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0 Introduction

0.1 Schedule

This is a copy from the booklet of schedules.! Schedules are minimal for lecturing and maximal for
examining; that is to say, all the material in the schedules will be lectured and only material in the
schedules will be examined. The numbers in square brackets at the end of paragraphs of the schedules
indicate roughly the number of lectures that will be devoted to the material in the paragraph.

Mathematical Methods I 24 lectures, Michaelmas term

This course comprises Mathematical Methods I, Mathematical Methods IT and Mathematical
Methods III and six Computer Practicals. The material in Course A from Part IA will be
assumed in the lectures for this course.? Topics marked with asterisks should be lectured, but
questions will not be set on them in examinations.

The material in the course will be as well illustrated as time allows with examples and
applications of Mathematical Methods to the Physical Sciences.

Vector calculus

Reminder of grad, div, curl, V2. Divergence theorem and Stokes’ theorem. Vector differential
operators in orthogonal curvilinear coordinates, e.g. cylindrical and spherical polar coordi-
nates. [4]

Partial differential equations
Linear second-order partial differential equations; physical examples of occurrence, the meth-
od of separation of variables (Cartesian coordinates only). (3]

Fourier transform

Fourier transforms; relation to Fourier series, simple properties and examples, delta function,
convolution theorem and Parseval’s theorem treated heuristically, application to diffusion
equation. [3]

Matrices

N-dimensional vector spaces, matrices, scalar product, transformation of basis vectors. Quad-

ratic and Hermitian forms, quadric surfaces. Eigenvalues and eigenvectors of a matrix; de-

generate case, stationary property of eigenvalues. Orthogonal and unitary transformations.
(5]

Elementary Analysis

Idea of convergence and limits. Convergence of series; comparison and ratio tests. Power series
of a complex variable; circle of convergence. O notation. The integral as a sum. Differentiation
of an integral with respect to its limits. Schwarz’s inequality. (2]

Ordinary differential equations

Homogeneous equations; solution by series (without full discussion of logarithmic singulari-
ties), exemplified by Legendre’s equation. Inhomogeneous equations; solution by variation of
parameters, introduction to Green’s function.

Sturm-Liouville theory; self-adjoint operators, eigenfunctions and eigenvalues, reality of eigen-
values and orthogonality of eigenfunctions. Eigenfunction expansions and determination of
coefficients. Legendre polynomials; orthogonality. [7]

1 See http://www.maths.cam.ac.uk/undergrad/NST/sched/.

2 However, if you took course A rather than B, then you might like to recall the following extract from the schedules:
Students are ...advised that if they have taken course A in Part IA, they should consult their Director of Studies about
suitable reading during the Long Vacation before embarking upon Part IB.

3 Time is always short.
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0.2 Books
An extract from the schedules.

There are very many books which cover the sort of mathematics required by Natural Sci-
entists. The following should be helpful as general reference; further advice will be given by
Lecturers. Books which can reasonably be used as principal texts for the course are marked
with a dagger.

TG Arfken & H Weber Mathematical Methods for Physicists, 5th edition. Elsevier/Academic
Press, 2001 (£46.95 hardback).

TJ W Dettman Mathematical Methods in Physics and Engineering. Dover, 1988 (£13.60 pa-
perback).

H F Jones Groups, Representation and Physics, 2nd edition. Institute of Physics Publishing,
1998 (£24.99 paperback)

E Kreyszig Advanced Engineering Mathematics, 8th edition. Wiley, 1999 (£30.95 paperback,
£92.50 hardback)
J W Leech & D J Newman How to Use Groups. Chapman & Hall, 1993 (out of print)

TJ Mathews & R L Walker Mathematical Methods of Physics, 2nd edition. Pearson/Benjamin
Cummings, 1970 (£68.99 hardback).

K F Riley, M P Hobson & S J Bence Mathematical Methods for Physics and Engineering.
2nd ed., Cambridge University Press, 2002 (£29.95 paperback, £75.00 hardback).

R N Snieder A guided tour of mathematical methods for the physical sciences. Cambridge
University Press, 2001 (£21.95 paperback)

There is likely to be an uncanny resemblance between my notes and Riley, Hobson & Bence. This is
because we both used the same source, i.e. previous Cambridge lecture notes, and not because I have
just copied out their textbook (although it is true that I have tried to align my notation with theirs)!*
Having said that, it really is a good book. A must buy.

Of the other books I like Mathews & Walker, but it might be a little mathematical for some. Also, the
first time I gave a ‘service’ mathematics course (over 15 years ago to aeronautics students at Imperial),
my notes bore an uncanny resemblance to Kreyszig . .. and that was not because we were using a common
source!

0.3 Lectures

e Lectures will start at 11:05 promptly with a summary of the last lecture. Please be on time since
it is distracting to have people walking in late.

e I will endeavour to have a 2 minute break in the middle of the lecture for a rest and/or jokes
and/or politics and/or paper aeroplanes®; students seem to find that the break makes it easier to
concentrate throughout the lecture.%

e I will aim to finish by 11:55, but am not going to stop dead in the middle of a long proof/explanation.
e [ will stay around for a few minutes at the front after lectures in order to answer questions.

e By all means chat to each other quietly if I am unclear, but please do not discuss, say, last night’s
football results, or who did (or did not) get drunk and/or laid. Such chatting is a distraction.

4 In a previous year a student hoped that Riley et al. were getting royalties from my lecture notes; my view is that I
hope that my lecturers from 30 years ago are getting royalties from Riley et al.!

5 If you throw paper aeroplanes please pick them up. I will pick up the first one to stay in the air for 5 seconds.

6 Having said that, research suggests that within the first 20 minutes I will, at some point, have lost the attention of all
of you.
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0.4

I want you to learn. I will do my best to be clear but you must read through and understand your
notes before the next lecture ...otherwise you will get hopelessly lost. An understanding of your
notes will not diffuse into you just because you have carried your notes around for a week ...or
put them under your pillow.

I welcome constructive heckling. If I am inaudible, illegible, unclear or just plain wrong then please
shout out.

I aim to avoid the words trivial, easy, obvious and yes”. Let me know if I fail. I will occasionally
use straightforward or similarly to last time; if it is not, email me (S.J.Cowley@damtp.cam.ac.uk)
or catch me at the end of the next lecture.

Sometimes I may confuse both you and myself, and may not be able to extract myself in the middle
of a lecture. Under such circumstances I will have to plough on as a result of time constraints;
however I will clear up any problems at the beginning of the next lecture.

This is a service course. Hence you will not get pure mathematical levels of rigour; having said that
all the outline/sketch ‘proofs’ could in principle be tightened up given sufficient time.

In Part TA all NST students were required to study mathematics. Consequently the lecturers
adapted their presentation to account for the presence of students who might like to have been
somewhere else, e.g. there were lots of how to do it ‘recipes’ and not much theory. This is an optional
course, and as a result there will more theory than last year (although less than in the comparable
mathematics courses). If you are really to use a method, or extend it as might be necessary in
research, you need to understand why a method works, as well as how to apply it. FWIW the NST
mathematics schedules are decided by scientists in conjunction with mathematicians.

If anyone is colour blind please come and tell me which colour pens you cannot read.

Printed Notes

Printed notes will be handed out for the course ...so that you can listen to me rather than having
to scribble things down. If it is not in the printed notes or on the example sheets it should not be
in the exam.

Any notes will only be available in lectures and only once for each set of notes.

I do not keep back-copies (otherwise my office would be an even worse mess) ... from which you
may conclude that I will not have copies of last time’s notes (so do not ask).

There will only be approximately as many copies of the notes as there were students at the previous
lecture. We are going to fell a forest as it is, and I have no desire to be even more environmentally
unsound.

Please do not take copies for your absent friends unless they are ill.

The notes are deliberately not available on the WWW; they are an adjunct to lectures and are not
meant to be used independently.

If you do not want to attend lectures then use one of the excellent textbooks, e.g. Riley, Hobson &
Bence.

With one or two exceptions figures/diagrams are deliberately omitted from the notes. I was taught
to do this at my teaching course on How To Lecture ...the aim being that it might help you to
stay awake if you have to write something down from time to time.

There are a number of unlectured worked examples in the notes. In the past I have been tempted to
not include these because I was worried that students would be unhappy with material in the notes
that was not lectured. However, a vote in an earlier year was overwhelming in favour of including
unlectured worked examples.

Please email me corrections to the notes and example sheets (S.J.Cowley@damtp.cam.ac.uk).

7 But I will fail miserably in the case of yes.
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0.5 Example Sheets

e There will be five example sheets. They will be available on the WWW at about the same time as
I hand them out (see http://damtp.cam.ac.uk/user/examples/).

e You should be able to do the revision example sheet, i.e. example sheet 0, immediately (although
you might like to wait until the end of lecture 2 for a couple of the questions).

e You should be able to do example sheets 1/2/3/4 after lectures 6/12/18/24 respectively. Please
bear this in mind when arranging supervisions.

0.6 Acknowledgements.

The following notes were adapted from those of Paul Townsend, Stuart Dalziel, Mike Proctor and Paul
Metcalfe.

0.7 Revision.

You should check that you recall the following.

The Greek alphabet.

alpha
beta
gamma
delta
epsilon
zeta
eta
theta
iota
kappa
lambda
mu

nu

xi
omicron
pi

rho
sigma
tau
upsilon
phi

chi

psi
omega

VDEHXERHMOTEQOUZER—O0IINTDD AW
EL€X 9T AT JOMIT >I & I 2 W

There are also typographic variations on epsilon (i.e. €), phi (i.e. ), and rho (i.e. ).

The first fundamental theorem of calculus. The first fundamental theorem of calculus states that
the derivative of the integral of f is f, i.e. if f is suitably ‘nice’ (e.g. f is continuous) then

=/ f@)dt) = f(o), (0.1)
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The second fundamental theorem of calculus. The second fundamental theorem of calculus states
that the integral of the derivative of f is f, e.g. if f is differentiable then

T2 d
/El d—i dz = f(x2) — f(z1) . (0.2)
The Gaussian. The function
_ 1 x? 0.3
f@) = 7= e (- 55) (0.3)

is called a Gaussian of width o; in context of probability theory o is the standard deviation. The
area under this curve is unity, i.e.

1 ° x?
W/Ooexp(w)dxl. (0.4)

Cylindrical polar co-ordinates (p, ¢, z).

z . In cylindrical polar co-ordinates the position vector r is given
. in terms of a radial distance p from an axis e,, a polar angle
Jzi ¢, and the distance z along the axis:

r = pcospe, +psinge,+ze, (0.5a)
= pe,+ze,, (0.5b)

where 0 < p < 00,0 < ¢ <27 and —o0 < z < 0.

Remark. Often r and/or 6 are used in place of p and/or ¢
respectively (but then there is potential confusion with the dif-
ferent definitions of r and 6 in spherical polar co-ordinates).

z

70 In spherical polar co-ordinates the position vector r is given in
R terms of a radial distance r from the origin, a ‘latitude’ angle
0, and a ‘longitude’ angle ¢:

@ ;
Kl r = rsinfcos¢ge, +rsinfsinpe, +rcosfe, (0.6a)
ol i = re,, (0.6b)
iy : y
R where 0 <7 < 00,0< 0 <7mand 0< ¢ < 2m.

X

Taylor’s theorem for functions of more than one variable. Let f(z,y) be a function of two vari-

ables, then
B of of
fla+oz,y+dy) = flz,y)+dzg-+ 51/*81/
1 9 9? 0% f 9 0%f

Ezercise. Let g(x,y, z) be a function of three variables. Expand g(x + dz,y + dy, z + dz) correct to
O(dz, by, 0z).

Partial differentiation. For variables g1, g2, g3,

<(9ql> =1, (aql) =0, etc., (0.8a)
aql q2,93 8(12 q1,93
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and hence

L =55, 0.8b
aqj J ( )
where d;; is the Kronecker delta:
1 ifi=
‘5”3’_{0 ifity (0.9)

The chain rule. Let h(z,y) be a function of two variables, and suppose that z and y are themselves

functions of a variable s, then
dh _ Ohdz  Ohdy

— =+ ——. 1
ds Oz ds Jr@y ds (0.10a)

Suppose instead that h depends on n variables x; (i = 1,...,n), so that h = h(z1,z2,...,2,). If

the z; depend on m variables s; (j =1,...,m), then for j=1,...,m
oh " Oh Oz
2= ) (0.10D)
8sj =1 8331 8Sj
An identity. If ¢;; is the Kronecker delta, then for a; (j =1,2,3),
3
Zaj(slj = a1011 + a2012 + asdis = a1, (0.11a)
j=1
and more generally
3
Za]ﬁij = a10;1 + asd;5 + azd;z = a; . (Ollb)
j=1

Line integrals. Let C be a smooth curve, then

/Cdr:—/_cdr. (0.12)

The transpose of a matrix. Let A be a 3 X 3 matrix:

A Ap Az
A= A21 A22 A23 . (013&)
Az Aszp Asg

Then the transpose, AT, of this matrix is given by

A Aoy Az
AT = [ Ay Ay Asp | . (0.13b)
Az Axz Ass

Fourier series. Let f(z) be a function with period L, i.e. a function such that f(z + £) = f(z). Then
the Fourier series expansion of f(x) is given by

= 2mnx = . [ 2mnx
f(x):éao—l—;ancos( 5 )—i—;bnsm( 7 ) ; (0.14a)

=1

where

xo+L
a, = Z/m f(x) cos <27r£m) dz, (0.14b)

2 [rote 2
b, = E/xo f(x)sin( ﬂﬁnx>dx, (0.14c)
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and x¢ is an arbitrary constant. Also recall the orthogonality conditions

L
2mnx 2mma L
sin sin dz = =dpm, (0.15a)
/0 L L 2
c
2mnx 2mrme L
cos cos de = —dum, (0.15Db)
/0 L L 2 "
c
2mnx 2mma
sin cos dz = 0. (0.15¢)
/0 L L

Let go(z) be an even function, i.e. a function such that g.(—z) = ge(x), with period £ = 2L. Then
the Fourier series expansion of g.(x) can be expressed as

o0
ge(z) = tao+ Z ay, Cos (%) , (0.16a)
n=1
where .
2 nwT
a, = E/o ge(x) cos (T) dz . (0.16Db)

Let go(z) be an odd function, i.e. a function such that g,(—x) = —go (), with period £ = 2L. Then
the Fourier series expansion of g,(x) can be expressed as

gol(z) = ibnsin(T>, (0.17a)

where .
2 . [/nTT
b, = 7 /0 Jo () sin (T) dz. (0.17b)

Recall that if integrated over a half period, the ‘orthogonality’ conditions require care since

L
nmwT mnzx L
in——sin——dx = —dum, 0.18
/0 sin —— sin ——dz 5 (0.18a)
L
nwT mnx L
— dr = —6um, .18b
/0 cos —— cos ——da 5 (0.18b)
but
. 0 if n + m is even,
nwx mnx
sin — cos ——dx = wnL 0.18c
/0 L L — " ifn+mis odd. ( )

w(n? —m?2)
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Suggestions.

Examples.
1. Include Ampere’s law, Faraday’s law, etc., somewhere (see 1997 Vector Calculus notes).
Additions/Subtractions?

Remove all the \enlargethispage commands.

2D divergence theorem, Green’s theorem (e.g. as a special case of Stokes’ theorem).
Add Fourier transforms of cos z, sinx and periodic functions.

Check that the addendum at the end of § 3 has been incorporated into the main section.
Swap §3.3.2 and §3.3.1.

Swap §4.2 and §4.3.

Explain that observables in quantum mechanics are Hermitian operators.

®© N o ot W

Come up with a better explanation of why for a transformation matrix, say A, det A # 0.
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1 Vector Calculus

1.0 Why Study This?

Many scientific quantities just have a magnitude, e.g. time, temperature, density, concentration. Such
quantities can be completely specified by a single number. We refer to such numbers as scalars. You have
learnt how to manipulate such scalars (e.g. by addition, subtraction, multiplication, differentiation) since
your first day in school (or possibly before that).

However other quantities have both a magnitude and a direction, e.g. the position of a particle, the
velocity of a particle, the direction of propagation of a wave, a force, an electric field, a magnetic field.
You need to know how to manipulate these quantities (e.g. by addition, subtraction, multiplication,
differentiation) if you are to be able to describe them mathematically.

1.1 Vectors and Bases

Definition. A quantity that is specified by a
[positive] magnitude and a direction in space
is called a vector.

Ezample. A point P in 3D (or 2D) space can be
specified by giving its position vector, r, from
some chosen origin 0.

Vectors exist independently of any coordinate system. However, it is often very useful to describe them
in term of a basis. Three non-zero vectors e, es and e3 can form a basis in 3D space if they do not all
lie in a plane, i.e. they are linearly independent. Any vector can be expressed in terms of scalar multiples
of the basis vectors:

a = aje; + azey + ases. (1.1)
The a; (i = 1,2,3) are said to the components of the vector a with respect to this basis.

Note that the e; (i = 1,2,3) need not have unit magnitude and/or be orthogonal. However calculations,
etc. are much simpler if the e; (i = 1,2, 3) define a orthonormal basis, i.e. if the basis vectors

e have unit magnitude — |e;| =1 (i = 1,2, 3);

e are mutually orthogonal — e; -e; = 0 if ¢ # j.

These conditions can be expressed more concisely as

€e; - ej = 57,3 (7/’] = 1a 2) 3) ) (12)
where 6;; is the Kronecker delta:
1 ifi=y
6ij—{ 0 ifitj (1.3)

The orthonormal basis is right-handed if
e X ey =es3, (14)

so that the ordered triple scalar product of the
basis vectors is positive:

[61,62,93] =e€e] X ey ez = 1. (15)
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FEzercise. Show using (1.2) and (1.4) that

ey X e3 =e; andthat ez xe; =ey. (1.6)

1.1.1 Cartesian Coordinate Systems

We can set up a Cartesian coordinate system by
identifying e, e; and es with unit vectors point-
ing in the x, y and z directions respectively. The
position vector r is then given by

r = zej +yey+zes (1.7a)
= (@2 (1.7D)
Remarks.
1. We shall sometimes write x; for x, x5 for y and z3 for z.
2. Alternative notations for a Cartesian basis in R? (i.e. 3D) include
ei=e,=1i, ex=e,=j and e3=e, =k, (1.8)

for the unit vectors in the z, y and z directions respectively. Hence from (1.2) and (1.6)

ii=jj=kk=1, ij=jk=ki=0, (1.9a)
ixj=k, jxk=i, kxi=j. (1.9b)

1.2 Vector Calculus in Cartesian Coordinates.

1.2.1 The Gradient of a Scalar Field

Let ¢(r) be a scalar field, i.e. a scalar function
of position r = (x,y, 2).

Examples of scalar fields include temperature
and density.

Consider a small change to the position r, say
to r 4+ dr. This small change in position will
generally produce a small change in 1. We es-
timate this change in 1 using the Taylor series
for a function of many variables, as follows:

6w = ¢(r+5r)_¢(r) :w(x+6xvy+6y7z+6z)_'(/J(x?:%z)

= %%4—8—#}53/4—@624-...

O dy 0z
(00, O, O
= <8zew+ aye;;%- azez> (bre, +dye, +dze,) +...
= Viy-ér+....

In the limit when de becomes infinitesimal we write de for §e.® Thus we have that

dy = Ve - dr, (1.10)

8 This is a bit of a ‘fudge’ because, strictly, a differential de need not be small ... but there is no quick way out.
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where the gradient of 1 is defined by

0 0 0 0
grady = Vi) = %egj—&— a;fey—l—a—fezzzie' (1.11)

We can define the vector differential operator V (pronounced ‘grad’) independently of ¢ by writing

0 0 0 0
V=e, Zie L = . 1.12
€ 8x+ey8y+e 0z Ze]é)xj (1.12)
3
where Z will henceforth be used as a shorthand for Z
J Jj=1

1.2.2 Example

Find V f, where f(r) is a function of r = |r|. We will use this result later.

Answer. First recall that r? = 22 + y2 4 22. Hence

or or =«
2r— =2 ie. — =— 1.1
"5 z, le. = = (1.13a)
Similarly, by use of the permutations x — y, y — z and z — =,
or_y or_z (1.13b)

dy r’ 98z r

Hence, from the definition of gradient (1.11),
or Or Or T Yy =z r
ve— (22 & :(,,,7,): . 1.14
" <8x Oy 82’) ror’or r (1.14)

Similarly, from the definition of gradient (1.11) (and from standard results for the derivative of a function
of a function),

Vi) = (82(;)78;};;7")7 8](;(;))
df or df or dfor
<dr8x’dro7y’drc’?z)

= f'(r)Vr (1.15a)
- f’(r);. (1.15b)

1.2.3 The Geometrical Significance of Gradient

The normal to a surface. Suppose that a surface in 3D
space is defined by the condition that ¥(r) = constant.
Also suppose that for an infinitesimal, but non-zero, dis-
placement vector dr

dy = ¢(r+dr) —¢(r) =0. (1.16)

Then dr is a tangent to the surface.

Further suppose that Vi # 0, then from (1.10) it fol-
lows that V4 is orthogonal to dr. Moreover, since we can
choose dr to be in the direction of any tangent, we con-
clude that V1 is orthogonal to all tangents.
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Hence V¢ must be orthogonal/normal to surfaces of constant 1, and so if n is the unit normal to a
surface of constant 1, then (upto a sign)
Vi

nZk (1.17)

n=

We also note from (1.10) that d¢ is a maximum when dr is parallel to V4, i.e. the direction of V1 is
the direction in which v is changing most rapidly.

The directional derivative. More generally consider the
rate of change of ¥ in the direction given by the unit
vector 1. To this end consider 1 (r + sl). If we regard this
as a function of the single variable s then we may use a
Taylor series to deduce that

0 =P(r+dsl) —(r) = ds %w(r+sl) . +...,
or in the limit of ds becoming infinitesimal,
dy =ds izb(r + sl) (1.18)
ds s=0
Next we note that if we substitute
dr =dsl (1.19)
into (1.10), then we obtain
dy =ds(1- Vo). (1.20)
Equating (1.18) and (1.20) yields
1-Vy = %d)(r + sl) . (1.21)

s=0
Hence 1- V4 is the rate of change of ¢ in the direction 1. It is referred to as a directional derivative.
1.2.4 Applications
1. Find the unit normal at the point r(z,y, z) to the surface
Y(r) =2y +yz + 2z = —c, (1.22)

where ¢ is a positive constant. Hence find the points where the tangents to the surface are parallel
to the (x,y) plane.

Answer. First calculate
Vy=(y+z,z+zy+z). (1.23)

Then from (1.17) the unit normal is given by

VYl 22 +y2+ 22 +ay + 2z +yz
The tangents to the surface ¥(r) = —c are parallel to the

(z,y) plane when the normal is parallel to the z-axis, i.e. when
n=(0,0,1) or n = (0,0,—1), i.e. when

y=—z and z=—z. (1.25)
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Hence from the equation for the surface, i.e. (1.22), the points where the tangents to the surface
are parallel to the (x,y) plane satisfy
22 =c. (1.26)

2. Unlectured. A mountain’s height z = h(z,y) depends on Cartesian coordinates x,y according to
h(z,y) =1 —a* —y* > 0. Find the point at which the slope in the plane y = 0 is greatest.

Answer. The slope of a path is the rate of change in the vertical direction divided by the rate of
change in the horizontal direction. So consider a path on the mountain parameterised by s:

r(s) = (x(s),y(s), h(x(s), y(s))) - (1.27)

As s varies the rate of change with s in the vertical direc-
tion is d , while the rate of change with s in the horizontal

direction is (@) + (E) . Hence the slope of the path

ds
is given by
dh
slope = ;s =
(§5)°+ ()
Ohdz 4 Ohdy
=z dSQ Oy ds ~ from (0.10a)
()" + (¥
=1-Vh, (1.28)
where

dz dy 0) (1.29)

\/— <ds ds’

Thus the slope is a directional derivative. On y = 0

423 9L : d
slope = # = —4a3 sign (:c> . (1.30)
< ds

Therefore the magnitude of the slope is largest where |z| is largest, i.e. at the edge of the mountain
|z| = 1. It follows that max |slope| = 4.

1.3 The Divergence and Curl
1.3.1 Vector fields

V1 is an example of a vector field, i.e. a vector specified at each point r in space. More generally, we
have for a vector field F(r),

F(r) = F.(r)e, + F,(r)e, + F.(r ZF r)e; (1.31)

where Fy, F,, F,, or alternatively F; (j = 1,2,3), are the components of F in this Cartesian coordinate
system. Examples of vector fields include current, electric and magnetic fields, and fluid velocities.

We can apply the V vector operator to vector fields by means of dot and cross products.
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1.3.2 The Divergence and Curl of a Vector Field

Divergence. The divergence of F is the scalar field

. o B 0 0 0
divF = V.- F = <ezax + eya—y + eZé)z) - (Frez + Fye, + Fl.e;)
OF, OF, OF.
Oz Ty 0z (1.32)

= Z 6% (1.33)

from using (1.2) and remembering that in a Cartesian coordinate system the basis vectors do not
depend on position.

Curl. The curl of F is the vector field

0
curl F = VxF = < * 5 4—eya +e,—

= (G o) z

) (Frey + Fye, + Fle,)

OF, OF,
) ey + <8§U — ay ) e, (134&)

€y ey €,

= |a, 9, 0. (1.34b)
F, F, F.
(s3] €9 €3

= | 0 On, O |, (1.34c)
P, B F

from using (1.8) and (1.9b), and remembering that in a Cartesian coordinate system the basis
vectors do not depend on position. Here d, = %, etc..

1/01

1.3.3 Examples

1. Unlectured. Find the divergence and curl of the vector field F = (2%y,y?z, 2%x).

Answer. (a2 Bl o022
o g 0@ 06 | )

ox dy 0z

= 2xy + 2yz + 2zx. (1.35)

VxF = Or Oy 0.

—(y*, 2%, 2%). (1.36)

2. Find V-rand V xr.
Answer. From the definition of divergence (1.32), and recalling that r = (x,y, z), it follows that

or Oy 0z

V.r:%Jr@er@z

3. (1.37)

Next, from the definition of curl (1.34a) it follows that

er:(az Oy Ox Oz Oy 636):0.

1.
Oy 0z 0z 0Oz’ dx Oy (1.38)
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1.34 F.-V.

In (1.32) we defined the divergence of a vector field F, i.e. the scalar V - F. The order of the operator V
and the vector field F is important here. If we invert the order then we obtain the scalar operator

o Bl
(F-V)=Fypo +Fy8 ZFJ&C] (1.39)

Remark. As far as notation is concerned, for scalar 1
oY 0

However, the right hand form is preferable. This is because for a vector G, the ith component of
(F - V)G is unambiguous, namely

oG,
= F —, 1.40
Z ! 89:j ( )
J
while the ith component of F - (VG) is not, i.e. it is not clear whether the ith component of

F.(VG)is
e} aa,

1.4 Vector Differential Identities

Calculations involving V can be much speeded up when certain vector identities are known. There are
a large number of these! A short list is given below of the most common. Here ) is a scalar field and F,
G are vector fields.

V. (@F) = yV-F+(F- V), (1.41a)
Vx@F) = ¢(VxF)+(Vy)xF, (1.41b)
V. (FxG) = G- (VxF)—F - (VxG), (1.41c)
Vx(FxG) = F(V-G)—G(V-F)+(G-V)F—(F V)G (1.41d)
V(F-G) = (F-V)G+ (G- V)F+Fx(VxG)+Gx (VxF). (1.41e)

Example Verifications.

(1.41a):
V.@F) = 3(gfx>+8(1gjy>+a(1§fz)
= 88125 Fgw+w—+ yaw gj
- (‘3F F I Fw%+Fy%+Fz%

= 1/)V F+(F V).
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Unlectured. (1.41c):

9 pG. - F.G)+ L (RG - F.G) + (G, - F,G)

or oy 0z
_ GzaFy oG, . 0Gy OF, OF. 0G,

ar gy gy TGy Tl Ty
9C. o OFu , , OF, 0G, . 0G, . OF,

gy oy TOva thy B ~ Gy

_ (0F. 0F, OF, OF, OF, OF,

B Gx((“)y_8z>+Gy<82_8m)+Gz(89€ 8y)
0G oG oG 0G oG 0G

F y z F z T F z y

+w<8z 8y)+ y(ax 3z)+ Z(ay 8x>

G- (VxF)—F (VxG).

V- (FxG)

-F,

Warnings.

1. Always remember what terms the differential operator is acting on, e.g. is it all terms to the right
or just some?

2. Be very very careful when using standard vector identities where you have just replaced a vector
with V. Sometimes it works, sometimes it does not! For instance for constant vectors D, F and G

F - DxG) =D (GxF)=-D-(FxG).
However for V and vector functions F and G

F (VxG)#V - (GxF)=-V.-(FxGqG),

since
L (0G. 3G, 9G. G, 9G, 9G,
F-(VxG) = Fx(@y 8z>+Fy(8z 8x>+Fz<8x 8y>’
while
__(0G. 3G, 9G, G, 9G, 9G,
VAGxF) = Fx(@y_8z>+Fy(8z 8$>+FZ<8x 8y>

0F, OF. OF., OF, OF, OF,
+GI(82 a 8y>+Gy<8m a 82)+Gz<8y a 5‘:5)'
1.5 Second Order Vector Differential Operators

1.5.1 divcurl and curl grad

Using the definitions grad, div and curl, i.e. (1.11), (1.32) and (1.34a), and assuming the equality of
mixed derivatives, we have that

_ _ (0% _00) 00y O 00y 90y
curl (grad ) = V x (Vy) = <8y 0z 020y 0z0xr Ox 0z 0xdy Oy 8:1:)
= 0. (1.42)
and
, - 9 (9F, 9F,\ 0 (dF, 9F\ 0 (dF, OF,
div(curl F) = V- (V xF) = Oz ( Oy 0z > * Oy ( 0z Oz ) * 0z ( Ox Oy )
= 0, (1.43)
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Remarks.

1. Since by the standard rules for scalar triple products V- (V xF) = (V x V) -F, we can summarise
both of these identities by
VxV=0. (1.44)

2. There are important converses to (1.42) and (1.43). The following two assertions can be proved
(but not here).

(a) Suppose that V x F = 0; the vector field F(r) is said to be irrotational. Then there exists a

scalar potential, p(r), such that
F=Vop. (1.45)

Application. A force field F such that V x F = 0 is said to the conservative. Gravity is a
conservative force field. The above result shows that we can define a gravitational potential ¢
such that F = V.

(b) Suppose that V - B = 0; the vector field B(r) is said to be solenoidal. Then there exists a
non-unique vector potential, A(r), such that

B=VxA. (1.46)

Application. One of Maxwell’s equations for a magnetic field, B, states that V - B = 0. The
above result shows that we can define a magnetic vector potential, A, such that B =V x A.

Ezample. Evaluate V - (Vp x Vq), where p and ¢ are scalar fields. We will use this result later.

Answer. Identify Vp and Vg with F and G respectively in the vector identity (1.41c). Then it
follows from using (1.44) that

V- (VpxVq) =Vgqg-(VxVp) —Vp-(VxVq) =0. (1.47)

1.5.2 The Laplacian Operator V?

From the definitions of div and grad

o (0 g [0 o [0 0? 0? 0?

We conclude that the Laplacian operator, V? = V - V, is given in Cartesian coordinates by

0> 9> D
V=V V=sntartan (1.49)

Remarks.

1. The Laplacian operator V? is very important in the natural sciences. For instance it occurs in
(a) Poisson’s equation for a potential ¢(r):
Vip=0p, (1.50a)

where (with a suitable normalisation)

i. p(r) is charge density in electromagnetism (when (1.50a) relates charge and electric po-
tential);
ii. p(r) is mass density in gravitation (when (1.50a) relates mass and gravitational potential).
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(b) Schrédinger’s equation for a non-relativistic quantum mechanical particle of mass m in a

potential V (r):
n_, ., 0y

(1.50D)

where 1 is the quantum mechanical wave function and A is Planck’s constant divided by 2.

(c¢) Helmholtz’s equation
V2f+w?f=0,

(1.50¢)

which governs the propagation of fixed frequency waves (e.g. fixed frequency sound waves).
Helmholtz’s equation is a 3D generalisation of the simple harmonic resonator

&*f
@-l-w f:()

2. Although the Laplacian has been introduced by reference to its effect on a scalar field (in our
case 1), it also has meaning when applied to vectors. However some care is needed. On the first

example sheet you will prove the vector identity

Vx(VxF)=V(V-F)-V’F.

(1.51a)

The Laplacian acting on a vector is conventionally defined by rearranging this identity to obtain

VZF=V(V-F)-Vx(VxF).

1.5.3 Examples

1. Find V%" = div(Vr") and curl(Vr™). We will use this result later.
Answer. Put f(r) =™ in (1.15b) to obtain

Vrt o= "o = a2 (

T,Y, %) -
So from the definition of divergence (1.32):

A(nr"2x)
2.m _ . ny _—
Vert =V - (Vrh) p + o9 o

=nr""2 fn(n —2)r" 3 Lot
r

=3nr" "% 4 n(n — 2)r" (2% + y* + 2?)
=n(n41)r" 2.

From the definition of curl (1.34a):

n O(nr"—2z O(nr™ 2y
G - (A o )
_ _ n—3g _ _ n—3g
—(n(n 2)r 2 n(n — 2)r 7Ay,...,...)
=0.

(1.51b)

(1.52)

using (1.13a)

(1.53)

using (1.13a)
(1.54)

Check. Note that from setting n = 2 in (1.52) we have that Vr? = 2r. It follows that (1.53) and
(1.54) with n = 2 reproduce (1.37) and (1.38) respectively. (1.54) also follows from (1.42).

2. Unlectured. Find the Laplacian of %

Answer. Since the Laplacian consists of first taking a gradient, we first note from using result

(1.15a), i.e. Vf(r) = f'(r)Vr, that

v (smr) _ (COST B sm;’) Ur
r r r

(1.55a)
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Further, we recall from (1.14) that
Vr=-, (1.55b)

and also from (1.53) with n = 1 that
2
V.- (Vr)= - (1.55¢)

Hence

o (sinT) o sinr
() ()

v (=) ) from (1.550)

r 72

(cosr smr) V.-Vr+Vr-V (COST Sm;) from identity (1.41a)

r r2

r
cosr sinr r cosr sinr
=9 (7“2 - 7“3) T . v < — - 7"2> from (1.55b) & (1.55¢)
Y sinr + I _sinr_ Zeosr + 2sinr Vr using (1.15a) again
72 r3 r r = r3
sinr
= 1.56
: (1.56)

Remark. It follows that f = S2° satisfies Helmholtz’s equation (1.50c) for w = 1.

1.6 The Divergence Theorem and Stokes’ Theorem

These are two very important integral theorems for vector fields that have many scientific applications.

1.6.1 The Divergence Theorem (Gauss’ Theorem)

Divergence Theorem. Let S be a ‘nice’ surface” enclosing a volume V in R?, with a normal 0l that points
outwards from V. Let u be a ‘nice’ vector field.'® Then

/V//V-udV://u-dS, (1.57)

s(V)

where dV is the volume element, dS = ndS is the vector surface element, n is the unit normal to
the surface S and dS is a small element of surface area. In Cartesian coordinates

dV = dzdydz, (1.58a)
and
dS = o,dydze, +o0,dzdre, +o0.dxdye., (1.58b)

where o, = sign(n-e;), o, =sign(n-e,) and o, = sign(n - e.).

At a point on the surface, u - n is the fAux of
u across the surface at that point. Hence the
divergence theorem states that V -u integrated
over a volume V is equal to the total flux of
u across the closed surface & surrounding the
volume.

9 For instance, a bounded, piecewise smooth, orientated, non-intersecting surface.
10 For instance a vector field with continuous first-order partial derivatives throughout V.
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Remark. The divergence theorem relates a triple integral to a double integral. This is analogous to the
second fundamental theorem of calculus, i.e.

ha
/ Lz = f(h) — f(), (1.59)
h1 z

which relates a single integral to a function.

Outline Proof. Suppose that S is a surface enclosing a volume V such that Cartesian axes can be chosen
so that any line parallel to any one of the axes meets S in just one or two points (e.g. a convex
surface). We observe that

[ wie= ] (o

comprises of three terms; we initially concentrate on the [[f], 86"; dV term.

Let region A be the projection of S onto the
xy-plane. Let the lower /upper surfaces, S;/S2
respectively, be parameterised by

Sl : r = (‘T7y7 hl(m7y))
Sy r = (Iaya hg(l’,y))

Then using the second fundamental theorem of calculus (1.59)

T

/ / (uz (9 ha(,9)) — sy, () dady. (1.60)
A

1 dz dy

Now consider the projection of a surface element dS on the upper surface onto the xy plane. It
follows geometrically that de dy = | cos a| d.S, where « is the angle between e, and the unit normal
n; hence on Sy

drdy =e,-ndS =e,-dS. (1.61a)
On the lower surface S; we need to dot n with —e, in order to get a positive area; hence
dzdy = —e, -dS. (1.61b)

We note that (1.61a) and (1.61b) are consistent with (1.58b) once the tricky issue of signs is sorted
out. Using (1.58a), (1.61a) and (1.61b), equation (1.60) can be rewritten as

///aude //uzez ds + //uzez dS = //uzez ds, (1.62a)

since 1 + S = S. Similarly by permutation (i.e. © — y, y — 2z and z — x),

///8uydv /S/uyey.ds, ///&de:é/uwew.ds_ (1.62b)

Adding the above results we obtain the divergence theorem (1.57):

/V/ V-udV/S/u-dS.
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1.6.2 Stokes’ Theorem

Let S be a ‘nice’ open surface bounded by a ‘nice’ closed curve C.'! Let u(r) be a ‘nice’ vector field.?

Then
//qu-dS:%u-dr, (1.63)

s c
where the line integral is taken in the direction of C as specified by the ‘right-hand rule’.

Stokes’ theorem thus states that the flux of V x u
across an open surface S is equal to the circulation
of u round the bounding curve C.

QOutline Proof. Given an extra half lecture I might
just be able to get somewhere without losing too
many of you. If you are really interested then my IA
Mathematical Tripos notes on Vector Calculus are
available on the WWW at

http://damtp.cam.ac.uk/user/cowley/teaching/.

1.6.3 Examples and Applications

1. A body is acted on by a hydrostatic pressure force
p = —pgz, where p is the density of the surrounding
fluid, g is gravity and z is the vertical coordinate.
Find a simplified expression for the pressure force
on the body starting from

F:—é/pds. (1.64)

Answer. Consider the individual components of u
and use the divergence theorem. Then

ez.F:_//pez.dsz_///v.(pez)dvz_///dezg///pdvzzug,
s v % v

(1.65a)
where M is the mass of the fluid displaced by the body. Similarly

e, -F=— V. (pey)dV =— MdV:O, (1.65b)
J J Ox

and e, - F = 0. Hence we have Archimedes’ Theorem that an immersed body experiences a loss of
weight equal to the weight of the fluid displaced:

F=Mge,. (1.65c¢)

2. Show that provided there are no singularities, the integral

/ V- dr, (1.66)
c

11 Or to be slightly more precise: let S be a piecewise smooth, open, orientated, non-intersecting surface bounded by a
simple, piecewise smooth, closed curve C.
12 For instance a vector field with continuous first-order partial derivatives on S.
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3/02

where ¢ is a scalar field and C is an open path joining two fixed points A and B, is independent of
the path chosen between the points.
Answer. Consider two such paths: C; and Ce. Form
a closed curve C from these two curves. Then using
Stokes” Theorem and the result (1.42) that a curl of
a gradient is zero, we have that

I
-
<
X
<
&
o
n

Application. If ¢ is the gravitational potential, then g = —V is the gravitational force, and
/. o (=V)-dr is the work done against gravity in moving from A to B. The above result demonstrates
that the work done is independent of path.

1.6.4 Interpretation of divergence

Let a volume V be enclosed by a surface S, and consider
a limit process in which the greatest diameter of V tends
to zero while keeping the point rg inside V. Then from
Taylor’s theorem with r = rg 4 dr,

//vv.u(r)dv:///V(V.u(ro)—i—"')dv:V'u(ro)|V|+...,

where |V| is the volume of V. Thus using the divergence theorem (1.57)

1
V.-u= lim —//u~dS, 1.68
vi=o [Vl J, (165

where S is any ‘nice’ small closed surface enclosing a volume V. It follows that V - u can be interpreted
as the net rate of flux outflow at r¢ per unit volume.

Application. Suppose that v is a velocity field. Then

V.v>0 = [[v-dS>0 = net positive flux = there exists a source at ro;
S

V-v<0 = [[v-dS<0 = netnegative flux = there exists a sink at r¢.
s

1.6.5 Interpretation of curl

Let an open smooth surface S be bounded by a curve C.
Consider a limit process in which the point ry remains
on S, the greatest diameter of S tends to zero, and the
normals at all points on the surface tend to a specific
direction (i.e. the value of n at rg). Then from Taylor’s
theorem with r = rg + dr,
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//(Vxu(r))-dS://(Vxu(r0)+...)-dS:Vxu(r0)~ﬁ|8\+...,
S S
where |S] is the area of S. Thus using Stokes’ theorem (1.63)
B (V xu) = li 174 d (1.69)
n u) = lim 5] Cu r, .

where S is any ‘nice’ small open surface with a bounding curve C. It follows that n - (V x u) can be
interpreted as the circulation about n at rg per unit area.

Application.
Consider a rigid body rotating with angular velocity
w about an axis through 0. Then the velocity at a
point r in the body is given by

V=wXTr. (1.70)

Suppose that C is a circle of radius a in a plane nor-
mal to w. Then the circulation of v around C is

27
% v-dr = / (wa) adé = 2ma*w. (1.71)
c 0

Hence from (1.69)
w-(Vxv)=lim i?{V~dr:2w. (1.72)
c

a—0 Ta?

We conclude that the curl is a measure of the local rotation of a vector field.

Ezercise. Show by direct evaluation that if v=w X r then V x v = 2w.

1.7 Orthogonal Curvilinear Coordinates
1.7.1 What Are Orthogonal Curvilinear Coordinates?

There are many ways to describe the position of points in space. One way is to define three independent
sets of surfaces, each parameterised by a single variable (for Cartesian coordinates these are orthogonal
planes parameterised, say, by the point on the axis that they intercept). Then any point has ‘coordinates’
given by the labels for the three surfaces that intersect at that point.

The unit vectors analogous to e;, etc. are the
unit normals to these surfaces. Such coordinates
are called curvilinear. They are not generally much
use unless the orthonormality condition (1.2), i.e.
e; - e; = 0;;, holds; in which case they are called
orthogonal curvilinear coordinates. The most com-
mon examples are spherical and cylindrical polar co-
ordinates. For instance in the case of spherical po-
lar coordinates the independent sets of surfaces are
spherical shells and planes of constant latitude and
longitude.

It is very important to realise that there is a key difference between Cartesian coordinates and other
orthogonal curvilinear coordinates. In Cartesian coordinates the directions of the basis vectors e;, e,, e,
are independent of position. This is not the case in other coordinate systems; for instance, e, the normal
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to a spherical shell changes direction with position on the shell. It is sometimes helpful to display this

dependence on position explicitly:
e; = ei(r) . (173)

1.7.2 Relationships Between Coordinate Systems

Suppose that we have non-Cartesian coordinates, ¢; (i = 1,2,3). Since we can express one coordinate
system in term of another, there will be a functional dependence of the ¢; on, say, Cartesian coordinates
Y, 2, i.e.

For cylindrical polar coordinates and spherical polar coordinates we know that:

Cylindrical Polar Spherical Polar
Coordinates Coordinates

¢ p= (x2+y2)1/2 r= (x2+y2+22)1/2
p; ¢ =tan"t (¥) 0 =tan~! ((z2+y2)1/2>
a3 2 ¢ = tan™" (y/x)

Remarks

1. Note that ¢; = ¢; (i = 1,2, 3), where the ¢; are constants, define three independent sets of surfaces,
each ‘labelled’ by a parameter (i.e. the ¢;). As discussed above, any point has ‘coordinates’ given
by the labels for the three surfaces that intersect at that point.

2. The equation (1.74) can be viewed as three simultaneous equations for three unknowns z,y, z. In
general these equations can be solved to yield the position vector r as a function of q = (q1, 2, ¢3),
ie.r=r(q) or

r=x(q1,92,93), y=y(q1,q2,93), z=2(q1,42,43). (1.75)

For instance:

Cylindrical Polar | Spherical Polar
Coordinates Coordinates
T pCos @ 7 cos ¢ sin 6
Y psin g 7 sin ¢ sin
z z rcosf

3/01
1.7.3 Incremental Change in Position or Length.
Consider an infinitesimal change in position. Then, by the chain rule, the change dz in x(q1, ¢2,¢3) due
to changes dg; in ¢; (1 = 1,2,3) is

dx = %dql + %dQQ + ﬁqu 317

= —dg; . 1.76
oq 0q2 0q3 7 dq; & L76)
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Using similar results for dy and dz, the vector displacement dr is

dr = dze,+dye,+dze,
Ox y 0z
= —dg; | ex + —dg; | e, + —dg; | e
Z 94, q; Z dg; qj | ey ~ g, 4q;
J J J
Ox Oy 0z )
= —e,+——e,+-——e,|dg
zj: <5qj dg; " 9y ’
= Y hidg, (1.77a)
where !
Oz oy 0z or(q) .
h. — 7ex+7e _|_7ez — :1,273 . 177b
Z g dg; ¥ g 9q; U ) (LT

Thus the infinitesimal change in position dr is a vector sum of displace-
ments h;(r) dg; ‘along’ each of the three g-axes through r.

Remark. Note that the h; are in general functions of r, and hence the directions of the g-axes vary in
space. Consequently the g-axes are curves rather than straight lines; the coordinate system is said
to be a curvilinear one.

The vectors h; are not necessarily unit vectors, so it is convenient to write
h; =hje; (j=123), (1.78)
where the h; are the lengths of the h;, and the e; are unit vectors i.e.

o

o 1 Or
J_aqj

— = (j=1,23). 1.79
W U ) (1.79)

and e; =

Again we emphasise that the directions of the e;(r) will, in general, depend on position.

1.7.4 Orthogonality

For a general g; coordinate system the e; are not necessarily mutually orthogonal, i.e. in general

eire; #0 fori#j.
However, for orthogonal curvilinear coordinates the e; are required to be mutually orthogonal at all
points in space, i.e.

ejre; =0 if i#7.

Since by definition the e; are unit vectors, we thus have that

€;,-€; = 51’]’ . (180)

An identity. Recall from (0.11b) that

3
Z ajéij = a; . (181)
j=1
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Incremental Distance. In an orthogonal curvilinear coordinate system the expression for the incremental
distance, |dr|? simplifies. We find that

dr[> = dr-dr = (Z hidg; e¢> . Zhjdqj e; from (1.77a) and (1.78)
i j
= _(hidg;)(h;dg;) e - e;
irj
= (hidg;)(h;dg;) i from (1.80)
i\j
= hi(dg)*. from (1.81) with a; = hjdg;  (1.82)

Remarks.

1. All information about orthogonal curvilinear coordinate systems is encoded in the three functions
h; (j=1,2,3).

2. It is conventional to order the g; so that the coordinate system is right-handed.
1.7.5 Spherical Polar Coordinates

In this case g1 =7, go = 0, g3 = ¢ and

r rsinfcos¢e, +rsinfsinge, +rcosbe,
(rsinfcos ¢, rsinfsing, rcosd). (1.83)
Hence
g—qu = % = (sin 6 cos ¢, sin f sin ¢, cos 9) ,
0 0
a—qrg = 8—; = (rcosfcos ¢, cosfsin ¢, —rsinb) ,
0 0
a—qz = a—; = (—rsinfsin ¢, rsind cos ¢, 0) .
It follows from (1.79) that
hy = ;—r =1, e; = e, = (sinf cos ¢, sinfsin ¢, cos ), (1.84a)
q1
Or . .
ho = o0 =r, es = eg = (cos cos ¢, cos B sin ¢, —sin6) , (1.84b)
2
Or . .
hs =|=—|=rsind, e3 =e, = (—sing,cos¢,0). (1.84c¢)
9q3
Remarks.
e e -e; = 0; and e; X ey = es, i.e. spherical polar coordinates are a right-handed orthogonal

curvilinear coordinate system. If we had chosen, say, ¢ = 7, g2 = ¢, g3 = 0, then we would have
ended up with a left-handed system.

® e, ep and ey are functions of position.

e Recalling from (1.77a) and (1.78) that the h; give the components of the displacement vector dr
along the 7,60, and ¢ axes, we have that

dr:Zhjdqjej:drer+rd9eg+rsin0d¢e¢. (1.85)
J
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1.7.6 Cylindrical Polar Coordinates
In this case ¢1 = p, @2 = ¢, q3 = z and

r = pcospe, +psinge, +ze,
— (peose, psing,z).

FEzxercise. Show that

Or Or
— = — = (cos¢,sin g, 0),
S = 5o = (cosd.sing, 0
or or
— = — = (—psing, pcoso, 0),
9~ 99 (=psing, pcose, 0)
Or Or
— = —=(0,0,1).
o 0 (0,0,1)
and hence that
Or .
hi=|=—|=1, e =e, = (cosp,sin¢,0), (1.86a)
o1
or .
he = |=—|=p, ey = ey = (—sing,cos,0), (1.86b)
9q2
hs= |51 21, ey—e. = (0,0,1) (1.86c)
3 = aqs -1, 3 — €z — s sy . .

Remarks.

e e -e; = 0;; and e; X ex = es, i.e. cylindrical polar coordinates are a right-handed orthogonal
curvilinear coordinate system.

e e, and ey are functions of position.

1.7.7 Volume and Surface Elements in Orthogonal Curvilinear Coordinates

Consider the volume element defined by the three
displacement vectors dr; = h; e;dg; along each of the
three g-axes. For orthogonal curvilinear coordinate
systems this is

dVv dl‘l X dI‘2 . dI’3

hihshsdgidgedgz er x €3 - e3
hihahs dgidgadgs . (1.87)

Ezample: Spherical Polar Coordinates. For spherical polar coordinates we have from (1.84a), (1.84b),

(1.84c) and (1.87) that
dV = r?sin 0 drdfde . (1.88)

The volume of the sphere of radius a is therefore

a T 27
///dV:/ dr/ da/ de¢ r*sinf = 2 ead, (1.89)
3 0 0 0 3
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4/02
4/03
4/04

The surface element can also be deduced for arbi-
trary orthogonal curvilinear coordinates. First con-
sider the special case when dS || es, then

dS = (hldqlel) X (hgdggez)
= hl hQ dlhd(]Q €3 . (190)
In general
dS = sign(n - e1)hahs dgadgs €1 + sign(n - e)hshy dgsdgy e + sign(n - e3)hiha dgrdgs €3 . (1.91)

1.7.8 Gradient in Orthogonal Curvilinear Coordinates

First we recall from (1.10) that for Cartesian coordinates and infinitesimal displacements d¢ = V) - dr.

Definition. For curvilinear orthogonal coordinates (for which the basis vectors are in general functions
of position), we define V4 to be the vector such that for all dr

Ay = Vi - dr. (1.92)

In order to determine the components of Vi when 1) is viewed as a function of q rather than r, write

Vi = Zeiai ; (1.93)

then from (1.77a), (1.78), (1.80), (1.81) and (1.92)
dyp = Zeiai . Zhjejdqj Zal (hjdgj)e; - e; = Zaz (hidg;) . (1.94)
i j i

But according to the chain rule, an infinitesimal change dq to q will lead to the following infinitesimal
change in ¢ = ¥(q1, g2, q3)

oY
v f dq;

— Z (}j ZZ) (hidg;) . (1.95)

Hence, since (1.94) and (1.95) must hold for all dg;,

1 oy
and from (1.93)
& _ (1o 10y 10y
VY= Z hi Oq; <h1 g1 ha 0q2” hs 56]3) ' (1.97)

Remark. Each term has dimensions ‘¢)/length’.

As before, we can consider V1) to be the result of acting on ¢ with the vector differential operator

V= jE:‘*iz aqz (1.98)
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1.7.9 Examples of Gradients

Cylindrical Polar Coordinates. In cylindrical polar coordinates, the gradient is given from (1.86a), (1.86b)
and (1.86¢) to be
0 10 0

Ve, + eyt e
e”ap * e¢p3¢ tegs

(1.99a)

Spherical Polar Coordinates. In spherical polar coordinates the gradient is given from (1.84a), (1.84b) and

(1.84c) to be
% + eg12 + e Li (1.99b)

vV=er r 00 ¢Tsin93¢

1.7.10 Divergence and Curl

We can now use (1.98) to compute V - F and V x F in orthogonal curvilinear coordinates. However,
first we need a preliminary result which is complementary to (1.79). Using (1.98), and the fact that (see
(0.8b))

0 _ dij, 1.e. that (&h) =1, (aq1> =0, etc., (1.100a)
aqj 8(]1 42,93 8(12 q1,93
we can show that
1 0g; € )
Vi = Ej:ej W o0 Z b 7’ ie. that e = h;Vg;. (1.100b)

We also recall that the e; form an orthonormal right-handed basis; thus e; = ey x ez (and cyclic
permutations). Hence from (1.100b)

e; = haVgo x h3Vq3, and cyclic permutations. (1.100c¢)

Divergence. We have with a little bit of inspired rearrangement, and remembering to differentiate the e;
because they are position dependent:

V.- F=V. <ZFe>

=V. ((h2h3F1) (ﬁ)) + cyclic permutations

_— - V(hahsFy) + hohs F1 'V - + cyclic permutations using (1.41a)
h2h3 h2h3
e 1 0
= h2}113 Z <h 9 (h2h3F1)> + hah3F1V - (Vg2 x Vg3)
+ cyclic permutations . using (1.98) & (1.100c)

Recall from (1.80) that e - e; = 01, and from example (1.47), with p = ¢» and ¢ = g3, that
V- (Vg2 x Vg3) =

It follows that

1 0 0 0
V- F=_—— hahs F' hzh1Fs) + =—(h1hoF3) | . 1.101
i (g (halaFi) + o (halaFo) 4 (il ) (1.101)

Cylindrical Polar Coordinates. From (1.86a), (1.86b), (1.86¢) and (1.101)

) 10 18F¢ 6F
divF = ——(pF,) +
pap(p p) 00

(1.102a)
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Spherical Polar Coordinates. From (1.84a), (1.84b), (1.84c) and (1.101)

10 1 0 1 OF,
divF = — — (r? 0 F, =2, 1.102b
W= g ) g ae B+ e a0 (1.102b)
4/01
Curl. With a little bit of inspired rearrangement we have that
VXxF =V x (ZE&)
€;
Z ) (( )(hi))
= ZV (hiFy) x — + Zh F; (V x V) using (1.41b) & (1.100b)
1 9(hF)) .
= ZZ (h I ) e; xe;. using (1.42) & (1.98)
But e; x ez = e3 and cyclic permutations, and e, x e = 0, hence
VxF — (31 (8(h3F3) _ 8(h2F2)) n €9 (8(h1F1) _ 8(h3F3)>
hahs 9q2 Jqs3 hshy Jqs o1
ez (0(haFy) 3(h1F1))
hihs ( 8(]1 a(b ( )
All three components of the curl can be written in the concise form
hier haes hses
1 ) ) 0 Key
V X F = th2h3 qu qu 87(13 . (1103b) Result
hiFy  hoFs hgFs
Cylindrical Polar Coordinates. From (1.86a), (1.86b), (1.86¢) and (1.103b)
) e, pes; e,
curl F = p 0, 0y O (1.104a)
F, pF, F.
10F F, F F, 1 F, 10F
— 10F, 0Fy OF, OF. 10(pFs) 10F, ) (1.104b)
p 0¢ 0z 0z ap 'p Op p 0¢

Spherical Polar Coordinates. From (1.84a), (1.84b), (1.84c) and (1.103b)

) e, reg rsinfe,
IF=——10. 1.1
cur 7 Or Op 0y (1.105a)
F. rFy rsinfF,

1 d(sin® Fy)  OFp 1 OF. 10(rFy) 10(rFy) 10K,
00 0¢

"rsin® 06 or 'r or rae) (1.105b)

rsin 6

Remarks.

1. Each term in a divergence and curl has dimensions ‘F'/length’.

2. The above formulae can also be derived in a more physical manner using the divergence theorem
and Stokes’ theorem respectively.
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1.7.11 Laplacian in Orthogonal Curvilinear Coordinates

Suppose we substitute F = V4 into formula (1.101) for the divergence. Then since from (1.97)

1o
z_hiaQi’

we have that

1 0 hohs 81/)) 0 <h3h1 37,/}) 0 <h1h2 oY >)
= V. Ve — (( CANCE Wy, 2 YY), (1106
v v hihahs \Oq1 \ h1 Oq 0g2 \ ha Ogo Ogqs \ hs Ogs ( )

We thereby deduce that in a general orthogonal curvilinear coordinate system

1 0 [ hahs O 0 (hshy O 0 (hihy O
v (( >+( )+< )> 1.107
hihohs \0q1 \ h1 Oqi Oq2 \ ha Ogo O0gqz \ hs Ogs ( )

Cylindrical Polar Coordinates. From (1.86a), (1.86b), (1.86¢) and (1.107)

10 [ o 182 0%
_1 v 1.1
p Op (p 3P> " p? 0? NEE (1.1082)

vy

Spherical Polar Coordinates. From (1.84a), (1.84Db), (1.84¢) and (1.107)

o, _ L0 [ ,00 1 0 (. 0% 1 9%
Vi = r2 Or " or + r2sinf 00 sin 6 ol + r2sin?6 0¢?’ (1.108b)
192 1 0 /. o 1 0%
= 572 (ry) + T f 90 (blnﬁ 89) + s’ 000 (1.108c¢)

Remark. We have found here only the form of V? as a differential operator on scalar fields. As noted
earlier, the action of the Laplacian on a vector field F is most easily defined using the vector
identity

VZF=V(V -F)-Vx(VxF). (1.109)

Alternatively V2F can be evaluated by recalling that
VQF = VQ(Flel + Fres + F3e3) R

and remembering (a) that the derivatives implied by the Laplacian act on the unit vectors too, and
(b) that because the unit vectors are generally functions of position (V2F); # V2F; (the exception
being Cartesian coordinates).

1.7.12 Further Examples

Evaluate V -r, V x r, and V2 (%) in spherical polar coordinates, where r = r e,.. From (1.102b)

10 ,, .
V'r:ﬁE(T .r):?), as in (1.37).

From (1.105b)

1 or 10r )
V xr= <O7T51n€a¢7_’r80) —(O,O,O)7 as 1m (138)

From (1.108c) for r # 0

(1Y 1P (Y o i (155 with
\Y (r = 52\ =0, asin (1.53) with n = —1. (1.110)
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1.7.13 Aide Memoire

Orthogonal Curvilinear Coordinates.

1 0

1 0 0 0
divF = ——(hahsFy) + — (hsh1F5) + —(hihao F: .
v hihohs (3(]1( 2hsF1) 5Q2( 3hF) BQS( 1 3)>

hiey hpes hges

1 o 8
hihohs dq1  O0q2  Ogs
hi1F1 hoFy h3F3

Trum L (0 (taha Y 0 (b 08y 0 (e 00)
hihahs \Oq1 \ h1i Oq O0g2 \ ha Oqo Oq3 \ hs Ogs -

Cylindrical Polar Coordinates: ¢1 = p, h1 =1, ga = ¢, ho = p, g3 = 2z, hg = 1.

curl F =

0] 10 0
V—epafp + e(p;

%+ezaz.

VOF, |, OF.
p 0¢ 0z

10
divF = - —(pF,) +

L|er pee e
curlF = —-190, 04 O,
P\F, pF, F.

 (LOF _9F 95, OF: 100F) _10%,)

10 ( 81/}) 1 0% 0%
= p— | + .
dp

Spherical Polar Coordinates: ¢; =1, h1 =1, go =60, ho =1, g3 = ¢, hg = rsinf.

V =e ﬁ + e 12 + e Li
- T or o 00 ®rsing op
10 1 0 1 OF,
divF = = — (r*F, — (sinf F, =2,
v r2 Or (r )+7“sin9 89(Sm 0)+rsin0 0¢

) e. reg rsinfey
curl F = m 87- 89 6¢
F,. rFy rsin0Fy

00 9¢ ) rsind d¢ r or r or r 00

rsinf

_( 1 (8(sin0F¢)_8F9> 1 _OF 10(rFy) la(ng)_laFr)

10 [ ,0¢ 1 9 (. o I
2 _ - 2Y 7 I b i
ViV =55 (T ar) T 256 00 (Sme ae) T2 smZ0 967
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2 Partial Differential Equations

2.0 Why Study This?

Many (most?, all?) scientific phenomena can be described by mathematical equations. An important
sub-class of these equations is that of partial differential equations. If we can solve and/or understand
such equations (and note that this is not always possible for a given equation), then this should help us
understand the science.

2.1 Nomenclature

Ordinary differential equations (ODEs) are equations relating one or more unknown functions of a vari-
able with one or more of the functions’ derivatives, e.g. the second-order equation for the motion
of a particle of mass m acted on by a force F

d?r(t)
m-gm = F, (2.1a)
or equivalently the two first-order equations
r(t)=v(t) and mv(t) =F(t). (2.1b)

The unknown functions are referred to as the dependent variables, and the quantity that they
depend on is known as the independent variable.

Partial differential equations (PDEs) are equations relating one or more unknown functions of two or
more variables with one or more of the functions’ partial derivatives with respect to those variables,
e.g. Schrodinger’s equation (1.50b) for the quantum mechanical wave function ¥ (x, y, z,t) of a non-
relativistic particle:

2m

R oror 0% o2 e

Linearity. If the system of differential equations is of the first degree in the dependent variables, then
the system is said to be linear. Hence the above examples are linear equations. However Euler’s
equation for an inviscid fluid,

Ou
p (81& + (u- V)u> =—-Vp, (2.3)
where u is the velocity, p is the density and p is the pressure, is nonlinear in u.

Order. The power of the highest derivative determines the order of the differential equation. Hence (2.1a)
and (2.2) are second-order equations, while each equation in (2.1b) is a first-order equation.

2.1.1 Linear Second-Order Partial Differential Equations

The most general linear second-order partial differential equation in two independent variables is

0? 0? 0? 0 0
) g+ o) g el )G+ ele )G+ fay = gen). (24)

We will concentrate on examples where the coefficients, a(x,y), etc. are constants, and where there are
other simplifying assumptions. However, we will not necessarily restrict ourselves to two independent
variables (e.g. Schrodinger’s equation (2.2) has four independent variables).
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2.2 Physical Examples and Applications

2.2.1 Waves on a Violin String

Consider small displacements on a stretched elastic string of
density p per unit length (when not displaced). Assume that
all displacements y(x,t) are vertical (this is a bit of a cheat),
and resolve horizontally and vertically to obtain respectively

Tycosfy = Tjcosby, (2.5a)
( dm)@ = Tysinfy — Ty sind
P oz 12 2 1 1
= Thcosfy (tanfy —tan6y) . (2.5b)
In the light of (2.5a) let
T=T,cos0; (j=1,2), (2.6a)
and observe that
tan g = %y (2.6b)
Oz '
Then from (2.5b) it follows after use of Taylor’s theorem that
62
pdzx a—tg = T (tanfy —tanb,)

0 0
T <8xy(33 +da,t) — aIy(az:,t))

82
= Ta—agdx—i- o (2.7)
and hence, in the infinitesimal limit, that
O’y T oy 93
o = pon (28)

This is the wave equation with wavespeed ¢ = / % In general the one-dimensional wave equation is

%y _ ,0%

2.2.2 Electromagnetic Waves

The theory of electromagnetism is based on Maxwell’s equations. These relate the electric field E, the
magnetic field B, the charge density p and the current density J:

V-E = 2, (2.10a)
€0
oB
E = -2 2.1
V x o (2.10b)
1 9E
VxB = ,qu—F 0*2 E, (2100)
V.B = 0, (2.10d)

where ¢ is the dielectric constant, pg is the magnetic permeability, and ¢? = (upeg) ! is the speed of
light. If there is no charge or current (i.e. p =0 and J = 0), then from (2.10a), (2.10b), (2.10c) and the
vector identity (1.51a):

1 O°E B
2 38? =V x aa—t using (2.10c) with J =0
=-V x (VxE) using (2.10b)
=V’E-V (V- -E) using identity (1.51a)
=V’E. using (2.10a) with p =0 (2.11)
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We have therefore recovered the three-dimensional wave equation (cf. (2.9))

PE_ (0 PP
o2 '

0x2  Oy? 022 (2.12)

Remark. The pressure perturbation of a sound waves satisfies the scalar equivalent of this equation (but
with ¢ equal to the speed of sound rather than that of light).

2.2.3 Electrostatic Fields

Suppose instead a steady electric field is generated by a known charge density p. Then from (2.10b)
VXE=0,

which implies from (1.45) that there exists an electric potential ¢ such that
E=-Vop. (2.13)

It then follows from the first of Maxwell’s equations, (2.10a), that ¢ satisfies Poisson’s equation

Vip=-L (2.14a)
€0
ie. o2 92 92
p
= 4+ 2 42 = 2.14b
<8x2 * 0y? * 822) v €0 ( )
2.2.4 Gravitational Fields
A Newtonian gravitational field g satisfies
V-g=—-4nGp, (2.15a)
and
Vxg=0, (2.15Db)

where G is the gravitational constant and p is mass density. From the latter equation and (1.45) it follows
that there exists a gravitational potential ¢ such that

g=—-Vop. (2.16)
Thence from (2.15a) we deduce that the gravitational potential satisfies Poisson’s equation

V2p = 4nGp. (2.17)
Remark. Electrostatic and gravitational fields are similar!

2.2.5 Diffusion of a Passive Tracer

Suppose we want describe how an inert chemical diffuses through a solid or stationary fluid.!3

Denote the mass concentration of the dissolved
chemical per unit volume by C(r,t), and the ma-
terial flux vector of the chemical by q(r,t). Then
the amount of chemical crossing a small surface dS
in time dt is

local flux = (q - dS) dt.

13 Reacting chemicals and moving fluids are slightly more tricky.
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Hence the flux of chemical out of a closed surface S enclosing a volume V in time §t is

surface flux = //q -dS | ot. (2.18)

Let Q(r,t) denote any chemical mass source per unit time per unit volume of the media. Then if the
change of chemical within the volume is to be equal to the flux of the chemical out of the surface in

time ot
//q-dS ot = — %// cdv | ot + // QdV | ét. (2.19a)

Hence using the divergence theorem (1.57), and exchanging the order of differentiation and integration,

/// (V q+_Q> V=0, (2.19b)

But this is true for any volume, and so

aC
S =-V-atQ. (2.20)

The simplest empirical law relating concentration flux to concentration gradient is Fick’s law
q=-DVC(C, (2.21)

where D is the diffusion coefficient; the negative sign is necessary if chemical is to flow from high to low
concentrations. If D is constant then the partial differential equation governing the concentration is
oC

—— = DV? ) 2.22
5 VC+Q ( )

Special Cases.

Diffusion Equation. If there is no chemical source then ) = 0, and the governing equation becomes the
diffusion equation

%—f = DV?3C. (2.23)

Poisson’s Equation. If the system has reached a steady state (i.e. 9; = 0), then with f(r) = Q(r)/D the
governing equation is Poisson’s equation

Vi€ =—f. (2.24)

Laplace's Equation. If the system has reached a steady state and there are no chemical sources then the
concentration is governed by Laplace’s equation

ViC =0. (2.25)

2.2.6 Heat Flow

What governs the flow of heat in a saucepan, an engine block,
the earth’s core, etc.? Can we write down an equation?

Let q(r,t) denote the flux vector for heat flow. Then the
energy in the form of heat (molecular vibrations) flowing out

of a closed surface S enclosing a volume V in time 4§t is again
(2.18). Also, let

E(r,t) denote the internal energy per unit mass of the solid,
Q(r,t) denote any heat source per unit time per unit volume of the solid,
p(r,t) denote the mass density of the solid (assumed constant here).
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The flow of heat in/out of S must balance the change in internal energy and the heat source over, say,
a time ¢ (cf. (2.19a))

é/q-dS ot = — (i/v//pEdV ot + /v/ Qd4V | ét.

For ‘slow’ changes at constant pressure (1st and 2nd law of thermodynamics)
E(r,t) = c,0(r,t), (2.26)

where 6 is the temperature and ¢, is the specific heat (assumed constant here). Hence using the divergence
theorem (1.57), and exchanging the order of differentiation and integration (cf. (2.19b)),

///(V-q+pcpng> dV =0.
%

But this is true for any volume, hence

00
Pep gy = -V.q+Q. (2.27)

Experience tells us heat flows from hot to cold. The simplest empirical law relating heat flow to temper-
ature gradient is Fourier’s law (cf. Fick’s law (2.21))

q=-kV0, (2.28)

where k is the heat conductivity. If k is constant then the partial differential equation governing the

temperature is (cf. (2.22))

o/ Q

where v = k/(pcp) is the diffusivity (or coefficient of diffusion).

2.2.7 Other Equations

There are numerous other partial differential equations describing scientific, and non-scientific, phenom-
ena. One equation that you might have heard a lot about is the Black-Scholes equation for call option
pricing

_ Y
ot or 2 Ox2’
where w(x,t) is the price of the call option of the stock, x is the variable market price of the stock, ¢ is
time, r is a fixed interest rate and v? is the variance rate of the stock price!™*

(2.30)

Also, despite the impression given above where all the equations except (2.3) are linear, many of the most
interesting scientific (and non-scientific) equations are nonlinear. For instance the nonlinear Schrédinger
equation

0A 0°A

i— 4+ — = A|A|?,

ot 0x?
where i is the square root of -1, admits soliton solutions (which is one of the reasons that optical fibres
work).

1 Tt’s by no means clear to me what these terms mean, but http://www.physics.uci.edu/ silverma/bseqn/bs/bs.html
is one place to start!
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2.3 Separation of Variables

You may have already met the general idea of ‘separability’ when solving ordinary differential equations,
e.g. when you studied separable equations to the special differential equations that can be written in the
form

X(z)dz = Y(y)Jdy = constant.
—— ——
function of x  function of y

Sometimes functions can we written in separable form. For instance,
f(z,y) =cosx expy = X(2)Y (y), where X =coszandY =expy,

is separable in Cartesian coordinates, while

1

r,Y,2) = ————"—"—" "1
9(@3,7) (22 + 9% + 22)3

is not separable in Cartesian coordinates, but is separable in spherical polar coordinates since

g=R(r)©O(0)®(¢) where R=1 ©=1land®=1.

Solutions to partial differential equations can sometimes be found by seeking solutions that can be written
in separable form, e.g.

Time & 1D Cartesians:  y(x,t) X(2)T(¢), (2.31a)
2D Cartesians:  ¢(z,y) = X(2)Y(y), (2.31b)
3D Cartesians: ¢(z,y,2) = X(x)Y(y)Z(z), (2.31¢)

Cylindrical Polars: v¢(p,$,2) = R(p)®(¢)Z(z), (2.31d)
Spherical Polars: ¢ (r, 6, ¢) R(r)0(6)® (o) . (2.31e)

However, we emphasise that not all solutions of partial differential equations can be written in this form.

2.4 The One Dimensional Wave Equation
2.4.1 Separable Solutions

Seek solutions y(x,t) to the one dimensional wave equation (2.9), i.e.

Py 0%
w = C @ 5 (232&)
of the form
y(z,t) = X(2)T(t). (2.32b)

On substituting (2.32b) into (2.32a) we obtain
XT=2TX",

where a ~ and a ’ denote differentiation by ¢ and z respectively. After rearrangement we have that

17T X'(x)
2T = xw = (2.33a)
—— ——

function of ¢ function of x

where A is a constant (the only function of ¢ that equals a function of x). We have therefore split the
PDE into two ODEs: )
T—-cANT=0 and X"-AX=0. (2.33b)

There are three cases to consider.
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A = 0. In this case

Tt)=X"(x)=0 = T=Ao+Bot and X = Cy+ Doz,
where Ag, By, Cy and Dg are constants, i.e.

A =02 > 0. In this case i}
T—c?T=0 and X" -—0’X=0.

Hence
T = A4, + Boe " and X = C,coshox + D, sinhox,

where A, B,, C, and D, are constants, i.e.
y = (Ase” + Bye ) (Cy coshox + D, sinhoz) . (2.34b)

Alternatively we could express this as
y= (Ag coshoct + B, sinh crct) (C‘Ue” + bae*”> , oras...

where A,, B,, C, and D, are constants.
A= —k? < 0. In this case )
T+k*PT=0 and X" +EkX=0.
Hence

T = Apcoskct + B sinkct and X = Cycoskx + Dy sinkx,

where Ay, By, Cy and Dy are constants, i.e.

y = (Ag cos ket + By sinket) (Cf, cos kx + Dy sinkx) . (2.34c)

Remark. Without loss of generality we could also impose a normalisation condition, say, CJ2 + DJQ- =1

2.4.2 Boundary and Initial Conditions

Solutions (2.34a), (2.34b) and (2.34c) represent three families of solutions.!® Although they are based
on a special assumption, we shall see that because the wave equation is linear they can represent a wide
range of solutions by means of superposition. However, before going further it is helpful to remember
that when solving a physical problem boundary and initial conditions are also needed.

Boundary Conditions. Suppose that the string considered in §2.2.1 has ends at z = 0 and x = L that
are fixed; appropriate boundary conditions are then

y(0,t) =0 and y(L,t)=0. (2.35)

It is no coincidence that there are boundary conditions at two values of x and the highest derivative
in x is second order.

Initial Conditions. Suppose also that the initial displacement
and initial velocity of the string are known; appropriate
initial conditions are then

9y
y(z,0) =d(z) and E(m, 0) =v(x). (2.36)
Again it is no coincidence that we need two initial condi-
tions and the highest derivative in ¢ is second order.

We shall see that the boundary conditions restrict the choice of .

15 Or arguably one family if you wish to nit pick in the complex plane.
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2.4.3 Solution

Consider the cases A =0, A < 0 and A > 0 in turn. These constitute an uncountably infinite number of
solutions; our aim is to end up with a countably infinite number of solutions by elimination.

A = 0. If the homogeneous, i.e. zero, boundary conditions (2.35) are to be satisfied for all time, then in
(2.34a) we must have that Cy = Dy = 0.

A > 0. Again if the boundary conditions (2.35) are to be satisfied for all time, then in (2.34b) we must
have that C, = D, = 0.

A < 0. Applying the boundary conditions (2.35) to (2.34c) yields

Cr=0 and DysinkL =0. (2.37)
If Dj, = 0 then the entire solution is trivial (i.e. zero), so the only useful solution has
sinkL =0 = kﬁ:%?, (2.38)

where n is a non-zero integer. These special values of k are eigenvalues and the corresponding
eigenfunctions, or normal modes, are
nwx

= sin —— . (2.39)

X, = Dz sin —

Hence, from (2.34c), solutions to (2.9) that satisfy the boundary condition (2.35) are

14 t
yn(x,t) = <.An cos m;c + B, sin mrLc> sin ? , (2.40)

where we have written A, for Anx Dnx and B, for Bax Dax. Since (2.9) is linear we can superimpose
(i.e. add) solutions to get the general solution

o0

t t
y(z,t) = Z (An cos n7Ich + B, sin m;c > sin 2% ’ (2.41)

L

n=1
where there is no need to run the sum from —oo to oo because of the symmetry properties of sin and

cos. We note that when the solution is viewed as a function of x at fixed ¢, or as a function of ¢ at fixed
x, then it has the form of a Fourier series.

The solution (2.41) satisfies the boundary conditions (2.35) by
construction. The only thing left to do is to satisfy the initial
conditions (2.36), i.e. we require that

>, nmwx
0) =d = in — 2.42
v 0) = die) = AL ()
y = nmwc . nwx
E(m, 0) = v(z) = BnT sin —— (2.42b)
n=1
A, and B, can now be found using the orthogonality relations for sin (see (0.18a)), i.e.
L
L
/0 sin ? sin ? dz = 3 Onm - (2.43)
Hence for an integer m > 0
2 [* 2 [P (S
Z/o d(zx)sin ?dx =7 /0 (Z A, sin anE> sin ?dx
n=1
= 24, /L . T mmT
= Z sin — sin dx
— L Jo
n=1
= 24, L
= ngl 'Zl 3 Onm using (2.43)
= An, using (0.11Db) (2.44a)
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or alternatively invoke standard results for the coefficients of Fourier series. Similarly

9 L
B, = / v(x) sin ? dz . (2.44b)
0

mmc

2.4.4 Unlectured: Oscillation Energy

A vibrating string has both potential energy (because of the stretching of the string) and kinetic energy
(because of the motion of the string). For small displacements the potential energy is approximately

L L
PE = / iTy? dx = / ip (cy/)” da, (2.45a)
0 0

L and the kinetic energy is approximately

since ¢2 = Tp~
L
KE = / 1py? dz. (2.45b)
0

Hence from (2.41) and (2.43)
> t
E A cos JrB sin m;c ) Tcos?) X

(Z A cosmL + B, Sinmﬂd>mﬂcosm> dx

PE =

L L L
t t t t 2L
= 1pc 2 2 s % 4 B, sin m;c > (Am cos mzc + By, sin mzc ) Lg: 3 Omn
2 00 el + 2
= z_: <.A cos T + B, sin m[r/c ) , (2.46a)
t
KE = % ( e -A, smnT—i—B cosnLC>sinnzx>><
nmc mmct 4B mmct\ . mrx d
Ay sin —— 7 m €08 — sin — x
nm nmet >
= Z ( A, sin — L + B,, cos T ) . (2.46b)
It follows that the total energy is given by
o~ e 2
E=PE+KE = ; 4L (A7 +B2) = norm;mdes (energy in mode) . (2.46¢)

Remark. The energy is conserved in time (since there is no dissipation). Moreover there is no transfer of
energy between modes.

Exzercise. Show, by averaging the PE and KFE over an oscillation period, that there is equi-partition of
energy over an oscillation cycle.

2.5 Poisson’s Equation

Suppose we are interested in obtaining solutions to Poisson’s equation

V3 =—f, (2.47a)
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where, say, 0 is a steady temperature distribution and f = Q/(pc,v?) is a scaled heat source (see (2.29)).
For simplicity let the world be two-dimensional, then (2.47a) becomes

9?9
<axQ + 8y2> o=—f. (2.47D)

Suppose we seek a separable solution as before, i.e. 8(z,y) = X ()Y (y). Then on substituting into (2.47b)
we obtain

-] (2.48)

It follows that unless we are very fortunate, and f(x,y) has a particular form (e.g. f = 0), it does not
look like we will be able to find separable solutions.

In order to make progress the trick is to first find alny] particular solution, 65, to (2.47b) (cf. finding
a particular solution when solving constant coefficient ODEs last year). The function © = 6 — 6, then
satisfies Laplace’s equation

V20 =0. (2.49)

This is just Poisson’s equation with f = 0, for which we have just noted that separable solutions exist.
To obtain the full solution we need to add these [countably infinite] separable solutions to our particular
solution (cf. adding complementary functions to a particular solution when solving constant coefficient
ODEs last year).

2.5.1 A Particular Solution

We will illustrate the method by considering the par-
ticular example where the heating f is uniform, f =1
wlog (since the equation is linear), in a semi-infinite rod,
0 < z, of unit width, 0 <y < 1.

In order to find a particular solution suppose for the
moment that the rod is infinite (or alternatively consider
the solution for z > 1 for a semi-infinite rod, when the
rod might look ‘infinite’ from a local viewpoint).

Then we might expect the particular solution for the temperature 6, to be independent of x, i.e.
0s = 05(y). Poisson’s equation (2.47b) then reduces to

d2%6,
47 =-1, (2.50a)
which has solution
0s = ao + boy — 3y, (2.50b)

where ag and by are constants.

2.5.2 Boundary Conditions

For the rod problem, experience suggests that we need to specify one of the following at all points on
the boundary of the rod:

e the temperature (a Dirichlet condition), i.e.
0=g(r), (2.51a)
where g(r) is a known function;

e the scaled heat flux (a Neumann condition), i.e.

90
on

n-vé=nh(r), (2.51b)
where h(r) is a known function;
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e a mixed condition, i.e.
a(r)% + B(r)f = d(r), (2.51¢)

where a(r), 8(r) and d(r) are known functions, and «(r) and §(r) are not simultaneously zero.
For our rod let us consider the boundary conditions

a0
f=0onz=00<y<1),y=00<z<o0)andy=1(0< 2z < ), and£—>0asx—>oo. (2.52)

For these conditions it is appropriate to take ag = 0 and by = 5 in (2.50b) so that

%zéml—w>0- (2.53)

Let © = 6 — 6, then O satisfies Laplace’s equation (2.49) and, from (2.52) and (2.53), the boundary
conditions

G:f%y(lfy)onxzo, O=0ony=0andy=1, andg—GHOasxﬂoo. (2.54)
x

2.5.3 Separable Solutions

On writing ©(z,y) = X (z)Y (y) and substituting into Laplace’s equation (2.49) it follows that (cf. (2.48))

X" (x) Y (y)
= - =, 2.55a
X(2) Y(y) (25%)
—— ——
function of function of y
so that
X"=AX =0 and Y’ +)Y =0. (2.55Db)

We can now consider each of the possibilities A = 0, A > 0 and A < 0 in turn to obtain, cf. (2.34a),
(2.34b) and (2.34c),

A=0.
A=0c2>0.

O = (Ase”” + Bye %) (C, cos oy + D, sinoy) . (2.56b)
A=—k2<0.

© = (A coskx + By sinkx) (Ckeky + Dke_ky) . (2.56¢)

The boundary conditions at y = 0 and y = 1 in (2.54) state that ©(z,0) = 0 and O(x,1) = 0. This
implies (cf. the stretched string problem) that solutions proportional to sin(nmy) are appropriate; hence
we try A = n?7m? where n is an integer. The eigenfunctions are thus

O = (Ane™™ + Bye ") sin(nmy) , (2.57)

where A,, and B,, are constants. However, if the boundary condition in (2.54) as x — oo is to be satisfied
then A,, = 0. Hence the solution has the form

e= Z Be™ "™ sin(nmy) . (2.58)
The B,, are fixed by the first boundary condition in (2.54), i.e. we require that

—y) = Z B, sin(nmy) . (2.59a)

n=1
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Using the orthogonality relations (2.43) it follows that

(-pm -1
B, =2 o
and hence that
= 4 ) _ o
P = B ) gy S D e
=0

or equivalently
o0

4
: 2 1 1— —(204+1)wx )
; . IO TENE sin((2¢ + 1)my) ( e )

2.6 The Diffusion Equation
2.6.1 Separable Solutions

Seek solutions C(z,t) to the one dimensional diffusion equation of the form
C(z,t) = X(x)T(t).

On substituting into the one dimensional version of (2.22),

oc _ orc
ot 0ox2’
we obtain '
XT=DTX".
After rearrangement we have that
1Ty X'
D T(t) X(x) I
—— ——

function of ¢ function of x

where ) is again a constant. We have therefore split the PDE into two ODEs:
T—-DX'=0 and X"—-)XX=0.
There are again three cases to consider.
A = 0. In this case )
Tt)=X"(z)=0 = T=c«ay and X =)+ oz,
where ag, Op and 7y are constants. Combining these results we obtain

C = ag(Bo+2),

or

¢ = fo+z,
since, without loss of generality (wlog), we can take ag = 1.

A =02 >0. In this case )
T—-Do?T=0 and X" —-0%X=0.

Hence
T=qa, exp(DaQt) and X = 3, coshox + 7, sinhoz,

where o, O, and 7, are constants. On taking a, = 1 wlog,

C = exp(Dd?t) (B, coshox + v, sinh o) .
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A = —k? < 0. In this case .
T+DK*T=0 and X"+k’X =0.

Hence
T = apexp(—DE*t) and X = B cos kx + vy, sin kx

where ay, [ and 7, are constants. On taking ap = 1 wlog,

C = exp(—DFk?t) (By cos kx + i sin kx) . (2.63c)

2.6.2 Boundary and Initial Conditions

Consider the problem of a solvent occupying the region
between x = 0 and x = L. Suppose that at ¢ = 0 there is
no chemical in the solvent, i.e. the initial condition is

C(z,0)=0. (2.64a)

Note that here we specify one initial condition based on
the observation that the highest derivative in ¢ in (2.22)
is first order.

Suppose also that for ¢ > 0 the concentration of the chemical is maintained at Cy at x = 0, and is 0 at
r=1L,1.e.

C0,t)=Cy and C(L,t)=0 for ¢>0. (2.64b)
Again it is no coincidence that there two boundary conditions and the highest derivative in x is second

order.

Remark. Equation (2.22) and conditions (2.64a) and (2.64b) are mathematically equivalent to a descrip-
tion of the temperature of a rod of length L which is initially at zero temperature before one of
the ends is raised instantaneously to a constant non-dimensional temperature of Cy.

2.6.3 Solution
The trick here is to note that

e the inhomogeneous (i.e. non-zero) boundary condition at z = 0, i.e C(0,t) = Cj, is steady, and

e the separable solutions (2.63b) and (2.63c) depend on time, while (2.63a) does not.

It therefore seems sensible to try and satisfy the the boundary conditions (2.64b) using the solution
(2.63a). If we call this part of the total solution C,(x) then, with Gy = Cy and v = —Cy/L in (2.63a),

Coo(z) = Co (1 - %) , (2.65)

which is just a linear variation in C' from Cy at x =0 to 0 at = L. Write
C(z,t) = Coo(z) + C(x, 1), (2.66)

where C is a sum of the separable time-dependent solutions (2.63b) and (2.63c). Then from the initial
condition (2.64a), the boundary conditions (2.64b), and the steady solution (2.65), it follows that

~ x
C(x,0) = —Co (1 - Z) : (2.672)
and B B
C(0,t) =0 and C(L,t)=0 for ¢t>0. (2.67Db)
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If the homogeneous boundary conditions (2.67b) are to be satisfied then, as for the wave equation,

separable solutions with A > 0 are unacceptable, while A = —k? < 0 is only acceptable if
Br=0 and ~,sinkL =0. (2.68a)
It follows that if the solution is to be non trivial then
nm
k= T (2.68Db)
The eigenfunctions corresponding to (2.68b) are
X, =T, sin ? , (2.68¢)

where I';, = yzz. Again, because (2.22) is a linear equation, we can add individual solutions to get the

general solution

. > 2 2Dt
Clz,t) = ;Fn exp (_n 22 ) sin nzx . (2.69)
The T, are fixed by the initial condition (2.67b):
x > . nmx
—Cy (1 - Z) = ;Fn sin ——. (2.70a)
Hence .
2C) T\ . mrx 2C
ry, =—— (1 — —) de = ——— 2.70b
L J L)Y T T (2.70b)
The solution is thus given by
T > 20, n’m2Dt nmwx
c = G (1 - Z) - ; —e ( | sin T (2.71a)
or from using (2.70a)
> 20, n2n2Dt . nTx
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The solution (2.71b) with Cy = 1 and L = 1, plotted at
times ¢t = 0.0001, ¢ = 0.001, t =0.01, ¢t =0.1 and t =1
(curves from left to right respectively).

Paradox. sin #7* is not a separable solution of the dif-

fusion equation.

Remark. Ast — oo in (2.71a)

C—Cy (1 - %) = Ou(2). (2.72)

Remark. Solution (2.71b) is odd and has period 2L. We
are in effect solving the 2 L-periodic diffusion prob-
lem where C' is initially zero. Then, at t = 0+, C
is raised to +1 at 2nL+ and lowered to —1 at
2nL— (for integer n), and kept zero everywhere
else.
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3 Fourier Transforms

3.0 Why Study This?
Fourier transforms, like Fourier series, tell you about the spectral (or harmonic) properties of functions.

As such they are useful diagnostic tools for experiments. Here we will primarily use Fourier transforms
to solve differential equations that model important aspects of science.

3.1 The Dirac Delta Function (a.k.a. Alchemy)

3.1.1 The Delta Function as the Limit of a Sequence

Consider the discontinuous function d. (x) defined for

€ >0 by
0 T < —¢€
bc(z)=¢ 5+ —e<az<e . (3.1a)
0 e<wx

Then for all values of ¢, including the limit ¢ — 0+,

/OO Oc(z)dx =1. (3.1b)

Further we note that for any differentiable function g(z) and constant &

0o E+e
[ ae-ad@a = [T L@

—€

- L [g(x)} o

2e E—e
= o (g(e+e) —g(e <)
= 50 e)—g g)) .
In the limit &€ — 0+ we recover from using Taylor’s theorem and writing ¢'(z) = f(x)
. e o . 1 / 1.2 1
Jim [ @ —Of(@)dr = T o ( 9(&) +eg'(§)+ 370" () + ...

—9(&) +eg' (&) — 329" (&) +...)
= f(§). (3.1¢)

We will view the delta function, §(x), as the limit as € — 0+ of J.(z), i.e.

o(x) = slir(r):_ 0 () . (3.2)

Applications. Delta functions are the mathematical way of modelling point objects/properties, e.g. point
charges, point forces, point sinks/sources.

3.1.2 Some Properties of the Delta Function
Taking (3.2) as our ‘definition’ of a delta function, we infer the following.

1. From (3.1a) we see that the delta function has an infinitely sharp peak of zero width, i.e.

5(z) = { o iig . (3.30)
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2. From (3.1b) it follows that the delta function has unit area, i.e.

B
0(x)de=1 forany a >0, 3>0. (3.3b)

—Q

3. From (3.1c), and a sneaky interchange of the limit and the integration, we conclude that the delta
function can perform ‘surgical strikes’ on integrands picking out the value of the integrand at one
particular point, i.e.

| a-grwan= . (3.30)

3.1.3 An Alternative (And Better) View

e The delta function 6(z) is not a function, but a distribution or generalised function.

e (3.3c) is not really a property of the delta function, but its definition. In other words d(z) is the
generalised function such that for all ‘good’ functions f(x)16

| sw-r@as=1©. (3.4)
—o0
e Given that §(z) is defined within an integrand as a linear operator, it should always be employed
in an integrand as a linear operator.!” 8/02
8/04

3.1.4 The Delta Function as the Limit of Other Sequences

The sequence represented by (3.1a) is not unique in tending to the delta function in an appropriate limit;
there are many such sequences of well-defined functions.

For instance we could have alternatively defined . (z) by

1 o0
be(z) = ctke—elkl qf; (3.5a)

21 o

0 o0
_ i (/ ezk:}c+6k dk’ +/ ezkmfek dk)
27 —o00 0

1 1 1
T ooar\w4e w—ce

e
= TF (3.5b)

We note by substituting = = ey that (cf. (3.1b))

> € & 1 1 oo
= [Ty = Laretany]” =1,
/,oo n(@® ) /,oo rZ+ 1) T R T

Also, by means of the substitution x = (£ +£z) followed by an application of Taylor’s theorem, the 8/03
analogous result to (3.1c) follows, namely

o0 oo

lim Oe(z =& f(x)de = lim 0c(e2) f(€ + €z) edz

e—0+ o e—0+ PO
e 1
Jim [ (@ e O+ )
= f)-.
16 By ‘good’ we mean, for instance, that f(x) is everywhere differentiable any number of times, and that
oo |dnf 2
/ ey dz < oo for all integers n > 0.
— 0o | dx™

17 However we will not always be holier than thou: see (3.6).
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Hence, if we are willing to break the injunction that §(z) should always be employed in an integrand as
a linear operator, we can infer from (3.5a) that

1 (o9}
é(z) = %/ err dk . (3.6)

Another popular choice for §.(z) is the Gaussian of width e

5u(w) = \/;?exp (-552) . (3.7a)

The analogous result to (3.1b) follows by means of the substi-
tution z = v/2ey:

oo 1 oo 1‘2 1 oo )
— _— = — — :1 .
/_Oodg(x)dx W/_ooexp( 2€2> dz ﬁ/_mexp( y’) dy (3.7b)

The equivalent result to (3.1c) can also be recovered, as above, by the substitution z = (£ +v/2¢2)
followed by an application of Taylor’s theorem.

3.1.5 Further Properties of the Delta Function

The following properties hold for all the definitions of d.(x) above (i.e. (3.1a), (3.5a) and (3.7a)), and
thence for § by the limiting process. Alternatively they can be deduced from (3.6).

1. 0(z) is symmetric. From (3.6) it follows using the substitution k = —¢ that

oo — 00 1 o0
0(—x) = %/ e ke dk = —%/ e dl = %/ T dl = 5(x). (3.8a)

— 00 — 00

2. 0(z) is real. From (3.6) and (3.8a), with * denoting a complex conjugate, it follows that

i (z) = — /OO e * Ak = §(—x) = 6(x). (3.8b)

3.1.6 The Heaviside Step Function

The Heaviside step function, H(x), is defined for x # 0 by

H(z) = {(1) i i 8 . (3.9)

This function, which is sometimes written 6(z), is discontinuous
at x = 0:
lim H(z) =0#1= lim H(x).
z—04

r—0—

There are various conventions for the value of the Heaviside step

function at = = 0, but it is not uncommon to take H(0) = 3.

The Heaviside function is closely related to the Dirac delta function, since from (3.3a) and (3.3b)

H(z) = /_ " s(e)de. (3.10a)

By analogy with the first fundamental theorem of calculus (0.1), this suggests that

H'(z) = d(x). (3.10b)
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Unlectured Remark. As a check on (3.10b) we see from integrating by parts that

| #e-gi@ar = [He-91@)]"_ - [ He-or@w

— /:0 f/(z)dx

f(oo) = [#@)]

3
= f(9.
Hence from the definition the delta function (3.4) we may identify H'(x) with 6(x).

3.1.7 The Derivative of the Delta Function

We can define the derivative of §(x) by using (3.3a), (3.3c) and a formal integration by parts:

[ te-or@an=fe-9f@] - [ se-or@a--re. e

3.2 The Fourier Transform
3.2.1 Definition

Given a function f(z) such that

| i@l < s,

we define its Fourier transform, f(k:) by

fk e M f(z) da (3.12)

L

Notation. Sometimes it will be clearer to denote the Fourier transform of a function f by F[f] rather
than f, i.e.
Flo]=. (3.13)

Remark. There are differing normalisations of the Fourier transform. Hence you will encounter definitions
1
where the (27)~2 is either not present or replaced by (27)~!, and other definitions where the —1kz
is replaced by +ikzx.

Property. If the function f(z) is real the Fourier transform f(k) is not necessarily real. However if f is
both real and even, i.e. f*(z) = f(x) and f(z) = f(—=x) respectively, then by using these properties
and the substitution x = —y it follows that f is real:

fr(k ™ f*(z) da from c.c. of (3.12)

m/
- = / &'k f(—z) dz since f*(z) = f(~a)

\/ﬁ/ e " f(y) dy let x = —y
= f(k). from (3.12) (3.14)

Similarly we can show that if f is both real and odd, then fvis purely imaginary, i.e. f* (k) = 7],;(]{)
Conversely it is possible to show using the Fourier inversion theorem (see below) that

e if both f and fare real, then f is even;
e if f is real and fis purely imaginary, then f is odd.
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3.2.2 Examples of Fourier Transforms

The Fourier Transform (FT) of e~?I*| (b > 0). First, from (3.5a) and (3.5b) we already have that

1 o kz—e|k| 9
_ LR —¢€ dk = -
27 /,ooe m(x? 4+ €2?)

For what follows it is helpful to rewrite this result by making the transformations x — ¢, k — =
and € — b to obtain

o 2b
Wx—blx _
[me | |dx77£2+b2. (3.15)

We deduce from the definition of a Fourier transform, (3.12), and (3.15) with ¢ = —F, that

Fletl = L [T e,
T J—c0
1 2b

=— 3.16

Vor TR (3.16)

The FTs of cos(az) e 1*l and sin(az)e*®l (b > 0). Unlectured. From (3.12), the definition of cosine,
and (3.15) first with £ = a — k and then with £ = a + k, it follows that

Fleos(az)e tl?l] = e e 1eT) e~ hr—blz| 1.

e ¢

b 1 1
= . 3.17
V2m ((a—k)2+b2+(a+k)2+b2> (3.172)
This is real, as it has to be since cos(az)e~?1*l is even.

Similarly, from (3.12), the definition of sine, and (3.15) first with £ = a — k and then with £ = a+k,
it follows that

1 o0
Flsin(az) eb1?1] 75 / (9% — ¢71a%) o—thz—blz| ..
W21 J -
—1b 1 1
- - . 3.17b
\/ﬂ((a—k‘)Q—f—bQ (a+k)2+b2> ( )

This is purely imaginary, as it has to be since sin(az)e~%*! is odd.

The FT of a Gaussian. From the definition (3.12), the completion of a square, and the substitution
x = (ey —1e%k),!8 it follows that

F [2;52 exp (_;;22)} = 2—71%_ 0; exp <_2z; - zkx) dx
= 2—71%_ 0; exp <—§ (% + zek)2 - éezkzz) dz
= % exp (—%62/62) /_O:o exp (—%y2) dy
= \/% exp (_%Esz) . (3.18)

Hence the FT of a Gaussian is a Gaussian.

The FT of the delta function. From definitions (3.4) and (3.12) it follows that

Fio(zx —a)] = \/12?/_00 §(z —a)e™* dx

1 —ika
= ——e . 3.19a
o (3.19)

18 This is a little naughty since it takes us into the complex z-plane. However, it can be fixed up once you have done
Cauchy’s theorem.
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Hence the Fourier transform of d(z) is 1/+/27. Recalling the description of a delta function as a
limit of a Gaussian, see (3.7a), we note that this result with @ = 0 is consistent with (3.18) in the
limit € — 0+.

The FT of the step function. From (3.9) and (3.12) it follows that
1 oo
FlH(x —a)] = — H(z —a)e” " dx
He-a) = == [ Aa-a

o
e T dy

v

_ 1 |:e—zkr:|
V2 | ik "
We now have a problem, since what is lim,_,+, e "***? For the time being the simplest resolution is
(in the spirit of §3.1.4) to find F[H(x — a)e *®~9)] for £ > 0, and then let £ — 0+. So
1 oo

FH (2 — a)e—e(w—a)] - \/7 H(x — a)e—E(a:—a)—zkw da
s

1 —e(z—a)—1kx ]
_\/27T[ —& —k L

1 efzka

= N (3.19b)
On taking the limit ¢ — 0 we have that
o—tka
FH(x—a)] = Nz (3.19¢)
Remark. For future reference we observe from a comparison of (3.19a) and (3.19¢) that
1kF[H(z —a)] = F[d(z — a)]. (3.19d)
9/02
9,/04

3.2.3 The Fourier Inversion Theorem

Given a function f we can compute its Fourier transform ffrom (3.12). For many functions the converse
is also true, i.e. given the Fourier transform f of a function we can reconstruct the original function f. To

see this consider the following calculation (note the use of a dummy variable e to avoid an overabundance
of x)

1 oo
\/ﬂ/ kaf dk = . / PRLE < > / 7““ )do) dk from definition (3.12)

/ de ( / dk etk(@— ')> swap integration order

= / de f(e)d(x—e) from definition (3.6)

= f(z). from definition (3.4)
We thus have the result that if the Fourier transform of f(z) is defined by

f(k e f(x) dx = F[f], (3.20a)

= L

then the inverse transform (note the change of sign in the exponent) acting on f(k) recovers f(z), i.e.

zkx — I
Fz) = m/ F(kydk = T[7]. (3.20b)

Natural Sciences Tripos: IB Mathematical Methods | 44 © S.J.Cowley@damtp.cam.ac.uk, Michaelmas 2004



Note that ~ _
IFlfll=f, and F {I {f” =f. (3.20¢)

Ezample. Find the Fourier transform of (22 + 5?)~!

Answer. From (3.16)
1 2b

f[e*b‘w‘](k) = T

Hence from (3.20¢)

T blel 1
52 © l_I{k2+b2](m>’

or, after applying the transformation x < k,

1 T bk

But, from the transformation « < & in (3.20b) and comparison with (3.20a), we see that
Flf(@))(k) = Z[f(@)|(=k) - (3.21b)

Hence, making the transformation ¥ — —k in (3.21a), we find that

L T bk

3.2.4 Properties of Fourier Transforms

A couple of useful properties of Fourier transforms follow from (3.20a) and (3.20b). In particular we
shall see that an important property of the Fourier transform is that it allows a simple representation
of derivatives of f(x). This has important consequences when we come to solve differential equations.
However, before we derive these properties we need to get Course A students upto speed.

Lemma. Suppose g(z, k) is a function of two variables, then for constants a and b

—/ k) dk = /abagf;’k)dk. (3.22)

T

Proof. Work from first principles, then

b b
—/ xkdkfhm i(/ g(x+s,k)dk/g(x,k)dk>
b p—
a €0 e

* dg(x, k)
_/a L dk.

Differentiation. If we differentiate the inverse Fourier transform (3.20b) with respect to x we obtain

df

3@ m/

Now Fourier transform this equation to conclude from using (3.20c) that

etk zkf( )) dkzz[zkﬂ . (3.23)

df ~ ~
F L'I:J —F [z [MH — k], (3.24a)
In other words, each time we differentiate a function we multiply its Fourier transform by k. Hence
2 n ~
]—‘[jxé] = —k*f and ]—'[d f] = (k)" f. (3.24D)
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Multiplication by x. This time we differentiate (3.20a) with respect to k to obtain

df —k
= o 1kx d
W) = = [ e cfe) o
Hence, after multiplying by ¢, we deduce from (3.12) that (cf. (3.24a))
df
' Ik Flzf(x)] . (3.25)

Translation. The Fourier transform of f(x — a) is given by

Flf(x —a)] \/ﬂ / e f(x —a)da from (3.12)
= \/7277 / e_lk(lﬁ'a)f(y) dy r=y+a
= ¢ tha \/% / e R f(y) dy rearrange
=e "M f(x)] from (3.12). (3.26)

See (3.19a) and (3.19¢) for a couple of examples that we have already done.

3.2.5 Parseval’s Theorem

Parseval’s theorem states that if f(z) is a complex function of  with Fourier transform f(k), then

/jo If(ﬂc)|201:v:[o (k)| k. (3.27)
‘Proof”’.

/_O;;f<x>\2dx=/_zdxf<x>f*<x>

1 _O; dz { /_ Z dk e““”f(k)} { /_ Z et (z)} from (3.20b) & (3.20b)"

2w
= /OO dk f(k) /OO ae f* (o) (2171_ /OO dz ez(k_e)””) swap integration order
= /Oo dk f(k) /Oo A0 f*(0) 6(k — 0) from (3.6)
= /  ak F(R)f*(K) from (3.4) & (3.8a)

:/_ny(k)ﬁdk.

Unlectured Example. Find the Fourier transform of ze~1*l and use Parseval’s theorem to evaluate the
integral
[e'e] k2
——dk.
[ i

f[e m} % 2 (3.28)

Answer. From (3.16) with b =1

Next employ (3.25) to obtain

F [xe—m} _ Za%f [e—m} — \/2(1?22)2 (3.28b)
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Then from Parseval’s theorem (3.27) and a couple of integrations by parts

o k2 T [ T [ T
————dk =< gl el dg = = e dr = — . (3.28¢)
oo (14 K2)4 8 /_ 4 16
9/01 e} ( ) 0 0
An Application: Heisenberg’s Uncertainty Principle. Suppose that
1 x?
_ = 3.29
0@ = Gy oo (i) (3.29)
is the [real] wave-function of a particle in quantum mechanics. Then, according to quantum me-

chanics,
2

1 T
) = s o (35 ) (3.30)

is the probability of finding the particle at position z, and A, is the root mean square deviation
in position. Note that since [)?| is the Gaussian of width A,
2

oo 1 oo
/_OO |?(z)| de = \/ﬂ/—oo exp (—223) de=1. (3.31)

Hence there is unit probability of finding the particle somewhere! The Fourier transform of ()
follows from (3.18) after the substitution e = v/2 A, and a multiplicative normalisation:

i - (22) exp (0287

—*e —k—2 here A - (3.32)
= (QFAi)i Xp 4AZ N k= QAQL . .

Hence v? is another Gaussian, this time with a root mean square deviation in wavenumber of Ay,.
In agreement with Parseval’s theorem

/ (k)2 dk = 1. (3.33)
We note that for the Gaussian AyA, = % More generally, one can show that for any (possibly
complex) wave-function 9 (x),

ApA, >3 (3.34)
where A, and Ay are, as for the Gaussian, the root mean square deviations of the probability
distributions [1(x)|? and [ (k)|?, respectively. An important and well-known result follows from
(3.34), since in quantum mechanics the momentum is given by p = hk, where h = h/27 and h is
Planck’s constant. Hence if we interpret Ax = A, and Ap = hA to be the uncertainty in the
particle’s position and momentum respectively, then Heisenberg’s Uncertainty Principle follows
from (3.34), namely

ApAz > Th. (3.35)

A general property of Fourier transforms
that follows from (3.34) is that the smaller
the variation in the original function (i.e.
the smaller A,), the larger the variation in
the transform (i.e. the larger Ay), and vice
versa. In more prosaic language

a sharp peak in x < a broad bulge in k,
and vice versa.

This property has many applications, for instance

e a short pulse of electromagnetic radiation must contain many frequencies;

e a long pulse of electromagnetic radiation (i.e. many wavelengths) is necessary in order to
obtain an approximately monochromatic signal.
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3.2.6 The Convolution Theorem

The convolution, f * g, of a function f(z) with a function g(x) is defined by

(@ = [ aviwete o). (3.36)
Property: * is commutative. f* g = g* f since
Feaw = [ ayigte—u) from (3.36)
[ s 200 s=z—y
| it oy
= (g f)(z) from (3.36).

The Fourier transform F[f * g]. If the functions f and g have Fourier transforms F[f] and F[g] respec-
tively, then

FIf gl = V2rF[f]Flg], (3.37)

since

Flfvg] = = = [ et ([T @t -n)  fom (312) & (330)

oo
dy f(y dze " g(z —y) swap integration order
V 27T / / ')
277/ dy f(y / dze M) g(z) r=z+4y
dy f(y) e ¥ / dze "*%g(2) rearrange
\/ 2w / —00
= V271 F[f|Flg] from (3.12).

The Fourier transform F[fg]. Conversely the Fourier transform of the product fg is given by the con-
volution of the Fourier transforms of f and g divided by /2, i.e.

Flfgl = Ff]=Flgl, (3.38)

1
V2T
since

Flfol(k dze " f(2)g(x) from (3.12)

I
= E /_OO dz e " g(z) <\/1277r /_Z dﬁelhf(ﬁ)> from (3.20b) with k — ¢

1 [~ - 1 [ 4
= — dfll) | — dz e k=07 (1) swap integration order
V2T /Oo V2r J_so

= \/% /_OO ar f(0) gk —0) from (3.12)
1 - 1
v (f *g)(k) = Nors (FLf1* Flgl) (k) from (3.36).

Application. Suppose a linear ‘black box’ (e.g. a circuit) has output G(w) exp (wwt) for a periodic input
exp (wt). What is the output r(¢) corresponding to input f(¢)?
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Answer. Since the ‘black box’ is linear, changing the
input produces a directly proportional change in out-
put. Thus since an input exp (wt) produces an output
G(w) exp (wt), an input F(w)exp (wt) will produce an
output R(w) exp (wt) = G(w)F(w) exp (1wt).

Moreover, since the ‘black box’ is linear we can superpose input/output, and hence an input

1 oo
)= o= / Flw) e dw, (3.39)
will produce an output

1 OO wt
r(t) = \/%/OO G(w)F(w)e™" dw

_ \/% /O:O (\/12? FIf * g]) et dw from (3.37)

1
=—(f*x9)(1), from (3.20b 3.40
= () CEUD IR
where g(t) is the inverse transform of G(w), and we have used ¢ and w, instead of z and k respec-
tively, as the variables in the Fourier transforms and their inverses.

Remark. If the know the output of a linear black box for all possible harmonic inputs, then we
know everything about the black box. 10/02

10/0
Unlectured Example. A linear electronic device is such that an input f(¢) = H(t)e™** yields an output /

’f‘(t) — H(t)(e_at — e_ﬁt) )

8-«
What is the output for an input h(t)?

Answer. Let F(w) and R(w) be the Fourier transforms of f(¢) and r(t) respectively. Then, since
the device is linear, the principle of superposition means that an input F(w)exp (wt) produces
an output R(w)exp (wt), and that an input exp (awt) produces an output G(w)exp (wt) where
G =R/F.

Next we note from (3.19b) with € = o, a = 0 and k = w, that the Fourier transform of the input is

Fw) = FIH(t)e ) = \/%HLM . (3.41a)

Similarly, the Fourier transform of the output is

H(t)(e ™t — e—ﬁt)] 1 ( 1 1 )
Rw)=F = - . 3.41b
) f—a Ve2r(B—a) \a+w [+w ( )
Hence R(w) ) )
w o+ w

G(W)F(w>ﬁ_a(1ﬁ+w)ﬁ+w. (3.42a)

It then follows from (3.41a) that the inverse transform of G(w) is given by
g(t) = V2rH(t)e P!, (3.42b)

We can now use the result from the previous example to deduce from (3.40) (with the change of
notation f — h) that the output H(¢) to an input h(t) is given by

1 1 &
H(t) = T (hxg)(t) = Wor /_Oo dyh(y) g(t —y) from definition (3.36)
= [ dyh(y)H(t —y)e PtV from (3.42b)
~os
= dy h(y) flu=t) H(it—y)=0 for y>t
:/ doh(t—o)e P, y=t—o (3.43)
0
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3.2.7 The Relationship to Fourier Series

Suppose that f(z) is a periodic function with period L (so that f(z+ L) = f(x)). Then f can be
represented by a Fourier series

f(z) = ﬁ;i Qp €XP (2ﬂz¢x> : (3.44a)

where
1
1 [2F 2
an = — ’ f(x)exp (— mna:) dz . (3.44b)
L 1 L L

Expression (3.44a) can be viewed as a superposition of an infinite number of waves with wavenumbers
kn =2mn/L (n = —00,...,00). We are interested in the limit as the period L tends to infinity. In this
limit the increment between successive wavenumbers, i.e. Ak = 27/L, becomes vanishingly small, and
the spectrum of allowed wavenumbers k,, becomes a continuum. Moreover, we recall that an integral can
be evaluated as the limit of a sum, e.g.

/‘ g(k)dk = lim_ > glkn)Ak  where ky =nAk. (3.45)

- n=-—o00

Rewrite (3.44a) and (3.44b) as

1 & -
flx) = \/—2? Z f(ky) exp (sxky) Ak,

and
~ 1 3L
k) = — xT)e —wxk,) dx,
ik = 5= [ S@ew (k)
where
~ La,,
kn) = .
f( 1») \/%
We then see that in the limit Ak — 0, i.e. L — oo,
1 R
T) = — k) exp (1xk)dk, 3.46a
f@) = <= [ Fw)esak) (3.462)
and
~ 1 0
f(k) = —/ f(z)exp (—wuxk) dz. (3.46b)
21 J —0o

These are just our earlier definitions of the inverse Fourier transform (3.20b) and Fourier transform (3.12)
respectively.

3.3 Application: Solution of Differential Equations

Fourier transforms can be used as a method for solving differential equations. We consider two examples.

3.3.1 An Ordinary Differential Equation.

Suppose that 1(x) satisfies
&
dx?

—a’ = —f(x), (3.47)
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where a is a constant and f is a known function. Suppose also that 1 satisfies the [two] boundary
conditions || — 0 as |z| — oo.

Suppose that we multiply the left-hand side (3.47) by f exp (—ikx) and integrate over z. Then

\/% /_Z otk <(C112¢ ¢) dz = (iﬁ) —F () from (3.12)
= —K°F () — a*F (¢) from (3.24b). (3.48a)

The same action on the right-hand side yields —F(f). Hence from taking the Fourier transform of the
whole equation we have that

—KF () — @' F () = ~F (f) - (3.480)

Rearranging this equation we have that

F(f
F () = 2 J(r 32 ; (3.48¢)
and so from the inverse transform (3.20b) we have the solution
F(f)
dk . 3.48d
\/ 2m / k‘2 +a? ( )

Remark. The boundary conditions that |¢)| — 0 as |z| — oo were implicitly used when we assumed that
the Fourier transform of ¢ existed. Why?

3.3.2 The Diffusion Equation

Consider the diffusion equation (see (2.23) or (2.29)) governing the evolution of, say, temperature, 6(z, t):
00 %0
— =v—.
ot Ox?

In §2.6 we have seen how separable solutions and Fourier series can be used to solve (3.49) over finite
x-intervals. Fourier transforms can be used to solve (3.49) when the range of z is infinite.”

(3.49)

We will assume boundary conditions such as

6
6 — constant and 9 —0 as |z|— o0, (3.50)

ox

so that the Fourier transform of 6 exists (at least in a generalised sense):

~ 1 o
O(k,t) = E/ e "9 dy . (3.51)

If we then multiply the left hand side of (3.49) by \ﬁ exp (—tkx) and integrate over x we obtain the

time derivative of @:

8 1 o0
—zkm —kx . .. . .
dx =—|—= e 0dx swap differentiation and integration
Y 271' 6t ot < RV ,/_ )

L
ot
A similar manipulation of the right hand side of (3.49) yields

2 -
5 / otk ( gz> dz = —vk?0 from (3.24b).
Vor x

19 Semi-infinite ranges can also be tackled by means of suitable ‘tricks’: see the example sheet.

from (3.51).
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Putting the left hand side and the right hand side together it follows that 6(k,t) satisfies

%g—kvk25::0. (3.52a)

This equation has solution _
0(k,t) = y(k) exp(—vk?t), (3.52b)

where (k) is an unknown function of k (cf. the ', in (2.69)).

Suppose that the temperature distribution is known at a specific time, wlog ¢ = 0. Then from evaluating
(3.52b) at t = 0 we have that

v(k) = 0(k,0) andso O(k,t) = 0(k,0)exp(—vk?t). (3.53)
But from definition (3.12)
~ 1 oo
0(k,0) = — —kYg(y,0)dy, 3.54
(0) = = [ 000y (3.51a)
and so ) -
g(k,t) = N /_OO exp(—tky — vk*t) 0(y,0) dy . (3.54b)
We can now use the Fourier inversion formula to find 6(z,?):
O(z,t) = \/% /_OO dk 0k, t) from (3.20b)
= \/% /_OO dk eth® (\/12777 /_Oo exp(—iky — vk*t) 0(y,0) dy) from (3.54b)
1 o0 o0
=5 / dy 0(y,0) / dk exp(tk(z — y) — vk?t) swap integration order.
T J-—c —00

From completing the square, or alternatively from our earlier calculation of the Fourier transform of a
1
Gaussian (see (3.18) and apply the transformations ¢ — (2vt)~2, k — (y — z) and  — k), we have that

J/ildk:exp(ZkCz—-y)—-uk2ﬂ —-V/;;exp (—(x4$i02) . (3.55)

Substituting into the above expression for 6(x,t) we obtain a
solution to the diffusion equation in terms of the initial condi-
tion at t = O:

0(z, 1) = \/ﬁ/m dy 0(y,0) exp <—(‘"”4yty)> . (3.56a)

Ezample. If 0(x,0) = 0pd(x) then we obtain what is sometimes
referred to as the fundamental solution of the diffusion equa-
tion, namely

0 z?
O(x,t) = \/ﬁ exp (_41/15) . (3.56b)

Physically this means that if the temperature at one point of
an infinite rod is instantaneously raised to ‘infinity’, then the
resulting temperature distribution is that of a Gaussian with a
maximum temperature decaying like t=2 and a width increas-
ing like tz.
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4 Matrices

4.0 Why Study This?

A very good question (since this material is as dry as the Sahara). A general answer is that matrices
are essential mathematical tools: you have to know how to manipulate them. A more specific answer is
that we will study Hermitian matrices, and observables in quantum mechanics are Hermitian operators.
We will also study eigenvalues, and you should have come across these sufficiently often in your science

courses to know that they are an important mathematical concept.

4.1 Vector Spaces

The concept of a vector in three-dimensional Euclidean space can be generalised to n dimensions.

4.1.1 Some Notation

First some notation.

Notation | Meaning

S in
= there exists
A for all

4.1.2 Definition
A set of elements, or ‘vectors’, are said to form a complex linear vector space V if

1. there exists a binary operation, say addition, under which the set V is closed so that

if u,veV, then u+veV,;

2. addition is commutative and associative, i.e. for all u,v,w € V
ut+v=v+u,
(ut+v)+w=u+(v+w);
3. there exists closure under multiplication by a complex scalar, i.e.

if a€eC and veV then aveV,;

4. multiplication by a scalar is distributive and associative, i.e. for all a,b € C and u,v € V

a(u+v)=au+av,
(a+bu=au+bu,
a(bu) = (ab)u;
5. there exists a null, or zero, vector 0 € V such that for all ve V

v+0=v;

6. for all v € V there exists a negative, or inverse, vector (—v) € V such that

v+ (-v)=0.

(4.1h)

(4.10)
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Remarks.

e The existence of a negative/inverse vector (see (4.1i)) allows us to subtract as well as add vectors,
by defining
u—v=u+(-v). (4.2)

o If we restrict all scalars to be real, we have a real linear vector space, or a linear vector space over
reals.

e We will often refer to V' as a vector space, rather than the more correct linear vector space.

4.1.3 Linear Independence

A set of m non-zero vectors {uy,ug,... w,} is linearly
independent if

daw;=0 = a;=0 for i=12,...,m. (43)
=1

Otherwise, the vectors are linearly dependent,
i.e. there exist scalars a;, at least one of which
is non-zero, such that

m
E a;u; = 0.
i=1

Definition: Dimension of a Vector Space. If a vector space V contains a set of n linearly independent
vectors but all sets of n 4 1 vectors are linearly dependent, then V is said to be of dimension n. 11/04

Ezamples.
1. (1,0,0), (0,1,0) and (0,0, 1) are linearly independent since
a(1,0,0) + b(0,1,0) + ¢(0,0,1) = (a,b,¢) =0 = a=0,b=0, c=0.

2. (1,0,0), (0,1,0) and (1,1,0) = (1,0,0) + (0, 1,0) are linearly dependent.
3. Since
(a,b,c) = a(1,0,0) +b(0,1,0) +¢(0,0,1) , (4.4)

the vectors (1,0,0), (0,1,0) and (0,0, 1) span a linear vector space of dimension 3.

4.1.4 Basis Vectors

If V is an n-dimensional vector space then any set of n linearly independent vectors {uy,...,u,} is a
basis for V. The are a couple of key properties of a basis. 11/02
11/03

1. We claim that for all vectors v € V, there exist scalars v; such that

v = iviui . (4.5)
i=1

The v; are said to be the components of v with respect to the basis {uy,...,u,}.
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Proof. To see this we note that since V has dimension n, the set {uy, ..., u,, v} is linearly depen-

dent, i.e. there exist scalars (ai,...,an,b), not all zero, such that
n
Z a;u; + bv=0. (46)
i=1

If b = 0 then the a; = 0 for all ¢ because the u; are linear independent, and we have a contradiction;
hence b # 0. Multiplying by b~! we have that

n

v=— Z (b 'a;)w;

i=1
n
= Z via; , (47)
i=1
where v; = —b"ta; (i=1,...,n). |
2. The scalars vy, ..., v, are unique.
Proof. Suppose that
n n
v = Z v;u; and that v = Zwiui . (4.8)
i=1 i=1

Then, because v — v = 0,
n

0= z:(’l}z — wi)ui. (49)

i=1

But theu; (¢ = 1,...,n) are linearly independent, so the only solution of this equation is v; —w; =0

(i=1,...n). Hence v; = w; (i =1,...n), and we conclude that the two linear combinations (4.8)

are identical. |
Remark. Let {uy,...,u,,} be a set of vectors in an n-dimensional vector space.

e If m > n then there exists some vector that, when expressed as a linear combination of the
u;, has non-unique scalar coefficients. This is true whether or not the u; span V.

e If m < n then there exists a vector that cannot be expressed as a linear combination of the u;.

Ezamples.

1. Three-Dimensional Fuclidean Space E3. In this case the scalars are real and V is three-dimensional
because every vector v can be written uniquely as (cf. (4.4))

V = Uze, + vyey +vz€, (4.10a)
= v1Uu; + VU2 + v3U3 5 (410b)

where {e; =u; = (1,0,0),e, =uz = (0,1,0),e3 =u; = (0,0,1)} is a basis.
2. The Compler Numbers. Here we need to be careful what we mean.

Suppose we are considering a complex linear vector space,
i.e. a linear vector space over C. Then because the scalars
are complex, every complex number z can be written
uniquely as

z=a-1 where a€C, (4.11a)
and moreover

a-1=0 = a=0 for acC. (4.11b)

We conclude that the single ‘vector’ {1} constitutes a ba-
sis for C when viewed as a linear vector space over C.
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However, we might alternatively consider the complex numbers as a linear vector space over R, so
that the scalars are real. In this case the pair of ‘vectors’ {1,4} constitute a basis because every
complex number z can be written uniquely as

z=a-14+b-1 where a,beR, (4.12a)
and
a-14b-2=0 = a=b=0 if a,b,eR. (4.12Db)
Thus we have that
dim¢cC=1 but dimrC=2, (4.13)

where the subscript indicates whether the vector space C is considered over C or R.

Worked Ezercise. Show that 2 x 2 real symmetric matrices form a real linear vector space under addition.
Show that this space has dimension 3 and find a basis.

Answer. Let V be the set of all real symmetric matrices, and let

Qg ﬂa ap ﬂb Q¢ ﬂc)
A = B B = ) C = )
(ﬁa ’Ya) (ﬁb ’Yb) (/BC Ye
be any three real symmetric matrices.

1. We note that addition is closed since A + B is a real symmetric matrix.

2. Addition is commutative and associative since for all [real symmetric] matrices, A+ B =B + A
and (A+B)+C=A+(B+C).

3. Multiplication by a scalar is closed since if p € R, then pA is a real symmetric matrix.

4. Multiplication by a scalar is distributive and associative since for all p, ¢ € R and for all [real
symmetric] matrices, p(A + B) = pA + pB, (p + ¢)A = pA + ¢A and p(¢A) = (pg)A.

5. The zero matrix,
0— 0 0
—\0 0/

is real and symmetric (and hence in V'), and such that for all [real symmetric] matrices
A+0=A

6. For any [real symmetric] matrix there exists a negative matrix, i.e. that matrix with the
components reversed in sign. In the case of a real symmetric matrix, the negative matrix is
again real and symmetric.

Therefore V' is a real linear vector space; the ‘vectors’ are the 2 x 2 real symmetric matrices.
Moreover, the three 2 x 2 real symmetric matrices

10 0 1 0 0
U1 = <0 0) 5 U2 = (1 0) ) and U3 = (0 1) ) (415)

are independent, since for p, g, € R
_ (P q) _ g
pUy + qUs + 17Uz = . =0 = p=q=r=0.
Further, any 2 x 2 real symmetric matrix can be expressed as a linear combination of the U; since

<§ z) =pU; +qUy +rUs.

We conclude that the 2 x 2 real symmetric matrices form a three-dimensional real linear vector
space under addition, and that the ‘vectors’ U; defined in (4.15) form a basis.

Exercise. Show that 3 x 3 symmetric real matrices form a vector space under addition. Show that this
space has dimension 6 and find a basis.
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4.2 Change of Basis: the Role of Matrices

4.2.1 Transformation Matrices

Let {u;:i=1,...,n} and {u}:i=1,...,n} be two sets of basis vectors for an n-dimensional vector
space V. Since the {u; : ¢ = 1,...,n} is a basis, the individual basis vectors of the basis {u} : i =1,...,n}
can be written as N
W= "wA; (G=1,..,n), (4.16)
i=1
for some numbers A;;. From (4.5) we see that A;; is the ith component of the vector u;- in the basis
{u; :i=1,...,n}. The numbers A;; can be represented by a square n x n transformation matrix A
Ay A o Agy
Agy Az - Agy
A= . . . . (4.17)
Anl An2 o Ann
Similarly, since the {u} : 4 = 1,...,n} is a basis, the individual basis vectors of the basis {u; : i =1,...,n}
can be written as .
w =Y wBy (i=12...n), (4.18)
k=1
for some numbers By,. Here By, is the kth component of the vector u; in the basis {u}, : k=1,...,n}.

Again the By; can be viewed as the entries of a matrix B

By Bz -+ B,
Byy By -+ Bay,

B—| 7 , (4.19)
Bnl Bn2 e Bnn

4.2.2 Properties of Transformation Matrices

From substituting (4.18) into (4.16) we have that

1 k=1 i=1

However, because of the uniqueness of a basis representation and the fact that

n

r_ _ / )
uj_uj-l—g uy, 6y
k=1

it follows that

n
> Bridij =i . (4.21)
i=1
Hence in matrix notation, BA = I, where | is the identity matrix. Conversely, substituting (4.16) into

(4.18) leads to the conclusion that AB = | (alternatively argue by a relabeling symmetry). Thus

B=A"1, (4.22a)
and

detA#0 and detB#0. (4.22b)
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4.2.3 Transformation Law for Vector Components

Consider a vector v, then in the {u; : i = 1,...,n} basis we have from (4.5)
n
vV = Z v, .
i=1
Similarly, in the {u] : ¢ =1,...,n} basis we can write

n
v=> v (4.23)

j=1
n n
= Z ’U; Z uiAij from (416)
j=1 =1
n n
= Z u; Z(A” v’) swap summation order.
=1 j=1

Since a basis representation is unique it follows from (4.5) that

ZAU v (4.24)

which relates the components of v in the basis {u; : ¢ = 1,...,n} to those in the basis {u} : i = 1,...,n}.

Some Notation. Let v and v/ be the column matrices

(% i
Vo v}

v=| . and Vv =] | respectively. (4.25)
Un, vl

Note that we now have bold v denoting a vector, italic v; denoting a component of a vector, and
sans serif v denoting a column matrix of components. Then (4.24) can be expressed as

v=AY. (4.26a)
By applying A~! to either side of (4.26a) it follows that

vV =A"lv. (4.26b)

Unlectured Remark. Observe by comparison between (4.16) and (4.26b) that the components of v trans-
form inversely to the way that the basis vectors transform. This is so that the vector v is unchanged:

n
v = Z v from (4.23)
j=1

= Xn: (i(A_l)jkvk> (2”: uiAij> from (4.26b) and (4.16)

=1 \k=1 i=1
n n n
= Z u; Z Z A;j (/—\_l)jk swap summation order
i=1 k=1 j=1
_Zm( k%) AA~! = |
=1 k=1
= Z v contract using (0.11Db)
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Worked Example. Let {u; = (1,0),us = (0,1)} and {uj = (1,1),u) = (—1,1)} be two sets of basis vec-
tors in R?. Find the transformation matrix A;; that connects them. Verify the transformation law
for the components of an arbitrary vector v in the two coordinate systems.

Answer. We have that

i.e.

_ 1 1
A= 1 1 with inverse A~! = 1 .
1 1 2\ -1 1

First Check. Note that A~! is consistent with the observation that
w = (1,0)=3((1,1) = (-1,1) ) = 3(u} — uy),
u = (0,1) = 3( (L) +(=1,1) ) = 5(u) +u3).
Second Check. Consider an arbitrary vector v, then
V = vi1U; + v2U2
= gui(u] —uy) + guo(ul +up)
= 1(v1 +v2)ul — $(v1 — v2)uh.

Thus
Vi =1(vy +v9) and vh=—2(vi — ).

From (4.26b), i.e. v = A~lv, we obtain as above that

g
—_
Il
N
|
N= N
N= N
\—/

4.3 Scalar Product (Inner Product)
4.3.1 Definition of a Scalar Product

The prototype linear vector space V = E3 has the additional property that any two vectors u and v can
be combined to form a scalar u - v. This can be generalised to an n-dimensional vector space V over C
by assigning, for every pair of vectors u, v € V', a scalar product u-v € C with the following properties.

1. If we [again]| denote a complex conjugate with * then we require that
u-v=(v-u)r. (4.27a)

Note that implicit in this equation is the conclusion that for a complex vector space the ordering
of the vectors in the scalar product is important (whereas for E3 this is not important). Further, if
we let u = v, then this implies that
v-v=(v-v)", (4.27b)
i.e. v-vis real
2. The scalar product should be linear in its second argument, i.e. for a,b € C

u-(avy+bve) =au-vi+bu-vy. (4.27¢)

3. The scalar product of a vector with itself should be positive, i.e.
v-v=0. (4.27d)

This allows us to write v - v = |v|?, where the real positive number |v| is the norm (cf. length) of
the vector v.
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4. We shall also require that the only vector of zero norm should be the zero vector, i.e.

[vl]=0 = v=0. (4.27¢)

Remark. Properties (4.27a) and (4.27¢) imply that for a,b € C

(au; +buy) - v = (v - (auy + buy))”
=(av-u; +bv-uy)"
=a*(v-u) +b* (v-up)”
=a*(up-v)+b" (uz-v), (4.28)

i.e. the scalar product is ‘anti-linear’ in the first argument.

Failure to remember this is a common cause of error.

However, if a,b € R then (4.28) reduces to linearity in both arguments.
Alternative notation. An alternative notation for the scalar product and associated norm is
(ulv)=u-v, (4.29a)
vl = |v] = (v-v)2. (4.29b)

4.3.2 Worked Exercise

Question. Find a definition of inner product for the vector space of real symmetric 2 x 2 matrices under
addition.

Answer. We have already seen that the real symmetric 2 x 2 matrices form a vector space. In defining
an inner product a key point to remember is that we need property (4.43a), i.e. that the scalar
product of a vector with itself is zero only if the vector is zero. Hence for real symmetric 2 x 2
matrices A and B consider the inner product defined by

(AB) ZZA (4.30a)

i=1 j=1

= A By + Ay Bi2 + A3 Boy + A3 Baa (4.30b)

where we are using the alternative notation (4.29a) for the inner product. For this definition of
inner product we have for real symmetric 2 x 2 matrices A, B and C, and a,b € C:

e asin (4.27a)

(B]A) ZZB =(A|B)";

=1 j=1

e asin (4.27c)

(A[(BB+~C)) =D A5 (BBi; +7Cyj)

i=1 j=1
=B > A B+ Y AjC
i=1 j=1 i=1 j=1

=B(A[B)+~v(A[C);
e as in (4.27d)

(A|A) ZZA Aij =Y D AP =0

i=1 j=1 i=1 j=1

e asin (4.27e) A A
A|A)=0 = A=0.

Hence we have a well defined inner product.
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4.3.3 Some Inequalities
Schwarz’s Inequality. This states that
[(a [v)l < [ull{lv], (4.31)
with equality only when u is a scalar multiple of v.
Proof. Write {(u | v ) = |[{(u | v )|e’®, and for A € C consider
lu+Av|?=(u+ v |u+Av) from (4.29b)
=(ufu)+Au|v)+ X (v]u)+ N (v]|v) from (4.27¢) and (4.28)
=(uju)+ A+ Xe ) (u|v)|+ AN v]|v) from (4.27a).

First, suppose that v = 0. The right-hand-side then simplifies from a quadratic in A to an expression
that is linear in . If (u |v ) # 0 we then have a contradiction since for certain choices of A this
simplified expression can be negative. Hence we conclude that

(ulv)y=0 if v=0,

in which case (4.31) is satisfied as an equality. Next suppose
that v # 0 and choose A\ = re™* so that from (4.27d)

0 < [lu+Av]? = [[ul* + 2r[(u [ v )] +%|v]?.

The right-hand-side is a quadratic in r that has a minimum
when r||v|? = —|(u | v )|. Schwarz’s inequality follows on
substituting this value of r, with equality if u=—-Av. 0O

The Triangle Inequality. This states that

a+ vl < [[ul] + [Jv]]. (4.32)
Proof. This follows from taking square roots of the following inequality:
lu+v|?=(ulu)+{(u|v)+{(u|v) +(v]|v) from above with A =1
= |lul*+2Re(u |v )+ ||v|? from (4.27a)
<l +2[Cu [ v )]+ [Iv]?
< [l + 2l v + (v from (4.31)
< (lall +[Iv)?.

4.3.4 The Scalar Product in Terms of Components

Suppose that we have a scalar product defined on a vector space with a given basis {u; : ¢ = 1,...,n}.
We will next show that the scalar product is in some sense determined for all pairs of vectors by its
values for all pairs of basis vectors. To start, define the complex numbers G;; by

Then, for any two vectors
v = Z vuu; and w= ijuj , (4.34)
i=1 j=1

we have that

V.w_(éwui).(éwjuj)

n n

= Z Z vy wj u; - U from (4.27¢) and (4.28)
i=1 j=1

:ii”mijwj- (4.35)

i=1 j=1
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We can simplify this expression (which determines the scalar product in terms of the Gj;), but first it
helps to have a definition.

Definition. The Hermitian conjugate of a matrix A is defined to be
Al = (AT)" = (A9)T, (4.36)
where T denotes a transpose.
A A t_ (A A5
If A= th Al = .
(Azl A2z o Al Ay
Properties. For matrices A and B recall that (AB)T = BTAT. Hence (AB)™* = BT*AT* and so

Ezxample.

(AB)T = BTAT. (4.37a)
Also, from (4.36),
At = (AT)T = A, (4.37D)
Let w be the column matrix

w1

w2
w=| . |, (4.38a)

Wy,

and let vi be the Hermitian conjugate of the column matrix v, i.e. vi is the row matrix
vi= ()T =(vf w3 ..o 0f). (4.38b)
Then the scalar product (4.35) can be written as
v-w=VvGw, (4.39)

where G is the matrix, or metric, with entries G;; (metrics are a key ingredient of General Relativity).

4.3.5 Properties of the Metric
First two definitions for a n X n matrix A.
Definition. The matrix A is said to be a Hermitian if it is equal to its own Hermitian conjugate, i.e. if
AT =A. (4.40)
Definition. The matrix A is said to be positive definite if for all column matrices v of length n,
viAv > 0, with equality iff v=0. (4.41)

Remark. If equality to zero were possible in (4.41) for non-zero v, then A would said to be positive rather
than positive definite.

Property: a metric is Hermitian. The elements of the Hermitian conjugate of the metric G are the com-
plex numbers

(Ghy =Gl = (Gj0) from (4.36) (4.42a)
= (u; - uy)" from (4.33)
=u; u; from (4.27a)
=Gy from (4.33) (4.42b)

Hence G is Hermitian, i.e.
G =G. (4.42c)
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Remark. That G is Hermitian is consistent with the requirement (4.27b) that |v|? = v - v is real, since

(v-v) =(v-v))T since a scalar is its own transpose
=(v-v)f from definition (4.36)
= (viGv)T from (4.39)
=viGhvy from (4.37a) and (4.37b)
=viGv from (4.42c)
=v-vV. from (4.39)

Property: a metric is positive definite. From (4.27d) and (4.27¢) we have from the properties of a scalar
product that for any v
[v|> >0 with equality iff v =0, (4.43a)

where ‘iff” means if and only if. Hence, from (4.39), for any v
viGv > 0 with equality iff v=0. (4.43b)

It follows that G is positive definite.

4.4 Change of Basis: Diagonalization
4.4.1 Transformation Law for Metrics

In §4.2 we determined how vector components transform under a change of basis from {u; : i =1,...,n}
to {u}:i=1,...,n}, while in §4.3 we introduced inner products and defined the metric associated with
a given basis. We next consider how a metric transforms under a change of basis.

First we recall from (4.26a) that for an arbitrary vector v, its components in the two bases transform
according to v = AV, where v and v/ are column vectors containing the components. From taking the
Hermitian conjugate of this expression, we also have that

vi=VTAT, (4.44)

Hence for arbitrary vectors v and w
v-w=vIGw from (4.39)
=VTATG AW from (4.26a) and (4.44).
But from (4.39) we must also have that in terms of the new basis
v-w=VIGw, (4.45)

where G’ is the metric in the new {u} : i = 1,...,n} basis. Since v and w are arbitrary we conclude that
the metric in the new basis is given in terms of the metric in the old basis by

G =ATGA. (4.46)

Unlectured Alternative Derivation. (4.46) can also be derived from the definition of the metric since

(G");; =G} =uj - from (4.33)

n n
ukA;”) . (Z Uy Agj) from (416)
1 {=1

k=

=

I
N

|
NE
NE

Al (ug - ag) Agj from (4.27¢) and (4.28)

=~
Il
_
&~
Il

1

AjkGMAzj from (4.33) and (4.42a)

|
NE
M=

|
—~
>
— =
e
Z -
S

(4.47)
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Remark. As a check we observe that
(G = (ATGA)T = ATGT(AT)T = ATGA =G’ (4.48)

Thus G’ is confirmed to be Hermitian.

4.4.2 Diagonalization of the Metric

Let us suppose that there exists an invertible matrix

A such that
G =ATGA =A, (4.49a)
At 0 0 o . .
0 X - 0 where A is a diagonal matrix, i.e. a matrix such that
A= :
: /lij = /\idij . (449b)
0 0 An

The matrix A is said to diagonalize G. Subsequently
we shall (almost) show that for any Hermitian ma-
trix G a matrix A can be found to diagonalize G.

Properties of the \;.

1. Because G’ = A is Hermitian,

(2

and hence the diagonal entries \; are real.

2. From (4.45), (4.49a) and (4.49b) we have that

0<|v]2=VvTGV

n n
_ kY s
= g E v; )\16”11]-

i=1 j=1
=> A%, (4.51)
i=1

with equality only if v =0 (see (4.27¢)). This can only be true for all vectors v if
A >0 for i=1,...,n, (4.52)

i.e. if the diagonal entries \; are strictly positive.

4.4.3 Orthonormal Bases

From (4.33), (4.49a) and (4.49b) we see that

Hence u; - u; = 0 when i # j, i.e. the new basis vectors are orthogonal. Further, because the \; are
strictly positive we can normalise the basis, viz.

e = u), 4.54a
Qg \//\71 7 ( )
so that
€e; - Ej = 51‘]‘ . (454b)
The {e; : i = 1,...,n} are thus an orthonormal basis. We conclude, subject to showing that G can be

diagonalized (because it is an Hermitian matrix), that:
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Any vector space with a scalar product has an orthonormal basis.

It also follows, since from (4.33) the elements of the metric are just e; - e;, that the metric for an
orthonormal basis is the identity matrix I.

The scalar product in orthonormal bases. Let the column vectors v and w contain the components of two
vectors v and w, respectively, in an orthonormal basis {e; : # = 1,...,n}. Then from (4.39)

v-w=vilw=vlw. (4.55)
This is consistent with the definition of the scalar product from last year.

Orthogonality in orthonormal bases. If the vectors v and w are orthogonal, i.e. v-w = 0, then the
components in an orthonormal basis are such that

viw=0. (4.56)

4.5 Unitary and Orthogonal Matrices

Given an orthonormal basis, a question that arises is what changes of basis maintain orthonormality.
Suppose that {€}:i=1,...,n} is a new orthonormal basis, and suppose that in terms of the original
orthonormal basis

e; = Z e, Ugi » (4.57)
k=1

where U is the transformation matrix (cf. (4.16)). Then from (4.46) the metric for the new basis is given
by
G =UflU=U'u. (4.58a)

For the new basis to be orthonormal we require that the new metric to be the identity matrix, i.e. we
require that
utu =1. (4.58b)

Since det U # 0, the inverse U™! exists and hence
ur=u-t. (4.59)

Definition. A matrix for which the Hermitian conjugate is equal to the inverse is said to be unitary.

Vector spaces over R. An analogous result applies to vector spaces over R. Then, because the transfor-
mation matrix, say U = R, is real,

and so
RT=R!. (4.60)
Definition. A real matrix with this property is said to be orthogonal.

Example. An example of an orthogonal matrix is the 3 x 3 rotation matrix R that determines
the new components, v = RTv, of a three-dimensional vector v after a rotation of the axes
(note that under a rotation orthogonal axes remain orthogonal and unit vectors remain unit
vectors).
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4.6 Diagonalization of Matrices: Eigenvectors and Eigenvalues

Suppose that M is a square n X n matrix. Then a non-zero column vector x such that
Mx = Ax, (4.61a)

where A € C, is said to be an eigenvector of the matrix M with eigenvalue A. If we rewrite this equation

" (M= A)x =0, (4.61b)

then since x is non-zero it must be that
det(M —Al) =0. (4.62)

This is called the characteristic equation of the matrix M. The left-hand-side of (4.62) is an nth order
polynomial in A called the characteristic polynomial of M. The roots of the characteristic polynomial are
the eigenvalues of M.

Example. Find the eigenvalues of
0 1
M= (_1 0 ) (4.63a)
Answer. From (4.62)

- 1

0= det(M — Al) = H I

H =N 4+1=A=0)(A+1), (4.63b)
and so the eigenvalues of M are =+u.

Since an nth order polynomial has exactly n, possibly complex, roots (counting multiplicities in the case
of repeated roots), there are always n eigenvalues \;,i = 1,...,n. Let x* be the respective eigenvectors,
i.e.

Mx" = A’ (4.64a)

or in component notation

> Mjap, = Al (4.64b)
k=1
Let X be the n x n matrix defined by _
ie.
xp @t zy
x% l’g .. 17727'
X = ) o ) . (4.65Db)
Ty T 7
Then (4.64b) can be rewritten as
n n
ZMijki = /\ini = ZXjk 5;“'/\1' (4663)
k=1 k=1
or, in matrix notation,
MX = XA, (4.66b)
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where A is the diagonal matrix

A0 0
0 X --- 0
A= ) . . . (4.66¢)
0 O An
If X has an inverse, X~!, then
XTIMX = A, (4.67)

i.e. X diagonalizes M. But for X! to exist we require that det X # 0; this is equivalent to the requirement
that the columns of X are linearly independent. These columns are just the eigenvectors of M, so

an n X n matrix is diagonalizable if and only if it has n linearly-independent eigenvectors.

4.7 Eigenvalues and Eigenvectors of Hermitian Matrices
In order to determine whether a metric is diagonalizable, we conclude from the above considerations that

we need to determine whether the metric has n linearly-independent eigenvectors. To this end we shall
determine two important properties of Hermitian matrices.

4.7.1 The Eigenvalues of an Hermitian Matrix are Real
Let H be an Hermitian matrix, and suppose that e is a non-zero eigenvector with eigenvalue A. Then
He= \e, (4.68a)
and hence
efHe = \efe. (4.68b)
Take the Hermitian conjugate of both sides; first the left hand side

(efHe)" = efHfe since (AB)" = BfAT and (AT)T = A

=efHe since H is Hermitian, (4.69a)
and then the right
(Aefe)T = Nee. (4.69b)
On equating the above two results we have that
efHe = M*efe. (4.70)
It then follows from (4.68b) and (4.70) that
(A=A efe=0. (4.71)

However we have assumed that e is a non-zero eigenvector, so

efe=> efe; = [ei]* >0, (4.72)
i=1 i=1

and hence it follows from (4.71) that A = A\*, i.e. that X is real.
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4.7.2 An n-Dimensional Hermitian Matrix has n Orthogonal Eigenvectors

Xi #Aj. Let €' and e/ be two eigenvectors of an Hermitian matrix H. First of all suppose that their
respective eigenvalues A; and \; are different, i.e. A\; # A;. From pre-multiplying (4.68a), with
e — e, by (¢/)T we have that

dTHe = )\ el el (4.73a)
Similarly

eTHel = \jellel. (4.73b)
On taking the Hermitian conjugate of (4.73b) it follows that

edTHT e = )\;eﬂei.
However, H is Hermitian, i.e. H' = H, and we have seen above that the eigenvalue ); is real, hence

e/THe = \jellel. (4.74)
On subtracting (4.74) from (4.73a) we obtain

0=\ —\)ellel. (4.75)

Hence if A\; # A; it follows that o
edtel =0. (4.76)

Now if the column vectors e’ and e’ are interpreted as the components of two vectors in an
orthonormal basis, then from (4.56) we see that the two vectors €' and €’ = 0 are orthogonal in
the scalar product sense.

Ai = Aj. The case when there is a repeated eigenvalue is more difficult. However with sufficient mathe-
matical effort it can still be proved that orthogonal eigenvectors exist for the repeated eigenvalue.
Instead of adopting this approach we appeal to arm-waving arguments.

An ‘experimental’ approach. First adopt an ‘experimental’” approach. In real life it is highly unlikely
that two eigenvalues will be exactly equal (because of experimental error, etc.). Hence this
case never arises and we can assume that we have n orthogonal eigenvectors.

A perturbation approach. Alternatively suppose that in
the real problem two eigenvalues are exactly equal.
Introduce a specific, but small, perturbation of size
e (cf. the ¢ introduced in (3.19b) when calculating
the Fourier transform of the Heaviside step function)
such that the perturbed problem has unequal eigen-
values (this is highly likely to be possible because the
problem with equal eigenvalues is likely to be ‘struc-
turally unstable’). Now let ¢ — 0. For all non-zero
values of € (both positive and negative) there will be
n orthogonal eigenvectors. On appealing to a conti-
nuity argument there will be n orthogonal eigenvec-

tors for the specific case € = 0.
14/02

14/04
Lemma. Orthogonal eigenvectors e’ and e’ are linearly independent.

Proof. Suppose there exist a; and a; such that

aie' +ael =0. (4.77)
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Then from pre-multiplying (4.77) by e/T and using (4.76) it follows that
n n
0=aelle =a; > ()i =a; Y [(@)]” . (4.78)
k=1 k=1

Since €/ is non-zero it follows that a; = 0. By the relabeling symmetry, or by using the Hermitian
conjugate of (4.76), it similarly follows that a; = 0. O

We conclude that, whether or not two or more eigenvalues are equal,
an n-dimensional Hermitian matrix has n orthogonal eigenvectors that are linearly independent.

Remark. We can tighten this is result a little further by noting that, for any u € C,
if He' = \e', then H(ue') = \;(ue’). (4.79a)
This allows us to normalise the eigenvectors so that
elfel =1. (4.79b)
Hence for Hermitian matrices it is always possible to find n orthonormal eigenvectors that are

linearly independent.
14/03

4.7.3 Diagonalization of Hermitian Matrices

It follows from the above result, §4.6, and specifically (4.65b), that an Hermitian matrix H can be
‘diagonalized’ to the matrix A by means of the transformation X 'H X if

e:]l“ e% DRI e’iL
1 2 n
62 62 DR 62
x=| = “ . (4.80)
1 2 n
€n ©€n €n

Remark. If the e® are orthonormal eigenvectors of H then X is a unitary matrix. To see this note that

(X" X)i; (XD ik (X)n;

1 I
M3 M:
P

o
D
K

*

o
>~

Il
SR
..
=
D
%,

i by orthonormality, (4.81a)

or, in matrix notation,

XfX=1. (4.81b)

Hence X = X~! and we conclude X is a unitary matrix.

We deduce that every Hermitian matrix, H, is diagonalizable by a transformation X'H X, where X is a
unitary matrix. Hence, if in (4.49a) we identify H and X with G and A respectively, we see that

a metric can always be diagonalized by a suitable choice of basis,

namely the basis made up of the eigenvectors of G. Similarly, if we restrict ourselves to real matrices, then
every real symmetric matrix, S, is diagonalizable by a transformation RTSR, where R is an orthogonal
matrix.
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Ezample. Find the orthogonal matrix that diagonalizes the real symmetric matrix

S= < ; f ) where (>0 isreal (4.82)

Answer. The characteristic equation is

I P N _
O—H 5 I_AH_41—AF—ﬂ? (4.83)
The solutions to (4.83) are
A:{M_Hﬁ : (4.84)
A_=1-p

+

The corresponding eigenvectors e™ are found from

)
=0, (4.85a)
ﬁ 1_)\:t €§E
F1 1 ef
—0. .85b
(7))

B #0. If 8 #0 (in which case Ay # A_) we have that

or

ef =+ef. (4.86a)

On normalising e* so that e*Te® = 1, it follows that

1 1 1 1
et = — , e( ) . 4.86b
501 Va1 A
Note that et e~ = 0, as proved earlier.
B=0.1If 3 =0, then S = |, and so any non-zero vector is an eigenvector with eigenvalue 1. In

agreement with the result stated earlier, two linearly-independent eigenvectors can still be
found, and we can choose them to be orthonormal, e.g. et and e~ as above (if fact there is
an uncountable choice of orthonormal eigenvectors in this very special case).

To diagonalize S when § # 0 (it already is diagonal if 8 = 0) we construct an orthogonal matrix R

using (4.80):
+ - 1 L
Rex— (@ o vE\_L(P ), (4.87)
e ey % - % V21 <1

As a check we note that

11 11 10
RTR = ( ) ) = ( ) , (4.88)
2\ 1 -1 1 -1 0 1

and

I
> — ol

(4.89)
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4.7.4 Diagonalization of Matrices

For a general n x n matrix M with n distinct eigenvalues \;, (i = 1,...,n), it is possible to show (but
not here) that there are n linearly independent eigenvectors e*. It then follows from our earlier results in
§4.6 that M is diagonalized by the matrix

e% e% e e?
e% e% PR egL

X = o ) ) (4.90)
1 2 n

Remark. If M has two or more equal eigenvalues it may or may not have n linearly independent eigen-
vectors. If it does not have n linearly independent eigenvectors then it is not diagonalizable. As an

example consider the matrix
0 1
M = ( 0 0 ) , (4.91)

with the characteristic equation A2 = 0; hence A\; = A2 = 0. Moreover, M has only one linearly
independent eigenvector, namely
1
e= <O) , (4.92)

Normal Matrices. However, normal matrices, i.e. matrices such that MTM = M MT, always have n linearly
independent eigenvectors and can always be diagonalized. Hence, as well as Hermitian matrices,
skew-symmetric Hermitian matrices (Hf = —H) and unitary matrices (and their real restrictions)
can always be diagonalized.

and so M is not diagonalizable.

4.8 Hermitian and Quadratic Forms

Definition. Let H be an Hermitian matrix. The expression

xTHx = iifoijxj , (4.93a)

i=1 j=1
is called an Hermitian form; it is a function of the complex numbers (x1,x2, ..., x,). Moreover, we
note that
(xTHx)* = (xTHx)T since a scalar is its own transpose
= xTHTx since (AB)T = BTAT
= x"Hx. since H is Hermitian

Hence an Hermitian form is real.

The Real Case. An important special case is obtained by restriction to real vector spaces; then x and H
are real. It follows that HT = H, i.e. H is a real symmetric matrix; let us denote such a matrix by S.

In this case 0w
XTSX = Z inSija:j . (493b>
i=1j=1
When considered as a function of the real variables x1, x5, ..., z,, this expression called a quadratic
form.

Remark. In the same way that an Hermitian matrix can be viewed as a generalisation to complex matrices
of a real symmetric matrix, an Hermitian form can be viewed a generalisation to vector spaces over
C of a quadratic form for a vector space over R.
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4.8.1 Eigenvectors and Principal Axes

Let us consider the equation
xTSx = constant , (4.94)

where S is a real symmetric matrix.

Conic Sections. First suppose that n = 2, then with

x=(5y“> and S:<g§) (4.95)

ax? 4 2Bzy + vy? = constant . (4.96)

(4.94) becomes

This is the equation of a conic section. Now suppose that x = Rx’, where x' = (2, y’)T and R is a
real orthogonal matrix. The equation of the conic section then becomes

x'TS'x' = constant, where S’ =RTSR. (4.97)

Now choose R to diagonalize S so that

! )\1 0
(B0 (as5)

where A\; and Ay are the eigenvalues of S; from our earlier results in §4.7.3 we know that such a
matrix can always be found (and wlog det R = 1). The conic section then takes the simple form

Mz'? 4+ \oy'? = constant . (4.99)

The ‘prime’ axes are identical to the eigenvectors of S/, and hence in terms of the ‘prime’ axes the
normalised eigenvectors of S’ are

/1 1 12 0
e-(o) ande-(l), (4.100)

with eigenvalues A\; and Ay respectively. Axes that coincide with the eigenvectors are known as
principal axes. In the terms of the original axes, the principal axes are given by e = Re’* (i = 1,2).

Interpretation. If A\; Ay > 0 then (4.99) is the equation for an ellipse with principal axes coinciding
with the z/ and 7/ axes.

Scale. The scale of the ellipse is determined by the constant on the right-hand-side of (4.94)
(or (4.99)).

Orientation. The orientation of the ellipse is determined by the eigenvectors of S.
Shape. The shape of the ellipse is determined by the eigenvalues of S.

In the degenerate case, A\ = A2, the ellipse becomes a circle with no preferred principal axes.
Any two linearly independent vectors may be chosen as the principal axes, which are no longer
necessarily orthogonal but can be be chosen to be so.

If A2 < 0 then (4.99) is the equation for a hyperbola with principal axes coinciding with
the 2’ and 3 axes. Similar results to above hold for the scale, orientation and shape.

Quadric Surfaces. For a real 3 x 3 symmetric matrix S, the equation
xTSx =k, (4.101)

where k is a constant, is called a quadric surface. After a rotation of axes such that S — S = A, a
diagonal matrix, its equation takes the form

M’ 4+ Xy + N3 = k. (4.102)
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The axes in the new ‘prime’ coordinate system are again known as principal axes, and the eigen-
vectors of S’ (or S) are again aligned with the principal axes. We note that when \;k > 0,

[k
the distance to surface along the ith principal axes = Ve (4.103)

Special Cases.

e In the case of metric matrices we know that S is positive definite, and hence that A;, Ay and
Mg are all positive. The quadric surface is then an ellipsoid

o If A\ = )\ then we have a surface of revolution about the z’ axis.
e If Ay = Ay = A3 we have a sphere.

e If A3 — 0 then we have a cylinder.

e If My, A3 — 0, then we recover the planes ' = &,/ /\%
15/02

4.8.2 The Stationary Properties of the Eigenvalues

Suppose that we have an orthonormal basis, and let
x be a point on xTSx = k where k is a constant. Then
from (4.55) the distance squared from the origin to
the quadric surface is x*x. This distance naturally
depends on the value of k, i.e. the scale of the surface.
This dependence on k can be removed by considering
the square of the relative distance to the surface, i.e.

xT'x

lative distance to surface)® = —=——. (4.104
(relative distance to surface) Tox ( )

Let us consider the directions for which this relative distance, or equivalently its inverse

T
X+ Sx
Ax) = 4.105
) =20, (1105)
is stationary. We can find the so-called first variation in A\(x) by letting

x —x40x and xT — xT 4+ 6xT, (4.106)

by performing a Taylor expansion, and by ignoring terms quadratic or higher in |6x|. First note that

(xT 4 6xT) (x + 0x) = xTx + xTox + oxTx + . ..

= xTx 4+ 20xTx 4 ... . since the transpose of a scalar is itself

Hence

1 1

(XT 4 6xT)(x + 0x)  xTx 4+ 20xTx + ...

1 20xTx -1

X=X X=X

1 1 20xTx .
~ xTx xTx )

Similarly

(xT 4 6xT)S(x + 0x) = xTSx + xTSox + oxTSx + . ..
= xTSx +26xTSx + ... . since ST =S
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Putting the above results together we have that

(xT + 6xT)S(x + 6x) B xT'Sx
(XT 4 0xT)(x + 0x) xTx
~ xTSx+ 20xTSx 4. .. (1 B 26xTx n ) B xTSx

IA(x) =

xTx xTx xTx

26xTSx B xTSx 26xTx

xTx xTx  xTx
2
= Ty (6xTSx — A(x)0x"x)
2 or
= Ty Ix* (Sx— A(x)x) . (4.107)

Hence the first variation is zero for all possible dx
when
Sx = A(x)x, (4.108)

i.e. when x is an eigenvector of S and ) is the associ-
ated eigenvalue. So the eigenvectors of S are the di-
rections which make the relative distance (4.104) sta-
tionary, and the eigenvalues are the values of (4.105)
at the stationary points.

By a similar argument one can show that the eigenvalues of an Hermitian matrix, H, are the values of
the function
xTHx

xTx

Ax) =

(4.109)

at its stationary points.

4.9 Mechanical Oscillations (Unlectured: See Easter Term Course)
4.9.0 Why Have We Studied Hermitian Matrices, etc.?

The above discussion of quadratic forms, etc. may have appeared rather dry. There is a nice application
concerning normal modes and normal coordinates for mechanical oscillators (e.g. molecules). If you are
interested read on, if not wait until the first few lectures of the Easter term course where the following
material appears in the schedules.

4.9.1 Governing Equations

Suppose we have a mechanical system described by coordinates g1, ..., g,, where the g; may be distances,
angles, etc. Suppose that the system is in equilibrium when q = 0, and consider small oscillations about
the equilibrium. The velocities in the system will depend on the ¢;, and for small oscillations the velocities
will be linear in the ¢;, and total kinetic energy T will be quadratic in the ¢;. The most general quadratic

expression for T is
T = Z Z aijdid; = 4" Aq. (4.110)
iog

Since kinetic energies are positive, A should be positive definite. We will also assume that, by a suitable
choice of coordinates, A can be chosen to be symmetric.

Consider next the potential energy, V. This will depend on the coordinates, but not on the velocities,
i.e. V.=V/(q). For small oscillations we can expand V about the equilibrium position:

2
V(q)—V(O)+Zqz-g;(0)+;ZZqiqjaig%(O)Jr.... (4.111)
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Normalise the potential so that V' (0) = 0. Also, since the system is in equilibrium when q = 0, we require

that there is no force when q = 0. Hence
ov

dq;

Hence for small oscillations we may approximate (4.111) by

V=>" "bijqiq; = q"Bq. (4.113)
i

(0)=0. (4.112)

We note that if the mixed derivatives of V' are equal, then B is symmetric. Assume next that there are
no dissipative forces so that there is conservation of energy. Then we have that

d
—(T+V)=0. 4.114
(T +V) (4114)
In matrix form this equation becomes, after using the symmetry of A and B,
0= (T+V)=4d"Ad+4"Ad+ 4" Bq+q B
=24" (A§ + Bq). (4.115)

We will assume that the solution of this matrix equation that we need is the one in which the coefficient
of each ¢; is zero, i.e. we will require
Ag+Bqg=0. (4.116)

4.9.2 Normal Modes

We will seek solutions to (4.116) that all oscillate with the same frequency, i.e. we seek solutions
q = xcos(wt + ¢), (4.117)
where ¢ is a constant. Substituting into (4.116) we find that
(B —w?A)g =0, (4.118)
or, on the assumption that A is invertible,
(A7'B —w?l)qg = 0. (4.119)

Thus the solutions w? are the eigenvalues of A~'B, and are referred to as eigenfrequencies or normal

frequencies. The eigenvectors are referred to as normal modes, and in general there will be n of them.

4.9.3 Normal Coordinates

We have seen how, for a quadratic form, we can change coordinates so that the matrix for a particular
form is diagonalized. We assert, but do not prove, that a transformation can be found that simultaneously
diagonalizes A and B, say to M and N. The new coordinates, say u, are referred to as normal coordinates.
In terms of them the kinetic and potential energies become

T= Zuiuf =0"™Mi and V= Zl/zuf =uTNu (4.120)
respectively, where
w0 0 vy 0 0
0 0 0 v - 0
M= . . and N = . . . (4.121)
0 0 - pn 0 0 - vy

The equations of motion are then the uncoupled equations

,uiu'i+1/iui =0 (’LZ 1,...,71). (4122)
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4.9.4 Example

Consider a system in which three particles of mass m, um and m are connected in a straight line by
light springs with a force constant k (cf. an idealised model of CO3).%°

The kinetic energy of the system is then
T = (maf + pma3 + mz3), (4.123a)
while the potential energy stored in the springs is

V= 2k((z2 — 21)® + (23 — 22)°). (4.123b)

The kinetic and potential energy matrices are thus

100 1 -1 0
A=Im|[ 0 p O and B=1k| -1 2 -1 |, (4.124)
0 0 1 0 -1 1

respectively. In order to find the normal frequencies we therefore need to find the roots to ||B —w?A|| = 0
(see (4.118)), i.e. we need the roots to

1—A -1 0

—1 2—px  —1 [[=AI=N(pA—(u+2)=0, (4.125)
0 ~1  1-2A

where A = mw?/k. The eigenfrequencies are thus

1 1 1
k\:? k\? 2\ 2
w1 =0, wy= () , w3 = () (1 + ) , (4.126)
m m i

with corresponding (non-normalised) eigenvectors

1 1 1
=11], *>=[0], *=[-2/u (4.127)
1 -1 1

Remark. Note that the centre of mass of the system is at rest in the case of x> and x3.

20 See Riley, Hobson & Bence (1997).
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5 Elementary Analysis

5.0 Why Study This?

Analysis is one of the foundations upon which mathematics is built. At some point you ought to at least
inspect the foundations! Also, you need to have an idea of when, and when not, you can sum a series,
e.g. a Fourier series.

5.1 Sequences and Limits
5.1.1 Sequences

A sequence is a set of numbers occurring in order. If the sequence is unending we have an infinite
sequence.

, the sequence is

(5.1)

Example. If the nth term of a sequence is s,, =

I

=

b

[y
Wl

b

5.1.2 Sequences Tending to a Limit, or Not.

Sequences tending to a limit. A sequence, s,, is said to tend to the limit s if, given any positive ¢, there
exists N = N(¢e) such that

|sn, —s|<e foral n>N. (5.2a)
We then write
lim s, =s. (5.2b)
n—oo

Ezample. Suppose s, = 2™ with |z| < 1. Given 0 < € < 1 let N(¢) be the smallest integer such

that, for a given =z,
log1/e

_ 5.3
log 1/ >3
Then, if n > N,
|50 — 0] = |z|™ < |2V < €. (5.4a)
Hence
lim z" =0. (5.4b)

Property. An increasing sequence tends either to a limit or to +o0o. Hence a bounded increasing
sequence tends to a limit, i.e. if

Sp+1 > Sp, and s, <K €R for all n, then s= lim s, exists. (5.5)

n—oo
Remark. You really ought to have a proof of this property, but I do not have time.?!

Sequences tending to infinity. A sequence, s,, is said to tend to infinity if given any A (however large),
there exists N = N(A) such that

sp>A forall n>N. (5.6a)

We then write
Sp, — 00 as m— 00. (5.6b)

Similarly we say that s, — —oo as n — oo if given any A (however large), there exists N = N(A)
such that
Sp<—A forall n>N. (5.6¢)

Oscillating sequences. If a sequence does not tend to a limit or +oco, then s, is said to oscillate. If s,
oscillates and is bounded, it oscillates finitely, otherwise it oscillates infinitely.

21 Alternatively you can view this property as an axiom that specifies the real numbers R essentially uniquely.
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5.2 Convergence of Infinite Series
5.2.1 Convergent Series

Given an infinite sequence of numbers uq, us, ..., define the partial sum s,, by

Sy = iur . (5.7)
r=1

If as n — o0, s, tends to a finite limit, s, then we say that the infinite series

>, (5.8)

converges (or is convergent), and that s is its sum.

Example: the convergence of a geometric series. The series
o0
Zxrzl+x+x2+x3+..., (5.9)
r=0
converges to (1 — z)~! provided that |z| < 1.
Answer. Consider the partial sum

1_ n
sn=1+x+~--+$n_1=71_a;~ (5.10)

If |z| < 1, then from (5.4b) we have that 2™ — 0 as n — oo, and hence

1
s= lim s, = 1= for |z < 1. (5.11)

n—oo

However if || > 1 the series diverges.

5.2.2 A Necessary Condition for Convergence

A necessary condition for s to converge is that u, — 0 as r — oo.

Proof. Using the fact that u, = s, — s,_1 we have that

lim w, = lim (s, — s,—1) = lim s, — lim s,_1 =s—s=0. (5.12)

r—00 r—00 r—00 r—00

However, as we are about to see with the example u, = + (see (5.13) and (5.14)), u, — 0 as r — oo is
not a sufficient condition for convergence.

5.2.3 Divergent Series

An infinite series which is not convergent is called divergent.

Ezxample. Suppose that
(5.13)

S=

£
3

Il

I
92}
o
=+
=
Q
=+
»
3

Il

I
Il
[
_|_

(SIS
_|_
W=

_|_
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16/01
16/02
16/03
16/04

Consider som where m is an integer. First we note that
m=1: s;=1+ %
m=2: sy=s3+3+i>s+i+i=1+1+1
m=3: sg=sstitst+ti+ti>sutiti+titi>l+i+i+3.
Similarly we can show that (e.g. by induction)
sgm > 1+ 73, (5.14)

and hence the series is divergent.

5.2.4 Absolutely Convergent Series

A series Y u, is said to converge absolutely if

> Jul (5.15)
r=1

converges, otherwise any convergence of the series is said to be conditional.

Example. Suppose that

n

1 1
1@:04y4; so that s, = ) pnwﬂ;:1—§+§~-+@4wﬂl. (5.16)
r=1

Then, from the Taylor expansion

bg1+x%:—§§«fy, (5.17)
r=1

we spot that s = lim,_ s, = log2; hence Y. 2 u, converges. However, from (5.13) and (5.14)
we already know that Y 7 |u,| diverges. Hence > 7, u, is conditionally convergent.

Property. If >~ |u,| converges then so does > u, (see the Example Sheet for a proof).

5.3 Tests of Convergence
5.3.1 The Comparison Test

If we are given that v, > 0 and

S =

Uy (5.18)

r=1

is convergent, the infinite series > | u, is also convergent if 0 < u, < Kuv, for some K independent of 7.

Proof. Since u, >0, s, =Y _; u, is an increasing sequence. Further

snzzn:u,«<lCzn:vr, (5.19)
r=1 r=1

and thus

lim s, <KY v, =KS, (5.20)
r=1

Le. s, is an increasing bounded sequence. Thence from (5.5) >, u, is convergent.

Remark. Similarly if Zfil v, diverges, v, > 0 and u, > Kwv, for some K independent of r, then Z:fil Uy
diverges.
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5.3.2 D’Alembert’s Ratio Test

Suppose that u,. > 0 and that

lim <ur+1> =p. (5.21)

r—00 Uy

Then > u, converges if p < 1, while > u,. diverges if p > 1.

Proof. First suppose that p < 1. Choose o with p < o < 1. Then there exists N = N(o) such that

ur+1
Uy

<o foral r>N. (5.22)

So

0o N

UN+2 UN+2 UN+3
E urzg ur—|—uN+1{1—|— + +...
— — UN+1  UN+1 UN+2

N
< Zur—FuNH(l—i—a—l—oQ—i—...) by hypothesis
r=1
al u
N+1 .
< r by (5.11 < 1. 5.23
;u —1-1_0 y (5.11) since o (5.23)

We conclude that >~°7 u, is bounded. Thence, since s, = Y ._, u, is an increasing sequence, it
follows from (5.5) that ) u, converges.

Next suppose that p > 1. Choose 7 with 1 < 7 < p. Then there exists M = M (1) such that

Wil 751 forall 7> M, (5.24a)
Uy
and hence
Ur r—M
> T >1 foral r>M. (5.24b)
unm

Thus, since u, 4 0 as 7 — oo, we conclude that Y u, diverges.

5.3.3 Cauchy’s Test

Suppose that u,. > 0 and that
lim u}/" =p. (5.25)

Then > u, converges if p < 1, while > w, diverges if p > 1.
Proof. First suppose that p < 1. Choose o with p < o < 1. Then there exists N = N(o) such that
u/m <o, e wu.<o" forall r>N. (5.26)
It follows that
00 N 0o
Sup <> unt > o (5.27)
r=1 r=1 r=N+1

We conclude that Y2 u, is bounded (since o < 1). Moreover s, = Y ._, u, is an increasing
sequence, and hence from (5.5) we also conclude that > u, converges.

Next suppose that p > 1. Choose 7 with 1 < 7 < p. Then there exists M = M (1) such that
u/T>r>1, ie wu.>7">1, forall r>M. (5.28)

Thus, since u, # 0 as r — o0, > u, must diverge.
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5.4 Power Series of a Complex Variable

A power series of a complex variable, z, has the form

oo

f(z)= ZaTzT where a, € C. (5.29)
r=0

Remark. Many of the above results for real series can be generalised for complex series. For instance, if
the sum of the absolute values of a complex series converges (i.e. if Y |u,.| converges), then so does
the series (i.e. Y u,.). Hence if > |a,-2"| converges, so does Y a,2".

5.4.1 Convergence of Power Series

If the sum Y 2 a,2" converges for z = z1, then it converges absolutely for all z such that |z| < |21].

Proof. First we note that

T

(5.30)

lar2"| = |a,2]]

Also, since Y a,z] converges, then from §5.2.2, a,z] — 0 as r — oo. Hence for a given ¢ there
exists N = N(¢g) such that if » > N then |a,2]| < € and

r

lar2"| < e if |z| < |z1]- (5.31)

z
21

Thus Y a,2" converges for |z| < |z1| by comparison with a geometric series.

Corollary. If the sum diverges for z = z; then it diverges for all z such that |z| > |z1|. For suppose that
it were to converge for some such z = zo with |29| > |21], then it would converge for z = z; by the
above result; this is in contradiction to the hypothesis.

5.4.2 Radius of Convergence

The results of §5.4.1 imply that there exists some circle in the complex z-plane of radius ¢ (possibly 0
or 0o0) such that:

> a,z" converges for |z| < o
|z| = 0 is the circle of convergence. (5.32)
> arz" diverges for |z| > o

The real number g is called the radius of convergence. On |z| = ¢ the sum may or may not converge.

5.4.3 Determination of the Radius of Convergence

Let -
f(z)= Zur where u, =a,z". (5.33)
r=0

Use D’Alembert’s ratio test. If the limit exists, then

1
lim |2 = = (5.34)
r—=00 | Ay 0
Proof. We have that
a z
lim |24 = i |22 |z| = u by hypothesis.
r—00 U r—o00 . 0
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Hence the series converges absolutely by D’Alembert’s ratio test if |z| < g. On the other hand if

|z| > o, then
i 2ot 2 By (5.35)
™—00 UT Q
Hence u, 4 0 as r — o0, and so the series does not converge. It follows that g is the radius of
convergence.
Remark. The limit (5.34) may not exist, e.g. if a, = 0 for r odd then a2 is alternately 0 or oco.
ar
Use Cauchy’s test. If the limit exists, then
: 1/r 1
lim |a,|"/" = —. (5.36)
77— 00 Q
Proof. We have that
lim |u,|Y" = lim |a,|'/"|z| = 2l by hypothesis. (5.37)
T —00 T —00

Hence the series converges absolutely by Cauchy’s test if |z| < o.
On the other hand if |z| > g, choose 7 with 1 < 7 < |z|/p. Then there exists M = M (7) such that

lue V"> T >1, de |u | >7">1, forall r>M.

Thus, since u, 4 0 as r — 00, >_ u, must diverge. It follows that g is the radius of convergence.

5.4.4 Examples

1. Suppose that f(z) is the geometric series

flz)=3 ="
r=0
Then a, = 1 for all r, and hence

ar+1
Qr

=1 and |a|"" =1 forallr. (5.38)

Hence ¢ = 1 by either D’Alembert’s ratio test or Cauchy’s test, and the series converges for |z| < 1.

In fact )
fe) =

Note the singularity at z = 1 which determines the radius of convergence.

(oo}

— A\ —1 r—1
2. Suppose that f(z) = —Z ﬁ Then a, = L, and hence
— r
it T 1 as r— oo. (5.39)
a, r+1

Hence ¢ =1 by D’Alembert’s ratio test. As a check we observe that

. 1 1/r X 1 1
ja| == , and log]a,| /"= log~ —0asr—oo.
r r r

Thus
la |V =1 as r— oo, (5.40)

and we confirm by Cauchy’s test that o = 1. In fact the series converges to log(1 + z) for |z| < 1;
the singularity at z = —1 fixes the radius of convergence.
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x  _r
3. Next suppose f(z) = Z Zj Then a, = % and
!
Ar1 1

o :T+1—>0 as 1 — 00. (5.41)

Hence o = oo by D’Alembert’s ratio test. As a check we observe that

1 1/r 1
oo = (!) . and logla [/ = —logr!.
Tl r

But Stirling’s formula gives that
logr! ~ rlogr + %logr—r—i—... as r — 00,
and so
log a, /" — —logr — —o00 as r— o0.

Thus )
lay|™ — 0 as r — o0, (5.42)

and we confirm by Cauchy’s test that ¢ = oco. In fact the series converges to e* for all finite z.

o

4. Finally suppose f(z) = Zr!zr. Then a, = r! and
r=0
Tl p 41500 as r—o00. (5.43)
ar

Hence ¢ = 0 by D’Alembert’s ratio test. As a check we observe, using Stirling’s formula, that
1
la,| VT = (7“!)1/T7 and logla,|'/" = Zlogr! ~logr — 0o as r— oo,
T

and so
la, V" - 00 as r—o0. (5.44)

Thus we confirm by Cauchy’s test this series has zero radius of convergence; it fails to define the
function f(z) for any non-zero z.

5.4.5 Analytic Functions

A function f(z) is said to be analytic at z = zo if it has Taylor series expansion about z = zp with a
non-zero radius of convergence, i.e. f(z) is analytic at z = 2 if for some ¢ > 0

oo

flz) = Zar(z —2z9)" for |z — 2| < 0. (5.45a)

r=0

The coeflicients of the Taylor series can be evaluated by dif-
ferentiating (5.45a) n times and then evaluating the result at

z = 29, whence
1d*f

5.4.6 The O Notation

Suppose that f(z) and g(z) are functions of z. Then

if  f(2)/g(z) is bounded as z — 0 we say that f(z) = O(g(2));
it f(2)/g9(z) =0 as z — 0 we say that f(z) = o(g(z)).
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17/04

17/01
17/03

Example. As x — 0 we have that

sinz = O(1) since sinz/1 is bounded as  — 0;
sinz = o(1) since sinz/1 — 0 as x — 0;
sinz = O(x) since sinz/x is bounded as z — 0.

Remark. The O notation is often used in conjunction with truncated Taylor series, e.g. for small (z — zg)

f(z) = fz0) + (2 — 20) [ (20) + 5 (2 — 20)2 " (20) + O((z — 20)*) . (5.46)

5.5 Integration
You have already encountered integration as both

e the inverse of differentiation, and

e some form of of summation.

The aim of this part of the course is to emphasize that these two definitions are equivalent for continuous
functions.

5.5.1 Why Do We Have To Do This Again?

You already know the ‘definition’

b N
/af(t)dtzN@OO;f(aﬂh)h where h = (b—a)/N, (5.47)

so why are mathematicians not really content with it?

One answer is that while (5.47) is OK for OK functions,
consider Dirichlet’s function

f=

{ 0 on irrationals, (5.48)

1 on rationals.
If
e a =0 and b = 7, then (5.47) evaluates to 0,

e a =0 and b = p/q, where p/q is a rational ap-
proximation to 7 (e.g. 22/7 or better), then (5.47)
evaluates to p/q.

Since we can choose p/q to be arbitrarily close to m we would appear to have a problem.??> We conclude
that we need a better definition of an integral. In particular

e we need a better way of dividing up [a, b];

e we need to be more precise about the limit as the subdivisions tend to zero.

22 Tn fact Dirichlet’s function is not Riemann integrable, so this example is a bit of a cheat.
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5.5.2 The Riemann Integral

Dissection. A dissection, partition or subdivision D
of the interval [a,b] is a finite set of points
to,...,tn such that

a=thg<t1<...<ty=hb.

Modulus. Define the modulus, gauge or norm of a
dissection D, written |D|, to be the length of
the longest subinterval (t; —t;_1) of D, i.e.

|D| = 1r<na<xj\r|t —tj1]. (5.49a)

Riemann Sum. A Riemann sum, o(D, (), for a bounded function f(¢) is any sum

N
C)=Zf(€;‘)(tj—tj—1) where ¢ € [tj—1,5]. (5.49b)

Note that if the subintervals all have the same length so that t; = (a+ jh) and ¢t; —t;_1 = h where
h = (ty —to)/N, and if we take (; = t;, then (cf. (5.47))

N

a(D,¢) =Y fla+jh)h. (5.49¢)

j=1

Integrability. A bounded function f(t) is integrable if there exists I € R such that

‘B‘IEOO’(D ) =1, (5.49d)

where the limit of the Riemann sum must exist independent of the dissection (subject to the
condition that |D| — 0) and independent of the choice of ¢ for a given dissection D.%3

Definite Integral. For an integrable function f the Riemann definite integral of f over the interval [a, b]
is defined to be the limiting value of the Riemann sum, i.e.

/ " fyd=T. (5.49¢)

Remark. An integral should be thought of as the limiting value of a sum, not as the area under a
curve. Of course this is not to say that integrals are not a handy way of calculating the areas
under curves.

Ezample. Suppose that f(t) = ¢, where ¢ is a real constant. Then from (5.49b)

th —tj 1) =c(b—a), (5.50a)
j=1

whatever the choice of D and ¢. Hence the required limit in (5.49d) exists. We conclude that
f(t) = c is integrable, and that

/bcdt —c(b—a). (5.50b)

23 More precisely, f is integrable if given ¢ > 0, there exists I € R and § > 0 such that whatever the choice of ¢ for a
given dissection D
lo(D,¢) —I| <e when |D|<3$.

Note that this is far more restrictive than saying that the sum (5.49c) converges as h — 0.
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Remark. Proving integrability using (5.49d) is in general non trivial (since there are a rather large
number of dissections and sample points ¢ to consider).?* However if we know that a function is
integrable then the limit (5.49d) needs only to be evaluated once, i.e. for a limiting dissection and
sample points of our choice (usually those that make the calculation easiest).

5.5.3 Properties of the Riemann Integral

Using (5.49d) and (5.49¢) it is possible to show for integrable functions f and g, a < ¢ < b, and k € R,
that

/bf(t) dt = —/af(t) dt, (5.51a)
a b
/bf(t)dt_/Cf(t)dtJr/bf(t)dt, (5.51b)
l;l a b C
/kf(t)dt:k/ F(6)dt, (5.51¢)
b b b
/(f(t)+g(t))dt:/ f(t)dt+/ o(t)dt, (5.51d)

b
< / IF(t)] dt . (5.51e)

/ab F(b)dt

It is also possible to deduce that if f and g are integrable then so if fg.

Schwarz’s Inequality. For integrable functions f and g (cf. (4.31))

</ab fgdt>2 ) </b ! 2dt> </ab92dt> | (5:52)

Proof. Using the above properties it follows that
b b b b
0< / (Af +g)2dt = )\2/ fde + 2)\/ fgdt +/ g3dt. (5.53)

o It [V f2dt = 0 then
b b
2)\/ fgdt+/ g*dt > 0.

This can only be true for all A if f; fgdt = 0; the [in]equality follows.
o If f: f2dt # 0 then choose (cf. the proof of (4.31))

A=-Jo__ (5.54)

and the inequality again follows.

Remark. This will not be the last time that we will find an analogy between scalar/inner products
and integrals.

24 As you might guess, there is a better way to do it.
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5.5.4 The Fundamental Theorems of Calculus

Suppose f is integrable. Define

xr
P(z) = / £t dt.
a
F' is continuous. F' is a continuous function of x since

x+h
\F(z +h) — F(z)| = / (1) dt

x+h
< / F(1)] dt

<
< (Lamax Lrc01) .

and hence
%in%)|F(sc+h) — F(z)|=0.

The First Fundamental Theorem of Calculus. This states that

?;:i(sz(t)dt) = f(x),

i.e. the derivative of the integral of a function is the function.

Proof. Suppose that

= 1 t d M= t).
m= Jun  f(t) an 2 )

(5.55)

(5.56)

We can show from the definition of a Riemann integral that

for h > 0

z+h
mh </ F(t)dt < Mh,

SO

o F(z+h) — F(x) .

m < )

But if f is continuous, then as A — 0 both m and M tend
to f(x). We can similarly ‘sandwich’ (F'(z + h) — F(z))/h if
h < 0. (5.56) then follows from the definition of a derivative.

The Second Fundamental Theorem of Calculus. This essentially states that the integral of the derivative

of a function is the function, i.e. if g is differentiable then
— dt = — .
/a 1 g9(x) —g(a)

Proof. Define f(x) by

dg
flx) = a(z) )
and then define F' as in (5.55). Then using (5.56) we have that
d
—(F—g)=0.
w9

(5.57)
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Hence from integrating and using the fact that F'(a) = 0 from (5.55),

Thus using the definition (5.55)

/: % dt = g(z) — g(a). (5.58)

The Indefinite Integral. Let f be integrable, and suppose f = F’(z) for some function F. Then, based
on the observation that the lower limit @ in (5.55), etc. is arbitrary, we define the indefinite integral

of f by
xr
/ F(#)dt = Fa) + ¢ (5.59)
for any constant c.
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6 Ordinary Differential Equations

6.0 Why Study This?

Numerous scientific phenomena are described by differential equations. This section is about extending
your armoury for solving ordinary differential equations, such as those that arise in quantum mechan-
ics and electrodynamics. In particular we will study a sub-class of ordinary differential equations of
‘Sturm-Liouville’ type. In addition we will consider eigenvalue problems for ‘Sturm-Liouville’ operators.
In subsequent courses you will learn that such eigenvalues fix, say, the angular momentum of electrons
in an atom.

6.1 Second-Order Linear Ordinary Differential Equations

The general second-order linear ordinary differential equation (ODE) for y(z) can, wlog, be written as
y' + o)y +a(z)y = f(z). (6.1)

If f(x) = 0 the equation is said to be homogeneous, otherwise it is said to be inhomogeneous.

6.2 Homogeneous Second-Order Linear ODEs

If f = 0 then any two solutions of
y" +py' +qy =0, (6.2)

can be superposed to give a third, i.e. if y; and y» are two solutions then for a, 3 € R another solution is
y=ayi +Bys. (6.3)

Further, suppose that y; and y, are two linearly independent solutions, where by linearly independent
we mean, as in (4.3), that
ayr(z) + By2(z) =0 = a=p=0. (6.4)

Then since (6.2) is second order, the general solution of (6.2) will be of the form (6.3); the parameters
a and @ can be viewed as the two integration constants. This means that in order to find the general
solution of a second order linear homogeneous ODE we need to find two linearly-independent solutions.

Remark. If y; and ys are linearly dependent, then yo = ~yy; for some v € R, in which case (6.3) becomes

y=(a+ By, (6.5)
and we have, in effect, a solution with only one integration constant o = (a + 37).
6.2.1 The Wronskian

If y; and yo are linearly dependent, then so are ¢} and y) (since if yo = ~yy; then from differentiating
y4 = vy}). Hence y; and yo are linearly dependent only if the equation

(3 1)(3)0

has a non-zero solution. Conversely, if this equation has a solution then y; and y, are linearly dependent.

It follows that non-zero functions y; and ys are linearly independent if and only if
Y1 Y2 «Q
= O = o = = 0 . 6.7
( vi s ) ( g ) 7 (67)
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Since Ax = 0 only has a zero solution if and only if det A # 0, we conclude that y; and y, are linearly
independent if and only if

H% V2 = yih —yeyh #0. (6.8)
Y2
The function,

W(z) = y1ys — Yoy » (6.9)

is called the Wronskian of the two solutions. To recap: if W is non-zero then y; and ys are linearly
independent.

6.2.2 The Calculation of W

We can derive a differential equation for the Wronskian, since

W' =y1yd — yiya from (6.9) since the 3,15 terms cancel
= —y1(pys + qu2) + (pYi + qu1)y2 using equation (6.2)
= —p(y1y5 — Y y2) since the qy1y» terms cancel
= —pW from definition (6.9). (6.10)

This is a first-order equation for W, viz.
W'+ p(z)W =0, (6.11)

with solution

W(z) = & exp (— [ #0 dc) , (6.12)

where k is a constant (a change in lower limit of integration can be absorbed by a rescaling of k).

Remark. If for one value of x we have that W # 0, then W is non-zero for all values of x (since
expx > 0 for all ). Hence if y; and ys are linearly independent for one value of z, they are linearly
independent for all values of x. In the case that y; and ys are known implicitly, e.g. in terms of
series or integrals, this is a welcome result since it means that we just have to find one value of z
where is it relatively easy to evaluate W in order to confirm (or otherwise) linear independence.

6.2.3 A Second Solution via the Wronskian

Suppose that we already have one solution, say y1, to the homogeneous equation. Then we can calculate
a second linearly independent solution using the Wronskian as follows.

First, from the definition of the Wronskian (6.9)

1y — y1y2 = W(z). (6.13)
Hence from dividing by y?
! / /

<w>::w_yw1:W’

n)  wn ¥ u
Now integrate both sides and use (6.12) to obtain
W)

vt (n)

) [ s e ( w0 dc) an. (6.14)

In principle this allows us to compute y, given y;.

y2(z) = y1(z) dn
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Ezample. Given that y1(z) is a solution of Bessel’s equation of zeroth order,
2 ]‘ /
y oy +y=0, (6.15)

find another independent solution in terms of y; for > 0.

Answer. In this case p(x) = 1/x and hence

(@) =) [ s e (—/"édc) an

o1
:/{yl(x)/ de. (6.16)

1

6.3 Taylor Series Solutions

It is useful now to generalize to complex functions y(z) of a complex variable z. The homogeneous ODE
(6.2) then becomes

y" +p(2)y +q(2)y=0. (6.17)
If p and ¢ are analytic at z = 2o (i.e. they have power series expansions (5.45a) about z = z), then

z = zp is called an ordinary point of the ODE. A point at which p and/or ¢ is singular, i.e. a point at
which p and/or ¢ or one of its derivatives is infinite, is called a singular point of the ODE.

6.3.1 The Solution at Ordinary Points in Terms of a Power Series

If 2 = 2 is an ordinary point of the ODE for y(z), then we claim that
y(z) is analytic at z = zq, i.e. there exists ¢ > 0 for which (see (5.45a))

y= Z an(z —29)" when |z — 2| <op. (6.18a)
n=0

For simplicity we will assume henceforth wlog that zy = 0 (which corre-
sponds to a shift in the origin of the z-plane). Then we seek a solution of
the form

y = Z anz" . (6.18b)
n=0

Next we substitute (6.18b) into the governing equation (6.17) to obtain

o0 o0 o0
Z nn —1)a,z""2 + Z nanp(z)z" " + Z anq(z)z" =0,
n=@2 n=@1 n=0

or, after the substitution kK = n — 2 and £ = n — 1 in the first and second terms respectively,

Z(k‘ +2)(k + Dagro2" + Z(ﬂ + Dagap(2)z + Z anq(2)2" =0. (6.19)
k=0 =0 n=0

At an ordinary point p(z) and ¢(z) are analytic so we can write

p(z) =Y pmz™ and q(z) = Y gmz™. (6.20)
m=0 m=0

Then, after the substitutions k — r and £ — n, (6.19) can be written as

S+ 2+ Dare + 3% ((n + 1) ans1pm + anqm)z”+m ~0. (6.21)
r=0 n=0m=0
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We now want to rewrite the double sum to include powers
like 2. Hence let r = n +m and then note that (cf. a
change of variables in a double integral)

Z o(n,m) = Z Z e(n,r —n), (6.22)

m=0 r=0 n=0

NE

I
o

n

since m = r —n > 0. Hence (6.21) can be rewritten as

Z ((T +2)(r+ Daypqa + Z ((n + Dany1pr—n + aann)> Z"=0. (6.23)

r=0 n=0

Since this expression is true for all |z| < g, each coefficient of z” (r = 0,1,...) must be zero. Thus we
deduce the recurrence relation

T

1
Qpyg = —————— n+ Dapr1Pr—n + an T,n) for r>0. 6.24
2 (r+2)(r+1) nZ:o (( Jan1p g (6.24)
Therefore a,42 is determined in terms of ag, aq,...,ar+1. This means that if ag and a1 are known then

so are all the a,; ag and a; play the role of the two integration constants in the general solution.

Remark. Proof that the radius of convergence of (6.18b) is non-zero is more difficult, and we will not
attempt such a task in general. However we shall discuss the issue for examples.

6.3.2 Example

Consider
L (6.25)
(1—2)2 ' '
z = 0 is an ordinary point so try
oo
y=> anz". (6.26)
n=0
We note that
2 o0
=0 =——- -9 1)z™ 6.27
and hence in the terminology of the previous subsection p,, = 0 and ¢, = —2(m + 1). Substituting into
(6.24) we obtain the recurrence relation
2 T
Upyo = ( Zan(r —n+1) for r>0. (6.28)

r+2)(r+1) =

However, with a small amount of forethought we can obtain a simpler, if equivalent, recurrence relation.
First multiply (6.25) by (1 — 2)? to obtain

(1-2)%" -2y =0,

and then substitute (6.26) into this equation. We find, on expanding (1 — 2)? =1 — 2z + 22, that

Z n(n —1)apz""2 -2 Z n(n —1)a,z" " + z:(n2 —n—2)a,z" =0,
n=@g2 n=@1 n=0

after the substitution k =n — 2 and £ = n — 1 in the first and second terms respectively,

Z(k; + 2)(k 4 1)ag 22" — 2Z(£ + Dlagy,2" + Z(n +1)(n—2)a,z" =0.
k=0 =0 n=0
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Then after the substitutions k& — n and £ — n, we group powers of z to obtain

o0

Z(n +1)((n+ 2)ant2 — 2napy1 + (n — 2)a,) 2" =0,

n=0
which leads to the recurrence relation

1

m@nanﬂ —(n—2)a,) for n=0. (6.29)

Ap+2 =

This two-term recurrence relation again determines a,, for n > 2 in terms of ag and a1, but is simpler

than (6.28).

FEzercise for those with time! Show that the recurrence relations (6.28) and (6.29) are equivalent.

Two solutions. For n = 0 the recurrence relation (6.29) yields az = ag, while for n = 1 and n = 2 we
obtain
as = %(2@2 +a1) and a4 =as. (6.30)

First we note that if 2a5 + a; = 0, then a3 = a4 = 0, and hence a,, = 0 for n > 3. We thus have as
our first solution (with ag = a # 0)
v = a(l —2)2. (6.31a)

Next we note that a, = ag for all n is a solution of (6.29). In this case we can sum the series to
obtain (with ag = 8 # 0)

=8y "= & (6.31D)
n=0

1—2"

Linear independence. The linear independence of (6.31a) and (6.31b) is clear. However, to be extra sure
we calculate the Wronskian:

— i) T 2> B s
W = y1y5 —y1y2 = a(l — 2) -2 + 2a(1 —z)(l " 3af #0. (6.32)
Hence the general solution is
y(2) = a(l — 2)* + : p , (6.33)
—z
for constants a and 8. Observe that the general solution is singular at z = 1, which is also a singular
point of the equation since q(z) = —2(1 — z)~2 is singular there.
6.3.3 Example: Legendre’s Equation
Legendre’s equation is
2z Le+1)
" ! =0 6.34
Y 1— Z2y + 1— 22 Yy ’ ( )

where ¢ € R. The points z = +1 are singular points but z = 0 is an ordinary point, so for smallish z try

y = Z anz". (6.35)
n=0

On substituting this into (1 — 22) * (6.34) we obtain

> nn a2 =3 nn D 23 na,=” + 3+ Dae =0,
n=02 n=0 n=0 n—0

Hence with &k = n — 2 in the first sum

oo o0

Z(k + 2)(k 4+ 1)ag 22" — Z (nin4+1)—=L(L+1))apz" =0,

k=0 n=0
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and thence after the transformation & — n

oo

> ((n+2)(n+ Danga — (n(n+1) = L+ 1)) ay) 2" = 0.

n=0

This implies that
nn+1)—£0(L+1)

Apio = a, for n=0,1,2,.... 6.36
T )+ 2) (6.36)
Two solutions can be constructed by choosing
e ap =1 and a; = 0, so that
Ll+1
y=1- %22 +0(2%); (6.37a)
e a9 =0 and a; = 1, so that
2—0(0+1 5
Yo =2+ %23 +0(2°). (6.37h)

The Wronskian at the ordinary point z = 0 is thus given by
W=yyp—yy2=1-1-0-0=1. (6.38)

Since W #£ 0, y; and g9 are linearly independent.

Radius of convergence. The series (6.37a) and (6.37b) are effectively power series in z? rather than z.

Hence to find the radius of convergence we either need to re-express our series (e.g. 22 — y and

ag, — by), or use a slightly modified D’Alembert’s ratio test. We adopt the latter approach and

observe from (6.36) that

Cbn+227L+2
anpz™

nn+1)—£4({+1)
(n+1)(n+2)

lim

n—oo

= lim |22 = |2)?. (6.39)

n—oo

It then follows from a straightforward extension of D’Alembert’s ratio test (5.21) that the series
converges for |z| < 1. Moreover, the series diverges for |z| > 1 (since a, 2" / 0), and so the radius
of convergence ¢ = 1. On the radius of convergence, determination of whether the series converges
is more difficult.

Remark. The radius of convergence is distance to nearest singularity of the ODE. This is a general
feature.

Legendre polynomials. In the generic situations both series (6.37a) and (6.37b) have an infinite number

of terms. However, for £ =0,1,2,... it follows from (6.36)

Ll+1)—4(+1)
(L+1)(¢+2)

ag42 = Ay = 0, (6.40)

and so the series terminates. For instance,

{=0: y=ag,
=1: y=a1z,
(=2: y=ap(l—327%).

These functions are proportional to the Legendre polynomials, Py(z), which are conventionally
normalized so that P;(1) = 1. Thus

Py=1, Pi=z, Py=1(3z>-1), etc (6.41)
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6.4 Regular Singular Points

Let z = zg be a singular point of the ODE. As before we can take zy = 0 wlog (otherwise define 2’ = z— 2z
so that 2z’ = 0 is the singular point, and then make the transformation z’ — z). The origin is then a
regular singular point if

zp(z) and 2%¢(z) are non-singular at z=0. (6.42)
In this case we can write 1 1
p(z) = ;s(z) and ¢(z) = Z—Zt(z), (6.43)

where s(z) and ¢(z) are analytic at z = 0. Then the homogeneous ODE (6.17) becomes after multiplying
by 22
22y" + zs(2)y +t(2)y =0. (6.44)

6.4.1 The Indicial Equation

We claim that there is always at least one solution to (6.44) of the form
o0
y=2z° Z anz" with ap#0 and oceC. (6.45)
n=0

To see this substitute (6.45) into (6.44) to obtain

> ((e+n)(o+n—1)+ (0 +n)s(z) +(2))anz"t" =0,

n=0
or after division by 27,

o0

> ((e+n)(o+n—1)+ (o +n)s(z) +t(2))anz" = 0. (6.46)

n=0
We now evaluate this sum at z = 0 (when 2" = 0 except when n = 0) to obtain
(0(c = 1)+ 0sp +tg)ag =0, (6.47)

where so = s(0) and ¢y = ¢(0); note that since s and ¢ are analytic at z = 0, so and ¢ are finite. Since
by definition ag # 0 (see (6.45)) we obtain the indicial equation for o:

o2 +a(sop—1)+tg=0. (6.48)

The roots o1, oo of this equation are called the indices of the regular singular point.

6.4.2 Series Solutions

For each choice of ¢ from o1 and o9 we can find a recurrence relation for a,, by comparing powers of z
in (6.46), i.e. after expanding s and ¢ in power series.
01— 09 & Z. If 01 — 03 ¢ Z we can find both linearly independent solutions this way.

o1 — o9 € Z. If 01 = 09 we note that we can find only one solution by the ansatz (6.45). However, as we
shall see, it’s worse than this. The ansatz (6.45) also fails (in general) to give both solutions when
o1 and o9 differ by an integer (although there are exceptions).
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6.4.3 Example: Bessel’s Equation of Order v

Bessel’s equation of order v is
1 2
y//_|_7y/+ (1_1/2)y20, (649)
z z
where v > 0 wlog. The origin z = 0 is a regular singular point with
s(z) =1 and t(z) =212, (6.50)

A power series solution of the form (6.45) solves (6.49) if, from (6.46),

Z (c+n)(c+n—1)+ (0 +n)—v*)a,z" + Z anz"t? =0, (6.51)
n=0 n=0

i.e. after the transformation n — n — 2 in the second sum, if

i ((0 +n)? — V2)anz” + i 92" =0. (6.52)
n=0 n=2

Now compare powers of z to obtain

n=0: o*>-1v*=0 (6.53a)
=1: ((c+1)?*=v*a1 =0 (6.53b)
n>2: ((U +n)% — 1/2)(1” +ap_2=0. (6.53¢)

(6.53a) is the indicial equation and implies that
o=4v. (6.54)
Substituting this result into (6.53b) and (6.53¢) yields

(1+2v)a; =0 (6.55a)
n(n+2v)a, = —an—o for n>=2. (6.55b)

Remark. We note that there is no difficulty in solving for a,, from a,,_o using (6.55b) if o = +v. However,
if 0 = —v the recursion will fail with a,, predicted to be infinite if at any point n = 2v. There are
hence potential problems if 01 — 09 = 2v € Z, i.e. if the indices o1 and oy differ by an integer.

2v ¢ 7. First suppose that 2v ¢ Z so that o1 and o2 do not differ by an integer. In this case (6.55a) and
(6.55b) imply

0 n=135,...,
an =9  Gn-2 n=24.6. . ... (6.56)
n(n + 2v)
and so we get two solutions
yr = apz’ (1 — #22 + (6.57)
(1 E0) R .

2v=2m+ 1, m € N. It so happens in this case that even though o; and o5 differ by an odd integer
there is no problem; the solutions are still given by (6.56) and (6.57). This is because for Bessel’s
equation the power series proceed in even powers of z, and hence the problem recursion when
n = 2v = 2m + 1 is never encountered. We conclude that the condition for the recursion relation
(6.55b) to fail is that v is an integer.

v =0. If v =0 then 07 = 02 and we can only find one power series solution of the form (6.45), viz.

y=ao(l—312+...). (6.58)
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v=m € N. If v is a positive integer then we can find one solution by choosing o = v. However if we
take 0 = —v then ag,, is predicted to be infinite, i.e. a second series solution of the form (6.45)
fails.

Remarks. The existence of two power series solutions for 2v = 2m + 1, m € N is a ‘lucky’ accident. In
general there exists only one solution of the form (6.45) whenever the indices o1 and o9 differ by
an integer. We also note that the radius of convergence of the power series solution is infinite since
from (6.56)

6.4.4 The Second Solution when o; — 03 € Z

A Preliminary: Bessel’s equation with v = 0. In order to obtain an idea how to proceed when o1 —09 € Z,
first consider the example of Bessel’s equation of zeroth order, i.e. v = 0. Let y; denote the solution
(6.58). Then, from (6.16) (after the transformations z — z)

1

z
ya2(2) = Ky z/id 6.59
For small (positive) z we can deduce using (6.58) that
=1
() = ras (14 0G7) [~ (14002
0
=" logzt.... (6.60)
ao

We conclude that the second solution contains a logarithm.

The claim. Let 01,09 be the two (possibly complex) solutions to the indicial equation for a regular
singular point at z = 0. Order them so that

Re (0'1) 2 Re (0'2) . (661)

Then we can always find one solution of the form
y(z) = 2% Z anz" with, say, the normalisation ag = 1. (6.62)
n=0
If 01 — 09 € Z we claim that the second-order solution takes the form
yo(z) = 272 Z bnz" + kyi(z)logz, (6.63)

n=0

for some number k. The coefficients b,, can be found by substitution into the ODE. In some very
special cases k may vanish but k # 0 in general.

Ezxample: Bessel’s equation of integer order. Suppose that y; is the series solution with ¢ = +m to

2y 2y + (P —m?)y =0, (6.64)

where, compared with (6.49), we have written m for v. Hence from (6.45) and (6.56)

I ST (6.65)
£=0
since agey1 = 0 for integer ¢. Let
y=kyilogz+w, (6.66)
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then ,
2ky1 kyzl + .
z
On substituting into (6.64), and using the fact that y; is a solutlon of (6.64), we find that

k
y = kyilogz+%+w’ and 3y = ky{logz + —=
2w 4 2w’ + (22 — m*)w = —2kzy] . (6.67)
Based on (6.54), (6.61) and (6.63) we now seek a series solution of the form

w=kz"Yy bpa". (6.68)
n=0
On substitution into (6.67) we have that

k Z n—2m)b,z" """+ k Z b2 2 = 9k 2(26 + m)aggz%”n .
n=@1 n=0 £=0

After multiplying by 2" and making the transformations n — n —2 and 2¢ — n—2m in the second
and third sums respectively, it follows that

Z (n —2m)b,z" —|—an 92" = =2 i(n—m)an_gmz"

n=1 n=2 n=2m
n even

We now demand that the combined coefficient of 2" is zero. Consider the even and odd powers
of z" in turn.

n=1,3,5,.... From equating powers of z! it follows that b; = 0, and thence from the recurrence
relation for powers of z2¢+1 i.e.

(2€ + 1)(26 +1— 2m)b25+1 = 7b25_1 ,
that b2¢+1 =0 (f = 1,2, PN )

n=2,4,...,2m,.... From equating even powers of z2":
2<n<2m—-2: by_o=—-n(n—2m)b,, (6.69a)
n=2m : bam—o = —2mag, (6.69b)
1 2(n—m)
> 2 2: by=——————by 00— ———Qp_om- 6.69
met ' n(n —2m) " 2 n(n —2m) n=2m ( )
Hence:
e if m > 1 solve for by,,_2 in terms of ag from (6.69b);

e if m > 2 solve for by, —4,bam—g, ..., b2,bg in terms of bay,, o, etc. from (6.69a);

e finally, on the assumption that bs,, is known (see below), solve for bay,t2,bamta, ... in

terms of bay, and the agr (¢ =1,2,...) from (6.69c).

bam 1s undetermined since this effectively generates a solution proportional to y1; wlog ba,,, = 0.

6.5 Inhomogeneous Second-Order Linear ODEs

We now [reJturn to the real inhomogeneous equation

v +plx)y +qlx)y = f(z). (6.70)
The general solution, if one exists, has the form
y(@) = yo(x) + ayi(z) + By2(z) (6.71)

where y;(z) and yo(x) are linearly-independent solutions of the homogeneous equation, and are often
referred to as complementary functions, and yo(x) is a particular solution, which is sometimes also called
a particular integral.

Remark. The solution (6.71) solves the equation and involves two arbitrary constants.
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6.5.1 The Method of Variation of Parameters

The question that remains is how to find the particular solution. To that end first suppose that we have
solved the homogeneous equation and found two linearly-independent solutions y; and ys. Then in order
to find a particular solution consider

yo(x) = u(x)y(z) + v(@)y2(z). (6.72)

If u and v were constants (‘parameters’) yo would solve the homogeneous equation. However, we allow the
‘parameters’ to vary, i.e. to be functions of x, in such a way that yy solves the inhomogeneous problem.

Remark. We have gone from one unknown function, i.e. yo and one equation (i.e. (6.70)), to two unknown
functions, i.e. u and v and one equation. We will need to find, or in fact choose, another equation.

We now differentiate (6.72) to find that

Yo = (uy) +vys) + (u'y1 +v'y2) (6.73a)
yo = (uyt +vyy +u'yr +0'ys) + (uyr + 0"y + u'yr +0'ys) (6.73b)

If we substitute the above into the inhomogeneous equation (6.70) we will have not apparently made
much progress because we will still have a second-order equation involving terms like v’ and v”. However,
suppose that we eliminate the u’' and v’ terms from (6.73a) by demanding that v and v satisfy the extra
equation

W'y + 'y = 0. (6.74)

Then (6.73a) and (6.73b) become
Yo = uyy +vys (6.75a)
Yo = uyi + vy +u'yr + 'y (6.75b)

It follows from (6.72), (6.75a) and (6.75b) that
Yo + pYo + qyo = w(yy + pyr + qur) + (s + pys + qu2) + Uy +0'ys
=u'y + 0"y,

since y; and y, solve the homogeneous equation (6.17). Hence yo solves the inhomogeneous equation
(6.70) if
'y +u'yy = f. (6.76)

We now have two simultaneous equations for v/, v’, i.e. (6.74) and (6.76), with solution

u = —% and v = % , (6.77)
where W is the Wronskian,
W = y1y5 — y2v; - (6.78)
W is non-zero because y; and ys were chosen to be linearly independent. Integrating we obtain
“y2(0) f(C) /I y1(€)f(C)
=— = 2-d( and wv= =2 d(, 6.79
| i . oW (679

where a is arbitrary. We could have chosen different lower limits for the two integrals, but we do not need
to find the general solution, only a particular one. Substituting this result back into (6.72) we obtain as
our particular solution

i) = [ 0 Omae) = (@) dc. (6.50)
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Remark. We observe that, since the integrand is zero when ( = z,

ACS
) = [ €upt) — wh(e)al) ac. (681)
« W)
Hence the particular solution (6.80) satisfies the initial value homogeneous boundary conditions
y(a) = y'(a) = 0. (6.82)
More general initial value boundary conditions would be inhomogeneous, e.g.
y(a) = kl ) y/(a) = k?a (683)

where k1 and ks are constants which are not simultaneously zero. Such inhomogeneous boundary
conditions can be satisfied by adding suitable multiples of the linearly-independent solutions of the
homogeneous equation, i.e. y; and ys.

Ezample. Find the general solution to the equation
y'+y=secx. (6.84)
Answer. Two linearly independent solutions of the homogeneous equation are
y1 =cosz and vy =sinz, (6.85a)

with a Wronskian
W = y1y5 — y2yy = cosz(cosz) —sinz(—sinz) = 1. (6.85Db)

Hence from (6.80) a particular solution is given by
yo(z) = / sec((cosCsin:v - Cos:vsinC) d¢
= sin:r/ d¢ — cosx/ tan ¢ d¢

= zsinz + cos zlog [cos x| . (6.86)
The general solution is thus

y(x) = (a+log |cosx|) cosz + (8 + z) sinx . (6.87)

6.5.2 Two Point Boundary Value Problems

For many important problems ODEs have to be solved subject to boundary conditions at more than one
point. For linear second-order ODEs such boundary conditions have the general form

Ay(a) + By'(a) = ka, (6.88a)
Cy(b) + Dy'(b) = ks, (6.88b)

for two points © = a and x = b (wlog b > a), where A, B, C, D, k, and k; are constants. If k, = k; =0
these boundary conditions are homogeneous, otherwise they are inhomogeneous.

For simplicity we shall consider the special case of homogeneous boundary conditions given by
yla) =0 and y(b)=0. (6.89)

The general solution of the inhomogeneous equation (6.70) satisfying the first boundary condition
y(a) =0 is, from (6.71), (6.80) and (6.82),

y(z) = K(y1(a)y2(x) — y1(x)y2(a)) + /x Iﬂ% (11(Q)y2(x) — y1(2)y2(¢)) dC, (6.90a)

where the first term on the right-hand side is the general solution of the homogeneous equation vanishing
at © = a and K is a constant. If we now impose the condition y(b) = 0, then we require that

b
K (@) = nO(@) + [ 01(On) - nOm(@)dc=0. (G900

This determines K provided that y;(a)y2(b) — y1(b)y2(a) # 0.
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Remark. If per chance y1(a)y2(b) — y1(b)y2(a) = 0 then a solution exists to the homogeneous equation
satisfying both boundary conditions. As a general rule a solution to the inhomogeneous problem
exists if and only if there is no solution of the homogeneous equation satisfying both boundary
conditions.

A particular choice of y1 and ys. For linearly independent y; and yo let

Ya(r) = y1(a)y2(x) —y1(z)y2(a) and  yu(z) = y1(b)y2(x) — y1(z)y2(b) , (6.91)
so that y,(a) = 0 and y,(b) = 0. The Wronskian of y, and y; is given by

Yoo — Yoo = (y1(a)y2(b) — y1(b)y2(a)) (y1y5 — ¥iy2)
= (y1(a)y2(b) — y1(b)y2(a)) W,

where W is the Wronskian of y; and ys. Hence y, and y, are linearly independent if

y1(a)yz(b) — y1(b)y2(a) # 0, (6.92)
i.e. the same condition that allows us to solve for K. Under such circumstances we can redefine y;
and y» to be y, and y, respectively.

In general the amount of algebra can be reduced by a sensible choice of y; and y» so that they
satisfy the homogeneous boundary conditions at z = a and x = b respectively, i.e. in the case of
(6.89)

y1(a) =y2(b) =0. (6.93)

6.5.3 Green’s Functions

Suppose that we wish to solve the equation

where L ;) is the general second-order linear differential operator in x, i.e.
d? d
Ly = 75 +p(@) 7 +a@), (6.95)
where p and ¢ are continuous functions. To fix ideas we will assume that the solution should satisfy
homogeneous boundary conditions at x = a and = b, i.e. k, = ky = 0 in (6.88a) and (6.88b).

Next, suppose that we can find a solution G(z, () that is the response of the system to forcing at a
point ¢, i.e. G(z,() is the solution to

L) G(z,¢) =d(z =), (6.96)

subject to
AG(a,() +BGy(a,() =0 and CG(b,¢)+ D Ga(b,() =0, (6.97)

where G, (z,() = %(az, ¢) and we have used 8% rather than (f—:c since G is a function of both z and (.
Then we claim that the solution of the original problem (6.94) is

b
y(z) = / G, O)F(0) dC. (6.98)

To see this we first note that (6.98) satisfies the boundary conditions, since [0d¢ = 0. Further, it also
satisfies the inhomogeneous equation (6.94) (or (6.70)) because

b
Ly y(x) = / L) G(x,¢) f(¢)d¢ differential wrt z, integral wrt ¢
b
_ / 5z —¢) F(C)d¢ from (6.96)
— f() from (3.4). (6.99)

The function G(z,() is called the Green’s function of L,y for the given homogeneous boundary condi-
tions.

Natural Sciences Tripos: IB Mathematical Methods | 101 © S.J.Cowley@damtp.cam.ac.uk, Michaelmas 2004

21/02



6.5.4 Two Properties Green’s Functions

In the next section we will construct a Green’s function. However, first we need to derive two properties
of G(z,(). Suppose that we integrate equation (6.96) from { —e to ( +¢ for € > 0 and consider the limit
¢ — 0. From (3.4) the right hand side is equal to 1, and hence

C+e
1= lim ﬁ(w)de
e—0 C—¢
Cte 2
= ili% - (ij —&—ng + qG) da from (6.95)
C+e C+e d
= lim ﬁ (3G —|—pG) dx + hm <—pG + G> dz rearrange
e—0 C—¢ (3:5‘ (3:5‘ C—¢ d
G z=(C+e C+e dp
= lim | — — i - — . 1
eg% {8m +_p(;]z_<5 Eg% C—¢ (dQT q) C:dx (6 OO)

How can this equation be satisfied? Let us suppose that G(z, () is continuous at x = (, i.e. that

lim [G(x, g)} L 0. (6.101a)

e—0 C—¢

Then since p and ¢ are continuous, (6.100) reduces to

o r=C(+e
li — =1 .101b
iy | 52| , (6.101)

rz=(—¢

i.e. that there is a unit jump in the derivative of G at = ¢ (cf. the unit jump in the Heaviside step
function (3.9) at # = 0). Note that a function can be continuous and its derivative discontinuous, but
not vice versa.

6.5.5 Construction of the Green’s Function

G(z, () can be constructed by the following procedure. First we note that when x # ¢, G satisfies the
homogeneous equation, and hence G should be the sum of two linearly independent solutions, say y; and
ya, of the homogeneous equation. So let

o) = { o (Ou@) +B-(Omla)  fra<a<d, 610

<
ay (Qyi(w) + B4 (Qya(x) for ¢ <z <b.

By construction this satisfies (6.96) for = # (. Next we obtain equations relating a4 (¢) and S+(¢) by
requiring at z = ¢ that G is continuous and %—f has a unit discontinuity. It follows from (6.101a) and
(6.101b) that

[+ (Q)y1 () + B+ (Qwa(O)] = [a—(Oy1(¢) + B-(Q)ya(¢)] =1,

i.e.
y1(Q) [ () — a=(Q)] + 42(Q) [B+(C) = B-(¢)] =0,
U1 (O)[a+(C) = a—(Q)] + ¥4 [B+(C) = B-(Q)] =1,

) . (6.103)

A solution exists to this equation if
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i.e. if y; and ys are linearly independent; if so then

2(¢) ()
w(0) W)

Finally we impose the boundary conditions. For instance, suppose that the solution y is required to
satisfy (6.89) (i.e. y(a) = 0 and y(b) = 0), then the appropriate boundary conditions for G are

oy —a- = —

and (4 — (- (6.104)

G(a,¢) = G(b,¢) =0, (6.105)
ie. A=C=1and B=D =0in (6.97). It follows from (6.102) that we require

a—(Qyi(a) + B-(Q)y2(a) =0, (6.1064)
a4 (Q)y1(b) + B+(Q)y2(b) = 0. (6.106b)

ay, B4 can now be determined from (6.104), (6.106a) and (6.106b). For simplicity choose y; and yo as
in (6.93) so that y1(a) = y2(b) = 0; then

ay =p-=0, (6.107a)
and thence from (6.104)
_2(Q) Q)
a_ = W and [y = W) (6.107b)
It follows from (6.102) that
yl(;/)éyg)(@ for a < x < ¢,
G(xz,¢) = (6.108)
yl(éf)élg)(x) for ( <z 0.

Initial value homogeneous boundary conditions. Suppose that instead of the two-point boundary condi-
tion (6.89) we require that y(a) = y'(a) = 0, and thence that G(a,() = %—g(m ¢) = 0. If we choose
y1(a) = 0 and y5(a) = 0, then in place of (6.107a) we have that «_ = S_ = 0. The conditions that
G be continuous and % has a unit discontinuity then give that

0 fora < x < ¢,

G =Y 0Ow@ -—n@n© o, (6.109)

6.5.6 Unlectured Alternative Derivation of a Green’s Function

By means of a little bit of manipulation we can also recover (6.108) from our earlier general solution
(6.90a) and (6.90b). That solution was derived for the homogeneous boundary conditions (6.89), i.e.

y(a)=0 and y(b)=0.

As above choose y; and yo so that they satisfy the boundary conditions at x = a and = = b respectively,
ie. let

yi(a) = y2(b) = 0. (6.110)
In this case we have from (6.90b) that
S Y A (9
K= yQ(a)/a WO y2(¢) d¢. (6.111)
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It follows from (6.90a) that

/ f (o / o) — 1 (2)2(0)) dC
-/ yl(vﬁé’z / £ ¢
-/ bG(x,C)f(C) ac (6.112)
where, as in (6.108), G(z, () is defined by
M for ( <z, ie x>,
G(z,¢) = yl(xW)(yi)(c) I (6.113)
e e x<C

Remark. Note from (6.113) that G(z, () is continuous at z = ¢, and that

Y1 (C)yé(x) for = > C
oG w(0) o
o =3 (6.114)
€T yl(x)yQ(C) fOI' T < C
W(¢)
Hence, from using the definition of the Wronskian (6.9), 2 7 is discontinuous at x = ¢ with discon-
tinuity
0G, A1 _mQy <<> TAIA
1m{(@0} = - = =1. (6.115)
6.5.7 Example of a Green’s Function
Find the Green’s function in 0 < a < b for
d? 1d n?
s 22 A1
£ daz? + rdr 22’ (6.116a)
with homogeneous boundary conditions
0G
G(a,() =0 and a—(b7 ¢)=0, (6.116b)
x

ie.with A=D=1and B=C =01in (6.97).

Answer. Seek solutions to the homogeneous equation L,y y = 0 of the form y = z". Then we require
that
r(r—1)+r—-n?>=0, ie 7r==n.

T\" a\"™ T\ b\

n=(3) —(G) = we=(3) +(3) (6.017)
where we have constructed y; and ys so that y;(a) = 0 and y4(b) = 0 as is appropriate for boundary
conditions (6.116b) (cf. the choice of y1(a) = 0 and y2(b) = 0 in §6.5.5 since in that case we required

the Green’s function to satisfy boundary conditions (6.105)). As in (6.102) let
Oe.0) { a(Qyi(z) + 8- (Qyz(x)  fora

z,() =

oy (Qyi(z) + B4 (Qya(x)  for ¢

Let

<z <,
<

x<b
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Since we require that G(a,() = 0 from (6.116b), and by construction y;(a) = 0, it follows that
B_ = 0. Similarly, since we require that 9 (b,¢) = 0 from (6.116b), and by construction y4(b) = 0,
it follows that ay = 0. Hence

a_(QOyi(x) for a <z < (,
<

G(z,() =
(. ¢) {ﬂ+(<)yz(z) for ¢

We also require that G is continuous and % has a unit discontinuity at z = ¢, hence

B (Qu2() = a—(Qua(¢) and B4 (Q)ya(C) — a—(Qyi(¢) =1.

Thus
yi@)ya(c) fora <z <
L wO @ L o) WO sred
Twon PTwe M Y e,
WO sest

This has the same form as (6.108) because we [carefully] chose y; and yo in (6.117) to satisfy the
boundary conditions at x = a and x = b respectively. Note, however, the boundary condition that
the solution is required to satisfy at = b is different in the two cases, i.e. y2(b) = 0 in (6.108)
while y5(b) = 0 in (6.118).

6.6 Sturm-Liouville Theory

Definition. A second-order linear differential operator L is said to be of Sturm-Liouville type if

L= f% (;;(@ic) — qla), (6.119a)

where p(z) and ¢(z) are real functions defined for a < < b, with

p(z) >0 for a<z<b. (6.119b)

Notation alert. The use of p and ¢ in (6.119a) is different from their use up to now in this section, e.g.
n (6.2), (6.70) and (6.95). Unfortunately both uses are ‘conventional’.

6.6.1 Inner Products and Self-Adjoint Operators

Given two, possibly complex, piecewise continuous functions
u(z) and v(x), define an inner product (u |v ) by

b
(ulv) :/ u*(x)v(z) w(z)de, (6.120a)

where a and b are constants and w(x) is a real weight function
such that
w(z) >0 for a<z<b. (6.120b)

As required in the definition of an inner product in (4.27a), (4.27¢), (4.27d) and (4.27e), we note that
for piecewise continuous functions u, v and t and complex constants o and 3,

(ulv)=(v|u)*; (6.121a)
(u|lav+pt)y=alulv)y+8{ult); (6.121b)
(v|v)>=0; (6.121c)
(vjv)y=0 = wv=0. (6.121d)
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Definition. A general differential operator L is said to be self-adjoint if
<u’£~v>:<l~:u|v> (6.122)

Remark. Whether or not an operator L is self adjoint with respect to an inner product depends on the
choice of weight function in the inner product.

6.6.2 The Sturm-Liouville Operator

Consider the Sturm-Liouville operator (6.119a) together with the identity weight function w = 1, then

b
(u|Lv) :/ dz u* Lo from (6.120a)
b
d d
= —/ dxu* (dx (pd:?zj:) —i—qv) from (6.119a)
a
dv1® b du* dv b
=— |u"p— —|—/ dxp — —/ dx qu*v integrate by parts
dz |, @ dz dx @
[ dv der 1Y v d [ dw b .
= |—u"'p— +p vl — drov— (p — dzvqu integrate by parts
i dx dz |, Ja dx dz a
[/ dut dw\1" [
= p(v du u*dv> +/ dzv Lu” from (6.119a)
x )|, Ja
o dur L dw\]Y
= p(v dqfv _u*d::> —|—/ dz (Lu)*v since L real
: b
du* d
:p(v; —MJO +(Luv) from (6.120a).  (6.123a)
x z)],

Suppose we now insist that v and v be such that

du* dv\1°
[1)<v ;; u*dz>} =0, (6.123b)

a

then (6.122) is satisfied. We conclude that the differential operator

c=-2 <p<x>j;) ~ ()

acting on functions, say u or v, which satisfy homogeneous boundary conditions at x = a¢ and = b (e.g.

u(a) =0, v(a) = 0 and u(b) =0, v(b) = 0), is self-adjoint with respect to the inner product with w = 1.

Remarks.

e The boundary conditions are part of the conditions for an operator to be self-adjoint.

e Suppose that an inner product for column vectors u and v is defined by (cf. (4.55))
(ulv)=ulv. (6.124)
Then for a Hermitian matrix H we have that

(u|Hv) = utHv = uTHTv since H is Hermitian

= (Hu) v = (Hu |v) since (AB)" = BIAT. (6.125)

A comparison of (6.122) and (6.125) suggests that self-adjoint operators are to general operators
what Hermitian matrices are to general matrices.
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6.6.3 The Role of the Weight Function

Not all second-order linear differential operators have the Sturm-Liouville form (6.119a). However, sup-
pose that L is a second-order linear differential operator not of Sturm-Liouville form, then there exists
a function w(x) so that

L=wl (6.126)

is of Sturm-Liouville form.

Proof. The general second-order linear differential operator acting on functions defined for a < z < b

can be written in the form & 4
— — R(z)~— — 12
2 R(x) o Q(z), (6.127a)

where P, Q and R are real functions; we shall assume that

L =—P(x)

P(z) >0 for a<z<b. (6.127b)
Hence for £ defined by (6.126)
d? d
= — Pi — _ =
L w 12 wRdm wQ
d d d d
=4 (dez> + (dx(wP) - wR) T wQ . (6.128)
The operator £ in (6.128) is of Sturm-Liouville form (6.119a) if we choose our integrating factor w
so that d AP
w
P— = _ = 12
dx+(dx R)w 0, (6.129a)
and let
p=wP and ¢=wQ. (6.129Db)

On solving (6.129a), and on choosing the constant of integration so that w(a) = 1, we obtain

w = exp / ’ % (R(g) - ‘?f;(g)) dc. (6.130)

Remark. Tt follows from (6.130) that w > 0, and hence from (6.127b) and (6.129b) that p > 0 for
a <z <b(cf (6.119b)).

Ezxamples. Put the operators

in Sturm-Liouville form.

Answers. For the first operator P = R = 1. Hence from (6.130), w = exp 2 (wlog a = 0), and thus

T d aji
»C*e E— dx(e dx)

For the second operator P = 1 and R = z~!. Hence from (6.130), w = x (wlog a = 1), and

thus d d
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Is L self adjoint? We have seen that the general second-order linear differential operator L can be trans-
formed into Sturm-Liouville form by multiplication by a weight function w. It follows from §6.6.2
that, subject to the boundary conditions (6.123b) being satisfied, wL = L is self-adjoint with
respect to an inner product with the identity weight function, i.e.

b b
/ u* (Lv)dr = / (Lu*)vda. (6.131a)
However suppose that we slightly rearrange this equation to
b _ b
/ u* (Cv)wdm:/ (Lu)vwdx. (6.131b)

Then from reference to the definition of an inner product with weight function w, i.e. (6.120a), we
see that, subject to appropriate boundary conditions being satisfied, i.e.

[wP (vdu* - *d”ﬂb —0, (6.132)

dx u@ u

L is self-adjoint with respect to an inner product with the weight function w.

6.6.4 Eigenvalues and Eigenfunctions

The equation Ey = f is analogous to the matrix equation Mx = b. This analogy suggests that it might
be profitable to consider the eigenvalue equation

Ly=M\y, (6.133)

where X is the, possibly complex, eigenvalue associated with the eigenfunction y # 0.

Ezxample. The Schrodinger equation for a one-dimensional quantum harmonic oscillator is

h? d?
( ———+ §k2x2) Y =FEv.

2mda?
This is an eigenvalue equation where the eigenvalue FE is the energy level of the oscillator.

Remark. If £ is not in Sturm-Liouville form we can multiply by w to get the equivalent eigenvalue
equation,
Ly = d\wy, (6.134)

where £ is in Sturm-Liouville form.

The Claim. We claim, but do not prove, that if the functions on which L [or equivalently £ ] acts are such
that the boundary conditions (6.132) [or equivalently (6.123b)] are satisfied, then it is generally
the case that (6.133) [or equivalently (6.134)] has solutions only for a discrete, but infinite, set of

values of \:
{A,n=1,2,3,...} (6.135)

These are the eigenvalues of £ [or equivalently £]. The corresponding solutions {yn(z),n =
1,2,3,...} are the eigenfunctions.

Ezample. Find the eigenvalues and eigenfunctions for the operator

d2

on the assumption that £ acts on functions defined on 0 < x < 7 that vanish at end-points z = 0
and x = 7.
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Answer. L is in Sturm-Liouville form with p = 1 and ¢ = 0. Further, the boundary conditions
ensure that (6.123b) is satisfied. Hence L is self-adjoint. The eigenvalue equation is

v +Ay=0, (6.137a)
with general solution . )
y=cacos Az + fsin\2z. (6.137b)
Non-zero solutions exist with y(0) = y(7) = 0 only if
a=0 and sinA?r=0. (6.138)
Hence A = n? for integer n, and the corresponding eigenfunctions are
yn(z) = Bsinnz. (6.139)

2

Remark. The eigenvalues A, = n® are real (cf. the eigenvalues of an Hermitian matrix.).

The norm. We define the norm, ||y||, of a (possibly complex) function y(z) by

b
IIyHQE(ny)w:/ ly|*wdz, (6.140)
a

where we have introduced the subscript w (a non-standard notation) to indicate the weight function
w in the inner product. It is conventional to normalize eigenfunctions to have unit norm. For our
example (6.139) this results in

9\ 2
Yn = () sinnzx . (6.141)
71'

6.6.5 The Eigenvalues of a Self-Adjoint Operator are Real

Let £ be a self-adjoint operator with respect to an inner product with weight w, and suppose that y is
a non-zero eigenvector with eigenvalue A satisfying

Ly=\y. (6.142a)
Take the complex conjugate of this equation, remembering that £ and w are real, to obtain
Ly* = \y*. (6.142b)
Hence
b _ _ b
/ (y* Ly — yEy*) wdx = / (Y Ay —yN'y")wde from (6.142a) and (6.142b)

b
:()\—/\*)/ ly|2wdz .
=A=ANyly)y- (6.143)

But £ is self adjoint with respect to an inner product with weight w, and hence the left hand side of
(6.143) is zero (e.g. (6.131b) with u = v = y). It follows that

A=ANyly), =0, (6.144)
But (y |y ), # 0 from (6.121d) since y has been assumed to be a non-zero eigenvector. Hence
A=A", ie. \isreal (6.145)

Remark. This result can also be obtained, arguably in a more elegant fashion, using inner product
notation since

My ly ), =y 2y), from (6.121b)
= (y|Ly), from (6.133)
=(Lyly Vw since £ is self-adjoint
= (M Y )y from (6.133)
=Ny |Y)w from (6.121a) and (6.121b). (6.146)

This is essentially (6.144), and hence (6.145) follows as above.
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6.6.6 Eigenfunctions with Distinct Eigenvalues are Orthogonal

Definition. Two functions u and v are said to be orthogonal with respect to a given inner product, if

(ulv), =0. (6.147)

As before let £ be a general second-order linear differential operator that is self-adjoint with respect to
an inner product with weight w. Suppose that y; and y» are eigenvectors of £, with distinct eigenvalues
A1 and Ay respectively. Then

Ly = My, (6.148a)
Lyo = Xayo . (6.148b)

From taking the complex conjugate of (6.148a) we also have that
Lyt = My}, (6.148c¢)

since £ and A1 are real. Hence
b _ _ b
/ (yi‘ Lys — y2 [,yf) wdx = / (YT Aay2 — Y2 Myl) wdz from (6.148b) and (6.148c)

b
ZMrﬂﬂ/thdx
=A2=A) (w1 y2 )y, - (6.149)

But £ is self adjoint, and hence the left hand side of (6.149) is zero (e.g. (6.131b) with u = y; and
v = ys). It follows that

()\2—)\1)<y1 |y2 >w:0' (6150)
Hence if A1 # A2 then the eigenfunctions are orthogonal since
(y1 ly2 ), =0. (6.151)

Remark. As before the same result can be obtained using inner product notation since (6.150) follows

from
Ao [z )y = (01 [ A2m2 ), from (6.121b)
= (y1| Lys D from (6.148b)
= (Ly1 |y Vw since £ is self-adjoint
= (M1 Y2 )y from (6.148a)
= Ay w2 )y from (6.121a) and (6.121b)
=X(y1 Y2 )y from (6.145). (6.152)

Example. Returning to our earlier example, we recall that we showed that the eigenfunctions of the
Sturm-Liouville operator
d2
L=——, 6.153
e (6.153)

acting on functions that vanish at end-points x = 0 and x = 7, are

92\ 2
Yn = () sinnx . (6.154)
7r
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Since
2

U s
/ Yrym dx = — / sin na sin ma dz
0 ™ Jo

1 s
== /0 (cos(n — m)z — cos(n + m)z) dz

0
=0 ifn#m, (6.155)
we confirm that the eigenfunctions are indeed orthogonal.

Orthonormal set. We have seen that eigenfunctions with different eigenvalues are mutually orthogonal.
We claim, but do not prove, that mutually orthogonal eigenfunctions can be constructed even for
repeated eigenvalues (cf. the ‘experimental error’ argument of §4.7.2). Further, if we normalize all
eigenfunctions to have unit norm then we have an orthonormal set of eigenfunctions, i.e.

b
/ wyzym dx = <yn |ym >w = 5mn . (6156)

6.6.7 Eigenfunction Expansions

Let {yn,n =1,2,...} be an orthonormal set of eigenfunctions of a self-adjoint operator. Then we claim
that any function f(x) with the same boundary conditions as the eigenfunctions can be expressed as an
eigenfunction expansion

) =) anyn(z), (6.157a)
n=1
where the coefficients a,, are given by
an = (Yn | f )y (6.157Db)

i.e. we claim that the eigenfunctions form a basis. A set of eigenfunctions that has this property is said
to be complete.

We will not prove the existence of the expansion (6.157a). However, if we assume such an expansion does
exist, then we can confirm that the coefficients must be given by (6.157b) since

(Un 1 f Vo = (Un | DXy Gm¥m )y, from (6.157a)
= Z A Yn | Ym ) from inner product property (4.27c)
m=1
- Z A Orurm from (6.156)
m=1
= ay from (0.11b), and as required.

The completeness relation. Tt follows from (6.157a) and (6.157b) that

F@) =Y {yn |f )y yn(2)

- b
Z / (© yn(Q)f(C)d¢ from (6.120a)

b
= / ( Zyn )y, ( ) d¢ interchange sum and integral. (6.158)

This expression holds for all functions f satisfying the appropriate homogeneous boundary condi-
tions. Hence from (3.4)

w(€) Y yn(@)yi(0) = 6z — ). (6.159a)
n=1

This is the completeness relation.
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Remark. Suppose we exchange x and ¢ in the complex conjugate of (6.159a), then using the facts
that the weight function is real and the delta function is real and symmetric (see (3.8a) and
(3.8b)), we also have that

w(@) Y ya @)y (C) = 8(z = ¢). (6.159b)
n=1
Example: Fourier series. Again consider the Sturm-Liouville operator
d2
L=—-——75. 6.160
o (6.160)

In this case assume that it acts on functions that are 2m-periodic. L is still self-adjoint with weight
function w = 1 since the periodicity ensures that the boundary conditions (6.123b) are satisfied if,
say, a = 0 and b = 27. This time we choose to write the general solution of the eigenvalue equation

(6.134) as

Yy = aexp (z)\%x) + Bexp <71)\%x) . (6.161)
This solution is 27-periodic if A = n? for integer n (as before). Note that now we have two eigenfunc-
tions for each eigenvalue (except for n = 0). Label the eigenfunctions by y,, forn =...,—-1,0,1,...,

with corresponding eigenvalues \,, = n?. Although there are repeated eigenvalues an orthonormal
set of eigenfunctions exists (as claimed), e.g.

1
n = exp(wmz) forn € Z. 6.162
Un = 5= xp(inz) ( )

Hence from (6.157a) a 27-periodic function f has an eigenfunction expansion

1 o0
fx) = Nors n:Z_OO an exp(inz) , (6.163)

where a,, is given by (6.157b). This is just the Fourier series representation of f. In this case the
completeness relation (6.159a) reads (cf. (3.6))

1 oo

o Z exp(wn(z — ) = d(z — (). (6.164)

n=—oo

Ezample: Legendre polynomials. Legendre’s equation (6.34),

(1—2?)y" — 22y + L+ 1)y =0, (6.165a)
can be written as an Sturm-Liouville eigenvalue equation Ly = Ay where
c--4 ((1 - xz)d) and A =/(({+1). (6.165b)
dz dz
In terms of our standard notation
p=1-2> and ¢=0. (6.165c¢)
Suppose now we require that £ operates on functions y that remain finite at x = —1 and « = 1.

Then py = 0 at x = —1 and = = 1, and hence the boundary conditions (6.123b) are satisfied if
a = —1 and b = 1. It follows that L is self-adjoint.

Further, we saw earlier that Legendre’s equation has solutions that are finite at * = +1 when
£=0,1,2,..., (see (6.40) and following), and that the solutions are Legendre polynomials P(x).
Identify the eigenvalues and eigenfunctions as

M =Ll+1) and yp(x)=P(z) for £=0,1,2,.... (6.166)

It then follows from our general theory that the Legendre polynomials are orthogonal in the sense
that

/ P ()Pu(r)dr =0 ifm £ (6.167)

-1

Natural Sciences Tripos: IB Mathematical Methods | 112 © S.J.Cowley@damtp.cam.ac.uk, Michaelmas 2004



Remarks.

e With the conventional normalization, P;(1) = 1, the Legendre polynomials are orthogonal,
but not orthonormal.

e Asa check on (6.167) we note that if m is odd and n is even, then P,, P, is an odd polynomial,
and hence a symmetric integral like (6.167) must be zero. As a further check we note from
(6.41) that

D=

/ Py(z)Py(x) dz = %/ (32° —1)da = 1 [2° — x]il =0. (6.168)

-1 —1

6.6.8 Eigenfunction Expansions of Green’s Functions for Self-Adjoint Operators

Let {\,} and {y,} be the eigenvalues and the complete orthonormal set of eigenfunctions of a self-adjoint
operator £ acting on functions satisfying (6.123b). Provided none of the A, vanish, we claim that the
Green’s function for £ can be written as

6,0y = 5 HEOE) (6.169)

where G(z, ) satisfies the same boundary conditions as the y,, (). This result follows from the observation
that

LG(z,¢) = Z % Ly (z) from (6.169)
=Y w(Qyn(¢) yn(2) from (6.134)
n=1
=d(x — Q) from (6.159a). (6.170)

Remark. The form of the Green’s function (6.169) shows that
w(z) Gz, ¢) = w(C) G*(C,x). (6.171)

Resonance. If A, = 0 for some n then G(xz,() does not exist. This is consistent with our previous
observation that Zy = f has no solution for general f if Zy = 0 has a solution satisfying appropriate
boundary conditions; y,(x) is precisely such a solution if A\, = 0. The vanishing of one of the
eigenvalues is related to the phenomenon of resonance. If a solution to the problem (including the
boundary conditions) exists in the absence of the ‘forcing’ function f (i.e. there is a zero eigenvalue

of £) then any non-zero force elicits an infinite response.

6.6.9 Approximation via Eigenfunction Expansions

It is often useful, e.g. in a numerical method, to approximate a function with Sturm-Liouville boundary
conditions by a finite linear combination of Sturm-Liouville eigenfunctions, i.e.

N
f(l‘) ~ Z anyn(m) . (6.172)
n=1

Define the error of the approximation to be

2

N
Yn(ar,ag,...,an) = Hf(a:)—Zanyn(x) (6.173)
n=1
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One definition of the ‘best’ approximation is that the error (6.173) should be minimized with respect
to the coefficients aq,as,...,an. By expanding (6.173) we have that, assuming that the y, are an
orthonormal set,

Sy = <f<z> - i () \ fa) - mzjij ()
N

N N N
(f11) Za:z Un [£) =D am(f lym )+ DY anam{yn |ym )
m=1

n=1m=1
N
= 112 = Y (an o 1 £) + anfya | £)) + Zan . (6.174)
n=1
Hence if we perturb the a, to a, + da,, we have that

N

65N = = 3 (005 (g | £) = an) + San({yn | )" —a3)) (6.175)

n=1

By setting X = 0 we see that ¥ is minimized when

an = (yn | f), orequivalently af = (y,|f)". (6.176)

We note that this is an identical value for a, to (6.157b). The value of ¥ is then, from (6.174),

N
= A1 =D lanl*. (6.177)
n=1
Since ¥ > 0 from (6.173), we arrive at Bessel’s inequality
N
AP =D lanl®. (6.178)
n=1

It is possible to show, but not here, that this inequality becomes an equality when N — oo, and hence
oo
1P =" lan]® (6.179)
n=1
which is a generalization of Parseval’s theorem.

Remark. While it is not strictly true that any function satisfying the Sturm-Liouville boundary condi-
tions can be expressed as an eigenfunction expansion (6.157a) (since there are restrictions such as
continuity), it is true that ., = 0 for such functions, i.e.

oo

n:l

2
=0. (6.180)
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