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1 Fourier Series

1.1 Periodic Functions

Definition 1.1. A function f is periodic with period T is f(x +T) = f(x) for
any .

Example 1.1. The physical quantities in a simple harmonic motion are periodic
in time ¢. For example, if we take a simple pendulum, then the height of the
pendulum bulb can be described E| by y = Asin(wt), so y is periodic (in t) with
period T' = 27 /w. So it has angular frequency w and frequency f = 1/T.

In space, the wavelength is A = 27 /k and the (angular) wavenumber is k = 27/ .

Consider the set of functions g, (x) = cos(nma/L) and h,(z) = sin(nwa/L)
where n is taken as positive integer. They are obviously all periodic with period
2L.

Definition 1.2. For (sufficiently nice) f,g:[0,2L) — R, we define their inner

product to be
2L

(f.9) = f(z)g(z)dz

0

Proposition 1.1. The functions gy, hy, are mutually orthogonal on the inteval
[0,2L] with respect to the inner product above.

Proof. Recall the identites we learnt half an eternity ago:

cos(A — B) + cos(A + B)

cos Acos B = 5
sin Asin B — cos(A — B) g cos(A + B)
sin Acos B — sin(A — B) ; sin(A + B)

We can obtain, by simply integrating, that (h,, gm,) = 0 for any m,n. Similarly,
for any m # n, (hn, hm) = (gn, gm) = 0. So they are orthogonal. O

What if m = n? By integrating again, we can get

L,ifn#£0 L,ifn#£0
nsy9n) = ahnahn = .
(gn: 9n) {QL,ian {fins ) {0,1fn0

This shows that g, and h,, form a linearly independent set. We decree that this
set actually “spans” the space of “well-behaved” periodic functions with period
2L. We will get to the intuitive reason why we make such an assertion (and
what does it actually mean) in a moment.

In finite dimensional vector spaces like R3, we have the standard basis which
forms a orthonormal basis. We can make the analogy to the space of nice enough
functions mentioned above so that we can say this set of trigonometric functions
form a “basis” there given that we can indeed represent every (nice) function
with a (possibly infinite) series of linear combinations of f,, gn. E|

1 Approximated.
2As you expect, something not rigourous shall start to happen.



1.2 Definition of a Fourier Series

We assert that we can represent any “well-behaved” periodic functions f with
period 2L in the form

1 oo oo
iao—&—;ancos%—&—;bnsin%

We sure will want this series to converge to f wherever f is continuous. As a
jump discontinuity, we would want this series to converge to the average value
of the upper and lower limits of f at that point.

If these conditions are satisfied and we are allowed to exchange limiting opera-
tions, previous discussions then yield

1 1 2L
(ins [) = Lon = b = 7l ) = 7 | (@) sin S de
Similarly, for any n we have
1 1 2L
a":Z<gnaf>:Z o (CU)COS?dx

Note. 1. The coefficient 1/2 in front of ag helped here as it makes the above
formula work for n = 0 too. Actually ag/2 is the average value of f over the
interval [0,2L).

2. The range of integration actually does not matter much as long as its length
is 2L. E.g. we can replace it by [—L, L) as well.

3. We can think of the Fourier series of a function as decomposing the function
into harmonics.

Example 1.2 (Sawtooth wave). Consider a 2L-periodic function where f(z) =
x for x € [-L,L). Then obviously a, = 0 for any n as f is odd. Whereas
integration by part reveals that b, = 2L(—1)""!/(n7). So the Fourier series

has the form
)n+1

= (~1 nwx
2L i

We know this is (slowly) convergent by the alternating series test. A plot of the
truncated series seems to show that it does converge to what we want.

Note. In the above example, as n — oo, the Fourier series approximation im-
proves and convergent where the original function is continuous. Also, at the
discontinuity, it does converge to the average value of the limits from two sides.
So this particular Fourier series behaves as advertised.

One should also observe that this Fourier series has a persistent “overshoot”
near the discontinuity which is approximately 9%. This is known as the Gibbs’
Phenomenon.

1.3 The Dirichlet Conditions and Fourier’s Theorem

A natural question is then which functions are allowed to have a proper Fourier
series. Surprisingly, a big, yet hard to precisely characterise, class of functions



has a convergent Fourier series that has the desired properties. This class even
includes some classical counterexamples in analysis. As an applied course, we
will just look at some of the sufficient conditions.

Theorem 1.2 (Fourier’s Theorem). If f is a bounded periodic function with pe-
riod 2L with a finite number of minima, mazima, and discontinuities in [0,2L),
then its Fourier series converges to f where it is continuous and converges to
the average of the two side limits.

The conditions in this theorem is known as the Dirichlet conditions.

Note. 1. These conditions are hella weak compared to our conditions for a
function to have e.g. a Taylor series. However, pathological functions like
1/z,sin(1/x), 1p\g(x) are excluded from these conditions.

2. The converse is not true, as sin(1/z) has a Fourier series we desire.

Proof. You don’t really expect to see an actual proof here, do you? O

Another subject of interest is the rate of convergence of a Fourier series.
Perhaps unsurprisingly, it depends on the smoothness of the function.

Theorem 1.3. If f(x) is p** differentiable but fP) is not continuous, then its
Fourier series converges as O(n~P*t1) asn — oco.

Proof. Ditto. O
Example 1.3. 1. Consider the square wave

f(x)_{17for0§a?<l

—1,for -1 <x <0
That extends periodically with period 2. Then it has a Fourier series

o~ sin[(2m — 1)7z]
4 e
2m -
m=1
which, as one can see both from the preceding theorem (with p = 0) and obser-
vation, converges slowly.
2. Consider the general “see-saw” wave

o) = x(1-=¢), for z € [0,€)
/(@) {5(1—x),forx€[§,1)

which extends as an odd periodic function with period 2. This has Fourier series

= sin( nﬂf sm(mrx)
3
=1
which converges with p = 1 in the preceding theorem. In particular, £ = 1/2
gives

= [(2m — 1)7z]
3§ gyl
mZ:l [(2m — 1)7]?



which can be seen, immediately, that it converges faster than the series in the
previous example.

3. Take f(x) = z(1—=x)/2 for z € [0,1) that extends as an odd periodic function
with period 2. Then its Fourier series is

42 sin[(2m — 1)7z]

[(2m — 1)7]3
which has p = 2.

4. Take f(z) = (1 — 22)2, then a,, = O(n™%).

Of course, we want to integrate and differentiate a Fourier series term-by-
term. Integration, as one expect, seldom yields problems as it imposed very few
restrictions on the function. And indeed, we are just going to assume we can
integrate any Fourier series term-by-term and they guarantee to yield a smoother
function, which satisfies the Dirichlet conditions if the original function does.
Differentiation is more problematic when doing it term-by-term.

Example 1.4. Take the square wave again which is known to have Fourier
series

sin[(2m — 1)mz]
4
Z 2m — 1w

which, after term-by-term dlﬂ?elrentlatlon7 yields

4 i cos[(2m — 1)mx]

m=1
which is clearly divergent. This is perhaps unsurprising as the original function
is not even continuous.

Theorem 1.4. If f(z) is differentiable and both f, f' satisfy Dirichlet condi-
tions, then we can differentiate the Fourier series of f term-by-term to get the
Fourier series of f'.

Proof. Haha. O

Example 1.5. If we differentiate the see-saw curve with £ = 1/2, then we will
get an offset of the Fourier series of the square wave.

1.4 Parseval’s Theorem

There is some interesting relation between the integral of the square of a function
and the square of the Fourier coefficients of that function. If the function is nice
enough to have a nice enough Fourier series, then by orthogonality,

2

2L 2L
f(a:)zdxz/ %—annCObi—Fanblnﬂ dx
0 0

n>1 n>1
2L TLTFZE
= / —|— Z a, cos? —|— Z b2 n® dzx
0 n>1 n>1
ag 2
= B + Z az +b2)
n>1



This is also called the completeness relation as the left hand side would be
greater than or equal to the right hand side if any basis functions are missing
from the series. This is known as Parseval’s Theorem.

Theorem 1.5 (Parseval’s Theorem). For a nice enough function f with Fourier
coefficients ay,, b,, we have

L 2
a
flayde=L| 2+ > (@2 +52)
n>1
Proof. Above. O

Example 1.6. Consider the sawtooth curve with f(z) = z,2 € [-L, L) with
period 2L. Then Parseval’s Theorem reveals that

2 . 417 4P XK1 I &
gL :[ IdI*LZnQﬂ_Qi n:1n2 ﬁ;ﬁzf

Remark. If we think of the integral of the square as the inner product of a
function with itself, then Parseval’s Theorem can be thought of an analog of
Pythagoras’ Theorem in this space of functions.

1.5 Alternative Fourier Series

Consider a function f : [0, L) — R. We can extend f to a periodic function of
period 2L in two ways:
1. We can require the function to be odd, then a,, = 0 for all n and

2 L
= Z/o f(a:)sin?d:c

and the Fourier series would be >, ., b, sin(nmz/L), which is called a Fourier
sine series. The sawtooth function is an example of this.
2. We can require the function to be even, then b, = 0 for all n and

2 L
= Z/o f(z)cos?dm

So the Fourier series is ag/2 + >, <, an cos(nmz/L). This is called a Fourier
cosine series. f(z) = (1 —2?)? is an example (where L = 1).
The actual thing we want is tp represent the Fourier series more neatly in terms

of exponentials. We know that

nrT einﬂa:/L 4 efinﬂ’m/L NI einﬂw/L _ efinﬂx/L

cos T = 5 ,sin T = 5

So by writing ¢y = ag/2 and

S (@ — ibm) /2, for m >0
" (a—m +1b_1)/2, for m <0



We obtain

oo oo o0
ap nmr . nmx ;
? + E Qp COS T + E bn S11 T = E C»,nelmﬂ—m/l/

n=1 n=1 m=—00

Equivalently, if we extend our inner product to the complex functions

L
()= [t @

Then (e?mm®/L einme/Ly — 2[5, ... which means they are orthogonal as well and
we can then obtain

. 1 (L _
_ immx/Ly _ —imnz/L
n = gty = o [ fa)em el da

By thinking them as a set of basis of a space of nice-enough functions in the
way we did for sin and cos. Parseval’s Theorem can then be stated as

L o
2 _ 2
[Lf(x) de=2L Y |en

n=—oo

1.6 Some Motivations of Fourier Series

Definition 1.3. The complex inner product {,) : CV x C¥ — C is defined by

An N x N matrix A is self-adjoint (or Hermitian) if
Vu, v € CV, (Au, v) = (u, Av)

One can show easily that this is just saying AT = A. It can be easily shown that
A satisfies:

1. All eigenvalues are real for all n.

2. Eigenvectors associated with different eigenvalues are orthogonal with re-

spect to (,).
Spectral Theorem then shows that we have an orthonormal basis of CV consist-
ing of eigenvectors {v,..., vy}

Now, given any b, if we want to solve for z in Az = b, then a way to do it is to
express b = Zn bnv,, and observe that if Zn cnY,, is a solution then

N N
S b, — A (z ) S e,
n n=1 n=1

where A, is the eigenvalue associated with v,,. So if A is nonsingular, then none
of the A, is zero and we can write ¢, = b, /), and get the solution

N
=32
n=1

E

Un
3

>



This means we can easily solve an linear equation if there is a basis consisting of
eigenvectors of the matrix. We want an analogy of this in solving linear ODEs.
Consider the differential operator

a?y
dz?

Ly =—

and suppose we want to solve Ly = f(x) for a function f(x) subject to boundary
conditions y(0) = y(L) = 0. The related eigenvalue problem is then Ly, = A,y
with y,(0) = y,,(L) = 0 which has solutions
2
o) =sn 2 3, — (1)

So we will want to write

Z Cn sin 0% Z b sin % / flx sm UL

and ignore every convergence problem. Then this substitution yields

> . nmx nwx > nmw\2 . nnrx
nz::lbnsmT = = dxz <chsm> :;cn (T) smT

Hence, ¢, = b,(L/(n7))? by orthogonality, so we can get a particular solution
of the problem in the form

y@) = iiyn

n=1""
which is the analogy we wanted.

Example 1.7. Let L = 1 and set f to be the odd square wave with f(z) =
for « € [0,1). This has Fourier series

o~ sin[(2m — 1)7z]
4 i A A
Z mel

m=1

So the above discussion instantly yield a solution

sin[(2m — )7
v =33 4ZW

nl

which is the Fourier series of y(z) = z(1 — x)/2 on [0,1) extending as an odd
periodic function with period 2.

Indeed, as one can verifty, if we integrate 1 = 1 directly with the appropriate
boundary conditions, we can get basically the same solution.



1.7 A Glimpse into Green’s Functions

Fix L = 1 and consider an odd function f. We have

_ i (;)2 ( /0 () sin(nme) dg) sin(nmz)

_ /1 9 i sin(nmx) sin(nﬂ'f)f(g) de

(nm)?

n=1
=A<%%®ﬂ©%

where

(n7)?

2. sin(n7x) sin(nmf)
Gz, &) =2
n=1
But we have seen GG before! It is exactly the general see-saw wave

x(1—&), for x € [0,
Gl = TS re e )
£(1—x), for z € [€,1)
This is the Green’s function for this ODE Ly = f. One can actually solve this
integral and get what we got in Example

2 Sturm-Liouville Theory

2.1 Review of Second-Order Linear ODEs
For a general inhomogeneous ODE Ly = f(z) where

d? d
Ly = a(2) 75 + Be) T2 +()y

In general, the homogeneous equation Ly = 0 has two linearly independent so-

lutions y1,y2. The complementary function y.(x) = Ay + Bys for constants

A, B is then the general solution to Ly = 0 by linearity.

If we can find a particular solution (aka particular integral) y, to Ly = f, then

Yp + Ye = Yp + Ay1 + Bys for A, B constants is the general solution to Ly = f

again by linearity. Two pieces of boundary data is then needed to determine

the constants A, B.

There are several types of boundary conditions. We sometimes get the Dirichlet

condition of specifying the function’s value at the endpoints, or the Neumann

consitions of specifying the derivative’s values at the endpoints. Sometimes

these two types of conditions are mixed.

The sort of conditions we often consider are homogeneous conditions, i.e. the

function vanishes at the endpoints. The reason of it is that it allows the super-

position of solutions in a linear DE. What if we come across a nonhomogeneous

condition? We can use the complementary solution to cancel stuff out.

10



Sometimes, we specify initial data of the function and its derivative as boundary
conditions.

Another matter of interest is the general eigenvalue problem. To solve Ly = f
using eigenvalue decompositions like we did previously, we must first solve (sub-
ject to boundary conditions) the related eigenvalue problem

2
Ly=a() T4+ B L + @)y = Anlaly

where p is nonegative. This form often occurs after seperation of variables in a
PDE.

2.2 Self-Adjoint Operators

Definition 2.1. For two functions f, g : [a,b] — C we define their inner product
to be

b
(o) = [ 5" (@gla)da
a
We can guarantee to rewrite the original eigenvalue problem into the Sturm-
Liouville form, i.e. Ly = Awy where we are able to rewrite Ly = —(py’) + qy
and w is a nonnegative wavefunction. | How to convert a second order linear

ODE to this form? Simply multiply the diffential equation by an integrating
factor F' that will be specified later and we can write

d
o Fay) = Flay' = Fa'y' + FBy' + Fyy = =A\Fpy

So to eiminate the y’ terms, we set

F(z) = exp </ p ;O‘/ dx)

which reduced the equation to

(Fay')' + Fyy = =AFpy
Setting p = Fa,q = Fy and w = Fp > 0.

Example 2.1. Consider the Hermite equation that appears in quantum me-
chanics
Yy’ —2xy’ +2ny =0

Then o = 1,8 = —2x,v = 0, \p = 2n, so the above procedure translates this to
the Sturm-Liouville form

L= (—efﬁy’)' =2ne "y

Definition 2.2. Let £ : C — C be an operator, where C on a class of functions
[a,b] — C equipped with the inner product we defined previously. This operator
L is self-adjoint if (y1, Ly2) = (Ly1, ye) for any y1,y2 € C.

31t’s just there for convenience.

11



If we let £ be the operator in the Strum-Liouville form, then
b
(y1, Ly2) — (Ly1,y2) = / [—y1(pys) + yrqy2 + y2(pyh) — y2qu] dz
ab
= / [~y1(pya)" + ya(pyy)'] da
ab
= /a [—(y1(pya)" + y1pys) + (y2(py1)" + yapyy)] dz

b
- / [~ (py1y3)" + (pyiy2)]dz

= [—py1yh + pyiya)l

So for this operator to be self-adjoint, we need some good enough boundary
conditions so that enough stuff vanishes. This includes homogeneous boundary
condition y(a) = y(b) = 0 or y'(a) = y'(b) = 0 or mixed y+ky’ = 0 etc.. We say
a Sturm-Liouville problem is regular if the boundary conditions are homoge-
neous. Periodic boundary conditions also work, where we can take y(a) = y(b)
and the derivatives are specified (or periodic) at the boundary. There can also be
singular points of this ODE, where p(a) = p(b) = 0. We can have combinations
of above too.

2.3 Properties of Self-Adjoint Operators

Definition 2.3. The inner product of y1,ys : [a,b] — C with respect to weight
w: [a,b] = Rxg is

b
Frg)w = / wf*gde = (wf,g) = (f,wg)

Analogous to the finite dimensional case, we have

Theorem 2.1. For a sufficiently nice self-adjoint operator L on a sufficiently
nice space of functions:

(a) Eigenvalues of L are real.

(b) Eigenfunctions of it with different eigenvalues are orthogonal with respect to
the weight w.

(c) We can take the eigenfunctions as a set of basis for the function space, just
like Fourier series.

Proof of (a). 1. If Ly = lwy, taking complex conjugate gives Ly* = A\*wy*.
Hence as L is self-adjoint,

b b
0= / (y* Ly —yLy")dz = (A - A*)/ wly|? dz
which means A = \*, so A is real. O

If X\ is non-degenerate (simple), i.e. it has a one-dimensional eigenspace,
then y is guaranteed to be real. Even if it has dimension 2 (not more because
the ODE is second order), we can still find two real functions as basis of the
eigenspace. Also, by considering uLv — vLu = (—p(uv’ — w'v))’, one can show
that a regular Sturm-Liouville problem always has all eigenvalues simple.

12



Proof of (b). Suppose Ly, = A\pwy, and Ly, = Awy,, then

b b
0= / ynﬁym - ymﬁyn dz = (/\m - )\n)/ WYnYm dz

But )\, and )\, are distinct. The claim follows. O

As an aside, we do not really need the weight function in order to formulate
Sturm-Liouville theory, since we can do the transformation § = y/wy and replace
Ly by (1/y/w)L(§/+/w). Yet the analytic property is generally simpler if we keep
w

What? How about (c), you say? Bold of you to assume we’ll prove it. We are

just gonna take it (and several other properties we want it to have) as truth
and do stuff with this idea.

2.4 Eigenfunction Expansions

So basically we just want to find an expansion

)
[= Z AnYn
n=1

where ¥, is a set of eigenfunctions of some self-adjoint operator. Theorem
[2.1)(c) shows that we can do it. To find the coefficients a,,, we can they use the
orthogonality to get

b o0 b b
/ WYym fdr = Z G, / WYnYm dr = am/ wy? da
a n—1 a a

([ ()

It’s a common practice not to normalise the eigenfunctions as it is not really
always clean. Of course, if we want, we can always write down

b
Yn:yn/ /wyﬁdm
a

So we can get rid of the denominator in a, and the coefficients will have the
expression

So

b b
An:/ wynfdx:an/ wy? da

but it isn’t that useful and can cause some messiness.

Example 2.2. Recall the particular operator already in Sturm-Liouville form
Ly = y”, then (with appropriate boundary conditions) we can easily get the
eigenvalues \,, = (n7/L)? and eigenfunctions being the trigonometrics. This
just reproduces the Fourier series.

13



2.5 Completeness and Parseval’s Identity

We expand

b oo 2
0:/ w(f(a:)—Zanyn> dz
a n=1
b 0o [e's)
:/w<f2_2fzanyn+zaiyi> dx
a n=1 n=1
b o0 b
:/ wfzdfoai/ wy? da

n=1

Hence we have
b s} b o]
/ wf?dr = Zai/ wy? dz = ZA%
a n=1 a n=1

which Parseval’s identity in this general case. Easily our previous Parseval’s
Theorem on Fourier series is a special case.
If some of the eigenfunctions are missing from the series, then this gives

b oo
/ wadeZAi

n=1

This is known as Bessel’s Inequality.
Consider the partial sums ), -y @nyn, then we shall have Sy — f as N — oo
where we would like the style of convergence to be

b
eN:/ w[f(z) — Sy(z)]*dz — 0, N — oo

An interesting question is that, while we know (maybe) the series converges as
we want, if we truncate the sequence in some N, would the coefficients {an, }n<n
provide the best approxmation (with respect to the error defined in this way)
of that particular partial sum, or a different set of partial coefficient will yield
a better result? To answer this, we evaluate

Oe b N b
aa]: = —2A WYy, f — Zakyk dx = —Q/a wfyn - anwyi dz

k=1

which is zero when a,, is of the expression we got earlier. We can see it is indeed
a minimum by observing that

8261\[

2

o0a?

b
:2/ wyideO

This answers our question.

14



2.6 Legendre’s Equation
Take the usual spherical polar coordinate

x = rsinf cos ¢

Yy
z=1rcost

7 sin @ sin ¢

where Laplace’s equation V2u = 0 translates to

iﬁ 2% + 1 g ing% + 1 @_0
2ar \" or 25600 \" 99 r2sin? 0 092

Seperation of variables u = R(r)©(0)®(¢) then gives

2
(0’ sinf) + <K— n )G):O

sin 0 sin® 6

where K,m are constants which essentially makes it an eigenvalue problem.
Now the transformation z = cosf € [—1,1] and renaming © as y then gives
Legendre’s Equation

(1—2%)y" —2zy’ + Ay =0
where A is a constant which is again intepreted as an eigenvalue. This is already
in Strum-Liouville form by taking p = 1 —2%,¢ = 0,w = 1. Now p = 1 — 22
vanishes at the boundary =+1, so this equation has to be self-adjoint. We assume

that y is bounded near the boundary.
We now seek a power series solution to the problem. If we set

oo
y=2 cot"
n=0
Then substitution gives

1) — A\
(n+2)(n+1)epr2—nn—1)c, —2ne, + Aep, =0 = cpyo = n(n+1) )cn

(n+1)(n+2

The iteration steps by 2, so we get two linearly independent solutions

_ A o (6=N(A) 4
yeven—CO<1+ 2'1' + 41 A
2-\
Yodd =C1 | T + 30 7+

Note that ¢,12/¢, — 1, so the both series has radius of convergence 1 but they
diverges at x = +1. However, this is not the end of the world! These series
may not be infinite. If A = [(I 4 1) for some [ € N, then one of these two series
will terminate and give a polynomial solution. These polynomials are called
Legendre polynomials P;(x) which are eigenfunctions of the Legendre equation.
Conventionally we normalise P, by requiring P;(1) = 1. One can check that this
restricts P;([—1,1]) C [-1,1] and |P;(—1)| = 1. By calculation we have

32 —1 5a3 — 3z

Py(x) =1,P(x) =z, Py(z) = 5 , P3(x) = 5
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We easily observe that P, has [ roots in [—1,1], also P, is odd if [ is odd, and
even when [ is even. By orthogonality and some calculation,

1 1
v P,P,dz=0, | P%dz=
n#m’[l v /,1 n CF 2n+1

There are several other ways to characterise Legendre polynomails. One can
prove that we have

1 d”, , e n 1
Pulo) = i 07~ 2 PO = ey

We also have the recursions

L P (@)~ P ()

(I+1) Py (2) = 21+ 1)aPi(2) =P (2), 21+ 1) P(e) =

If we take these P; as a set of eigenfunctions, then any well-behaved f on [—1,1]
can be expressed as

> 2041 (1
f(z) = Z aP(z),a; = 5 f(z)P(z)dx
=0 -t
Example 2.3. We can verify that f(z) = (1522 — 3)/2 = Py(z) + 5P (z).
Example 2.4. The odd equare wave with f([0,1)) = {1} has the expansion

> (P2n(0) = Priny2(0)) ot ()

m=1

2.7 Inhomogeneous ODEs

Consider the ODE Ly = f = wF (with homogeneous boundary conditions so
that £ is self-adjoint) where w > 0 is our wavefunction. Given eigenfunctions
{yn} satisfying Ly, = A\wy, for eigenvalues {\,,}. We now try to find a solution
in the form y = > cpyn. To do this, we expand F' =) a,y, where

a, = </awayndx>/ (/abwygdx>

So take

then

_ n
y—zn:)\nyn

gives a particular solution, assuming everything is well-defined and converges
nicely enough.
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An aside: The driving force F' sometimes induces a linear response term S\wy,
so the solution is Ly — Awy = f. Then our particular solution can be

a
y:Z n~yn
A — A
AnEX

Now back to theme. If we expand the expression of a,, we can get

O_O Yn () b
= w({)F(E) n(g) d¢, N, wy,, dx
; A Nn/a Y / Y
—/(2)"?1 )M@ﬂ@%

/Gm§ €)d¢,G(x,€) = Z

This G(z, &) is called the Green’s function of this particular eigenvalue problem
of that self-adjoint operator. Worth noting that G does not depend on the
forcing term f. The Green’s function also induces

b
:/Gu@ma&

which can be taken as kind of an inverse operator to £ since L(L™(f)) = f.

3 The Wave Equation

3.1 Waves on an Elastic String

Consider small displacements y(x,t) on a stretched string with fixed ends at
2z =0 and z = L, that is with boundary conditions y(0,t) = y(L,t) = 0. We
want to determine the string’s motion subject to initial conditions

y(2,0) = pla), 2 (2,0) = gla)

We want to derive its equation of motion. We try to obtain a differential equa-

tion by balancing the forces on string segment x, x 4+ §x and taking dx — 0. By

resolving in x direction we get that the tension 7' on the string is independent

of x. By resolving in y direction we arrive at

0%y 0%y
=T —dx — gudx

ot? Ox? gk

where p is the mass per unit length (aka linear mass density). Write ¢ = /T /u

the wave speed and assume the acceleration due to gravity is negligible, then

this equation is just

(nox) =

10y _ &%
2 ot2 02
which is called the one-dimensional wave equation.
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3.2 Seperation of Variables

Our first attempt at a solution is to guess a solution of seperable form, that is
y(z,t) = X(x)T(t), then substitution gives

ir_xr
2T X
The left hand side depends only on ¢ and the right hand side depends only on z,

so they can only equal if both sides equal a constant —\ (called the seperation
constant), then we get

1 .
fQXT - X”T -
C

X" 42X =0
T+ AT =0

Such nice things don’t always happen, but we are glad it happened in this
particular case. E| So we reduced a PDE to two independent ODEs, which we
know how to solve.

3.3 Boundary Conditions and Normal Modes

There are a few possibilities depending on the sign of .
If A < 0, then taking xy? = —\ gives the general solution

X(x) = AeX” + Be™X* = Acosh(xz) + Bsinh(xz)

where A, B, A, B are constants. But the boundary conditions X (0) = X (L) = 0
would yield X = 0 everywhere, so this is just the trivial solution.
Now if A = 0, then X(z) = Ax + B where A, B are constants, but again we
must have A = B =0 as X(0) = X (L) = 0. Trivial solution again.
What is left is A > 0, so X (x) = A cos(v/Azx) + Bsin(v/Az), then the boundary
condition X (0) = X (L) = 0 gives the family of solutions
2

Ap = (%) , Xn(z) =B, sin?
where B,, are constants. It is not hard to observe that they are just our familiar
Fourier eigenvalues and eigenfunctions. These are called the normal modes of the
system since its spacial shape in = does not change in time but the amplitudes
may vary. E| The case n = 1 is called the fundamental mode. A plot shows the
modes are simply just the patterns of simple vibrations we expect.

3.4 Initial Conditions and Temporal Solutions
Substituting A, = (nm/L)? into the time ODE gives

t t
T, (t) = C,, cos n% + D, sin m;c

where C),, D,, are constants. So we obtain the family of solutions

14 t
yn(x,t) = T (1) Xpn(z) = <C’n cos % + Dy, sin mrLc> sin ?

4Whether we can do it depends on the existence of symmetry in the boundary conditions,
which is probably not going to be discussed here.
5Well, duh!
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As the system we are trying to deal with is homogeneous and linear, we have
the superposition principle, so the general solution is

oo

t t
y(z,t) = Z <C’n cos m;c + D, sin mrLc> sin %

n=1

assuming it converges sufficiently well. This satisfies the boundary conditions
as X, does. Substituting into the initial condition, we get

i . N > nmc . N
p(z) = Z Cp, sin < q(z) = Z TDn sin ——
n=1

which allows us to find C,, D, by expanding p,q as Fourier sine series. In
particular,

L L
2
Cp = 7 /0 p(z) sin ? dz, D, = e /. q(zx) sin ? dz

This is possible (well, assuming everything), so we have found a particular
solution to the system.

Example 3.1. We pluck string at = £, which requires

y(l‘,O)Zp(l‘):{ (( _l‘j 75('1'70):(](%):0

Then with our formulas we obtain

2
(n7)?

_ 2sin(nnf)
T

, D, =0 = y(z,t) = Z sin(nz€) sin(nmx) cos(nmct)
n=1

Of course, this case happens to be the way of making sound on a string instru-
ment, where guitar has £ € [1/4,1/3] and violin has £ ~ 1/7.

By the usual trigonometric identities, the general solution we found earlier
becomes y(x,t) = f(x — ct) + g(x + ct) where

IS . nr(z —ct) nm(x — ct)
flx—ct)= 5; (C’nsmL —I—DncosT

and

1 oo
glx +ct) = 3 Z (C’nsinw — D, cos W)

n=1
So the standing wave solution can be interpreted as a superposition of a right-

moving wave (along = — ¢t = 7, n constant) and a left-moving wave (along
x +ct =&, € constant). We can generalise this idea later.

Example 3.2. In the special case where ¢ = 0, we have f = g = p/2, so

p(x — ct) + p(z + ct)
2

y(w,t) =
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3.5 Oscillation Energy

A vibrating string has kinetic energy due to the motion of the particles in the
string. This is given by mv?/2. So the total kinetic energy on the string would

be the integral
1 (Y /oy 2
KE = - —= d
2/0 (8t> pree

where 4 is the mass per unit length. The (elastic) potential energy due to
streching Az is then

L 2 L 2
dy 1 dy
PE=T 1 — ) —1|de~=T — ] d
o GE) —ormar (&) @
for small |dy/0x|. So the total summed energy of the string is then, via ¢ =
T/p, , ,
1 L Jy 5 [ Oy
E=- = - d
lal /O ((at) T\ oz .
So by substituting our generalisation and using orthogonality,

oo

1
E= 5#;(1‘% + Bn)

where

L 2
t t
A, = /0 (nzc Cy, sin nzc + —nzc D,, cos nzc ) sin? 2oL dg

and

L nmct nmct 2 n2m? nmwxT
2 o 2
B, = /0 c <Cn cos — + D, sin 7 ) T2 08 T dz

Simplifying this mess gives

1 = n?r2c?
E="=- 2 D2
4“; 7 (Ch+ D7)

which can be interpreted as the sum of the energy of all normal modes. Also,
this is constant, so it is conserved in time.

3.6 Wave Reflection and Transmission

Recall the travelling wave solution along the x + ct directions. We want to
further develop this idea

Definition 3.1. A simple harmonic travelling wave is defined as
t = Re(Ae™t=2/9)) = |A| cos(w(t — z/c) + ¢)

where ¢ = arg A is the phase and 27¢/w is the wavelength.
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Sometimes we will just assume the Re is there without writing it out explic-
itly.
Consider a density discontinuity on the string at x = 0 with

{M, fore <0 = c_ =+/T/pu-

pi, for x>0 = cy =/T/p+

So a wave Ae™(t—#/¢-) approaching 0 from left will break down to two parts:
The reflected wave Be(t+2/¢=) and the transmitted wave De™(t=%/¢+)  The
continuity condition on y gives A+ B = D and by balancing the forces

y

_ 9
9z T

r =T o

r=0_ =04

(which is basically the continuity condition on dy/0z) it gives 24 = D(cy +
¢_)/c4. Combining them all gives

2 —c_

Cyt - Cyt C A

D=—"—B=
c_ +cy c_+cy

In general, it is possible to have different phase shifts ¢.

Now, if ¢y = ¢_, then D = A and B = 0, so there is no reflection, which is
intuitive. If we have the Dirichlet boundary conditions p /i — oo (interpreted
asafixedend y = 0 at z =0), then ¢y /e — 0,80 D = 0 and B = —A where we
get total reflection (with opposite phase ¢ = 7). This is also what is expected.
If we have the Neumann boundary conditions p4/pu— — 0 (interpreted as an
extremely light string in « > 0), then ¢4 /c— — 00, s0 D = 24 and B = A, so
we get total reflection with same phase ¢ = 0.

3.7 Wave Equation in the Plane Polar Coordinates

The wave equation in two dimensions is

Under plane polar coordinates u = u(r, 6,t), we impose the boundary condition
u(1,6,t) =0 for any 6,¢ (interpreted as a fixed rim) and initial conditions

du

u(r6,0) = 6(r.0). 5

(r,0,0) = (r,0)

We use seperation of variables again. If we substitute u(r,6,t) = T(t)V (r,0),
then we obtain the decoupled system

T4+ N2T =0
VIV + AV =0
where A is a seperation constant. Note that in plane polar,

9°V 10V 1 0%V
2 — P — — pr—
VV_8r2+rar+r2392+)\V 0
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We seperate the variables further by writing V' (r,0) = R(r)©(6). This gives

0" 4+ 10 =0
r?R"+rR' + (M? - p)R=0

where p is again a seperation constant. Assuming p > 0. Solving for © subject
to ©(0) = O(7) gives our old friend

O (0) = Ay, cos(mb) + By, sin(mb), m € Zsg

with u,, = m2. For R, we divide the equation by r and transform it into

Sturm-Liouville form 4 )
m
—(rR)) — — = —-M\R
dr (rf) T "

Note that the boundary condition means we only care about r € [0,1]. The
boundary condition are self-adjoint, which is convenient.

3.8 Bessel’s Equation
Substitute z = v/ \r gives

d? d 2
z2d—£+zd—]j+(227m2)R:0 = (zR’)’Jr(zw;)RO

Apparently 0 is a regular singular point, so we substitute the power series

o0
R=2P g anz"
n=0

which gives

S (an(n+p)(n+p — D2 4 (04 p)2" P + 2P 4 2omr) = 0

n=0

The indivial equation is then p? — m? = 0, so p = +m. For p = m, it is called
the regular solution (otherwise you get a singular point at 0). Here we have the
recurrence

1
(n+ m)2an +apn_o—ma, =0 = a, = — )an,g

n(n+2m

This gives the even series with solutions

. (1)
T2t m)n+m—1)---(m+1)

A2n

Conveniently we set ag = 1/(2™m!) which gives the Bessel function

m0= (3)" 3, et )
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Actually, if we set y = /2R, then we will obtain

1 m?
1 1 7 :O
Y —|—y< T 22>

which, as z — 00, gives the approximation y” &~ —y which has (approximated)
solutions R ~ 2z~ '/2(Acos z + Bsin z) for A, B constants.
Back to Bessel’s function. In fact, when m = v ¢ Z, this power solution also
works but replace (n 4+ m)! by I'(n + v + 1). The second solution with p = —m
is known as the Neumann functions (or Bessel functions of second kind) which
satisfies

Yon(2) = lim Jy(z) cos(vm) — J_,(2)

v—m sin(mr)

As one can verify, there are a number of identities associated with Bessel func-
tions, e.g. we have (z™.J,,(2)) = 2™ J;n—1(2). This also implies

T (2) + mdm(2)/2 = Jm-1(2)

Jmn—1(2) + Jms1(2) = 2mdpn(2)/2

200,(2) = Jon-1(2) = T (2)
Naturally, we want to study the aymptopic behaviour of J,, and Y,,,. As z — 0,
easily Jo(2) — 1, Jn(2) ~ (2/2)™/m! and Yo(z) — 2log(z/2)/m, Ym(2) =
—(m —1)Y(2/2)™/m. So 0 is a singularity of Y,,.
For large z — oo, J,, Y, converges to 0 oscillatorily, i.e.

2 2
JnL(Z) ~ — COS (Z — g — %) ,Ym(z) ~ E sin (Z — @ _ z)

This hints that we might want to take a look at the infinitely many zeros in
R of Bessel function. Let j,, , to be the nt? positive zero of J,,. So the
asymptopic formula above shows approximately j, n =~ imm =nn+mn/2—7/4
with accuracy |(jm.n — Jm.n)/dmm| < 1/(10n) for n > m?/2. A few of the actual
values are below:

j071 ~ 2.405,].02 ~ 5.520,‘7073 =~ 8.653

It is a fun activity for the reader to try and draw J,,.

3.9 A Vibrating Drum

So the radial solutions become
R (2) = Ry (VAF) = Adp (VAF) + BY,, (VAF)

For A, B constants. But we want the solution to be bounded near zero which
would mean B = 0. We also need R(1) = 0, therefore A, , = jg%n are the
eigenvalues. Therefore the spacial solutions are

Vinn(1,0) = O (0) Ry s (\/ AmonT) = (Am,n cos(mb) + By sin(m@)) o (Jm,nr)
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Putting these eigenvalues to the temporal equation then shows Ty, , are just
linear combinations of cos(jm, nct) and sin(jm, nct). Putting everything together
we get u(r,0,t) = A+ B + C where

A= Jo(Gon)r(Aon cos(jonct) + Con sin(jonct))

n=1

"
M8
M8

Im (Jm.nT) (Am.n cos(mb) 4+ By, p sin(mb)) cos(fm nct)
1

.?
3
Il
_
3
Il

548
NE

C Im(Fm,nT)(Cmon cos(ml) + Dy, o, sin(mh)) sin(jm, nct)

1

3
ﬂ‘

n

We still have to impose the initial conditions.

¢(r,0) = u(r,6,0) Z Z Im(Jm,nT) (Am,n cos(mb) + By, » sin(md))

m=0n=1

000) = 22(00.0) = 3° " Tl 1) (Cony co5(B) + Dy sin(m)

m=0n=1

As usual, we find the coefficient by orthogonality of these eigenfunctions. We do
already know that they are orthogonal, what we really need is the normalisation
constant. Some calculation then reveals

1

7Jm+1 (jm,n)Qén,k:

1
. ) 1 .
/ Jm(Jm,nT)JmUm,kr)r dr = §(Jvlqm(3m7n))5nk = B
0

Therefore for p > 0,

21 pl k) -1
Apg = (/ / cos(pl) Jp(jpqr)(r, 0)r drd0> (WJP+1(qu)2>
o Jo 2

We can obtain B, n, Crm n, Dm,n in similar ways.

Example 3.3. Consider ¢ = 1 — 1%, so we have Ym, B, , = 0 and Vm #
0,Am» =0. We also set ¢ = 0, which means Cy, , = Dy, n, = 0 for all m,n.
By calculations,

2 JQ(jO,n) ~ JQ(jO,n)

NGon)? J2. = n

AO,n =

for large n. So the solution is

o0

2 J ) ]

rdt) =3 5o Gon) 71 o,ur) cos(iomet)
n=1 ]O n ]O n

So the fundamental frequency is w = jo 1¢(2/d) ~ 4.8¢/d which is higher than
the value for a string, whose value is approximately 77% of the figure for the
drum.

A sketch of the nodal lines will then show that the solution is pretty close to
our intuition.
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4 The Diffusion Equation

4.1 Physical Origin

We want to understand physical phenomena that “diffuses” due to spatial gra-
dient. An early example was Fick’s Law J = —DVe¢ where J is the flux, ¢
is the concentration and D is the diffusion coefficient. For heat flow, we also
have Fourier’s Law saying ¢ = —kVO where ¢ is the heat flux, k is the thermal
conductivity and © is the temperature. B

In a volume V, the overall heat energy @ is

Q= / cyp© dV
v

where cy is the specific heat capacity of the matertial of the volume V', and
pv is the mass density. Te rate of change of it would then be, making use of
Fourier’s law,

dQ 00
— = —d
a )PV
On the other hand, integrating Fick’s Law over S = 9V,
d@ ) . )
——= [ q¢g-adS= | (-kVO)-ndS = [ (-kV°O)dV
de g= S v

by Fourier’s Law. Therefore,

00,

for all volumn V. So the integrand must vanish everywhere (assuming it is
continuous), which gives

9 pyvre =0

ot
where D = k/(cyp). This is known as the diffusion equation.
We can also derive this from a more fundamental point of view. Consider gas
particles diffuse by scattering. So for every small time change At in time a
particle moves for a distance ¢ with probability (PDF) p(§). Let (X) be the
mean of X. We assume () = 0. Suppose the PDF after NAt steps is Pya¢(z),
then for (N + 1)At step,

Pinyina(e) = /_00 p(§)Pyac(z — &) d
~ [ 06 (Pradte) = €Phadto) + § Phisu(o))

= Prse(e) + Plae)S)

Identify Pya¢(z) = P(x, NAt), then we have
0%P 2
P(z,(N +1)At) — P(z, NAt) = W(x, NAt)%
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By some probabilistic argument, (£2) oc At, so this gives
2
OP _ PP
ot Ox?

for a constant D.

4.2 Similarity Solution

The characteristic relation between variance and time suggests that we may
start seeking a solution in terms of the dimensionless parameter n = 2/(2v/Dt).
That is, we want to find solutions of the form ©(z,t) = O(n). Change variables
in this way,
0 onpde 1 =z
ot otdn  2\/Dt3/2

0%0 o (0nde 0 1 D 1
D—=D—[ —F—— = D— _ - A — "n_ —
Oz? ox <5ff: d77> Ox (2\/ﬁg> i T

Putting them all together gives ©” = —2n@’, which gives ©’ oc =", therefore

r_ Mo
0 = 2t®

LK
ﬁ()

where C' is a constant and erf is the error function defined by

erf(z) = %/0 e du

This can describes discontinuous initial conditions (e.g. step functions) that
spreads over time.

0(n) = ©(0) e du = 0(0) + Cerf(n) = O(0) + Cerf (

o)

4.3 Heat Conduction in a Finite Bar

Suppose we have a bar of length 2L at [—L, L] and initial temperature

1, f 0,L
O(z,0) = H(z) = { b or #€[0.Z]
0, for x € [-L,0)
with boundary conditions ©(L,t) = 1,0(—L,t) = 0. We want to use Sturm-
Liouville theory, but there is a problem here: Our boundary conditions is not
homogeneous. So we must make the condition homogeneous by a suitable super-
position. But there is an obvious choice of this, namely O4(x,t) = (z+L)/(2L).
Therefore we with a transformation © = © — ©; the problem becomes
06 0*0 . X .
— =D—,0(—-L,t) =0(L,t) =0,0(z,0) = H
=D 2 6(~Lt) = 6(L,1) = 0,6(2,0) = H(x)

x+ L
2L

Now we do seperation of variables O(xz,t) = X(x)7T'(t), which gives X" =
—AX,T = —D)T where X is the seperation constant. The boundary condi-
tions imply that A > 0 and

X (z) = Acos VAz + Bsin(vAz)
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where A, B are constants. The initial condition is odd, so A = 0 and conse-
quently the eigenvalues are \, = (nw/L)? forn = 1,2,3,..., so we obtained the
family of solutions

nmwx Tl2ﬂ'2

A

Put A, in the temporal equation gives

D 2,2
T,(t) = Cpexp (Z;Tt)

= i b, sin (@) exp —Mt
—~ L L2

Now we impose initial conditions at ¢ = 0 which gives

X, = B, sin n=123,...

So

1t
bn:E[Lé(x,O)sin?dx

2 (.

—/ (;SJ:O)Slnwdx

LJo

2 (* L
:Z/o (H x—i— )sinnzxdx

2 (* 1 2 (*
:Z/o (H(x)—Q)smnzxdx—L/o %sm?dx
_J2/[2m - 1)n] — 1/(nm), for n = 2m — 1 odd
| 1/nm, for n even
_ L
Conm

Therefore we get the final solution
2.2

2+L 4 z+ L . /nTT Dn?n
@(Z‘,t) - T + @(xat) - 27, + ; Ebln (T) exp (_ 12 t)

A plot reveals that this solution is very similar to the similarity solution we got
earlier especially for small ¢.

5 The Laplace Equation

We already encountered Laplace equation A%2¢ = 0 several times. It has very
wide applications in mathematical physics, applied mathematics and pure math-
ematics. In physics, it often describes some physical systems (e.g. heat flow)
that is in stationary state as it does not depend on time. We can also see this
(possibly with a forcing term) in potential theory. For example, Laplace used it
to describe gravitational systems. It also appears in the study of incompressible
fluid flow.

We often want to solve Laplace’s equation in a domain D subject to boundary
conditions. The most common ones are the dirichlet conditions where we are
given the value of ¢ on 0D and the Neumann conditions where we specify f- V¢
on 0D.
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5.1 3D Cartesian Coordinates

In 3D Cartesian coordinates, the equation becomes

¢ 0%¢ 0%
dx? + dy? t o2 022 =0

The seperation of variables ¢(z,y,2) = X (z)Y (y)Z(z) gives the systems
X' = NX, Y =AY, 2" = -MZ = (N + Am)Z

where \;, \,,, are seperation constants. Therefore the general solution arising
from this way is

:z:y, ZalmnXl ()Z()

l,m,n

Example 5.1 (Steady Heat Conduction). Consider a semi-infinite rectangular
bar [0,a] x [0,b] % [0,00] as the domain with boundary conditions ¢ = 0 at
z =0,aand y = 0,b, ¢ =1 at z = 0 and ¢ — 0 as z — oco. We shall
try to find the eigenmodes. For X" = —\ X with X(0) = X(a) = 0 we get
A = ?7%/a? and X;(z) = sin(irz/a) for | = 1,2,3,.... For Y = —\,,)Y we
have A, = m?72/b? and Y,,(y) = sin(mmy/b) again for m = 1,2,3,.... For Z,
the equation would be

2 m?

which has exponential solutions. But Z is bounded at infinity, therefore neces-

sarily
12 2
Zp = Zl,m = eXp <_ ? + m7TZ>

which gives the general solution

l 2 2
o(x,y,2) = Zazym sin %x sin m;ry exp ( = 4 m7m>

lm

Now the condition ¢(z,y,0) = 1 gives

1
alm = — / /sm—sm—b dzdy 2l6m

for odd I, m and 0 if any of them is even. Therefore the heat flow solution is

16 l 12 m2
o= 3 T ey ()

FERR )
I,m odd

This may look complicated, and yes it is complicated. However, for large I,m
(and large z), the exponential term would be very much close to 0. This allows
us to get a very nice approximation by considering just lower order terms.
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5.2 2D Plane Polar Coordinates

In plane polar, Laplace’s equation translates to

0¢ 1 6%
— 2 —
0=Vi¢= r@r(@r)+r2692

Again we do a seperation of variables ¢(r,0) = R(r)O(0) to get

0" +u0=0
r(rR') —uR =10

where p is the seperation constant. Assuming periodic boundary conditions,
then the polar equation yields 1 = m? and ©,,(6) is a superposition of cos(m#)
and sin(m#). So the radial equation becomes 7(rR') — m?R = 0. For m # 0,
trying R = ar? shows that 8 = +m works, so R,, is composed of ™ and r~™.
If m =0, Ry is a linear combination of constant and logr by just integrating.
So the general solution is just

o(r,0) = % + ¢cologr

+ Z (am cos(mB) + by, sin(m@))r™

m

+ (¢m cos(ml) + dy, sin(mf))r=—"

M8

1

3
Il

For constants a.,, by, Cm, dim -

Example 5.2 (Soap Film on a Unit Disk). We want to solve Laplace’s equation
on the unit disk, where the boundary condition is given a distorted circular wire
¢(1,0) = f(0). Of course we want our solution to be continuous in the inside of
the disk, in particular at 0, therefore ¢,, = d,,, = 0 for all m. Therefore we just
got

O oo
o(r,0) = 5> + Z A, c08(mB) + by, sin(mb))r™

m=1

left. But then f(0) = ¢(1,0) gives a Fourier series (again!), so
1 2 1 2
U = — f(0) cos(m0) db, b, = — f(0) sin(m0) do
™ Jo ™ Jo

For a nontrivial distortion, the term 7™ then tells us that the high harmonics
are concentrated near the edge of the wire.

5.3 3D Cylindrical Polar Coordinates

Here Laplace’s equation become
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Seperation of variables ¢(r,0,2) = R(r)0(0)Z(z) gives

0" =—uo
"= \Z
r(rR) + (Ar? —u)R=0

where p, A are the seperation constants. For the polar equation, periodic bound-
ary conditions give u,, = m? and 0,,(0) is a superposition of sin(m#f) and
cos(md). The radial equation is Bessel’s equation (surprise?) with eigenfunc-
tions Ryyn = Jim (Jmnr/a) under boundary condition R(a) = 0 and the require-
ment of it not being singular (so we can exclude the Neumann functions). The
7 equation then becomes Z” = kZ where k = jn,/a which gives Z = e ™% (the
ek* solution is eliminated by the boundary condition Z — 0 as z — 00). So the
general solution is

oo o0

r 6 Z Z a’m” COS m9 bmn Sln(me)) (]mnT/a) exp( jmnr/a)

Example 5.3. The boundary condition ¢ =0 at r =a, ¢ =T at z = 0 and
¢ — 0 as z — oo gives the solution

oo

T
6(r,0,2) = g miﬁ“j{’“/“) exp(—jonz/a)

5.4 3D Spherical Polar Coordinates

Recall that the spherical polar coordinate transforms from Cartesian coordinates
by
r =rsinfcos¢,y =rsinfsin ¢,z = rcosb

for r € R0, 0 € [0,7],¢ € [0, 27] where we have dV = r? sin § drdfd¢. Laplace’s
equation transforms into

10 0P 1 9 0P 1 0%
0=V2®=——(r— -7 0 55
V=55 (r 87’) t 25600 (Sm ae) T 2 sinZ g 067

We only consider the axis-symmetric case where 0®/90¢ = 0. Again seperate

the variables ®(r, 0, ¢) = R(r)O(0) gives

((sin0)O") 4+ A(sinf)© =0
(r’R'Y —=AR=0

where ) is the seperation constant. The substitution x = cosf transforms the
polar equation into

d doe

— (1= A© =0

dx (( v )dx> *

which is exactly Legendre’s equation. So we obtain the eigenvalues \; = (14 1)
with eigenfunctions ©;(f) = Py(z) = Pi(cosf) where P, is the [** Legendre
polynomial. Putting it into the radial equation gives (r?R’) — (I + 1)R = 0,
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which gives (by educated guess) the solution R; being a superposition of r! and
r~'=1. The general axis-symmetric solution is then

o = Z(alrl + by~ "1 Py(cos 0)
1=0

where a;, b; can be determined by boundary conditions.

Example 5.4. Consider the boundary condition ®(1,6,¢) = f(6) for some f.
Regularity implies b; = 0 for any [. So we have

ZalPl cosl) = F(x ZalPl

1=0
with f(0) = F(cos#). This gives

_20+1
H_/FPI

in the special case where f() = sin? 6 we have ® = 2(1 — Py(cos 6)72)/3.

Consider a charge on z-axis at r, = (0,0, 1) and the potential at P is defined
by
1 1 1
r—rol  Vr2—=2rcosf+1 VrZ—2rx+1
where z = cos 6. It is easy to see that ® satisfies V2® = 0 in R?\ {r,}. Therefore
there is some a; such that

=Y
2—2rz 41 =0

We have P;(1) =1 at & = 1, therefore plugging in « = 1 gives a; = 1 for any I,
therefore

Ve — ViZ—2rz 1 +1 Z
is the generating function of the Legendre polynomlals.

Example 5.5 (Electric Multipoles). Consider the case where we put charges
along z-axis at z = +a,0 viewed from a large distance r >> a with & — 0
as r — oo. Therefore a,, = 0 for all n. When [ = 0, we just get a point
charge and thus ® oc 1/r This is called the monopole field of the point charge
g. When [ = 1, we get the dipole (i.e. opposite charges sitting opposite each
other) @ o (cos@)/r? for two opposite charges. When [ = 2, it is like putting a
charge 2¢q at the origin and —¢ at opposite position across the origin, in which
case ® o< (3cos?f — 1)/(2r3) gives the quadruple field.

6 The Dirac Delta Function

6.1 Definition

We want to define a generalised function §(z — &) with the following properties:

Vx#{,é(:c—{):(),[ 0(x—&)dx=1
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So d(x — &) can be thought as a “function” with an infinite spike at = £. Of
course, it would be ridiculous to use it really as a function. Almost always, we
use it in conjunction with an integral, so we can take it as a linear operator
having the property that

(oo} (oo}
([ awita-9) 0= [ ste- o1t =110
— 00 — 00

Note. The § function is some sort of “generalised function”, or “distribution”
which admits rigorous mathematical formulation. However, this will not be
discussed here.

We want the ¢ function to represent a unit point source or an impulse in
physical situations. Loosely, we can take ¢ as the “limit” of a family of well-
defined functions. For example, we can consider

5.(x) = % exp (_”S)

So we can interpret § as saying

oo

oo

/ §(z)f(z)dz = lim de(x) f(z) dx = £(0)
o e—0 )

which, as one can verify, works for sufficiently nice f. This is known as the

Gaussian approximation. There are some other (discrete) choices of § too, for

example,

n sin(nx 1 /M . n
on(x) = §1|z\§1/n76n(w) = 7533 ) = %/_ eth® dk, 0, (x) = 5 sechQ(nx)

6.2 Properties
We interpret the integral of § to be the Heaviside function

H(m):{L for 2 > 0 :/_-”f 500 dt

0, for z <0

One can verify that the integral of 6, (z) = nsech?(z)/2, that is (tanh(nz)+1)/2,
tends to H(x) as n — oo.
We are gonna do something more sacrilegeous, that would be

[%&@—ngmI=—/f6@—®fwﬁm:—f@>

for a sufficiently nice f. |E|
Example 6.1. For the Gaussian approximation,

2z —x2/62

8 (z) = —€3ﬁe

which one can plot and have an idea of what the heck is going on with ¢§'.

6And a sufficiently nice crowd of students who does not have access to life-threatening
weapons. Cure yourself by checking out some rigorous theories formulated by Dirac, Schwartz
and Temple.
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Also, we have the sampling property

b
/ f(x)o(z — &) dx = {f(g), for £ € (a,b)

0, otherwise

Also 4 is even and ¢’ is odd. In addition we have the scaling property

1
lal

/ffﬂw&ax—owu 7(©)

and its advanced version: If g has n isolated zeros as x4, ..., z, with ¢’(x;) # 0
for all 4, then

Sgay) = 3 2@~ )

— g’ (@)l
Example 6.2. Take g(x) = 22 — 1, then

] 1+e T —1+e¢ P
/_ f(;v)é(xQ—l)dx:/l il )6(1;—1)da;+/ F@) 50 1)

—€ 2|I]C‘ —1—¢ ‘2'70‘
U+
2
There is also this isolation property: g(z)d(z) = g(0)d(x) given that g is
continuous at 0.

Example 6.3. We have
o 1
/ §(2? = Vade = —~
0 4

6.3 Eigenfunction Expansions
For —L < x < L, if we want to represent
§($) _ cheimm/L
nez
Then the coefficients are
1 [

_ —inmx/L _ _ inmx/L
ST o(x)e dz 7 o(x) 5T E e

neZ

Cn

We obvious want to check that it has compatible properties. Indeed, if f(z) =
> nez €™/ on [~ L, L), then

L
@&z/ F*(2)6(x) da
L
1 Z b inme/L inma)L
— dn/ 6—7/77/71'(13 elnﬂ'"l) dx
2L nez —L

:Zd"

neEZ

= £(0)
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Note that we only defined 6 on [—L, L), so we can use the Fourier series to
extend it periodically to the whole real line and obtain what is called a Dirac

comb:
Z 0(x —2mL) = Z etnma/L

meZ nez

For general eigenfunctions {y,}, suppose we have

= Z anyn(x)

for x,& € [a,b], then the coefficients are

b b
an:/ w(z)yn(z)d(z — &) dx// wy? dz
b
= w(Eyn(©) / [ i de = wi©)¥a(©)

where Y;, is the normalised eigenfunctions. So
Sz —&) =w(©) Y Yn(Va(z) = w(x) > Yn()Ya(w)
n=1 n=1
since, by the isolation property, w(x)d(z — &) /w(§) = §(x — £). In other words,
[e'S) b
o0(x — &) =w(x) /n:l %ﬁn(m,Nn :/a wy? dz

Example 6.4. Consider the Fourier sine series with y(0) = y(1) = 0 and
yn(z) = sinnwz, then we have

d(x—¢&) =2 Z sin(nm&) sin(zmrz)

n=1

for £ € (0,1). Integrate both sides over [0, 1] with & = 1/2 gives

(oo}
2::2171

Another interesting observation to make is that if we integrate the series in
previous example twice, we obtained a Green’s function we’ve seen before:

m+1

i sin(nmzx) sin n7r§)

7 Green’s Function

7.1 Physical Motivation

Consider the static force on a string which can be caused by gravity acting on
the mass of the string. Let the tension be T and linear mass density be pu.
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Suppose the string is suspended between fixed ends y(0) = y(1) = 0. The static
force is then —pdxg on the y direction on the piece §z. By resolving forces, we
get the equation —y” = f(x) where f(x) = —ug/T. We can solve it via direct
integration. For uniform mass density (i.e. p is constant), we have

—y = 7%x2 +kir+khy = y(r) = (f%) %x(l — )

by the boundary conditions. This is a parabolic curve. |Z| Another way to solve
this problem is to disassemble the force on the string as the sum of infinitesimal
parts, and consider their superposition. Assume the string is massless but with
a point mass dm suspended at x = &. Obviously the solution is simply two
line segments meeting at some points (&;,y;). Suppose the segment closer to 0
makes an angle 6; with the horizontal and the other segment makes an angle
02, then resolving in y-direction gives

0=T(sinf; +sinfy) —dmg =T (_gyl + 1—y2 - 5mg)

Solving this gives us y; = —dmg&;(1 — &;)/T. So the solution is

_ —omg Jx(1=§&), for x <&

() —omg
Y= Ve =), for > &

= f:G(@,9). fi = =

where f; is interpreted as the source f around a infinitesimal neighbourhood of
&:. Now the superposition of the solution for N point masses dm at z = {¢;}
gives

N
yw:mem

If we take the continuum limit

__dmg _ pdzg _
fi= T =7 = f(z)d=

we have

7.2 Definitions of Green’s Function

We wish to solve the inhomogeneous ODE Ly = f(z) where £ = ay” + 8y +~y
on [a, b] subject to boundary conditions y(a) = y(b) = 0. We require o # 0 over
[a,b] and «, 8, all continuous and bounded.

Definition 7.1. The Green’s function G for the operator L is the solution to
LG(x,€) = §(x — &) subject to homogeneous boundary conditions G(a,§&) =
G(b,&) =0 for all &.

7"You might be expecting the catenary curve instead — but not really, since in that problem
we require the string to be non-elastic (i.e. has a fixed length) which makes it a completely
different situation.
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So by linearily, if such G does exist, then we have

b
y(z) = / G, €)f(€) de

Indeed, , ,
Ly = / LG (z,€)(€) dé = / 5a — €)F(€)de = f(x)

Loosely speaking, we can write y = £~ f where

b
L= / A€ Gz, €)

Now, by our established study of these sort of ODEs, the Green’s function splits
into two smooth enough parts

Gl €)= {gxmx for & € [a,€)
2(z,8), for z € (£,b)

such that the following conditions hold:

1. LG1 = LGy =0 at any x # £.

2. G1(a,&) = Ga(b,&) = 0 for any &.

3. G is continuous, so G1(§,&) = Ga(&,§).

4. The jump condition of G’, that is

(G E)IEF = Ghl64,8) — Gh(E-,6) = %

How to construct G? Note that £ is a second order differential opertaor, so for
x € [a,§), G1(z,&) = A(&)y1(x)+ B(&)y2(x) for linearly independent yq, y2. The
boundary condition G1(a,§) = 0 gives G1(z,§) = C(§)y—(z) where y_(a) =
0. Similarly for € (&,b] we have Ga(z,€) = D(§)y4(z) with y4(b) = 0.
Then continuity condition gives C(§)y—(§) = D(&)y+(§) and D(&)y (§4) —
C(&)y_(€2) = a(§)~!. In other words we have the system

(48, 1) 6D -(lo)

which has the solution (after extending everything continuously to z = &)

y+ (&) y-(&)
a(§)W(E)’ a(§)W(E)

where W (&) = y—(§)y.(§) — y+(§y_(§) is the Wronskian which is nonzero if
Y+, y— are linearly independent. So the final Green’s function is

) = D(¢) =

Glang) = {4 OO/ @EOW (), for 2 €[,
’ Y (2)y- () /(W (©)), for z € [¢,b]
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Therefore the solution to the original boundary value problem Ly = f for y =0
at a,b is

b
y(z) = / G, €)f(€) de

z b
_ / Gl €) F(€) dé + / Gi(x.)£(€)d¢

_ Ty (9)f(©) . Py (6)F(6)
—ue) [ B € v | i e

Note. 1. If £ is in Sturm-Liouville form, then 8 = o/, then a()W(E) is a
constant and hence G has to be symmetric.

2. Often we take o = 1.

3. The indefinite integrals are the particular integrals in the particular integral
in the Sturm-Liouville solution.

Example 7.1. For ¢y’ —y = f(x),y(0) = y(1) = 0, the homogeneous solutions
are y; = €” and yo = e~ ®. Imposing the homogeneous boundary conditions
reveals that y_ (z) = sinh(z) and y4 (x) = sinh(1—x). The countinuity condition

of G gives C'= Dsinh(1 — &)/(sinh £). The jump condition of G’ then gives

_sinh{ | sinh(1 - &)
“sinh1’T T sinhl
So
_sinh(1—z) [* | sinhz '
) = =i [ sinhioyr(eag - S [ st - p(6) ae

For inhomogenous boundary conditions, we simply need to find a solution
to Ly, = 0 satisfying them and solve for Ly, = f under homogeneous boundary
conditions by Green’s functions. Adding them up gives the particular solution

Y =1Yp+ Yg-
Example 7.2. For y’ —y = f(x) with y(0) = 0,y(1) = 1, we have the solution

yp(x) = sinhz/sinh 1 to y” —y = 0 under the same boundary conditions, so the
particular solution would be

y(z) = yp(z) + yg(z)
sinhz  sinh(1 — z) sinh z

x 1
~Smhl | sibl /0 sinh(§) £(€) d§ — =5 / sinh(1 — €) f(€) ¢

How about high-order ODEs? Suppose we have Ly = f(z) with the highest
order term a(z)y™ (z) in Ly with a # 0 everywhere, then LG(z,&) = §(z — &)
has the properties:

1. G1,G> are solutions to LG = 0.

2. G1, G4 satisfy the homogeneous boundary conditions.

3. Continuity condition of Ggi)(ﬁ,g) = G(Qi) (&€ foralli=1,...,n—2.

4. Jump condition of [G("_l)(-,f)]gt = Génil)(@r,{) - ngfl)(g,,«f) =1/a(f).
We want to take a look at the eigenfunction expansion of G. Suppose L is in
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Sturm-Liouville form with eigenfunctions y,(z) with eigenvalues \,,, then we
seek an expansion

G(x,6) = An(&)ya(x)

satisfying LG = 0(x — ). Assuming the existence of such an expansion, then

Z An(g))‘nw(m)yn(f) = Z An(g)ﬁyn(x) =LG

n

_ _ .- Yn (@)
=d(z—¢§) = w(w);yn(é)T

where N, = (Yn,Yn)w is the normalisation constant. Consequently A, (§) =
Yn(§)/(AnNy), therefore

G(z,€) = Z Yn (§)yn () _ Z Yo (§)Yn(z)

7.3 Construction of Green’s Function from Initial Values

We want to solve Ly(t) = f(t) for ¢ > a with y(a) = y'(a) = 0. The Green’s
function then should satisfy LG = 6(t — 7) with G(a) = G'(a) = 0. For ¢t < T,
G = G, satisfies LG1 = 0. So G; = Ay, + Bys for A, B constants and y1,yo
linearly independent solutions to Ly = 0. The initial conditions then give

(sl ) (3) =)

But y1, y2 are independent, so the Wronskian is nowhere zero, hence nonzero at
a. Therefore necessarily A= B =0, s0 G1(t,7) =0fora <t <.

For t > 7, we have G = G for LG2 = 0 and Ga(1,7) = 0 by continuity. So we
can choose solution y4 to Ly = 0 such that Ga(t, 7) = D(7)y+(t). But we must
have (extending everything continuously to 7)

L
o(7)
which gives D(7) = 1/(a(7)y/, (7)), hence

0, fort<r
G(t,7) = ’ =
o) {y+(t)/(a(7)y;(7))7 fort >

= GIQ (T’ T) - Gll (Ta T)

So we get the solution

y(t):/ Gg(t,r)f(T)dT:/ mdf

which looks simpler as we built in the causality with the initial conditions.

Example 7.3. For y' —y = f(t) with y(0) = 3'(0) = 0. We then obtain
G2(t,7) = sinh(t — 7). Therefore

y(t) = /0 f(r)sinh(t — 7)dr
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8 Fourier Transforms

8.1 Introduction
Definition 8.1. The Fourier transform (FT) of a function f(x) is

Fk) = / F@)em*e do
The inverse Fourier transform is

fla) = PPN = 5 [ Tt ar

Beware that there are several conventioned for FT. f is said to be in the
frequency domain.

Theorem 8.1 (Fourier Inversion Theorem). F~'oF(f) = f given that all inte-
grals involved are well-behaved (a sufficient condition is f, f both being absolutely
integrable).

Example 8.1. Take f(z) = (1/(cy/7))e""/7", then we can either find f by
completing square or observe that

~ 1 o 2 2 . 1 o0 2 2
k) = —z°/o 77,ka:d _ —z°/o kx)d
J(R) aﬁ/ooe c o\/%/of cos(ka) de

Differentiate under the integral sign,

df 1o
d—i == N ze”™ /% sin(kz) da
1 * (ko?
=——= N (g) e/ cos(kzx) dz
ko? -
=——f(k
o (k)
Integrating this differential equation on f gives f(k) = Ce*7"/4 for some

constant C. Setting k = 0 gives C' = 1, therefore fk) = eko*/4 One can
show that F~1f = f.

Example 8.2. The Fourier transform of f(z) = e~%*l is f(k) = 2a/(a? + k?)
either by direct integration or superposition.
8.2 Relation with Fourier Series
Recall that the Fourier series has the form
— iknx m
= ne" Tk, = nAk, Ak = —
f(z) n:Z_OOC e n T

Now we know that

L L
Cn = % LL f(:z:)e*ik"z dz = % [L f(x)efik"z dz
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Imagine taking L — oo, Ak — 0 then we get the expression of Fourier transform
multiplied by an infinitesimal term. To further justify the analogy, observe that
we get

= Ak iknpx g N, —iknx’ /
f@y= 3 S | flahe ™ da

This looks like a Riemann sum, so let us take the limit L — oo, Ak — 0 which
gives

Fa) = % /_O; </_°; F@')e e dx') ¢k 4 = F1 o F(f)(x)

Note that when f is discontinuous at x, then F Yo F(f)(z) = (f(x_)+f(z4))/2
which is a similar behaviour to that of a Fourier series.

8.3 Properties of Fourier Transform

The operators F, F ! is both linear. Also, the translation h(z) = f(x —\) gives
h(k) = e=™* f(k). Correspondingly, the frequency shift h(z) = e* f(z) gives
h(k) = f(k — X). The scaling h(z) = f(Az) for A # 0 gives h(k) = f(k/\)/|)|.
These are all trivial facts, here is a slightly more interesting one: h(x) = zf(x)
gives h(k) = if' (k). Indeed,

7 > —ikx 1d > —tkx Y

h(k):/ xf(x)e dx:—f—k/ flx)e de =1if'(k)

oo id
What’s more important is that if f vanishes at +oo and h(x) = f’(z), then
h(k) =ik f(k) via integration by parts

oo

h(k) = /_oo f(z)e” ™ dx = [f(z)e™ "%, ~ / (—ik)f()e” ™" dz = ik (k)

—00

So we can employ Fourier transform to turn a (nice enough) differential equation
into an algebraic one.
We also have a sense of duality between x and k here. Observe that we have

_ _ i <z —ikx _ _ i/oo 3 —ikx
flea) = 5o [ Fwean -0 = 5o [ Faeeda
Therefore g(z) = f(z) iff (k) = 2nf(—k). So f(—z) = (2m) ' F2(f)(z). Tter-
ating this gives F4(f)(z) = 472 f(z).
Example 8.3. Consider the “top hat” function
1,if |z] < a
f@) = {0, if |z| > a
We get
(o) a H
fk) = / f(z)e~ ™ do = / cos(kx)dx = %%Um)
Fourier inversion theorem then gives

l/oo eikmsinka dk = {1, if |[z| <a

T k 0,if |z| > a

—00
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Set x =0 and k — x gives

2,ifa>0
°° sin(ax) i ﬂ-/, na
. dxzisgn(a): 0,iffa=0
0 —7/2,ifa<0

which is pretty awesome.

8.4 Convolution and Parseval’s Theorem

Recall that
Definition 8.2. The convolution of f and g is

oo
(Fr9)@ = [ Fwoe- vy
— 00
We want to multiply together functions in frequency domain, that is h = £,
and find its inverse Fourier transform.

1 [

h(z) = 5 F(B)g(k)e'™ dk
L < / T fyeit dy) (ke dk
h S / h G(k)et@=v) dk> dy

I
~
o
&

—o0
= (f*g)(x)
By duality, we also have

By our study of convolution we have

> 1 o[> .
/m F)g (y —x)dy = /,oo F(K)g* (k)e™*® dx
Set £ — 0 gives

[ rwswa=5 [ iwerma = )

Setting g = f then gives

1

T or

@, f)

Theorem 8.2 (Parseval’s Theorem).

[ uwra= o [ iwea

— 00 — 00
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8.5 Fourier Transform of Generalised Functions

We want to apply F to generalised functions. If one wants to be precise, one can
view them as the limit of the sequence of the Fourier transforms of well-defined
well-behaved functions that approaches the generalised function in question.
The details can be justified by Parseval’s theorem, but the treatment is beyond
the scope of this course.

Of course the main culprit of generalised functions is §. Surprisingly, ¢ is found
naturally in Fourier transform. For a well-behaved f,

f@) = FHFED) = 5 /_ Z /_ Z Fu)e= e dudk

/ flu (21/00 ik(w”dk) du

So we might identify |§|

d(x —wu) = 2i / eF@=u) qp

T J—c0

A direct calculation, on the other hand, yields

k) = / S(z)ekr dzr =1

So dually, the Fourier transform of the constant f(x) = 1is f(k) = 2md(z). Also
f(z) = 6(x—a) has f(k) = e, If we have exponentials then we naturally have
trigonometrics, so here goes: f(z) = cos(wz) has fk) =7(3(k +w) +(k —w))
and f(x) = sin(wz) has f(k) =ir(0(k + w) — 6(k — w))

Let’s move on to something slightly better. Consider the Heaviside function

1,ifx>0
H(z)=40,iffz <0
1/2,if =0

Then H(z) + H(—xz) = 1 for any z. Therefore H(k) + H(—k) = 2m6(k). But
H'(z) = 6(x), hence ikH (k) = 1. So for these results to be consistent (note that
k&(k) = 1), we had to have H(k) = m6(k) + (ik)~'. The formula can look nicer
if we shift a bit and consider instead f(z) = sgn(z)/2 which has f(k) = (ik)™*

8.6 Applications of Fourier Transforms

The first very important application of Fourier transforms is in boundary value
problems of ODEs. Consider the problem y” —y = f(z) with homogeneous
boundary conditions y — 0 as z — Fo00. Apply Fourier transform on both sides

gives
(71€2 _ 1):& — f~ — ﬂ(k) = f(k)ﬁ(k),ﬁ(k) = 7@

8The number of things that would go wrong with this is overwhelming, but what the hell.
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Therefore
o) = [ fgte —u)du
- _;/: Flu)e == du
_ _% /; Flw)e ™ du — ;/:o Flu)e* " du

which is in the form of the solution we would have obtained if we use Green’s
function instead. Of course, we can solve this by inverse Fourier transform as
well, which is quite easy once we introduce Fast Fourier Transform (FFT). We
will go through it later.

Another motivation of Fourier transform in signal processing. Suppose we are
given some sort of input signal J(¢) which is acted on by some linear differential
operator L to yield output O(t). The Fourier transform

oo

J(w) = / J(t)e™t dt

—0o0

is called the resolution. In the frequency domain, the action of £ in J(t) is just
multiplying J(w) by a transfer function Rw to yield the output

O(t) ! /00 R(w)J(w)e™? dw

zg .

The inverse Fourier transform R of R is called the response function. So O is
simply J * R. For example, if there is no input J(t) = 0 for t < 0. By causality,
we expect R(t) = 0 for ¢t < 0. Therefore

oft) = /0 JWR(t - u)du

which is in the same form as the Green’s function in an initial value problem.
We want to explore the general transfer functions for a class of ODEs. Suppose
the input/output relation is

?

L0 = <§adx> O=J

where a; are constants. Taking Fourier transform gives

(ap + a1 (iw) + ..., an(iw)™)O(w) = J(w)

Therefore ]:E(w) = (ao + a1(iw) + ..., a, (iw)™)~1. Factorise the polynomial to
turn it into the form R(w) = ((iw — ¢1)** - (iw — ¢,)F) 7! where i # j —
¢ # c;. Partial fraction gives




for constants I'j,,. But we know that

;1< 1 > tm=1eat /(m — 1)1, if t > 0
(iw —a)™ 0,ift <0

Getting back to time domain, we obtain the response function

ZZFW - .Jt,t>0

j=1m=1

Example 8.4. Consider the damp oscillator Ly = y” + 2py’ + (p* + ¢*)y = f(t)
with damping p > 0 with homogeneous initial condltlons y(0) = y'(0) = 0. The
Fourier transform of this is (iw)2§ + 2ipwy + (p® + ¢*)j = f, so

f
—w? + 2ipw + p? + ¢2

1

7. —w? + 2ipw + p? + ¢2

g:

So

1 [ exp(iw(t — 7)) dw
/Rt—T 7)dr, R(t — 1) = 271_/ PR T —

which, as one can verify, is analogous to the Green’s function methods since

LR(t—71)=0(t—T).

8.7 Discrete Fourier Transform

Suppose we sample a signal h(t) at equal times ¢, = nA with time-sampling
A and values h, = h(nA) with n € Z. That is, the sampling frequency is
fs = 1/A (and angular frequency ws = 27 fs = 2w/A). The Nyquist frequency
fe=1/(2A) is the highest frequency actually sampled at A. Suppose we have
a (sinusoidal) signal with a given frequency f

A A A
gr(t) = Acos(2nft+ ¢) = i(e“ﬁezmﬁ + e*we*Q’”ﬁ)

What happens if we sample at f = f.7 We have

gs,(tn) = Acos (27r21AnA + gb) = (Acos @) cos(mn) = A’ cos(2m fotn)

So information about phase and amplitude are lost. Even worse if we sample
above f > f.: If we sample at f = f. + ¢ f for some small § f > 0, then

gf(tn) = ACOS(QTF(fc + 5f)tn + (rb) = ACOS(QW(]CC - 5f)tn - ¢)

So the effect is just aliasing a “ghost signal” to frequency f.—&f (or —(f.—df)),
which is a contamination of the information.

Definition 8.3. A signal g(t) is bandwidth limited if it contains no frequency
above some wWmax = 27 fmax , that is §(w) = 0 for any |w| > wWmax -
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So for a bandwidth limited signal g(t) would have

1 o . 1 Wmax .
g(t) = > /_OO G(w)e™ dw = Py o g(w)e™ dw

Theorem 8.3 (Sampling Theorem). Let g be a bandwidth limited signal and
A =1/(2fmax ), then define

1 Wmax .
m=gli) =g [ el do
m

—Wmax

which induces a Fourier series

E gne —17rnw/wmax

n=—oo

gper
Wmax

Then, we have

1; Zf |W‘ < Wmax

0, otherwise

g(w) = gpcr(W)B(W),iL(w) = {

Inverting which gives

Wmax . nmw
g(t) 2wmax Z gn/ exp <zw (t T )) dw

n=-—o00 Wmax

Sin(Wmax t — 7TN)
= E 9n
Wmaxt — ™

n=—oo
So g(t) can be exactly represented after sampling at discrete times t,,.
Proof. Self-explanatory. O

Suppose we have a finite number N of samples h,, = h(t,,) where t,, =
mA for m = 0,...,N —1. We want to approximate the Fourier Transform
for N frequencies within f. = 1/(2A) with equally spaced frequencies with
space Ay = 1/(NA) in the range [—f., fc]. So basically we are just looking
for f, = nAy = n/(NA) where n = —N/2,...,0,...,N/2. Note that f. and
—f. are aliased together, so the —N/2 and N/2 are basically the same. Also
(m+N/2)Ay = f.+df is aliased to (—m+ N/2)Ay = —(f.—df), so we choose
instead f, =n/(NA) withn=0,...,N —1.

Definition 8.4. Observe that

N-1
fn / h —27rzfnt dt ~ A Z h e—27r1fntm

N-1
=A Z hme—Q‘n'imn/N — Aﬁd(fn)

m=0

Here iLd( fn) = h,, is the discrete Fourier transform (DFT).
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So the matrix [DFT],,, = e~2mmn/N defines the discrete Fourier transform
for h = {h;,} as we have hy = [DFT]h. The inverse of this matrix is its adjoint,
i.e. [DFT]~! = N=}DFT]" and it is built from the N** roots of unity.

Example 8.5. If N =4 and w = —i, then

[DFT] =

el e e )
|
S
I
—_
~

The inverse DFT is

1o o _ _
hm = h(tm) ~ %/ h(w)eudtm dw = / h(f)@Q‘n’zftm df

1 N—
27rimn/N
E Ahd

z:l B 2mwimn/N

In this frame, we can establish analogues of Parseval’s theorem

2 \

N-1 1 N1
s 1 -
[hn? = = > |h
m=0 n=0
and convolution theorem
N-1
k=Y Gmhk-m <> & = grhu
m=0

This looks complicated, but there is actually a very efficient algorithm to do
it, known as fast Fourier transform (FFT), by exploiting the symmetries of the
expression.

9 Characteristics

9.1 Well-Posed Cauchy Problems

Solving PDEs depends on the equation and the boundary/initial data. A
Cauchy problem is a PDF together with auxiliary data specified on a surface in
3D or a curve in 2D (known as the Cauchy data).

Definition 9.1. A Cauchy problem is well-posed if:

1. A solution exists.

2. The solution is unique.

3. The solution depends continuously on the auxiliary data.
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9.2 Method of Characteristics

Suppose we have a curve C parameterised by (x(s),y(s)) in space with tangent
v = (2'(s),y'(s)). For a function ¢(z,y), we can define a directional derivative

d¢ 10200 09

e C—ﬂ?(S)ax +y(8)ay =v-Vd|c

If v- V¢ =0, then d¢/ds = 0 and ¢ is constant along C.

Suppose we are interested in the PDE «(z,y)¢, + B(z,y)¢, = 0. We can
substract a vector field u from it given by v = (a(z,y), 8(z,y)). Assume u
is nice enough such that its integral curves (i.e. curves which are tangents to
the field at any point) are pairwise non-intersecting and form a partition of R2.
Find a curve B = (z(t),y(t)) tranversing u such that its tangent vector w =
(2'(t),y'(t)) is never parallel to u. Label each integral curve C of u using ¢ which
is the parameter of B at the intersection point and then use s to parameterise
along the curve (e.g. take s = 0 at B). These integral curves then satisfy
2'(s) = alz,y),y'(s) = B(z,y), solving which gives a family of “characteristic
curves” along which ¢ remains constant.

This method allows us to reduce a (nice enough) PDE to some ODE problems,
which are easy to solve. In some sense, we are transforming into a new set of
coordinates (s,t) in which the PDE admits a nice form.

9.3 Characteristics of a First-Order PDE
Consider the first-order PDE

ae.9) 52 + o) g =0

with specified Cauchy data on an initial curve B parameterised by (x(t),y(¢)).
We immediately have a¢, + ¢, = u-Vé = ¢'(s)|c where C is an integral curve
of u = (a, B). These are called characteristic curves of the PDE. The PDE then
gives ¢'(s) = ap,+pd, = 0, therefore ¢ is constant along the curve C'. Therefore
the Cauchy data f(t) defined on (sufficiently nice) B at s = 0 will be propagated
constantly along C' to give the solution ¢(s,t) = ¢(z(s,t),y(s,t)) = f(t). To
get ¢, simply invert s = s(z,y),t = t(x,y) (provided it has nonzero Jacobian)
and we have ¢(z,y) = f(t(z,y)).

Example 9.1. 1. Consider the simple ODE 9¢/0z = 0 with ¢(0,y) = h(y)
given on the y-axis. The family of curves we want are the integral curves
2'(s) = a = 1,y'(s) = B = 0. The curve on which we have the boundary
data (i.e. the y-axis) can be parameterised as (z(t),y(t)) = (0,¢). Therefore
at s = 0 we need (z,y) = (0,t), hence the family of curves C are characterised
as ¢ = s,y = t (simple indeed). Therefore ¢(s,t) = h(t), and by inversion
bz, y) = h(y).

2. Let’s do some example that are a bit less simple. We turn our attention to
e’ ¢y + ¢y = 0 with ¢(z,0) = coshx. The characteristic equation is z'(s) =
e®,y'(s) = 1. The initial curve is parameterised as x(t) = ¢, y(t) = 0 which shall
apply when s = 0. Solving these gives ™% = e~ — s,y = 5. ¢'(s) = 0 gives
@(s,t) = cosht. The inversion gives s = y,t = —log(y + e~ %), so ¢(z,y) =
cosh(—log(y +e™%)).
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So the homogeneous case is easy enough. How about inhomogeneous ones?
Of course we can do the good old ”guess and superposition” manoeuvre, but
we can do better.
We want to solve a(z,y)ds + B(x,y)o, = v(z,y) with specified Cauchy data
¢(x(t),y(t)) = f(t) on a curve B. The characteristic curves C satisfy the same
system as usual, but there is a twist: ¢'(s)|c = u- V¢ = y(x,y) instead of 0. So
f(t) is no longer propagating constantly and we must actually solve the ODE.

Example 9.2. Consider ¢, + 2¢, = ye® with ¢ = sinz along y = z. The
characteristic equations are z'(s) = 1,¢y'(s) = 2. On y = x, we parameterise
(z(t),y(t)) = (t,t), which then gives x = s+ ¢,y = 2s +t. Now we turn to
¢'(s) = v = ye®* = (2s + t)e*Tt subject to ¢ = sint at s = 0. By simple
integration we obtain ¢ = (2s — 2 + t)e*** + C where C is constant in s. The
initial conditions then gives ¢(s,t) = (2s — 2 + t)e*t! +sint + (2 — t)e!. With
inversion s =y — x,t = 2z — y gives

oz, y) = (y — 2)e” + (y — 22 + 2)e** ¥ + sin(2z — y)

9.4 Classification of Second-Order Linear PDEs

In R2, the general homogeneous second order linear PDE has the form

¢ %9 Py 0 ¢
= = — 2 —_— — —_—
0=1Lg @02 + b@x@y +c8y2 +d8x + eay

+fo

The principal part of this ODE is o,(z,y,0/dz,0/0y)$ where

oy (.Y, ki k) = kT Ak = (ke k) (‘;Eﬂ%y) b(f&y)) (iz)

The PDEs are classified by the properties of the eigenvalues of A. If b2 —ac < 0,
then the eigenvalues have the same sign, and we say the equation is elliptic. If
b2 — ac > 0, then the eignevalues have different signs and the equation is called
hyperbolic. If b2 — ac = 0, then some eigenvalue is 0, and the equation is called
parabolic.

Example 9.3. The wave equation is hyperbolic. The heat equation is parabolic.
The Laplace equation is elliptic.

A curve defined by f(z,y) being constant is a characteristic curve for this
second order PDE if (Vf)A(Vf)T = 0. If the curve can be written as y =
y(x), then f,/f, = —dy/dz so a(y’)? + 2by’ + ¢ = 0 and hence y'(z) = (b =+
Vb? — ac)/a. This means that the above classification makes sense as the sign of
b2 —ac determines the behaviour of characteristics. If the equation is hyperbolic,
then b? — ac > 0 which gives two distinct solutions; if it is parabolic, then we
get exactly one solution; but if it is elliptic, then there is simply no (real)
characteristic curves in this form.

If we can transform these to characteristic coordinates (u, v), the PDE will take
the canonical form
0%
0 = —— + lower order terms

Oudv
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Example 9.4. Consider —y¢,, + ¢y, = 0 which is hyperbolic for y > 0,
elliptic for y < 0 and parabolic for y = 0. We are interested in the hyperbolic
y > 0 case. Then dy/dz = +y~1/2 by quadratic formula. Integrating gives
(2/3)y®/? £ x = C, Cy constants. The characteristic coordinates are then set
as u = (2/3)y%/? + x,v = (2/3)y*/? — x. After a lot of calculations using chain
rule, the equation can be transformed into

1

9.5 General Solution of Wave Equation
Going back to our old friend

176
2otz 0z
with initial conditions ¢(x,0) = f(z), ¢+(x,0) = g(x). Then the characteristic
equation is dx/dt = +C, C constant. Therefore we can do the change of
coordinate u = x — ct,v = x + ¢t which just gives

0%
Oudv

=0 = ¢=G(u)+HWw)=G(x—ct)+ H(z+ct)
For differentiable G, H. The initial conditions then give the eqautions

{ﬂﬂ-d&@-ﬂ@+H@)
g(x) = ¢¢(2,0) = —cG' () + cH'(z)

H) = 5 (1)~ FO)+ - [ 900) i Ga) = (@) + 500 =5 [ at)ay
So
T—c T+c whet
¢(z,1) = A t);f( th %/ﬁ:t 9(y) dy

This means that the wave propagates at v = ¢ and ¢ is fully determined by the
values of f,g (which is the initial data at ¢ = 0) in the interval [z — ct, z + ct].
This can be interpreted as the light cone, which gives the causal structure of
relativity. That is, data at = xo only influence [xg — ct, zg + ct] after time t¢.

10 Solving PDEs with Green’s Functions

10.1 Diffusion Equation and Fourier Transform

Recall that the heat equation for a conducting wire is

00 0?0

o P =Y
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with initial condition ©(x,0) = h(z) and boundary condition © — 0 as © —
+o00. Taking Fourier transform wrt = gives

%é(k,t) = —Dk*O(k,t) = O(k,t) = Ce DKt

for some C' that is constant in ¢. Initial condition ©(k,0) = h(k) gives O (k,t) =

h(k)e=PF*t. Inverting it gives

1 * . 2, -
@({L‘,t) = %/ h(k)e—Dk‘ telkx dk

1 o0 (x — u)2>
= h(u)exp | ————=—— | du
JanDi /,oo @) p< 4Dt
= / h(u)Sq(z — u,t)du
where Sy(z,t) = (47rDt)_1/26_w2/(4Dt) is called the fundamental solution (or
diffusion kernel/source function), which is just the FT of e~P**t. Note that

the case ©(z,0) = 6y5(z) gives our old friend © = fy(4xDt)~ /2" where
n = x/(2v Dt) is the similarity parameter.

Example 10.1. Suppose initially f(z) = 6p+/a/Te"**". Then

[ (it 20
@ = — ex —-—au — —— du
VareDt )P 1Dt

bov/a [ 1+ 4aDt x 2 —ax?
=Y exp| ——F—7— (u— ——— exp | ——=— | du
VAT2Dt J o 4Dt 1+4aDt 1+ 4aDt

=0 a ex —az®
U\ 71 + 4aDt) TP\ 1+ 44Dt

Asymptotically the width of the Gaussian spreads as v/t and the area under
the curve being constant (which can be interpreted as the conservation of heat

energy).

10.2 Forced Diffusion Equation

Consider
00 9%6

E(x’t) _ Dw(x,t) = f(z,t)

with homogeneous initial condition ©(z,0) = 0. The Green’s function G of this
problem would satisfy

060G

ot Ox?
with G(z,0;&,7) = 0. Take FT wrt x gives

o(z —&)o(t — )

asz(k, LET) + DGk, 1:€,7) = e0(t = 7)
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Multiplying both sides using the integration factor ePFt allows us to integrate
the equation and obtain

PRt G — o—ike /t eDkzt/(S(t' —7)dt’
0

The appearance of Heaviside function is because we need to ensure that [0, ¢]
contains 7 in order to make use of the property of ¢ function. Inverting the
whole thing gives

Gz, t;€,7) = H(t-7) /Oo eik(@—=8) ;=D (t=7) 1.

27 oo
H(t Rl /
= 2( )/ ek DR ko) =g — €t =t — T
Tr — 00

H(t) o—/(aD¥)
VAar Dt/
=H({t—71)Sqlx —&t—1)

where Sy is again our good ol’ fundamental solution. Therefore the general
solution is

O(z,t) = /0 /_ Gz, t;&,7)f(&,7)dedr

:/t/oo flu,7)Sa(z — u,t — 7) dudr
0 J—oco

which looks very familiar to our previous solution for the homogeneous case
with initial conditions at ¢ = 7. But this time, the initial condition of O (u,t) =
f(u) at t = 7 is replaced by the forcing term f(u,7) in the equation, and
the effect of this, as we see now, is just integrating the solution over 7. This
phenomenon is called Duhamel’s Principle which relates the solution of forced
PDE with homogeneous boundary conditions to solutions of homogeneous PDEs
with inhomogenoeus boundary conditions. So in this philosophy, the forcing
term is acting like an initial conditions for subsequent evolution, and the integral
represents a superposition of all these initial-condition-like effects for 0 < 7 < ¢.

10.3 Forced Wave Equation

Consider the forced wave equation

¢ ,0%¢
ooy @
subject to ¢(x,0) = ¢¢(xz,0) = 0. The Green’s function for this would satisfy
2 2
o _ 02% =6z =&t —7)

ot? Ox
with G = Gy =0 at t = 0. Take FT wrt x again,

2 g ~ .
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Solving it yields
~ 0,ift <7
G .
e~ sin(ke(t — 7))/ (ke), if t > T

- sin(ke(t — 7))

=H({t—71) o

Inverting this gives

Gl t;€,7) = L;T_c ) / =8 75”1(]%5: —7) g

:M/OO costk)sin(hB) 4y A= v ¢ B=ct )
2me —c0 k ’ 7
_H(t—7) [ sin(k(A+ B)) —sin(k(A - B))
R k ;

H(t

= 47;7—)(sgn(/l—¥—3) —sgn(A — B))
— QLCH(c(th) — |z —¢&|)

which is also called the causal fundamental solution since it hints the causal
structure in t. The general solution is then

o, 1) = /0 [ (€ DG . 1:6,7) dédr

1 t pztc(t—T)

L,

2¢c 0 Jx—c(t—7)

which, by relating to our previous solution, can also be seen as an example of
Duhamel’s principle.

10.4 Poisson’s Equation

We want to solve Poisson’s equation, which is just a forced Laplace equation
V2¢ = —p on a domain D subject to Dirichlet boundary conditions ¢|gp = 0.
To get its fundamental solution, note that we can get the notion of § function
on R? analogously.

The free space Green’s function G = Gg(r;1’) is the solution to V2Gpg(r;1r’) =
d(r — r’) subject to the condition Gps — 0 as |r| — co. The symmetries of
R? hints that we should look for spherically symmetric solutions G(r;r’) =
G(|r —r']) = G(r), in which case we can use Gauss’ flux method: Let B be the
ball with centre r’ and radius r, then we have

5 0GFs
or

So Grs = —1/(4nr) = —1/(4w|r —r'|) because of the boundary condition G — 0
as T — 00.
This gives the general solution to Poisson’s equation in R3 which has the form

1 p(r') 3,
O(r) = — d
(x) 4 /D =" "
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By the way, we can derive the Green’s function in 2D in an analogous way and
get Go(r;1') = (27) "t log(|r —1’|) + Co where Cs is a constant (which we almost
always set to 0).

10.5 Green’s Identities

What if we want to solve a problem with inhomogeneous boundary conditions?
Sometimes we can use Fourier transform. But if that does not work very nicely,
well, the usual Green’s function certainly cannot do the trick directly, but in
some equations (like Poisson’s equation) we can extend the method with the
help of Green’s identites.

Consider two scalar functions ¢, twice differentiable on D. By Divergence
Theorem,

/(¢V2¢+V¢-V¢)d3£=/ V'(¢Vw)d3£=/ ¢V - ndS
D D oD

This is known as Green’s first identity. Now switch 1 and ¢ and substract from
the first identity to get Green’s second identity.

V08Nt [ oot uotgrd
[ (658 -052) as= [ v - vvoya

Excise a small spherical ball B, around r’ with radius e. If ¢ is a solution to
V2¢ = —p and 1) = Grs(r;1r’), then the right hand side is

/ (pV2Grs — GrsV2¢) d3r = / Grspd®r
D—B. D—B.

and the left hand side becomes

aGFS 8(25 aGFS a¢
[ (o7 =) o5+ [, (0550 sy )

Taking € — 0 gives

oG 6

We hence conclude Green’s third identity (abbreviating Grs as G)

/Gr 7 ))d3r+/aD (¢( )gi( ;') — G(rsr )g:( )) ds

Suppose we want to solve V2¢ = —p on D subject to inhomogeneous Dirichlet
boundary conditions ¢|gp = h. In this case, if we have a Green’s function
G = G(r;r’) that satisfies:

(1) V2G(r;r') = 0 for any r # 1.

(ii) G(r;7r') = 0 on OD.

(iii) G(r,r’") = Gps(r;r') + H(r,r’) for some H such that V2H =0 in D.
Green’s second identity with V2¢ = —p and VZ2H = 0 gives

/ (¢?§Hg¢> ds = /de{
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The Green’s third identity simplifies to

o) = [ G- mipder [ (2o mP) as
= ;7' )(—p(r)) d*r TM
- [ awpeners [ o ®E g

This does give a way to obtain a particular solution. Also G(r;r’') = G(r;1’) by
a simple use of Green’s third identity again.

For Neumann boundary conditions with d¢/0n = k(r) on 9D, we can do a
similar thing and obtain

o(r") =/ G(r;r')(=p(r))dPr+ [ G(r;r')(—k(r))dS
D oD

10.6 Method of Images

If the domain D can be obtained by a symmetric procedure on the free space,
then we can construct Green’s function with G|sp = 0 by cancelling the bound-
ary potential with an opposite mirror image placed outside D.

Our first target is Laplace’s equation on the half-plane D = {(z,y,2) : z > 0}
subject to ¢(z,y,0) = h(z,y) and ¢ — 0 as |r| — co. Now Gps(r;r’) — 0
as |r|] — oo, but it is nonzero at z = 0. However, we can take G(r;r') =
Grs(r;1’) — Grs(r,r”") where ' = (2/,y',—2') which totally works. Also at
2z =0, 0G/0n = —0G )z = (21) 2 ((x — ') + (y — y')? + 2/?)~3/2. This
means that the solution is

! oo o0
oy )= o [ [ (@ -y ) ) dady
T J—ooJ—0

Of course, the method of images is useful in some other equations as well.
Consider ¢ — c2¢"" = f in the region x > 0 with Dirichlet boundary conditions
¢(0,t) = 0. The same philosophy gives the Green’s function

1

G(x?t;E?T) 2C

1
He(t —7) = |z = ¢&l) = 5 H(c(t = 7) — |z +£])
So if f =0 and the initial condition is a Gaussian pulse, then this solves to

¢, t) = exp((z — €+ ct)?) — exp((—2 — € + ct)?)
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