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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, which leads to an explanation of the behavior of
light. But in carrying out the implications of Maxwell’s equations, many of the
techniques from the theory of partial differential equations prove essential.

Our goal here is to develop the most basic ideas from the theory of par-
tial differential equations, and apply them to the simplest models arising from
physics. In particular, we will present some of the elegant mathematics that
could be used to describe the vibrating circular membrane, or the steady-state
distribution of heat in a ball.

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/dz = ky and the equation of
simple harmonic motion d?y/dx? + wy = 0, and how these equations arise in
applications, such as modeling population growth and the motion of a weight
attached to the ceiling by means of a spring. 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. Familiarity is also needed with the basics of vec-
tor calculus, including the gradient, divergence and curl, and we will expand
upon these ideas to present the integral theorems which explain the geometric
meaning of divergence and curl. 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.

The subject of partial differential equations should not be studied in isola-
tion, because much intuition comes from a thorough understanding of applica-



tions. The individual branches of the subject are concerned with the special
types of partial differential equations which are needed to model diffusion, wave
motion, equilibria of membranes and so forth. The behavior of physical systems
often suggests theorems which can be proven via the theoretical constructs of
mathematics. Conversely, the mathematics often suggests the right questions
for scientists and engineers to ask.

After a first chapter which presents the integral theorems from vector calcu-
lus, we turn to two types of infinite series that are very useful for solving partial
differential equations, power series in Chapter 2 and Fourier series in Chapter 3.
We then treat the simplest partial differential equations in Chapter 4, the heat
equation in a bar and the equation for the vibrating string. We will discuss heat
and wave motion in three dimensions in Chapter 5, where the integral theorems
of Chapter 1 will play a key role.

A vibrating string can be modeled quite well as a continuous object, yet if
one looks at a fine enough scale, the string is made up of molecules, suggest-
ing a discrete model with a large number of variables. The partial differential
equations in the continuous model correspond to a system of ordinary differen-
tial equations in the discrete model that can be studied by the vector algebra
techniques described in earlier parts of the course. Indeed, the eigenvalue prob-
lem for a differential equation thereby becomes approximated by an eigenvalue
problem for an n x n matrix where n is large, providing a link between the tech-
niques studied in linear algebra and those of partial differential equations. This
correspondence can be used as the basis for numerical methods for solving the
partial differential equation, and in some cases a discrete model may actually
provide a better description of the phenomenon under study than a continuous
one. Probabilistic techniques provide yet another component to model building,
alongside the partial differential equations and discrete mechanical systems with
many degrees of freedom.

There is a major dichotomy that runs through the subject of partial differen-
tial equations—Ilinear versus nonlinear. It is actually linear partial differential
equations for which the technique of linear algebra prove to be so effective.
This book is concerned primarly with linear partial differential equations—yet
it is the nonlinear partial differential equations that provide the most intrigu-
ing questions for research. Nonlinear partial differential equations include the
Einstein field equations from general relativity and the Navier-Stokes equations
which describe fluid motion, as well as many others. We hope the linear the-
ory presented here will stimulate interest in developing an appreciation for the
deeper waters of the nonlinear theory.

Doug Moore, April, 2012
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One Possible Outline for a 10-week course at UCSB using these notes:
I. Integral Theorems: Chapter I, Sections 5-8, Two Weeks.

II. Power Series: Chapter 2, Sections 1-4, Two Weeks. (Discuss convergence
and explain application to ODE’s up to Legendre’s DE. The departmental text
by Lovric has additional material on convergence of series that you may want
to use.)

III. Fourier Series: Chapter 3, Sections 1-3, Two Weeks.

IV. Partial Differential Equations: Chapter 4, Sections 4.1, 4.1, 4.3, 4.4, 4.5.
Chapter 5, Sections 5.1, 5.2, 5.3. About Four Weeks.

If time permits one can also discuss selected topics from 5.4 through 5.7.
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Chapter 1

Integral Theorems from
Vector Calculus

1.1 Change of variables in a multiple integral

We assume that our readers are familiar with the properties of multiple integrals,
but are aware that it is sometimes difficult to evaluate such integrals. In this
section, we will study a really useful trick for evaluating multiple integrals—
changing the variables of integration.

Recall the useful formula for change of variable in a single integral: If

are increasing functions which give a one-to-one correspondence between a <
x < b and u(a) < u < u(b), then

b u(b) dx
/a f(af)dx:/u(a) f(:c(u))@du,

a formula which justifies the integration technique of “substitution.” This for-
mula has a nice generalization to functions of two variables. Suppose that

x:x(u,v), u:u(os,y),

y:y(uvv)’ U:U(xvy)a
give a smooth one-to-one correspondence between regions D in the (u, v)-plane
and S in the (z,y)-plane. Then

//s f(z,y)dzdy = //D fz(u,v),y(u,v)) ‘ggi:z;

dudv, (1.1)




where

Oz.y) _ (5 &
8(u,v)_det<§z % .

Equation (1.1) is called the change of variables formula for a double integral.
To derive this formula, we use a formula for the length of a cross product
which should be familiar from vector calculus:

|v x w| = |v||w||sin 6|, (1.2)

0 being the angle between v and w. Using (1.2) it is relatively easy to show
that the area of the parallelogram spanned by two vectors v = v1i + v2j and
W = wyi + wyj in R? is simply the absolute value of a determinant:

det<vl vz )]
w1 W2

Suppose now that x : D — S is the mapping whose components are z(u, v) and

y(u,v):
x(u,v) = < z(u,v) )

y(u,v)
Let O denote the rectangular region in D with corners at (ug, vg), (ug + du, vg),
(up,vo + dv), and (ug + du, vy + dv). The linearization of x at (ug,vp) is the
affine mapping

Area =

L(x) = x(uo,vo) + %(wvo)(u —up) + g%(uo,vo)(v — vp).

Under this affine mapping

7x(“’07 ’l}o)dU,

ou

(uo,v0) — x(uo,vo), (ug + du,vo) — x(ug, vo) +

0
(Uo, Vo + dv) = X(UO,UQ) + %(UO,Uo)d’l},

0 19)

a—z(uo, vo)du + £(UO7U0)dU~

The four image points are the corners of the parallelogram located at x(ug, vo)
and spanned by

(up + du, v + dv) — x(ug,vo) +

ox ox

Ju (ug,vp)du and B0
According to our cross product formula, the area of this parallelogram is simply
0 0 0
—X(uo,vo)du X —X(uo,vo)dv = ‘agz:zg

ou v
Since the linearization closely approximates the parametrization x : D — R3
near (ug,vg), the area of x(0O) is closely approximated by

O(x,y)
d(u,v)

(ugp, vo)dv.

’ dudv.

dA = ’ ‘ dudv.



Suppose first, for simplicity, that f = 1 so that

// flz,y)dzedy = // ldxdy = Area of S.
s s

If we divide D up into many small rectangles like O and add up their areas we
obtain an approximation

_ L |9, y)
//S ldxdy = Area of S = Z ‘8(u,v) ‘ dudv,

the sum being taken over all of the small rectangles. In the limit the summation
becomes a double integral, and we obtain

Jfaean= ],

This argument can be generalized to the case of a general f, in which case it
yields the change of variable formula (1.1).

dudv.

O(z,y)
O(u,v)

Example 1. Suppose that we want to find the area of the region S bounded
by the ellipse 22 + 2xy + 5y = 1. We simply complete the squares,

(z+y)* + (2y)° =1,

and construct a one-to-one correspondence

u=x+y, x:u—%v,
v =2y, y:%v.

e B)l-els )5

1 1
Area of § = // —dudv = = (area bounded by unit circle) = T
u2+v2§1 2 2 2

It follows that

SO

Here we assume as already known the fact that the area bounded by the unit
circle is m, a fact we will verify in the next example.

A particularly useful special case of the change of variables formula is the case
where u and v are polar coordinates

xr=rcosf, y=rsind.

In this case,

oz, y)| ox/Or Oy/or\| _ cos —rsinf\|
’8(r,6)‘_‘det (8:17/30 oy/o0)| A\ ging  reoso )| T




and hence the change of variables formula for polar coordinates is

/ /S (@, y)dwdy = / /D £(rcos 0, rsin 0)rdrdd,

whenever S is a region in the (z,y)-plane which corresponds in a one-to-one
fashion with the region D in the (r,#)-plane.

Example 2. Suppose that we want to use the change of variables formula to
determine the area of the region S in the (x,y)-plane bounded by the circle
z2 + y? = a2. In this case,

D={(r0):0<r<a, 0<6<2r},

a 2T
Area of S = // ldxdy = // rdrdf = [/ rzdr] [/ d@} = 71a’.
s D 0 0

Example 3. An important application of the change of variables formula is to
the calculation of the area under the Gaussian function or normal distribution

SO

1 2 /0 2
u? /20
u) = e ,

where o is a constant known as the standard deviation. The graph of this
probability density function is also sometimes known as the bell-shaped curve.
We would like to calculate the integral

oo 1 oo
u)du = w297 gy
2
oo 7o J—oo

Now this is actually an improper integral, because of the infinite limits, which
by definition is

b
1 2 2
lim / e 2y
b—oo J_p v/ 210

but the integral does “converge” because f(u) decreases so rapidly near infinity.
Being an improper integral doesn’t deter us from evaluating it by a change of

variables. Our first change of variables is

)

U
—=x or u=ox,
o

and the integral then becomes

1 > —12/2d
——— e ZX.
V2T J oo

This integral cannot be evaluated using the usual functions, such as sines, cosines
and exponentials, and the cumulative distribution function

1 t
@(t) = E/ €_$2/2dm



is tabulated in tables of mathematical functions. However, we can evaluate the

entire integral
o0
I= / e~ 2y
— 00
by first noting that

2 UOO e_xz/de} Uoo e‘“”dy} _ /oo /oo e—(w2+y2>/2da:dy,
— 00 — 00 — 00 — 00

and then shifting to polar coordinates

T =rcosb,
y=rsind.
We then need the fudge factor

oz, y) dx/or Oy/or
a(r,0) ~ 9 <8x/89 ay/ae>

. =7
—rsind rcosf

cos 6 sin 0 ‘

Applying the change of variable formula, we obtain

0o e} s 2m o] R
I :/ / e~ @2 gy :/ / e 2rdrds.
—o0 J —00 0 0

We finally make yet another substitution

r
v=—, so rdr=dv.
2

2 9] 2m 2
I* = / / e Vdvdf = / [—e™v]; do = / o = 2.
0 0 0 0

We conclude that I? = 27, so I = V27 and

Then

1 > 2 1
— TPy = ——T=1
e T .
V2T /,Oo V2T
In other words, the integral of the Gaussian probability density function is one.

The change of variables formula can be extended to more than two variables.
For example, the extension to three variables goes as follows: If

x = z(u,v,w), u=u(x,y,2),
y:y(u7v7w)7 v :v(m7y’ Z)7
z = z(u, v, w), w=w(x,y,2),



give a smooth one-to-one correspondence between regions D in (u, v, w)-space
and S in (z,y, z)-space,then

/ / /S f(a,y, )dadyd:

/// fz(u, v, w), y(u,v,w), z(u, v, w)) ‘M dudvdw,
where
oz Oz Oz
Owyz) | | 8 8 %
(u, v, w) Ju 8y G

The proof is very similar to the two-variable case.

Example 4. Suppose, for example, that we want to calculate the volume of
the region S bounded by the sphere

m2+y2+z2:a2.

To do this, we use spherical coordinates

T = psin¢cosb, y = psin¢sinb, z = pcos ¢.

Then
Ox/0p 0Ox/0¢ Ox/00 singcos® pcosgpcosd —psinpsind
Oy/0p 0Oy/O¢p 0Oy/d0 | = | singsind pcosgsing psingcosh |,
0z/0p 90z/0¢p 0z/06 cos ¢ —psin ¢ 0

and a straightforward calculation (see Exercise 1.1.3) shows that
singcosf pcospcosf —psingsinb
det | singsind pcos¢gsing psingcosh | = p*sin . (1.3)
cos ¢ —psin ¢ 0
Thus if we set

D={(p,9,0):0<p<a 0<op<m, 0<6<2r}

we find that the area of the sphere of radius a is

/ / drdydz = / / / p? sin ¢pdpdpdd = / Qﬂ / / p? sin ¢pdpddd
_ [/0 de] [/O sm(bd(b} UO dG] <2 %_47;@3.
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Figure 1.1: The cardioid.

Example 5. The change of variables formula for a triple integral can be used
to find the volume bounded by the ellipsoid (x/a)? + (y/b)? + (2/c)? = 1. To

do this, we simply change variables by

u=z/a, T = au,
v=y/b, y=>bv, ,
w=z/e, Z = cw,
so that
a 0 0
‘g(x, y.2) =10 b 0 |=abec
(u, v, w) 00 c
Hence using the result of Example 4, we find that
Volume of ellipsoid = / / / ) ldxdydz
0
= /// z,y,2) dudvdw
x24y2+22<1 8(u,v,w)

= / / / abedudvdw
r24y2422<1

= abc(Volume of unit sphere) =

Exercises:

1.1.1. Evaluate the integral

// V1 — 22 — y2dzdy,
D

4rabe

where D = {(z,y) € R? : 22 + y* < 1}. (Hint: Express the integrand in terms

of polar coordinates.)



1.1.2. Use the change of variables formula to determine the area inside the
cardioid v = 1 + cos 6 in the (x,y)-plane.

1.1.3. Evaluate the determinant in (1.3), thereby verifying that

dxdydz = p? sin ¢pdpdede.

1.1.4. Use spherical coordinates
T = psin¢cosb, y = psin¢sinb, z = pcos ¢,

and the change of variables formula to evaluate the triple integral

///W(mz—f—yQ)dxdydz,

where W is the upper half ball consisting of points satisfying the inequalities
22+ y? + 22 <4 and z > 0. (Recall that dzdydz = p? sin pdpdpdo.)

1.1.5. Use the change of variables formula to find the volume of the region in
(z,y, z)-space bounded by

a. the ellipsoid 4% + 9y* + (1/4)2% = 1.

b. the ellipsoid 2 + 5y + 1022 + 4zy + 2yz = 1.

c. the surfaces z = 4 — 22 — 4y? and 2z = 22 + 442,

d. the surfaces 22 + 9y? + 22 = 4 and z = /22 + 9y2.

1.1.6. Use Example 3 and integration by parts to show that

1 > 2 —u?/202 2
—_— ue " /%% du = o”.
\/QWG[M

1.2 Arc length and line integrals

Our next goal is to discuss line integrals of functions and vector fields along
reqular parametrized curves

x:[a,b] = R* or x:la,b] — R®.

By regular we mean that x’(t) # 0 for every ¢ € [a, b]. It is easy to give examples
of curves which are not regular. If

x:[-1,1] — R® by x(t)ZGj}),

then x is not regular because



Figure 1.2: A curve which is NOT regular.

Curves which are not regular can have singular points at which the image fails
to be smooth.

A key fact is that any regular smooth curve has a unit speed parametrization.
By this we mean that there is a one-to-one correspondence

7:le,d] — [a,b], t=7(s), s=o0(t),

so that if J
y(s) =x(7(s)), then d—y =1.
s

In principle, we can find the arc length parameter from the formula
(distance) = (speed)(time),

which can be expressed as

dr\? dy 2 dr\? dy 2 dz\?
ds_m) ()t ds_mt) () (%)

but it may be hard to carry out the integration to determine the arc length s
as a function of time ¢ in practice.

An example for which we can carry out the calculation is the circle of radius
five centered at the origin in R?. The simplest parametrization of this circle is

) 5 _ (5cost
x:[0,27r] = R* Dby X(t)_(f)sint)'

But then
dx _ (—5sint
dt  \ Hcost )’

dz\? dy 2 N 2
so ds= \/(dt) + (dt) dt = \/(—E)smt) + (5cost)”dt = 5dt,




Figure 1.3: The line integral along a circle.

and we can set

Thus we get a new parametrization, a unit speed parametrization of the same
circle,

y :[0,107] — R2 by y(s):@gﬁfg@)

Note that the length of this circle is 107.

Definition 1. If x : [a,b] — R? is a unit speed parametrization of a curve
C in R? with x(s) = (z(s),y(s)), and f(z,y) is a continuously differentiable
real-valued function of two variables, then

Lﬁh=LU@®w®Ms

is called the line integral of f along C. Similarly, if x : [a,b] — R® is a unit
speed parametrization of a curve C' in R? with x(s) = (x(s),y(s), 2(s)), and
f(x,y, z) is a continuously differentiable real-valued function of three variables,
then

Aj%:é?@@w@w@MS

is the line integral of f along C.

Example 1. Suppose that C is the unit circle 2% +y? = 1 and f(z,y) = 22+2y>.
In this case, the line integral

/fds is the area of S = {(z,y,2): 2> +9°> =1, 0 < z < 2% + 2%}
c

10



Moreover, we can use the unit speed parametrization

sin s

x:[0,27] — R? defined by x(s) = (COS S) ,
to evaluate this line integral. In this case,

x(s) =coss, y(s)=sins,

f(x,y) = 2%+ 2y? = (cos 5)* + 2(sin s)® = 1 + (sin s)?,

/Cf(a:(s),y(s))ds = /Ozﬂ(l + (sins)?)ds = /OQW <1 + % + ;(SiHQS)) ds = 3.

A second type of line integral is often useful, the line integral of a vector field
along a smooth directed or oriented curve. If

x:[a,b] - R* or x:[a,b] — R®
is a unit speed parametrization of a directed curve C in R? or R3, then

dx
T(s) = —
(5) = =
is a unit-length vector called the unit tangent vector to C.
Definition 2. The line integral of the vector field F along the directed curve
C C R? or R? is the line integral

/C F - Tds. (1.4)

If F is force, this line integral is interpreted as the work performed by the force
on a particle that moves along the directed curve C.

The line integral (1.4) can of course be calculated via a unit-speed parametriza-
tion for C, but it turns out that any parametrization will do. Indeed, if

x:[a,b] = R* or x:[a,b] — R®

is a regular parametrization in terms of the parameter ¢, but not of unit speed,
the unit tangent vector T can be expressed as a function of the parameter ¢ as

dx/dt
t) = .
) = T/t
Hhen d dx/dt d dx/dt d d
S X S X S X
ds =Tt = o ™ = dsjat ar ™~ gt =

11



SO we can write

/F~Tds:/F-dx,
C Cc

and the integral on the right can be evaluated in terms of the given parametriza-
tion.

Example 2. Suppose that C is the directed curve parametrized by

t
x:[0,1] = R® where x(t)= |2
t3

and
F(x,y,z) = yi — 2zj + 6k.

To evaluate the line integral, we write the integrand as a “differential,”
F - dx = ydx — 2xdy + 6dz,

then replace everything in the integrand by its expression in terms of the pa-
rameter ¢, and integrate with respect to the limits on the parameter:

/F~Td5:/F~dx
C C

1
= / (t?)dt — 2td(t?) 4 6d(t3)
0
! 1
= / (t* — 4> +18t%)dt = [5t°] = 5.
0

One can show via the chain rule that any other parametrization would give the
same value for the line integral.

Exercises:

1.2.1.a. Suppose that x : [0,27] — R3? is the parametrization of the part C of

the helix defined by
cost

x(t) = | sint
t

Find a reparametrization of C' which has unit speed.
b. Find the length of C.

c. Determine the line integral

zds.
c

1.2.2.a. Find a parametrization of the directed line segment C in R? from the
point (1,0,0) to the point (0, 3,4).

12



b. Use the parametrization to calculate the line integral

/Fodx, where F =yi—zj+ zk.
C

1.3 Conservative forces

According to Newton’s law of gravitation, the gravitational force F which the
sun located at the origin (0,0,0) exerts on a planet located at the point x =
(z,y, 2) is given by the formula

p_ —GMm aityj+zk  -GMm x
P+ 27 e 222 X xI

In this formula, M is the mass of the sun, m is the mass of the planet and G is a
constant (called Newton’s gravitation constant). Combining this with Newton’s
second law of motion yields the second-order vector differential equation which
governs planetary motion:

d?x _ —GMm x

mE = T X (1.5)
di? x> [

One of Newton’s major successes was to actually solve this differential equation,
which he then used to verify Kepler’s three laws of planetary motion. One of
those laws says that the planets trace out ellipses with the sun at one of the
foci.

There are several steps to finding the solutions to (1.5). First one shows
that the motion lies in a plane. Second, one shows that energy and angular
momentum are constant. Finally, one shifts to polar coordinates in the plane.
From here it is not too hard to apply techniques for solving first-order ODE’s to
derive the explicit solution. We will not carry out the details of this verification
here, but point out that conservation of energy leads to an important concept,
the notion of conservative force.

To show that energy is conserved in planetary motion, one first verifies that
gravitational force can be derived from a potential energy function

—GMm

/$2+y2_|_2,2'

V(z,y,2) =

Indeed, we can differentiate

V(Z'7y,Z) - _GMm(:[;z —+ y2 + 22)71/2’

obtaining
v -1, , ) 2\_3/2 B GMmx
ar — COMm) (@ 4y )R = e

13



Figure 1.4: Graph of the gravitational potential with z suppressed.

o GMmy ov GMmz

Oy (@2 2+ 2232 9z (a2 42232

We can use the gradient operator V to write this as

vy — —GMm  zi+yj+zk i

@2yt ety 422

In applying this to Newton’s differential equation (1.5), we would then go on to
show that for any solution, the kinetic energy plus potential energy is constant,
or

L lax V(z,y,2) tant
—m |— x,y,2) = constant.
2" | at .
The Newtonian force F is an important example of a vector field which is
conservative:

Definition. A smooth vector field F on R? is conservative if

ov, oV, oV

for some smooth function V on R3, or equivalently, if F = V¢, for some smooth
function ¢.

It turns out that line integrals of conservative vector fields are easily calculated:

Fundamental Theorem of Calculus. Suppose that x : [a,b] — R? is a
parametrization of a regular directed curve C from (Z4,¥a,2a) to (v, Yp, 2b)

14



and that F(x,y, z) = Vé(z,y, z), where ¢(z,y, z) is a smooth function. Then

/ F . TdS - / F : dX - ¢(xb7ybazb) - ¢(33aayavza)-
C C

The theorem implies that the line integral depends only on the endpoints,
not the shape of C. The theorem holds because of the chain rule:

/F~TdS:/F’dX:/V¢~dX
Cc C Cc
¢ d¢

= V- i+dyj+dzk)= —dr + —dy + —
/ ¢ - (dri+ dyj + dzk) / xdm ydy Zdz

_ b 9¢ dx ¢ dy 0 dz
7\/@ %adt @Edt+ aadt
b
d
= / a(éf)(x(t),y(t), 2(t))dt = d(xp, Yo, 20) — O (Tas Ya, Za)-

For example, suppose that a planet is moving around the sun with a New-
tonian gravitational potential

-GM
V(:C?ya Z) = —m so that F=-VV = VQS,
2 42 4 22
where ¢ = —V. Recalling that work is just the line integral of force, we see that

the work performed on the planet by the gravitational field when the planet
moves along a directed curve C is

(Work):/V¢~Tds:—/VV~Tds:—/VV~dx.
C C C

If C is any directed curve from (3,4,0) to (0,0, 1), it follows from the Funda-
mental Theorem of Calculus that the work that the gravitational field performs
on the planet as it moves along this curve is

GM

- 1
Work = V/(3,4,0) — V(0,0,1) = Tm + GMm = ZGMm.

More generally, if C is any directed curve from (x4, ¥Ya, 24) to (Tp, Y, 25), the
work performed by the gravitational field on a planet moving along C is just

V(Iav Ya, Za) - V(l‘b, Yo, Zb)y
the difference in potential energies.
Exercise:

1.3.1. Evaluate the line integral

/CVf-dx

15



where
a. f(z,y,2) =+ 3y + 2z and C is the directed straight line segment in R3
from (0,0,0) to (1, 3,4).
b. f(z,y,2) = 2% + 3% + 2% and C is the directed curve in R3 parametrized
by
t
x:[0,1] — R*, where x(t)= [t
t3

1.4 Green’s Theorem
Given a vector field F(z,y) = M(z,y)i+ N(x,y)j on the plane, we write
dx = dzi + dyj.

and
F.-Tds=F dx = M(x,y)dr + N(z,y)dy.

This last expression is often called a differential, which is just another name
for an integrand for a line integral.

Green’s Theorem. Suppose that D is a bounded region in the (z,y)-plane, a
region bounded by a piecewise smooth directed curve C, the direction chosen
so that as C is traversed in the positive direction, D is on the left. If M (x,y)
and N(z,y) are well behaved on D, then

/de+Ndy—// (8N aM)da:dy

Alternate form: If the vector field
F(x,y) = M(x,y)i+ N(z,v)j

is well-behaved on D, then

/F Tds—// (aN—W)dxdy.

For example, suppose that C is the counterclockwise ellipse

7 2 y ) 2
hd LA
( a) + ( b ’
where a and b are positive constants, traversed in the counterclockwise direction.
We would like to calculate the line integral

/C(—ydx + zdy).

16



Method I. To calculate the integral directly, we need a parametrization of the
ellipse. One such parametrization is

x=acost, y=bsint, 0<t<2nm.
We can then write
dxr = —asintdt, dy = bcostdt,
(—ydzx + xdy) = —(bsint)(—asintdt) + (acost)(bcostdt) = abdt.
Thus o
/C(—ydx + zdy) = / abdt = 2mab.

0

Method II. Instead, we can apply Green’s Thoerem: If

p={ens (5" (2)' 1)

then

[t [ (32452
_ / /D 2dzdy — 2(area of D) = 2rab.

The last step is obtained by the formula for change of variables in a double
integral.

Here is another example: If C is the counterclockwise unit circle, what is
the line integral

/ (e*“E2 dx + zdy)?
c

In this case, direct integration of the line integral looks dif2ﬁcu1t, but it is easy
to do the calculation via Green’s Theorem where M = e % and N = x:

/(eiIde—dey):/ Mdz + Ndy
c

e
// L%c y( B )] tedy
://D[l—O]dxdy://Ddxdy:ﬂ.

We can also use Green’s Theorem to calculate the area of a region D bounded
by a piecewise smooth curve C, which is transversed counterclockwise. Just set
1

1
M=—= N = -2
5Y: 57

17



Figure 1.5: The curve z(3/3) 4 y(2/3) = 1.

Then

/Mda;+Ndy—// (aN 8M) dady
= [, (5 (5e) - gy (30) ) o
://Ddxdy:Area of D.

For example, suppose that we want to find the area of the region D bounded
by the curve

233 423 =1
We can parametrize this by

T :cos?’t7 Y :sin?’t7 0<t < 2,
dz = —3cos’ tsintdt, dy = 3sin®tcostdt,

— ydx 4+ xdy = 3sin* t cos® tdt + 3sin® t cos® tdt
3 3
= 3sin’ t cos® tdt = Z(Sin 2t)2dt = §(1 — cos4t)dt.
The result is
1 1 T3
Area ofD:/ ffyda:Jrfxdy:/ — (1 —cosdt)dt =--- = —m.
c 2 2 o 16

Closely related to Green’s Theorem is:

Divergence Theorem in the Plane. Suppose that D is a bounded region in
the (z,y)-plane, a region bounded by a piecewise smooth directed curve C. Let
N be the outward-pointing unit-normal along C. If

V(x’y) = P(x’y)i + Q(J?, y)j

18



is a well-behaved vector field on D, then

/V Nds—// (E)P+5Q>dmy.

or 99
or Oy

Here the function
V-V =

is called the divergence of V.

Actually, this is just another version of Green’s Theorem. Indeed, we could let
* denote counterclockwise rotation through 90 degrees. Then *N = T and

*(Pi+ Qj) = —Qi+ Pj,

so we can apply Green’s Theorem to obtain
/ V - Nds = / (*V) - (*N)ds = / (—Qi+ Pj) - Tds

/ de+de_// <8P—8)>dxdy
(22 oy

F(z,y) = (ycose’)i+ (z +y*)j]

For example, suppose that

and that C is the counterclockwise boundary of the triangular region

D={(z,y):0<z, 0<y, z+y <1}

/V'Nds?
C

It would be quite difficult to evaluate the line integral directly, but the calcula-
tion via the divergence theorem is easy.
First, we note that

We can ask: What is

0
—(m+y2):0+2y:2y.

2(y cose’) + a9

ox

/ V - Nds = // V- F(z,y)dzxdy = // 2ydxdy.
c D D

We can now calculate the integral, obtaining

1 -z 1
/V-NdSZ/ [/ 2ydy}dm:-~- .
C o LJo 3

19
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Exercises:

1.4.1. Use Green’s theorem (and the formula for changing variables in a multlple
integral if needed) to evaluate the line integral

/ (e_““*2 — 22%y)dx + 2xy>dy,
c

where C' is the unit circle traversed counterclockwise.

1.4.2. Suppose that C is the boundary of the rectangle
0<z<1, 0<y<2

and that F = (z — e¥,sin(2? + 4)). If N is the outward-pointing unit normal,
use the Divergence Theorem in the plane to calculate

/ F - Nds.
c

1.5 Surface area and surface integrals

Sometimes it is convenient to represent a surface S in R? as the image of smooth
vector-valued function, which is called a parametrization of S.
For example, the paraboloid of revolution in R3, defined as the set of points
which satisfy the equation
2=+,
can be thought of as the graph of the function f(z,y) = 2% + y2. But we can
also regard it as the image of the vector-valued function

u
x: R? — R* which is defined by x(u,v) = v . (1.6)
u? + 02

This function x is called a parametrization for the paraboloid of revolution.

In general, a parametrization of a smooth surface S is simply a smooth one-
to-one vector-valued function x from a domain D in the (u,v) plane onto S. We
can use parametrizations to find areas of surfaces, and more generally calculate
surface integrals.

We first consider the problem of calculating surface area, and start with the
observation that the area of the parallelogram spanned by two vectors v and w
is simply the length of their cross product,

Area = |v x w|.

Suppose now that x : D — R3 is the parametrization of a surface S, and
that (ug,vo) € D. Let O denote the rectangular region in D with corners at

20



(ug,v0), (uo+ du,vy), (ug,vo + dv), and (ug + du, vg + dv). The linearization of
x at (ug,vp) is the affine mapping

) B
L(x) = x(uo, vo) + £(u — ) + a—);(v — ).

Under this affine mapping

0
(uo, vo) — x(ug,v0), (uo+ du,vg) — x(ug,v) + %du,
ox ox ox
(up, vo+dv) — x(ug, vo)Jr%dv, (up+du, vo+dv) — x(uo,vo)+%du+%dv.

The four image points are the corners of the parallelogram located at x(ug, vo)
and spanned by

0
—X(uo, vo)du and a—x(uo7 vg)dv,
v

ou

a parallelogram which has area

ox 0Ox

dudv.

Since the linearization closely approximates the parametrization x : D — R3
near (ug,vg), the area of x(0) is closely approximated by

87X8X

A = 8uX%

dudv.

If we divide D up into many small rectangles like O and add up their con-
tributions to the area, we obtain the following formula for the surface area of a
surface S parametrized by x : D — R3:

Surface area of S = / /
D

Example 1. Suppose that we want to find the area of the part of the paraboloid
of revolution (1.6) which lies within the cylinder 2? + y? = 1. In this case, we
can take the parametrization

ox 0Ox
% X % dudv.

x(u,v) = v , ul+v? <1,
u? +v?
and we find that
ox ox (1)
ou 2 ov %

21



Figure 1.6: The paraboloid of revolution.

ox  Ox i j k —2u
a— X 6_ =11 0 2u|= —2v
w901 w 1
8_xx(9_x =V1+4u2+ 402, dA=+/1+4u?+ 402 dudv.
ou  Ov

so that

Area of S = // vV 1+ 4u? + 42 dudv,
D
where D = {(u,v) : u® +v* < 1}.

To carry out the integration, we transform to polar coordinates, and obtain

27 1 1
1
Area of S = // / V14 4r2 rdrdf = 271'/ g(1 + 4r2)Y2(8rdr),
0 0 0
which simplifies to yield

92 1
Area of S = 23(1 + 47‘2)3/2

= %(5\/3 —1).

0

More generally, if x : D — R3 is the parametrization of a surface S and f(z,y, 2)
is any continuous real-valued function of three variables, the surface integral of
f over S is given by the formula

[[ s 1ia= [ [ statun stz

In more advanced texts it is shown that the integral thus defined is independent
of parametrization.

ox 0Ox
_X_

EReER dudv.
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Figure 1.7: The upper hemisphere.

This surface integral can be used for many purposes. Thus if f(x,y,z)
represents mass per unit are on the surface S, then

//S f(z,y,2)dA

represents the total mass of the surface. More generally, if f(z,y,z) is any
smooth function,

fs fdA
Jo1dA”

the average value of f on S =

For example, suppose that we want to find the center of mass of a surface S,
assuming that it is made of a material which has constant density per unit area.
Then the coordinates of the center of mass are (7,7, Z), where

[szdd  [fgydA _ [[gzdA
[fg1aA> Y7 [[1dAn T [ 1dA”

Example 2. Suppose that we want to find the center of mass of the hemisphere
S defined by

T =

x2+y2+z2:1, z > 0.

Symmetry implies that £ = 0 = g, so we need only determine Z. To calculate
Z, it is expedient to use spherical coordinates:

T = psin¢cosb, T = sinwu cos v,
y = psin¢sinb, Yy = sinusinv,
zZ = pcos ¢, z = cosu,

where 0 < u < 7/2,0 < v < 2. This provides the parametrization x : D — R3,
where

sin ucosv
D={(u,v):0<u<w/2, 0<v<27} and x(u,v)=|sinusinv
cosu

23



Thus

COS U COS V —sinusinv
ox . ox .
— = | cosusinv |, — = | sinucosv |,
ou . ov
—sinu 0
i j k sin u cos v
ox x I . . . )
— X — =sinu|cosucosv cosusinv —sinu| =sinu | sinusinv |,
ou  Ov .
—sinwv CcOs v 0 COS U
ox 0Ox
— X —| =|sinu|, dA=sinu dudv,
ou Ov

and we conclude that

27 pm/2
AreaofS://dA:/ / sinu dudv = --- = 2.
s 0 0

Since z = cosu,

27 pm/2
// zdA = / / cos u sin u dudv
s 0 0

and hence

ffSZdAf T 1

z= — ==

[[s1dA 27 2
so the center of mass is (0,0, 1/2).

Exercises:

1.5.1. Calculate the surface integral

// Z2dA,
S

where S is the paraboloid considered in Example 1.

1.5.2.a. Calculate the area of the sphere
2242 4 2% = a2

by using the parametrization x : D — R3, where

a sin u cos v
D={(u,v):0<u<m 0<v<2n}, x(u,v) = | asinusinv
acosu

b. Calculate the surface integral

// 22dA,
s
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where S is the surface considered in part a.

1.5.3. Find a parametrization for the part of the cylinder z? + y? = 1 which
lies between the planes z = —1 and z = 1. (Hint: Use polar coordinates in
the (s,y)-plane.) Use the parametrization to find the area of this part of the
cylinder.

1.5.4. Let S be the torus defined by the equation

( /$2+y2—2)2+z2 — 17
with the parametrization x : D — S, defined by

(2 + cosv) cosu
x(u,v) = | (2+cosv)sinu |,
sinv

where
D={(u,v) ER*: —m<u<m,—T<v<T}

Find the surface area of S.

1.6 Flux integrals

The flux integral provides an important application of the surface integral de-
scribed in the previous section. Suppose that we have a continuous choice of
unit-normal N to a smooth surface S. Such a continuous choice of unit-normal
is called an orientation of S. If

is a smooth vector field on R3, then the flur of F through S is given by the

surface integral
/ / F-NdA,
]

the integrand being calculated by the same method as in the previous section
At first, one might think that calculation of flux integrals is difficult. But
calculation of flux integrals is simpler than might be expected, because

ox ox

=X 0x Ox ox 0Ox
NdA = v " 9v 172 » 1 dudv = — x —dud

%x%| 8u><811 uav auxau“v’

and hence

J]F N~ [ Pt o)) (gjj x ‘;") dudv.

Given a parametrization X : D — S| the integral on the right is often rather
routine.
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Figure 1.8: The half cone.

Example. For example, suppose that S is the part of the half-cone defined by

22 =2+ z >0, 2?4 y? <1

Using polar coordinates x = wcosv, y = usinv in the (z,y)-plane, we can
parametrize this surface by

U COSV
D={(u,v):0<u<1, 0<v<2n}, x(u,v) = | usinw
U

In this case,

ox Ccos v ox —usinv
— = |sinv|, — =\ wcosv |,
ou 1 ov 0
ox  Ox i j k —UCOSV
6_X8_: CcosS v sinv 1| = [ —usinwv
u v —usinv wcosv 0 u
15) 15}
el Vou, dA=v2u dudv.
ou Ov

Thus the area of S is given by

//SdA:/O%/Ol\/iududv:/o27T l?uﬂldvzﬁﬂ.
//SF-NdA,

26
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where
F(x,y,z) = xi + yj + 2zk.

We can write the vector field in terms of u and v as

U COS v
(Fox)(u,v) = | usinw
2u
Since
—UCoS v
NdA = % X a—xdudv = | —usinv | dudv,
ou Ov u

we see that

F - NdA = (—u? cos? v — u? sin? v + 2u?)dudv = u*dudv.

21 1 21 1
1 . 2
//F~NdA:/ / u? dudv:/ [u‘s} dv:—ﬂ.
S 0 0 0 3 1o 3

A physical picture for the flux integral: Suppose that a fluid is flowing
throughout (z,y, z)-space with velocity V(z,y, z) and density p(z,y, z). In this
case, fluid flow is represented by the vector field

So

F =)V,

//SF.NdA (1.7)

represents the rate at which the fluid is flowing across S in the direction of N.
Indeed, the rate at which fluid flows across a small piece of S of surface area dA
is

and the surface integral

(density)(normal component of velocity)dA = pV - NdA.

If we add up the contributions of all the small area elements, we obtain the
integral (1.7).

Exercises:

1.6.1.a. Suppose that S is the paraboloid
z2=4— (2% + %), 2+ < 4.

Find a region D in the (u,v)-plane and a vector-valued function x : D — R3
which parametrizes S.

b. Using the formula
ox 0Ox

Em X 5 dudv,

dA:‘
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determine the surface area of S.

c. If F = zk, use the formula

ox 0%

/[SF~NdA.

1.6.2.a. Show that x : D — R3, where

to evaluate the flux integral

Vz2+ 1cosf
D={(2,0):-1<2<1,0<60<2r} and x(z,0)= |22+ 1sind |,

z

is a parametrization of the part of the hyperboloid of one sheet 22 +32 — 22 =1
which lies between the planes z = —1 and z = 1.

[ ¥ naa,
S

where S is the part of the hyperboloid of one sheet 22 4+ y? — 2% = 1 which lies
between z = —1 and z = 1, F(z,y, 2) = (z,y,0), and N is the outward-pointing
unit normal.

b. Evaluate the flux integral

1.7 The Divergence Theorem

We now turn to the integral theorems in three dimensions, and this involves the
three key operations—gradient, divergence and curl—which are all defined in
terms of the gradient operator

ag. 9. 0

This gradient operator operates not only on scalar-valued functions f, yielding
the familiar gradient
of., of. of K

szafxl‘f'afy.]'f‘& ;

but it also acts on vector fields in two different ways. If
F(z,y,2) = P(x,y,2)i+ Q(z,y,2)j + R(z,y, 2)k
is a smooth vector field, its divergence is the function

0 0 0 oP 0@Q OR
F=(Zit %54 2k) (Pi+Qj+Rr) = &8 4 &L 00
v (3x1+3y‘]+az ) (Pi+Qj+ Rl 8x+3y+62’
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while its curl is the vector field

i j K
VxF=|0/0x 0/0y 0/0z
P Q R
| 0/0y 9/0z + 0/0z 0/0x n 0/0x /0y K
=l o R R P P 0

_(9R_0QY,, (0P 0R\. (9Q 0P
_<8y 82>1+(62 8x>‘l+<8x 8y>k'

F = 2yi + 22 + 2%k,

For example, if

then 5 9 5
F= = = (2 il _
VoF = o)+ 5 (@) () =y 2
while
ik
VxF=|09/0x 0/0y 38/0z
Ty x2 z
(20— 2 i (Pw— 254 (D2 2
— (5= @) i+ (o) = o) )i+ (5060 - (o)) &

= (2z + y)k.

The geometrical and physical interpretations of the divergence and the curl
come from the divergence theorem and Stokes’s theorem.

The Divergence Theorem. Let D be a region in (x,y,z)-space which is
bounded by a piecewise smooth surface S. Let N be the outward-pointing unit
normal to S. IfF(x,y, z) is a vector field which is smooth on D and its boundary,

" J[] Bracani - [[ 7 wan

The divergence theorem can often be used to reduce a complicated surface
integral to a simpler volume integral, or a complicated volume integral to a
simpler surface integral.

Example. The region
D ={(z,y,2) : a” +y* +2* <1}
is bounded by the unit sphere S defined by the equation

24y 422 =1
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Suppose that we want to calculate the flux integral
// F-NdA, where F = 3zi+e”j+ zcosyk.
S

It would be hard to calculate this flux integral directly. However,
V-F=...=3,

so using the fact that the volume enclosed by the sphere of radius r is (4/3)7r3,
we see that

// F-NdA = /// 3dxdydz = 3(Volume of D) =3 (;177) = 4.
s D

The continuity equation from fluid mechanics. The reason the divergence
theorem is so important is that it can be used to derive many of the important
partial differential equations of mathematical physics. For example, we can use
it to derive the equation of continuity from fluid mechanics.

Indeed, suppose that a fluid is flowing throughout (z,y, z)-space with ve-
locity V(z,y, z,t) and density p(x,y, z,t). If we represent the fluid flow by the
vector field

F(z,y,2,t) = p(z,y,2,t)V(x,y, 2, 1),

then the surface integral
/ / F-NdA
]

represents the rate at which the fluid is flowing accross S in the direction of N.
Let us 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,

dp
///D E(x,y,z,t)da:dydz
- / / F - NdA,
S

the latter being the rate at which fluid is crossing the boundary of D. It follows
from the divergence theorem that the second of these expressions equals

—/// V- F(x,y, z,t)dzdydz.
D
dp
/// —dzxdydz = —/// 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,
op

and

Thus
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Thus we obtain the equation of continuity,

0
5 @020+ V- (V) (@,y.2,0) = 0. (L8)

This derivation illustrates one of the main applications of the divergence theo-
rem, to the derivation of equations used in mathematical models; the equation
of continuity is only one of the important Fuler equations or the Navier-Stokes
equations which are used to model a perfect fluid in fluid mechanics.

Fluid mechanics gives an interpretation of divergence: We can imagine
that a smooth vector field F(z,y, z) is of the form

F(z,y,2) = p(z,y,2)V(z,y, 2),

where p is the density and V is the velocity of smooth steady-state fluid (but we
do not assume that no fluid is being created or destroyed). Then V-F represents
the rate at which fluid is being created (if positive) or destroyed (if negative)
per unit volume.

Exercises:

1.7.1.a. Find the divergence of the vector field

F(z,y,2) = log(y* + 2% + 1)i + yj + (sinz cos y)k.

b. Use the divergence theorem to evaluate the flux integral

[ ¥ naa,
S

where S is the boundary of the cube
-1<z<1,-1<y<1,-1<2z<1,
and N is the outward-pointing unit normal.

1.7.2.a. Find the divergence of the vector field

F(z,y,2) = e Vit rzj + 2°k.

b. Use the divergence theorem to evaluate the flux integral

[ ¥ omaa,
]

where S is the boundary of the cylindrical region
¥ <1, 0<z<1,

and N is the outward-pointing unit normal.
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1.7.3.a. Find the divergence of the vector field
F(z,y,2) = (" )i+ Tyj+ (= — 5k

b. Use the divergence theorem and the change of variables formula for a multiple
integral to evaluate the flux integral

[ 7 aa
s

where S is the boundary of the region
D={(z,y,2) € R*: 2z +2)> + (y+2)* + 2> < 1}

and N is the outward-pointing unit normal. (You may use the fact that the
volume bounded by the unit sphere is (4/3)7.)

1.8 Stokes’s Theorem

The other major integral theorem from vector calculus is:

Stokes’s Theorem. If S is an oriented smooth surface in R® bounded by a
piecewise smooth curve 0S, and F is a smooth vector field on R>, then

//(VxF)-NdA: F - Tds,
S oS

where N is the unit normal chosen by the orientation and T is the unit tangent
to 0S chosen so that N x T points into S.

Stokes’s theorem can be used in two directions, to reduce a complicated line
integral to a simpler surface integral or a complicated surface integral to a
simpler line integral.

Example. Suppose that S is the part of the sphere x? + y? + 22 = 1 lying in
the first octant z > 0, y > 0, z > 0, with the orientation determined by the
upward-pointing unit normal N. In this case, the boundary of S is the curve
C = 05, and it is traversed in the counterclockwise direction as viewed from
above. We can think of C as consisting of three segments of circles

C=C; +Cy+C3,

where C; goes from (1,0, 0) to (0,1,0), Cy goes from (0,1,0) to (0,0,1) and Cs
goes from (0,0,1) to (1,0,0). Stokes’ Theorem states that if F is any smooth
vector field on R3, then

//(VxF)-NdA:/F~Tds:/F~dX
s c c
:/ F-dx—l—/ F-dx—|—/ F - dx.
Cl Cz 03
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1.0

051

Figure 1.9: The part of the unit sphere which lies in the first octant.

If we want to carry out the line integral, we can give C;, Co and Cs the

parametrizations

x1 : [0,7/2] — R3,

x1(t) = (cost,sint,0),
x2(t) = (0, cost,sint),

Xg : [0,7/2] — R,

Suppose that

x3 : [0,7/2] — R3, x3(t) = (sint, 0, cost),

F(z,y,2) = sin(z® 4+ 1)i + 2°j + cos(e”)k.

We ask: what is

Direct calculation of the line integrals in this case would be difficult. On the

other hand,

VxF=

and Stokes’ Theorem says that

/CF~dx://S(V><F)-NdA.



Since the curl of F is relatively simple, the surface integral will be easier to
calculate.

To parametrize the part of the sphere lying in the first octant, it is natural
to use spherical coordinates:

T = psin¢cosb, T = sinwu cos v,
y = psin¢sinb, y = sinwu sinwv,
zZ = pcos ¢, Z = Ccos u,

where 0 < u < 7/2, 0 < v < 7/2. In other words, we use the parametrization
x: D — R3, where

sin u cos v
D={(u,v):0<u<7/2 0<v<7/2}, x(u,v)=|sinusinv
cosu
COS U COS U —sinusinv —sinv
ox . ox . .
— = | cosusinv |, — = | sinucosv | =sinu | cosv |,
ou . ov
—sinu 0 0
i j k sinu cos v
ox 0Ox . ‘]. . . . .
— X — =sinu|cosucosv cosusinv —sinu|=sinu | sinusinv |,
ou  Ov .
—sinv Ccosv 0 cosu
sinu cos v
ox 0Ox . . .
NdA = — X —du dv =sinu | sinusinv | du dv.
ou  Ov
cos U
—2cosu
VXxF=-2zi= 0 ., VxF-NdA = —2sin®ucosucosv dudv.
0

Thus the calculation yields

[ Foax= [[ poNaa
C S

w/2 pw/2
= —/ / 2sin? u cosu cos v dudv
0 0

/2 /2 2
= — / 2sin® u cosu du / cosv dv| = ——.
0 0 3

Interpretation of curl: Stokes’s theorem gives rise to a geometric interpre-
tation of curl. Indeed, let (xg,%0,20) be a given point in R3, N a unit-length
vector located at (o, Yo, 20), II the plane through (z¢, yo, 20) which is perpen-
dicular to N. Let D, be the disk in IT of radius € centered at (o, Yo, 20), 0D
the circle in IT of radius € centered at (zq, Yo, 20). Then

. J Jp.(VxF) NdA
(v X F)(l’o,y0720) N = lg% Area of D,
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faDE F .- Tds . Rate of circulation of F about 0D,

im = lim
e—0 Area of D, €—0 Area of D,

Thus (V x F)(zo, yo, 20) measures the rate of circulation of the fluid flow repre-
sented by F near (xo,yo, 20)-

Digression: Maxwell’s Equations. In 1864, James Clerk Maxwell found
a set of partial differential equations which were so powerful that they could
be used to derive the entire theory of electricity and magnetism, yet so simple
that they could be written on the back of a postcard. Maxwell’s equations are
formulated in terms of divergence and curl. To utilize Maxwell’s equations in
applications requires the divergence theorem and Stokes’s theorem.

This is not the place to derive Maxwell’s equations; this is done in upper
division courses in electricity and magnetism'. However, we would like to men-
tion that one can derive consequences from Maxwell’s equations by means of
the divergence theorem and Stokes’s theorem. Maxwell’s equations are usually
stated in terms of

the charge density p(z,v, 2, t),

the current density J(z,y, z,t),
the electric field E(z,y, z,t),

and
the magnetic field B(z,y,z,t).

In terms of these variables, Maxwell’s equations are a set of four partial differ-
ential equations which make use of divergence and curl:

V.-E=L v.B=o, (1.9)
€0
0B 1 OE
VXE—I—E—O, VXB—C*QE—MOJ- (1.10)

Here c is the speed of light and €y and g are constants. (The exact form of the
equations depend on units used and other conventions.) In the case where all
functions are independent of time, these equations simplify to

v.E=2, v.B=o,
€0
VXE=0, VxB=puyd.
Often, the charge density p and the current density J are given, and one
determines the electric and magnetic fields E and B by solving Maxwell’s equa-

tions. The electric and magnetic fields can then determine the force acting on
a test particle of charge @) in accordance with the formula

F:QE+Q(VXB)7

LA derivation of Maxwell’s equations is presented in Lorrain and Corson, Electromagnetic
fields and waves, Second equation, Freeman, San Francisco, 1970.
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where v is the velocity of the particle.
The divergence theorem applied to the Maxwell equation V - E = % yields
Gauss’s law: If D is a region in three-space bounded by a smooth surface 0D,

then
1 Q
// E~NdA:/// V - Edzxdydz = —/// pdxdydz = —|
aD D €0 D €0

where @ denotes the total charge within D. In other words, the total flux of E
outward through the surface 9D equals 1/¢g times the total charge within D.

On the other hand, Stokes’s theorem applied to the time-independent Maxwell
equation
VxB= qu

yields Ampére’s law: If S is a surface bounded by a smooth curve 95, then

/ B~Tds://VxB-NdA:uo//lNdA.
as s s

In other words, the integral of the tangential component of B around the curve
0S5 equals g times the total current flowing through S.

Exercises:

1.8.1. Let C be the boundary of the part of the ellispsoid 22 4 y? + 422 = 4
which lies in the first octant x > 0,y > 0,z > 0, oriented to be traversed in
the counterclockwise manner as viewed from above. Use Stokes’s theorem to

evaluate the line integral
/ F~dx:/ F - Tds,
C c

where F(z,y,z) = (sin(3z), 3z, e %).

1.8.2. Suppose that S is the part of the plane z + y + z = 1 which lies in
the octant defined by z > 0, y > 0 and z > 0, and that C is the boundary
of S oriented counterclockwise as viewed from above. Use Stokes’s theorem to

evaluate the line integral
/ F-dx:/ F - Tds,
C C

where F(z,y, z) = (cos(z2 + 1), ¥,z + 2y).

1.8.3.a. Let S be the part of the paraboloid z = 22 + 32 which satisfies the
inequalities 0 < x < 1, 0 < y < 1. Give a parametrization for S.

b. Use Stokes’s Theorem to evaluate the line integral

/ F-dx= / F - Tds, where F = (—y2, €Y, cos(log(z? +5)))
as s

and 95 is the boundary of S, oriented counterclockwise as viewed from above.
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Chapter 2

Power Series

2.1 Convergence of infinite sequences

A sequence of real numbers is simply a function which assigns to each natural
number n a real number s,. (In other words, a sequence of real numbers is sim-
ply a function from the set N of natural numbers to the set R of real numbers.)
We sometimes use the notation (s,) for the sequence which assigns s, to the
natural number n. For example, we can define a sequence n — s, by

1
Sp=—, n=1234....
n

The key definition from the theory of infinite sequences is:

Definition. A sequence (sy) of real numbers is said to converge to a real
number s if for every prescribed error ¢ € R with € > 0, there is a natural
number N such that

n>N = |s,—s|<e

In this case, we write s = lims,,. A sequence (s,) of real numbers which does
not converge to a real number is said to diverge.

In rough terms, the definition says that a sequence (s,) converges to a real
number s if and only if s,, gets closer and closer to s as n — oco.

Example 1. We claim that the sequence (s,) defined by s, = 1/n converges
to 0. Given an error € > 0, there exists a natural number N such that N > 1/¢
and thus 1/N < e. It follows that

1 1 1
n>N = 0<-<— = |Sn0|—‘0‘<e.
n N n

Using the same technique, you could show that the sequence (s,) defined by
$n = a/n converges to 0, whenever « is a real number.
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Example 2. On the other hand, the sequence (s,) defined by s, =1+ (—=1)"
diverges. Indeed, suppose that this sequence (s,) were to converge to s. We
could then take e = 1, and there would exist a natural number N such that

1
n>N = |sn—s|<§.

But then if n > N and n is even, we would have s, = 2 and s, 11 = 0. Hence,

1 1
2:|3n_sn+1|§|5n_5‘+|8—8n+1‘<§+§:1’

a contradiction.

Example 3. Suppose we define the sequence (s,,) by

2n+3
Sp = ———,
n+5
which we can rewrite as
2+3/n
Sy = .
14+5/n

By Example 1, we see that as n — oo, (3/n) and (5/n) converge to zero. Thus
we expect (s,,) to converge to 2/1 = 2. To construct an error estimate, we would
investigate the inequality

2n+3 2n+3—2(n+5)
— 2| <e€ or < e.
n—+5 n+95
We can rewrite this as
-7

7
‘<e or H<n+5.
€

n+5

We can choose the natural number N so that N > 7/e. Then

7 7
n>N = n>- = —<c¢
€ n

2n+3
n+5

—2‘<6 = s, —2|<e

Example 4. An important example from first year calculus is the sequence

(sn) defined by
(e5)
Sp=(14+—] .
n

for example, k could represent the interest rate on a bank deposit (with & = .1
corresponding to 10% interest). If the bank does no compounding, each dollar
in the account will grow to

S1 = (1 =+ k)
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dollars at the end of one year. But if the bank compounds four times a year,
once every three months, the amount at the end of one year is

k 4
54:<1+4>

which is slightly larger than 1 4+ k because of compounding. Similarly,

k12
S12 = 1+E

is the amount in the account if interest is compounded monthly, which is even
larger. The limit of the sequence (s, ) represents the amount each dollar in
the account will grow to under instantaneous compounding, and that is a well-
known limit which you should have studied in calculus,

lim (s,) = (1 + i) =k,

In this course, we will use limits of infinite sequences to define convergence of
two important types of infinite sums, power series and Fourier series, which are
useful for solving ordinary and partial differential equations.

Exercise:

2.1.1. Determine which of the following infinite sequences converge, and deter-
mine the limit in the case of convergence:

a. Sn=1/n+5, b. 5p, = 1/n?,

c. sn=(n+3)/(2n+1), d. Spn, = cos(nm).

2.2 Convergence of power series

Functions are often represented efficiently by means of infinite sums, also known
as infinite series. Examples you may have seen in calculus include the exponen-

tial function
o0

T 1 2 1 3 . 1 n
¢ =1tat o’ + g +~~~—;ax, (2.1)
as well as the trigonometric functions
o Lo 14 _ - koL o
cosx—l—ax —&—Ix —-~-—Z(—1) wx
k=0
and
sine =z — lx?’ + lx‘r’ - = i(fl)k#xm“rl
3! 5! — (2k + 1)! ’
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We show how to derive these series representations from Taylor’s Theorem in
§2.3. For now, it is important to realize that an infinite series of this type is
called a power series. To be precise, a power series centered at xq is an infinite
sum of the form

ao + a1 (x — x0) + as(x —xg)> + - = Zan(a: —xo)",
n=0

where the a,’s are constants. In advanced treatments of calculus, the above
power series representations are often used to define the exponential and trigono-
metric 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

2

1 2 1 n __
L4141 = 1" =25,

|
n:On.
1 1 1 11
2 3 4 _ S an
L1+ 5124 517+ 1 _z%n!1 = 2.70833,
8 1 12 1
Z —1" = 2.71806, Z —1" = 2.71828,
nzon! nzon!

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,

N
sy =ag+ai(z—x0) + az(z —x0)2 + -+ an(z — xo)N = Z an(x — x0)",
n=0
and say that the power series

oo
Z an(x — x0)"
n=0

converges if and only if limy_, o Sy exists, that is, if and only if the finite sum
sy gets closer and closer to some (finite) number as N — oo. Otherwise, we
say that the power series diverges.

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

ltzta’+a% 4= am (2.2)
n=0
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In this case we have

sy=1+z+2>+23+-- 42V, wsy = x4+ 2%+ ot 42N
171‘N+1
sN—J:sNzl—zN“, SN = ——.
1—-2z

If |z| < 1, then Nt gets smaller and smaller as N approaches infinity, and

hence
lim zVt! =o0.
N —oo

Substituting into the expression for sy, we find that

i 1
1m Sy = .
N—o00 N 1—=x

Thus if || < 1, we say that the geometric series converges, and write
o0
n=0 -

On the other hand, if |z| > 1, then xV+! gets larger and larger as N ap-
proaches infinity, so limy_o. 2V 1! does not exist as a finite number, and neither
does limy_.o sy. In this case, we say that the geometric series diverges. In
summary, the geometric series

o0
1

E " converges to T2 when |z| < 1,
-z

n=0

and diverges when |z| > 1. One can check directly that the sequence diverges
for x = £1, so the geometric series (2.2) converges if and only if z € (—1,1).

This behaviour, convergence for |x| < some number, and divergences for
|z| > that number, is one of the key features of power series:

Theorem. For any power series
o0
ap + a1 (x — x0) + az(x —w)* + - = Z an(z — o)™,
n=0

there exists R, which is a nonnegative real number or co, such that
1. the power series converges when |t — x| < R,
2. and the power series diverges when |z — 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.!

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.
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We have seen that the geometric series
o0
1+x+z2+x3+~~~:2x”
n=0

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

power series .
1+%+(%)2+(%)3+---=Z(%)n (2:3)

has radius of convergence b. To see this, we make the substitution y = /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,

y>1 ‘%‘21 & |z > b
Thus for |z| < b the power series (2.3) converges to

1 1 b

1—y:1—(x/b) b—x’

while for |x| > b, it diverges. Thus when b is a positive number, the power series
(2.3) converges if and only if © € (—b,b).

Here 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

ap + ay(x — x0) + ag(x — xg)* + - = Zan(x — x)"
n=0

is given by the formula

R= lim %
n—oo |an+1|

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 (2.3). In this case, we have

1 || 1/ el
ap = —, SO = =
b laner]  1/bnH T pn

:b,

and the formula from the ratio test tells us that the radius of convergence is
R =0, in agreement with our earlier determination.
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In the case of the power series for e”,

oo

1
> o
n!
n=0
in which a,, = 1/n!, we have
n 1/n! 1)!
|an| _ /n :(n+):n_~_1’
lan+1]  1/(n+ 1) n!
and hence
R = lim 2| = lim (n+ 1) = oo,

n— o0 |an+1 n— o0

so the radius of convergence is infinity. In this case the power series converges
for all . This shows that 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
g nlx™,
n=0

in which a,, = n!, we have

! 1
a n .
2] = = , R = lim 2] = lim =0.
o] - D! nt w0 famga] o \n+ 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

> an(@—mz0)", D bu(z —x0)"
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,

1 2k
1—1—01:—530 + 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!, so we can compare with the power

series -
1 1 1,
1—&—3:—!—533 +§x +$x—|— Zﬁx

n=0

43



which represents e® and has infinite radius of convergence. It follows from the
comparison test that the radius of convergence of

1
Z(_l)kmmWC

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 xq if there is a power series

oo
Z an(x — x0)"
n=0

about xy with positive radius of convergence R such that
oo
f(z) = Zan(m_-rO)na for |z — zo| < R.
n=0

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 (2.1) with «
replaced by = — zq:

oo o0
1 e®o
e’ = e E — (& —xo)" = g an(z — 20)", where an = —-
n! n!
n=0 n=0
This is a power series expansion of e* about xy with infinite radius of con-
vergence. Similarly, the monomial function f(x) = z™ is real analytic at

because
n
n!

" =(x—zo+x0)" = Z Wn =) Z,)!xg_z(x —x)"
=0

by the binomial theorem, a power series about xg in which all but finitely many
of the coeflicients are zero.

A key feature of analytic functions is that they have continuous derivatives
of all orders.

In more advanced courses, one studies conditions 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)=ap+ a1z + aor® + -+ apaz”

is analytic at any xg. 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
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Q(z). Thus for example, 1/(x — 1) is analytic whenever x # 1, but fails to be
analytic at xg = 1.

Exercises:

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

oo oo 1 "
a. HZZO(—l)”a:", b. ngomm )
¢ i 5 (z=2)" d ii(x—w)"
. n=0 n+ 1 7 . n=0 2" ’
e. i(’hj —14)", f. i i'(?m —6)".
n=0 n=0

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

- 1 2k G k, .2k
a Z (2k)!x , b Z(—l) <",
k=0 k=0
c. i L (oo ay d. ii(%ﬂ)%.
2k +1 22

k=0

el
I

0
2.2.3. Use the comparison test and the ratio test to find the radius of convergence
of the power series
= 1 x\2m
e (5)
(mh)2 \2
m=0

2.2.4. Determine the values of zy at which the following functions fail to be real
analytic:

C. h(z) = m7 d. P(x) =

2.3 Taylor series

How does one determine the power series expansion of e® given by (2.1)? The
simplest approach is to make use of one of the key theorems from calculus,
Taylor’s Theorem. Taylor’s Theorem simply says that a function with contin-
uous partial derivatives up to order m + 1 near a given point xy can be well
approximated by a polynomial of degree n near x.
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Taylor’s Theorem. If a function f : R — R has continuous partial derivatives
up to order n + 1, then

1
Flao+h) = Jw)+ o)t o f" o)+ fO o) h R, ), (2.4)
with the remainder term Ry (x, h) satisfying the estimate

| R0, B)| < = My 1 [, (2.5)

|—k'

whenever M, is greater than the maximum value of the derivative f("1(x)
for |x — xg| < |h.

If we write x = zg + h, we can also write the formula for Taylor’s Theorem as

f(@) = f(wo) + f'(wo)(z — @0) + %f"(%)(x — x0)*
+ot %f(”)(xo)(x —20)" + R (0, — m0), (2.6)

or use the “sigma notation” and write it as

1
ny 0)(x — x0)" + Ry (w0, x — x0).
k=0

The polynomial

pn(®)
= flzo) + f'(zo)(x — o) + %f”(%)(x —z0)’ -+ lf(") (zo)(z — 20)"

is called the n-th order Taylor polynomial for f at zq, or the n-th order Maclau-
rin polynomial for f if g = 0. The estimate (2.5) tells how closely the Taylor
polynomial approximates the function f near xg.

If f has infinitely many derivatives, and we have estimates on these derivaties,
we can often show that

(k) (o) (x — .T())k

k“}—l

lim | Ry (0, h)| = 0
n—oo

for all h such that |h| < R for some R > 0. When this happens we can let
n — oo in (2.6), thereby obtaining a power series representation for f,

7) =3 2P — 2o,
k=0 """

which is called the Taylor series for f centered at xy or the Maclaurin series
for f when 29 = 0. When f has a Taylor series at g with positive radius on
convergence, it is real analytic at x.
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Example 1. Suppose that f(z) =e®. Then
By =e*, f®0)=1, forallk.
Hence Taylor’s Theorem with x¢y = 0 yields
T 1 2 1 n
=142+ -+ -+ —=z"+ R,(0,h),
2! n!
where 1
n+1
B (0, h)| < —[A["™.
In this case, the factorial wins out over the power, and for any fixed value of h,
lim |R,(0,h)| =

Thus Taylor’s Theorem yields the power series representation for the exponential
function,

1
—1—&—:5—1—536 +—x+ ZE(E

The n-th Taylor polynomial in this case is

. 1 1,
() +x+§x +3 +Ex

Example 2. Now consider the function
f(z) =log(x) Andset =zy=1.

(Note that in this course, the logarithm will always be the natural logarithm
which has base e.) Then

F)=lgl=0, fr)=- so f(1)=1
@)= s =1 [P@=% w0 fO0)=2

and in general

f ) = -y 2D

T

so fM(1) = (=1)" T (n— 1)L
Thus assuming it converges, the Taylor series expansion is

log(:z:):OJr(xfl)f%(171)2+%(Ifl)3+'~+$(x71)"+

It turns out that the radius of convergence of the Taylor series is one; can you
show this?
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Idea behind the proof of Taylor’sTheorem: To derive Taylor’s Theorem,
one starts with the Fundamental Theorem of Calculus, that integration is the
inverse to differentiation, and uses it to show that

1
f(x) = f(zo) = f(xo +N) — flzo) = /0 f' (o + th)hdt.
We can write this as

1
flao+1) = flao) + [ oo+ thyha, (2.7)

or as
1
f(l‘o + h) = f((Eo) =+ Ro(il,'(), h), where Ro(l'o, h) = / f/(lL'o + th)hdt
0

This is the zeroth order version of Taylor’s theorem, with the remainder term
Ro(xo, h) satisfying the inequality

|Ro(wo, h)| < Milhl,
where M is the maximum value of |f/(z)| when |z — zo| < |h].

We can next apply the Fundamental Theorem of Calculus to f'(z¢ + th),
yielding

1
[ (zo +th) = f'(x0) + / f"(xo + sth)thds,
0

and substitute into (2.7) to obtain

1 1
f(zo+ h) :f(xo)+/0 [f’($0)+/0 I"(xo + sth)thds| hdt,

or

11
f(xo +h) = f(xo) + f'(zo)h +/O /0 [ (w0 + sth)th®dsdt, (2.8)

which can be written as

f(xo +h) = f(xo) + f'(xo)h + Ri(zo, h),

11
where Ry (z9,h) :/ / I (o + sth)th?dsdt. (2.9)
o Jo

This time the error term R;(xo, h) satisfies the inequality
11 1
IRy (20, )| < Mz/ / tdsdt|hf? < 2 Mol
o Jo !

where My is the maximum value of |f”(z)| when |z — o] < |h].
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What the estimate (2.9) says is that f(z) is well approximated by the linear
Taylor polynomial

pi(z) = f(zo) + f'(zo)(x — w0),

with the error being small as long as the second derivative of f is small.
Applying the Fundamental Theorem of Calculus to f”(xz¢ 4 sth), we would
obtain the second order Taylor approximation,

11 1
f(xo—l—h):f(xo)—&—f’(a:o)h—&—%f”(xo)hQ—l—/o/0/Of"’(x0+usth)st2h2dudsdt,

(2.10)
which can be written as

£(o+ 1) = f(a0) + J'(zo)h+ " (o) + Rao, ),

where X
|Raao, b)) < 5 Mslhf*.

This shows that f(z) is well approximated by the quadratic Taylor polynomial

pa(a) = f(w0) + f' (o) (& — 0) + /" (o) & = o),

with the error being small as long as the third derivative of f is small.

We can continue in the same fashion, applying the Fundamental Theorem of
Calculus to higher and higher derivatives, to obtain higher and higher order Tay-
lor approximations. To make this idea into a complete argument, one would use
mathematical induction, as described in basic courses on mathematical proof.

Exercises:

2.3.1. Find the n-to order Maclaurin polynomial (or the n-th order Taylor
polynomial centered at z = 0) for each of the following functions:

a. flx)=¢e7%, b. f(z) =log(x + 1),

c. flx)=1/(x+1), d. f(z) = cosha = (1/2)(e” +e7%).

2.3.2. Find the Taylor series for each of the following functions centered at the
indicated point:

a. flx)y=¢€", z=1, b. f(z) =log(x +1), z=0,

c. f(x) =cosz, z=m, d. f(z) =coshx, x=0.
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2.4 Solving differential equations by means of
power series

In the eighteenth and nineteenth century, mathematicians encountered many
ordinary differential equations which they could not solve explicitly in terms of
known functions such as e* and cosz. But they were able to find power series
expansions of the solutions, which enabled them to determine tables of values
for the solutions for various choices of initial conditions. Then most frequently
occuring functions which arose in this way were given names, such as elliptic
functions, Bessel functions, and so forth.

Our main goal in this chapter is to study how some of these functions can
be constructed via the process of finding solutions to differential equations by
means of power series. As a first example, we consider our old friend, the
equation of simple harmonic motion

d2

Y=o, (2.11)
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

o0
y=ap+ a1z + asx® +azz® +--- = Zanx". (2.12)
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

d oo
ﬁ =ay + 2a0x + 3aza® + - = nzlnanx”_l.

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

2 o0
T 232y 4 = 3 "

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

d2 oo oo
Eg = ) (m+2)(m+2-Dappz™ 2 =Y (m+2)(m+ Dan2a™.
m—+2=2 m=0

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

Py n

n=0
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Substitution into equation(2.11) yields

oo

o0
Z(n +2)(n+ Dapsoz™ + Z anpx"™ =0,

n=0 n=0

or
e}

N[+ 2)(n+ Dansz + aga”™ =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

(Tl + 2)(77' =+ 1)a7L+2 +a, =0,

or

an
ant2 = =7 (2.13)

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,

dy

y(0) = ao, .

(0) = aj.
Then the recursion formula can be used to determine the remaining coefficients
by the process of induction. Indeed it follows from (2.13) with » = 0 that

ao_ 1

[ _ﬁ = _an.

Similarly, it follows from (2.13) with n =1 that

aq 1
a3 = ———=——0a
3 3.2 31
and with n = 2 that
e 111
M=y T 3% T gl

Continuing in this manner, we find that

= =
a2n = ap, agn4+1 = WCLL

Substitution into (2.12) yields

=ap+ar — —apr® — —a x3+la at
Yy =ao 1 o1 %0 3™ 1%

1 1 1 1
:ao(l_Q!x2+4!m4_,..)+a1 (x_g'x3+5'w5_)
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We recognize that the expressions within parentheses are power series expan-
sions of the functions sin x 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
o0
ylx) = Z anz"”
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(x) and Q(z) are well-
behaved functions, then the solutions to the “homogeneous linear differential

equation”
d*y dy
_ P _ =
In? + P(x) Iy +Q(z)y=0

can be organized into a two-parameter family

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

called the general solution. Here yo(z) and y; (x) 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
a1 range over all constants, y ranges throughout a “linear space” of solutions,
and we say that yo(x) 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(z) 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(x) and Q(x) can be represented by power series

(oo} o0
Pa) =Y pule—w0)", Q)= aulw o)
n=0 n=0
with positive radii of convergence Ry and Ry respectively, then any solution

y(x) to the linear differential equation

d?y dy
22 p(x) 2 =
2z TP +Q@)y =0

can be represented by a power series

y(m) = Z U,n(l‘ - xo)n,
n=0
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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. Legendre’s differential equation is

d%y dy
1—2%)—2 — 22—~ Dy =0, 2.14
( )3 7, TP@+ 1y (2.14)
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 — 2 to obtain

d?y 2v dy p(p+1)

_— — — =0.
dz?  1—22dx 1—22 7
Thus we have ) ( D
€ p(p +
P)==—1—05 QW =7—"7"
Now from the preceding section, we know that the power series
2 3 1
l+u+u" +u’ +--- converges to 1
—u

for |u| < 1. If we substitute u = z?

1
—— =1+ttt +a2+
1— a2

, we can conclude that

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

2
P(z) = —1_7”;2 = 92 — 223 — 227 —
and ( 0
plp+
Qz) =5 =p+ 1) +pp+1)a* +pp+ 1)’ + -

Both of these functions have power series expansions about zg = 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
|z| < 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.
We can verify these properties of the solutions by solving Legendre’s equation
by the power series method. As in the case of the equation of simple harmonic

motion, we write
(oo}
Y= g anx”.
n=0
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We differentiate term by term as before, and obtain

oo

oo
n—1 —2
= = E NapT E n(n — Dayz .
’ de

n=1 n=2
Once again, we can replace n by m + 2 in the last summation so that
d2y o0 (o)
i Z (m+2)(m+2—1D)a, 0™ 2 = Z (m+2)(m + 1)ami2z™,
x m—+2=2 m=0

and then replace m by n once again, so that

% = i}(n +2)(n + 1)ap22™. (2.15)
Moreover,
23;; i n(n —1)anz", (2.16)
—2x— i —2na,x", (2.17)
and -
plo+ Dy =Y pp+1anz". (2.18)
n=0

Adding together (2.15), (2.16), (2.17) and (2.18), we obtain

= Z(n +2)(n+ apsoz™ + Z(—n(n —1)—2n+p(p+1))ax".

n=0 n=0
If y satisfies Legendre’s equation, we must have

oo

0= [(n+2)(n+Danss + (=n(n+1) + p(p + 1))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+ Daniz + (=n(n+1) + p(p+ 1))an =0,

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

n(n+1)—pp+1) _ —p-npt+tntl)
(n+2)(n+1) " (+2)(n+1)

Ao = (2.19)

o4



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,

y(0) = ay, %(0) =a;.
The recursion formula can be used to determine the remaining coefficients in
the power series. Indeed it follows from (2.19) with n = 0 that

_ —plp+1)

a9 = 9.1 ag.

Similarly, it follows from (2.19) with n =1 that

_—(p-Dp+2)  —(p-1+2)
as = 59 ar = 3 ai,
and with n = 2 that
_—(=2)p+3)  (p—2)pp+1)(p+3)
4= 1.3 a2 = A1 ao-

Continuing in this manner, we find that

_ —(p=3)(p+4) (p=3)p-D+2)(p+4)

4= 5.4 97 51 “
== p+5 (-4 -2)pp+1)p+3)(p+5
6= 6-5 4= 6! a0,

and so forth. Thus we find that

e 1_p<§.+11)332+<p2>p<p4T1><p+3>z4_...}
+ay |w— 2<p3? o+ 22@2(1)3)“@5”} '

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

y = aogyo(x) + ary1 (),

where
yo(z) =1— p(g .+11)x2 n (p— 2)p(p4T Dp+3) 4
and
(z) =z 20 1) 3 N 22(p—1)(p— 3) 5

3! 5!
For a given choice of the parameter p, we could use these power series to con-
struct tables of values for the functions yo(x) and y;(z). Tables of values for
these functions are found in many "handbooks of mathematical functions.” In

99



the language of linear algebra, we say that yo(x) and y;(z) form a basis for the
space of solutions to Legndre’s differential equation.
When p is a positive integer, the recursion formula (2.19) implies that a,+o =
0. Thus one of the two power series solutions will collapse, yielding a polynomial
solution to Legendre’s equation. (A polynomial is just a power series that
has only finitely many nonzero terms.) Properly normalized, these polynomial
solutions are known as Legendre polynomials. Of course, polynomial solutions
have infinite radius of convergence and are therefore well-behaved for all values
of x.
For example, the polynomial
1 1

yo(r) =1 — 322 or Py(z) = —ayo(a:) 5

is a solution to Legendre’s differential equation with p = 2, and Py(z) is the
Legendre polynomial of degree two.

On the other hand, setting x = 1 in the solution yo(x) yields

2(p—1 22(p—1)(p—3

wo(1) = ao s g - =1 - 20D ZOZHEZS) g )
We can ask whether this series solution converges when the power series solution
does not reduce to a polynomial. Note that it follows from the recursion formula
(2.19) that when n is larger than p,

nys _ (n=p)n+p+1)
an  (n+2)(n+1)

is positive, and indeed it is easily checked that

(32% — 1)

lim An+2

n—oo (p

=1

With sufficient effort one can use this to show that the series cannot converge
at x = 1. By a similar argument the infinite series for y;(1) diverges as well.
Note that

yo(=z) =wo(x), wi(—2) = —pn(2).
Using these facts, one can show that if neither yo(x) or y;(z) reduces to a
polynomial, then no linear combination coyo(x) + c1y1(x) has a power series
which converges at both z =1 and x = —1.

This illustrates the power of the power series method. An analysis of the
power series solutions to Legendre’s differential equation shows that the only
solutions to this equation which are well-behaved for all z such that —1 < x <
1 are the Legendre polynomials, a fact which turns out to be tremendously
important for applications.

Exercises:

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

d*y dy

— —dr—+12y =0
dx? ir 12y ’
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so we assume the solution is of the form
oo

y= Z anxn7
n=0

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

b. The coefficients ay 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.
d. Find a basis for the space of solutions to the equation.
e. Find the solution to the initial value problem

dy dy dy
29 g2 411y = = —(0) =1.
Tz ~Ar 12y =0, y(0) =0, )

f. To solve the differential equation

d?y dy
S gz —3)2 12y =
T2 (x 3)dx + 12y =0,

it would be most natural to assume that the solution has the form
o0
Yy = Z an(z —3)".
n=0
Use this idea to find a polynomial solution to the differential equation
d?y

dy

2.4.2. We want to use the power series method to find the general solution to
Hermite’s differential equation

where p is a parameter. 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, 5 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.
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d. Find a basis for the space of solutions to the differential equation

d?y dy
SV 9 tey=o.
dx? xda: oy =0

e. Find the solution to the initial value problem

d?y dy dy
2.4.3. The differential equation
d? d,
(1-a%)"8 o pty =0,

dx? dx

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

d
E+P(x)£+Q(z)y:o, where  P(a) = -1, Q@)= 17—.

2

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 solution centered at 0, find the recursion formula
for a,42 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

PPy dy
1-2%)— —z— =0.
( x)dxz :cdx+9y 0
2.4.4. The differential equation
d2

arises when treating the quantum mechanics of simple harmonic motion.

—$2/2

a. Show that making the substitution z = e y transforms this equation into

Hermite’s differential equation
d?y

Y
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b. Show that if A = 2n+1 where n is a nonnegative integer, (2.21) has a solution
of the form z = e=*"/2P, (z), where P,(z) is a polynomial.

2.4.5. The differential equation with dependent variable w,

d? d
(1-— x2)2d—;§ —2z(1 — 1:2)£ + (=M1 = 2%) —mHw =0,
is known as an associated Legendre differential equation, whenever m is an
integer.

a. Show that if y(x) is a solution to Legendre’s equation, then
w(x) = V1-a%(z)
is a solution to the associated Legendre equation with m = 1.

b. Show that if y(z) is a solution to Legendre’s equation, then

w(e) = (122" DY (g

is a solution to the associated Legendre equation for general values of m.

2.5 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 x is called an ordinary point for the differential equation
d? d
S+ P@) 2+ Qy =0 (2.22)
if the coefficients P(x) or Q(z) are both real analytic at x = xg, or equivalently,
both P(x) or Q(z) have power series expansions about z = x 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

(x — x0)P(x) and (x — 20)%Q(x)

are real analytic. Otherwise, the singular point is said to be irregular.
For example, g = 1 is a singular point for Legendre’s equation

d? 2¢ d +1
y dy 2+l
dz?2 1—22dzx 1— 22

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

2z p(p+1)
1— 22 and 1— 22
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blow up as x — 1, but it is a regular singular point because

(x = 1)P(z) = (z — 1) 1‘_2; - %

and
(z — 1)2Q(z) = (z — 1)2p1(p_+x? _plp +114)r(310 —2)

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 1. If x( is a regular singular point for the differential equation

d*y dy
Pl + P(f)% +Q(x)y =0,

then this differential equation has at least one nonzero solution of the form

y(@) = (z —20)" Y _ an(z — z0)", (2.23)

n=0

where ag # 0 and r is a constant, which may be complex. If (x — z)P(x) and
(x—x0)%Q(x) have power series which converge for |x —x¢| < R, then the power

series
oo
Z an(z — )"
n=0

will also converge for |x — zo| < R.

We will call a solution of the form (2.23) 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 (2.22) in the case of regular singular points is called the Frobenius
method .2

The simplest differential equation to which the Theorem of Frobenius applies
is the Cauchy-Euler equidimensional equation. This is the special case of (2.22)
for which

P@)=L  Qu =1

x x2’
where p and ¢ are constants. Note that

xP(x)=p and 22Q(x) =¢q

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.
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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(x) = 2", substitute into the equation
and solve for r. Often there will be two linearly independent solutions y;(x) =
2™ and yo(x) = ™ of this special form. In this case, the general solution is
given by the superposition principle as

y=crx"™ + cox™.

For example, to solve the differential equation
4y dy

— +4dr—+4+2y=0

dzx? + Y da +tay =0

we set y = z" and differentiate to show that

ZE2

dy/dx = ra" ! = xz(dy/dzx) = 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)a" +4ra” + 22" =0,
and dividing by x" yields
rir—1)+4r+2=0 or r*+3r+2=0.
The roots to this equation are r = —1 and r = —2, so the general solution to

the differential equation is

c c
Y= clafl + cQan - —22

x
Note that the solutions y;(z) = 2! and y2(z) = 272 can be rewritten in the

form

o0 o)
n@) =27, gpla) =Y b,
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.
On the other hand, if this method is applied to the differential equation
d*y dy
2
T°— + 3r— =0

dx? + dx ty=>0

we obtain
r(r—=1)+3r+1=7r+2r+1,

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

Y= cx L.
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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 c
by a variable v(x) and write

y=uv(x)z" L
Then
d d?
W e —o@a, T - (@) 4 2

Substitution into the differential equation yields
22 (v (x)z™t — 20" ()22 + 20(z)2™3) + 3x(v ()2 —v(x)z?) +u(z)z™t =0,
which quickly simplifies to yield

" / v 1 / / 2
2 (@) +0(@) =0, L =—1  logl/|=—loglal+a, o/ =2,
v x x
where a and ¢y are constants of integration. A further integration yields
v = ¢glog |x| + ¢y, SO y = (calog|z| +cy)a™?,

and we obtain the general solution

1 log |z
y=a— +Czﬂ~
T T

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
Qg 4 7 =0 2.24
o+ +y=0, (2.24)
which can be rewritten as
d*y dy 1 1
—2 + P(z)-=2 = hi P(z) = — = —.
Ir2 + (a:)dx + Q(x)y =0, where (2) 50 Q(x) o

From this one sees that £ = 0 is a regular singular point. We begin the Frobenius
method by assuming that the solution has the form

oo oo
y=x" E apz" = E anz™ .
n=0 n=0

Then
d > d? s
dr = 2o ey = D )t = D
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and

Zx@ = iQ(n—!—r)(n—i—r — Dapz™ !
dz? v " '

Substitution into the differential equation yields

o0 (o] o0
Z 2(n+7r)(n+r—Daa™ ™ + Z(n +1r)apz™ T Z anz™" =0,
n=0 n=0 n=0

which simplifies to

a” 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 — Vragz™" + 2(271 +2r — 1)(n 4 7r)apz™ ! + Z apx"™ = 0.
n=1 n=0

If we let n = m + 1 in the first infinite sum, this becomes

(2r — Dragz™* + i @Cm+2r+1)(m+7r+ Damiiz™ + i anz” = 0.

m=0 n—0
Finally, we replace m by n, obtaining
(2r — Vragz™" + i@n +2r+D(n+7r+ Dagp2” + i anz™ = 0.
n=0 n—0
The coefficient of each power of  must be zero. In particular, we must have
(2r — 1)rag =0, @2n+2r+1)(n+r+1aps1 +a, =0. (2.25)

If ap = 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.
This is called the indicial equation. In this case, it has two roots
1
T = 0, To = 5

The second half of (2.25) yields the recursion formula

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

Apt1 = —( Qs for n > 0.
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We can try to find a generalized power series solution for either root of the
indicial equation. If » = 0, the recursion formula becomes

1

Apt1 = —————ap.
T 2n+ D(n+1)
Given ag = 1, we find that
a; =—1 a ——La _ L
1 — 9 2 = 3.9 1= 327
1 1 1 1
ag=———as = —————— ay=———a3 = —————
2T 537 (5-3)(3-2) YT T (15 3)Ar
and so forth. In general, we would have
1
n=(=1)" :
R T T T P W
One of the generalized power series solution to (2.24) is
1 1 1
— 00— L2 3 4 _
yi(z) = TR T (5.3)(3!)$ * (7~5-3)4!x
1 1 1
—1_ L2 3 4 _
R S S TET) R COv-SE VT
If r = 1/2, the recursion formula becomes
1 1
an = — .

Ap41 = *(

2n+2)(n+ (1/2)+1) (n+1)(2n + 3)

Given ag = 1, we find that

and in general,
an, = (—1)"

nl-2n+1)(2n—1)---1°

We thus obtain a second generalized power series solution to (2.24):

1 1 1
2|12 2 _ 3|
volw) = [ 37T 53 T3 w5yt ]

The general solution to (2.24) is a superposition of y;(z) and y2(x):

=c l—m—i—ixg— ! 2+ L zt —
yoa 327 T (533 T (75 34l
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1 2
72—
2-5-3 31-(7-5-3)
We obtained two linearly independent generalized power series solutions in

this case. Indeed, we can always find two linearly independent solutions when
the roots 1 and 79 of the indicial equation do not differ by an integer:

:L'3+... .

1
+cov/x |1 — 37+

Theorem 2. If x( is a regular singular point for the differential equation

d?y

dy _
pre) + P(f)% +Q(z)y =0,

and the roots r1 and 7o of the indicial equation do not differ from an integer,
there are two linearly independent solutions of the form (2.23), where ag # 0
and r = ry or ro.

If the roots of the indicial equation differ by an integer, we may obtain only one
generalized power series solution. In that case, the rule of thumb is that the r
occurring in (2.23) should be chosen to be the larger of the two roots. 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.
For example, let us consider the differential equation
d*y dy
r—= —2ax— +2y =0

dax? dz YT
which arises in quantum mechanics when studying the wave function for the
hydrogen atom.? This equation can be rewritten as

d?y

d
pc) + P(I)é +Q(z)y =0, where P(r) = —2a, Q(z) = %

Once again, z = 0 is a regular singular point. We begin the Frobenius method
by assuming that the solution has the form

o0 o0
y=a" E apx” = E anz™ .
n=0 n=0

Then
dy - 1 d2y - 2
= Z(n + 1)z prie Z(n +7r)(n+7r - Da,z" "
x n=0 z n=0
and
d? = d =

3See §19.2 in Feynman, Leighton and Sands, The Feynman lectures on physics, Volume
111, Addison-Wesley, New York, 1965.
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Substitution into the differential equation yields

o0 o0 o0

Z(n +r)(n+r—Daz" ™! - Z 20(n + r)a,z" " + Z 2a,2"T" =0,
n=0 n=0 n=0

which simplifies to
o0
r(r—1)agz" ' 4+ 2" Z(n +r)n+r+ Dap 2™
n=0
o0
— Z(Qa(n +7) = 2)ax"" | =0.
n=0
Thus in this case, the condition that ag # 0 implies that the indicial equation

r(r — 1) = 0 must hold, and it has roots »r = 0 and r = 1. Our rule of thumb is
to choose r = 1, and then the above expression becomes

Z(n + D)(n+2)ans1z"t — Z(2a(n +1) = 2)a,z" ™ = 0.
n=0 n=0

This yields the recursion formula

P 2an+1)—-2  2((n+1)a—1)
BN ICEY (n+2)(n+1)

n — mn-

Given an arbitrary ag, we can determine the other coefficients a,, from this
recursion formula, obtaining by a short calculation

n(na—1)---2a—-1)(a—1)

=2 (n T 1)(nl)?

ag.

This yields a nontrivial solution

oo
=z E anpr”
n=0

to the differential equation. The second independent solution could then be
found by variation of parameters, as we did in the case of the Cauchy-Euler
equation when the characteristic equation has repeated roots.

Exercises:

2.5.1. 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. vy +xy + (1 -2y =0.
b.y"+ (1/2)y + (1= (1/2?))y =0.
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c. 22y" + 22y + (cosz)y = 0.

d. 23y" + 22y’ + (cosz)y = 0.
2.5.2. Find the general solution to each of the following Cauchy-Euler equations:
a. v2d%y/dz? — 2xdy/dx + 2y = 0.
b. 22d?y/dx?® — xdy/dx +y = 0.
c. 22d?y/dx® — xdy/dx + 10y = 0.
(Hint: Use the formula
a0 = gaghl — go(elos)bi — pagibloss — pajeos(hlogx) + isin(blog x)]
to simplify the answer.)
d. (z+1)%d%y/dz? — 2(x + 1)xdy/dz + 2y = 0.
(Hint: Try solutions of the form y(z) = (z +1)".)

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

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

o0 oo
y=a" E apx” = E anx™t,
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.

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

Py | dy
2x= Y 4 Y =0
wdac2 + dx oy

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

o]

_ E n+r

y - a"ﬂx )
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.
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2.5.5. Determine whether x = 41 are regular singular points for the associated
Legendre equation

(1- xz)Qﬁ —2z(1 - xQ)%y: + (=M1 = 2?) —m?)y =0,

2.6 Bessel’s differential equation®

Our next goal is to apply the Frobenius method to Bessel’s equation,
d dy 2 2
4 — 0, 2.26
xdx (:v dx) (@ =)y ( )

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

dy | dy
2 2,2y, _
a2 T Py =0
or equivalently as
d*y dy
29 4 p(a) 2 —
where ) )
1 4 —0p
P(x)=— d =
(=2 ad Q="
Since

xP(z) =1 and 22Q(x) = 2% — p?,

we see that = = 0 is a regular singular point, so the Frobenius theorem implies
that there exists at least one nonzero generalized power series solution to (2.26).

In the applications of Bessel’s equation, we often want a solution that is
well-behaved near z = 0. To find such a solution, we start as in the previous

section by assuming that
o0
Y= Z apx™ .
n=0

Then
d = d >
% = Z(n +7)apz™ T d—y = Z(n +r)apz™ T,
n=0 n=0
d ( dy) i 2 n+r—1
—lz=—=]) =) (n+r)ax ,
dx dx o
and thus
d dy = 2 n—+r
el Corl B Z(n +7)anz" . (2.27)
n=0



On the other hand,

[e's) [e's)

2, n+r+2 __ m—+r

Ty = E anT - E Qm—2T )
m=2

n=0

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

22y = Z An_oz" 7. (2.28)
n=2
Finally, we have,
—pPy = — ZpQ(zna:"“’. (2.29)
n=0

Adding up (2.27), (2.28), and (2.29), we find that if y is a solution to (2.26),

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

This simplifies to yield

o0 o0
Sl 4702 = plane™ "+ an 02t =0,
n=0 n=2

or after division by z",

o0 o0
Z[(n +7)2 — p*la,z™ + Z Qp—2z™ = 0.
n=0 n=2

Thus we find that
(r* = pHag + [(r+1)* = pYlarz + > _{[(n+1)* = p’lan + an_o}a" = 0.
n=2

The coefficient of each power of x must be zero, so
(r?=p®ag =0, [(r+1)2=p%a1 =0, [(n+r)*—p?lan+an_o=0 forn>2.
Since we want ag to be nonzero, r must satisfy the indicial equation

(r* = p*) =0,

which implies that » = £p. We want a solution which is as well-behaved near
x = 0 as possible, so we take p > 0 and r = p. (Recall that the second inde-
pendent solution can then be obtained by variation of parameters if necessary.)
Then

[(p+1)* = p®la; =0 = (2p+1)a; =0 = a1 = 0.
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Finally,
(n+p)?—pYan+an2=0 = [n>+2nplan + an_o =0,

which yields the recursion formula

1

s 2.30
omp 22 (2.30)

Qp =
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 (2.26). Let us focus now on this
important case. We could of course set ag equal to any nonzero constant that
we want, but the final formula we obtain will look much nicer if we set

1

apg = Tpp' .

It then follows from the recursion formula that

_ —ag 1 1_(1)11’*2 1
T pra T apryop 2 Up+ 1)

—as 1 1\ 1
aqs = = —_ R
‘T8 +16 8(p+2) \2 1U(p+1)!

w5 (3) wrm ()

and so forth. The general term is

oam = (1) (i)wm T

Thus we finally obtain the power series solution

v= (g)p;f—”mm (5"

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,
)= S e ()
m=0

Using the comparison and ratio tests, we can show that the power series ex-
pansion for J,(z) has infinite radius of convergence. Thus when p is an integer,
Bessel’s equation has a nonzero solution which is real analytic at x = 0.
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Figure 2.1: Graph of the Bessel function Jy(x).

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(x) 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(x) 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,
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 when the characteristic equation has repeated roots;
namely, we can set

y = U('r)JP(x)a

substitute into Bessel’s equation and solve for v(z). If we were to carry this
out in detail, we would obtain a two-parameter family of solutions generated by
Jp(z) and another function Y, (x), called the p-th Bessel function of the second
kind. Unlike the Bessel function of the first kind, the Bessel function of the
second kind is not well-behaved near x = 0.

To see why, suppose that y; (z) and ya(x) is a basis for the solutions on the

4For a very brief introduction to Mathematica, the reader can refer to Appendix A.
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Figure 2.2: Graph of the Bessel function Ji(x).

interval 0 < z < oo, and let W(y1,y2) be their Wronskian, defined by

W) = | 1) 56 |

This Wronskian must satisfy the first order equation
d

— (W z)) =0,
7 @W (Y1, y2)(2))

as one verifies by a direct calculation:

d d d
w@(wylyé —zyay) = ylaf@(wy@ - yzw@(w‘y’l)

= —(2® —=n?)(y1y2 — yovn) = 0.
Thus c
W (y1,y2)(x) = ¢, or  W(yi,y)(z) = e

where ¢ is a nonzero constant, an expression which is unbounded as x — 0.
It follows that two linearly independent solutions y1(z) and ya(z) to Bessel’s
equation cannot both be well-behaved at x = 0.

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

o There is a one-dimensional space of real analytic solutions to (2.26), which
are well-behaved as z — 0.

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

3= (5) L e (5)
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Exercises:
2.6.1. Using the explicit power series formulae for Jy(z) and Jy(x) show that

%Jo(x) =—Ji(x) and %(le (2)) = xJo(z).

2.6.2. The differential equation

d2y dy
2 2 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).)

2.6.3. Show that the functions

1 1
y1(x) = —=cosx and  ya(x) = —=sinz

Vi Vi

are solutions to Bessel’s equation

d ( dy 2 ov

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

1 .
COSX + Co—=SInx.

1
=9z Jz

2.6.4. 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
Pn+1)=nl=nn-1)---2-1,

when n is a positive integer.

d. Set
1

O T (p+ 1)
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and use the recursion formula (2.30) to obtain the following generalized power
series solution to Bessel’s equation (2.26) for general choice of p:

y=Jp(z) = (ﬁ)pmz_%“)mm (5"
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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 this 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. Fourier
series are named for Joseph Fourier, who encountered them in his attempts 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.

We begin with 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 condition

f+T)=f(t), forallteR.

For example, the function f(t) = sint is periodic of period 2.

IFourier’s research was published in his Théorie analytique de la chaleur in 1822.
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Given an arbitrary period T, it is easy to construct examples of functions
which are periodic of period T from the trigonometric functions—indeed, the

function f(t) = sin(2%) is periodic of period T because

2n(t+1T)
T

2t 27t
)= sin(% +27) = sin(%).

sin(

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

okt okt
™) 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:

ag

27t
fit) = 3+a1 cos(%)+a2 cos(

47t 27t 47t
— )+...Fby sin(— ) +bgsin(—)+.... (3.1
T by sin( ) by sin( )+ (3.1)
In this formula, the a;’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

ft) = % +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.

Expression (3.2) is an infinite series, just like the power series studied in
Chapter 1, and it is sometimes easier to write it as

0 0
f(t) = % +;akcoskt+;bksinkt.

The coefficient ag is particularly easy to evaluate. We simply integrate both
sides of (3.2) from —m to 7:

f(t)dtz/ C%Odt—i-/ alcostdt—l—/ ag cos 2tdt + . ..

—1T —T —T —T

+/ blsintdtJr/ bQSIHQtdt+

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

f(t)dt = Traop,
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and we can solve for ag, obtaining

a0 = — ! Ft)dt. (3.3)

—T

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

™ f —
/ cosntcosmtdt =4 (3.4)
- 0, for m #n,
T f —
/ sinptsinmtdt =4 O 0 (3.5)
- 0, form #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) = cosnt cosmt + sin nt sin mt.

Adding these together, we obtain

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

or
1
cos nt cosmt = i(cos((n + m)t) + cos((n — m)t)).
Hence
™ 1 ™
/ cos nt cos mtdt = 3 / (cos((n 4+ m)t) + cos((n — m)t))dt,
and since

T

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

—T

if k # 0, we conclude that

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

:O’

—T

—Tr

The reader is asked to verify the other two integral formulae (3.5) and (3.6)
in one of the exercises at the end of this section.

To find the formula for the Fourier coefficients ay for & > 0, we multiply
both sides of (3.2) by sin kt and integrate from —x to =

f(t)cos ktdt = / % cos ktdt + / ay costcosktdt + . ..

—T —T —T
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ay cos kt cos ktdt + . . .

s
+...+ /
—T
™
+...+/ bj sin jt cos ktdt + . . ..
—T
According to our formulae (3.4) and (3.6), there is only one term which survives:
s T
f(t) cos ktdt = / ay cos kt cos ktdt = way,.
—Tr —T
We can easily solve for a:

ak = — ! f(t) cos ktdt. (3.7

-7
A very similar argument yields the formula

be = = [ () sinktt. (3.8)

™

—Tr

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, fort =0,m,
extended to be periodic of period 2. Then

% = average value of f =0,

and
L[/ 1/ L[/
= — f(t)cosmtdt| = — —m cosmitdt| + 7 cos mtdt
T | J_ ol - T |Jo
1-—- 1
= f—w[sinmt]o_Tr + fz[sinmt]g =..-=0,
T m Tm
while
L[/ , irrf0 I
by = — ft)sinmtdt| = — —msinmtdt| + — m sin mtdt
T | J_ o - ™ |Jo
1r 0 1—m " 2
= ——[cosmt]’ . + ———[cosmit][ = — — — cosmT
Tm T m m m
2 m %, if m is odd,
=—(1-(=D")= I
m 0, if m is even.
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Figure 3.1: A graph of the Fourier approximation ¢5(t) = 4sint+ (4/3) sin 3¢ +
(4/5) sin 5t.

Thus we find the Fourier series for f:
. 4 . 4 .
f(t) =4sint + gsm3t+ gsm5t+ e
The trigonometric polynomials

4
o1(t) = 4sint, ¢3(t) = 4sint + gsin?ut

4 4
¢5(t) = 4sint + 3 sin 3t + £ sin 5t

are approximations to f(t) which improve as the number of terms increases.
By the way, this Fourier series yields a curious formula for w. If we set
t=m/2, f(t) =7, and we obtain

m = 4sin(7/2) + %sin(37r/2) + %sin(57r/2) + -

from which we conclude that

1 1 1 1
— A4l 44—,
e T A
The Fourier series on the right-hand side of (3.1) is often conveniently ex-
pressed in the ¥ notation,

_ap > L 2mkt > . 2mkt
fi) = 5 +;akc05( T )—i—;bkbm(—T ), (3.9)
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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.”

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 contin-
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 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(¢) 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 ty of discontinuity, the right- and left-handed limits of

fand f,
lim (f(¢), lim (f(2)), lim (f'(t),  lim (f'(t)),

t—to+ t—to— t—to+ t—to—

all exist. The following theorem, proven in more advanced books,? ensures that a

2See, 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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Fourier decomposition can be found for any function which is piecewise smooth.
Although it applies to a more general class of functions than the preceding
theorem, the convergence properties of the Fourier series one obtains are not
quite as nice:

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

)+ > bk sin(%Tkt) (3.10)
k=1

ag > 2kt
flit)= ) +I;ak cos( 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.

The formulae for the Fourier coefficients for functions of period T' appearing in
(3.10) (which generalize (3.7) and (3.8) for functions of period 2) are

2 /T/2 okt
ar = — f(t)cos dt 3.11
v=7 ), T (3.11)
and 7/
2 2kt
by = —/ f(t) sin(——)dt. 3.12
7/, J s (312)
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 2. Find its Fourier series.
(Hint: Use trigonometric identities to calculate sin(3t) = sin(t + 2t).)

3.1.3. The function

0, fort=m,

t, for —m<t<m,
0=}

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

3.1.4. The function
f(t) = |t|a fOI‘ te [_ﬂ-vﬂ-]a

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

() = 2, for -7 <t<m,
) f(t = 2kn), for —m + 2kw <t < 7+ 2k.

3.1.6. Establish the formulae (3.5) and (3.6), which were given in the text.
3.1.7. Using (3.11) and (3.12), find the Fourier series of the function

FO =1, fortel|-1,1],

which has been extended to be periodic of period 2.

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 which makes use of the notion
of inner product. This concept also allows a deeper understanding as to why
these formulae hold and provides insight into how they might be generalized in
other contexts.

Mathematics often makes significant progress by means of analogy. Let V
be the set of functions f : R — R which are smooth, that is, have continuous
derivatives of arbitrary order, and are periodic of period 27. (These functions
satisfy the hypotheses of Theorem 1 from the previous section.) We want to
think of elements of V' as elements of infinite-dimensional Euclidean space, anal-
ogous to R". Indeed, we could imagine approximating any element f € V by a

vector <f(0),f (2;;) y (f;) voeenf <(n - 1>2,j)> eR".

In fact, this is what must be done if we want to represent the function by a
table of values that can be stored in a computer. (Any computer has insufficient
memory to store the values of f at the infinitely many distinct points in the
interval from 0 to 27.)

We say that the space V of periodic functions is a wvector 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. Indeed, the sum of functions f and g is just the
function f+ g defined by (f+g¢)(t) = f(t)+¢(t), while the scalar product of the
function f with a constant c is just the function cf defined by (¢f)(t) = ¢f(t).
This may seem somewhat formal, but the idea really pays for itself in the long
run.

We need an analog of the dot product, and for this purpose we define an
inner product between elements of V' by means of the formula

(=2 [ fogar
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Thus for example, if f(t) = sint and g(t) = 2 cost, then

1 [ 1 /" 1
(f,g) = 7/ 2sint costdt = f/ sin(2t)dt = —— cos(2¢t)|" . = 0.
) T ) x 77

This inner product has properties quite similar to those of the standard dot
product on R"™:

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

{f;
o (f+g,h)=(fh)+{g,h).
e (cf,g) =c(f,g), when c is a real constant.
o (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) =

For example, let’s consider the constant function f(t) = 1/+/2. In this case,

T TC PR

so this function has unit-length with respect to the inner product we have de-
fined.

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

1/\/5, cost, cos2t, cosdt, ..., sint, sin2t, sindt,

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

eo(t) = —=, e1(t) =cost, es(t) = cos2t,

Sl

é1(t) =sint, éx(t) = sin2t,

make up an orthonormal basis for V.

The notion of orthonormal basis is borrowed from vector algebra. You will
recall that (i, j, k) is a basis for R3 consisting of vectors which are of unit-length
and perpendicular to each other, and that

veR? = v=(w-)i+ v )i+ -kk
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We say that (i, j, k) is an orthonormal basis for R3. More generally, an ordered
n-tuple ey, es, ..., e, of vectors in R™ which are of unit length and perpen-
dicular to each other is called an orthonormal basis for R™, an example being
constructed from the vectors

1 0 0
0 1 0
ee=10|, e=]0]|, , e, =10
0 0 1

(Other examples could be constructed using rotated cartesian coordinate sys-
tems.) If e1, eg, ..., e, is an orthonormal basis for R", then

feR" = f=({f-eer+ -+ (f-e,ep,.

A similar formula holds when R™ is replaced by V and the dot product is
replaced by the inner product (-,-) we have described, except that the formula
has infinitely many terms: If f is any element of V|, we can write

f(@) = (f(#), eo(t))en(t) + (F(1), ex(t))er(t) + (f (1), ea(t))ex(t) + - --
+ (f(B), ex(®))er(t) + (f (1), éx(t))éx(t) + - --

In other words,

f(t)=<f, >\}5—5-(f,cost)cost—i—<f,0082t>c052t+...

1
V2
+ (f,sint)ysint + (f,sin2¢) sin2¢t + . ..

:%+alcost+a2(3052t—|—...—l—blsint—l—bgsinZt—f—...,

where

ap = (f,cost), az=(f,cos2t), ...,
by = (f,sint), bo = (f,sin2t), ...,

and
1 1

4o _ 2NEE SO ag =
2<.f7\/§>\/§2<f71>3 0 <f31>

Use of the inner product makes the formulae for Fourier coefficients easier to
remember.
We can define a differential operator

d? d? > f
— fi — = —(t).
I V — V, defined by (dt2 (f)) (t) 72 (t)
This operator is said to be linear because

d2 2 d2 2 d2

@(f—i—g):ﬁ(f)—i-ﬁ(g) and ﬁ(cf):cﬁ(f),
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when cis a constant. Moreover, it takes the sine and cosine functions to constant
multiples of themselves:

d2

: d 2 .
p7e] (sin(nt)) = pn (ncos(nt)) = —n”sin(nt),

d2

d , 5
p7e] (cos(nt)) = — (—nsin(nt)) = —n* cos(nt).

dt
Thus the functions sin(nt) and cos(nt) satisfy the equation

d2

@(f) =\f, with \= —n?

We therefore say that sin(nt) and cos(nt) are eigenfunctions for the operator
(d?/dt?) with eigenvalue —n?.

Remark. Sometimes it is convenient to define a function f : R — R by means
of a Fourier series
o0
ag .
) Z_: ap cosnt + by, sinnt),

2 o0
a,
in which the infinite sum ?0 Z a + b2 converges.

(The condition on convergence is imposed so that the inner product (f, f) will
be a finite number.) The collection H of functions that can be described in this
way is larger than the space V' of functions which have continuous derivatives
of all orders. The space H is sometimes called the completion of V or Hilbert
space, in honor of the celebrated German mathematician David Hilbert, who
made many of the fundamental contributions to the theory presented in these

pages.

Even and odd functions. We say that a function f(t) is even if f(—t) = f(t)
or odd if f(—t) = —f(t). One can check that

1, cost, cos 2t, cos 3t,
are even functions, while
sint, sin 2, sin 3,
are odd functions. Let
Weven = {f € V : f is even}, Wogqq = {f €V : f is odd}.
Then

f,9 € Weven = f+9¢€ Weven and cf € Weven,
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for every choice of scalar c¢. In the language of linear algebra, we can say that
Weven is a linear subspace of V. Similarly, W ;4 is a linear subspace of V.
It is not difficult to show that

f € Weven, ge Wodd = <f7 g> =0;

in other words, the linear subspaces Weven and W44 are perpendicular to
each other with respect to the inner produce we defined. Indeed, under these
conditions, fg is odd and hence

™ 0 ™
)= [ swawie =~ [ oo~ [ st

T J)_x ™

1 /0 L7
:;/ﬂ f(—t)g(—t)(—dt)—i—;/o f(t)g(t)dt
17 1"
2 [ ~Gs-do + 1 [ roata -

The variable of integration has been changed from t to —t in the first integral
of the second line.
It follows that if f S Weve}h

b, = (f,sinnt) =0, forn > 0.
Similarly, if f € W44,
ap = (f,1) =0, an = (f,cosnt) =0, forn > 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
coefficients.

Moreover, in the case where f is even, we find that

0

ap = — ! f(t) cos(nt)dt = % {

L

f(t) cos(nt)dt + /OTr f@) cos(mf)dt] .

—T

Making the substitution © = —t in the first integral yields

[ Fweos(-nu)(-du) + [ 1(0)costua]

[/ £(w) cos(nu)(du) + /f ) cos(nt)d }_2/ () cos(nt)dt.

Similarly, if f is odd, we find that
2 (7 .
= f/ f(¢t) sin(nt)dt
T Jo
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Exercises:

3.2.1. Evaluate the inner product

(o)== [ s

™

in the case where f(t) = cos2t and g(t) = |sint|.

3.2.2. We could define an inner product on functions f : [1,e™] — R by the
formula

(f.g)= /16 %f(t)g(t)dt.

Evaluate this inner product in the case where f(t) = cos(log(¢)) and g(t) = 1,
where log denotes the natural or base e logarithm. (Hint: Use the substitution
t=e")

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

0 for —m <t < -—mw/2
-1 for —@w/2<t<0
0 fort=20

1 for0 <t <m/2

0 form/2<t<m

can be extended to be periodic of period 2.
a. Is the extended function even, odd, or neither even nor odd?

b. Find the Fourier series of the extended function.

3.3 Fourier sine and cosine series

Let f:[0,L] — R be a continuously differentiable 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) + besin(2nt/L) + ...+ by sin(nwt/L) + ...,
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where by, bo,... are constants, which can also be written more succinctly in
sigma notation as

(o)
fit) = Z by, sin(nmt/L). (3.13)
n=1
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

o) f(), 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 € R.

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

calculations 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 (3.13) which involves only sine functions. We call (3.13) the Fourier
sine series of f.

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

f) = % + ay cos(mt/L) + agcos(2nt/L) + ...+ ap cos(nmt/L) +.... (3.14)

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

~ f @), 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 € R.

This time the extended function lies in the linear subspace Wevyen. It follows
from the calculations 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 (3.14) which involves only cosine functions. We call (3.14) the
Fourier cosine series of f.

Formulae for the coefficients of the Fourier sine and cosine series were actu-
ally given at the end of the previous section in the case where L = w. However,
we can also generate these formulae for arbitrary L by defining slightly different
inner products than the one considered in the preceding section. This time, we
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let V be the vector space of functions f : [0, L] — R with continuous derivatives
of all orders, and let

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

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

L
(f,9) = %/0 f(t)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 V can be represented as a superpostion of the sine functions

sin(wt/L), sin(2wt/L), ..., sin(nnt/L),

We claim that these sine functions form an orthonormal basis for V[, 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(nmt/L) sin(mnt/L).
Subtracting the first of these from the second and dividing by two yields

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

and hence

/L sin(nnt/L) sin(mmt/L)dt =
0

% /0 (cos((n — m)mt/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 [F L
f/ =L
2 Jo 2

%/0 sin(nwt/L) sin(mmt/L)dt = {

Hence
1, for m =n,

0, form # n,

which can be expressed in terms of our inner product as

1, for m =n,

(3.15)
0, form #n.

(sin(nnt/L),sin(mnt/L)) = {
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This just says that the functions
sin(wt/L), sin(2#xt/L), ..., sin(nwt/L),

form an othonormal basis for the infinite-dimensional vector space Vy. There-
fore, just as in the previous section, we can evaluate the coefficients of the Fourier
sine series of a function f € Vj by simply projecting f onto each element of this
orthonormal basis. When we do this, we find that

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

= Z by, sin(nrt/L),
n=1
where

b, = (f,sin(nnt/L)) = %/0 f(t) sin(nmt/L)dt. (3.16)

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

Vi={f:[0,L] = R: f has continuous
derivatives of all orders and f/(0) =0 = f'(L) },

and show that the functions

i, cos(mt/L), cos(2nt/L), ..., cos(nut/L),

7

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:

L
ay = %/0 f(¢t) cos(nmt/L)dt. (3.17)

Just as for ordinary Fourier series, we can take Fourier sine and cosine series
for functions f : [0, L] — R which are only piecewise smooth. Such functions
need not satisfy the endpoint conditions we used in the definitions of V and V.

Example. First let us use (3.16) to find the Fourier sine series of

t, for 0 <t <m7/2,
7(#) {ﬂ't, form/2 <t <. ( )

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

w/2 T
/ tsinntdt+/ (m —t)sinntdt| .
0 w/2
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0.5 1 1.5 2 2.5 3
Figure 3.3: A graph of the Fourier sine approximations ¢1, ¢3, ¢5 and ¢7.

We use integration by parts to obtain

/2 /2
. —t 1
tsinntdt = | — cosnt + — cos ntdt
0 n 0 n

- 2 1 oy — 92) s 2
_ Wco;flmr/ )Jrﬁ[sinntﬂoﬂz m cos(nm/ )Jr sin(nm/2)

/2

0

on nz
while

/ﬂ ;(W — #) sinntdt = [_(”n_t) cos(nt)]

T T 1
— / — cosntdt
/2 /2 n

m cos(nm/2) 7 cos(nm/2) n sin(nm/2)

1
— TS fsinnd]|7, =

2n n? 2n nz
Thus
4sin(nm/2)
by = S
™m
and the Fourier sine series of f(t) is
4 4 4 4
= —si — —si ——si — —— i e e 1
f@) - sint 5, Sin 3t + 55 Sin 5t pr Tt + (3.19)

The trigonometric polynomials
4 4 . 4 .
(;Sl(t):;smt, ¢3(t)=;smt—%sm3t,...

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

£ {t, for 0 <t < 7/2,

m—t, form/2<t<m,

we first note that

2 | [7/? ™ 201 /m\2 1
=2 tdt —tdt| === (= -
a0 T [/0 +/7r/2(7r ) ] T [2 (2) + 2

To find the other a,’s, we use (3.17):

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

This time, integration by parts yields

/2 t /2 /2 1
/ t cosntdt = { sin nt} — / — sin ntdt
0 n 0 0 n
msin(nm/2) 1 /2
= —on + ﬁ[cosnt] 0/
wsin(nw/2)  cos(nw/2) 1
= + -
2n n? n?

while

/ﬂ ; (1 — t) cos ntdt = {(W - 2 sin(nt)}

—msin(nm/2)

T T 1
—|—/ — sinntdt
w/2 m/2 T

=—, " ﬁ[cos nt]\;/z
—msin(nm/2)  cos(nm/2) 1
= o + 2 oz cos(nm).
Thus when n > 1,
~ eos(nm/2) — 1 1(-1)"
an, = —5[2cos(nm/2) — 1 —1(—1)"],
™n?
and the Fourier sine series of f(t) is
2 2 2
f(t)z%—;COSQt—g?COSGt—257C0S10t—.... (3.20)

Note that we have expanded exactly the same function f(¢) on the interval [0, 7]

as either a superposition of sines in (3.19) or as a superposition of cosines in
(3.20).
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Exercises:

3.3.1.a. Find the Fourier sine series of the function f : [0,7] — R defined by

0 form/2<x<m.

f(x):{l for 0 <z <7/2,

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]:
f@)y =t(r —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,
f) =
10 —¢t, for 5 <t <10.

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

) =t+1* -2,
defined for ¢ in the interval [0, 1], by running the following Mathematica program

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

f(t) = % + ay cost + ag cos(2t) + ...

+bysint + besin(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 = cosf + isinf.
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It follows from this formula that

e + e = 2cos0, e 4 e = 2sind,
or
i 4 e—if il 4 =it
cos = ——| sinf = ——.
2 2

Hence the Fourier expansion of f can be rewritten as

f(t) — %_,'_ﬂ( it—l—e_it)—i-al(e%t—l—e_%t)+...

2 2
b, , b . .
+2f;(6zt—67”)—|—2f2i(62”—672”)4—...,
or . . . .
f#) = e +ere + o+ e’ e 4L (3.21)

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

apn aq 77,[)1 ag 71[)2
C0:?7 1 = 2 ) C2 = 2 ) )
aj + by as + by

C—1= 9 C—2 = T

If £ # 0, we can solve for a; and bg:
ap = Ccg + C_g, b, = i(Ck — C_k). (322)

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

ﬂ— . . 2 f =
/ gimiemintgy = { < O (3.23)
0 for m # n.

If we multiply both sides of (3.21) by e~*** integrate from — to m and apply
(3.23), we obtain

f(t)e *tdt = 2mey,
which yields the formula for coefficients of the complex form of the Fourier
series: Ly
= — (t)e~*dt. (3.24)
2 J_,

Example. Let us use formula (3.24) to find the complex Fourier coefficients of
the function
fity=t for —-m <t <m,

extended to be periodic of period 27. Then

™ .
te "t qt.

—T

Cp = —
2w

94



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

or = % [(it/k)eikt L. / ! (i/k)e““dt}

—T

. . _ k
1 |:7m6i7rk+m6i7rk:| :i( 1) .

T o |k k
It follows from (3.22) that

ar = (cp +c—x) =0, b =i(cp —c_p) = —2—"—

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 (3.22) to find the real form of
the Fourier series.

Exercise:
3.4.1. Prove the integral formula (3.23), presented in the text.

3.4.2. a. Find the complex Fourier coefficients of the function
fity=t> for —m<t<m,
extended to be periodic of period 2.
b. Use (3.22) to find the real form of the Fourier series.
3.4.3. a. Find the complex Fourier coefficients of the function
f@t)=t(r—1) for —m <t <m,
extended to be periodic of period 2.

b. Use (3.22) 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

fO)y=...+ c_ge 2L Lo Tt 4 oo+ e 4 cpe?t L L ,
where
1 s ikt/L
= — t)e " dt.
k=5 T 77rLf( Je

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
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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,7wL]. The function can be extended to a periodic
function f(t) such that f(t 4+ 27wL) = f(t). According to the theory of Fourier
series in complex form (see Exercise 3.4.4),

f@) = ... 4cge” L p e e 4eg + eyt 4 gt 4
where the c;’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

i = [ sweta (3.25)

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,

) L
/ f(t)e ®tdt = Jlim f(t)e ®tdt.
—oo 70 J 7L

To explain (3.25), 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

L
f(t)efikt/Ldt
—nL

kL) = [ " fye /L gt

represents 2w L times the Fourier coefficient of this extension of frequency k/L;
indeed, it follows from (3.24) that we can write

fA)=...+ C—ze_%“/L e e g+ ettt 4 0262“/L + ..,
for t € [-wL,wL], where
1 -
=—f(k/L
cx = 57 f(k/L),
or alternatively,
f)=...+ LJ‘?(—Q/L)e””/L + if(—l/L)e*“/%
o onL 2nL

L 1 e, 1 ¢ 2it/ L
5./ O + G FW D & o fR/ D)

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

10 = 5= [ f@eae (3.26)
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Equation (3.26) 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@eosgta+ o [ fle)simetag,

a superposition of sines and cosines of various frequencies.

Equations (3.25) and (3.25) 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

if-1<t<l,

1
)=+
1®) {O, 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 we present here are effective only for
linear partial differential equations. Nonlinear partial differential equations are
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far more 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

To
Heat within Dy, 4, z/ p(x)o(z)u(z, t)dr.

1

To calculate the rate of change of heat within D,, ,, with respect to time, we
simply differentiate under the integral sign:

d

dt
Now heat is a form of energy, and conservation of energy implies that if no
heat is being created or destroyed in D,, ,,, the rate of change of heat within

Dy, o, is simply the rate at which heat enters D,, ,,. Hence the rate at which
heat leaves Dy, ., is given by the expression

/m2 P($)0($)U(x,t)dx} — /ﬁ p(x)g(x)%(m,t)dx.

xrq xrq

2 ou
Rate at which heat leaves Dy, ., = —/ p(x)o(x)

a(%t)dx. (4.1)

T

(More generally, if heat is being created within Dy, ,,, say by a chemical reac-
tion, at the rate u(x)u(z,t) 4+ v(z) per unit volume, then the rate at which heat
leaves Dy, 4, is

_ / " p(m)a(x)%(x,t)dx + / " @l ) + v(@)de.)

1 1

On the other hand, the rate of heat flow F(x,t) is proportional to the partial
derivative of temperature,

F(z,t) = —n(m)%(m,t}, (4.2)

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

F(xo,t) — F(x1,t) = %(x,t)dx. (4.3)

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

2 9F vz ou
—(z,t)der = — —(z,t)dz.
e = [ o) 5 s
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
52 (@ 5E) = =plro)
In this way, we obtain the heat equation

o) = 5 (s 3t). (4.4)

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

p)ol0) G = g ()52 ) + e+ v(o), (45)
In the special case where the bar is homogeneous, i.e. its properties are the
same at every point, p(z), o(x) and k(z) are constants, say o and k respectively,
and (4.4) becomes
2

Qu_ x 07w (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

7 (M@ P @) + plo)uto) + ) =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.
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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)=27p.

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
T2 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

Pu
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
_ 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(z,t) = e/

Vart

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(x, 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 heat in 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 < & < L and
t > 0 such that

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

du 0u
a = C2ﬁ’ (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 wuy satisfy these conditions, so does
c1u1 + cous, for any choice of constants ¢; and co. We say that 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(t).
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 x on the right:

gt) _ o f"=)
g

) fl@)’
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 _ @)
gt) " F@)

which separates into two ordinary differential equations,

_62

g(t) _ o

R Al (49)
and ()

f(x) =\ or f (CL’)Z)\f(:L') (4.10)
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The homogeneous boundary condition «(0,t) = u(L,t) = 0 becomes

(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

F(@) = (@) = Af(@), F(0) = 0= (L) (111)
We will call (4.11) the eigenvalue problem for the differential operator
d2
T de?

acting on the space Vj of well-behaved functions f : [0, L] — R which vanish at
the endpoints 0 and L.
In analogy with the eigenvalue problem for matrices, we can set

Wi ={f€Vo:L(f) = Af},

for each choice of scalar A\. To solve the eigenvalue problem means to find the
eigenvalues, those A\ for which W), # 0 and for each eigenvalue the corresponding
etgenfunctions, that is, the nonzero elements of W.

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'(@) =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(x), or f'(z)=Af(z)=0
has the general solution

f(z) = c1e¥VA 4 cpem VAT,
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It is convenient for us to change basis in the linear space of solutions, using
1 1
cosh(VAz) = i(e\i\x + VAT, sinh(VAz) = i(eﬁ’” — eV
instead of the exponentials. Then we can write

f(z) = acosh(VAz) + bsinh(Vz),

with new constants of integration a and b. We impose the boundary conditions:
first
f0)=0 = a=0 = f(z)=bsinh(V\z),

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

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

f'(@) +wf(2) =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(z) = acos(wx) + bsin(wz).

Once again
f(0)=0 = a=0 = f(z)=>bsin(wz).

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

and hence either b = 0 and we obtain only the trivial solution or sin(wL) = 0.
The latter possibility will occur only if wL = nr, or w = (n7/L), where n is an
integer. In this case, we obtain

f(z) = bsin(nwz/L).

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

nm

f(z) =si (n”) ith A ( )2 1,2,3 (4.12)

x) =sin ( — wi =—(— n= .
L ) L ) ) ) 9

This gives the solution to the eigenvalue problem for the operator L = (d?/dx?)

on Vy. The eigenvalues are A = —(n7/L)?, for n a positive integer and

W_(nz/r)2 is the one-dimensional space spanned by f(z) =sin (%) .
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For each of the solutions (4.12), we need to find a corresponding g(t) solving
equation (4.9),
g'(t) = Ag(t),
where A = —(nm/L)2. This is just the equation of exponential decay, and has
the general solution
g(t) — be—(ncn/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

Up(z,t) = sin(nwm/L)e*("C’r/L){zt.
It follows from the principal of superposition that
u(z,t) = by sin(mc/L)e_(C”/L)Qt + by sin(27mc/L)e_(2”/L)275 +... (4.13)

is a solution to the heat equation together with its homogeneous boundary
conditions, for arbitrary choice of the constants by, bs, ....

Step II consists of determining the constants b, in (4.13) so that the initial
condition u(x,0) = h(x) is satisfied. Setting ¢t =0 in (4.13) yields

h(z) = u(x,0) = by sin(rz/L) 4+ be sin(2nz/L) + .. ..
It follows from the theory of the Fourier sine series that A 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

2 [* _
by, = E/o h(z)sin(nmz/L)dx.

Example 1. Suppose that we want to find the function u(x,t), defined for
0 <z <7 andt >0, which satisfies the initial-value problem:

ou _
ot 0x2’

In this case, the nonvanishing coefficients for the Fourier sine series of h are

u(0,t) = u(m,t) =0, wu(z,0)=h(zx) =4sinz+2sin2x+7sin 3z.

by =4, by=2, b3=1T1,
so the solution must be
u(z,t) = 4(sinz)e™" + 2(sin 2z)e ™ 4 7(sin 3z)e L.

Example 2. Suppose that we want to find the function u(zx,t), defined for
0 <x <7 andt >0, which satisfies the initial-value problem:

ou 9%u
5 = 52 uw(0,t) = u(m,t) =0, wu(z,0)=h(x),
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where
h(z) = x, for 0 <z <7/2,
m—x, forw/2<x<m.

We saw in Section 3.3 that the Fourier sine series of h is

4 4 4
h(z) = ;Sinm— gsin&r—i— %—Wsin’f)x—@—ﬁsin?gc—i—...,

and hence

4 4 4
u(z,t) = ;(sinx)eft - g(sin 3z)e % + ﬁ(sin 5x)e 2 —

Exercises:

4.2.1. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

ou  J%u

5= a2 w(0,t) = u(m,t) =0, wu(z,0)=sin2z.

You may assume that the nontrivial solutions to the eigenvalue problem

f'(@)=Af(z), [f(0)=0=f(n)
are
A= —n?, f(z) = by sinnz, forn=1,2,3,...,
where the b,,’s are constants.

4.2.2. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

0 0?
8—1; = a—z, u(0,t) = u(m,t) =0, wu(z,0)=sinz + 3sin2x — 5sin 3z.
x

4.2.3. 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)=z(r—2).

(In this problem you need to find the Fourier sine series of h(x) = z(m — x).)

4.2.4. Find the function u(z,t), defined for 0 < 2 < m and ¢ > 0, which satisfies
the following conditions:

1 2
T—l—l% — %, u(0,t) = u(m,t) =0, wu(z,0)=sinz + 3sin 2z.
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4.2.5. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies
the following conditions:

ou  0%u

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, w(0) = 10, w(m) = 50.

b. Find the general solution to the following boundary value problem for the
heat equation: Find the functions u(x,t), defined for 0 < z < 7 and ¢ > 0, such
that
ou  d%u
ot Ox?’
(Hint: Let v = w — w, where w is the solution to part a. Determine what
conditions v must satisfy.)

w(0,t) =10,  u(m,t) = 50. (4.14)

c. Find the particular solution to (4.14) which in addition satisfies the initial
condition

4
u(z,0) =10 + —0x+2sin:c — 5sin2z.
™

4.2.7. 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
%(O,t) = %(L,t) =0. (4.15)

(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/(@) = (1) = M), 7'(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  0%u

ot 0a?

subject to the Neumann boundary condition (4.15).
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c. Find the function u(x,t), defined for 0 < 2 < 7 and ¢ > 0, such that:

ou  0u  Ou ou
5% = 522 B2 (0,1) 5 (myt) =0, wu(x,0)=3cosz+ 7cos2x

4.2.8. We can also treat a mixture of Dirichlet and Neumann conditions, say

ou
0,t) = —(L,t) =0. 4.16
u(0,6) = Z2(L,1) (416)
In this case separation of variables leads to the eigenvalue problem which consists
of finding the nontrivial solutions to
d2
f(x) = ﬁ(f(:v)) =Af(z), f(0)=0=f'(L).

a. Solve this eigenvalue problem.

b. Find the general solution to the heat equation

ou  0%u

ot 0a?
subject to the mixed boundary condition (4.16).

c. Find the function u(z,t), defined for 0 < z < 7 and ¢t > 0, such that:

ou  O%u

5" a2 u(0,t) = %(w,t) =0, u(z,0)=4sin(z/2)+ 12sin(3z/2).

ox

4.2.9.a. Find the eigenvalues and corresponding eigenfunctions for the differen-
tial operator

d2

L=— -3

dt?
which acts on the space V; of well-behaved functions f : [0, 7] — R which vanish
at the endpoints 0 and 7 by

_&f

L(f)*ﬁ—?)f

b. Find the function u(z,t), defined for 0 < z < 7 and ¢ > 0, which satisfies

the following conditions:

ou  0*u . .
5= 52 3u, u(0,t) =wu(m,t) =0, wu(z,0)=-sinz+ 3sin2z.
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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(x,t), defined for 0 < z < 1 and ¢ > 0, which

solves the heat equation

ou  0%u

ot 0x2
subject to the boundary conditions u(0,t) = u(1,¢#) = 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(z, tg) is an element of Vy, the space of
piecewise smooth functions defined for 0 < z < 1 which vanish at the endpoints.
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 x; =i/n and

u;(t) = u(z;,t) = the temperature at x; at time ¢.

Since ug(t) = 0 = uy,(t) by the boundary conditions, the temperature at time ¢
is specified by

uy (t)
a) = | 20 |,
Up—1(t)
a vector-valued function of one variable. The initial condition becomes
h(z1)
u(0) = h, where h= h(ﬁ)
h(Zn-1)

We can approximate the first-order partial derivative by a difference quo-
tient:

ou (ml + Tig1 ,t) Louia (D) —wi(t)  fuiga (f) — wi(?)]

= = nfuip1(t) — ui(t))].

% 2 Tit+1 — T4 1/n
Similarly, we can approximate the second-order partial derivative:
TitT; i1+
32u( t) . %(J: ;+1,t)7%(¢ 121,t>
(g, t) =
ox2 " 1/n
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L |ou (it wig ou (i1 +;
) by

= n?fui1(t) = 2u;(t) + i (1))
Thus the partial differential equation

ou  9*u

ot 0x2
can be approximated by a system of ordinary differential equations
dui
dt

= HQ(UZ',1 — 2’11/2 + uiJrl).

This is a first order linear system which can be presented in vector form as

-2 1 0 0
du 1 -2 1 - 0
— =n?Pu, where P = 0 1 -2 ... . ,
dt . . . .

0 O -2

the last matrix having n — 1 rows and n — 1 columns. Finally, we can rewrite

this as p
d—ltl = Au, where A=n?P, (4.17)

a first order linear homogenous system of ordinary differential equations with
constant coefficients. In the limit as n — oo one could use Mathematica soft-
ware to check that the eigenvalues of A approach the eigenvalues of d?/dx? 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 (4.17). 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

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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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 = 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(x,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” V described in Sec-
tion 3.3. An element u(x) € Vj represents a configuration of the string at some
instant of time. We will assume that the potential energy in the string when it
is in the configuration u(z) is

Viu(z)) = /OLg <;h;>2dx, (4.18)

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 (4.18) 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 d—u : =1+ d—u 2—|—asmall error
2 \ dzx o dx ’

and hence

1
1+ (du/dz)? 1is closely approximated by 1+ Q(du/dx)Q.
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Thus to a first order of approximation, the amount of energy in the string should
be proportional to

/L 14—1 du)* d /Ll du 2d + constant
e = Pl nstant.
0 2 \dx * o 2 \dx .

Letting T' denote the constant of proportionality yields

LT(du

2
) dx + constant.
dx

energy in string = / —

0 2
Potential energy is only defined up to addition of a constant, so we can drop
the constant term to obtain (4.18).

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 x to x + dx is F(x)dx. When the force
pushes the string through an infinitesimal displacement £(x) € V;, the total
work performed by F(z) 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(z),&(z)) = /0 F(x)&(x)d.

(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:

rween = [ T(2Y w- [T(AOY

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

b ou 9

(F(z),¢(x)) = -

Integration by parts yields

L 2U U u
(P =7 [ S e - (Ghe) 0 -7 (5k¢) O
Since £(0) = £(L) = 0, we conclude that

L 92y,

; W{(x)dx.

L
/0 F(2)é(a)de = (F(x),E(x)) = T
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Since this formula holds for all infinitesimal displacements &(z), we must have

0%u

F(.’L’) = @a

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 pdx, we obtain the wave equation,
Pu T *u 0%
— == or — ==
otz p 0x?’ ot2 0x?’
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 z; = 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

Unp—1 (t)

of one variable, just as before. The wave equation is then approximated by the
system of ordinary differential equations

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.
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Exercises:

4.4.1.a. Show that if f : R — R is any well-behaved function of one variable,
u(z,t) = f(z+ ct)
is a solution to the partial differential equation

o ou_,
ot ox
(Hint: Use the “chain rule.”)
b. Show that if g : R — R is any well-behaved function of one variable,
u(z,t) = gz — ct)

is a solution to the partial differential equation

@—F @*0
ot " Cor

c. Show that for any choice of well-behaved functions f and g, the function
u(z,t) = f(z + ct) + g(x — ct)

is a solution to the differential equation
Fu_ Lot [0 0] (u_ ow)
o2~ “ o2~ ot “ox)\ot “oz)

Remark: This gives a very explicit general solution to the equation for the
vibrations of an infinitely long string.

d. Show that
(1) = flz+ct)+ flx —ct)
2
is a solution to the initial value problem
02 02 0
75 =0, u@0)=f@), S (x,0=0.

oz~ oa2 ot
4.4.2. Show that if the tension and density of a string are given by the constant
T and the variable function p(x) respectively, then the motion of the string is

governed by the equation
0%u T 0%u
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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 * = 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(z,t) satisfies the wave equation

0%u 0%u
@ = 02@, (419)

where ¢ is a constant.

2. u(x,t) satisfies the boundary condition u(0,t) = uw(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(x),

where hy(x) and ha(x) are given functions, the initial position and velocity
of the string.

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
(4.19) and obtain

fla)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:

9"t) _ 2 ")
g(t) f(z)
Once again, the left-hand side of this equation does not depend on z, 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 _ )
o)~ Jl)
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which separates into two ordinary differential equations,
(4.20)

or g"(t) = \Zg(t),

and
@ ) — At

Just as in the case of the heat equation, the homogeneous boundary condition

u(0,t) = u(L,t) = 0 becomes

Thus once again we need to find the nontrivial solutions to the boundary value

problem, ,
1) = (@) = M (@), £(0) = 0= F(D),

and just as before, we find that the the only nontrivial solutions are constant

multiples of
n=123,....

f(z) =sin(nwx/L), with \= —(nw/L)?
For each of these solutions, we need to find a corresponding ¢(t) solving

equation (4.20),
g"(t) = —(nm/L)*c*g(t), or ¢"(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(2,t) = [an cos(nemt/L) + by, sin(nert/L)] sin(nra/L).

The general solution to the wave equation together with this boundary condition

is an arbitrary superposition of these product solutions:

u(x,t) = [ag cos(ent/L) + by sin(ent/ L) sin(mwa /L)
+ [az cos(2¢mt/L) + by sin(2cnt/L)] sin(2rz/L) + ... (4.22)
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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) = hi(x) and E(w, 0) = ha(x)

are satisfied. Setting ¢ = 0 in (4.22) yields
hi(z) = u(z,0) = ay sin(rz/L) + ag sin(2xx /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 ¢, we find that

ou —cm cm .
E(m, t) = [Tal sin(ent/L) + fbl cos(emt/L)] sin(ma /L)

—2cm

[ag sin(2enmt/L) + %Tbg cos(2cemt/L)]sin(2wx /L) + ...,

and setting ¢ = 0 yields

ou cr. . 2em . .
ho(z) = E(x, 0)= fbl sin(ra/L) + Tbg sin(2rx/L) + .. ..
We conclude that

?bn = the n-th coefficient in the Fourier sine series of ho(x). (4.23)

Example 1. Suppose that we want to find the function u(x,t), defined for
0 <z <7 andt >0, which satisfies the initial-value problem:

0?u  0%u
W = @, U(O,t) = 'U,(’]T,t) = 0,

du

u(x,0) = 5sinz + 12sin 2z + 6sin 3z, 5

(z,0) = 0.

In this case, ho = 0 and the first three coefficients for the Fourier sine series of
hi are
a; = 5, as = 12, as = 6,

all the other coeflicients being zero. So the solution in this case must be

u(z,t) = 5sinx cost + 12 sin 2z cos 2t + 6 sin 3z cos 3t.
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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:
%u  0%u

w = @, U(O7t) = U/(ﬂ',t) = 0,

0
u(z,0) =0, 8—1;(33,0) = 3sinz + 8sin 2z + 15sin 3z.

Note that ¢ =1 and L = w. In this example, h; = 0, and it follows from (4.23)
that the first three coefficients for the Fourier sine series of hq are

bl = 3, 2b2 = 8, 3b3 = 6,
all the other coefficients being zero. So the solution in this case must be

u(x,t) = 3sinxsint + 4 sin 22 sin 2¢ + 2 sin 3x sin 3¢.

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 < z < 7 and ¢ > 0, which satisfies
the following conditions:

0?u  O%u

w = @7 U(O,t) = u(7T7t) = Oa

du

0) =sin2
u(z,0) = sin 2z, 5

(z,0) =0.
You may assume that the nontrivial solutions to the eigenvalue problem

f'(@)=Af(z), f(0)=0=f(m)

are
A= —n? f(z) = b, sinnz, forn=1,2,3,...,

where the b,,’s are constants.

4.5.3. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

0%u 0%u
ﬁ = 9@, u(O, t) = u(ﬂ', t) = 0,
. . . ou
u(z,0) = sinz + 3sin 22 — 5sin 3z, E(Jc, 0) =0.
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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 = @, U(O,t) = U(']T,t) = O,
ou
u(z,0) = (7 — ), E(x’ 0)=0.

4.5.5. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

u  0%u
ﬁ = @, ’U,(O,t) = U(ﬂ',t) = O,
u(z,0) =0, %(w, 0) = sinx + sin 2z.

4.5.6. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

Ou  _Ou 0%u
_ 27 e p— = =
ETD + n +u 52 u(0,t) = u(m,t) =0,
ou . . .
u(z,0) =0, a(m,O) = 7sinx + 3sin 2z + sin 3z.

4.5.7. Find the function u(z,t), defined for 0 < 2 < 7 and ¢ > 0, which satisfies
the following conditions:

0%u ou  0*u
(t+ 1)2@ )5 =5, uw(0) =u(rt) =0,

ou <01
u(z,0) =0, E(JE,O) = Z Esmnt.

n=1

4.5.8. (For students with access to Mathematica) a. Find the first ten coeffi-
cients of the Fourier sine series for

h(z) =z — 2*
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,

0?u  0%u

m = @, U(O,t) = U(ﬂ',t) = O,
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Ou
= - 4 e —
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 = Tablel
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 8 € R and ¢ > 0 such
that

1. u(0,t) satisfies the heat equation

ou 0%

— = 4.24
ot~ C 02 (4.24)
where ¢ is a constant.

2. u(,t) is periodic of period 27 in the variable 6; in other words,

u(0 4 2m,t) = u(0,t), for all 6 and t.
3. u(0,t) satisfies the initial condition w(#,0) = h(6), where h(f) is a given
function, periodic of period 27, 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%u
a:C w, U(9+27T,t):u(97t),
we will be able to find the particular solution which satisfies the initial condition

u(0,0) = h(0)

by the theory of Fourier series.
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Thus we substitute u(6,t) = f(0)g(t) into the heat equation (4.24) to obtain

FO)g'(t) = 1" (0)g(t)
and separate variables:
O _ 21"0)
9(t) f0)
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
g _ 10 _
cg(t)  f(0) ’

where A is a constant. We thus obtain two ordinary differential equations,

2 =N o 9= Ac?g(t), (4.25)
and 1(6)
f(@) =\, or f”(@) = /\f(e)' (4.26)

The periodicity condition u(6 + 7,t) = u(f,t) becomes

f(0+2m)g(t) = f(0)g(t),

and if g(t) is not identically zero, we must have

F(6+2m) = £(6).

Thus to find the nontrivial solutions to the homogeneous linear part of the
problem requires us to find the nontrivial solutions to:
d2

f7(0) = 20

(f(0)) = Af(0), f(0+2m)=f(0). (4.27)
We will call (4.11) the eigenvalue problem for the differential operator

d2
~ o2

acting on the space V' of smooth functions which are periodic of period 2.
As before, in analogy with the eigenvalue problem for matrices, we can set

Wy ={feV:L(f) =Af},

for each choice of scalar A\, and our goal is to find the eigenvalues, the values of
A for which W) # 0 and the corresponding eigenfunctions, the nonzero elements
of Wy. We need to consider three cases.
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Case 1: A = 0. In this case, the eigenvalue problem (4.27) becomes
f7(0) =0, f(0+2m) = f(6).
The general solution to the differential equation is f(6) = a + b6, and
a+b0+27)=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
f1(0) =Af(0), or f'(0)—Af(6) =0
has the general solution
f(0) = aeV0) 4 pe=(VA9),
Note that
a#0= f(f) > oo as 06— oo,

while
b#0= f(0) —» oo as 60— —oo.

Neither of these is consistent with the periodicity conditions f(0 + 27) = f(6),
because periodic functions are bounded, so we conclude that a = b = 0, and we
obtain no nontrivial solutions in this case.

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

F'(0) +w?f(0) =0, f(0+2m) = f(B).

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 4+ 27) = f(6) implies that w = n, where n is an
integer, which we can assume is positive, and

f(0) = a,, cos(nb) + b, sin(nd).

Therefore, we conclude that the nontrivial solutions to (4.27) are

A=0 and f(0)= %
and
A= —n? where n is a positive integer and  f(0) = a,, cos(nf) + b, sin(nh).
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This gives the solution to the eigenvalue problem for the operator L = (d?/d6?)
on V. The eigenvalues are A = —n?, for n a nonnegative integer. Moreover,

Wy is the one-dimensional space spanned by f(0) =1,
while
W_,2 1is the two-dimensional space spanned by cos(nf) and sin(nf).

In general, we say that an eigenvalue \ has multiplicity k when the corresponding
eigenspace W) has dimension k; thus for the operator L = (d?/df?) on V, all
the nonzero eigenvalues have multiplicity two.

Next we need to find the corresponding solutions to (4.25)

g'(t) = A?g(1),
for A\ =0,—1,—4,-9,...,—n2,.... As before, we find that the solutions are

g(t) = (constant)e*"%%?
where ¢ is a constant. Thus the product solutions to the homogeneous part of
the problem are

uo(0:1) = %’ U (0, 1) = [a, cos(nd) + by sin(nd)]e ",

where n =1,2,3,....
Now we apply the superposition principle—an arbitrary superposition of
these product solutions must again be a solution. Thus

u(f,t) = % + 272 [an cos(nb) + by, sin(n@)]e*"%zt (4.28)
is a periodic solution of period 27 to the heat equation (4.24).
To finish the solution to our problem, we must impose the initial condition

u(0,0) = h(0).

But setting ¢t = 0 in (4.28) yields
%o

5 + X021 [ay, cos(nd) + by, sin(nb)] = h(6),

so the constants ag, a1, ...,b1,... are just the Fourier coefficients of h(#). Thus
the solution to our initial value problem is just (4.28) in which the constants ag
and by can be determined via the familiar formulae
1 [7 1 (" .
ak = — h() cos k6db, by, = — h(6) sin k6d6.

™) _x T™J—n

Note that as t — oo the temperature in the circular wire approaches the constant
value ag/2.
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Exercises:

4.6.1. Find the function u(0,t), defined for ¢ > 0 and arbitrary 6, which satisfies
the following conditions:

2
% = %, u(f +2m,t) = u(f,t), w(f,0) =2+ sinb — cos30.

You may assume that the nontrivial solutions to the eigenvalue problem

f70) = Af(0),  f(0+2m) = f(0)

are a
A=0 and f(0)= 30

and
A=-n? and f(#) = a, cosnd + b, sinné, forn=1,2,3,...,

where the a,’s and b,,’s are constants.

4.6.2. Find the function u(0,t), defined for ¢ > 0 and arbitrary 6, which satisfies
the following conditions:

2
% - %, w(® + 271, 1) = u(8, 1),

u(6,0) = |6], for 6 € [—m, 7.

4.6.3. Find the function u(0,t), defined for ¢ > 0 and arbitrary 6, which satisfies
the following conditions:

Pu 0%u
92 - 00 u(f + 2m,t) = u(6, ),

du

u(6,0) =2 +sinf —cos30,

(6,0) = 0.

4.6.4. Find the function u(0,t), defined for ¢ > 0 and arbitrary 6, which satisfies
the following conditions:

1 Ou 0% 1
39 902 w(f + 27, t) = u(6, 1), u(9,0):3+zasm(n9).

n=1

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(x) vary from point
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to point. As we saw in Section 4.1, this leads to consideration of the partial
differential equation

ou 1 0 ou
5~ plx)o(@) ox (“(x)ax) ’ (4.29)

where the functions p(z), o(x) and k(x) are positive.

We imagine that the bar is situated along the x-axis with its endpoints
situated at x = a and z = b. As in the constant coefficient case, we expect that
there should exist a unique function w(z,t), defined for « <z < band t > 0
such that

1. u(z,t) satisfies the heat equation (4.29).

)
2. u(x,t) satisfies the boundary condition u(a,t) = u(b,t) = 0.

3. u(x,t) satisfies the initial condition u(x,0) = h(z), where h(x) 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 (??) and obtain

=—t 4 k(2 ar x
1) () =~ (@) (@)t

Once again, we separate variables, putting all the functions involving ¢ on the
left, all the functions involving x on the right:

g'(t) 1 d df 1

g(t)  plx)o(z) dx x f(x)
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(t), (4.30)

and

AN
p(@)o (@) dx( @) 3 )) A (@). (4.31)

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:

1 d df e .
WW(K(@M@))—/\J‘( ), fla)=0=f(b). (4.32)

We call this the eigenvalue problem or Sturm-Liouville problem for the differen-

tial operator
1 d d
L = —_— —
p(x)o(x) dx (n(x) da:) ’

126



which acts on the space V; 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 (4.32) has nontrivial solutions. Given an eigenvalue A, the corresponding
etgenspace is

Wy ={f € W: fsatisfies (4.32)}.

Nonzero elements of the eigenspaces are called eigenfunctions.

If the functions p(x), o(z) and x(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(x), o(z) and k(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

O0>A >Xdg> >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(z), fa(x), ..., fu(z), ...are eigenfunctions corresponding to
the eigenvalues A1, Az, ..., Ay, .... Then the general solution to the heat
equation (?7) together with the boundary conditions u(a,t) = u(b,t) =0 is

u(r,t) = Z Cnfn(x)ei)\"tv
n=0

where the ¢,,’s are arbitrary constants.

To determine the ¢,’s in terms of the initial temperature h(z), 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 1 is the one defined by
the formula

b
(9) = [ p)o@)f @glade
a
Lemma. With respect to this inner product, eigenfunctions corresponding to
distinct eigenvalues are perpendicular.
The proof hinges on the fact that

(L(f),g> = <f7L(g)>7 for f?g € VO7

4For further discussion, see Boyce and DiPrima, Flementary differential equations and
boundary value problems, Seventh edition, Wiley, New York, 2001.
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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
wia) = [ oo = [ 2 (K@ L @)
b
- [ K@ L@ L=+ = (1. L(o))

where the steps represented by dots are just like the first steps, but in reverse
order.

It follows that if f;(z) and f;(x) are eigenfunctions corresponding to distinct
eigenvalues A; and A;, then

Xilfis f5) = (L(f), 9) = (£, L(9)) = Ai(fis f3),

and hence

(Ai = Aj)(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 = <hv 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

d df
Rl = 1)=0= ™. 4.
v (v ) @ =0, s =0=se) (1.33)
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 1 d d 1d d
= e* _— = —— h — = — = _
dx = e*dz, o ds and hence x In e i

Thus if we set



the eigenvalue problem (4.33) becomes
T =rfe).  F0)=0=fm),
a problem which we have already solved. The nontrivial solutions are
Ap = —n2, fn(z) =sinnz, where n =1,2,.. ..
Thus the eigenvalues for our original problem are
Ap = —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= [ i@ (4.34)

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 (4.34).

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:

ou 0 Ou o
(:rax) ;o u(l,t) =u(e™,t) =0,

o “ox
u(z,0) = 3sin(log x) + 7sin(2log z) — 2sin(3log x).

4.7.3.a. Find the solution to the eigenvalue problem for the operator

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 < x < €™ and ¢t > 0, which satisfies
the following initial-value problem for a heat equation with variable coefficients:

ou 0 Ju
xam

o "ox
u(z,0) = 3sin(log ) + 7sin(2logz) — 2sin(3log x).

) —3u, wu(l,t)=wu(e",t)=0,
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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

z-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 T, its motion might be governed by the
partial differential equation

0%u T 9%*u
— = 4.35
ot2  p(z) 022’ (4.35)
which would be subject to the Dirichlet boundary conditions
u(0,t) =0 =wu(1,t), for all ¢ > 0. (4.36)

It is natural to try to find the general solution to (4.35) and (4.36) by sepa-
ration of variables, letting u(z,t) = f(x)g(t) as usual. Substituting into (4.35)

yields (t) ()
" " g"(t _ T [
f@)g"(t) = p(x)f (x)g(t), or 9& o) fl)

The two sides must equal a constant, denoted by A, and the partial differential
equation separates into two ordinary differential equations,

T

T

@) @) =Af(x),  g"(t) = rg(t).

The Dirichlet boundary conditions (4.36) yield f(0) = 0 = f(1). Thus f must
satisfy the eigenvalue problem

T d?

L(f)=Xf, f(0)=0=f(1), where L= (@) d2E

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 >Ag> > Ay >,

with A\, — —oo. Finally, every well-behaved function can be represented on
[a,b] as a convergent sum of eigenfunctions. If fi(z), fa(x), ..., fu(z), ... are
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eigenfunctions corresponding to the eigenvalues A1, Ao, ..., Ay, .... Then the
general solution to (4.35) and (4.36) is

e, t) =3 fule) [ancos( “ont) + by, sin f)\nt)},
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 < ¢ < 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

Unp—1 (t)

a vector-valued function of one variable. The partial derivative

0%u . nated b d*u
— is approximate —
or2 PP Y dr2’
and as we saw in §4.3, the partial derivative
82
gu is approximated by n?Pu,
Ox?
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/px1) 0 o - 0
0 T/p(e) 0 - 0
Q= 0 0 T/plxs)
0 0 : < T/p(wp-1)
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Figure 4.1: Shape of the lowest mode when p = 1/(x + .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

el 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/(z+.1)? To answer this question,
we could utilize the following Mathematica program:

100; rho[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]]]

®»o"E 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

0%u  0%u  O%u

e E e I g
Oz2 + Oy? * 022 ’
the heat equation
du_ o (Fu PP
ot ox?  Oy2 022 )°
and the wave equation,

0u o (0?u  9*u  d*u
— =gty tas )
ot? 0x2  Oy? 022

where c¢ is a nonzero constant, and « is a function of the space variables x, y and
z, as well as of time ¢, in the second two cases. Note that all three equations
can be written in terms of the Laplace operator

o Py P P
S 0x?  oy? 022

as
2

ou 9 o°u
Au =0, a—cAu and ETel

These three basic partial differential equations and their close relatives arise in
many applications. One first develops techniques for studying them, and then
extends those techniques to closely related equations.

= 2 Au.
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Each of these three basic partial differential equations is homogeneous linear,
that is each term contains u or one of its derivatives to the first power. This
ensures that the principle of superposition will hold,

u1 and uy solutions = cju; + cous is a solution,

for any choice of constants ¢; and co. 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 dif-
ferential equations in several contexts from physics. We will begin by using
the divergence 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 equation, one for vibrating membranes and one for sound waves.
Exactly the same wave equation also describes electromagnetic waves, gravita-
tional waves, or water waves in a linear approximation. It is remarkable that the
principles developed to solve the three basic linear partial differential equations
can be applied in 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

Pu 0%

o2 =~ o2
for the vibrations of an infinitely long string, was determined by d’Alembert to
be
u(x,t) = f(z +ct) + gz — ct),

where f and g are arbitrary well-behaved functions of a single variable.

Slightly more complicated cases can be treated by the technique of “sepa-
ration of variables,” together with Fourier analysis, as we saw in the previous
chapter for partial differential equations with one space dimension. Separation
of variables reduces these partial differential equations to linear ordinary dif-
ferential equations, sometimes with variable coefficients. For example, to find
the explicit solution to the heat equation in a circular room, we will see that it
is necessary to solve Bessel’s equation, while to solve Laplace’s equation in the
spherically symmetric case it is necessary to solve Legendre’s equation.

The simplest nonlinear partial differential equations can sometimes be treated
by the process of linearization. In the most complicated cases, one must resort
to numerical methods, together with sufficient theory to understand the quali-
tative behaviour of solutions.

In the rest of this section, we consider a simple example, the equation gov-
erning heat flow through a region of (z,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 t.
If o(x,y,z) 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
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(z,y, z)-space is given by the formula

Heat within D = /// p(x,y, 2)o(x,y, 2)u(x,y, 2, t)dedydz.
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
_4 [/// pcrudxdydz] = 7/// pa%dmdydz7 (5.1)
t 5 T

by differentiating under the integral sign.
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((E,y, Z7t) = *K)((E,y7 Z)(VU)(Z’,y, th)7

where k(z,y, ) 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(&Vu) -INdA,

where 0D is the surface bounding D. It follows from the divergence theorem
that

Rate at which heat leaves D = — /// V - (kVu)dzdydz. (5.2)

From formulae (5.1) and (5.2), we conclude that

/// pa—dxdydz = /// V - (kVu)dxdydz.

This equation is true for all choices of the region D, so the integrands on the
two sides must be equal:

ou
p(:r?y7z) ( 3y7 )8t( ’y7’z’t):v.(H(‘T?y7z)vu(x7y7z7t))'
Thus we finally obtain the heat equation
ou 1

E N p(x7yaz)o—(l',y,z)v . (H(SL’,:%z)(VU)) .
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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,z) and x(x,y,z) are constants, and

the heat equation becomes

ou_ K [P O P
ot po |0x2  Oy? 022

If we wait long enough, so that the temperature is no longer changing, the
“steady-state” temperature u(x,y, z) must satisfy Laplace’s equation

u P
0x2  Oy? 022

If the temperature is independent of z, the function u(z,y) = u(z,y, z) must

satisfy the two-dimensional Laplace equation

ou o
0x? = oy?

Exercises:
5.1.1. For which of the following differential equations is it true that the super-

position principle holds?

O o T
& oz oy 022

b @ 4+ @ + @ +u=0
©oox? 9y 022 “="u
u o P L
0x2  Oy? 022 =5

L O, P P
Co0x2  oy? o 022 ©-

o o T,
ox2  Oy? 022 o

Explain your answers.
5.1.2. Suppose that a chemical reaction creates heat at the rate

ANz, 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

ar A(xﬂl/v Z)’U,({,E,y, Z,t) + V(l‘,y, Z) +V- (FL(LU, y>Z)(vu>)

p(x,y,2)o(x,y, 2) 5
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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

d*u n du n 0

halied ke u =
az P 1
is two-dimensional, a particular solution being determined by two constants. By
contrast, the space of solutions to Laplace’s partial differential equation

0?u  0%u
—+--—=0 5.3
0x? * oy? (5:3)
is infinite-dimensional. For example, the function u(z,y) = 2* — 3zy? is a
solution to Laplace’s equation, because
Ju 0%u
— =32> -3y*, S5 =6z,
Ox “ Y Ox? “
ou 0%u
— =—6 — =—6
and hence 52 o2
U u
Similarly,

u(z,y) =7, u(z,y) =z —62%% +y*, and wu(z,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.

To pick out a particular solution to Laplace’s equation, we need boundary
conditions which will impose infinitely many constraints. To see what bound-
ary conditions are natural to impose, we need to think of a physical problem
which leads to Laplace’s equation. Suppose that u(x,y) represents the steady-
state distribution of temperature throughout a uniform slab in the shape of
a bounded region D in the (x,y)-plane. If we specify the temperature on the
boundary 9D 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 u : D — R which realizes the steady-state
temperature 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 continuous curve 0D, and let
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¢ : 0D — R be a continuous function. Find a harmonic function u : 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 makes good mathe-
matical sense, providing evidence that the model may be valid.

Our goal here is to find the explicit solutions in the case where the region D
is sufficiently simple. Indeed, suppose that

D={(z,y) eR*:0<2<a,0<y<b}

Note that the boundary 0D of D consists of four line segments. Suppose,
moreover that the function ¢ : 9D — R vanishes on three sides of 0D, so that

¢(Ovy) = ¢(a7 y) = ¢($70) =0,
while
o(x,b) = f(),

where f(x) is a given continuous function which vanishes when z = 0 and x = 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

0%u  O%u

@ + ain =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(x),
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 cyu; + 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.
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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 (z)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 z on the left, all
the functions involving y on the right:

X'w) _ _Y'(y)

X(z) Y

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 = or y.
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(z) Yy

=},

which separates into two ordinary differential equations,
X" (z) = AX (), (5.5)

and
Y'(y) = =AY (y). (5.6)

The homogeneous boundary condition u(0,y) = u(a,y) = 0 imply that
X(0)Y (y) = X(a)Y(y) = 0.

If Y(y) is not identically zero,

Thus we need to find the nontrivial solutions to a boundary value problem for
an ordinary differential equation:

d2
X"(r) = 5(X() = AX (@), X(0)=0=X(a),
which we recognize as the eigenvalue problem for the differential operator

d2
T da?

acting on the space V} 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,....
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For each of these solutions, we need to find a corresponding Y (y) solving
equation (5.6),
Y(y) = =AY (y),

where A = —(nw/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).

The general solution to Laplace’s equation with these boundary conditions is a
general superposition of these product solutions:

u(z,y) = By sin(rz/a) sinh(my/a) + By sin(2rx/a) sinh(2ry/a) +.... (5.7)

To carry out Step II, we need to determine the constants B;, Bs, ... which
occur in (5.7) so that

u(z,b) = f(x).
Substitution of y = b into (5.7) yields

f(z) = By sin(rz/a) sinh(rb/a) + Ba sin(2mx/a) sinh(27b/a)+
...+ Bgsin(27k/a) sinh(knb/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(z) = 3sinz + 7sin 2z, then we must have
f(z) = By sin(z) sinh(7) + Bs sin(2x) sinh(27),

and hence

3 7
Bi=———, Bo=——— By=0 f k=3,....
' sinh(r)’ 7?7 sinh(2m)’ CF o ’

Thus the solution to Dirichlet’s problem in this case is

sinx sinhy + — sin 2z sinh 2y.

7
u(@,y) = sinh() sinh(27)

Exercises:

5.2.1. Which of the following functions are harmonic?
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sin z sinh y + m sin 2z sinh 2y.

Figure 5.1: Graph of u(z,y) =

3
sinh ()

a. f(z,y) = 2® +¢°
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

Pu  Pu

a2 Tap =0 w0y =ulmy) =0,

u(z,0) =0, u(z,m) = sinz — 2sin 22 + 3sin 3z.

b. Solve the following Dirichlet problem for Laplace’s equation in the same
square region: Find u(z,y),0 <z < 7,0 <y < 7, such that

Pu  Pu

@4’87?42—0, u(O,y):()

u(m,y) = sin 2y + 3 sin 4y, u(z,0) =0 = u(x, 7).
c. By adding the solutions to parts a and b together, find the solution to the
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Dirichlet problem: Find u(z,y),0 <z <m,0 <y <, such that

u 0
8712‘ + aTZ =0, w(0,y)=0,  u(ry)=sin2y+ 3sindy,

u(z,0) =0, u(z,m) = sinx — 2sin 22 + 3 sin 3z.

5.2.3. Solve the following Dirichlet problem for Laplace’s equation in a square
region: Find u(x,y),0 <z < 7,0 <y <, such that

0?u  0%u
gu, gu_y 0,y) =0
aI’Q + 6y2 b) U( 7y) b
for0 <y <mw/2
u(m,y) = v or0sy=m/2, u(z,0) =0 = u(z, ).
m—y, form/2<y<m,

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 (z, y)-plane which is bounded by a piece-
wise smooth curve 0D, and let h : D — R be a continuous function which
vanishes on dD. Find a function u(z,y,t) such that

1. u satisfies the heat equation

ou o (0%u  0*u

2. u satisfies the “Dirichlet boundary condition” w(z,y,t) = 0, for (z,y) €
oD.
3. w satisfies the initial condition u(x,y,0) = h(z,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:{(x,y)€R2:O§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(x,y,t) = f(xv y)g(t),
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and substitute into (5.8) to obtain

0? 0?
flag© = (54 + 5.5 ) att)

Then we divide by ¢ f(z,y)g(t),

1 1 o*f 0°f
o9 (B = 52 T2 )
c2g(t) fla,y) \ 02~ Oy
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 neither side can depend on z, ¥, or ¢, so
both sides must be constant. If we let A denote the constant, we obtain

o, 1 O’f | O*f
cwmg@‘A‘fmw( )

This separates into an ordinary differential equation

g'(t) = *Mg(t), (5.9)
and a partial differential equation

o2f  O*f

or? = 0y?

called the Helmholtz equation. The Dirichlet boundary condition yields

f(07y> :f(a’y) :f(x’()) :f(va) =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 (y),

which yields
X"(=z)  Y'(y)

X(0) T Y
" X" V')
X(2) Y

The left-hand side depends only on x, while the right-hand side depends only
on y, so both sides must be constant,

X)L Y'()
X TN Y

Hence the Helmholtz equation divides into two ordinary differential equations

X"(x) = uX(x), Y"(y)=vY(y), where p+v=2A\
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The “Dirichlet boundary conditions” now become conditions on X (x) and Y (y):
X(0)=X(a)=0, Y(0)=Y(b)=0.
The only nontrivial solutions are
X (x) =sin(mnmz/a), with p=—(mn/a)?>, m=1,2,3,...,

and
Y (y) = sin(nmy/b), with v=—(n7/b)? n=1,23,....

The corresponding solutions of the Helmholtz equation are
fmn(z,y) = sin(mmz/a) sin(nmy/b), with Ay, = —(mm/a)? — (n7/b)?,
where m and n range over the natural numbers
N={1,2,3,---}.

We can rephrase in terms of linear algebra as follows: Let V[ be the space
of smooth functions f : [0,a] x [0,b] — R such that

£0,9) = fla,y) = f(x,0) = f(x,b) =
We wish to find the values of A € R for which the “eigenspace”

WA={f€Vb Af = 82—f+82—f Af}

is not the zero subspace. The \’s for which W), is nonzero are called the eigen-
values of A on Vy, and the solutions to Af = Af are called eigenfunctions. We
have seen that these eigenvalues are

mi\ 2 nm\ 2
Ampn = — (—) — (—) , with corresponding eigenfunctions

a b
. /mmxy mry)
fmn(z,y) = sin (—a ) sin (—b .
For any given choices of m,n € N, the corresponding solution to (5.9) is
g(t) = o= Amnt _ o—c*((mm/a)’+(nm /b))t

Hence for each choice of m,n € N, we obtain a product solution to the heat
equation with Dirichlet boundary condition:

Um.n (T, Y, t) = sin(mmx/a) sin(mry/b)efcg((m”/“)QJr(””/b)?)t.

It is natural to suspect that he general solution to the heat equation with Dirich-
let boundary conditions is an arbitrary superposition of these product solutions,

u(z,y,t) Z bmn sin(mmx /a) sin(nmy/b)e = ((mm/a)*+(nm/b))t (5.11)

m,n=1
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To see that this is the case, we need to be able to satisfy an arbitrary initial
condition u(z,y,0) = h(z,y). It follows from (5.11) that h(z,y) must satisfy

h(z,y) = Z b sin(mmz/a) sin(nmy/b). (5.12)
m,n=1

For fixed choice of y, we can write

h(z,y) = Z b (y) sin(mmz/a),

m=1

where bm(y) = z/oa h(z,y)sin(mmrz/a)dx. (5.13)

We can then write
o) ) b
b (y) = Z by sin(nwy/b), where bon = — / b (y) sin(nmy /b)dy.
n=1 b 0
Substituting this into (5.13), we find that
h(z,y) = Z bmn sin(mmz/a) sin(nmy/b),
m,n=1
where

a b
bmn = g%/ / h(z,y) sin(mmx/a) sin(may/b)dzdy. (5.14)
ab.Jo Jo

We say that the b,,,,’s are the coefficients of the double Fourier sine series of h.
Suppose, for example, that c =1, a =b = m and

h(z,y) = sinx siny + 3sin 2z sin y + 7 sin 3z sin 2y.

In this case, we do not need to carry out the integration indicated in (5.14)
because comparison with (5.12) shows immediately that

bll = 17 b21 = 37 b32 = 77

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) = sinx sin ye™ 2" + 3sin 22 sin ye > + 7 sin 3z sin 2ye 3%,
Here is another example. Suppose that a = b = 7 and

h(z,y) = p(x)q(y),

(2) x, for 0 <z < 7/2, Y, for 0 <y <m/2,
x) = =
b m—ux, form/2<x <, Tm—y, form/2<y<m.
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In this case,

T (i)g /0 i [ /O . sinmxdx] sin nydy
i) i { /0 " p(z) sin mxdx} { /O " o(y) sin nydy}
)2 [ /0 " sz + /7, ;(w _ 2)sin mxdm]

/2 T
l/ ysin nydy + / (m — y)sin nydy] .
0 w/2

The integration can be carried out just like we did in Section 3.3 to yield

= (2 [ st [ B o]

s
1

. [112 sin(mr /2) sin(mr/?)} .

w2 |m2n

Thus in this case, we see that

16 «— [ 1 1
h(z,y) = 7?2) Z [ sin(mm/2) sin(mr/Z)} sin ma sin my,

m2 n2
m,n=1
and hence
16 1 2, 2
u(z,y,t) = - 2 {m%ﬂ sin(mm/2) sin(mr/?)} sin ma sin mye (™ ),
Exercises:

5.3.1. 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  O*u O

ot Ox2 * oy?’
u(x,0,t) = u(z,m,t) = u(0,y,t) = u(my,t) =0,
u(z,y,0) = 2sinzsiny + 5sin 2z sin y.

You may assume that the nontrivial solutions to the eigenvalue problem

0% f 0% f

@(x,y) + 87y2(x’y) = )‘f(xay)a f(l‘,()) = f(l’,ﬂ') = f(()ay) = f(ﬂ—vy) = Oa

are of the form

A= —m? —n? f(z,y) = by sin ma sin ny,
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form=1,2,3,...and n=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 w(z,y,t), where 0 <z < 7,0 <y < m and ¢ > 0, such that

ou 0%y @

ot o2 T oge
u(z,0,t) = u(z,m,t) = u(0,y,t) = u(my,t) =0,
U(I, Y, O) = 2(Sin I)y(ﬂ' - 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 <7andt >0, such that

1 ou 0%*u O%u

%10t o2 o
u(z,0,t) = u(z, 7, t) = u(0,y,t) = u(m,y,t) =0,

u(z,y,0) = 2sinzsiny + 3sin 2z siny.

5.3.4. Solve the following initial value problem in a square region: Find u(x,y,t),
where 0 <z < 7,0 <y <mandt >0, such that

ou_ o ot
ot 0x2 oy’
u(z,0,t) = u(z,m,t) = u(0,y,t) = u(my,t) =0,

u(z,y,0) = sinz sin 2y + 5 sin 22 sin 2y.

(t+1)

5.3.5. Solve the following initial value problem in a square region: Find u(x,y,t),
where 0 <z < 7,0 <y <mandt >0, such that

@+3u—@+@
ot - 0x? 0 oy?’

u(x,0,t) = u(z,m,t) = u(0,y,t) = u(my,t) =0,

u(z,y,0) = i i 1 sin ma sin ny.

m!n!

m=1n=1

5.3.6. Find the general solution to the heat equation
ou  9*u N 0%u
ot 0x2  Oy?
subject to the boundary conditions
u(z,0,t) = u(0,y,t) = u(m,y,t) =0,

u(x,m,t) = sinx — 2sin 2z + 3sin 3x.

147



5.3.7. Find the solutions to the eigenvalue problem with Neumann boundary
conditions,

0? 0?
G )+ 5% ) = M),
0 0 0 0
%(wyo) = 87.5(37’7() = aii(oﬂl/) = aii(’]ray) =0,

which corresponds to insulated boundaries.

5.3.8. 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 @

9t o2 oy
ou ou ou ou
Ky(imoat) - %('Tvﬂ-,t) - %(07:%15) - %(ﬂ—vyut) - 07

u(x,y,0) =2+ 7cosx + 4cosy + 12 cos z cos y.

Hint: Use the result of Problem 5.3.7.

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 (x,y)-plane. Suppose,
moreover, that a point on the membrane can move only in the vertical direc-
tion, and let u(x,y,t) denote the height of the point with coordinates (z,y) at
time t.

If p denotes the density of the membrane (assumed to be constant), then by
Newton’s second law of motion, 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
0%u
F= P o (z, y)dzdyk,

where k is the unit-length vector which points straight up. Suppose the force
displaces the membrane from a given position u(x,y) to a new position

u(z,y) +n(z,y),
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where n(z,y) and its derivatives are very small. Then the total work performed
by the force F on the rectangular piece of membrane will be

A%
F-n(z,y)k = n(z, Z/)Pﬁ(fﬁ, y)dxdy.

Integrating over the membrane yields an expression for the total work performed
when the membrane moves through the displacement #:

0%u
Work:// n(x,y)p—=(x,y)dzdy. (5.15)
D ot2

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

Potential energ r // l((“)u)Q + <8u>
Yy =35 ..
2 J)p|\Ox Oy

where 7' is a constant, called the tension in the membrane. Replacing v by u+n
in this integral yields

2 2
New potential energy = g// [(?&i) + (aZ> ] dxdy
D

[ 102 (22 + (2) (2] e
LG ()

If we neglect the last term in this expression (which is justified if 1 and its
derivatives are assumed to be small), we find that

dxdy,

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 - Vndzdy + // TnV - Vudzdy = / TnVu - Nds =0,
D D oD

and hence

Change in potential = — // n(z,y)T(V - Vu)(z, y)dzdy. (5.16)
D
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The work performed must be minus the change in potential energy, so it
follows from (5.15) and (5.16) that

//D ﬁ(x,y)p%(%y)dmdy: //D n(z,y)T(V - Vu)(z, y)dzdy.

Since this equation holds for all choices of 7, it follows that

0%u
which simplifies to
0%u o 9
ﬁzc V -Vu, where ¢ =3

or equivalently
0%u 5 ((0%u n 0%u
— ===+
ot? ox2  Oy?
This is just the wave equation.

The equations of a perfect gas and sound waves. Next, we will describe
Euler’s equations for a perfect gas in (z,y, z)-space.! Euler’s equations are
expressed in terms of the quantities,

v(z,y, z,t) = (velocity of the gas at (x,y, z) at time ),

p(x,y, z,t) = (density at (z,y, z) at time t),
p(z,y,z,t) = (pressure at (x,y, z) at time t).
The first of the Euler equations is the equation of continuity,

dp

Zr . =0. 5.17
LV (o) (517
We recall from Chapter 1 that we can derive this equation by representing 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 N.
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)dxdydz and — // F-NdA,
p Ot s

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.

so that the surface integral
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which must be equal. It follows from the divergence theorem that the second of

these expressions is
—/// V - F(x,y, z,t)dzdydz,
D

/// @dxdydz = —/// V - Fdzdydz.
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
— =—-V-F=-V-(pv),
5t (pv)
which is just the equation of continuity.
The second of the Euler equations is simply Newton’s second law of motion,

and hence

(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),1). (5.18)

The familiar formula Force = Mass x Acceleration then yields

p% (v(x(t), y(t), 2(t), 1)) = =Vp(z(t), y(t), (1), 1).

It follows from the chain rule,

dv 6vd£ Bv@ 8V% ov dt

At Owdt  dydt  Ozdt  Otdt
(v v oV (de dy dz) v
\ 9z’ 9y’ 0z dt’ dt’ dt ot’

that we can rewrite this equation as

g—‘t’ +(v-V)v= —%Vp. (5.19)
Note that this equation is nonlinear because of the term (v - V)v, which is
quadratic in 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’p’, (5.20)
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where a? and v are constants. (An ideal monatomic gas has this equation of
state with v = 5/3.)
In summary the Euler equations (5.17), (5.19), and (5.20) for a perfect gas

are
dp
ot
These equations are nonlinear, and hence quite difficult to solve. However, one
explicit solution is the case where the fluid is motionless,

ov 1
=V - (pv), 5 +(v-V)v= —;Vp. p=a*p.

P = pPo, P = DPo, VZO,

where pg and pg satisfy
Po = GZP&
Linearizing Euler’s equations near this explicit solution gives rise to a linear
partial 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, and in
particular, the term (v-V)v in (5.19) can be dropped. Substitution into Euler’s
equations (5.17), (5.19) and (5.20) then yields

/
88% +poV - (V') =0,
ov' 1
ot —%VP/,
and
P = [a*y(po) " V)p’ =y,
where ¢? is a new constant. It follows from these three equations that

2 ./ /
aatg = —po <v : %‘;) —V.-Vp =V .V = FAu.

Thus p’ must satisfy the three-dimensional wave equation

62/3/ 0 ) 82pl an/ a2p/ )
=2V.-Vp =c¢ (8m2+8y2+6z2)CAu' (5.21)

If the sound wave p’ is independent of z, (5.21) reduces to
62[)/ ) an/ 82/)/
P2 (2L 2P
ot? oxr2 = 0y?
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 Fuler
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equations, which are extremely difficult to solve except under very special cir-
cumstances.

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 (5.18) for the force acting on a fluid element:

Force = v(Av)(z,y, z,t) — Vp(z,y, 2, 1).

Here the Laplace operator A 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

V-v=0, p(g:Jr(V‘V)V)_I/AVVp.

It is remarkable that these equations, so easily expressed, are so difficult
to solve. Indeed, the equations of fluid mechanics, the Euler and 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 so-
lution, you can consult the web address: http://www.claymath.org/millennium/

Exercise:

5.4.1. Find the linearizations of the following partial differential equations at
the solution u = 0:
0*u N 0%u N Pu
ox2  oy? 022
Pu Pu P
0x2  0y? 022
u  0*u  O0%u  Ou

02 a2 T o2 T on

b.

= sinu.

=0.

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 (z,y)-plane which is bounded by a piecewise
smooth curve 0D, and let hy,hs : D — R be continuous functions. Find a
function w(z,y,t) such that

1. u satisfies the wave equation
Pu 5 (0*u D%
— = —+ — . 5.22
oz~ ¢ <8x2 T oz (522)
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2. u satisfies the “Dirichlet boundary condition” u(z,y,t) = 0, for (z,y) €
oD.

3. w satisfies the initial condition

ou

u(a:,y,()):hl(x,y), a(x7y70):h2('ray)

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<a0<y< b}, so
that the Dirichlet boundary condition becomes

u(0,y,t) = u(a,y,t) = u(z,0,t) = u(z,b,t) = 0.
We write
u(z,y,t) = f(z,y)g(t),
and substitute into (5.22) to obtain

0? 0?
Hang' 0 = (524 52) a0,

Then we divide by ¢ f(z,y)g(t),
Lo, 1 ’?f 0 f)
2907 = Tay < '

Once again, we conclude that both sides must be constant. If we let A denote
the constant, we obtain

I, 1 0%f  O%*f
@ 0= 7 (7 + )

This separates into an ordinary differential equation

822 | Oy?

g"(t) = Xg(t), (5.23)
and the Helmholtz equation
*f , 0*f
(8:62 + ayz) = \f. (5.24)

The Dirichlet boundary condition becomes

f(oay) :f(a’y) Zf(.T,O) :f(va) =0.

The Helmholtz equation is solved in exactly the same way as before, the
only nontrivial solutions being

fn(2,y) = sin(mzx/a) sin(nry/b), with A\,, = —(mn/a)? — (n7/b)?.
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The corresponding solution to (5.23) is
g(t) = Acos(wmnt) + Bsin(wpmnt), where Wy, = vV —Amn.

Thus we obtain a product solution to the wave equation with Dirichlet boundary
conditions:

u(z,y,t) = sin(mra/a) sin(nry/b)[A cos(wmnt) + B sin(wmnt)].

The general solution to the wave equation with Dirichlet boundary conditions
is a superposition of these product solutions,

u(z,y,t) = Z sin(mmz/a) sin(nwy/b)[Amn cos(Wmnt) + B sin(wpnt)].

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 What happens to the frequency of the fundamental mode of oscillation of a
vibrating rectangular membrane when the tension on the membrane is doubled?
When the density of the membrane is doubled?

5.5.2. Solve the following initial value problem for a vibrating square membrane
(where we have set T = p = 1): Find u(x,y,t),0 <2 < 7,0 <y <, such that

Pu P 0%

92 " 022 T o
u(z,0,t) = u(z, 7, t) = u(0,y,t) = u(m,y,t) =0,

0
u(x,y,0) = 3sinzsiny + 7sin 2z siny, a—?(w,yﬁ) =0.

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

0%y ?u  O%u
R 4 _— 4 — ,
ot? ox? = Oy?
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u(z,0,t) = u(z, 7, t) = u(0,y,t) = u(m,y,t) =0,

0
u(z,y,0) =0, %(m,y,()) = 2sinxsiny + 13 sin 2z sin y.

5.5.4. Solve the following initial value problem for a vibrating square membrane:
Find u(z,y,t),0 <z < 7,0 <y <, such that

0%y 0%u  O%u

2 " 02 T o

u(z,0,t) = u(z,m,t) = u(0,y,t) = u(my,t) =0,

ou
’LL(QZ,y,O) :p(I)q(y), E(Ivyao) = 07
where
(2) x, for 0 < <m/2, Y, for 0 <y <m/2,
x) = =
P m—x, form/2<z<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

x =z(r,0) = rcosé, y=1y(r,0) = rsiné.
The tool we need to express the Laplace operator

02 02
522 T 52

in terms of polar coordinates is just the chain rule, which we studied earlier in
the course. If u(z,y) is a function of x and y, we can define a new function @
of r and 0 by

a(r, ) = u(x(r,8),y(r,0)).

The chain rule then states that

U u x u
G = o @)y ) G (1,6) + T (7. 0), (1, 0) S0,
The variables represented by the functions u and @ are the same (for example,
both may represent temperature), so we usually drop the tilde and write u
instead of . This is commonly done, because otherwise we would run out of
letters of the alphabet, and additional symbols such as tildes, in complicated
problems.
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Although straigtforward, the calculation of the Laplace operator in polar
coordinates is somewhat lengthy. Since

gi ;(rcosﬁ) = cos b, % = %(rsinﬁ) =siné,

it follows immediately from the chain rule that

Ou  Oudx  Oudy ou ou

or " awor Togor - (osg, + o)

Similarly, since

or 0 . 9y _
0= 89(7“6089) —rsinf, —

80 90 6"
it follows that

Ou  Oudx e ou 8y
0 9x 00 ' 9y o6

rsinf) = rcos#,

. 0u ou
= (- rsm&)% + (rcosf))a—y.

It is often convenient to write the results as operator equations,

6‘87" (cos 9)62 + (81119); % =(—r sin@)({% + (7 cos 9)(,%
For the second derivatives, we find that
@ = g @ = g COSQ@ —l—sinﬂ%
or2  or\or) or ox Ay
0 (0Ou 0 (ou
= cosf— [ — ng— (2%
€08 or (89&) +sm or <8y>
82 2 82
= cos Gﬁ —|—2cos€smé)a 9y + sin? Hﬁ
Similarly,
@*2 Ou *2 rsmﬂa—JrrcosQ@
002 90 \90) 06 or y
= —rsm&— ( ) +r COS@% (gu> —rcos@% —rsinﬂg—z
2
= r2sin 0% — 2o cos@sin&amgy + 72 COSQGT;; — r%,
which yields
10%u . 5 ,0% . 0% 5, 0%u  10u
ﬁw — Sin 9@ — 2C05951n9m +COS 937y2 — ;E
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Adding these results together, we obtain

0%u 10%u  0%*u  J%u 1@

10u
o7 2o "o Tay ror U ror
or equivalently,
Pu  10%°u 10u
a7 2o T rar
Finally, we can write this result in the form

10 ou 1 0%u

Au =

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 circular
disk. Indeed, we can now formulate that Dirichlet problem as follows: Find
u(r, 8), for 0 < r <1, such that

1. wu satisfies Laplace’s equation,

10 ou 1 0%u
;5 (’I‘ar> + sz@ = 0, (526)

2. w satisfies the periodicity condition u(r, 0 + 27) = u(r,6),
3. wu is well-behaved near r = 0,

4. u satisfies the boundary condition u(1,60) = h(f), where h(f) is a given
well-behaved function satisfying the periodicity condition h(6427) = 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©(0), where ©(6+ 27) =0(6).
Substitution into (5.26) yields

1 2
d(dR)G RO

rdr \"dr r2 dg?

We multiply through by 2,

d dR d’e
7"% (Tdr>@+Rd920,

and divide by —RO© to obtain
_rd (dRY 140
Rar\'dr )~ @der"

158



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

“Rdr \"dr ) T ©do?

Thus the partial differential equation divides into two ordinary differential
equations

d?e

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

If n = 0, the equation for R becomes
d ( dR
ar (d) =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



and carrying out the differentiation on the left-hand side yields the characteristic

equation
2

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 7", and

Up(r,0) = a,r"™ cosnb + b,r" sinnd.
The general solution to (5.26) which is well-behaved at r = 0 and satisfies

the periodicity condition u(r, 8 4+ 27) = u(r, ) is therefore

— ?0 Z (anr™ cosnd + b,r" sinnb),

where ag,aq,...,b1,... are constants. To determine these constants we must
apply the boundary condition:

o0
h(9) = = ?O Z (an cosnb + by, sinnb).
n=1
We conclude that the constants ag,a, ..., 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,0),0 < r <1, such that

18 % +i827u70
ror \"or r2002 7

u(r, 0 + 2m) = u(r, 6), 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

ror Tar r2902 7

u(r, 0 + 2mw) = u(r,0), u well-behaved near r =0
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and

u(1,0) = h(9),
where h() is the periodic function such that

h(8) =16], 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

10 Ju 1 0%u
;5 (Tar> =+ ﬁw = O, U(T,9+27T) = U(T79),

5
u(1,0) = 2cosf and u(2,0) = 5(:059,
by carrying out the following steps:

a. First find the product solutions u(r, §) = R(r)©() to the homogenous linear
part of the problem:

10 ou 1 0%u

v or <a) T g =0 ulnb+2m = uln6). (5.27)
In doing this you will need to solve a sequence of second-order Cauchy-FEuler
equations for R(r), the solutions in each case having two constants of integration.
b. Use the superposition principle to write out the general solution to (5.27).

c. Finally use Fourier analysis to find the particular solution which satisfies the
two boundary conditions

u(1,6) = 2cos b, and u(2,0) = gcos 0.

5.6.4. Solve the following boundary value problem for Laplace’s equation in an
annular region: Find u(r,0),1 <r < 2, such that

190 Ju 1 0%u
;5 (Tar) =+ ﬁw = O, U(T,9+27T) = U<7"79),

u(1,0) =1+ cosf — sinf + 2 cos 20

and 17
u(2,0) =2cosf — 2sinf + 1 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

92 92
822 "oy

Let’s start with the heat equation

ou 4
ik Au, (5.28)

with the Dirichlet boundary condition,
u(z,y,t) =0 for (z,y)€ dD.
To solve this equation, we apply separation of variables as before, setting
u(z,y,t) = f(z,y)g(t),
and substitute into (5.28) to obtain
fl@,y)g' (t) = (AL)(z,y)g(D).
Then we divide by ¢ f(z,y)g(t),

/
9 (t)= Af)(z,y).

1) = s (BN w)
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

1
c?g(t)

gt)y=xA= (Af)(z,y).

[z, y)

This separates into
Jt)=cg(t)  and  (Af)(zy) = M (.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%u

w = C2AU, (529)
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with the Dirichlet boundary condition,

u(z,y,t) =0 for (z,y) € 0D.

z,y)
This time, substitution of u(z,y,t) = f(x,y)g(t) into (5.29) yields
1

" _ 2 T 1" — .
fz,y)g" () = (Af)(z,9)g(t), o 250 (t) 7o) (Af)(z,y)
Once again, both sides must equal a constant A, and we obtain
1 1
——g' ) == Af)(z,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,
flz,y) =0 for (z,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

W) = {smooth functions f(z,y) : Af = Af, f|oD = 0}.

Here the notation f|0D = 0 means that f(z,y) = 0 for (z,y) € 0D. We say
that A is a (Dirichlet) 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 A into the equations for g, solve for g, multiply by the eigenfunctions
to give the product solutions and form the general solution as an arbitrary
superposition of the product solutions. In the case of the heat equation,

g'(t) = AAg(t) = g(t) = (constant)e® M,
while in the case of the wave equation,
g’ (t) = *\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 A1, Ao, ...
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with A, — —oo as n — oo. Every smooth function f : D — R such that
f10D = 0 can be represented as a convergent sum of eigenfunctions. Moreover,
each eigenfunction possesses continuous partial derivatives of all orders at all
points of D — 9D, where D — 0D denotes the set of points in D which are not
on the boundary.?

Although the theorem is reassuring, it is usually quite difficult to determine the
eigenvalues A1, Ag, -+, An,- -+ explicitly for a given region in the plane.

There are two important cases in which the eigenvalues can be explicitly
determined by the method of separation of variables. The first is the case where
D is the rectangle,

D =[0,a] x [0,0] = {(z,y): 0 <z <a,0<y<b}
We saw how to solve the eigenvalue problem

0*f 0°f

@‘*‘TyQ:)\ﬁ flz,y)=0 for (z,y)€dD,
when we discussed the heat and wave equations for a rectangular region. The
nontrivial solutions are

™m\ 2 ™\ 2 . /TmzN . [Ty
Amn = — (7> - (7> ; fmn(xay) = s (7> S <7> ’
a b a b
where m and n are positive integers.
For most choices of a and b each Dirichlet eigenvalue will have multiplicity
one. But in the special case of the square (a = b) some of the Dirichlet eigenval-

ues can have multiplicity greater than one. For example, if D = [0, 7] x [0, 7],
then 22 + 12 = 12 4 22 = 5, so the eigenspace

W_s = {smooth functions f(z,y): Af = —=5f, f|0D = 0}

has dimension two. In this case, the eigenvalue —5 has multiplicity two.
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. In this case, one writes the Laplace operator in
polar coordinates as in §5.6, and applies separation of variables to the resulting
Helmholtz equation. The solution leads to Bessel functions, as we will see in
the next section. Once we have solved the eigenvalue problem it will be easy to
derive the general solution to heat flow for a circular disk, or for the motion of
a vibrating circular membrane.

A few more cases were worked out in the nineteenth century. Emile Matthieu
was able to use elliptic coordinates to derive the eigenvalues and eigenfunctions

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.
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for an ellipse, and this led to the development of Matthieu’s equation.? Gabriel
Lamé was able to work out the eigenvalues and eigenfunctions for the region D
bounded by an equilateral triangle..*

Exercises:

5.7.1. Conosider the Dirichlet eigenvalues for the square region D = [0, 7] x [0, 7].
What is the multiplicity of the eigenvalue —87 —10?7 —137

5.7.2. Show that among all rectangular vibrating membranes of area one, the
square has the lowest fundamental frequency of vibration by minimizing the

function ) )
fen = (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

™

o(@) = (2) + (ra)?,
when a > 0.

5.7.3. 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, Ao, ..., where

0>A > >0,

each eigenvalue having multiplicity one. Suppose that ¢,(x,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(zv t) = Z bn¢n($7 y)e)\nta
n=1

where the b,,’s are arbitrary constants.

5.7.4. 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 with Dirichlet
boundary conditions are Ay, Ag, ..., once again. Show that the general solution
to the wave equation

3See Courant and Hilbert, Methods of mathematical physics I, New York, Interscience,
1953. See Chapter V, §16.3.

4A modern treatment of Lamé’s theory is presented in Brian J. McCartin, Eigenstructure
of the equilateral triangle, SIAM review 45 (2003), 167-187.
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together with the condition that u vanishes on D and the initial condition

ou
E(xa Z/,O) - 07

is
o0
u(z,t) = an¢>n(x,y) cos(v/ —Ant),
n=1
where the b,,’s are arbitrary constants.
5.7.5. Let D be a finite region in the (z,y)-plane as in the preceding problems,
and suppose that the eigenvalues for the Laplace operator A on D with Dirichlet

boundary conditions are A1, As, ..., once again. Find the general solution to

the equation

d%u ou
IU L % = A
o g TUT AW

together with the condition that u vanishes on 0D and the initial condition

ou
E(xvyvo) = 0.

5.8 Eigenvalues for the circular disk*

To calculate the eigenvalues of the disk, it is convenient to utilize polar coordi-
nates r, 6 in terms of which the Laplace operator is

A Lo (o), 1o
T ror rar r2 062’

in terms of which the eigenvalue problem becomes

10 [ af) . 1Pf -
r&“(r&“>+7ﬂ2692_)‘f’ f1oD = 0. (5.30)

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 (5.30) yields

= ARO.

rdr \"dr 72 o2

1d d d?
( R)@ R %0

We multiply through by r2,

d ( dR d*e 5
re (Tdr> o+ RW = Ar°RO,

166



and divide by RO to obtain

ii @ ,)\2f7ld27®
Rdr \' dr T e

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 @ or r, and hence both sides must be constant:

_Li 7"@ +)\7a2—ld27@—
Rar \"dr “odr M

Thus in the manner now familiar, the partial differential equation divides
into two ordinary differential equations

2
% =10, O(0+2r)=0(),

d ( dR . -
7‘% (Tdr) — A\r‘R = 7[,LR, R(CL) =0.

Once again, the only nontrivial solutions are

Qg
=0, ©=—
a 2
and
w=—-n? O =a,cosnb +b,sinnb,

for n a positive integer. Substitution into the second equation yields

Let £ = /—Mr so that 22 = —\r2. Then
d d

“xdr | dr

der =vV-\dr = Idi =V-=Ar
T

so if we define a function R by R(z) = R(r), the functions R and R representing
the same dependent variable, our differential equation becomes

mi <xR> + (22 - n*)R=0, (5.31)

where R vanishes when 2 = v/—Xa. Finally, we change notation, replacing R
by vy, and the differential equation with boundary condition becomes

m% (xfiz) + (2? —n?)y =0, y(v=Xa) = 0. (5.32)
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We recognize the differential equation in (5.32) as Bessel’s equation, which is
treated in Section 2.6.

In Section 2.6, it is shown that for each choice of n, Bessel’s equation has a
one-dimensional space solutions which are well-behaved as x approaches zero.
These solutions are constant multiples of what is called the Bessel function of

the first kind J,,(z). Here is an important fact regarding Bessel functions of the
first kind:

Theorem. For each nonnegative integer n, J,(x) has infinitely many positive
Z€ros.

Graphs of the functions Jy(x) and Jy(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 Dirichlet eigen-
values of the Laplace operator on the disk. To see how, note first that the

boundary condition,

y(vV—2Aa) =0,
requires that v/—Aa be one of the zeros of J,(z). Let o, denote the k-th
positive root of the equation J,(x) = 0. Then

az ),
V=Aa=anr = A=-—3,
a
and
R(r) = Jp(ap kr/a)

will be a solution to (5.31) vanishing at » = a. Hence, in the case where n = 0,

and
for(r,0) = Jo(aokr/a)
will be a solution to the eigenvalue problem
10 of 1 0%f
I, —_ — L = D = 0.
r or (rﬁr> + r2 062 A 19 0

Similarly, in the case of general n,

Ank = — aéka
and
Fri(r,0) = Jp(o kr/a) cos(nd) or gy = Jp(om kxr/a)sin(nd),
for n =1,2,..., will be solutions to this eigenvalue problem.
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According to the Theorem presented in the previous section, if h(r,6) is any
smooth function, defined for r < a such that h(r, ) is well-behaved as r — 0,
h(r,0+2m) = h(r,0) and h(a,0) = 0, then f can be expressed as a superposition

Zamcf()k?"9 Zzankfnkre + by ke Gn,k (1, 0)],
n=1k—1

with each of the infinite series on the right converging.
Each of the eigenfunctions corresponds to a mode of oscillation for the cir-
cular vibrating membrane, the solution to the wave equation

2
ﬁzc Au.

Suppose, for simplicity, that ¢ = 1. Then
o1 = 2.40483 = X1 = —5.7832,
2 = 5.52008 = X2 = —30.471,
ap,3 = 8.65373 = Ag,3 = —74.887,
ap,4 = 11.7195 = Xg 3 = —139.039,

and so forth. If in addition, ¢ = 1, the mode of oscillation corresponding to
the function fy; will vibrate with frequency

VA
VA0 _ 201 3974,

ot o
while the mode of oscillation corresponding to the function fy » will vibrate with
frequency
VA2 oo
~— = —= = 87855
2w 2
Similarly,

arq =3.83171 = Ay 3 = —14.682,
Qg1 = 5.13562 = )\2’1 = —26.3746,

and hence the mode of oscillation corresponding to the functions fi; and g1,
will vibrate with frequency

vV =11 1,1
A Lt T 4
o o 60984,

while the mode of oscillation corresponding to the functions fo; and go; will
vibrate with frequency

VA1 s — 81736

or o
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).

Figure 5.2: Graph of the function fo1(r, 6

Figure 5.3: Graph of the function fo 2(r, ).
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Figure 5.4: Graph of the function fi 1(r,6).

In the general case in which ¢? = T/p, these frequencies must be multiplied
by c. A general vibration of the vibrating membrane will be a superposition of
the modes of oscillation we have constructed. 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(z) 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 L1ld d

dx = e*dz, s and hence

Ydr T erde  dz
Thus Bessel’s equation (5.32) in the case where n = 0 becomes

dzy 2z
Suppose that zp > 1 and y(z) is a solution to (5.33) with y(z9) # 0. We
claim that y(z) must change sign at some point between zg and zy + 7.
Assume first that y(z9) > 0. Let f(z) = sin(z — 2p). Since f"(z) = —f(z)
and y(z) satisfies (5.33),

d% w(2)f'(2) =/ (2)f (2)] = y(2)f"(2) = 4" (2) £ (2)

= —y(2)f(2) + e¥y(2) f(2) = (** = Dy(2) f (2).
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Note that f(z) > 0 for z between zg and zo + 7. If also y(z) > 0 for z between
zo and zg + 7, then y(2)f(z) > 0 and

zo+m
0< / (€** —1)y(2)f(2)dz

Z0

I
<
~
N
S—
=
—
™
S~—
|
Q@\
—
b
N—
-
—
t\z
=
ISEENY
o o
+
3

=y(z0 +7)f (20 + ) — 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(2z0) < 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 (5.33) 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,(z) has infinitely many positive zeros could be proven in a
similar fashion.

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

Oou 10 ou 1 0%u
5 = o (a> 2 o0
u(r,0 4 2m,t) = u(r,0,t), u well-behaved near r = 0,
u(1,6,t) =0,
u(r,0,0) = Jo(ap1r) + 3Jo(co,2r) — 2J1(av1,17) sin 0 + 4J3 (a1 7) cos 26.

5.8.2. Solve the following initial value problem for the vibrating circular mem-
brane: Find u(r,0,t),0 < r < 1, such that

Pu_10 (ou) 10
oz ror\'or) " 12002
u(r, 0+ 2w, t) = u(r,0,t), u well-behaved near r =0,

Ju
ot
u(r,0,0) = Jo(awo,17) + 3Jo (e 2r) — 2J1 (a1 17) sin 0 + 4.J5 (a2 17) cos 26.

u(1,6,t) =0, (r,0,0) =0,

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}]
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b. From the graph it is clear that the first root of the equation Jy(x) = 0 is
near 2. Run the following Mathematica program to find the first root o of
the Bessel function Jy(z):

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(x),...,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?

5.8.5. What happens to the fundamental frequency of a vibrating circular drum
when its radius is doubled?

5.9 Fourier analysis for the circular vibrating
membrane*

To finish up the solution to the initial value problem for arbitrary initial dis-
placements of the vibrating membrane, we need to develop a generalization of
the theory Fourier series which allows us to find a decomposition of an func-
tion representing an initial value into eigenfunctions which solve the eigenvalue
problem for the Laplace operator. In other words, we need a theory which al-
lows us to decompose an arbitrary perturbation of the equilibrium position for
a vibrating membrane into a superposition of the various modes of oscillation.

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

//fxy (z,y)dzdy.

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=py, (5.34)
then either A = p or (f,g) =0

The proof of this lemma is a nice application of Green’s theorem from vector
calculus. Indeed, it follows from Green’s theorem that

/dD —fagd +f89d //( F(0g/02)] — gy[_f(ag/ay)o dxdy
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// [gigz 8fag]dd +// (g;+82>daedy

Hence if the restriction of f to 9D vanishes,

//Dngdxdyz—//DVf-vgdxdy.

Similarly, if the restriction of g to 0D vanishes,

//DgAfd:cdy:—//DVf-ngxdy.

Thus if f and ¢ lie in V,

(89) == [ [ vF-Vadady = tg.27).
In particular, if (5.34) holds, then

uif,9) = (f,Ag) = (Af,9) = X[, 9),

and hence
(A=w){f,9)=0.

It follows immediately that either A — u = 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,0,t),0 <r <1,

so that
Pu_ 10 (o), 10
o2 ror rar r2 092’
u(r,0 4 2m,t) = u(r,0,t), u well-behaved near r = 0,
u(1,6,t) =0,
ou
u(r,8,0) = h(r,0), E(T,Q,O) =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

Fri(r,0) = Jp(an kr/a) cos(nd),  gnx = Jn(onkr/a)sin(nd).
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Indeed, the general solution must be a superposition of the products of these
eigenfunctions with periodic functions of ¢ of frequencies y/—A, /27. Thus this
general solution is of the form

u(r,0,t) = ao kfor(r,0) cos(ag t)
k=1
oo (oo}
+ Z Z A ks fro ke (7, 0) + by kG (7, 0)] cos(an kt).  (5.35)
We need to determine the a,, ;’s and the b, ’s so that the inhomogeneous initial

condition u(r,,0) = h(r,0) is also satisfied. If we set ¢ = 0 in (5.35), this
condition becomes

> aokfor+ YD lankfak + bnrgnkl = h. (5.36)
k=1 n=1 k=1

Thus we need to express an arbitrary initial displacement h(r, 8) 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,j, foe) =0, unless j = k.
Similarly, for arbitrary n > 1,
<f7l,j7 fn,k> = <fn,jvgn,k> = <gn,jagn,k> =0, 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 { Ozﬂ 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
<fn,ja gn,j> =0,

as desired.
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Moreover, using the integral formulae

27 _
/ cos nb cos mhdl = {W’ for m =n,
0

, form #n,

27 B
/ sin nd sin mOdf = m, form =n,
0 0, fOr m # n,

/027T sin n# cos mldh = 0,
we can check that
(frgs fmk) = (9n.j Gmk) = (frjs Gmk) = 0,
unless m = n. It then follows from the lemma that

<fn,ja fm,k> = <gn,jagm,k> = <fn,jvgm,k> =0,

unless j = 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,6). Indeed, if we
take the inner product of equation (5.36) with w,, 1, we obtain

an,k<fn,k7 fnk> = <h7 fn,k>7

or equivalently

<ha fn k>
Apfp = ———t—. 5.37
5= T Fok) (5:57)
Similarly,
<h’gn k>
by = —222 5.38
- <gn,k7 gn,k> ( )

Thus we finally see that the solution to our initial value problem is

u(r,0,t) = Z ao,k fo,x(r, 0) cos(ag rt)

k=1

+ Z Z Qp kfn kT, 0 + bn k9n, k(r 9)} COS(Ozn kt)

where the coefficients are determined by the integral formulae (5.37) and (5.38).
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),
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for 0 < r < 1. In order to find the solution to the wave equation with this initial
condition, we need to expand h(r,6) in terms of eigenfunctions of A. Because
of axial symmetry, we can write

h(’l"7 9) = a()’ljo(ao’ﬂ") + ao,gjo(ao’ﬂ“) +....

a. Use the following Mathematica program to determine the coefficient ag ; in
this expansion:

d = NIntegrate[r (BesselJ[0,2.40483 r])A2,{r,0,1}1;
n = NIntegrate[r (BesselJ[0,2.40483 r]) .1 (1-r),{r,0,1}];
a0l = n/d

b. Use a modification of the program to determine the coefficients ag 2, ag 3,
and ap 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), 1o%
o2 ror \' or r2 002’
u(r, 0+ 2m,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:

a0l = .2; a02 = .1; a03 = .2; a04 = .1; all = .3; bll = .2;
vibmem = Tablel[
ParametricPlot3D[ { r Cos[ul, r Sin[ul ,
a0l 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}

+ 4+ 4+ 4+
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a. Execute this program and then animate the sequence of graphics by double-
clicking on the first cell in the table.

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.

5.10 Heat in three dimensions

Of course, all of the preceding theory can be extended to the Laplace operator
in three dimensions, and this extension is quite important.

One of the many applications of the Laplace operator in three dimensions is
to determine the steady-state distribution of temperature in a region D within
(x,y, z)-space, when the temperature on the boundary 0D is given. This is
called the Dirichlet problem for the Laplace operator. In more advanced books
the following theorem is proven:

Theorem. Let D be a bounded region in the (x,y, z)-space which is bounded
by a sufficiently well-behaved surface 0D, and let ¢ : 0D — R be a continuous
function. Then there is a unique function u : D — R such that
u  *u  O%u
Au:@—l—a—w—l—@:O for (x,y,2) € D and
w(@,y,z) = d(,y,2),  for (z,y,2) € 9D.

Moreover, u has continuous partial derivatives of arbitrary orders at every point
(z,y, z) which lies in D but not on 9D.

For regions in (z,y, z)-space that are sufficiently simple, a rectangular solid, a
right circular cylinder or a ball bounded by a sphere, an explicit solution to
Dirichlet’s problem can be found by the techniques of separation of variables
and Fourier analysis presented on the previous pages.

For studying these regions, there are three frequently used coordinate sys-
tems, the rectangular cartesion coordinates (z,vy,z), in terms of which the
Laplace operator is of course

A=t a5t (5.39)

cylindrical coordinates (r, 0, z),
r=rcosf, y=rsind, z=z,

in terms of which the Laplace operator is
10 0 1 02 0?
A=_-_"[r= 4 5.40
ror <r3r> +T2 002 +822’ (5.40)
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and spherical coordinates. Spherical coordinates (p, ¢, 6) are defined by
x =psingcosf, y=psingsinf, z = pcosq,
or in terms of cylindrical coordinates by
r=psing, 0=6, z=pcoso,

where —7/2 < ¢ < w/2. Using the transformation (r = psin ¢, z = pcos¢) and
the chain rule, we can determine the Laplace operator in spherical coordinates.
We will leave the derivation to the diligent reader. The result is

1 0 (,. ,0 o (. ,0 0 1 0
8= g 73 (71505 ) + 5 (935 35 (ogan) |- 040
Using (5.39), (5.40) and (5.41), we can solve not only the Dirichlet problem,
but many other three-dimensional problems involving Laplace’s equation, such
as the heat equation and the wave equation.
In this section, we focus first on the Dirichlet problem for the Laplace op-
erator A in a ball. Thus suppose we specify the temperature on the boundary
OB of a spherical ball

B={(z,y,2) e R® : 2> + >+ 22 <1}

and want to determine the equilibrium temperature on the inside. Clearly spher-
ical coordinates are the ones to use for this problem.

More precisely, we seek a function u(p, 6, ¢), for 0 < p <1 and 0 < ¢ < 7,
which satisfies the following conditions:

1. Au =0, where A is given by (5.41),
2. u(p,0 +2m, ¢) = u(p,0,9),

3. u(p,0,9) = u(p,0,d) well-behaved when p approaches 0 or ¢ approaches
either 0 or 7.

4. u(1,6,¢) = h(0,¢), where h is a given function on 9B, smooth and well-
behaved near the north and south poles.

To solve this problem, we substitute u(p, 0, ) = R(p)f(0, ¢) into the equa-

tion o ou\ 0 o\ o (1 0
O 26,59 9 ain ¥ 9 LA
ap (p bm“bap> * 9 (Slwa(z)) T 0 (sinqb 8u9) 0

and obtain

O (. Of\, 0 (1 of\],__. . df,dR
[w@w@Wowwﬂ”-m%ﬂﬂﬁ'

Dividing by Rf sin ¢ yields

s |95 (s055) + 5 (s %h)] @R
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We set both sides equal to a separating constant A and obtain the partial dif-

ferential equation

1 o (. 0 0 1
Lf=MAf, where L= 0o [(‘9(;5 (sm¢a¢) —&-% (sind)@@

d dR

and — [ p*=— ) =-)R.
dp dp

In more formal notation, we let

V = { smooth functions h : B — R},

and let
W)\:{fEVLf:)\f}a

)| o

L being defined by (5.42). As before, we say that X is an eigenvalue if W) # 0.
Moreover, if X\ is an eigenvalue, W) is its eigenspace and nonzero elements of

Wy are called eigenfunctions.

As we will describe shortly, it can be shown that the eigenvalues are —n(n +

1), forn=0,1,2,... and

dim W41y = 20 + 1.

Thus the eigenspaces have larger and larger dimension as n — oo.

I. Axial Symmetry. We begin by analyzing the case the axially symmetric
case, the case that f does not depend on 6. In this case, the operator L simplifies

considerably:

1 d . d
L= nsds (S’lww) ’

and the eigenvalue equation is just

1 od (. df
Sin¢% <Sln¢d¢> = )\f

If we make the substitution z = cos ¢, we find that

. d ., d
dz = — sin ¢do, @ = —sin qﬁa.

Thus if we define f(z) = f(cos @) = f(¢), then (5.43) becomes
d AN

cf . df s

or
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which we recognize as Legendre’s differential equation that we studied earlier.

We need solutions which are well-behaved when z = +1. But we saw in
§ 1.2 that the only solutions to Legendre’s equation which are well-behaved
for all z such that —1 < z < 1 are polynomials, and these only occur when
A= —-n(n+1), for n =0,1,2,.... Appropriately normalized, the polynomial
solutions are known as the Legendre polynomials and are denoted by P, (z). The
first few Legendre polynomials are

P =1, Pi(e)=z Piz) = 3(32° 1),
Ps(2) = %(523 —32), Py(z)= %(3524 —302% = 3).

Any constant multiple of the Legendre polynomial P,(z) is a solution to the
differential equation

(1—22)%—22%4—71(714—1)}?:0.

Thus, recalling that z = cos ¢, we see that the only well-behaved solutions to
(5.43) are
A=-n(n+1), f(¢)= (constant)P,(cos ),

forn=0,1,2,....
The corresponding equation for R(p) is

d [ ,dR\ _
o (p dp> =n(n+1)R,

which is a Cauchy-Euler equation. Its solutions are found to be

n=0: R=a+bloglpl,
n>0: R=ap"+——
p

where a and b are arbitrary constants. The only solutions well-behaved near
p=0are R=a whenn =0 and R = ap™ when n > 0, and the corresponding
solutions u(r, ¢) to Laplace’s equation are constant multiples of

uo(p, ) = 1, Un(p; @) = p" Pn(cos §). (5.44)

Let us return to the problem considered before, with u independent of 6.
We seek a function u(p, ¢), for 0 < p < 1 and 0 < ¢ < 7, which satisfies the
following conditions:

1. Au=0,
2. u(p, ¢) is well-behaved when p approaches 0 and when ¢ approaches either

0 or m.
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3. u(l,¢) = h(¢), where h is a given function on 9B, invariant under rota-
tions around the z-axis, which is smooth and well-behaved near the north
and south poles.

The general solution to the homogeneous linear part of this problem is a
superposition of the product solutions (5.44).

u(p, ¢) = Z anp” Py, (COS ¢)

n=0

To find the solution which satisfies the nonhomogeneous condition, we must
solve

u(l,0) =Y anPu(cos §) = h(9).
n=0
In other words, we must expand h(¢) as a superposition of Legendre polynomi-
als.

II. General Case. We now relax the assumption that the function f is axially
symmetric. This requiring analyzing the equation (5.42):

1 [ /. @ 8/ 1 8
Li=25, whee L=g0g L% (Sm%a;) * 26 <Sinq§89)] '

Once again, we use separation of variables, and write
f(9,0) = 2(¢)0(6),

which puts the preceding equation in the form

1 d ., 1
Sin g do (sin p@’(¢)) ©(0) + 2 o

Dividing by ®(¢)©(6)/sin? ¢ yields
(sin @) (d/d¢)(sin ' (¢))  ©"(6)

0(¢)0"(0) = A2(¢)O(0).

= \(sin®
3(0) HCTOR
which by the familiar process yields
(sin ¢)(d/d¢)(sin o2’ (¢)) Lo O"(0)
3(0) SO = g

where p is a separating constant.
Thus we find a familiar eigenvalue problem once again,

0"(0) = uo(h), (6 +27) = 6(6),
together with an ordinary differential equation for ¢;

(sin ¢)(d/dg)(sin 9@’ (¢)) — (A(sin® ¢) — u)@(¢) = 0. (5.45)
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The eigenvalue problem has the familiar solution:
p=0 and O(9) = %,
or

pw=—m? m a positive integer and O(6) = a,, cos(mf) + b, sin(mf).

As in the axially symmetric case, we substitute z = cos ¢ in (5.45) and let

®(z) = B(cos ¢p) = B(¢), to obtain

1—2%)— — 22—
( z)d22 Zdz+

2(i> (i) 2 B
d d {—A— n }@:0, (5.46)

a differential equation called an associated Legendre equation. This equation
has regular singular points at z = +1 just like Legendre’s equation. We can
again look for solutions to the associated Legendre differential equation which
are well-behaved at z = £1.

A direct calculation shows that if g(z) is any solution to Legendre’s differ-
ential equation ,

d d
(1- zQ)d—Zg - 2zd—i —Ag =0,
then o
B(z) = (1- 22224 (2)

is a solution to the associated Legendre differential equation (5.46). Just as in
the case of the usual Legendre equation, it can be shown that the only solutions
to (5.46) which are well-behaved at z = +1 are those that arise from this formula
when g¢(z) is a polynomial.> These are the constant multiples of the so-called
associated Legendre functions

m m dm
Pl(z)=(1- 32) /Zdijn(Z),

the P,(z)’s being the Legendre polynomials described before. The first few
associated Legendre functions with m > 0 are

Pl(z) = —V1—22, Py(z)=-32/1-22, Pj(z)=3(1-2%.

We can now write down the solutions to the eigenvalue problem for the
operator L : V — V defined by (5.42) when |} is small. A basis for the
eigenspace Wy for A = 0 consists of {Fy(cos¢) = 1}. A basis for the next
eigenspace W_q is

{P}(cos ¢), P} (cos ¢) cos 0, P} (cos ¢) sin 0},

5Further discussion of this can be found in Courant and Hilbert, Methods of mathematical
physics, Volume 1, Chapter 5, § 10.
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a space of dimension three. A basis for the next eigenspace W_g is
{PY(cos ¢), Pi(cos p) cos 8, Py (cos ¢) sin @, PZ(cos ¢) cos 20, PZ(cos ¢) sin 260},
a space of dimension five. A basis for W_,,(,,41) is
{Pp(cosp)} U{P(cos ¢) cosmb, P*(cos p)sinmb : 1 < m < n},

a space of dimension 2n+1. Elements of W_,,(,,11) are called spherical harmon-
ics of degree n, and play a major role in understanding the Laplace operator in
spherical coordinates.

With the solution of the eigenvalue problem for L available, we have finished
the first step in solving the Dirichlet problem for steady-state temperature in a
ball for arbitrary boundary data. The second step would consist of writing an
arbitrary smooth function h(¢,6) in V' as a superposition of eigenfunctions. As
might be expected, this requires the development of a new theory of generalized
Fourier series, similar to that employed in the circular vibrating membrane
problem.

Flow of heat in a thin spherical shell. Suppose now that D is the region
between two concentric spheres:

D={(z,y,2) ER*: 1< p<1+¢},

p being the radial spherical coordinate, where € is a very small positive number.
We imagine that we are given an initial distribution of heat h(¢, ) over the
spherical shell which does not depend on the radial coordinate p. We would like
to solve the heat equation

ou 2[82u 0%*u ﬁzu]

o Cla ozt o

_ 2; g 2‘in¢87u _|_i ‘in(b@ +2 1 @
~ 2sing lap \" %, ) T oo\ %8s ) T 96 \sinv a6 )|

for the temperature function u(p, ¢, 8,t) subject to the boundary condition

0
2% 0 on the boundary of D,
dp

and the initial condition

U(P, ¢7 97 0) = h(d)v 9)

It is natural to expect that as ¢ — 0 the solution u(p, ¢, 0,t) becomes indepen-
dent of p for all time ¢, allowing us to simplify the Laplace operator (5.41 )

to
1 g (. ,0 0 1 0
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The operator L is known as the Laplace operator on the unit sphere. When we
send € to zero, we can imagine heat flowing over the surface of the unit sphere.
As we have done many times, we can separate variables, setting

u(p, ¢,0,t) = f(,0)g(t).
Substituting into the heat equation yields

) L(f)(.6)
o)~ 1(0.0)

g
7(6.0)0'(1) = L)@, 0)9(t) or
which separates into two equations

L(f)((b, 9) = )‘f(¢79)7 g/(t) = C2g(t)'

This leads once again to the eigenvalue problem for the operator L : V — V
that we considered before. As we have seen, the eigenvalues for L are —n(n+1),
for n =0,1,2,... and the corresponding eigenspaces are

W_pnt1) = {Pn(cos @)} U {P,"(cos ¢) cosmb, P (cos ) sinmf : 1 <m < n},
spaces of dimension 2n + 1. We change notation slightly and let
W,n(nJrl) = {¢n’l(¢,9) 1 <i<2n+1}.

Then the general solution to the heat equation on the sphere is found to be

oo 2n+1

w(@,0,t) = > N anitni(d,0)e .

n=0 i=1
To satisfy the initial condition, we must have

oo 2n+1

h(¢79> = u(¢7 0, 0) = Z Z an,i¢n,i(¢’ 9)

n=0 i=1

Thus we must expand h(¢, #) in terms of the associated Legendre polynomials
as before. Just as in the case of the circular vibrating membrane, to find the
coeflicients a,,; in complete generality, and thereby determine the particular
solution satisfying the initial condition, would require the development of a
generalized theory of Fourier series for Legendre functions.

Exercises:

5.10.1. Solve the following Dirichlet problem for the equilibrium heat in a spher-
ical ball: Find a function u(p, ¢), for 0 < p <1 and 0 < ¢ < 7, which satisfies
the following conditions:

1. Au=0,

185



2. u(p, ¢) is well-behaved when p approaches 0 and when ¢ approaches either
0 or m,

3. u(1,¢) = 5(cos ¢)® — 3 cos ¢.
5.10.2. Solve the following Dirichlet problem for the equilibrium heat heat in

a spherical ball: Find a function u(p, ¢), for 0 < p < 1 and 0 < ¢ < 7, which
satisfies the following conditions:

1. Au=0,

2. u(p, @) is well-behaved when p approaches 0 and when ¢ approaches either
0 or m,

3. u(1,¢) = 5(cos )® + 2(cos ¢)? — 4cos ¢ + 5.
5.10.3. Solve the following Dirichlet problem for the equilibrium heat in a spher-

ical ball: Find a function u(p, ¢), for 0 < p < 1 and 0 < ¢ < 7, which satisfies
the following conditions:

1. Au=0,

2. u(p, 9,0 + 2m) = u(p, ¢,0),

3. u(p, ¢,0) is well-behaved when p approaches 0 and when ¢ approaches
either 0 or 7,

4. u(1,¢,0) = (cos ¢)? cos 20 + 5(cos ¢)3 + (cos ¢)? — 4cos ¢ + 5.
5.10.4. Solve the following initial-value problem for heat flow on the surface of

a sphere of unit radius: Find a function u(p, ¢,t), for 0 < p < 1,0 < ¢ < 7 and
t > 0, which satisfies the following conditions:

1. (Qu/0t) = Lu, where L is defined by (5.47).
2. u(¢,0 + 2m,t) = u(¢, 6, 1),

3. u(¢,0,t) is well-behaved when p approaches 0 and when ¢ approaches
either 0 or m,

4. u(¢,0,0) = (cos ¢)? cos 20 + 5(cos ¢) + (cos ¢)? — 4 cos ¢ + 5.
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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

22150
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[5] = 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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1.5 2 2.5 3
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

y(t) = ce

by typing
ylt] = c * 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, Al
o (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]]
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 0572
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 },
v, {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[Evaluate[y[x] /. soll, {x,0,6,.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(x,y).

=@y
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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1 2 3 4 5 6

Figure A.2: Solution to v’ = y(1 —y), y(0) = .1.

0.5 0.75 1.25 1.5 1.75 2

Figure A.3: A parametric plot of a solution to dz/dt = —xy, dy/dt = vy — 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

- _ Y oy — =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}, {£,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 [Evaluatel[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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