familiar form

Out[2] = —2 &
1 -3

To find the eigenvalues of the matrix A, we simply type
Eigenvalues[a]

and the computer will give us the exact eigenvalues

-5 —v21 -5++v21
2 ’ 2 ’

which have been obtained by using the quadratic formula. Quite often numerical
approximations are sufficient, and these can be obtained by typing

eval = Eigenvalues[N[a]]
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the response this time being
Out[4] = {—4.79129, —0.208712}

Defining eval to be the eigenvalues of A in this fashion, allows us to refer to
the eigenvalues of A later by means of the expression eval.
We can also find the corresponding eigenvectors for the matrix A by typing

evec = Eigenvectors[N[a]l]
and the computer responds with
Out [6] = {{-0.873154, 0.487445}, {0.941409, 0.337267}}

Putting this together with the eigenvalues gives the general solution to the
original linear system (A.1) for our choice of the matrix A:

(~0873154\ _iroimer . (0.941409\ o 057z
x(t) = ( 0.487445 ) ¢ T2\ 0337267 ) € '

Mathematica can also be used to find numerical solutions to nonlinear differ-
ential equations. The following Mathematica programs will use Mathematica’s
differential equation solver (which is called up by the command NDSolve), to
find a numerical solution to the initial value problem

dy/dx = y(1 —y), y(0) = .1,

give a table of values for the solution, and graph the solution curve on the
interval 0 < z < 6. The first step

sol := NDSolvel{ y’[x] == y[x] (1 - y[x]), y[0] == .1 },
y, {x,0,6}]
generates an “interpolation function” which approximates the solution and calls

it sol, an abbreviation for solution. We can construct a table of values for the
interpolation function by typing

Table[Evaluatel[y[x] /. soll, {x,0,6,.1}1;
or graph the interpolation function by typing
Plot[Evaluatel[y[x] /. soll, {x,0,6}]

This leads to a plot like that shown in Figure A.2.
Readers can modify these simple programs to graph solutions to initial value

problems for quite general differential equations of the canonical form

dy

— = f(z,y).

piaRACH)
All that is needed is to replace the first argument of NDSolve with the differential
equation one wants to solve, remembering to replace the equal signs with double
equal signs, as in the example.
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Figure A.2: Solution to ¢’ = y(1 —y), y(0) = .1.

1.25 1.5 1.75 2

Figure A.3: A parametric plot of a solution to dz/dt = —zxy, dy/dt = zy — y.
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In fact, it is no more difficult to treat initial value problems for higher order
equations or systems of differential equations. For example, to solve the initial
value problem

dx dy

- _ 29—y — =9 =1 A2
7 Ty, at vy —y, x(0) , y(0) (A.2)
one simply types in

sol := NDSolvel[{ x’[t] == - x[t] y[t], y’[t] == x[t] y[t] - y[t],
x[0] == 2, y[0] == .1 },
{x,y}, {t,0,10}]

Once we have this solution, we can print out a table of values for y by entering
Table[Evaluate[y[t] /. soll, {t,0,2,.1}]

We can also plot y(t) as a function of ¢ by entering

Plot [Evaluate[y[t] /. soll, {t,0,10}]

Figure A.3 shows a parametric plot of (z(t), y(¢)) which is generated by entering

ParametricPlot [Evaluate[{ x[t], y[tl} /. soll, {t,0,10}]
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boundary value problem, 83, 119
Cauchy-Euler equation, 17, 110, 139
Chebyshev’s equation, 14
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convergence, 2

Dirichlet boundary conditions, 85
Dirichlet problem, 119

double Fourier sine series, 126
eigenfunctions, 108, 142
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eigenvalue problem, 87, 108, 142
eigenvalues, 30, 108, 142
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ellipse, 37

ellipsoid, 40

Euler equations for a gas, 132
even function, 70

finite differences, 94

Fourier coefficients, 63

Fourier cosine series, 72, 91
Fourier series, 63

Fourier sine series, 72, 89
Fourier transform, 79
frequencies of oscillation, 52, 58, 135
Frobenius method, 16
fundamental mode, 100
fundamental frequency, 135
gamma function, 28

geometric series, 2

general solution, 9

generalized Fourier series, 151
generalized power series, 16
Gibbs phenomenon, 67

heat equation, 83, 115, 117
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heat flow in a bar, 82

heat flow in space, 116

Hermite’s equation, 10

Hooke’s law, 49

hyperbola, 37

hyperboloid, 40

initial value problem, 85, 98, 103,
124, 134

inner product, 68, 151

Laplace’s equation, 115

Legendre’s equation, 12

linearization of PDE, 132

mechanical systems, 49

modes of oscillation, 52, 58, 135

modified Bessel equation, 27

Navier-Stokes equations, 133

Neumann boundary conditions, 91

Newton’s second law, 50, 96

odd function, 70

ordinary point, 13

orthogonal matrix, 29

orthonormal basis, 44, 69

partial differential equation, 81

periodic function, 63

piecewise smooth, 67

potential energy, 50, 95, 129

power series, 1

quadric surfaces, 39

radius of convergence, 3

ratio test, 4

real analytic, 5

recursion formula, 8

regular singular point, 13

separating constant, 86

separation of variables, 86

singular point, 13

sound waves, 130



spectral theorem, 30
Sturm-Liouville problem, 108
superposition principle, 86, 115
symmetric matrix, 29
Theorem of Frobenius, 16
variation of parameters, 18
vibrating membrane, 129
vibrating string, 94

wave equation, 96, 115
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