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These notes are not endorsed by the lecturers, and I have modified them (often
significantly) after lectures. They are nowhere near accurate representations of what
was actually lectured, and in particular, all errors are almost surely mine.

Self-adjoint ODEs

Periodic functions. Fourier series: definition and simple properties; Parseval’s theorem.
Equations of second order. Self-adjoint differential operators. The Sturm-Liouville
equation; eigenfunctions and eigenvalues; reality of eigenvalues and orthogonality of
eigenfunctions; eigenfunction expansions (Fourier series as prototype), approximation
in mean square, statement of completeness. [5]

PDEs on bounded domains: separation of variables

Physical basis of Laplace’s equation, the wave equation and the diffusion equation.
General method of separation of variables in Cartesian, cylindrical and spherical
coordinates. Legendre’s equation: derivation, solutions including explicit forms of
Py, P1 and P, orthogonality. Bessel’s equation of integer order as an example of a
self-adjoint eigenvalue problem with non-trivial weight.

Examples including potentials on rectangular and circular domains and on a spherical
domain (axisymmetric case only), waves on a finite string and heat flow down a
semi-infinite rod. [5]

Inhomogeneous ODEs: Green’s functions

Properties of the Dirac delta function. Initial value problems and forced problems with
two fixed end points; solution using Green’s functions. Eigenfunction expansions of the
delta function and Green’s functions. [4]

Fourier transforms

Fourier transforms: definition and simple properties; inversion and convolution theorems.
The discrete Fourier transform. Examples of application to linear systems. Relationship
of transfer function to Green’s function for initial value problems. [4]

PDEs on unbounded domains

Classification of PDEs in two independent variables. Well posedness. Solution by
the method of characteristics. Green’s functions for PDEs in 1, 2 and 3 independent
variables; fundamental solutions of the wave equation, Laplace’s equation and the
diffusion equation. The method of images. Application to the forced wave equation,
Poisson’s equation and forced diffusion equation. Transient solutions of diffusion
problems: the error function. [6]
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0 Introduction

In the previous courses, the (partial) differential equations we have seen are
mostly linear. For example, we have Laplace’s equation:

2 o,
ox2 oy

and the heat equation:
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The Schrodinger’ equation in quantum mechanics is also linear:

., 0P h? 0%¢
By being linear, these equations have the property that if ¢1, ¢ are solutions,
then so are A1¢1 + Aagpo (for any constants \;).

Why are all these linear? In general, if we just randomly write down a
differential equation, most likely it is not going to be linear. So where did the
linearity of equations of physics come from?

The answer is that the real world is not linear in general. However, often we
are not looking for a completely accurate and precise description of the universe.
When we have low energy /speed/whatever, we can often quite accurately approx-
imate reality by a linear equation. For example, the equation of general relativity
is very complicated and nowhere near being linear, but for small masses and
velocities, they reduce to Newton’s law of gravitation, which is linear.

The only exception to this seems to be Schrodinger’s equation. While there
are many theories and equations that superseded the Schrédinger equation, these
are all still linear in nature. It seems that linearity is the thing that underpins
quantum mechanics.

Due to the prevalence of linear equations, it is rather important that we
understand these equations well, and this is our primary objective of the course.
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1 Vector spaces

When dealing with functions and differential equations, we will often think of
the space of functions as a vector space. In many cases, we will try to find a
“basis” for our space of functions, and expand our functions in terms of the basis.
Under different situations, we would want to use a different basis for our space.
For example, when dealing with periodic functions, we will want to pick basis
elements that are themselves periodic. In other situations, these basis elements
would not be that helpful.

A familiar example would be the Taylor series, where we try to approximate

a function f by
50
= n!

Here we are thinking of {z™ : n € N} as the basis of our space, and trying to
approximate an arbitrary function as a sum of the basis elements. When writing
the function f as a sum like this, it is of course important to consider whether
the sum converges, and when it does, whether it actually converges back to f.

Another issue of concern is if we have a general set of basis functions {y, },
how can we find the coefficients ¢, such that f(z) = > ¢y, (2)? This is the
bit where linear algebra comes in. Finding these coefficients is something we
understand well in linear algebra, and we will attempt to borrow the results and
apply them to our space of functions.

Another concept we would want to borrow is eigenvalues and eigenfunctions,
as well as self-adjoint (“Hermitian”) operators. As we go along the course, we
will see some close connections between functions and vector spaces, and we can
often get inspirations from linear algebra.

Of course, there is no guarantee that the results from linear algebra would
apply directly, since most of our linear algebra results was about finite basis and
finite linear sums. However, it is often a good starting point, and usually works
when dealing with sufficiently nice functions.

We start with some preliminary definitions, which should be familiar from
TA Vectors and Matrices and/or IB Linear Algebra.

Definition (Vector space). A wvector space over C (or R) is a set V with an
operation + which obeys

(i) u+v=v+u (commutativity)
(ii) (u+v)+w=u+(v+w) (associativity)
(iii) There is some 0 € V such that 0+ u =u for all u (identity)

We can also multiply vectors by a scalars A € C, which satisfies

(i) AMuv) = v (associativity)
(ii) Mu+v)=Au+Av (distributivity in V')
(iii) (A +p)u = Au+ Av (distributivity in C)
(iv) 1v = (identity)
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Often, we wouldn’t have just a vector space. We usually give them some
additional structure, such as an inner product.

Definition (Inner product). An inner product on Visamap (-, -): VxV — C
that satisfies

(i) (u,Av) = A(u,v) (linearity in second argument)
(i) (u,v+w)=(u,v)+ (u,w) (additivity)
(iii) (u,v) = (v,u)* (conjugate symmetry)
(iv) (u,u) > 0, with equality iff u=0 (positivity)

Note that the positivity condition makes sense since conjugate symmetry entails
that (u,u) € R.

The inner product in turn defines a norm ||u|| = y/(u,u) that provides the
notion of length and distance.

It is important to note that we only have linearity in the second argument.
For the first argument, we have (Au,v) = (v, Au)* = A*(v,u)* = A*(u,v).

Definition (Basis). A set of vectors {vyi,va,---,v,} form a basis of V iff any
u € V can be uniquely written as a linear combination

n
u = E )\ivi
i=1

for some scalars \;. The dimension of a vector space is the number of basis
vectors in its basis.

A basis is orthogonal (with respect to the inner product) if (v;,v;) = 0
whenever i # j.

A basis is orthonormal (with respect to the inner product) if it is orthogonal
and (v;,v;) =1 for all 4.

Orthonormal bases are the nice bases, and these are what we want to work
with.

Given an orthonormal basis, we can use the inner product to find the
expansion of any u € V in terms of the basis, for if

u = E )\ivia
%

taking the inner product with v; gives

(vjau) = (Vja Z)\zvz> = Z)\i(vj,vi) = )\ja
using additivity and linearity. Hence we get the general formula
)\i = (Vi7 ll).

We have seen all these so far in TA Vectors and Matrices, where a vector is a list
of finitely many numbers. However, functions can also be thought of as elements
of an (infinite dimensional) vector space.
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Suppose we have f,g : @ — C. Then we can define the sum f + g by
(f+9)(x) = f(z) + g(z). Given scalar A\, we can also define (Af)(z) = \f(x).

This also makes intuitive sense. We can simply view a functions as a list
of numbers, where we list out the values of f at each point. The list could be
infinite, but a list nonetheless.

Most of the time, we don’t want to look at the set of all functions. That
would be too huge and uninteresting. A natural class of functions to consider
would be the set of solutions to some particular differential solution. However,
this doesn’t always work. For this class to actually be a vector space, the sum of
two solutions and the scalar multiple of a solution must also be a solution. This
is exactly the requirement that the differential equation is linear. Hence, the set
of solutions to a linear differential equation would form a vector space. Linearity
pops up again.

Now what about the inner product? A natural definition is

(f.9) = / f(2)*g(z) du.

where p is some measure. For example, we could integrate dz, or dz?. This
measure specifies how much weighting we give to each point z.

Why does this definition make sense? Recall that the usual inner product
on finite-dimensional vector spaces is Y v w;. Here we are just summing the
different components of v and w. We just said we can think of the function f as
a list of all its values, and this integral is just the sum of all components of f
and g.

Example. Let ¥ = [a,b]. Then we could take

b
(f,9) :/ f(@)*g(x) du.

Alternatively, let ¥ = D? C R? be the unit disk. Then we could have

(ro= [ 1 / 7 F(r0)g(r0) 0 7 dr

Note that we were careful and said that du is “some measure”. Here we are
integrating against df r dr. We will later see cases where this can be even more
complicated.

If ¥ has a boundary, we will often want to restrict our functions to take
particular values on the boundary, known as boundary conditions. Often, we
want the boundary conditions to preserve linearity. We call these nice boundary
conditions homogeneous conditions.

Definition (Homogeneous boundary conditions). A boundary condition is
homogeneous if whenever f and g satisfy the boundary conditions, then so does
Af + pg for any A\, pp € C (or R).

Example. Let ¥ = [a,b]. We could require that f(a) + 7f'(b) = 0, or maybe
f(a) 4+ 3f"(a) = 0. These are examples of homogeneous boundary conditions.
On the other hand, the requirement f(a) =1 is not homogeneous.
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2 Fourier series

The first type of functions we will consider is periodic functions.

Definition (Periodic function). A function f is periodic if there is some fixed
R such that f(z + R) = f(x) for all x.

However, it is often much more convenient to think of this as a function
f: 8" — C from unit circle to C, and parametrize our function by an angle 6
ranging from 0 to 2.

Now why do we care about periodic functions? Apart from the fact that
genuine periodic functions exist, we can also use them to model functions on a
compact domain. For example, if we have a function defined on [0, 1], we can
pretend it is a periodic function on R by making infinitely many copies of the
function to the intervals [1, 2], [2, 3] etc.

ENVANVANVAN

2.1 Fourier series

So. As mentioned in the previous chapter, we want to find a set of “basis
functions” for periodic functions. We could go with the simplest case of periodic
functions we know of — the exponential function e?*?. These functions have a
period of 27, and are rather easy to work with. We all know how to integrate
and differentiate the exponential function.

More importantly, this set of basis functions is orthogonal. We have

. . ™ . . m . 2 =
(em’u‘)7 ezn@) _ / e—zm«‘)eznﬂ do = / ez(n—m)é) do = { ™ n m _ 27r(5nm
0 n#m

—Tr —T

We can normalize these to get a set of orthonormal functions {\/%eme n e Z}.

Fourier’s idea was to use this as a basis for any periodic function. Fourier
claimed that any f : S' — C can be expanded in this basis:

= Z fneinev

neZ
where ) | g
fo=getem f) = o [ o) as
27 2 J_,

'MLG

2 )

These really should be defined as f(0) = fn% with f, = ( f) but for

convenience reasons, we move all the constant factors to the fn coefficients.
We can consider the special case where f : S — R is a real function. We
might want to make our expansion look a bit more “real”. We get

G = (50 [ emr@ra0) =5 [ et an=f



2 Fourier series IB Methods

So we can replace our Fourier series by
0 oo
f0)= fo+ Z (fneme + f_ne*mé)) = fo+ Z (fneznG + f;€72n6> '
n=1 n=1

.7 Gy, + 1b . .
Setting f,, = %, we can write this as

f(0) = fo+ Z(an cosnf + by, sinnb)

n=1

ap = :
=5 + Z(an cosné + by, sinnb).

n=1

Here the coefficients are

1" e
an:f/ cosnff(6) b, bn:—/ sinndf(6) do.
Y

—T —T

This is an alternative formulation of the Fourier series in terms of sin and cos.

So when given a real function, which expansion should we use? It depends. If
our function is odd (or even), it would be useful to pick the sine/cosine expansion,
since the cosine (or sine) terms will simply disappear. On the other hand, if we
want to stick our function into a differential equation, exponential functions are
usually more helpful.

2.2 Convergence of Fourier series

When Fourier first proposed the idea of a Fourier series, people didn’t really
believe in him. How can we be sure that the infinite series actually converges?
It turns out that in many cases, they don’t.

To investigate the convergence of the series, we define the partial Fourier
sum as

n
Snf = Z fmeim0~
m=-n

The question we want to answer is whether S,, f “converges” to f. Here we
have to be careful with what we mean by convergence. As we (might) have seen
in Analysis, there are many ways of defining convergence of functions. If we
have a “norm” on the space of functions, we can define convergence to mean
nli_{rgo ||Snf — fll = 0. Our “norm” can be defined as

IS0 = 1l = 5= [ 15.50) — £(0) ao.

However, this doesn’t really work if S, f and f can be arbitrary functions, as in
this does not necessarily have to be a norm. Indeed, if lim S, f differs from f
n—r oo

on finitely or countably many points, the integral will still be zero. In particular,
lim S, f and f can differ at all rational points, but this definition will say that
Sy f converges to f.
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Hence another possible definition of convergence is to require
lim S, f(6) — £(6) = 0
n—oo

for all #. This is known as pointwise convergence. However, this is often too
weak a notion. We can ask for more, and require that the rate of convergent is
independent of 6. This is known as uniform convergence, and is defined by

Jim. sup [Snf(6) — f(0)] = 0.

Of course, with different definitions of convergence, we can get different answers
to whether it converges. Unfortunately, even if we manage to get our definition
of convergence right, it is still difficult to come up with a criterion to decide if a
function has a convergent Fourier Series.

It is not difficult to prove a general criterion for convergence in norm, but we
will not do that, since that is analysis. If interested, one should take the IID
Analysis of Functions course. In this course, instead of trying to come up with
something general, let’s look at an example instead.

Example. Consider the sawtooth function f(6

Note that this function is discontinuous at odd multiples of 7.
The Fourier coefficients (for n # 0) are

. 1 L 1 ) & 1 T —_1)nt+1
fn — 7/ efzneg do = [— : efznee + i / 62719 de = ( ) )
2 J_, 2min _p  2min J_, m

We also have fo =0.
Hence we have

(=)™ i
0= ——e".
nZ#O mn
It turns out that this series converges to the sawtooth for all 8 # (2m + 1), i.e.
everywhere that the sawtooth is continuous.
Let’s look explicitly at the case where § = m. Each term of the partial Fourier
series is zero. So we can say that the Fourier series converges to 0. This is the
average value of ;1_{% f(mrLe).

This is typical. At an isolated discontinuity, the Fourier series is the average
of the limiting values of the original function as we approach from either side.

2.3 Differentiability and Fourier series

Integration is a smoothening operator. If we take, say, the step function

@(x)z{l :r>0.
0 <0
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Then the integral is given by

This is now a continuous function. If we integrate it again, we make the positive
side look like a quadratic curve, and it is now differentiable.

Y Y
A

fd:v

» T ‘ » T

On the other hand, when we differentiate a function, we generally make it worse.
For example, when we differentiate the continuous function [ ©(z) dz, we obtain
the discontinuous function ©(z). If we attempt to differentiate this again, we
get the J-(non)-function.

Hence, it is often helpful to characterize the “smoothness” of a function by
how many times we can differentiate it. It turns out this is rather relevant to
the behaviour of the Fourier series.

Suppose that we have a function that is itself continuous and whose first
m — 1 derivatives are also continuous, but f(™ has isolated discontinuities at
{61,02,05,--- ,6.}.

We can look at the kth Fourier coefficient:

; L
R

_ L ke " 1 T ko
- [ ik f(a)] T (6) 6

The first term vanishes since f(6) is continuous and takes the same value at 7

and —7. So we are left with

_ ! /7r e~ () do

2mik J_,

11
= Gy o / ™0 £m) (g) de.

Now we have to be careful, since f("™) is no longer continuous. However provided
that f(™) is everywhere finite, we can approximate this by removing small strips
(0; —e,0; + ) from our domain of integration, and take the limit ¢ — 0. We can
write this as

I 1 1 /91—5 . /92_5 R /Tr ik@f(m)(g) 4o
= lim ——— s e
=0 (Zk)m 21 -7 01+¢ 0,+e

o [Z(fW)(e:) S fmE ) [ e ) ap)

s=1 (=m,m)\0

10
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We now have to stop. So fi decays like (%)m+1 if our function and its (m — 1)
derivatives are continuous. This means that if a function is more differentiable,
then the coefficients decay more quickly.

This makes sense. If we have a rather smooth function, then we would expect
the first few Fourier terms (with low frequency) to account for most of the
variation of f. Hence the coeflicients decay really quickly.

However, if the function is jiggly and bumps around all the time, we would
expect to need some higher frequency terms to account for the minute variation.
Hence the terms would not decay away that quickly. So in general, if we can
differentiate it more times, then the terms should decay quicker.

An important result, which is in some sense a Linear Algebra result, is
Parseval’s theorem.

Theorem (Parseval’s theorem).

()= [ 15OP a0 =2n 31

nez

Proof.

= " fO)P as

—T

_ /_ : <Z f;e—i"ﬁ) (Z fnei"f’) d

meZ nez

_ Z f;;fn/ ciln-m)9 49
m,n€’ -
con S Fouboen
m,neZ

—or 3" |ful? O

nez

Note that this is not a fully rigorous proof, since we assumed not only that
the Fourier series converges to the function, but also that we could commute the
infinite sums. However, for the purposes of an applied course, this is sufficient.

Last time, we computed that the sawtooth function f(#) = 6 has Fourier
coefficients )

; o i)
fo=0, fo= for n # 0.
n

But why do we care? It turns out this has some applications in number theory.
You might have heard of the Riemann (-function, defined by

oo

((s) =

n=1

1

ns’

We will show that this obeys the property that for any m, ((2m) = n*™q for
some ¢ € Q. This may not be obvious at first sight. So let’s apply Parseval’s
theorem for the sawtooth defined by f(6) = 6. By direct computation, we know
that

273

(.= [ o*d0==

—T

11
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However, by Parseval’s theorem, we know that

G =Sl =ary
n=1

neEZ
Putting these together, we learn that

2

<1 T
;ﬁ:mbgn

We have just done it for the case where m = 1. But if we integrate the sawtooth
function repeatedly, then we can get the general result for all m.

At this point, we might ask, why are we choosing these e as our basis?
Surely there are a lot of different sets of basis we can use. For example, in finite
dimensions, we can just arbitrary choose random vectors (that are not linearly
dependent) to get a set of basis vectors. However, in practice, we don’t pick
them randomly. We often choose a basis that can reveal the symmetry of a
system. For example, if we have a rotationally symmetric system, we would like
to use polar coordinates. Similarly, if we have periodic functions, then e is
often a good choice of basis.

12
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3 Sturm-Liouville Theory

3.1 Sturm-Liouville operators

In finite dimensions, we often consider linear maps M : V — W. If {v;} is a
basis for V' and {w;} is a basis for W, then we can represent the map by a
matrix with entries

Mm' = (Wa,MV,j).

A map M : V — V is called self-adjoint if M = M as matrices. However, it is
not obvious how we can extend this notion to arbitrary maps between arbitrary
vector spaces (with an inner product) when they cannot be represented by a
matrix.

Instead, we make the following definitions:

Definition (Adjoint and self-adjoint). The adjoint B of amap A:V — V isa
map such that
(Bu,v) = (u, Av)

for all vectors u,v € V. A map is then self-adjoint if
(Mu,v) = (u,Mv).

Self-adjoint matrices come with a natural basis. Recall that the eigenvalues
of a matrix are the roots of det(M — AI) = 0. The eigenvector corresponding to
an eigenvalue A is defined by Mv; = A\;v;.

In general, eigenvalues can be any complex number. However, self-adjoint
maps have real eigenvalues. Suppose

MVZ' = )\ivi.
Then we have
Xi(Vi, vi) = (vi, Mv;) = (Mv;, v;) = X (Vi, Vi).

So A; = AL
Furthermore, eigenvectors with distinct eigenvalues are orthogonal with
respect to the inner product. Suppose that

MVZ‘ = )\ivi7 MVj = )\jVj.
Then
Ai(vj,vi) = (vj, Mv;) = (Mvj,vi) = Aj(v, vi).

Since A; # A;, we must have (v;,v;) = 0.
Knowing eigenvalues and eigenvalues gives a neat way so solve linear equations
of the form
Mu=f.

Here we are given M and f, and want to find u. Of course, the answer is
u = M~'f. However, if we expand in terms of eigenvectors, we obtain

Mu = MZ’U,,LV,L = Zul)\lvl

13
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Hence we have
> widivi =Y fivi.

Taking the inner product with v;, we know that

fi
u; = =
J )‘j
So far, these are all things from IA Vectors and Matrices. Sturm-Liouville theory
is the infinite-dimensional analogue.
In our vector space of differentiable functions, our “matrices” would be linear
differential operators £. For example, we could have

dr dr=t d
o T A1 @ o et A

L=Ay(z) e

+ Ap(x).
It is an easy check that this is in fact linear.

We say L has order p if the highest derivative that appears is %.

In most applications, we will be interested in the case p = 2. When will our
L be self-adjoint?

In the p = 2 case, we have

d2y
@+E@_Q
o dz?2  Pdx P

Let p =exp (f % dx). Then we can write this as
4| d dy Q
— 1] = 7)) X
=Pr {dx (pdx) Ppy] '
We further define g = %p. We also drop a factor of Pp~!. Then we are left with

=4 (o) -t

This is the Sturm-Liouwville form of the operator. Now let’s compute (f, Lg). We
integrate by parts numerous times to obtain

b d / d
(f, Lg) =/ [ (M (pdi) —qg) dz
b *
=[f*pg'} */ (O}ifx p% +f*qg) dw

=[f*pg' — [ pal, / ( ( df*) —qf* )gdx
=[(f*d' = f"9)pls + (LS, 9),

assuming that p, ¢ are real.

14
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So 2nd order linear differential operators are self-adjoint with respect to this
norm if p, g are real and the boundary terms vanish. When do the boundary
terms vanish? One possibility is when p is periodic (with the right period), or if
we constrain f and g to be periodic.

Example. We can consider a simple case, where
d2
da?’

Here we have p = 1,q = 0. If we ask for functions to be periodic on [a, b], then

b 2 b 32 px
. d°g d
/a f @dl':/a dngdx

Note that it is important that we have a second-order differential operator. If it
is first-order, then we would have a negative sign, since we integrated by parts
once.

Just as in finite dimensions, self-adjoint operators have eigenfunctions and
eigenvalues with special properties. First, we define a more sophisticated inner
product.

Definition (Inner product with weight). An inner product with weight w,
written (-, + )., is defined by

b
(. ) = / £ (@)g(x)w(x) dz,

where w is real, non-negative, and has only finitely many zeroes.

Why do we want a weight w(z)? In the future, we might want to work with
the unit disk, instead of a square in R?2. When we want to use polar coordinates,
we will have to integrate with r dr df, instead of just dr df. Hence we need the
weight of . Also, we allow it to have finitely many zeroes, so that the radius
can be 0 at the origin.

Why can’t we have more zeroes? We want the inner product to keep the
property that (f, f)w = 0 iff f =0 (for continuous f). If w is zero at too many
places, then the inner product could be zero without f being zero.

We now define what it means to be an eigenfunction.

Definition (Eigenfunction with weight). An eigenfunction with weight w of £
is a function y : [a, b] — C obeying the differential equation

Ly = Awy,
where A € C is the eigenvalue.

This might be strange at first sight. It seems like we can take any nonsense
y, apply L, to get some nonsense Ly. But then it is fine, since we can write it
as some nonsense w times our original y. So any function is an eigenfunction?
No! There are many constraints w has to satisfy, like being positive, real and
having finitely many zeroes. It turns out this severely restraints what values
y can take, so not everything will be an eigenfunction. In fact we can develop
this theory without the weight function w. However, weight functions are much
more convenient when, say, dealing with the unit disk.

15



3 Sturm-Liouville Theory IB Methods

Proposition. The eigenvalues of a Sturm-Liouville operator are real.
Proof. Suppose Ly; = \jwy;. Then

Ai(Yis Yi)w = Xi(Yis wys) = (Yi, LYi) = (Lyi, ¥i) = (Niwyis vi) = A (Vi Yi)w-
Since (yi, yi)w 7 0, we have A\; = Af. O

Note that the first and last terms use the weighted inner product, but the
middle terms use the unweighted inner product.

Proposition. Eigenfunctions with different eigenvalues (but same weight) are
orthogonal.

Proof. Let Ly; = \ywy; and Ly; = Ajwy;. Then

Ai(Ys yi)w = W5, Lyi) = (Ly;,9i) = Xj (Y5 Yi)w-
Since A; # A;, we must have (y;,v;)w = 0. O

Those were pretty straightforward manipulations. However, the main results
of Sturm—Liouville theory are significantly harder, and we will not prove them.
We shall just state them and explore some examples.

Theorem. On a compact domain, the eigenvalues A1, Ao, - -+ form a countably
infinite sequence and are discrete.

This will be a rather helpful result in quantum mechanics, since in quantum
mechanics, the possible values of, say, the energy are the eigenvalues of the
Hamiltonian operator. Then this result says that the possible values of the
energy are discrete and form an infinite sequence.

Note here the word compact. In quantum mechanics, if we restrict a particle
in a well [0,1], then it will have quantized energy level since the domain is
compact. However, if the particle is free, then it can have any energy at all since
we no longer have a compact domain. Similarly, angular momentum is quantized,
since it describe rotations, which takes values in S!, which is compact.

Theorem. The eigenfunctions are complete: any function f : [a,b] — C (obeying
appropriate boundary conditions) can be expanded as

f(:l:) = Z fnyn(z)v

where

o= /y,’;(m)f(x)w(;v) dz.

Example. Let [a,b] = [-L, L], L = %, w = 1, restricting to periodic functions
Then our eigenfunction obeys

d?y,
dz?

Yn(x) = exp <m£m:>

16

= Anyn($)7

Then our eigenfunctions are
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with eigenvalues

for n € Z. This is just the Fourier series!

Example (Hermite polynomials). We are going to cheat a little bit and pick
our domain to be R. We want to study the differential equation

1
GH" —H = \H,

with H : R — C. We want to put this in Sturm-Liouville form. We have

p(x) = exp (—/ 2t dt> = e_”z,
0

ignoring constant factors. Then g(x) = 0. We can rewrite this as

d (mde
oot 4

= -2\ * H(z)
dz de | ¢ v

So we take our weight function to be w(x) = e

We now ask that H(z) grows at most polynomially as |z| — oco. In particular,
we want e %" H (x)? — 0. This ensures that the boundary terms from integration
by parts vanish at the infinite boundary, so that our Sturm-Liouville operator is
self-adjoint.

The eigenfunctions turn out to be

Hy(z) = (_1)%“% (e_’cz) .

These are known as the Hermite polynomials. Note that these are indeed
polynomials. When we differentiate the e~ term many times, we get a lot
of things from the produgt rule, but they will always keep an e’zz, which will
ultimately cancel with e” .

Just as for matrices, we can use the eigenfunction expansion to solve forced
differential equations. For example, if might want to solve

Lg = f('r)a
where f(z) is a forcing term. We can write this as
Lg = w(z)F ().

We expand our g as

9(2) = Gnyn(@).

neZ

Then by linearity,

Lg = Zgnﬁyn(z) = Zgn)‘nw(x)yn(x)

neZ nez

17
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We can also expand our forcing function as

w(z)F(x) = w(z) (Z F’nyn(x)> :

ne”z

Taking the (regular) inner product with y,,(z) (and noting orthogonality of
eigenfunctions), we obtain

w(x)gm/\m = w(l')ﬁm
This tells us that

So we have

provided all A,, are non-zero.

This is a systematic way of solving forced differential equations. We used to
solve these by “being smart”. We just looked at the forcing term and tried to
guess what would work. Unsurprisingly, this approach does not succeed all the
time. Thus it is helpful to have a systematic way of solving the equations.

It is often helpful to rewrite this into another form, using the fact that
F, = (Yn, F)w. So we have

1 b 1,
() = 3 5 s F it (5) = / > v Om @ F @) dt

nez @ nez

Note that we swapped the sum and the integral, which is in general a dangerous
thing to do, but we don’t really care because this is an applied course. We can
further write the above as

b
g(z) = / Gz, t)F(t)w(t) dt,

where G(z,t) is the infinite sum

Gz, t)=)_ )\iy;i(t)yn(x)-

nez ="

We call this the Green’s function. Note that this depends on A,, and y, only.
It depends on the differential operator £, but not the forcing term F. We can
think of this as something like the “inverse matrix”, which we can use to solve
the forced differential equation for any forcing term.

Recall that for a matrix, the inverse exists if the determinant is non-zero,
which is true if the eigenvalues are all non-zero. Similarly, here a necessary
condition for the Green’s function to exist is that all the eigenvalues are non-zero.

We now have a second version of Parseval’s theorem.

Theorem (Parseval’s theorem II).

(faf)w = Z |fn‘2

neE”Z

18
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Proof. We have

(fs fw

| @@ a

3 /f 2) ot (@) (z)

n,mez

= Z f;fm(ymym)w

n,mez

neZ

3.2 Least squares approximation

So far, we have expanded functions in terms of infinite series. However, in real
life, when we ask a computer to do this for us, it is incapable of storing and
calculating an infinite series. So we need to truncate it at some point.

Suppose we approximate some function f :  — C by a finite set of eigen-
functions y, (x). Suppose we write the approximation g as

= Z k()
k=1

The objective here is to figure out what values of the coefficients ¢; are “the
best”, i.e. can make g represent f as closely as possible.

Firstly, we have to make it explicit what we mean by “as closely as possible”.
Here we take this to mean that we want to minimize the w-norm (f — g, f — ¢)w.
By linearity of the norm, we know that

(f_g7f_g)w :(fvf)w+(g7g)w_(fvg)w_(g,f)w

To minimize this norm, we want

~ Sl =0 f =0 = S Do+ @000 = (F.0)e = 0. 1)u)

We know that the (f, )., term vanishes since it does not depend on ¢;,. Expanding
our definitions of g, we can get

-0 (Zw S —zcm) S
86] i=1 k=1 k=1

Note that here we are treating ¢} and c; as distinct quantities. So when we vary
¢j, ¢; is unchanged. To formally justify this treatment, we can vary the real and
imaginary parts separately. R
Hence, the extremum is achieved at ¢j = f7. Similarly, varying with respect
7, we get that ¢; = fi.
To check that this is indeed an minimum, we can look at the second-derivatives
0? 0?
B¢, (f=9.f= 9w = peie

to ¢

(f=9[—Dw

19
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while
72 ? — g ? —g)w = (5 > 0
acfacj ( ’ ) gl ’

Hence this is indeed a minimum.
Thus we know that (f — g, f — ¢)w is minimized over all g(z) when

Cp = fk = Wks [)w-

These are exactly the coefficients in our infinite expansion. Hence if we truncate
our series at an arbitrary point, it is still the best approximation we can get.

20
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4 Partial differential equations

So far, we have come up with a lot of general theory about functions and stuff.
We are going to look into some applications of these. In this section, we will
develop the general technique of separation of variables, and apply this to many
many problems.

4.1 Laplace’s equation

Definition (Laplace’s equation). Laplace’s equation on R™ says that a (twice-
differentiable) equation ¢ : R™ — C obeys

V¢ =0,
where
n 82
922"

i=1 *

V2 =

This equation arises in many situations. For example, if we have a conservative
force F = —V¢, and we are in a region where the force obeys the source-free
Gauss’ law V- F = 0 (e.g. when there is no electric charge in an electromagnetic
field), then we get Laplace’s equation.

It also arises as a special case of the heat equation % = kV?2¢, and wave
equation % = c2V?2¢, when there is no time dependence.

Definition (Harmonic functions). Functions that obey Laplace’s equation are
often called harmonic functions.

Proposition. Let 2 be a compact domain, and 92 be its boundary. Let
f: 99 — R. Then there is a unique solution to V3¢ = 0 on Q with ¢|sq = f.

Proof. Suppose ¢; and ¢ are both solutions such that ¢1]gq = ¢a]oq = f. Then
let ® = 1 — ¢p2. So ® = 0 on the boundary. So we have

0= / OV A"z = —/(Vcb) (Vo) dm—i—/ VD -nd"'a.
Q Q o0

We note that the second term vanishes since ® = 0 on the boundary. So we have

0= —/Q(V@) (V) da.

However, we know that (V®) - (V®) > 0 with equality iff V& = 0. Hence
® is constant throughout 2. Since at the boundary, ® = 0, we have & = 0
throughout, i.e. ¢1 = ¢o. O

Asking that ¢|oq = f(z) is a Dirichlet boundary condition. We can instead
ask n-Vo|gg = g, a Neumann condition. In this case, we have a unique solution
up to a constant factor.

These we’ve all seen in IA Vector Calculus, but this time in arbitrary dimen-
sions.

21



4 Partial differential equations IB Methods

4.2 Laplace’s equation in the unit disk in R?
Let Q = {(z,y) € R? : 22 + y? < 1}. Then Laplace’s equation becomes

o 2o _ &
C0x?  O0y? 020%

0=V?p
where we define z = x + iy, Z = x — iy. Then the general solution is

$(z,2) = ¥(2) + x(2)

for some v, x.

Suppose we want a solution obeying the Dirichlet boundary condition
#(z,2)|oq = f(0), where the boundary 0 is the unit circle. Since the do-
main is the unit circle S*, we can Fourier-expand it! We can write

f(e) = Z fneine = fO + Z fneiné‘ + Z .]Efne_ma-
nez n=1 n=1

However, we know that z = re?’ and z = re’?. So on the boundary, we know
that z = ¢ and z = e=%’. So we can write

n=1
This is defined for |z| = 1. Now we can define ¢ on the unit disk by
G(2.2) = fo+ > fo"+ > fnz"
n=1 n=1

It is clear that this obeys the boundary conditions by construction. Also, ¢(z, 2)
certainly converges when |z| < 1 if the series for f(6) converged on 9. Also,
#(z,2) is of the form ¢ (z) + x(Z). So it is a solution to Laplace’s equation on
the unit disk. Since the solution is unique, we’re done!

4.3 Separation of variables

Unfortunately, the use of complex variables is very special to the case where
Q C R2. In higher dimensions, we proceed differently.

We let Q = {(z,y,2) € R*:0< 2 <a,0<y<bz >0} We want the
following boundary conditions:

w(()’y?z) = ¢(a7y,z =

Q/J(an,Z) = 11)(:E,b,z =
li)m w(xayvz) =0

’(/J(ZC,y,O) = f(x,y)7

where f is a given function. In other words, we want our function to be f when
z = 0 and vanish at the boundaries.
The first step is to look for a solution of V24 (x,vy, z) = 0 of the form

Y(2,y,2) = X(2)Y (y)Z(2).

22
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Then we have

0= V2% = YZX" + XZY" + XYZ" = XYZ (X"JFY”JFZ”>
- N X'y "z)

As long as ¥ # 0, we can divide through by ¢ and obtain

X// Y// Z/l
—+—==0.
X * Y + A

The key point is each term depends on only one of the variables (z,y, z). If we
vary, say, r, then % + 27” does not change. For the total sum to be 0, Xy must
be constant. So each term has to be separately constant. We can thus write

)(//:_)\)(7 Y//:_MY, Z/I:()\+M)Z~

The signs before A and p are there just to make our life easier later on.
We can solve these to obtain

X = asinVAz + beos VA,
Y = esin vV Ay + dcos VAz,

Z = gexp(v/ A+ pz) + hexp(—v/ A + pz).

We now impose the homogeneous boundary conditions, i.e. the conditions that
1 vanishes at the walls and at infinity.

— At 2 =0, we need (0,y,2) =0. So b=0.

— At = a, we need ¥(a,y,z) =0. So A = (”TZT)Z
— At y =0, we need ¥(z,0,z) =0. So d=0.

— At y = b, we need ¥(z,b,2) =0. So p = (%)2.
— As z = o0, P(z,y,2) = 0. So g =0.

Here we have n,m € N.
So we found a solution
nwT mm

¥(z,y,z) = Ap msin (T) sin (Ty) exp(—$n.m%),

where A, ,, is an arbitrary constant, and

2 2
n m
2 2
S =|—=+ == | 7.
n,m (aQ b2)

This obeys the homogeneous boundary conditions for any n,m € N but not the
inhomogeneous condition at z = 0.

By linearity, the general solution obeying the homogeneous boundary condi-
tions is

U(x,y,z) = i Ap,m sin (?) sin (?) exp(—Sn,m?)

n,m=1
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The final step is to impose the inhomogeneous boundary condition ¥ (z,y,0) =
f(z,y). In other words, we need

ngzl Ay m sin (?) sin (%) = f(z,y). )

The objective is thus to find the A, ., coefficients.
We can use the orthogonality relation we’ve previously had:

@ k
/ sin (m) sin (mr ) dz = 0 nﬂ_
0 a a 2

k”) and integrate:

i Apm /Oa sin (T) sin (?) dx sin (?) = /Oa sin (lm;x) flz,y) de.
=1

n,m=

So we multiply (f) by sin (

Using the orthogonality relation, we have

a4 . (mmyy @ @
5m2=1Ak7msm (T) 7/0 sm( . >f(x,y) dz.

We can perform the same trick again, and obtain

i .
a—bAk,j = / sin <M) sin (m> f(z,y) do dy. (%)
4 [0,a] X [0,5] a b

So we found the solution

v(x,y, 2 Z Ay m sin ( ) sin (%) exp(—Sn,m2)

n,m=1

where A,, ,, is given by (*). Since we have shown that there is a unique solution
to Laplace’s equation obeying Dirichlet boundary conditions, we’re done.

Note that if we imposed a boundary condition at finite z, say 0 < z < ¢,
then both sets of exponential exp(d+/X + pz) would have contributed. Similarly,
if 9 does not vanish at the other boundaries, then the cos terms would also
contribute.

In general, to actually find our v, we have to do the horrible integral for
Ay, and this is not always easy (since integrals are hard). We will just look at
a simple example.

Example. Suppose f(z,y) = 1. Then

S L b (mmy A6 n,m both odd
Amn = — sin ( ) dx sin (—) dy =4 mmn :
, ab Jo a 0 b 0 otherwise

Hence we have

16 1 . /nmzy\ . /mmy
w(x,y,z):ﬁ Z %sm(T)sm(T)exp(—smynz).

n,m odd
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4.4 Laplace’s equation in spherical polar coordinates
4.4.1 Laplace’s equation in spherical polar coordinates
We’ll often also be interested in taking

Q={(s,y,2) e R®: Va2 + 2 + 22 < a}.

Since our domain is spherical, it makes sense to use some coordinate system
with spherical symmetry. We use spherical coordinates (r, 8, ¢), where

x=rsinfcos¢, y=rsinfsing, z=rcosh.

The Laplacian is

VQ_lg 22 + 1 2 1n9£ + 1 672
“2ar \" or 256 00\ 96 r2sin? 6 062

Similarly, the volume element is

dV = dz dy dz = r?sin 6 dr df de.

In this course, we'll only look at azisymmetric solutions, where ¥(r, 6, ¢) = 1(r, )
does not depend on ¢.

We perform separation of variables, where we look for any set of solution of
V29 = 0 inside 2 where 1(r,0) = R(r)O(0).

Laplace’s equation then becomes

Yild op 1od (. dO\] _
r2 [Rdr(TR)JF@smede sinfig )| =0

Similarly, since each term depends only on one variable, each must separately
be constant. So we have

d [ ,dR d /. ,dO .
o <r dr) = AR, W (blnﬁde> = —Asinf0O.

Note that both these equations are eigenfunction equations for some Sturm-
Liouville operator and the O(0) equation has a non-trivial weight function
w(f) = sin 6.

4.4.2 Legendre Polynomials

The angular equation is known as the Legendre’s equation. It’s standard to set
x = cos @ (which is not the Cartesian coordinate, but just a new variable). Then
we have

d .
0= —smﬁa.

So the Legendre’s equation becomes
oad [ PN (C) .
—sin 9@ {sm 6(—sin e)dx] + Asin#O = 0.

Equivalently, in terms of x, we have

d ,.d0]
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Note that since 0 < 6 < 7, the domain of z is —1 <z < 1.
This operator is a Sturm—Liouville operator with

plz) =1—a%, q(z) =0.

For the Sturm-Liouville operator to be self-adjoint, we had

(9. Lf) = (Lg, f) + [p(@)(g" f" — " )14

We want the boundary term to vanish. Since p(x) = 1 — z? vanishes at our
boundary x = £1, the Sturm-Liouville operator is self-adjoint provided our
function ©(z) is regular at ©+ = +£1. Hence we look for a set of Legendre’s
equations inside (—1,1) that remains regular including at z = £1. We can try a

power series
oo
= E anx"”
n=0

2

The Legendre’s equation becomes

1—95 Zan (n—1)z —QZanmc —l—)\Zanx

For this to hold for all x € (—1,1), the equation must hold for each coefficient of
x separately. So

an(A—n(n+1))+ap—2(n+2)(n+1)=0.

This requires that

nn+1)—A

———a

(n+2)(n+1)"

This equation relates a2 to a,. So we can choose ag and a; freely. So we get
two linearly independents solutions Og(z) and ©;(z), where they satisfy

@0(—1‘) == @0(.’17), @1(—1‘) = —@1 (l‘)

Ap42 =

In particular, we can expand our recurrence formula to obtain

Oo(z) = ag [1—;\x2—(6_4!)\)/\x4+...]
O1(z) = a1 [x+ (2;!)\)x2+ (12_)\5)!(2_)\)955+~} .

We now consider the boundary conditions. We know that ©(x) must be regular
(i.e. finite) at x = +1. This seems innocent, However, we have

. An42
lim —+2 — 1.

n—oo Ay

This is fine if we are inside (—1, 1), since the power series will still converge.
However, at +1, the ratio test is not conclusive and does not guarantee conver-
gence. In fact, more sophisticated convergence tests show that the infinite series
would diverge on the boundary! To avoid this problem, we need to choose A such
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that the series truncates. That is, if we set A = £(¢ + 1) for some ¢ € N, then
our power series will truncate. Then since we are left with a finite polynomial,
it of course converges.

In this case, the finiteness boundary condition fixes our possible values of
eigenvalues. This is how quantization occurs in quantum mechanics. In this case,
this process is why angular momentum is quantized.

The resulting polynomial solutions P,(x) are called Legendre polynomials.
For example, we have

P()((E) = ].

Pi(z)==x

Py(r) = 532~ 1)
1

Ps(x) = = (52° — 3z),

[\

where the overall normalization is chosen to fix Py(1) = 1.
It turns out that
1 df
- 20 dat
The constants in front are just to ensure normalization. We now check that this
indeed gives the desired normalization:

Py(x) (z% — 1)

1 df

Pf(l) = ?@[(x B I)Z(z + 1)5} =1
= ot [0+ 1)+ @ = 1) (stu)]
=1

We have previously shown that the eigenfunctions of Sturm-Liouville operators
are orthogonal. Let’s see that directly now for this operator. The weight function
is w(z) = 1.

We first prove a short lemma: for 0 < k < ¢, we have

dk
w( 2 1)@ _ Qf,k(xQ o 1)Zflc

for some degree k polynomial Qg x(z).
We show this by induction. This is trivially true when k£ = 0. We have

dr+1 ) . d , s
dzk+1 (z"+1)" = e [Qei(z)(z® —1)"7¥]

= Qi@ = 1)7F +2(0 — k)Qupa(a® — 1)
= (LL‘Q . 1)€—k—1 [Qz,k(xQ . 1) . 2([ _ k)Qf’k;U .

Since Q¢ has degree k, Qﬁz,k has degree k — 1. So the right bunch of stuff has
degree k + 1.
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Now we can show orthogonality. We have
1
(Pg, Pg/) = / Pg(.ﬁC)P@/ (CL‘) dx
—1

1 otat o, .
—— [ L2 1)Pi()d
201 / 1dxf(x ) Pe (@) dz

Lo[a=t 5 ., rotatt o, dP
= W |:de1 (J,‘ — 1) P(/(J?):l — W/l 7(:1%[71 (.1' — 1) 7(1 dz

x
rotast o, dPe
__%/1 dx‘*l(x -1 dz dr.

Note that the first term disappears since the (£ — 1)t derivative of (22 — 1) still
has a factor of 22 — 1. So integration by parts allows us to transfer the derivative
from 22 — 1 to Pyr.

Now if £ # ¢', we can wlog assume ¢’ < £. Then we can integrate by parts ¢’
times until we get the ¢'*" derivative of Py, which is zero.

In fact, we can show that

200
AU+

(Py, Py)

hence the P;(x) are orthogonal polynomials.

By the fundamental theorem of algebra, we know that P;(x) has £ roots. In
fact, they are always real, and lie in (-1, 1).

Suppose not. Suppose only m < £ roots lie in (—1,1). Then let @,,(z) =
[T-,(x—=,), where {1, 2, - , 2y, } are these m roots. Consider the polynomial
Po(2)Qm (). If we factorize this, we get Hﬁ:mﬂ(a: —r) 1, (z—z,)% The first
few terms have roots outside (—1, 1), and hence do not change sign in (—1,1).
The latter terms are always non-negative. Hence for some appropriate sign, we
have

1
:t/ Py(2)Qm(z) dz > 0.

-1

However, we can expand

Qm(x) = Z QTPT(x)a
r=1
but (P, P) = 0 for all » < ¢. This is a contradiction.

4.4.3 Solution to radial part

In our original equation V2¢ = 0, we now set () = Py(cosf). The radial
equation becomes
(r*R') = £t +1)R.

Trying a solution of the form R(r) = r*, we find that a(a+ 1) =£({+1). So
the solution is @ = £ or —(¢ + 1). Hence

o(r,0) = Z (azr‘v’ + er> Py(cos0)
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is the general solution to the Laplace equation V2?¢ = 0 on the domain. In we
want regularity at r = 0, then we need by = 0 for all /.

The ay are fixed if we require ¢(a, ) = f(0) on 0F, i.e. when r = 1.

We expand

£(0) = FyPy(cos ),
£=0
where

Fy= (P, f) = /07r Py(cos ) f(0) d(cos ).
So -
B(r,0) = ZFg (t)a Py(cosb).

4.5 Multipole expansions for Laplace’s equation

One can quickly check that
1

T e

¢(r)

solves Laplace’s equation V2¢ = 0 for all r € R*\ r/. For example, if r’ = k,
where k is the unit vector in the z direction, then

I 1
|r—lA<| r2 41— 2rcosf

= Z cert Py(cos ).
=0

To find these coefficients, we can employ a little trick. Since P;(1) =0, at § =0,
we have

oo oo
L 1 L
g cr’ =7 = g .
-r
£=0 £=0

So all the coefficients must be 1. This is valid for r» < 1.
More generally, we have

1 1 > r\?¢ Y
v v 2 () P,
£=0
This is called the multiple expansion, and is valid when r < r’. Thus
1 1 r
r—r/| r

The first term % is known as the monopole, and the second term is known as
the dipole, in analogy to charges in electromagnetism. The monopole term is
what we get due to a single charge, and the second term is the result of the
interaction of two charges.

29



4 Partial differential equations IB Methods

4.6 Laplace’s equation in cylindrical coordinates

We let
Q={(r0,2) eR?:r <a,z>0}

In cylindrical polars, we have

18<8¢>>+182¢ P _,

2, 4 o9 99
v¢_r87“ TBT r2892+822

We look for a solution that is regular inside €2 and obeys the boundary conditions

@(a,0,2) =0
¢(r,0,0) = f(r,0)
lim ¢(r,0,2) =0,

Z—00

where f is some fixed function.
Again, we start by separation of variables. We try

¢(r,0,2) = R(r)O(0)Z(2).
Then we get
1 1 @// Z//

L N 29 4
TR(TR) +r2 5 7 0.

So we immediately know that
Z/l — ’LIIZ

We now replace Z”/Z by u, and multiply by 72 to obtain

"

E(TR')’ + % + pr? = 0.

R

So we know that

0" =-\0.

Then we are left with
R’ +rR + (ur* — \)R = 0.
Since we require periodicity in 6, we have
O(0) = a,sinnf + b, cosnfd, A=n? neN.
Since we want the solution to decay as z — oo, we have
Z(z) = c e VF2

The radial equation is of Sturm-Liouville type since it can be written as
d dR n?
—|(r— ) - —R=—urR.
dr (T dr > r e

p(r) =rq(r) = ——,w(r) =r.

Here we have
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Introducing x = r./u1, we can rewrite this as

2
xQ% + xi—lj + (22 =nHR =0.

This is Bessel’s equation. Note that this is actually a whole family of differential

equations, one for each n. The n is not the eigenvalue we are trying to figure out

in this equation. It is already fixed by the © equation. The actual eigenvalue we

are finding out is p, not n.

Since Bessel’s equations are second-order, there are two independent solution
for each n, namely J,(x) and Y,,(z). These are called Bessel functions of order
n of the first (J,) or second (V;,) kind. We will not study these functions’
properties, but just state some useful properties of them.

The J,,’s are all regular at the origin. In particular, as z — 0 J,(z) ~ z™.
These look like decaying sine waves, but the zeroes are not regularly spaced.

On the other hand, the Y,,’s are similar but singular at the origin. As z — 0,
Yo(x) ~ Inx, while Y, (x) ~ 27"

Now we can write our separable solution as

¢(r,0,z) = (a, sinnb + by, cos n9)e_\/ﬁz [Cundn(ryv/i) + dpn Yo (1, /1))

Since we want regularity at » = 0, we don’t want to have the Y, terms. So
dun =0.

We now impose our first boundary condition ¢(a, 6, z) = 0. This demands
Jn(ay/1) = 0. So we must have

kni
\/ﬁ_ a 9

where ky,; is the ith root of J,,(x) (since there is not much pattern to these roots,
this is the best description we can give!).
So our general solution obeying the homogeneous conditions is

= K Epir
0,z) = A,;sinnf + B,,; 0 - I L,
o(r,0,z) Z Z ( sinnf + COS TV )exp( o z> J, ( o >

n=0 i€roots

We finally impose the inhomogeneous boundary condition ¢(r, 8,0) = f(r,8). To
do this, we use the orthogonality condition

@ K kit _ a? , 9
/0 Jn( : )Jn( : )rdr— Sl (),

which is proved in the example sheets. Note that we have a weight function
r here. Also, remember this is the orthogonality relation for different roots of
Bessel’s functions of the same order. It does not relate Bessel’s functions of
different orders.

We now integrate our general solution with respect to cosmé to obtain

1 " kmir
- f(r,0) cosmb df = Z Jm( " >

™
- i€roots
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Now we just have Bessel’s function for a single order j. So we can use the
orthogonality relation for the Bessel’s functions to obtain

1 2 arr KnsT
B,i=—r——s 0J,, mJ ,0)r dr dé.
j [mkmmw/o /_f‘jsm‘] ( a )f(’“ Jrdr

How can we possibly perform this integral? We don’t know how J,, looks like,
what the roots k,,,; are, and we multiply all these complicated things together
and integrate! Often, we just don’t. We ask our computers to do this numerically
for us. There are indeed some rare cases where we are indeed able to get an
explicit solution, but these are rare.

4.7 The heat equation

We choose © = R™ x [0,00). We treat R™ as the “space” variable, and [0, c0) as
our time variable.

Definition (Heat equation). The heat equation for a function ¢ : Q@ — C is

L R—
a_’%vdja

where k > 0 is the diffusion constant.

We can think of this as a function ¢ representing the “temperature” at
different points in space and time, and this equation says the rate of change of
temperature is proportional to V2¢.

Our previous study of the Laplace’s equation comes in handy. When our
system is in equilibrium and does not change with time, then we are left with
Laplace’s equation.

Let’s first look at some interesting properties of the heat equation.

The first most important property of the heat equation is that the total
“heat” is conserved under evolution by the heat equation, i.e.

d

< £ Ay =
i Rn,¢(x’) z=0,

since we can write this as

— t)d"z = — d"z = d"z =
a Jo o(x,t) d"x /]Rn 5 4% n/ Vp d"z = 0,

provided V¢(x,t) — 0 as |x| — oo.
In particular, on a compact space, i.e. Q = M X [0,00) with M compact,
there is no boundary term and we have

d

The second useful property is if ¢(x,t) solves the heat equation, so do ¢1(x,t) =
¢(x — xo,t — tg), and da(x,1) = Ap(Ax, \*t).
Let’s try to choose A such that

da(x,t) d"x = o(x,t) d"z.

R~ Rn
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We have

pa(x,t) A"z = A [ p(Ax,\%t) d"z = AN | o(y, \2t) dy,
Rn Rn RTI,
where we substituted y = Ax.

So if we set A = A", then the total heat in ¢ at time A2t is the same as the
total heat in ¢ at time ¢. But the total heat is constant in time. So the total
heat is the same all the time.

Note again that if % = rkV2¢ on Q x [0,00), then so does \"¢(Ax, A?t). This

means that nothing is lost by letting A = \/1% and consider solutions of the form

1 X 1
P(x,t) = WF <\/§) = (Ht)n/zF(n),

R
L \/Kjt.

For example, in 1+ 1 dimensions, we can look for a solution of the form —=F (n).

where

Vit

We have
9 0 [ 1 1 1 dg ., 1 ,
Lo —Fn)) = ——=F(n) + = F(n) = F+nF
= o (cer W) = A+ ) = L lF r]

On the other side of the equation, we have

0? 1 k 0 (0n 1
| ——=Fu)) = == () = F.
" 12 (\/H (77)) VKt 0x (&T ) VEt3
So the equation becomes
0=2F"+nF' + F=(2F +nF).

So we have
2F" 4+ nF = const,

and the boundary conditions require that the constant is zero. So we get
F="1F
5 £

‘We now see a solution

o) = acsn ().

By convention, we now normalize our solution ¢(z,t) by requiring

/Zoo o(x,t) de = 1.

This gives
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and the full solution is

¢(l‘,t) =

1 ( z? )
exp|—— ).
Vamrkt P\ ant
More generally, on R™ x [0, 00), we have the solution

1 —(x —x0)?
(At — to))n2 P ( Akt — to) ) ‘

At any fixed time t # tg, the solutions are Gaussians centered on xy with standard

deviation +/2k(t — tg), and the height of the peak at z = xq is , /m.

We see that the solution gets “flatter” as ¢ increases. This is a general property
of the evolution by the heat equation. Suppose we have an eigenfunction y(x) of
the Laplacian on Q, i.e. V2y = —\y. We want to show that in certain cases, A
must be positive. Consider

¢(X7 t) =

—)\/ ly|?d™z = / y* (2)V3y(x) d"z :/ y'n-Vyd" —/ |Vy|? d"z.
Q Q 19) Q

If there is no boundary term, e.g. when € is closed and compact (e.g. a sphere),
then we get
_ JIvy)?dre

Jo lyl? dra”
Hence the eigenvalues are all positive. What does this mean for heat flow?
Suppose ¢(x,t) obeys the heat equation for ¢ > 0. At time ¢ = 0, we have
#(x,0) = f(x). We can write the solution (somehow) as

A

o(x,1) = eV ¢(x,0),

where we (for convenience) let k = 1. But we can expand our initial condition

6(x,0) = £(x) = 3 eryr(x)
I

in a complete set {y7(x)} of eigenfunctions for V2.
By linearity, we have

o(x,t) = etV (Z cw;(x))

1

2
= Z cre™ yr(x)

i

= cre My (x)
i

= cr(t)yi(x),

where c7(t) = cre=?2t. Since \; are all positive, we know that c;(t) decays

exponentially with time. In particular, the coefficients corresponding to the
largest eigenvalues |A;| decays most rapidly. We also know that eigenfunctions
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with larger eigenvalues are in general more “spiky”. So these smooth out rather
quickly.

When people first came up with the heat equation to describe heat loss, they
were slightly skeptical — this flattening out caused by the heat equation is not
time-reversible, while Newton’s laws of motions are all time reversible. How
could this smoothening out arise from reversible equations?

Einstein came up with an example where the heat equation can come out of
apparently naturally from seemingly reversible laws, namely Brownian motion.
The idea is that a particle will randomly jump around in space, where the
movement is independent of time and position.

Let the probability that a dust particle moves through a step y over a time
At be p(y, At). For any fixed At, we must have

/ p(y, At) dy = 1.

We also assume that p(y, At) is independent of time, and of the location of the
dust particle. We also assume p(y, At) is strongly peaked around y = 0 and
p(y, At) = p(—y, At). Now let P(x,t) be the probability that the dust particle
is located at = at time ¢. Then at time ¢ + 6t, we have

Pz, t+ At) = / Pz —y,t)p(y, At) dy.

For P(z — y,t) sufficiently smooth, we can write

oP y? 0°P
P(ny,t) "“P(xat) 7y%(xvt)+3W(xat)'
So we get
oP 1, , 0P
P($7t+At)~P($»t)—%(x»t)@)‘Fg(y >wp($at)+"' ;

where
(oo}
(y") = / y"p(y, At) dy.
—o0
Since p is even, we expect (y") to vanish when r is odd. Also, since y is strongly
peaked at 0, we expect the higher order terms to be small. So we can write

1, , 0P
Suppose that as we take the limit At — 0, we get % — Kk for some k. Then
this becomes the heat equation

oP 0?P

ot Tor2

Proposition. Suppose ¢ : 2x[0, 00) — R satisfies the heat equation % = rkV2g,
and obeys

— Initial conditions ¢(x,0) = f(x) for all z € 2
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— Boundary condition ¢(x,1)|sq = g(x,t) for all ¢ € [0, c0).
Then ¢(x,t) is unique.

Proof. Suppose ¢1 and ¢ are both solutions. Then define ® = ¢; — ¢ and

1
Elt) == / 2 dv.
2 Ja
Then we know that F(t) > 0. Since ¢1, ¢2 both obey the heat equation, so does
®. Also, on the boundary and at t = 0, we know that & = 0. We have

dE de
R (F Sl
AT AT

:n/thQ@dV

Q

:n/ @V(I)-dS—m/(V@de
o0 Q

= —n/(wb)? dv
Q
<0.

So we know that E decreases with time but is always non-negative. We also
know that at time t =0, E = ® = 0. So E = 0 always. So ® = 0 always. So

1 = ¢Po. O

Example (Heat conduction in uniform medium). Suppose we are on Earth,
and the Sun heats up the surface of the Earth through sun light. So the sun will
maintain the soil at some fixed temperature. However, this temperature varies
with time as we move through the day-night cycle and seasons of the year.

We let ¢(z,t) be the temperature of the soil as a function of the depth x,
defined on RZY x [0, 00). Then it obeys the heat equation with conditions

(i) ¢(0,t) = ¢ + Acos (%) + Bcos (%—7:)
(ii) ¢(z,t) — const as z — o0o.
We know that 0 -
¢
e Fgiih
ot Ox2
We try the separation of variables
o(x,t) =T ()X (x).

Then we get the equations
A
T =X, X"=_—-X.
’ K

From the boundary solution, we know that our things will be oscillatory. So we
let A be imaginary, and set A = iw. So we have

¢(x,t) — ot (awefw/iw/Kz + bwey/iw/Kz> )
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Note that we have

[iw ) (1+1i) % w>0
E -1kl w<o

2K

Since ¢(x,t) — constant as x — oo, we don’t want our ¢ to blow up. So if w < 0,
we need a, = 0. Otherwise, we need b, = 0.
To match up at x = 0, we just want terms with
2 27

\w|=wD=g, |w|:wy:§.

So we can write out solution as

d(x,t) = ¢o + Aexp (1 / ;?) cos <th — HL;IIEJ)
+ Bexp (—, / (;;;) cos <wyt — ”;)]?x)

We can notice a few things. Firstly, as we go further down, the effect of the sun
decays, and the temperature is more stable. Also, the effect of the day-night
cycle decays more quickly than the annual cycle, which makes sense. We also
see that while the temperature does fluctuate with the same frequency as the
day-night /annual cycle, as we go down, there is a phase shift. This is helpful
since we can store things underground and make them cool in summer, warm in
winter.

Example (Heat conduction in a finite rod). We now have a finite rod of length
2L.

We have the initial conditions

1 O0<z<L

¢, 0) = 8lw) = {0 “L<z<0

and the boundary conditions

¢(=L,t) =0, o(L,t) =1

So we start with a step temperature, and then maintain the two ends at fixed
temperatures 0 and 1.

We are going to do separation of variables, but we note that all our boundary
and initial conditions are inhomogeneous. This is not helpful. So we use a
little trick. We first look for any solution satisfying the boundary conditions
¢s(—L,t) =0, ¢ps(L,t) = 1. For example, we can look for time-independent

solutions ¢g(x,t) = ¢pg(x). Then we need d;ff = 0. So we get
x+ L

By linearity, ¥ (z,t) = ¢(x,t) — ¢s(x) obeys the heat equation with the conditions

(=L, t) = (L, t) =0,
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which is homogeneous! Our initial condition now becomes

x+ L

¥(,0) = O() - =

We now perform separation of variables for
P(z,t) = X (2)T(1).
Then we obtain the equations
T = —kXT, X' =-)\X.
Then we have

¥(z,t) = [a sin(vV/Az) + bcos(xf)\x)} e A,

Since initial condition is odd, we can eliminate all cos terms. Our boundary
conditions also requires

So we have

6e.) = 0u(0) + 3 ansin (") exp (-,
n=1

where a,, are the Fourier coefficients

1 [E x+L| . /nmx 1
an—L/_L{@(w)— 5T ]sm(L) dm—a.

Example (Cooling of a uniform sphere). Once upon a time, Charles Darwin
went around the Earth, looked at species, and decided that evolution happened.
When he came up with his theory, it worked quite well, except that there was
one worry. Was there enough time on Earth for evolution to occur?

This calculation was done by Kelvin. He knew well that the Earth started as
a ball of molten rock, and obviously life couldn’t have evolved when the world
was still molten rock. So he would want to know how long it took for the Earth
to cool down to its current temperature, and if that was sufficient for evolution
to occur.

We can, unsurprisingly, use the heat equation. We assume that at time ¢t = 0,
the temperature is ¢g, the melting temperature of rock. We also assume that
the space is cold, and we let the temperature on the boundary of Earth as 0. We
then solve the heat equation on a sphere (or ball), and see how much time it
takes for Earth to cool down to its present temperature.

We let Q = {(z,y, 2) € R®,r < R}, and we want a solution ¢(r,t) of the heat
equation that is spherically symmetric and obeys the conditions

- ¢(R7t) =0
= ¢(r,0) = ¢o,
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We can write the heat equation as

99 _ g2 £ 0 (,200
ot _’Qvé_ﬁ@r (T 87‘)'

Again, we do the separation of variables.

¢(r,t) = R(r)T'(t).

d dR
T/:_QT - 2500
AT, dr(r dr

So we get
) = )R,
We can simplify this a bit by letting R(r) = @, then our radial equation just
becomes
S = —\%8.
We can solve this to get

R(r) — A}\smrx\r +B>\00i)\r-

We want a regular solution at » = 0. So we need By = 0. Also, the boundary
condition ¢(R,t) = 0 gives

)\ = E, n = 1, 2,
So we get
(1) Z n g (mrr) o —kn?m?t
rt) = —sin [ — ] ex
) nez R p R2 )
where our coefficients are
R
An = (_1)n+1¢07.
nmw

We know that the Earth isn’t just a cold piece of rock. There are still volcanoes.
So we know many terms still contribute to the sum nowadays. This is rather
difficult to work with. So we instead look at the temperature gradient

2.2

0 — t
Bif = % Z(_l)n+1 oS (%) exp (K;;;r) + sin stuff.
nez
We evaluate this at the surface of the Earth, R = r. So we get the gradient

0 oo kn2m2t oo /°° Kyt 1
—_| =-= — | = = — dy = —.
- 72| R PR ) W g

or oo

So the age of the Earth is approximately
\%4 ArK’

_ 9
V=%

where

R
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We can plug the numbers in, and get that the Earth is 100 million years. This is
not enough time for evolution.

Later on, people discovered that fission of metals inside the core of Earth
produce heat, and provides an alternative source of heat. So problem solved!
The current estimate of the age of the universe is around 4 billion years, and
evolution did have enough time to occur.

4.8 The wave equation

Consider a string x € [0, L] undergoing small oscillations described by ¢(z,t).

Counsider two points A, B separated by a small distance dx. Let T4 (T) be
the outward pointing tension tangent to the string at A (B). Since there is no
sideways (z) motion, there is no net horizontal force. So

Tacosy =Tpgcosbpg =1T. (%)

If the string has mass per unit length g, then in the vertical direction, Newton’s

second law gives
2

,udxﬁ(f =Tpgsinfp —Txsinfy4.

We now divide everything by T', noting the relation (x), and get
oz 0%¢ _ Tpsinflp  Tasinfy
MT Ot2  Tgcosfp Tacosfa
= tanfp —tanfy

_ 99| _ 99
Oz g 0z|,
0%

Taking the limit 6z — 0 and setting ¢ = T'//u, we have that ¢(z,t) obeys the
wave equation

1 0% _ 0%

2ot Ox?’
From IA Differential Equations, we’ve learnt that the solution can be written as
f(x —ct) + g(x + ct). However, this does not extend to higher dimensions, but
separation of variables does. So let’s do that.

Assume that the string is fixed at both ends. Then ¢(0,t) = ¢(L,t) = 0 for

all t. The we can perform separation of variables, and the general solution can
then be written

Nt t nmct
oz, t) = sin (228 {An cos (mrc ) + By, sin ()} .
5o (22) s (2 :
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The coefficients A,, are fixed by the initial profile ¢(z,0) of the string, while
the coeflicients B,, are fixed by the initial string velocity %(a@7 0). Note that we
need two sets of initial conditions, since the wave equation is second-order in
time.

Energetics and uniqueness

An oscillating string contains has some sort of energy. The kinetic energy of a
small element dx of the string is

L s 06\ >
2%\ ar ) -

The total kinetic energy of the string is hence the integral

K(t) = ‘;/OL (g(f)z da.

The string also has potential energy due to tension. The potential energy of a
small element dx of the string is

T x extension = T'(ds — dx)

=T(\/ 022 + 0¢? — dx)

1 /66>
~T533<1+2(5x> +--->—T§x
2
:Iéx o¢ .
2 ox

Hence the total potential energy of the string is

L 2
_ M o (00

using the definition of c2.
Using our series expansion for ¢, we get

2 9 00 2
_ prmte 9 . [ nmct nmct
K(t) = il E n {An sin ( T ) — B,, cos < T )]

n=1
2.2 ©© t t 2
V(t) = W;LC n,INQ {An oS (m;c ) + B, sin (mIr/c )]
The total energy is
nm?c?
E(t) = 2(A2 + B2

What can we see here? Our solution is essentially an (infinite) sum of independent
harmonic oscillators, one for each n. The period of the fundamental mode (n = 1)

is 28 = 27 . L = 2L Thys, averaging over a period, the average kinetic energy

isw e c
2L/c 2L/c
_ c _ c E
K=— Kt)dt=V=— V(t)dt = —.
2L/O ®) 2L/0 ®) 2
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Hence we have an equipartition of the energy between the kinetic and potential
energy.

The energy also allows us to prove a uniqueness theorem. First we show that
energy is conserved in general.
Proposition. Suppose ¢ : 2x[0,00) — R obeys the wave equation atf =c2V?%p
inside Q x (0,00), and is fixed at the boundary. Then F is constant.

Proof. By definition, we have

dE [ 9% 9y . V(8¢> _

At Jg o2 ot ot

We integrate by parts in the second term to obtain

dE _ [dg (8¢ 5o ¢
dt/dt<8t2 v¢) Ve /09 Vo

Since % = ¢?V?¢ by the wave equation, and ¢ is constant on 9, we know

that
dE,

=0. O
d¢ 0

Proposition. Suppose ¢ : 2x[0,00) — R obeys the wave equation 2 t2 =c2V?%p
inside Q x (0,00), and obeys, for some f, g, h

(i) ¢(z,0) = f(z);
(i) 37(x,0) = g(x); and
(ifl) dloax(o,00) = h(z).
Then ¢ is unique.

Proof. Suppose ¢1 and ¢2 are two such solutions. Then 1) = ¢; — ¢2 obeys the
wave equation

Y 292
oz VY
and 3¢
Ylaax[,00) = Ylax{o} = Bt =0.
Qx{0}
We let

2
EMt)—é/ﬁ[(%ﬁ) + AV - Ve

Then since 1) obeys the wave equation with fixed boundary conditions, we know
Ey is constant.

Initially, at ¢ = 0, we know that ¢ = %—f = 0. So Ey(0) = 0. At time ¢, we
have

Ey== /(%‘f) + (VYY) - (Vo) dV = 0.

Hence we must have %—f = 0. So 1 is constant. Since it is 0 at the beginning, it

is always 0. O
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Example. Consider Q = {(z,y) € R?, 2% + y? < 1}, and let ¢(r,0,t) solve
107 8 1 6?
*27(5 =V = 2+ 7*?7
c? ot "or r2 00

with the boundary condition ¢|sn = 0. We can imagine this as a drum, where

the membrane can freely oscillate with the boundary fixed.
Separating variables with ¢(r,0,t) = T'(t)R(r)O(0), we get

T = -\, 0" =—pu®, r(R) + (r*X—pu)R=0.

Then as before, T and © are both sine and cosine waves. Since we are in polars
coordinates, we need ¢(t,r,0 + 27) = ¢(t,r,0). So we must have u = m? for
some m € N. Then the radial equation becomes

r(rR) 4 (r*A —m?)R = 0,
which is Bessel’s equation of order m. So we have
R(r) = ame(\[\r) + mem(ﬁr).

Since we want regularity at » = 0, we need b,, = 0 for all m. To satisfy the
boundary condition ¢|gq = 0, we must choose VA = ki, where kyp;is the ith
root of J,,.

Hence the general solution is

¢(t, T, 9) = Z[Aoz sin(koict) + By; COS(kOiCt)]JO (k()i?")
i=0
+ Z Z[Ami cos(mB) + By sin(m@)] sin ki ct T (Kmir)
m=1 =0
+ Z Z[Cmi cos(mb) + Dy, sin(mB)] cos kpict T (kmir)
m=1 i=0

For example, suppose we have the initial conditions ¢(0,r,0) = 0, 9;¢(0,r,0) =
g(r). So we start with a flat surface and suddenly hit it with some force. By
symmetry, we must have A,.;, Bmi, Cmi, Dmi = 0 for m # 0. If this does not
seem obvious, we can perform some integrals with the orthogonality relations to
prove this.

At t =0, we need ¢ = 0. So we must have By; = 0. So we are left with

gf) = Z A()i Sin(inCt)Jo(kojT’).
i=0
We can differentiate this, multiply with Jy(ko;7)r to obtain
1
/ Z kOZCAOZJ()(kOIL )Jo(koj )T’ dr = / g(T’)Jo(kojT)T dr.
0
Using the orthogonality relations for Jy from the example sheet, we get
2 1 !
_— Jo(ko;jr)r dr.
cko [J{(Kkos))? /o 9(r)Jolhogr)r dr
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Note that the frequencies come from the roots of the Bessel’s function, and are
not evenly spaced. This is different from, say, string instruments, where the
frequencies are evenly spaced. So drums sound differently from strings.

So far, we have used separation of variables to solve our differential equations.
This is quite good, as it worked in our examples, but there are a few issues with
it. Of course, we have the problem of whether it converges or not, but there is a
more fundamental problem.

To perform separation of variables, we need to pick a good coordinate system,
such that the boundary conditions come in a nice form. We were able to
perform separation of variables because we can find some coordinates that fit our
boundary conditions well. However, in real life, most things are not nice. Our
domain might have a weird shape, and we cannot easily find good coordinates
for it.

Hence, instead of solving things directly, we want to ask some more general
questions about them. In particular, Kac asked the question “can you hear the
shape of a drum?” — suppose we know all the frequencies of the modes of
oscillation on some domain 2. Can we know what (2 is like?

The answer is no, and we can explicitly construct two distinct drums that
sound the same. Fortunately, we get an affirmative answer if we restrict ourselves
a bit. If we require 2 to be convex, and has a real analytic boundary, then yes!
In fact, we have the following result: let N()\g) be the number of eigenvalues
less than A\g. Then we can show that

472 lim N(Xo)

Ag—00 0

= Area(Q).
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5 Distributions

5.1 Distributions

When performing separation of variables, we also have the problem of convergence
as well. To perform separation of variables, we first find some particular solutions
of the form, say, X ()Y (y)Z(z). We know that these solve, say, the wave equation.
However, what we do next is take an infinite sum of these functions. First of
all, how can we be sure that this converges at all? Even if it did, how do we
know that the sum satisfies the differential equation? As we have seen in Fourier
series, an infinite sum of continuous functions can be discontinuous. If it is not
even continuous, how can we say it is a solution of a differential equation?

Hence, at first people were rather skeptical of this method. They thought
that while these methods worked, they only work on a small, restricted domain
of problems. However, later people realized that this method is indeed rather
general, as long as we allow some more “generalized” functions that are not
functions in the usual sense. These are known as distributions.

To define a distribution, we first pick a class of “nice” test functions, where
“nice” means we can do whatever we want to them (e.g. differentiate, integrate
etc.) A main example is the set of infinitely smooth functions with compact
support on some set K C §, written Cg5,(2) or D(Q2). For example, we can
have the bump function defined by

_ _ 2
b(z) = e~ V/0=20) z] <1
0 otherwise.

‘ » T

We now define a distribution T' to be a linear map 7' : D(£2) — R. For those
who are doing IB Linear Algebra, this is the dual space of the space of (“nice”)
real-valued functions. For ¢ € D(12), we often write its image under T" as T'[¢].

Example. The simplest example is just an ordinary function that is integrable
over any compact region. Then we define the distribution 7' as

Tyl] = /Q f(@)é(x) da.

Note that this is a linear map since integration is linear (and multiplication

(35 hi

is commutative and distributes over addition). Hence every function “is” a
distribution.

Of course, this would not be interesting if we only had ordinary functions.
The most important example of a distribution (that is not an ordinary function)
is the Dirac delta “function”.

Definition (Dirac-delta). The Dirac-delta is a distribution defined by
8[¢] = ¢(0).
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By analogy with the first case, we often abuse notation and write

and pretend &(x) is an actual function. Of course, it is not really a function, i.e.
it is not a map Q — R. If it were, then we must have é(x) = 0 whenever = # 0,
since 0[¢] = ¢(0) only depends on what happens at 0. But then this integral
will just give 0 if §(0) € R. Some people like to think of this as a function that
is zero anywhere and “infinitely large” everywhere else. Formally, though, we
have to think of it as a distribution.

Although distributions can be arbitrarily singular and insane, we can nonethe-
less define all their derivatives, defined by

T'[¢] = —T[¢'].

This is motivated by the case of regular functions, where we get, after integrating
by parts,

[ r@ow ar == [ 1)o@ aa.

with no boundary terms since we have a compact support. Since ¢ is infinitely
differentiable, we can take arbitrary derivatives of distributions.

So even though distributions can be crazy and singular, everything can be
differentiated. This is good.

Generalized functions can occur as limits of sequences of normal functions.
For example, the family of functions

(@) = —= exp(—n®a?)

NS
are smooth for any finite n, and G, [¢] — d[¢] for any ¢.

D
A

It thus makes sense to define

as this is the limit of the sequence

lim [ G (z)¢(x) dz.

n— oo Q
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It is often convenient to think of §(x) as lim G, (z), and §'(z) = lim G, (z)
n—oo n—oo
etc, despite the fact that these limits do not exist as functions.

We can look at some properties of §(x):

— Translation:

o= aste)do= [~ swot-+a) .

— Scaling:

| st as= [ st (L) T = o0

—oo oo el el

— These are both special cases of the following: suppose f(z) is a continuously
differentiable function with isolated simple zeros at x;. Then near any of

its zeros x;, we have f(z) ~ (x — x;) %‘ . Then
T

We can also expand the J-function in a basis of eigenfunctions. Suppose we live
in the interval [—L, L], and write a Fourier expansion

5(1,) _ Z gnein‘m:/L

ne”Z
with
5y = 1 : ei””/Lé(ac) dr = 1
" 2L ), - 2L
So we have )
_ inmx/L
o(x) 5T Z e .
neZ

This does make sense as a distribution. We let

N
Snd _ 1 inmx/L
N (x)—QL E e .
n=—N
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Then
L 1 LM
Jim [ Sno(@)o(a) dr = fim o /L n;N G L () d
= lim 3 [1 /L emm/L¢($) dx]
N—o00 2L —L
n-[\; A
=, 2, O

N—oc0

N
— lim E aneinﬂ'O/L
n=—N

since the Fourier series of the smooth function ¢(x) does converge for all z €
[-L,L].

We can equally well expand d(x) in terms of any other set of orthonormal
eigenfunctions. Let {y,(x)} be a complete set of eigenfunctions on [a, b] that are
orthogonal with respect to a weight function w(z). Then we can write

5(1' - 5) = chyn(x)a

with .
%;i/yamax—awwnmzymaw@»
So
5z — &) = (&) 3w Opn(@) = w(@) 3 4 (Oya(a),

using the fact that

5.2 Green’s functions

One of the main uses of the ¢ function is the Green’s function. Suppose we wish
to solve the 2nd order ordinary differential equation Ly = f, where f(z) is a
bounded forcing term, and £ is a bounded differential operator, say

2
L= a(x)% + ﬂ(x)% + v(x).

As a first step, we try to find the Green’s function for £, which we shall write as
G(z, &), which obeys
LG(z,§) = d(x — ).

Given G(z, &), we can then define
b
a) = [ Gl 0)(6) e
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Then we have
b b
Ey:/mﬂ%%@ﬂadfz/“ﬂxfaﬂﬁdfzf@)

We can formally say y = £7! f, and the Green’s function shows that £~ means
an integral.

Hence if we can solve for Green’s function, then we have solved the differential
equation, at least in terms of an integral.

To find the Green’s function G(z, ) obeying the boundary conditions

G(a,f) = G(b7 f) =0,

first note that LG = 0 for all = € [a,&) U (&, b], i.e. everywhere except & itself.
Thus we must be able to expand it in a basis of solutions in these two regions.

Suppose {y1(z),y2(x)} are a basis of solutions to LG = 0 everywhere on
[a, b], with boundary conditions y1(a) = 0,y2(b) = 0. Then we must have

Ay (x) a<w<g

QLQ{B@m@>s<be

So we have a whole family of solutions. To fix the coefficients, we must decide
how to join these solutions together over x = &.

If G(z,£) were discontinuous at x = ¢, then 0,G|,=¢ would involve a §
function, while 92G|,—¢ would involve the derivative of the § function. This is
not good, since nothing in LG = §(z — £) would balance a §’. So G(z, ) must
be everywhere continuous. Hence we require

A(&)y1(€) = B(£)ya(&)- (%)

Now integrate over a small region (£ — €,£ + ¢) surrounding . Then we have

/HE [a(x) 4o, B(ar)g + V(x)G] dr = /§+s 5z — &) de = 1.

e daz? dz e

By continuity of G, we know that the yG term does not contribute. While G’ is
discontinuous, it is still finite. So the 3G’ term also does not contribute. So we

have
Ete

lim oG’ dz = 1.
e—0 E—e
We now integrate by parts to obtain
E+e
lim[aG')STE + / oG dr = 1.

e—0 £—¢ e

Again, by finiteness of G’, the integral does not contribute. So we know that

oG
alf) | — =1
o[58 )

1

B()ya(&) — Ay (8) = "Gk

_9%G
et or

Hence we obtain
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Together with (), we know that

(W (€)'
where W is the Wronskian

W = y1y5 — Y201

Hence, we know that

G(z, &) = ! {yz(f)m(a:) a<z<¢

a(OW(E) 1 (&y2(z) < <b

Using the step function ©, we can write this as

1
G(z,§) = W[@(f = 2)y2(§y1(x) + O(z — §)y1(&)ya(w)].

So our general solution is

IN

b
y(z) = / G, €) () de

b €T
:/ a(g)(ég(g)yg(f)yl(x) d§+/ a(g)(v%yl(é)yz(x) de.

Example. Consider

Ly=—y"—y=f
for € (0,1) with y(0) = y(1) = 0. We choose our basis solution to satisfy
y" = —y as {sinz,sin(l — z)}. Then we can compute the Wronskian

W(z) = —sinz cos(l — ) — sin(l — z) cosz = —sin 1.
Our Green’s function is

Gla.6) = —

sin 1
Hence we get

! si - * sin
y(:c)zsinz/ Mf(f) d£+sin(1—3:)/ 3

sin 1 o sinl

O —x)sin(l — &) sinz + O(z — &) sinsin(1 — z)].

f(§) de.

Example. Suppose we have a string with mass per unit length p(x) and held
under a tension 7. In the presence of gravity, Newton’s second law gives
0%y 0%y
— =T .
H o Ox? g
We look for the steady state solution §y = 0 shape of the string, assuming
y(0,t) = y(L,t) = 0. So we get

Ty
Ox? T 7
We look for a Green’s function obeying
0%y
9z —6(z —¢).

This can be interpreted as the contribution of a pointlike mass located at = = &.
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» O
it A2
b

Y
The homogeneous equation y” = 0 gives
y=Ax+ B(z — L).

So we get
A(&x) 0<x<¢

Gles) = {B@)(x D) €<usl

Continuity at x = £ gives

A(§)E = B(E)(E - L).

The jump condition on the derivative gives

A(§) - B(&) =1.
We can solve these to get
—L
A=t Beo=*
Hence the Green’s function is
- L
6= Lo )+ S - L)o@ o).

Notice that £ is always less that L. So the first term has a negative slope; while
¢ is always positive, so the second term has positive slope.

For the general case, we can just substitute this into the integral. We can
give this integral a physical interpretation. We can think that we have many
pointlike particles m; at small separations Az along the string. So we get

-y \mig
g((E) - ;G(mvxl) T 9

and in the limit Az — 0 and n — oo, we get

g L

@)+ 2 [ Gl n(e) de.
0

5.3 Green’s functions for initial value problems
Consider Ly = f(t) subject to y(t = t9) = 0 and y'(t = tg) = 0. So instead of

having two boundaries, we have one boundary and restrict both the value and
the derivative at this boundary.

o1



5 Distributions IB Methods

As before, let y1 (t),y2(t) be any basis of solutions to Ly = 0. The Green’s
function obeys

L(G) = 5(t — ).

We can write our Green’s function as

~ JAM)y () + B(m)y2(t) to<t<T
G = {cmyl(t) FD(Et) b7

Our initial conditions require that

(yl(to) y2(t0)> (A) _ <0>

vi(to) w5(to)) \ B 0

However, we know that the matrix is non-singular (by definition of y;, y2 being a
basis). So we must have A, B =0 (which makes sense, since G = 0 is obviously

a solution for to <t < 7).
Our continuity and jump conditions now require

0 = C(7)t1(t) + D(T)y2(t)

% = C(n)y, () + D(r)h(r).

We can solve this to get C(7) and D(7). Then we get
oo t
w0y = [ Gnsm ar= [ s ar
to tO

since we know that when 7 > t, the Green’s function G(¢,7) = 0. Thus the
solution y(t) depends on the forcing term term f only for times < ¢. This
expresses causality!

Example. For example, suppose we have §j +y = f(¢) with f(0) = (0) = 0.
Then we have

G(t,7) =0t —1)[C(1) cos(t — 7) + D(7) sin(t — 7)]
for some C(7), D(7). The continuity and jump conditions gives D(7) = 1,C(1) =
0. So we get
G(t,7) = O(t — ) sint(7).

So we get
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6 Fourier transforms

6.1 The Fourier transform

So far, we have considered writing a function f : S' — C (or a periodic function)
as a Fourier sum

FO)="fae™, fa 1/ e~ £(6) do.

T or
ne”Z -

What if we don’t have a periodic function, but just an arbitrary function
[ R — C? Can we still do Fourier analysis? Yes!

To start with, instead of f,, = % flr e~ ™0 £(9) df, we define the Fourier
transform as follows:

Definition (Fourier transform). The Fourier transform of an (absolutely inte-
grable) function f: R — C is defined as

i = [ T e (0 da

— 00

for all k € R. We will also write f(k) = F[f(z)].

Note that for any k, we have

(k)] = \ [ e a

— 00

< [ leiwla= [ @) a

— 00 — 00

Since we have assumed that our function is absolutely integrable, this is finite,
and the definition makes sense.
We can look at a few basic properties of the Fourier transform.

(i) Linearity: if f,g : R — C are absolutely integrable and c;, ¢2 are constants,
then

Flerf (@) + cag(@)] = e1 F[f ()] + c2 Flg(z)].
This follows directly from the linearity of the integral.

(ii) Translation:
Flfte=a)= [ e fa—a)ds
Let y = x — a. Then we have
= [ g ay

_ ,—tka —iky
3 /R e~ f(y) dy
= e M Ff ()],

So a translation in z-space becomes a re-phasing in k-space.
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(iii) Re-phasing:

where £ € R and f(x) = F[f(z)

(iv) Scaling:

Oo—i c d
= [ e

Note that we have to take the absolute value of ¢, since if we replace x by
y/c and c is negative, then we will flip the bounds of the integral. The
extra minus sign then turns c¢ into —c¢ = |¢|.

(v) Convolutions: for functions f,g: R — C, we define the convolution as

feata)= [ s o) an
We then have
Ff g(x)] = /_O:O ek [/_Z f@=y)g(y) dy] dx
= [ M = e Mgly) dy da
= /R e * f(u) du / e ™Mg(y) dy

= FIf1Flgl,

where u =  — y. So the Fourier transform of a convolution is the product
of individual Fourier transforms.

(vi) The most useful property of the Fourier transform is that it “turns differ-
entiation into multiplication”. Integrating by parts, we have

A= [ e la

oo dx
- [ e @) da

o4



6 Fourier transforms IB Methods

Note that we don’t have any boundary terms since for the function to be
absolutely integrable, it has to decay to zero as we go to infinity. So we

have
=ik /Oo ek f(z) da
= mfﬁx)]
Conversely,
Flzf(x)] = /O:O e~ *rf(x) do = z’d% O;eikﬂﬂf(x) dz = if' (k).

This are useful results, since if we have a complicated function to find the Fourier
transform of, we can use these to break it apart into smaller pieces and hopefully
make our lives easier.

Suppose we have a differential equation

L(0)y = f,
where
p ar
‘C(a) = ; Cr@

is a differential operator of pth order with constant coefficients.
Taking the Fourier transform of both sides of the equation, we find

The interesting part is the left hand side, since the Fourier transform turns
differentiation into multiplication. The left hand side becomes

cof(k) + criky(k) + c2(ik)*G(k) + - + (k)5 (k) = L(ik)g(k).

Here L(ik) is a polynomial in ¢k. Thus taking the Fourier transform has changed
our ordinary differential equation into the algebraic equation

L(ik)g(k) = F (k).

Since L(ik) is just multiplication by a polynomial, we can immediately get

f(k)
L(ik)

y(k) =

Example. For ¢ : R™ — C, suppose we have the equation
V26 —m2¢ = p(x),
where

2 _ -
Vi= dx?

i=1

is the Laplacian on R™.
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We define the n dimensional Fourier transform by

300 = [ e x) dx = Flo(o)
where now k € R™ is an n-dimensional vector. So we get

FIV2p —m?¢] = Flp] = p(k).
The first term is

/ e kxy . Vodiz=— [ V(e *).Vodz
n Rn

:/ VZ(efikx)(b d™z

=-k-k / e kX p(x) d"x
= —k-ko(k).
So our equation becomes
—k - ko(k) - m*o(k) = p(k).
So we get
__ k)
k[? +m?

o(k) =

So differential equations are trivial in k space. The problem is, of course,
that we want our solution in x space, not k space. So we need to find a way to
restore our function back to x space.

6.2 The Fourier inversion theorem

We need to be able to express our original function f(z) in terms of its Fourier
transform f(k). Recall that in the periodic case where f(z) = f(x + L), we have

f(l') — Z fne2inx7r/l,.

neZ

We can try to obtain a similar expression for a non-periodic function f: R — C
by taking the limit L. — co. Recall that our coefficients are defined by

1
fn — Z/ e—21n7r1/Lf(x) dz.
—L/2

Now define 9
™
Ak = —.
K L

So we have

L2
f(i) _ Z einwAk%/ e—inwAkf(u) du

2w
nez —L/2
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As we take the limit L — oo, we can approximate

L/2 L) ~
/ efimnAkf(x) dz = / e*im(nAk)f(x) dx = f(?’lAk‘)

—L/2 —o0
Then for a non-periodic function, we have

f(z) = lim AF inake f(nAk) = % / e f(k) dk

Ak— 2T
it nez o0

So

Fla) = 70 = 5 [ ) an

This is a really dodgy argument. We first took the limit as L — oo to turn
the integral from ffL to [*_. Then we take the limit as Ak — 0. However,
we can’t really do this, since Ak is defined to be 27/L, and both limits have
to be taken at the same time. So we should really just take this as a heuristic
argument for why this works, instead of a formal proof.

Nevertheless, note that the inverse Fourier transform looks very similar to
the Fourier transform itself. The only differences are a factor of %, and the sign
of the exponent. We can get rid of the first difference by evenly distributing the
factor among the Fourier transform and inverse Fourier transform. For example,
we can instead define

Flf@)] = o= / e f(z) do

Then F~! looks just like F apart from having the wrong sign.
However, we will stick to our original definition so that we don’t have to deal
with messy square roots. Hence we have the duality

Flf@)] = FHf (=2))(2n).

This is useful because it means we can use our knowledge of Fourier transforms
to compute inverse Fourier transform.

Note that this does not occur in the case of the Fourier series. In the Fourier
series, we obtain the coefficients by evaluating an integral, and restore the original
function by taking a discrete sum. These operations are not symmetric.

Example. Recall that we defined the convolution as

[ gl /fx— (4) dy

Flf * g(@)] = f(k)(9)-
It follows by definition of the inverse that

HIRIR)] = £ g(a).

We then computed

Therefore, we know that

Flf)gla)] =2x [ Tk — 03(0) A0 = 20 f « (k).

—0o0
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Example. Last time we saw that if V2¢ — m?¢ = p(x), then

Ty PK)
¢(k) - |k|2 I m2’
Hence we can retrieve our ¢ as
_ 177 _ _L ik-xﬂ n
000 = F 30K = ~ o / ey ',

Note that we have (27)" instead of 27 since we get a factor of 27 for each
dimension (and the negative sign was just brought down from the original
expression).

Since we are taking the inverse Fourier transform of a product, we know that
the result is just a convolution of F~1[p(k)] = p(z) and F~! (m)

Recall that when we worked with Green’s function, if we have a forcing term,
then the final solution is the convolution of our Green’s function with the forcing
term. Here we get a similar expression in higher dimensions.

6.3 Parseval’s theorem for Fourier transforms

Theorem (Parseval’s theorem (again)). Suppose f,g: R — C are sufficiently
well-behaved that f and § exist and we indeed have F~![f] = f,F![g] = g

Then )
(f.9) = / *(@)g(x) dz = —(F.3).

o
In particular, if f = g, then

1 =
1712 = S AI

So taking the Fourier transform preserves the L? norm (up to a constant
factor of 3-).

Proof.

-/ rw Bﬂ [ G (z) dk] dz
_ % ) Um £ (z)eih dx} (k) dk
_ % - { T fa)eitn dx}*g(k) dk
1oL
=5 | i) d
1.
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6.4 A word of warning
Suppose f(z) is defined by

> T

This function looks rather innocent. Sure it has discontinuities at &1, but these
are not too absurd, and we are just integrating. This is certainly absolutely
integrable. We can easily compute the Fourier transform as

oo 1 )
(k) =/ e ™ f(z) da :/ o—ikT gy 2s;€nk:.
oo .

Is our original function equal to the integral F~1[f(1)]? We have

2sink 1 [ .. sink
1 _ ikx dk.
[ k ] s [ ¢ k

oo

This is hard to do. So let’s first see if this function is absolutely integrable. We

have
[l = [

sin k

k

‘dk

oo : k
/ sin ‘dk
0 k
N (n+3/4)m | o
ZQZ/ smk‘ dk.
= Jnrrr | K

The idea here is instead of looking at the integral over the whole real line, we
just pick out segments of it. In these small segments, we know that | sin k| > %
So we can bound this by

[l

| t3/a
SlIl k ‘ d;C 9 Z %
k \[ (nt1/a)n K

(n+3/4)m
> V3 Z dk

* Jnt1jax (n+D)m

n=
2 n+1’
n=0
and this diverges as N — oo. So we don’t have absolute integrability. So we

have to be careful when we are doing these things. Well, in theory. We actually
won’t. We’ll just ignore this issue.
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6.5 Fourier transformation of distributions

We have -
Flo(x)]) = / ¢k 5(z) dz = 1.
— 00
Hence we have
1 *®
F = 7/ ¢k dk = §(z).
27 J_ o
Of course, it is extremely hard to make sense of this integral. It quite obviously
diverges as a normal integral, but we can just have faith and believe this makes
sense as long as we are talking about distributions.
Similarly, from our rules of translations, we get

Flo(z —a)] = ek

and _
Fle ¥ = 216(k — 0),

Hence we get

1, . , 1 , 1 .
Flcos(lx)] = F {2(&“ + e—m)] = 5]:[61“]4-5]:[6_1“] = 7[6(k—0)+6(k+L)].
We see that highly localized functions in z-space have very spread-out behaviour
in k-space, and vice versa.

6.6 Linear systems and response functions

Suppose we have an amplifier that modifies an input signal I(¢) to produce an
output O(t). Typically, amplifiers work by modifying the amplitudes and phases
of specific frequencies in the output. By Fourier’s inversion theorem, we know

i/eiwtf(w) dw.

:27r

I(t)

This I(w) is the resolution of I(t). 3
We specify what the amplifier does by the transfer function R(w) such that
the output is given by

O(t) = % /OO et R(w) I (w) dw.

— 00

Since this R(w)I(w) is a product, on computing O(t) = F ' [R(w)I(w)], we
obtain a convolution

ot) = [ " R(t— )l (u) du,

where

1 S -
R(t) = / ¢ R(w) dw
21 J_ o

is the response function. By plugging it directly into the equation above, we see
that R(t) is the response to an input signal I(t) = 6(¢).
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Now note that causality implies that the amplifier cannot “respond” before
any input has been given. So we must have R(t) = 0 for all ¢ < 0.
Assume that we only start providing input at ¢ = 0. Then

O(t) = /_OO R(t —u)l(u) du = /0 R(t —uw)I(u) du.

This is exactly the same form of solution as we found for initial value problems
with the response function R(t) playing the role of the Green’s function.

6.7 General form of transfer function

To model the situation, suppose the amplifier’s operation is described by the
ordinary differential equation

I(t) = £,,0(1),

where _
" i=0 K3

with a; € C. In other words, we have an mth order ordinary differential equation
with constant coefficients, and the input is the forcing function. Notice that
we are not saying that O(¢) can be expressed as a function of derivatives of
I(t). Instead, I(t) influences O(t) by being the forcing term the differential
equation has to satisfy. This makes sense because when we send an input into
the amplifier, this input wave “pushes” the amplifier, and the amplifier is forced
to react in some way to match the input.
Taking the Fourier transform and using F [%] = iwé(w), we have

So we get

ag + waq + - -+ (iw)ma'rn ’
Hence, the transfer function is just
- 1
R(w) = ‘ . :
ap + iway + -+ + (iw)™ayy,

The denominator is an nth order polynomial. By the fundamental theorem of
algebra, it has m roots, say ¢; € C for j = 1,---,J, where ¢; has multiplicity
k;. Then we can write our transfer function as

_ 1 1
R(w) = 611;[1 7@0 o

By repeated use of partial fractions, we can write this as
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for some constants I',; € C.
By linearity of the (inverse) Fourier transform, we can find O(¢) if we know
the inverse Fourier transform of all functions of the form

b
(iw — )P’

To compute this, there are many possible approaches. We can try to evaluate
the integral directly, learn some fancy tricks from complex analysis, or cheat,
and let the lecturer tell you the answer. Consider the function

e t>0
ho(t) = {

0 otherwise

The Fourier transform is then

~ e . o0 . 1
ho(w) = / e “tho(t) dt = /0 elamilt gt —

o Ww—«

provided Re(a) < 0 (so that e(®=)* — 0 as t — oo). Similarly, we can let

te®® t>0
hi(t) = {

0 otherwise

Then we get

- d 1

ha(w) = Fltho(t)] = i g Flho()] = 7m—rss-

Proceeding inductively, we can define

ho(t) = tp—ieat t>0
b 0 otherwise ’

and this has Fourier transform

(iw — a)Pt1’

again provided Re(«) < 0. So the response function is a linear combination
of these functions h,(t) (if any of the roots ¢; have non-negative real part,
then it turns out the system is unstable, and is better analysed by the Laplace
transform). We see that the response function does indeed vanish for all ¢ < 0.
In fact, each term (except hg) increases from zero at ¢ = 0 to rise to some
maximum before eventually decaying exponentially.

Fourier transforms can also be used to solve ordinary differential equations
on the whole real line R, provided the functions are sufficiently well-behaved.
For example, suppose y : R — R solves

y' — A%y = —f(x)
with y and ¥’ — 0 as |z| — oo. Taking the Fourier transform, we get
~ (k)
k)= ——=.
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Since this is a product, the inverse Fourier transform will be a convolution of f(x)
and an object whose Fourier transform is ﬁ. Again, we’ll cheat. Consider

h(z) = %e*“m.
%

with ¢ > 0. Then

Therefore we get
— 1 > —Alz—u]|
y(z) =54 [me f(u) du.

So far, we have done Fourier analysis over some abelian groups. For example,
we’ve done it over S, which is an abelian group under multiplication, and R,
which is an abelian group under addition. We will next look at Fourier analysis
over another abelian group, Z,,, known as the discrete Fourier transform.

6.8 The discrete Fourier transform

Recall that the Fourier transform is defined as
fo = [ e () da,
R

To find the Fourier transform, we have to know how to perform the integral. If
we cannot do the integral, then we cannot do the Fourier transform. However,
it is usually difficult to perform integrals for even slightly more complicated
functions.

A more serious problem is that we usually don’t even have a closed form of
the function f for us to perform the integral. In real life, f might be some radio
signal, and we are just given some data of what value f takes at different points..
There is no hope that we can do the integral exactly.

Hence, we first give ourselves a simplifying assumption. We suppose that f
is mostly concentrated in some finite region [—R, S]. More precisely, |f(x)| < 1
for x ¢ [-R, S] for some R, S > 0. Then we can approximate our integral as

s
fo = [ e pa) da,

-R

Afterwards, we perform the integral numerically. Suppose we “sample” f(z) at
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This is just the Riemann sum. ~
Similarly, our computer can only store the result f(k) for some finite list of
k. Let’s choose these to be at

2mm

Then after some cancellation,

~ R+ S 2zim phly 2mi ;o
Jlhn) ~ = RE N flag)e

§=0
1 N-1
mR
(R + S € R+S N f 5
7=0
where i
w=enN

is an Nth root of unity. We call the thing in the brackets

N-1
fzj)w™I™.
=0

1

<.

Of course, we’'ve thrown away lots of information about our original function
f(z), since we made approximations all over the place. For example, we have
already lost all knowledge of structures varying more rapidly than our sampling
interval 5. Also, F(m+ N) = F(m), since w” = 1. So we have “forced” some
periodicity into our function F, while f(k) itself was not necessarily periodic.

For the usual Fourier transform, we were able to re-construct our original
function from the f(k), but here we clearly cannot. However, if we know the
F(m) for all m =0,1,--- , N — 1, then we can reconstruct the exact values of
f(x;) for all j by just solving linear equations. To make this more precise, we
want to put what we’re doing into the linear algebra framework we’ve been using.
Let G = {1,w,w?, - ,w™N~1}. For our purposes below, we can just treat this as
a discrete set, and w® are just meaningless symbols that happen to visually look
like the powers of our Nth roots of unity.

Consider a function g : G — C defined by

g(w’) = f(zy).

This is actually nothing but just a new notation for f(x;). Then using this new
notation, we have

N—

Z g

7=0
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The space of all functions g : G — C is a finite-dimensional vector space,
isomorphic to CV. This has an inner product

N-1

1

(fr9) = 5 D F(@)g(w?).

j=0
This inner product obeys

(9.f) = (f.9)"
(fsc101 + c292) = e1(fo0n) + ea(f, g2)
(f, f) = 0 with equality iff f(w;) =0

Now let e,, : G — C be the function
em (wj )= wim,
Then the set of functions {e,,} for m = 0,--- ;N — 1 is an orthonormal basis

with respect to our inner product. To show this, we can compute

(em, em) = e:;@(wj)em(wj)

= % Z wImIm

For n # m, we have

Since m—n is an integer and w is an Nth root of unity, we know that w(m=N = 1.
So the numerator is 0. However, since n # m, m —n # 0. So the denominator is
non-zero. So we get 0. Hence

(en,em) = 0.

We can now rewrite our F(m) as
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Hence we can expand our g as
N-1 N—1
9= (emglem =) Flm
m=0 m=0
Writing f instead of g, we recover the formula

N-1
flz;) = Z F(m)em(w’).
m=0

If we forget about our fs and just look at the g, what we have effectively done is
take the Fourier transform of functions taking values on G = {1, w whV-11 =~
ZN.

This is exactly analogous to what we did for the Fourier transform, except
that everything is now discrete, and we don’t have to worry about convergence
since these are finite sums.

"

6.9 The fast Fourier transform®*

What we’ve said so far is we’ve defined

N—-1
1 —mig
w

=0

<.

To compute this directly, even given the values of w™" for all j, m, this takes
N — 1 additions and N + 1 multiplications. This is 2N operations for a single
value of m. To know F(m) for all m, this takes 2N? operations.

This is a problem. Historically, during the cold war, especially after the
Cuban missile crisis, people were in fear that the world will one day go into
a huge nuclear war, and something had to be done to prevent this. Thus the
countries decided to come up with a treaty to ensure people don’t perform
nuclear testings anymore.

However, the obvious problem is that we can’t easily check if other countries
are doing nuclear tests. Nuclear tests are easy to spot if the test is done above
ground, since there will be a huge explosion. However, if it is done underground,
it is much harder to test.

They then came up with the idea to put some seismometers all around
the world, and record vibrations in the ground. To distinguish normal crust
movements from nuclear tests, they wanted to take the Fourier transform and
analyze the frequencies of the vibrations. However, they had a large amount of
data, and the value of N is on the order of magnitude of a few million. So 2/N?
will be a huge number that the computers at that time were not able to handle.
So they need to find a trick to perform Fourier transforms quickly. This is known
as the fast Fourier transform. Note that this is nothing new mathematically.
This is entirely a computational trick.
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Now suppose N = 2M. We can write

2M—1

F(m) = 57 3 @ "g(w!)
j=0

2| M

1 1 M-—1
_ [ Z w—2kmg(w2k) +w—(2k+1)mg(w2k+1)] .
k=0

We now let 1 be an Mth root of unity, and define
G(n*) = gw™), H@") = g(w™ ).

We then have

| M1 -m M-l
F(m) = i Z n"G(n*) + YA Z n‘ka(n’“)]
k=0 k=0

[G(m) +w ™H(m)).

N~ N

Suppose we are given the values of G(m) and H(m) and w™™ for all m =
{0,--+- , N —1}. Then we can compute F(m) using 3 operations per value of m.
So this takes 3 x N = 6M operations for all M.

We can compute w™"" for all m using at most 2N operations, and suppose it
takes Py operations to compute G (m) for all m. Then the number of operations
needed to compute F(m) is

Poyr = 2Py 4+ 6M 4 2M.
Now let N = 2™. Then by iterating this, we can find
Py <4Nlog, N < N2,
So by breaking the Fourier transform apart, we are able to greatly reduce the

number of operations needed to compute the Fourier transform. This is used
nowadays everywhere for everything.
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7 More partial differential equations

7.1 Well-posedness

Recall that to find a unique solution of Laplace’s equation V2¢ = 0 on a bounded
domain © C R™, we imposed the Dirichlet boundary condition ¢|gq = f or the
Neumann boundary condition n - V¢|sn = g.

For the heat equation % = kV?2¢p on Q x [0, 00), we asked for Oloax[0,00) = f
and also ¢|gx (0} = g-

For the wave equation % = ®V?¢p on Qx [0, 00), we imposed ¢|sox[0,00) =
¢|Q><{0} =g and also 8t¢|QX{0} = h.

All the boundary and initial conditions restrict the value of ¢ on some co-
dimension 1 surface, i.e. a surface whose dimension is one less than the domain.
This is known as Cauchy data for our partial differential equation.

Definition (Well-posed problem). A partial differential equation problem is
said to be well-posed if its Cauchy data means

(i) A solution exists;
(ii) The solution is unique;

(iii) A “small change” in the Cauchy data leads to a “small change” in the
solution.

To understand the last condition, we need to make it clear what we mean by
“small change”. To do this properly, we need to impose some topology on our
space of functions, which is some technicalities we will not go into. Instead, we
can look at a simple example.

Suppose we have the heat equation ;¢ = KV2¢. We know that whatever
starting condition we have, the solution quickly smooths out with time. Any
spikiness of the initial conditions get exponentially suppressed. Hence this is
a well-posed problem — changing the initial condition slightly will result in a
similar solution.

However, if we take the heat equation but run it backwards in time, we get
a non-well-posed problem. If we provide a tiny, small change in the “ending
condition”, as we go back in time, this perturbation grows exponentially, and
the result could vary wildly.

Another example is as follows: consider the Laplace’s equation V2¢ on the
upper half plane (x,7) € R x RZ? subject to the boundary conditions

¢(z,0) =0, 0Oyo(z,0) =g(x).

If we take g(x) = 0, then ¢(z,y) = 0 is the unique solution, obviously.
However, if we take g(z) = %, then we get the unique solution

_ sin(Ax) sinh(Ay)

¢(x,y) yE

So far so good. However, now consider the limit as A — oco. Then

g(z) = 7sini;4x) — 0.
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for all x € R. However, at the special point ¢ (ﬁ, y), we get

7T sinh(Ay) o A
— =— A Y
¢ (2A’ v) A2 “
which is unbounded. So as we take the limit as our boundary conditions g(x) — 0,

we get an unbounded solution.
How can we make sure this doesn’t happen? We're first going to look at first
order equations.

7.2 Method of characteristics
Curves in the plane

Suppose we have a curve on the plane x : R — R? given by s — (z(s),y(s)).

Definition (Tangent vector). The tangent vector to a smooth curve C' given
by x : R — R? with x(s) = (x(s), y(s)) is

dr dy
(o)
If we have some quantity ¢ : R? — R, then its value along the curve C is just
p(x(s), y(s)).
A vector field V(x,y) : R? — R? defines a family of curves. To imagine this,
suppose we are living in a river. The vector field tells us the how the water flows

at each point. We can then obtain a curve by starting a point and flow along
with the water. More precisely,

Definition (Integral curve). Let V(z,y) : R? — R? be a vector field. The

integral curves associated to V are curves whose tangent (%’ %) is just V(z,y).

For sufficiently regular vector fields, we can fill the space with different curves.
We will parametrize which curve we are on by the parameter t. More precisely,
we have a curve B = (x(t), y(t)) that is transverse (i.e. nowhere parallel) to our
family of curves, and we can label the members of our family by the value of ¢
at which they intersect B.

B(t)

Cy
3
C
o

We can thus label our family of curves by (z(s,t),y(s,t)). If the Jacobian
J_ Ox dy Oz dy

T 9s ot Ot Os ’

then we can invert this to find (s,t) as a function of (z,y), i.e. at any point, we
know which curve we are on, and how far along the curve we are.

This means we now have a new coordinate system (s,t) for our points in
R2. It turns out by picking the right vector field V, we can make differential
equations much easier to solve in this new coordinate system.
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The method of characteristics
Suppose ¢ : R? — R obeys

B B
a($7y)£ + b(z, y)£ =0.

We can define our vector field as
a(z, y))
Vi(z,y) = .
0= (5o
Then we can write the differential equation as
V- -V¢=0.

Along any particular integral curve of V, we have

99  da(s) 99 dy(s) 99
9s " ds or ' ds oy VoV

where the integral curves of V are determined by

ox

0
= a(z,y), 8%’

t t

This is known as the characteristic equation.
Hence our partial differential equation just becomes the equation

2%

s =0.

t

To get ourselves a well-posed problem, we have to specify our boundary data
along a transverse curve B. We pick our transverse curve as s = 0, and we
suppose we are given the initial data

¢(0,1) = h(?).
Since ¢ does not vary with s, our solution automatically is
¢(s,t) = h(t).

Then ¢(z,y) is given by inverting the characteristic equations to find t(x,y).
We do a few examples to make this clear.

Example (Trivial). Suppose ¢ obeys
0
91 _,

oz |,
We are given the boundary condition

¢(0,y) = f(y).

The solution is obvious, since the differential equation tells us the function is
just a function of y, and then the solution is obviously ¢(z,y) = h(y). However,
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we can try to use the method of characteristics to practice our skills. Our vector

ﬁeld iS given by

dz dy
Zoq, P
ds T ds

Hence, we get

So we have
r=s4+c¢ y=d.

Our initial curve is given by y = ¢, = 0. Since we want this to be the curve
s = 0, we find our integral curves to be

Now for each fixed ¢, we have to solve

% =0, o(s,t) = h(t) = f(t).

So we know that

o(z,y) = f(y).

Example. Consider the equation
ef% 99 _ 0
or oy

with the boundary condition
¢(x,0) = coshz.

We find that the vector field is

This gives
dz . dy
rri N
Thus we have
et=—-s+c¢, y=s+d.

We pick our curve as x = t,y = 0. So our relation becomes
—xr __ —t .
e " =—-s+e ", Yy=s.

We thus have

99| _

s | = 0, ¢(s,t) =¢(0,t) = cosh(t) = cosh[—In(y + e™%)]

So done.
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Example. Let ¢ : R? — R solve the inhomogeneous partial differential equation
09 + 20,0 = ye*

with ¢(z,z) = sinz.
We can still use the method of characteristics. We have

w— 1
={5)-
So the characteristic curves obey

dzx dy
— =1 —==2

ds T ds
This gives

r=s5+1t, y=2s+t

so that x =y =t at s = 0. We can invert this to obtain the relations
s=y—x, t=2x—uy.
The partial differential equation now becomes

d

d¢ =u-Vo=ye® =25 +t)et!

ds |,
Note that this is just an ordinary differential equation in s because t is held
constant. We have the boundary conditions

(s =0,t) =sint.
So we get
d(x(s,t),y(s,t)) = (2 —t)e' (1 — e®) +sint + 2se* .
Putting it in terms of x and y, we have
oz, y) = (2 — 2z +9)e** ¥ +sin(2z — y) + (y — 2)e”.

We see that our Cauchy data ¢(z,x) = sin z should be specified on a curve
B that intersects each characteristic curve exactly once.

If we tried to use a characteristic curve B that intersects the characteristics
multiple times, if we want a solution at all, we cannot specify data freely along
B. its values at the points of intersection have to compatible with the partial
differential equation.

For example, if we have a homogeneous equation, we saw the solution will
be constant along the same characteristic. Hence if our Cauchy data requires
the solution to take different values on the same characteristic, we will have no
solution.

Moreover, even if it is compatible, if B does not intersect all characteristics,
we will not get a unique solution. So the solution is not fixed along such
characteristics.

On the other hand, if B intersects each characteristic curve transversely,
the problem is well-posed. So there exists a unique solution, at least in the
neighbourhood of B. Notice that data is never transferred between characteristic
curves.
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7.3 Characteristics for 2nd order partial differential equa-
tions

Whether the method of characteristics works for a 2nd order partial differential
equation, or even higher order ones, depends on the “type” of the differential
equation.

To classify these differential equations, we need to define

Definition (Symbol and principal part). Let £ be the general 2nd order differ-
ential operator on R™. We can write it as

2 n

- Z:: axlaxﬂ + Zb (z) oz’ +e(X),

where a (z),b*(x), c(z) € R and o = a’* (wlog).
We define the symbol o(k,z) of L to be

n

o(k, ) Z )kik; +Zb7 ki + c(x

So we just replace the derivatives by the variable k.
The principal part of the symbol is the leading term

o?(k,z) = Z a'l (x)k;k;.
Example. If £ = V2, then
U(kv SC) = Up(ka :l?) = Z(kZ)Z

If £ is the heat operator (where we think of the last coordinate ™ as the time,
and others as space), then the operator is given by

n—1 2
-9
Jxn L~ Qa2
i=1
The symbol is then
n—1

and the principal part is

o7 (k,a) = = 3 (k).

Note that the symbol is closely related to the Fourier transform of the
differential operator, since both turn differentiation into multiplication. Indeed,
they are equal if the coefficients are constant. However, we define this symbol
for arbitrary differential operators with non-constant coefficients.
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In general, for each x, we can write
oP(k,z) = kT A(2)k,

where A(z) has elements a'/(z). Recall that a real symmetric matrix (such as
A) has all real eigenvalues. So we define the following:

Definition (Elliptic, hyperbolic, ultra-hyperbolic and parabolic differential
operators). Let £ be a differential operator. We say L is

— elliptic at x if all eigenvalues of A(z) have the same sign. Equivalently, if
oP(-,x) is a definite quadratic form;

— hyperbolic at x if all but one eigenvalues of A(z) have the same sign;

— wltra-hyperbolic at x if A(x) has more than one eigenvalues of each sign;

— parabolic at x if A(x) has a zero eigenvalue, i.e. oP( -, x) is degenerate.
We say L is elliptic if £ is elliptic at all , and similarly for the other terms.

These names are supposed to remind us of conic sections, and indeed if we
think of k™ Ak as an equation in k, then we get a conic section.

Example. Let

2 2 2

0 0 0 0
L= a(%y)@ + Qb(%y)aTay +C($7y)87y2 +d($ay>% + e(x,y)a—y + flx,y).

Then the principal part of the symbol is
oP(k,x) = (ks k
(k) = ( ) (b(:v,y) c(z,y)) \ky

Then £ is elliptic at z if b2 — ac < 0; hyperbolic if b2 — ac > 0; and parabolic if
b? —ac = 0.

Note that since we only have two dimensions and hence only two eigenvalues,
we cannot possibly have an ultra-hyperbolic equation.

Characteristic surfaces

Definition (Characteristic surface). Given a differential operator £, let

define a surface C C R™. We say C is characteristic if

> a(x) 55 aan = (VHTAVS) =" (Vf.2) =0.

ij=1

In the case where we only have two dimensions, a characteristic surface is just a
curve.

74



7 More partial differential equations IB Methods

We see that the characteristic equation restricts what values V f can take.
Recall that V f is the normal to the surface C. So in general, at any point, we
can find what the normal of the surface should be, and stitch these together to
form the full characteristic surfaces.

For an elliptic operator, all the eigenvalues of A have the same sign. So there
are no non-trivial real solutions to this equation (Vf)T A(V f) = 0. Consequently,
elliptic operators have no real characteristics. So the method of characteristics
would not be of any use when studying, say, Laplace’s equation, at least if we
want to stay in the realm of real numbers.

If £ is parabolic, we for simplicity assume that A has exactly one zero
eigenvector, say n, and the other eigenvalues have the same sign. This is the
case when, say, there are just two dimensions. So we have An = n” A = 0. We
normalize n such that n-n = 1.

For any V f, we can always decompose it as

Vf=nn-Vf)+[Vf-n-(n-Vf)]

This is a relation that is trivially true, since we just add and subtract the same
thing. Note, however, that the first term points along n, while the latter term is
orthogonal to n. To save some writing, we adopt the notation

Vif=Vf—n(n-Vf).
So we have
Vf=nmn -Vf)+Vf.

Then we can compute

(VHTANVS) =mm- V) + VL f"Ann- V) + VL[]
= (VLHTAVL).

Then by assumption, (V f)T A(V L f) is definite. So just as in the elliptic case,
there are no non-trivial solutions. Hence, if f defines a characteristic surface,
then V) f = 0. In other words, f is parallel to n. So at any point, the normal to
a characteristic surface must be n, and there is only one possible characteristic.

If £ is hyperbolic, we assume all but one eigenvalues are positive, and let
—A be the unique negative eigenvalue. We let n be the corresponding unit

eigenvector, where we normalize it such that n-n = 1. We say f is characteristic
if

0= (VHTAVY)
=M@ -Vf)+VLf"An@-Vf)+ VL[]
=-An-V)E+(VLHTANVLS).

Consequently, for this to be a characteristic, we need

0. vf =y (LT ANLS)

So there are two choices for n- Vf, given any V| f. So hyperbolic equations
have two characteristic surfaces through any point.
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This is not too helpful in general. However, in the case where we have two
dimensions, we can find the characteristic curves explicitly. Suppose our curve
is given by f(z,y) = 0. We can write y = y(x). Then since f is constant along
each characteristic, by the chain rule, we know

_of 0fdy

0= 5t 5y

Hence, we can compute

@__—b:l:\/bQ—ac

dx a

We now see explicitly how the type of the differential equation influences the
number of characteristics — if b2 —ac > 0, then we obtain two distinct differential
equations and obtain two solutions; if b2 —ac = 0, then we only have one equation;
if b2 — ac < 0, then there are no real characteristics.

Example. Consider
85 ¢ — xyd2p =0
on R%2. Then a = —zy,b = 0,c = 1. So b?> — ac = xy. So the type is elliptic if
xy < 0, hyperbolic if zy > 0, and parabolic if zy = 0.
In the regions where it is hyperbolic, we find
b+ Vb —ac 1

+ .
a /Ty

Hence the two characteristics are given by

d 1
dy _, 1

dx VY
This has a solution 1
§y3/2 + 212 = ¢

We now let

1.
w= 3?4 g1/2

3
g ap
v = 3y x/c.
Then the equation becomes
82
4 + lower order terms = 0.
Oudv

Example. Consider the wave equation

2 2
o L% _,

oz C a2 T
on RU!. Then the equation is hyperbolic everywhere, and the characteristic
curves are x + ct = const. Let’s look for a solution to the wave equation that
obeys
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Now put u = x — ct,v = x + ct. Then the wave equation becomes

62
oudv 0

So the general solution to this is

d(z,t) = Gu) + Hv) = G(z — ct) + H(z + ct).
The initial conditions now fix these functions

f(2) = Gla) + H(z), g(z) = —cC'(x) + cH'(x).

Solving these, we find

x+ct
o(w,0) = 5lfle )+ S+ e + 5o [ o) d.

e r—ct
This is d’Alembert’s solution to the 1 + 1 dimensional wave equation.

Note that the value of ¢ at any point (z,t) is completely determined by f,g
in the interval [x — ct, x + ct]. This is known as the (past) domain of dependence
of the solution at (z,t), written D~ (z,t). Similarly, at any time ¢, the initial
data at (zp,0) only affects the solution within the region zg — ¢t < x < xg + ct.
This is the range of influence of data at xq, written DV ().

p

D*(S
D~ (p) )

- B
S

We see that disturbances in the wave equation propagate with speed c.

7.4 Green’s functions for PDEs on R"
Green’s functions for the heat equation

Suppose ¢ : R™ x [0,00) — R solves the heat equation
dp = DV?¢,
where D is the diffusion constant, subject to

Plrnx {0y = [-
To solve this, we take the Fourier transform of the heat equation in the spatial
variables. For simplicity of notation, we take n = 1. Writing F[o(z,t)] = ¢(k, t),
we get ~ ~
By(k,t) = =Dk (k, 1)

with the boundary conditions

¢(k70) = ]F(k)

7
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Note that this is just an ordinary differential equation in ¢, and k is a fixed
parameter for each k. So we have

G(k,t) = f(k)e PH.
We now take the inverse Fourier transform and get
1 ikz | F — Dkt
o t)=— [ e [f(k)e } dk
2T R
This is the inverse Fourier transform of a product. This thus gives the convolution
o(a,t) = f o+ F e PF,

So we are done if we can find the inverse Fourier transform of the Gaussian.
This is an easy exercise on example sheet 3, where we find

]:[efazmQ} _ ﬁefk2/4a2 )

a
So setting
s 1
4Dt
So we get
1 x2
Fl[e~DK*) _ ex (_ )
= e P\

We shall call this S (x, t), where the subscript 1 tells us we are in 1+1 dimensions.
This is known as the fundamental solution of the heat equation. We then get

oo
st = [ WS- v d
Example. Suppose our initial data is

f(z) = ¢od(x).

So we start with a really cold room, with a huge spike in temperature at the
middle of the room. Then we get

n o %o z?

o) =~ exp (- ).

What this shows, as we’ve seen before, is that if we start with a delta function,
then as time evolves, we get a Gaussian that gets shorter and broader.

Now note that if we start with a delta function, at ¢t = 0, everywhere outside
the origin is non-zero. However, after any infinitely small time ¢, ¢ becomes
non-zero everywhere, instantly. Unlike the wave equation, information travels
instantly to all of space, i.e. heat propagates arbitrarily fast according to this
equation (of course in reality, it doesn’t). This fundamentally, is because the
heat equation is parabolic, and only has one characteristic.
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Now suppose instead ¢ satisfies the inhomogeneous, forced, heat equation
Orp — DV?¢ = F(z,t),

but with homogeneous initial conditions ¢|;—¢9 = 0. Physically, this represents
having an external heat source somewhere, starting at zero.

Note that if we can solve this, then we have completely solved the heat
equation. If we have an inhomogeneous equation and an inhomogeneous initial
condition, then we can solve this forced problem with homogeneous boundary
conditions to get ¢ r; and solve the unforced equation with homogeneous equation
to get ¢. Then the sum ¢ = ¢p + ¢y solves the full equation.

As before, we take the Fourier transform of the forced equation with respect
to the spacial variables. As before, we will just do it in the cases with one spacial
dimension. We find

8t¢~5(k7t) + DkQQNS(Iﬁt) = F(k7t>7

with the initial condition

é(k,0) = 0.

As before, we have reduced this to a first-order ordinary differential equation in
t. Using an integrating factor, we can rewrite this as

%[e’?kzté(k,t)] = ePF (K, ).

The solution is them
t
bk, t) = e_Dth/ P B (K, u) du.
0

We define the Green’s function G(x,t;y, 7)) to be the solution to
[0, — DV2]G(x,t;y,7) = 6(x — y)o(t — 7).
So the Fourier transform with respect to x gives
t
Gk, t,y,7) = e_Dkzt/ eDkQ“e““yé(t —7) du,
0

where %Y is just the Fourier transform of §(z — y). This is equal to

t
Gk t;y,7) = T

0 —iky —Dk?(t—T)
{eikyeDkQ(t'r) t>r Ot —T)e e .
Reverting the Fourier transform, we get

Gz, ty,7) = ot-7) / eik(@=y)g=Dk*(t=7) 4y
Ty ) 27_( R

This integral is just the inverse Fourier transform of the Gaussian with a phase
shift. So we end up with

ot —) Xp( (x = )’

Clotivm) = = ™\ "ibi -7

) =0t —71)5(x —y;t—1).
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The solution we seek is then

o(x,t) = /0 AF(y7T)G(m,t;y,T) dy dr.

It is interesting that the solution to the forced equation involves the same function
S1(z,t) as the homogeneous equation with inhomogeneous boundary conditions.
In general, S, (x,t) solves

0Sn

— 2 —
5 DV*S, =0

with boundary conditions S,,(x,0) = ¢ (x — y), and we can find

1 x —y/?
Sn(x,8) = ———exp [ - YY)
() = Dz &P < 4Dt
Then in general, given an initial condition ¢|;—g = f(x), the solution is
ox.t) = [ F¥)Sx—y.0) d"y,

Similarly, G, (x,t;y,t) solves

oG,
ot

— DV2G,, = 6(t — )0 (x — y),
with the boundary condition Gy, (x,0;y,7) = 0. The solution is
G(xt;y,7) =0 —7)Su(x —y,t — 7).

Given our Green’s function, the general solution to the forced heat equation

00 DV =Fx1), 6(x,0)=0

is just
o(x,t) = / / Fly, IG(x tiy,7) d"y dr
O n

t
=// F(y,7)G(x,t;y,7) d"y dr.
0 n

Duhamel noticed that we can write this as

t
o(x,1t) :/0 or(x,t;7) dr,

where
b = / F(y,t)Sn(x —y,t —71)d"y
R

solves the homogeneous heat equation with ¢p|i=, = F(x, 7).

Hence in general, we can think of the forcing term as providing a whole
sequence of “initial conditions” for all £ > 0. We then integrate over the times
at which these conditions were imposed to find the full solution to the forced
problem. This interpretation is called Duhamel’s principle.
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Green’s functions for the wave equation

Suppose ¢ : R™ x [0, 00) — C solves the inhomogeneous wave equation

82¢

5z V2 = F(x,t)
with 9

(b(X)O) = a(b(xvo) =0.

We look for a Green’s function G,,(x, t;y,7) that solves

oG,

5 = VPG = 0(t = 1) (x — y) (*)

with the same initial conditions

Gn(Xa07y7 ) (X 0 Yo, T )_ 0.

8
ot
Just as before, we take the Fourier transform of this equation with respect the
spacial variables x. We get

%én + Ak|?G,, = 6(t — T)e Y.

where G,, = Gp(k,t,y,7).

This is just an ordinary differential equation from the point of view of ¢, and
is of the same type of initial value problem that we studied earlier, and the
solution is
sin [k|c(t — 7)

kle

To recover the Green’s function itself, we have to compute the inverse Fourier
transform, and find

én(k7 ta Yy, T) = @(t - T)eiik.y

yor) = [ eixp(r - pye-eySKZT) 4
Gn(xvt7}’»7—) = (271_)" /Rne @(t T)e |k|c d"k.

Unlike the case of the heat equation, the form of the answer we get here does
depend on the number of spatial dimensions n. For definiteness, we look at the
case where n = 3, since our world (probably) has three dimensions. Then our
Green’s function is

. 0t —-r1) ik (x—y) S kle(t—T) 4
Gx,t;y,7) = r)c /RS e K d°k.

We use spherical polar coordinates with the z-axis in k-space aligned along the
direction of x —y. Hence k- (x —y) = krcosf, where r = |x — y| and k = |K|.

Note that nothing in our integral depends on ¢, so we can pull out a factor
of 2, and get

t— k
G(x,tiy,7) = T/ / ikr cos 511 Cl(f ™) 12 5in 0 d9 dk
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The next integral to do is the 6 integral, which is straightforward since it is an
exact differential. Setting o = ¢(t — 7), we get

_ ot —71) /oo etkr - e~ sinke(t — 7) 12 dk
(2m)2%¢  Jo ikr k

Ot — < 0
= (2()27> [/ ™" sin ko dk — / e 7 sin ko dk
TT)21CT 0 0

= M {1/ e sin ko dk}

2mier 2w

= 6(157,_7)]:71 [sin ko],
2micr

Now recall F[§(z — a)] = e~ So

7 sinka] = 7 ['“‘2_'“} = Lo +a) - bz - ).

Hence our Green’s function is

Ot —r1)

G(X,t;YJ):—m

[6(\){ —yl+ect—7)—0(x—y|—clt— T))}

Now we look at our delta functions. The step function is non-zero only if ¢t > 7.
Hence |x — y| + ¢(t — 7) is always positive. So d(|x —y| + ¢(t — 7)) does not
contribute. On the other hand, 6(|x —y| — ¢(t — 7)) is non-zero only if ¢ > 7. So
O(t — 7) is always positive in this region. So we can write our Green’s function

as
1 1

G(xat;YaT) = R |X _ y|

6(jx —y| —c(t — 7))
As always, given our Green’s function, the general solution to the forced equation

»Po
ot

ol e 3
o(x,t) / /]RS 47rc|x y| 0(|x —y| —c(t—7)) &Py dr.

We can use the delta function to do one of the integrals. It is up to us which
integral we do, but we pick the time integral to do. Then we get

1 F(y>tret) d3
Arc? Jps |x—y]|

AV23ip = F(x,t)

is

¢(X> t) =

)

where

Ix —y|
.

tret =t—

This shows that the effect of the forcing term at some point y € R? affects
the solution ¢ at some other point x not instantaneously, but only after time
|x — y|/c has elapsed. This is just as we saw for characteristics. This, again,
tells us that information travels at speed c.

Also, we see the effect of the forcing term gets weaker and weaker as we
move further away from the source. This dispersion depends on the number of
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dimensions of the space. As we spread out in a three-dimensional space, the
“energy” from the forcing term has to be distributed over a larger sphere, and
the effect diminishes. On the contrary, in one-dimensional space, there is no
spreading out to do, and we don’t have this reduction. In fact, in one dimensions,

we get
_ [ Ot =)~ e —yl)

We see there is now no suppression factor at the bottom, as expected.

7.5 Poisson’s equation

Let ¢ : R® — R satisfy the Poisson’s equation
V3¢ = —F,

where F'(x) is a forcing term.
The fundamental solution to this equation is defined to be G3(x,y), where

V2Gs(x,y) = 6 (x - y).
By rotational symmetry, G3(x,y) = Gs(|x — y|). Integrating over a ball

B, ={lx—y| ST,XERS},

we have
1= V?G3dv
B,
= / n- VGg ds
oB,
= / %TQ sinf df d¢
S2 d’f'
dGs
= dmr?—=.
r o
So we know
dGz 1
dr 4?2’
and hence 1
G3(X7 Y) = 747T|X — y‘ +c.

We often set ¢ = 0 such that

lim Gs = 0.

|x|—00

Green’s identities

To make use of this fundamental solution in solving Poisson’s equation, we first
obtain some useful identities.
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Suppose ¢, : R3 — R are both smooth everywhere in some region  C R3
with boundary 9. Then

én - Vi dS = / V- (V) dV = / OV + (Vo) - (V) dV.
o0 Q Q

So we get

Proposition (Green’s first identity).

én - Vi dS = / OV + (Vo) - (V) dV.
o0 Q

Of course, this is just an easy consequence of the divergence theorem, but
when Green first came up with this, divergence theorem hasn’t existed yet.
Similarly, we obtain

Yn-VedS = / YV2p+ (Vo) - (Vi) dV.
o Q

Subtracting these two equations gives

Proposition (Green’s second identity).
/ ¢v2¢—w2¢dvz/ én-Vip —iym - Vo dS.
Q o0

Why is this useful? On the left, we have things like V29 and V2. These
are things we are given by Poisson’s or Laplace’s equation. On the right, we
have things on the boundary, and these are often the boundary conditions we
are given. So this can be rather helpful when we have to solve these equations.

Using the Green’s function

We wish to apply this result to the case 1) = G3(|x — y|). However, recall that
when deriving Green’s identity, we assumed ¢ and v are smooth everywhere in
our domain. However, our Green’s function is singular at x =y, but we want to
integrate over this region as well. So we need to do this carefully. Because of
the singularity, we want to take

Q=B,-B.={xcR®:e<|x—y| <R}

In other words, we remove a small region of radius ¢ centered on y from the
domain.

In this choice of €, it is completely safe to use Green’s identity, since our
Green’s function is certainly regular everywhere in this 2. First note that since
V2G5 = 0 everywhere except at x =y, we get

/ PV?G3 — G3V?p dV = 7/ G3V2¢ dV
Q Q
Then Green’s second identity gives

7/ G3V?¢pdV = | ¢(n-VG3) — Gs(n-¢)dS
Q S2

+/ 6(n-VGs) — Gs(n- o) dS
S2

€
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Note that on the inner boundary, we have n = —¢. Also, at S2, we have
1 dGs 1
G =——\F — = .
3lsz dre’  dr |g  4me?

So the inner boundary terms are

/SZ (¢(H-VG3) —G3(n.¢))€2 sin 0 df do

€

¢s1n9d0d¢+2/( - Vé)sind df de
52

47r€2

Now the final integral is bounded by the assumption that ¢ is everywhere smooth.
So as we take the limit ¢ — 0, the final term vanishes. In the first term, the ’s
cancel. So we are left with

1
=—— dQ
47 ¢

52
=—¢
— —9(y)

where ¢ is the average value of ¢ on the sphere.
Now suppose V2¢ = —F. Then this gives

Proposition (Green’s third identity).

o) = [ on- V) = Galn-V9)dS - [ Galxy)F(x) .
aQ Q
This expresses ¢ at any point y in €2 in terms of the fundamental solution
(i3, the forcing term F' and boundary data. In particular, if the boundary values
of ¢ and n - V¢ vanish as we take r — co, then we have

Py) =— » G3(x,y)F(x) d®z.

So the fundamental solution s the Green’s function for Poisson’s equation on
R3.
However, there is a puzzle. Suppose F = 0. So V2¢ = 0. Then Green’s

identity says
dG d
o) = [ (o%g - Gat) as

But we know there is a unique solution to Laplace’s equation on every bounded
domain once we specify the boundary value ¢|gq, or a unique-up-to-constant
solution if we specify the boundary value of n - V¢|sq.

However, to get ¢(y) using Green’s identity, we need to know ¢ and and
n - V¢ on the boundary. This is too much.

Green’s third identity is a valid relation obeyed by solutions to Poisson’s
equation, but it is not constructive. We cannot specify ¢ and n-V¢ freely. What
we would like is a formula of ¢ given, say, just the value of ¢ on the boundary.
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Dirichlet Green’s function

To overcome this (in the Dirichlet case), we seek to modify G5 via
Gs - G=Gs+ H(x,y),

where V2H = 0 everywhere in €2, H is regular throughout 2, and G|sq = 0. In
other words, we find some H that does not affect the relations on G when acted
on by V2, but now our G will have boundary value 0. We will find this H later,
but given such an H, we replace Gs with G — H in Green’s third identity, and
see that all the H terms fall out, i.e. G also satisfies Green’s third identity. So

¢<y)=/m[¢n-VG—Gn-v¢] dS—/FGdV
=/ ¢n~VGdS—/FGdV.
o0

So as long as we find H, we can express the value of ¢(y) in terms of the values
of ¢ on the boundary. Similarly, if we are given a Neumann condition, i.e. the
value of n - V¢ on the boundary, we have to find an H that kills off n- VG on
the boundary, and get a similar result.

In general, finding a harmonic V2H = 0 with

1

Hlipg = ———
| 4t|x — X0 | 50

is a difficult problem. However, the method of images allows us to solve this in
some special cases with lots of symmetry.

Example. Suppose
Q= {(r,y,2) €R*: 2> 0}.

We wish to find a solution to V2 = —F in Q with ¢ — 0 rapidly as |x| — oo
with boundary condition ¢(z,y,0) = g(z,y).
The fundamental solution
1 1

Gs(x,x9) = ————
3(%,%o) 47 |x — Xg|
obeys all the conditions we need except

1 1
dm [(w — 20)% + (y — yo)? + 23]1/?

G3|z=0:_ 750

However, let x{f be the point (xg,yo, —z0) . This is the reflection of z( in the
boundary plane z = 0. Since the point x% is outside our domain, G3(x,x%)
obeys

V2G3(x,x8) =0

for all x € €, and also
G3(x, %) |.=0 = G3(x,%0)|2=0-
Hence we take

G(x,%x0) = G3(x, %) — Ga(x,x5).
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The outward pointing normal to 2 at z = 0 is n = —z. Hence we have
1 [—(z—2 —(z+ 2o
n‘VG|z—0:{ ( 3)_ ( R3):|
4 | |x — x| Ix — x|, ,
1 20

27 [(x — @0)? + (y — yo)? + 28]3/?"

Therefore our solution is

¢(Xo)=417r/ﬂ{ ! ! g]F(x) Pz

Ix —x0| |[x-—x

) 9(z,y)

dz dy.
27 Jao (@ —20)2 + (y — y0)2 + 281272 Y

What have we actually done here? The Green’s function G(x,xg) in some sense
represents a “charge” at xo. We can imagine that the term G3(x, x{?) represents
the contribution to our solution from a point charge of opposite sign located at
x&. Then by symmetry, G is zero at z = 0.

X0
.

R
X0

Our solution for ¢(xp) is valid if we extend it to xo € R where ¢(x0) is solved
by choosing two mirror charge distributions. But this is irrelevant for our present
purposes. We are only concerned with finding a solution in the region z > 0.
This is just an artificial device we have in order to solve the problem.

Example. Suppose a chimney produces smoke such that the density ¢(x,¢) of
smoke obeys
o — DV?¢ = F(x,1).

The left side is just the heat equation, modelling the diffusion of smoke, while
the right forcing term describes the production of smoke by the chimney.
If this were a problem for x € R?, then the solution is

t
o) = [ [ Py nsix—yit =) dy

where

B 1 x -y
Sy ) = p e O (4D<t—>) |

This is true only if the smoke can diffuse in all of R3. However, this is not true
for our current circumstances, since smoke does not diffuse into the ground.
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To account for this, we should find a Green’s function that obeys
n- VG|z:0 =0.

This says that there is no smoke diffusing in to the ground.
This is achieved by picking

G(X7t;y77.) = @(t - T)[S3(X - yvt - T) + S3(X - yRat - T)]
We can directly check that this obeys
hD*V?G =6t —1)8(x —y)

when x € Q, and also
n- VG|ZO =0.

Hence the smoke density is given by

wa=AKjWJWM»ﬂw—ﬂ+&@—ﬁx—ﬂd%

We can think of the second term as the contribution from a “mirror chimney”.
Without a mirror chimney, we will have smoke flowing into the ground. With a
mirror chimney, we will have equal amounts of mirror smoke flowing up from
the ground, so there is no net flow. Of course, there are no mirror chimneys in
reality. These are just artifacts we use to find the solution we want.

Example. Suppose we want to solve the wave equation in the region (z,t) such
that z > 0 with boundary conditions

o(x,0) = b(z), O(z,0) =0, 0,¢(0,t)=0.
On RY! d’Alembert’s solution gives
1
B, 1) = 3lb(x — et) + b + ct)]

This is not what we want, since eventually we will have a wave moving past the
x = 0 line.

To compensate for this, we introduce a mirror wave moving in the opposite
direction, such that when as they pass through each other at x = 0, there is no
net flow across the boundary.
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More precisely, we include a mirror initial condition ¢(x,0) = b(x) + b(—x),
where we set b(z) = 0 when = < 0. In the region 2 > 0 we are interested in, only
the b(z) term will contribute. In the x < 0 region, only z > 0 will contribute.
Then the general solution is

o(z,t) = %[b(x +ct) + b(x+¢) + b(—x — ct) + b(—x + ct)].
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