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1 First and Second-order Differential Equations

1.1 The Differential Equations of Physics

It is a phenomenological fact that most of the fundamental equations that arise in physics
are of second order in derivatives. These may be spatial derivatives, or time derivatives in
various circumstances. We call the spatial coordinates and time, the independent variables
of the differential equation, while the fields whose behaviour is governed by the equation
are called the dependent variables. Examples of dependent variables are the electromag-
netic potentials in Maxwell’s equations, or the wave function in quantum mechanics. It is
frequently the case that the equations are linear in the dependent variables. Consider, for

example, the scalar potential ¢ in electrostatics, which satisfies
V2= —dmp (1.1)

where p is the charge density. The potential ¢ appears only linearly in this equation, which
is known as Poisson’s equation. In the case where there are no charges present, so that the
right-hand side vanishes, we have the special case of Laplace’s equation.

Other linear equations are the Helmholtz equation V24+k? ¢y = 0, the diffusion equation
V24p — 0 /0t = 0, the wave equation V21 —c 2 9?4 /0t? = 0, and the Schrodinger equation
—h2/(2m)V?ep 4+ V p — ih O /0t = 0.

The reason for the linearity of most of the fundamental equations in physics can be traced
back to the fact that the fields in the equations do not usually act as sources for themselves.
Thus, for example, in electromagnetism the electric and magnetic fields respond to the
sources that create them, but they do not themselves act as sources; the electromagnetic
fields themselves are uncharged; it is the electrons and other particles that carry charges
that act as the sources, while the photon itself is neutral. There are in fact generalisations
of Maxwell’s theory, known as Yang-Mills theories, which play a fundamental réle in the
description of the strong and weak nuclear forces, which are non-linear. This is precisely
because the Yang-Mills fields themselves carry the generalised type of electric charge.

Another fundamental theory that has non-linear equations of motion is gravity, described
by Einstein’s general theory of relativity. The reason here is very similar; all forms of energy
(mass) act as sources for the gravitational field. In particular, the energy in the gravitational
field itself acts as a source for gravity, hence the non-linearity. Of course in the Newtonian
limit the gravitational field is assumed to be very weak, and all the non-linearities disappear.

In fact there is every reason to believe that if one looks in sufficient detail then even

the linear Maxwell equations will receive higher-order non-linear modifications. Our best



candidate for a unified theory of all the fundamental interactions is string theory, and the
way in which Maxwell’s equations emerge there is as a sort of “low-energy” effective theory,
which will receive higher-order non-linear corrections. However, at low energy scales, these
terms will be insignificantly small, and so we won’t usually go wrong by assuming that
Maxwell’s equations are good enough.

The story with the order of the fundamental differential equations of physics is rather
similar too. Maxwell’s equations, the Schrodinger equation, and Einstein’s equations are all
of second order in derivatives with respect to (at least some of) the independent variables. If
you probe more closely in string theory, you find that Maxwell’s equations and the Einstein
equations will also receive higher-order corrections that involve larger numbers of time and
space derivatives, but again, these are insignificant at low energies. So in some sense one
should probably ultimately take the view that the fundamental equations of physics tend to
be of second order in derivatives because those are the only important terms at the energy
scales that we normally probe.

We should certainly expect that at least second derivatives will be observable, since
these are needed in order to describe wave-like motion. For Maxwell’s theory the existence
of wave-like solutions (radio waves, light, etc.) is a commonplace observation, and probably

in the not too distant future gravitational waves will be observed too.

1.2 First-order Equations

Differential equations involving only one independent variable are called ordinary differen-

tials equations, or ODE’s, by contrast with partial differential equations, or PDE’s, which

have more than one independent variable. Even first-order ODE’s can be complicated.
One situation that is easily solvable is the following. Suppose we have the single first-

order ODE
dy _
dr

The solution is, of course, simply given by y(z) = [*dz'F(z') (note that z’ here is just a

F(z). (1.2)

name for the “dummy” integration variable). This is known as “reducing the problem to
quadratures,” meaning that it now comes down to just performing an indefinite integral.
Of course it may or may not be be that the integral can be evaluated explicitly, but that is
a different issue; the equation can be regarded as having been solved.

More generally, we could consider a first-order ODE of the form

dy _

e F(z,y). (1.3)



A special class of function F'(z,y) for which can can again easily solve the equation explicitly

is when

P(z)
Qy)’

since then we can reduce the solution to quadratures, with

Fla,y) = - (L4)

/m dr' P(x') + /y dy' Q(y') =0. (1.5)

Note that no assumption of linearity is needed here.

A rather more general situation is when

P(z,y)
Q(z,y)’

and the differential P(z)dz + Q(y) dy is exact, which means that we can find a function

F({L',y) ==

(1.6)

@(z,y) such that
dp = P(z,y)dz + Q(z,y) dy . (1.7)

Of course there is no guarantee that such a ¢ will exist. Clearly a necessary condition is

that
oy or '’ '
since we would want to make the identifications
dp Op
X _p - = 1.
5~ L(@Y), 9y Q(z,y), (1.9)
and second partial derivatives of ¢ commute:
Po _ To (1.10)
Oxdy  Oyox

In fact, one can also see that (1.8) is sufficient for the existence of the function ¢; the
condition (1.8) is known as an integrability condition for ¢ to exist. If ¢ exists, then solving
the differential equation (1.3) reduces to solving dp = 0, implying ¢(z,y) = ¢ =constant.
Once ¢(z,y) is known, this implicitly gives y as a function of z.

If P(z,y) and Q(z,y) do not satisfy (1.8) then all is not lost, because we can recall that
solving the differential equation (1.3), where F(z,y) = —P(z,y)/Q(z,y) means solving
P(z,y)dr + Q(z,y) dy = 0, which is equivalent to solving

a(z,y) P(z,y)de + a(z,y) Q(z,y)dy =0, (1.11)

where a(z,y) is some generically non-vanishing but as yet otherwise arbitrary function. If

we want the left-hand side of this equation to be an exact differential,

dp = a(z,y) P(z,y) dz + a(z,y) Q(z,y) dy (1.12)



then we have the less restrictive integrability condition

al(z,y)P(z,y)) _ O(a(z,y) 0Q(z,y))
5 = o : (1.13)

where we can choose a(z,y) to be more or less anything we like in order to try to ensure
that this equation is satisfied. It turns out that some such a(z,y), known as an integrating
factor, always exists in this case, and so in principle the differential equation is solved. The
only snag is that there is no completely systematic way for finding «a(z,y), and so one is

not necessarily guaranteed actually to be able to determine a(z,y).

1.2.1 Linear first-order ODE

Consider the case where the function F(z,y) appearing in (1.3) is linear in y, of the form

F(z,y) = —p(z)y + q(z). Then the differential equation becomes

dy

7, Tr@)y=alz), (1.14)

which is in fact the most general possible form for a first-order linear equation. The equation
can straightforwardly be solved explicitly, since now it is rather easy to find the required
integrating factor « that renders the left-hand side an exact differential. In particular, « is

just a function of z here. Thus we multiply (1.14) by a(z),

o(x) L+ ala)pla)y = o) gla), (1.15)

and require a(z) to be such that the left-hand side can be rewritten as

= a(x) q(z) . (1.16)

Comparing with (1.15), we see that a(z) must be chosen so that

do(z)
dz

= a(x)p(z), (1.17)

implying that we will have
T
a(z) = exp (/ dx'p(x')) . (1.18)
(The arbitrary integration constant just amounts to a constant rescaling of «(z), which
obviously is an arbitrariness in our freedom to choose an integrating factor.)

With «a(z) in principle determined by the integral (1.18), it is now straightforward to

integrate the differential equation written in the form (1.16), giving

1 r ! ! !
y(x) = @/ da' a(z') q(z') . (1.19)



Note that the arbitrariness in the choice of the lower limit of the integral implies that y(z)

has an additive part yo(z) amounting to an arbitrary constant multiple of 1/a(x),

yo(z) = C exp ( — /x dac'p(ac')) . (1.20)

This is the general solution of the homogeneous differential equation where the “source
term” ¢(x) is taken to be zero. The other part, y(z) — yo(z) in (1.19) is the particular
integral, which is a specific solution of the inhomogeneous equation with the source term

¢(z) included.

2 Separation of Variables in Second-order Linear PDE’s

2.1 Separation of variables in Cartesian coordinates

If the equation of motion in a particular problem has sufficient symmetries of the appropriate
type, we can sometimes reduce the problem to one involving only ordinary differential
equations. A simple example of the type of symmetry that can allow this is the spatial
translation symmetry of the Laplace equation V24 = 0 or Helmholtz equation V2t +k? ) =

0 written in Cartesian coordinates:

92 92 92
8;5 8;’5 + a;f +E ¢ =0. (2.1)

Clearly, this equation retains the same form if we shift x, y and z by constants,
r—x+cy, y—>y+ca, Z2—z+c3. (2.2)

This is not to say that any specific solution of the equation will be invariant under (2.2), but
it does mean that the solutions must transform in a rather particular way. To be precise, if
P(x,y, z) is one solution of the differential equation, then ¢ (z + c¢1,y + ¢2, 2 + c3) must be
another.
As is well known, we can solve (2.1) by looking for solutions of the form (z,y,z) =
X(z)Y(y) Z(z). Substituting into (2.1), and dividing by 1, gives
1 ’X 14  1d°Z
X dz? +? dy? +E dz?

+k2=0. (2.3)

The first three terms on the left-hand side could depend only on z, y and z respectively, and

so the equation can only be consistent for all (z,y, z) if each term is separately constant,

d’X d’y d*zZ
W—i—a%X:O, d—y2+a§Y:0, W—l—a%Z:O, (2.4)



where the constants satisfy

ai + a3 + a3 = k*, (2.5)

and the solutions are of the form
X ~e®? Y ~e®Y Z el (2.6)

The separation constants can be either real, giving oscillatory solutions in that coordinate
direction, or imaginary, giving exponentially growing and decaying solutions, provided that
(2.5) is satisfied. It will be the boundary conditions in the specific problem being solved
that determine whether a given constant a should be real or imaginary. The general solution
will be an infinite sum over all the basic exponential solutions,
P(x,y,2) = Z clar,as, az) e T el®2Y 837 (2.7)
a1,a2,a3
where the separation constants (a1, as,ag) can be arbitrary, save only that they must satisfy
the constraint (2.5). At this stage the sums in (2.7) are really integrals over the continuous
ranges of (a1, a9, a3) that satisfy (2.5). Typically, the boundary conditions will ensure that
there is only a discrete infinity of allowed triplets of separation constants, and so the integrals
becomes sums. In a well-posed problem, the boundary conditions will also determine the
values of the constant coefficients c¢(a1, az, as).
Consider, for example, a potential-theory problem in which a hollow cube of side 1 is
composed of conducting metal plates, where five of them are held at potential zero, while the
sixth is held at a constant potential V. The task is to calculate the electrostatic potential

P(x,y, z) everywhere inside the cube. Thus we must solve Laplace’s equation
V2 =0, (2.8)
subject to the boundary conditions that
P(0,y,2) = P(Ly,2) = ¢(2,0,2) = P(z,1,2) = (z,9,0) =0,  P(z,y,1) =V. (2.9)

(we take the face at z = 1 to be at potential V', with the other five faces at zero potential.)
Since we are solving Laplace’s equation, the constant k£ appearing in the Helmholtz

example above is zero, and so the constraint (2.5) on the separation constants is just
a? +ad+a3=0 (2.10)

here. Clearly to match the boundary condition (0, y, z) = 0 in (2.9) at x = 0 we must have

X (0) =0, which means that the combination of solutions X (z) with positive and negative



a1 must be of the form

X(z) ~ el @ — iz, (2.11)

This gives either the sine function, if a; is real, or the hypebolic sinh function, if a; is
imaginary. But we also have the boundary condtion that ¢(1,y, z) = 0, which means that
X(1) = 0. This determines that a; must be real, so that we get oscillatory functions for

X (z) that can vanish at x = 1 as well as at = 0. Thus we must have
X(z) ~ sin(a; z) (2.12)

with sin(ay) = 0, implying a; = m w where m is an integer, which without loss of generality
can be assumed to be greater than zero. Similar arguments apply in the y direction. With
a1 and as determined to be real, (2.5) shows that a3 must be imaginary. The vanishing of
P(x,y,0) imlies that our general solution is now established to be
P(x,y,z) = Z Z by sin(m m z) sin(n wy) sinh(—m z Vm?2 + n?). (2.13)
m>0n>0
Note that we now indeed have a sum over a discrete infinity of separation constants.

Finally, the boundary condition ¢ (z,y,1) = V on the remaining face at z = 1 tells us

that

V=>" 3 b sin(mrz) sin(nry) sinh(—r vVm?2 +n2). (2.14)

m>0n>0

This allows us to determine the constants b,,,. We use the orthogonality of the sine func-

tions, which in this case is the statement that if m and p are integers we must have
1
/ dr sin(mmzx) sin(prx) =0 (2.15)
0
if p and m are unequal, and
1
/ dz sin(m ) sin(prz) = § (2.16)
0

if p and m are equal.! This allows us to pick out the term m = p, n = ¢ in the double

summation (2.14), by multiplying by sin(p 7 ) sin(¢ 7 y) and integrating over z and y:

1 1
V/ dx/ dy sin(pmz) sin(qgmy) = 1b,, sinh(—m+/p? + ¢2). 2.17
; 4 (pmx) sin(qmy) = 1byg sinh(—m/p* + ¢°) (2.17)

! Just use the rules for multiplying products of sine functions to show this. What we are doing here is

constructing a Fourier series expansion for the function V', which happens to be taken to be a constant in

our example.



Since f01 dz sin(pmz) =[1 — (=1)P]/(pm) we therefore find that b,, is nonzero only when p
and g are odd, and then

16V
(2r +1) (2s + 1) w2 sinh(—m /(2r + 1)2 + (2s + 1)2)

All the constants in the original general solution of Laplace’s equation have now been

bor+1,2541 = (2.18)

determined, and the problem is solved.

2.2 Separation of variables in spherical polar coordinates

Another common example of separability arises when solving the Laplace or Helmholtz equa-
tion in spherical polar coordinates (7,6, ¢). These are related to the Cartesian coorindates

(x,y, z) in the standard way:
=1 sinf cos ¢, y=rsinfsing, z=r1r cosf. (2.19)

In terms of these, (2.1) becomes

1 9/450
(¢

2 2
o (P S + 5 Vgt By = (2.20)

where V%g #) is the two-dimensional Laplace operator on the surface of the unit-radius
sphere, )
1 0 0 1 0
2 _
(sinf 55)

= — —_— . 2.21
Viow) sinf 90 sinf + sin? @ 0¢? (2:21)

00

The Helmholtz equation in spherical polar coordinates can be separated by first writing

P(r,0,¢) in the form
1

Substituting into the Helmholtz equation (2.20), and dividing out by ¢ in the usual way,
we get )

7“ d R 2,9

Rd2+ V( )Y+rk =0. (2.23)

(Tt is useful to note that r—29(r?0y/dr)/Or is the same thing as r~19%(r ¢)/0r? when doing
this calculation.)

The middle term in (2.23) can depend only on # and ¢, while the first and third can
depend only on 7, and so consistency for all (r,0, ¢) therefore means that the middle term
must be constant, and so
‘227? = (i ~ k)R, (2.24)

r2

2 _
Vigp Y = —AY,

The key point now is that one can show that the harmonics Y (6, ¢) on the sphere are

well-behaved only if A takes a certain discrete infinity of non-negative values. The most

10



elegant way to show this is by making use of the symmetry properties of the sphere, but
since this takes us away from the main goals of the course, we will not follow that approach

here.?

Instead, we shall follow the more “traditional,” if more pedestrian, approach of
examining the conditions under which singular behaviour of the eigenfunction solutions of
the differential equation can be avoided.

To study the eigenvalue problem V%e, %) Y = —\Y in detail, we make a further separation
of variables by taking Y (0, ¢) to be of the form Y (0, ¢) ~ ©(0) ®(¢). Substituting this in,
and multiplying by sin?0Y ~!, we get

. <2
6sm9@ sm9% +6W+As1n 0=0. (2.25)

d ( : d@) 1 d*®
By now-familiar arguments the middle term can depend only on ¢, while the first and last
depend only on 6. Consistency for all § and ¢ therefore implies that the middle term must

be a constant, and so we have

d>®
dTSQer%D = 0, (2.26)

4 de L
s1n9%(s1n9%)+(ks1n 0—m7)0 = 0. (2.27)

The solution to the ® equation is ® ~ e*™¢. The constant m? could, a priori, be positive
or negative, but we must recall that the coordinate ¢ is periodic on the sphere, with period
2m. The periodicity implies that the eigenfunctions ® should be periodic too, and hence
it must be that m? is non-negative. In order that we have ®(¢ + 27) = ®(¢) it must
furthermore be the case that m is an integer.

To analyse the eigenvalue equation (2.27) for O, it is advantageous to define a new

independent variable z, related to € by x = cosf. At the same time, let us now use y

2The essential point is that the surface of the unit sphere can be defined as z? + y? + z°> = 1, and this is
invariant under transformations of the form
x x
y| —M|y],

z

where M is any constant 3 x 3 orthogonal matrix, satisfying MT M = 1. This shows that the sphere is
invariant under the 3-parameter group O(3), and hence the eigenfunctions Y must fall into representations
under O(3). The calculation of the allowed values for A, and the forms of the associated eigenfunctions Y,
then follow from group-theoretic considerations. Anticipating the result that we shall see by other means,
the eigenvalues A take the form A\, = (¢ + 1), where ¢ is any non-negative integer. The eigenfunctions
are classified by ¢ and a second integer m, with —¢ < m < ¢, and are the well-known spherical harmonics
Yim (0, ¢). The fact that A depends on £ but not m means that the eigenvalue A\, = £(£+ 1) has a degeneracy
(2¢+1).

11



instead of © as our symbol for the dependent variable. Equation (2.27) therefor becomes

408 s - 1 o

This equation is called the Associated Legendre Equation, and it will become necessary to

study its properties, and solutions, in some detail in order to be able to construct solutions
of the Laplace or Helmholtz equation in spherical polar coordinates. We shall do this in
section 3 below. In fact, as we shall see, it is convenient first to study the simpler equation
when m = 0, which corresponds to the case where the harmonics Y (0, ¢) on the sphere are
independent of the azimuthal angle ¢. The equation (2.28) in the case m = 0 is called the
Legendre Equation.

2.3 Separation of variables in cylindrical polar coordinates

Another important second-order equation that can arise from the separation of variables is
Bessel’s equation, Suppose we are solving Laplace’s equation in cylindrical polar coordinates

(p, ¢, 2), so that we have

10/ 0v 1 0% 0%
—=—\p= — —5 + =5 =0. 2.29
p3p(p3p)+p2 997 oz (2.29)
We can separate variables by writing 1 (p, ¢, z) = R(p) ®(¢) Z(z), which leads, after dividing
out by 9, to , ,
1 d/ dR 1 d°® 1 d°Z
— —(p= — 22 =0. 2.
pR dp ('0 dp) P2 @ dg? + Z dz? 0 (2.30)
We can therefore deduce that
d’z d’®
—k27Z = 42 = 2.31
72 0, e +v 0, (2.31)
d’R 1dR v?
— - — E—=)R=0 2.32
i T odp T ( pz) ’ (2.32)

where k? and v? are separation constants. Rescaling the radial coordinate by defining

z = k p, and renaming R as y, the last equation takes the form
d? d
x2—y+x—y+(x2—u2)y:0. (2.33)
x

This is Bessel’s equation; we shall return later to a study of its solutions.

3 Solutions of the Associated Legendre Equation

We shall now turn to a detailed study of the solutions of the associated Legendre equation,
which we obtained in our separation of variables in spherical polar coordinates in section

2.2.

12



3.1 Series solution of the Legendre equation

We begin by considering the simpler case where the separation constant m is zero, implying

that the associated Legendre equation (2.28) reduces to the Legendre equation
(1—2%)y) + Xy =0. (3.1)

Note that here we are denoting a derivative with respect to = by a prime, so that dy/dx is
written as ¢’, and so on. We shall use (3.1) to introduce the method of solution of linear
ODE?’s by series solution, known sometimes as the Frobenius Method.
The idea essentially is to develop a solution as a power series in the independent variable
z, with expansion coefficients determined by substituting the series into the differential
equation, and equating terms order by order in z. The method is of wide applicability; here
we shall take the Legendre equation as an example to illustrate the procedure.
We begin by writing the series expansion
y = Z anx" . (3.2)
n>0
(In more general circumstances, which we shall study later, we shall need to consider series
expansions of the form y(z) = 3=, >0 an 2", where o may not necessarily be an integer.
But in the present case, for reasons we shall see later, we do not need the z7 factor at all.)
Clearly we shall have
y' = Z nap ", y" = Z n(n—1)a,z" 2. (3.3)
n>0 n>0
Substituting into equation (3.1), we find
Zn(n—l)anxn_Q—i—Z(A—n(n—i—l))anx":(). (3.4)
n>0 n>0
Since we want to equate terms order by order in z, it is useful to shift the summation
variable by 2 in the first term, by writing n = m + 2;
Z n(n—1)a,z" 2 = Z (m+2)(m+1)apm2z™ = Z (m+2)(m+1)apm22™. (3.5)
n>0 m>—2 m>0
(The last step, where we have dropped the m = —2 and m = —1 terms in the summation,
clearly follows from the fact that the (m + 2)(m + 1) factor gives zero for these two values
of m.) Finally, relabelling m as n again, we get from (3.4)

S (42 + Danpz+ (A =n(n+1)a,) " =0. (3.6)
n>0

13



Since this must hold for all values of z, it follows that the coefficient of each power of z

must vanish separately, giving
(n+2)(n+1)ap2+A=n(n+1))a, =0 (3.7)

for all n > 0. Thus we have the recursion relation

_on(n+1)—2A
Upto = CECES)] ap, . (3.8)

We see from (3.8) that all the coefficients a, with n > 2 can be solved for, in terms of
ap and aq. In fact all the a,, for even n can be solved for in terms of ag, while all the a,, for
odd n can be solved for in terms of a;. Since the equation is linear, we can take the even-n
series and the odd-n series as two the two independent solutions of the Legendre equation,

which we can call y;(z) and yo(z):

y(l)(a:) = a0+a2x2+a4x4+---,

Yy (z) = a1 +azz® + a5z’ + - (3.9)

The first solution involves only the even a,, and thus has only even powers of =, whilst
the second involves only the odd a,, and has only odd powers of x. We can conveniently
consider the two solutions separately, by taking either a; = 0, to discuss y(y), or else taking
agp = 0, to discuss y(9).

Starting with yi, we therefore have from (3.8) that as = —+Xag, a3 = 0, ag = (6 —
A) a2, a5 = 0, etc.. In the expression for a4, we can substitute the expression already found

for as, and so on. Thus we will get

ay = —%)\ao, a4:—%)\(6—)\)a0,

a3 = as=ar=---=0. (3.10)
The series solution in this case is therefore given by
y(l):ao( —%)\xQ—%)\(G—)\)x4+---). (3.11)

To discuss the solution y(y) instead, we can take ap = 0 and a; # 0. The recursion

relation (3.8) now gives as = 0, ag = §(2 — A) ag, as =0, a5 = 55(12 — A) a3, a5 = 0, etc.,

and so we find

az = %(Z—A)m, a5:ﬁ(2—>\)(12—>\)a1,

ag = ag=ag=---=0. (3.12)
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The series solution in this case therefore has the form
Yo = m (a:—i— Lo N2+ =(2- N (12 = ))2° +) (3.13)

To summarise, we have produced two independent solutions to our differential equation
(3.1), which are given by (3.11) and (3.13). The fact that they are independent is obvious,
since the first is an even function of x whilst the second is an odd function. To make this
precise, we should say that y()(z) and y(z)(x) are linearly-independent, meaning that the

only possible solution for constants a and 3 in the equation

aymy(z) + Byp)(z) =0 (3.14)

is @ = 0 and 8 = 0. In other words, y(;)(z) and y()(7) are not related by any constant
factor of proportionality. We shall show later that any second-order ordinary differential
equation must have exactly two linearly-independent solutions, and so with our solutions
y)(z) and y(9)(7) established to be linearly-independent, this means that we have obtained
the most general possible solution to (3.1).

The next question is what can we do with our series solutions (3.11) and (3.13). They
are, in general, infinite series. Whenever one encounters an infinite series, one needs to
worry about whether the series converges to a finite result. For example, the series

Si1=> 2"=1+5+1+s+5+ (3.15)
n>0

converges, giving S; = 2, whilst the series

So=> 2"=1+2+4+8+16+-- (3.16)
n>0

diverges, giving Sy = 0o0. Another series that diverges is
1
S3=) ——=1l+g3+3+1+5+ . (3.17)

n20n+1

For our solutions (3.11) and (3.13), we must find out for what range of values of z do the
series converge.

One way to test the converge of a series is by applying the ratio test. This test says
that the series f = ano wy, converges if the ratio R, = wp41/wy, is less than 1 in the
limit n — oo. The series converges if R, < 1, it diverges if Ry, > 1, and one gains no
information in the marginal case where R, = 1. We won’t prove the ratio test here, but

it is clearly plausible. It essentially says that if each successive term in the series (at least
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when we go a long way down the series) is smaller than its predecessor by some fraction
less than 1, then the sum of all the terms is finite. If on the other hand each successive
term is bigger than its predecessor by some factor greater than 1, then the sum of all the
terms will be infinite. We can try out the ratio test on the three examples in (3.15), (3.16)
and (3.17). Sure enough, for the convergent series (3.15) we find the ratio of the (n + 1)’th
term to the n’th term is

1 2n+1
R, = {/271 =1 (3.18)

and so this has the limit R., = 3 which is less than 1. For the second example (3.16) we
have R, = 2, and so Ry, = 2. The ratio test therefore predicts that this series will diverge.

For the third example, we see from (3.17) that

n+1
n: ) .].
Bn =13 (3.19)

and so Ry = 1. The ratio test doesn’t give us any result in this case therefore. However, a

more involved calculation will show that the series (3.17) diverges.

Going back to our series solutions (3.2), we have

+2
Apio T Apt2
Ry = "2 = 22 (3.20)
an T an

From (3.8), this can be written as

= % o2 (3.21)
For sufficiently large n we can neglect the contribution from the fixed given value of A, and
so the terms proportional to n? in the numerator and denominator dominate at large n.
Thus we have

Ry = 22. (3.22)

If |z| < 1, the ratio test tells us that the series converges. However, we would also like to
know what happens at £ = %1, since these points correspond to # = 0 and § = =, the north
and south poles of the sphere (recall that we defined x = cos ). Here, the ratio test fails
to give us any information, although it does tell us that the series diverges for |z| > 1.

A more sophisticated analysis shows that the series will in fact always diverge at x = %1,
unless A takes a value such that the series terminates. Obviously, if the series terminates
after a finite number of terms, then there can be no possibility of the sum diverging. For
the termination to occur, the numerator in (3.8) must vanish for some value of n. Clearly, a

necessary condition for this to occur is that £ must be a positive integer of the form n (n+1).
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In fact the even series for y(;) terminates if A\ = £(£ + 1), where £ is an even non-negative
integer, whilst the odd series for y(y) terminates if £ is an odd positive integer. Once ay,
becomes zero for some value of n, it is obvious from the recursion relation (3.8) that all the
higher coefficients ap 2, ap14, ... will vanish too.

As an example to illustrate the divergent behaviour if the series does not terminate,
consider the odd series y2(z), with A = 0. From (3.8) we then have an12 = na,/(n + 2)

(with n odd), which has the solution a,, = a;/n. Thus the series (3.2) becomes
y:ao(x+%x3+%x5+%x7+---), (3.23)
which can be recognised as the power-series expansion of

y = 301 108;(

(3.24)

which clearly diverges at © = +1. For all other values of A that lead to non-terminating
series, one similarly finds a logarithmic divergence at z = +1.

To recapitulate, we have seen that if we want the solutions of the Legendre equation
to be well-behaved at x = 41, which we usually do since we wish to obtain solutions of
the original Laplace or Helmholtz equation that are well-behaved on the sphere, then only
those solutions for which the series (3.2) terminates are acceptable. This occurs when the

eigenvalue A in (3.1) takes the form
A=Ll+1), (3.25)

where £ is a non-negative integer, with the corresponding eigenfunctions y being polynomials
in x of degree . Note that if £ is even, the polynomial will involve only even powers of z,
while if £ is odd, the polynomial will involve only odd powers of z. It is easy to work out
the first few examples, by using (3.8) to solve recursively for the expansion coefficients in
(3.2). By convention the £’th Legendre polynomial is denoted by Py(z), and is normalised
so that Py(1) = 1. The first few are therefore given by

Py(z) =1, Pi(z) ==z, Py(z) = $(32> - 1),
Pi(z) = 1(52° —32),  Pi(z) = 1(352" — 3027 +3). (3.26)

A similar analysis for the case where m is non-zero shows that the associated Legendre
equation (2.28) has solutions regular at x = £1 only if £ is a non-negative integer, and

m is an integer taking any of the values in the range —¢ < m < /. The corresponding
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eigenfunctions are the associated Legendre functions Pj"(z). It can be shown that these

are related to the Legendre polynomials Py(z) by the formula

PP(z) = (—1)™ (1 — 22)™/? dm%‘;ff”) . (3.27)

3.2 Properties of the Legendre polynomials

The Legendre polynomials Py(z) are the basic set of regular solutions of the Legendre

equation,
%((1 — %) d];f”)) +L(L+1)Pyz) =0, (3.28)

and this is the equation that arose (in the azimuthally-symmetric case) when separating
variables in spherical polar coordinates. It follows that in order to construct solutions of
the Laplace equation by the method of separating the variables, we shall therefore need to
have a thorough understanding of the properties of the Legendre polynomials.

The basic technique that one uses for solving an equation such as the Laplace equation
in spherical polar coordinates is parallel to that which we used in section (2.1) when we
discussed the analogous problem in Cartesian coordinates. Namely, we write down the
most general possible solution (obtained by separation of variables), and then determine
the constant coefficients in the expansion by matching to given boundary data, etc.. As we
shall see below, this means in particular that we need to be able to determine the coefficients

ay in the expansion of an arbitrary function f(z) in terms of Legendre polynomials;

fle) =" arPi(z). (3.29)

>0
For now we shall just assume that such an expansion is possible; the proof is a little involved,
and we shall postpone this until a bit later in the course, where we shall prove it in a much
more general context.?
The essential requirement in order to be able to determine the constants a, is to know
some appropriate orthogonality relation among the Legendre polynomials. Specifically, we

can show that
1
/ Az Py(z) Po(x) =0,  L#n, (3.30)
—1

and

/11 dz Py(z) Po(z) = Cy  L=n. (3.31)

3The series (3.29) is a generalisation of the familiar Fourier series.
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The constants C,, are calculable (once one has defined a normalisation for the Legendre
polynomials), and we shall calculate them, and prove the orthogonality condition (3.30)
below. It is clear that with these results we can then calculate the coefficients ay in the
series expansion (3.29). We just multiply (3.29) by (1 — z?) P, (z) and integrate over z, to
get

1 1
[ doPu@)f@) = Yar [ doPuia) Pala),

>0 7T
= a,Cy. (3.32)

Hence we solve for the coefficients a,,, giving

0 = Cin [ 11 dz Py (z) f(z). (3.33)

The proof of orthogonality of the Legendre polynomials, as in (3.30), is very simple. We
take the Legendre equation (3.28) and multiply it by P,(z), and then subtract from this

the same thing with the roles of ¢ and n exchanged:
(-2 P P~ [1—2*) P Pp+[t(¢+1)—n(n+1)] PP, =0. (3.34)

(It is understood that P, and P, here are functions of z, and that a prime means d/dz.)
We now integrate over z, from z = —1 to £ = +1, and note that using an integration by

parts we shall have

1 1 1
/ dz[(1 - z*)P)]' P, = —/ dz[(1 —z®) P} P, + [(1 — z?) P)(z) Pn(x)] - (339)
-1 -1

The boundary terms here at z = 41 vanish, because of the (1 — z2) factor. Thus after

integrating (3.34) and integrating by parts on the first two terms, we get simply
1
L(l+1)—n(n+1)] / dz Py(z) Py (z) = 0. (3.36)
-1
This means that either £ (£ + 1) equals n (n + 1), or else
1
/ dz Py(x) Po(z) = 0. (3.37)
-1

Since it is always understood that £ and n are non-negative integers, we see that ¢ (¢ + 1)
is equal to n (n + 1) only if £ = n. Thus if have proved the orthogonality of the Legendre
polynomials; if £ and n are not equal, then (3.37) is satisfied.

The next step takes a little more work. We need to calculate the constants C, occur-

ring in the integral (3.31). Of course we can only do that once we have decided upon a
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normalisation for the Legendre polynomials Py(z). By convention, they are defined to be
such that
Py(1) =1. (3.38)

In order to evaluate the integral in (3.31), we now need to have an explicit way of expressing
the Legendre polynomials. It turns out that a convenient way to do this is in terms of
a representation called Rodrigues’ Formula. This formula asserts that Py(z), with the
normalisation (3.38), can be written as

1 dt

Py(z) = 2071 dot (z

—1)¢. (3.39)

We can prove Rodrigues’ formula in two stages. First, we shall prove that it gives some
constant multiple of Py(z). Then, we shall prove that in fact from the definition (3.39), we
shall have P;(1) = 1. To prove the first stage, let’s get rid of the superfluous baggage of
messay constant factors, and consider

[

fe(z) = % (1-2%)". (3.40)

The technique now will be to show that f,(z) satisfies the Legendre equation (3.28), and
hence, since fy(x) is manifestly just a polynomial function of z, it must therefore be some
constant multiple of the Legendre polynomial P(z).

Using the binomial theorem,

L[t l
(1+42)" = Z ( ) Pl where ( ) = ﬁ'—k)" (3.41)

k=0 \F k
where we shall take z = —z?, and using the fact that
d o 2% (2K)! ke
— =2k(2k—-1)---(2k—-2+1 = % 3.42
we get that

¢ 14
fo(w) = (-1)F ( ) %x%_g. (3.43)

k=0 k
What we have obtained here is a polynomial series in z. Now we have already studied the
series expansion for solutions of the Legendre equation; we wrote them as (3.2), and we
showed that the expansion coefficients a, must satisfy (3.8). All we have to do in order to
prove that our function f,(z) satisfies the Legendre equation is to show that the coefficients

of the powers of z in (3.43) satisfy the same recursion relation (3.8).
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We can express (3.43) as a series f; = Zfl:() an z". Comparing coefficients, we see that

k = (n+¢)/2, and hence

o (=1)3+0) g1 (n 1 0)! 3.4

n! (%(€+n))! (%(e—n))! '

Using (p+ 1)! = (p+ 1) p! in the various terms, it is now easy to see that if we use (3.44)

to calculate a,42, we can write it as

(n—0(n++1)
(n+1)(n+2)

(pyo = an, . (3.45)

This is exactly the same as the recursion relation (3.8), and so this proves that the functions
fe(z) defined in (3.40) satisfy the Legendre equation with A = Z (¢ + 1). (Check for yourself
that this is a correct statement both for ¢ even and ¢ odd.) Since Py(z) given in Rodrigues’

formula (3.39) is just a constant multiple of fy(x), i.e.

Py(z) = L fe(z), (3.46)
200!
it follows that we have established the first part of our proof; up to constant normalisation,
we have verified that the Rodrigues’ formula (3.39) does indeed give polynomial solutions
of the Legendre equation (3.28).

To determine the normalisation, it is useful to begin with a digression, which will never-
theless be worthwhile in the end. There is yet another way to define the Legendre polyno-
mials, which is very useful in its own right. This is via what is called a Generating Function.
The claim is that

(1 -2zt +t)72 =3 t'Py(a), (3.47)
£>0

where, for convergence of the series, we must have |t/ < 1. How do we use this to read off
the Legendre polynomials? We perform a power series expansion of the left-hand side, in

increasing powers of . Doing this, we find that the left-hand side gives
L+ at+ 1327 — 1) 2 + 1(52° — 32) * + 1(352" — 302® +3) ' +--- . (3.48)

Equating this with the right-hand side of (3.47), and comparing the coefficients of each

power of ¢, we read off
Py(z)=1, Pi(z)==z, Py(z)=3%032"-1), Ps(z)=35(52"—32) (3.49)

and so on, which is precisely what we were finding in (3.26).
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This doesn’t constitute a proof yet, that all the coefficient functions Py(z) in (3.47)
are the Legendre polynomials. To complete the job, we can show that Py(z) defined by
the generating function (3.47) is exactly the same as Py(z) defined by Rodrigues’ formula
(3.39), for all £. To do this, first take the generating function in (3.47) and use the binomial
theorem

ala—1) ,

(1+z)°‘:1+az+Tz +--- (3.50)

to expand the left-hand side in powers of (—2zt+1?). For a = —3 (3.50) can easily be seen

to be expressible as

(142)7"2 = ;}%z” (3.51)
and so we get i
(1-2zt+t)72=%" % (2t —t2)". (3.52)
n>0 '

Next we expand the factor (22t — #2)” using the binomial theorem, for which a convenient

formulation is

(a+b)" zn: ( ) a" Rk (3.53)

This now gives us a double series,

— - n—k 4k
(2t 12 = T S (- ( ) e

n>0

— Zzn:(_nk (2n)t - (2a)" R (3.54)

2
S0 = 220l El (n — k)!

We are almost there, but one further manipulation on the expression (3.54) is needed.
There are many ways of reorganising the summation of terms in a double series, and for

our present purposes the one we need is the following:

n [r/2]
Z Za(k,n— Z Z a(s,r — 2s) (3.55)
n>0 k=0 r>0 s=0

where [r/2] means the integer part of /2. (Exercise: Check this!). The bottom line is that,
after finally relabelling the summation variables, the expression (3.54) can be turned into

another expression, namely

[n/2]

_ 2n—1/2 _ (2n — 2k)! n—2k 4n
(1 -2zt +1t%) Tgo kz; 22n_2k 0 1) (25! (2z)" 2k 47, (3.56)

We appeared just to have exchanged one expression that resembles a dog’s breakfast for

another, but the point now is that (3.56) brings us back (finally!) to our expression from
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Rodrigues’ formula (3.39). From (3.43) and (3.46), we can see, after a simple redefinition
of the k¥ summation variable, that the thing that multiplies the coefficient of ¢” in (3.56) is
nothing but our old friend P, (z), as defined by Rodrigues’ formula (3.39). Thus the equiv-
alence of the two definitions for Py(z), from Rodrigues’ formula (3.39) and the generating
function (3.47) is established.

After all that, proving that the Legendre polynomials given by Rodrigues’ formula satisfy
the normalisation condsition Py(1) = 1 is a piece of cake. We just use what we now know
to be the equivalent definition (3.47), and set = = 1, to get

1-2t+¢)712 =3¢ P (3.57)
£>0
But the left-hand side is just (1 —¢) !, which has the binomial expansion
1%—1+t+t2+t3+t4 =3¢, (3.58)
£>0
and so by comparing with the right-hand side in (3.57) we immediately get Py(1) = 1.

Lest our original task has been forgotten during the course of this discussion, let us

remind ourselves that we wanted to determine the constants C), in (3.31). That is, we want

to calculate
1
C, = / dz [P, (z)]? . (3.59)
1

From Rodrigues’ formula (3.39), we can write this as

Cn = 22n n'

/ dz 0" (22 — 1)" 9" (22 — 1)", (3.60)

where we write 0" instead of d"™/dx™ for brevity. Integrating by parts n times, and noting

that the powers of (22 — 1) will kill off the resulting boundary terms, we therefore have

(- ! 2 on(, 2
Cn = goraps /_ldx(x 9%z — 1) (3.61)
Now (22 — 1)™ is a polynomial in z, which looks like £?® + - - -, where the ellipses denote

terms of lower order in xz. When we differentiate 2n times, only the first term gives a

contribution, and so from §%" 2" = (2n)! we find that

Cp = 22n n' / dz (1 —z%)" . (3.62)

Unfortunately our troubles are not yet quite over, because the integral is not going to
give up without a bit of a fight. The best way to evaluate it is by induction. We note that
we can write the following:

(1= = (1 =a?)(1 -2 = (=) % A=z, (3.63)
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Plugging this into (3.62), we see that it gives us

Integrating the last term by parts gives us

2n — 1 1
Cn = o Cho1 — o Cn, (3.65)
which implies that
2n+1)Cr=02n—-1)Cph_1. (3.66)

This means that (2n + 1) C, is independent of n, and so it must be that (2n + 1) C,, = Cj.

At last we have something easy to evaluate, since (3.62) implies that
1
Co = / dz = 2. (3.67)
-1

Thus, finally, we arrive at C,, = 2/(2n + 1), and so the normalisation of the integral of

[P, (z)]? is established:
1 2
L dz[P,(z)]* = 1 (3.68)

Let us review what we have achieved. Starting from a proposed expansion of an arbitrary

function f(z) as a sum of Legendre polynomials as in (3.29);
=S a Pa), (3.69)
£>0

we have now found that the expansion coefficients ay are give by

1 1
ar= 120+ 1) /_lda:f(x) Pi(). (3.70)

It is time to look at a few examples. First, we may note that it is often very helpful
to use Rodrigues’ formula in order to evaluate the integral (3.70). Substituting (3.39) into
(3.70), and integrating by parts, we obtain

e+ pdt 0 at (2041)
W= Tary [dx4*1 ("= 1) L_ Py / dz f'(x

(ac —1)t. (371

The boundary term gives zero, since the (£ — 1)’th derivative of (22 — 1) leaves one overall
factor of (2 — 1), and this vanishes at z = £1. Continuing this procedure, we can perform
(¢ — 1) further integrations by parts, ending up with
20+1) [t d
gy = B+ / dz f(f) (1—a2)°. (3.72)

264100 ) dz
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Notice in particular that if the given function f(z) is itself a polynomial of degree n,
then all its derivatives d’f(z)/dz’ for £ > n vanish. This means that the all the expansion
coefficients ay will vanish for £ > n. This should not be a surprise, since we know that Py(x)
is itself a polynomial of degree /. In fact the set of Legendre polynomials with 0 </ < n
really form a basis for the set of all possible polynomials of degree < n. For example, we

have

Py(r)=1, Pi(z)==z, DP(z)=3322-1), (3.73)

and we can see just by doing elementary algebra that we can re-express the general quadratic

polynomial a 2% + bz + ¢ as
ax2+bx+c:(c+%a)PO(a:)+bP1(a:)+§aP2(x). (3.74)

It is clear that we can do a similar expansion for any polynomial of finite degree n, and

(3.72) gives us the expressions for the coefficients ay, which will be non-zero only for ¢ < n.

3.3 Azimuthally-symmetric solutions of Laplace’s equation

Having constructed the Legendre polynomials, and determined their orthogonality and nor-
malisation properties, we can now use them in order to construct azimuthally-symmetric
solutions of the Laplace or Helmholtz equations. (We shall move on to case without az-
imuthal symmetry later.)

Recall, from section 2.2, that if we consider functions that are independent of the az-

imuthal angle ¢, then the solution (r,6,1) of the Laplace or Helmholtz equation was

written as
1
P(r,0) = - R(r)©(0), (3.75)
with © and R satisfying
1 d d®
— [ sinf — A0 =0 3.76
sin 0 do(sm d9)+ (3.76)
and ,
2R A,
W—(T—Q—k)R. (3.77)

We determined that the functions ©(#) will only be regular at the north and south poles
of the sphere if A = £(¢/ + 1) where / is an integer (which can be assumed non-negative,
without loss of generality). The functions ©(f) are then the Legendre polynomials, with
©(0) ~ Py(cos 0).

Let us specialise to the case of the Laplace equation, which means that £ = 0 in the

equation (3.77) for the radial function R(r). It is easy to see that with A\ = £(£ + 1), the
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two independent solutions of (3.77) are
R ~ 1 and R~rt. (3.78)

It follows, therefore, that the most general azimuthal solution of the Laplace equation

V24 = 0 in spherical polar coordinates can be written as

P(r,0) = (Aer’ + Ber 1) Py(cos ). (3.79)
£>0

We established the orthogonality relations for the Legendre polynomials, given in (3.30)
and (3.31) with C; eventually determined to be Cy = 2/(2¢ + 1). In terms of 0, related to

z by = = cos 6, we therefore have

g 2
/ sinf df Py(cos ) P, (cos0) = den (3.80)

0 20 +1

The § symbol on the right-hand side here is the Kronecker delta function. By definition,
Omn 18 zero if m # n, while it equals 1 if m = n. Thus (3.80) says that the integral on the
left-hand side vanishes unless £ = n, in which case it gives 2/(2¢ + 1).

We can use these results in order to solve problems in potential theory. Suppose, for
example, the electrostatic potential is specified everywhere on the surface of a sphere of
radius a, as ¢(a,0) = V(@) for some given function V(#), and that we wish to calculate
the potential 1(r, #) everywhere outside the sphere. Since the potential must die off, rather
than diverge, as r tends to infinity, it follows that the coefficients Ay in (3.79) must be zero,

and so our solution is of the form

P(r,0) =Y Byr "' Py(cos ). (3.81)
£>0

To determine the remaining coefficients By, we set r = a and use the given boundary data
P(a,0) = V(0):

$(a,0) =V(0) = Bra "' Pycost). (3.82)
£>0

Multiplying by P,(cos ) and integrating over [ sinf df, we get

T 2 —n—1
/0 sinfdf vV (6) P,(cos ) = o 1" By, (3.83)
whence
B, =3(2n+1) a™t! / sinfdf VvV (6) P,(cosH) . (3.84)
0

Given V(0), we can calculate the coefficients B,,.
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Suppose, for example, we are given that V(6) is +V for 0 < %71’, and V(0) is =V
for 3w < 6 < m, where V is a constant. The integral in (3.84) can be evaluated fairly
strainghtforwardly using Rodrigues’ formula (3.39), leading to the conclusion that By is
zero if £ is even, while
20+ 1) (£ —2)V att!

2(3(+1)!
when 7 is odd. (Note that (2p + 1)!! means (2p +1)(2p —1)(2p —3)--- x5 x 3 x 1.) The

By = (—2)~(1/2 ( (3.85)

first few terms in the solution give

3a? Ta* 11a8

P(r,0) =V [W Py (cos ) — 7 Ps(cos0) + 16,6 Ps(cos ) + -+ ] . (3.86)

3.4 The associated Legendre functions

In our analysis in section 3, we made the specialisation from the Associated Legendre
Equation (2.28) to the case of the Legendre Equation, where m = 0. Let us now return to
the full Associated Legendre Equation, which we shall need for finding general solutions of
Laplace’s equation, in which the potential function is allowed to depend on the azimuthal
angle ¢. For convenience, we present again the Associated Legendre Equation:

L 1-a) W)+ (- )y -0, (3.87)

As mentioned previously, it turns out that we can construct the relevant solutions of this
equation rather simply, in terms of the Legendre polynomials that we have already studied.
To begin, we write y = (1 — 22)"™/2w, and substitute this into (3.87). After simple

algebra we find, after extracting an overall factor of (1 — 22)™/2, that w must satisfy
(1-az)w”" —2(m+ 1D zw +[XA—m@m+1)]w=0. (3.88)

(We are using a prime to denote differentiation d/dz here.) Now suppose that we have a

solution u of the ordinary Legendre equation:
(1-2)%u" —2zu + Au=0. (3.89)

Next, we differentiate this m times. Let us use the notation 0™ as a shorthand for d™/dz™.
It is useful to note that we have the following lemma, which is just a consequece of Leibnitz’

rule for the differentiation of a product, iterated m times:

7(fa) = F@0)+m @) @ g+ T @) %)
m(m — 1)(m — 2)

+ 3 (D3f) (0™ 3g) + - . (3.90)
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We only need the first two or three terms in this expression if we apply it to the products

in (3.89), and so we easily find that
(1—-2%)0"2u —2(m + 1)z 0™ u4+ A —m(m+1]0"u=0. (3.91)

Thus we see that setting w = 9™ u, we have constructed a solution of (3.88) in terms of a

solution u of the Legendre equation (3.89). The upshot, therefore, is that if we define

PP (e) = ()™ (=) Py (392

where Py(z) is a Legendre polynomial, then P;”(x) will be a solution of the Associated

Legendre Equation with A = £ (£ + 1):

%((l—ﬁ) dZm) + (e(e+1)— 1TZZ)P[”:0. (3.93)

Since P(z) is regular everywhere including = =+1, it is clear that P;"(z) will be too. It
is understood here that we are taking the integer m to be non-negative. It is clear that we
must have m < £ too, since if m exceeds £ then the m-fold derivative of the £’th Legendre
polynomial (which itself is of degree ¢) will give zero.

Recall next that we have Rodrigues’ formula (3.39), which gives us an expression for

Py(z). Substituting this into (3.92), we get

Pgm({L') — (_1)m (1 o x2)m/2 dm

e (2% —1)°. (3.94)

dzttm

A nice little miracle now occurs: this formula makes sense for negative values of m too,
provided that m > —¢. Thus we have a construction of Associated Legendre Functions for
all integers m in the interval —¢ < m < /.

Looking at the Associated Legendre Equation (3.93), we note that the equation itself is
invariant under sending

m— —m, (3.95)

since m appears only as m? in the equation. This means that if we take a solution with a
given m, then sending m to —m gives us another solution. What is more, only one solution
at fixed £ and m? can be regular at = %1, since the second solution will have logarithmic
singularities there (just like we saw for the Legendre functions). Since P;"(z) and P, ™ ()
given by 3.94 are both regular at z = +£1, it follows therefore that they must be linearly

dependent; i.e. P, ™ (x) must be some constant multiple of P;"(x):
P, (z) =k P (z). (3.96)
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It is easy to determine what the constant & is, by using (3.94). From (3.96) we get
Iz -1 =k(1—2®)maTm(2® - 1), (3.97)

It is good enough just to look at the highest power of z, since all we need to do is to
calculate what & is.* Thus we get

(24)!
(€4 m)!

(20)!

L+m _ k (_1)m $2m (g = m)'

zim (3.98)
at the leading order in x, which fixes k and hence establishes that

Py (z) = (-1)™ P (z). (3.99)

(€ +m)!
Using this result we can now very easily work out the normalisation integral for the

associated Legendre functions P;”(z). The relevant integral we shall need to evaluate is

/_ 11 dz P/ () P (x) . (3.100)

(It will become clear in section 3.5 why we have set the upper indices m equal here.) Using
the same method as we used for the Legendre polynomials, it is easy to show that (3.100)
vanishes unless £ = n. For £ = m, we can make use of (3.99) to write the required integral

c,_;r,tz/_l1 dz [P ()2 = (~1 “m / dz PP () P (). (3.101)

Our task is to calculate the constants Cgm. We can use the generalised Rodrigues formula

(3.94), thus giving

Com = 2(% 72 €+m /dxa“m — 1)t m(2? - 1)k, (3.102)

(Note that by making use of (3.99) we have managed to get the two powers of (1 — z2)"/2
that would otherwise have arisen from (P}")? to cancel instead of adding, which simplifies
life considerably.) Integrating by parts £4+m times in (3.102), and noting that the boundary

terms all give zero, we therefore have

m)! 1
Com = 527 (éf);_(f )_' m)! [1 dx (1 — 332)4 824($2 _ 1)4,
201 (¢ + m)! 1
920 (g)|)(2 (2_— 7)n)' /_1 dz (1 —2%)". (3.103)

*One could, more adventurously, give another proof that P, ™(z) and P;"(z) are linearly dependent by

checking all powers of z. We leave this as an exercise for the reader.
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The integral here is the same one we had to evaluate in the case of the Legendre polynomials
n (3.62); the only difference now is the extra factorial prefactors. Thus from the previous
results in section 3.2, we see that

2 (L+m)!

= . 104
T (¢ —m)! (8.104)
In other words, we have shown that
2 (0+ m)'

3.5 The spherical harmonics and Laplace’s equation

It may be recalled that a while back, we were solving equations such as the Laplace equation
or the Helmholtz equation in spherical polar coordinates, in section 2.2. We had reduced the
problem, by means of separating variables, to solving for the radial functions R(r) and the
functions Y (0, ¢) on the spherical constant-radius surfaces. Thus the Helmholtz equation

V24 + k%4 = 0 implied that if we write

1
b(r0,¢) =~ R(r)Y(0,9), (3.106)
the R(r) and Y@, ¢) should satisfy
d’R A
2 _ _ 2
VoY =-2Y. =3 (ﬁ - )R, (3.107)
where )
1 0 0 1 0
= -2 IV, -9 1
V(g %) = sinf 90 (s1n9 89) + sin? 0 O0¢? (3-108)

is the Laplace operator on the unit sphere. We then performed the further separation of
angular variables on the sphere, with Y (0, ¢) = 0(0) ®(¢), showing that for regularity we
must have A = /(¢ + 1), and m is an integer with —¢ < m < /.

Putting together what we found for the angular functions, we see that the Y (0, ¢) are

characterised by the two integers £ and m, and we may define

2
Yo (0, ¢) = ,/ “ ’/£+m Mcosf) ™S, 0>0, —L<m<l. (3.109)

The Spherical Harmonics Yo, (0, ¢) satisfy

—Vip.0) Yem (0, 8) = £ (€ +1) Yim (0, 9) . (3.110)

These spherical harmonics form the complete set of regular solutions of V%a 6) Y = -\Y

on the unit sphere. Note from (3.99) that we have

Yo, -m(0,6) = (=1)" Yem (0, ¢) , (3.111)
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where the bar denotes complex conjugation.
From our results in the previous sections, we can easily see that the spherical harmonics

satsify the orthogonality properties

[ 42T (6 8) Yin(0:6) = b0 brume (3.112)

where

dQY = sin 6 df d¢ (3.113)

is the area element on the unit sphere, and [ dQ X means

2w s
/ d / Sin0do X . (3.114)
0 0

Thus (3.112) just says that the integral on the left-hand side is zero unless '/ = £ and m' = m.
Note that it is the integration over ¢ that is responsible for producing the Kronecker delta

dmm’, since the ¢ dependent factors in (3.112) are
27

dg el (m=—m)9 (3.115)

This integrates to zero if the integers m and m' are unequal, whilst giving 27 if m = m’.

The remaining integration over 6 in (3.112) then reduces, with m and m' equal, to the
integral in (3.105), which then gives rise to the Kronecker delta function dg in (3.112).

It is instructive to look at the first few spherical harmonics explicitly. From (3.109), and

using (3.94) to give the expressions for the P}, we find

1
Yoo(0,¢) = Jir
3 . i
Y1.00,9) = — 8—Sln06 ,
T
3
YI,O (07 QS) = E cos 0 )
Vi a(0,6) = \[os singe i,
1 )
Vial0,) = 1\ 55n sin?0H?,
T
]_5 . ig
Y2100,9) = — 8—sm0cos€e ,
T

5
Y20(0,4) = I6n (3cos® 0 — 1),
].5 . 7i¢)
Yo_1(0,¢) = S sin@ cosfe ,

1 .
Yo, _2(0,¢) = ,/% sin? @ e 29 (3.116)
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Going back to our general form of the separated solution (3.106), and noting that if we
are solving Laplace’s equation then the radial functions still satisfy (2.24) with £ = 0, just
as they did in the azimuthally-symmetric case m = 0, we now have that the most general

solution of Laplace’s equation in spherical polar coordinates® is written as

l
P(r,0,0) =D > (Apn "+ Bemr ) Yo (0, 9) . (3.117)

>0 m=—¢

The constants Ay, and By,,, which depend on both £ and m, are as yet arbitrary. Their

values are determined by boundary conditions, as in the previous potential-theory examples

that we have looked at. Because we are now allowing the azimuthal separation constant m

to be non-zero, the class of solutions described by (3.117) includes those that are dependent
on the azimuthal angle 6.

Let us conclude this part of the discussion with a simple example. Suppose the electro-

static potential is given on the the spherical surface r = a, and that one is told that

¥(a,8,¢9) =V(0,9) (3.118)

on this surface, for some given function V' (#, ¢). Calculate the potential everywhere inside
the surface.

First, we note that since the potential must remain finite as r approaches zero, it must be
that all the coefficients By, in (3.117) vanish in this problem. The Ay, can be calculated by
setting 7 = @ in what remains in (3.117), and then multiplying by Yy .,/ (6, ¢) and integrating
over the sphere;

[ 42(0.0,6) Vi (6.0) = o Avnr (3.119)

Here, we have made use of the orthogonality relations (3.112). Thus we have
A =a™" /dQ V(0,0) Yem (0, ¢) (3.120)
Suppose now that we are given that
V(0,¢) =V, sinf sin¢, (3.121)

where Vj is a constant. Becaiuse this potential has a particularly simply form, we can spot

that it can be written in terms of the spherical harmonics as

1 , , 2
Vo sinf sing = - Vp sin (e —e %) = i\/?ﬁ Vo (Y11(0,9) + Y1 1(0,0),  (3.122)

®That is, the most general solution that is regular on the spherical surfaces at constant 7.
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where we have used the ¢ = 0 expressions in (3.116). This, of course, is all one is really
doing in any case, when one uses the orthogonality relations to determine the expansion
coefficients; we just need to figure out what linear combination of the basis functions con-
structs for us the desired function. It just happens in this example that the answer is so
simple that we can spot it without doing all the work of evaluating the integrals in (3.122).

Thus, we see by comparing with the general solution (3.117) that we must have

D 0.9) =125 L (1,4(0,9) + ¥i,1(0.9)). (3.123)

This is actually real (as it must be) despite the presence of the i, since the Yy, functions
themselves are complex. In fact in this example it is obviously much simpler to write the

answer explicitly, using the expressions in (3.116); we just get
b(r,0,4) =~ Vo sinf sin . (3.124)
a

The example chosen here was so simple that it perhaps makes the use of the whole
edifice of spherical harmonic expansions look a trifle superfluous. The principles involved
in this example, though, are no different from the ones that would be involved in a more

complicated example.

4 General Properties of Second-order ODE’s

Consider the linear second-order ODE

y' +p(@)y +q(z)y=0, (4.1)

where the prime denotes a derivative with respect to x:

dy
=2 =2 4.2
y=o-. Y 5 (4.2)

4.1 Singular points of the equation

First, we introduce the notion of singular points of the equation. A point =z = z is called

6

an ordinary point if p(z) and ¢(z) are finite there.” The point z = x( is defined to be a

SIn this course we shall always use the word “finite” in its proper sense, of meaning “not infinite.” Some
physicists have the tiresome habit of misusing the term to mean (sometimes, but not always!) “non-zero,”
which can cause unnecessary confusion. (As in, for example, The heat bath had a finite temperature, or
There s a finite probability of winning the lottery.) Presumably, however, these same people would not
disagree with the mathematical fact that if  and y are finite numbers, then z + y is a finite number too.
Their inconsistency is then apparent if one considers the special case z = 1,y = —1. We shall have further

comments on linguistics later...
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singular point if either p(x) or q(x) diverges at x = xy. For reasons that will become clear
later, it is useful to refine this definition, and subdivide singular points into regular singular

points, and irregular singular points. They are defined as follows:

e If either p(z) or q(x) diverges at © = x¢, but (z — z¢) p(z) and (z — z¢)? ¢(x) remain

finite, then x = ¢ is called a reqular singular point.

o If (z — z0) p(x) or (z — z0)? q(x) diverges at z = x, then z = x; is called an irreqular

singular point.

In other words, if the singularities are not too severe, meaning that a simple pole in p(z)
is allowed, and a double pole in ¢(z) is allowed, then the singularity is a “regular” one. As
we shall see, equations whose only singular points are regular ones admit better-behaved
series solutions than those with irregular singular points.

As stated above, these definitions apply only for finite values of 2y. To analyse the point
x = oo, we can first perform the change of independent variable from z to z = 1/z, and
study the behaviour of the transformed equation at z = 0. Using the chain rule to write

i, d , d £ .2, d &P .d
R R L S S Y Y 4.3
dz z dz z dz’ dz? i dz? T dz z dz? + e dz’ (4.3)

where 2/ = dz/dz, we see that the equation (4.1) becomes, with y, p and ¢ now viewed as

y(1/2), p(1/z) and ¢(1/z),

dy (22-p)dy ¢
L+ Ly=0. 4.4
dz? 2 dz ! AY (44)
The point = oo is therefore an ordinary point if p = 2252 and § = % are finite at z = 0;

22 2%

it is a regular singular point if p or § diverges while z p and z? § remain finite at z = 0; and
it is an irregular singular point if z p or 22 § diverges at z = 0.

It is worthwhile pausing here to check the singularity structure in a couple of examples.
Consider first the associated Legendre equation (2.28). Rewriting the equation in the form

(4.1), we have

2
" 2z m

A
!
4 1—x2y+(1—x2 (1—x2)2)y 0 (45)

Thus we see that all finite values of x except z = %1 are ordinary points. There are regular

singular points at © = £1. Defining = 1/z, one finds that (4.5) becomes

2
z2)2) y=0. (4.6)

d*y 2z @ B ( A N m
22(1-2%2)  (1-

This shows that z = 0 is a regular singular point too. Therefore the singularities of the

associated Legendre equation comprise three regular singular points, at z = (—1,1,00).
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These are also the singularities in the special case of the Legendre equation, where m =
0. It is, by the way, no coincidence that the “trouble spots” that we encountered when
constructing the series expansion of the Legendre equation were at = *£1, precisely at the
locations of singular points of the equation.

We also encountered Bessel’s equation, given by (2.33). Dividing by 2, this becomes
y"—i—éy'#—(l—:—z)yzo, (4.7)
showing that the only singular point within the range of finite z is a regular singular point
at x = 0. Replacing z by z = 1/z to analyse the point at infinity, we find that Bessel’s
equation becomes , ,
% é% (%—%)yzo. (4.8)
The 1/2* pole in § at z = 0 shows that the Bessel equation (4.7) has an irregular singular
point at x = oo, together with its regular singular point at x = 0.

It is worth remarking, for future reference, that although Bessel’s equation has an irreg-
ular singular point, it is one of a rather specific kind, with a 1/z* pole in the coefficient of
y. This can actually be viewed as the superposition or confluence of two regular singular
points. Consider the situation of an ODE with two regular singular points, at £ = a and

z = b, for example with

1

x—a)?(z

Y +p(x)y + ( )2 y=0. (4.9)

Let us, for simplicity, suppose that here p(x) has no poles at z = a or z = b. Clearly,
if we now choose the parameters a and b to be equal then instead of having two regular
singular points at £ = a and x = b, we will have one irregular singular point at £ = a = b,
with a fourth-order pole. Thus we may consider Bessel’s equation to be a confluent limit of
an equation with three regular singular points. In fact most of the common second-order
ODE’s that one encounters in physics either directly have three regular singular points, or
else they are confluent limits of equations with three regular singular points. So important
are such equations that the entire class of second-order ODE’s with three regular singular
points has been classified, and its solutions studied in great detail. It turns out that by
making appropriate transformations of the independent and dependent variables, one can
put any such equation into a standard canonical form, which is known as the Hypergeometric
Equation. In this form, the three regular singular points are located at £ = 0, £ = 1 and

x = 00. The hypergeometric equation is the following
z(z—1)y" +[(a+b+1)z—cy +aby=0, (4.10)

35



where a, b and c are constants. The regular singular points at x = 0 and z = 1 are evident
by inspection, and the regular singular point at z = oo can be seen easily after making the

standard z = 1/z transformation.

4.2 The Wronskian, and Series Solutions

Here, we shall undertake a somewhat more systematic study of some of the properties of

second-order ODE’s, and their solutions. We shall, as usual, take the equation to be

L(y) = y"(z) + p(z) y'(z) + a(z) y(z) = 0. (4.11)

To begin, let us consider the question of how many independent solutions to this equation

there will be.

4.2.1 The Wronskian, and linear independence of solutions

The Wronskian is a function defined as follows. Suppose that y; and yo are two solutions

of (4.11). Then we define the Wronskian A(y,y2) of the two solutions by

Alyi,y2) = yi1yp — Y2 Uy - (4.12)

It is evident that if the Wronskian vanishes, then we will have

! !
i_ Y2 (4.13)

Y Y2
which integrates to give log y; = log y2+ constant, hence implying that y; = cys, where ¢ is
some constant. Thus the solutions y; and y» are linearly dependent. Recall that in general
a set of functions u; are said to be linearly dependent if and only if there exists a set of

constants a; such that
> aiu;=0. (4.14)
i

Conversely, if y; and y» are linearly dependent, say y; = cyeo, then it follows that the

Wronskian vanishes,

A(yr,y2) = y1(@) (eyi(z) — (eyr(z)) yi(z) = 0. (4.15)

Thus combing this with the previous observation, we have the result that that the Wronskian
A(y1,y2) vanishes if and only if the two solutions y1 and ys are linearly dependent.

In fact, if one is given a particular solution y; to the second-order linear ODE, the
Wronskian can be used in order to construct a second, linearly-independent solution yo, as

follows.
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Let us suppose we are given a solution y;(z). We then pick a specific point z = z,
which we will view as our starting point. The point zy will be assumed to be generic, in the
sense that yi(zg) and y}(zo) are non-vanishing. We may then consider a second solution
ya2(z), such that at x = zo, which we shall characterise by specifying the values of yo(z)

and yh(z) at x = 2. These two constants can conveniently be written as

Yy2(z0) = ayi(zo), ys(20) = Byy(wo) (4.16)

where « and 8 are constants. (This is nothing but a specification of the “initial conditions”
for y2(zg) and y4(zo). It happens to be convenient to express them as constant multiples «

and 3 of the non-vanishing constants y;(zg) and y{(zo).) Thus at z = zy, we will have

Ay, y2)(x0) = (B — @) y1(zo) ¥1 (z0) # 0. (4.17)

It is clear therefore that at x = xg, ys is linearly independent of y; provided that 8 # «.
We now look at what happens to A(y;,y2) as we move away from z = zy. To do this,
differentiate the definition (4.12) of the Wronskian, and then use the original differential

equation (4.11) to simply the result:

% _ n_ "
dr Y1Y2 — Y291,
= —yilpya +ay2) +y2(pyi +ay1),
dlog f
= —pA=-A 4.1
where we have defined f, for convenience, by
f(z) =exp (/ p(t) dt) . (4.19)
o
Thus we can integrate (4.18), to give
v A(zo)
A(xz) = Azg) exp —/ptdt: . 4.20
(v) = Aaw) exp (= [ plt)dt) = =28 (4.20)

Thus we see that A(x), which was already determined to be non-vanishing at =z = z, will
be non-vanishing for all z, at least within some neighbourhood of the point z(, and hence
the solution y is independent of y; for all .
We have established that if we have two solutions y; and yo for which y(zg)/y2(zo) #
Y1 (z0)/y1(zo), then these two solutions are linearly independent. In fact we can do better,
and actually construct such a second independent solution ys(z), from a given solution
y1(z).. To do this, we observe that from the definition of the Wronskian we may deduce
Nﬂzw%—WMZﬁg(%% (4.21)
T
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whence

wio) =m(e) [ St = A nte) [ s (422

where z1 is an arbitrary constant, and for the second equality we have made use of the
expression (4.20). Different choices for z1 shift the value of the integral by a constant, and
therefore shift the expression for for y, () by a constant multiple of 41 (z). This arbitrariness
is not of interest to us right now, since we can always take linear superpositions of solutions
of a linear equation, and thereby get another solution. Since we already know that ()
solves the equation, it is not interesting, for now, to add a constant multiple of y;(z) to
our construction of a linearly-independent solution yo. (If yo(z) is linearly independent of
y1(z), then so is y2(z) + k y1(z), for any constant k.)

We are also not interested, for now, in the freedom to rescale our construction of the
second solution yo(z) by a constant factor; obviously, since the differential equation is linear,
then if y9(x) is a solution then so is cyy(z), for any constant ¢. We may therefore omit the
constant prefactor in (4.22), and work with a rescaled y2. In summary, we may conclude
that if y1 is a solution of the differential equation (4.11), then a second, linearly independent,

solution ys(x) is given by
dt

y2(z) :/ m, (4.23)

where f(t) is given by (4.19) and the choice of lower limit of integration is not particularly
important. Although it is merely a consistency check that we made no mistakes, it is in
fact easy to verify by direct substitution that (4.23) satisfies the original equation (4.11),
given that y; does.

The question now arises as to whether there could be a third solution y3 of (4.11),
independent both of y; and ys. Owur results above would already suggest not, since we
followed a rather general route by means of which we were led to construct y, in (4.22);
the only arbitrariness was in the choice of two constants of integration, and changing these
merely rescales our ys by a constant factor, and adds a constant multiple of y; to it. It is
instructive, however, to consider the following direct demonstration that there can be no
third independent solution:

Suppose we do postulate a third solution y3. Our aim will be to show that it can in fact
be written as a linear combination of y; and y». Begin by picking a generic point z = z,

at which we shall specify the values of y3(z¢) and y5(xo). Rather than saying

ys3(zo) = a, yé(fl?[)) =b, (4.24)

it is convenient instead to parameterise ys(zg) and y4(zo) in terms of constants A and B
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such that

y3(zo) = Ayi(zo) + Bya(zo), ys(z0) = Ayl (z0) + Bysy(zo) . (4.25)

It is easy to see that this is an equally good parameterisation. Simple algebra shows that

the constants A and B are related to a and b by
4 — @Y2(z0) = bya(wo)

_ byi(o) — ayi(xo)

, B 4.26
A(y1,y2)o A(y1,y2)o (4.26)
where A(y1,y2)9 means the Wronskian evaluated at x = z(, namely

A(y1,y2)o = y1(zo) ya(z0) — y2(z0) Y1 (z0) - (4.27)

The crucial point is that by our intial assumption of the linear independence of y; and yso,
we must have A(yq,y2)o # 0, and thus nothing prevents us solving (4.26) for A and B; we
have two independent equations determining the two constants A and B. Now, we can use

the original differential equation (4.11) to deduce that

ys(zo) = —p(0)ys(wo) — a(zo) y3(zo) (4.28)
= —p(z0) [Ayi(z0) + Bys(wo)] — q(w0) [Ay1(m0) + Byz(zo)],  (4.29)
= Ayl (zo) + By (zo).

We can then repeat these steps for all the higher derivatives of y3 at x = xp, deducing that
ys" (o) = Ay (wo) + By (o) (4.30)

where y(™ denotes the n’th derivative. But we know from Taylor’s theorem that within
its radius of convergence, we can write any function h(x) in terms of all its derivatives at
r = zo:

hz) = & (@ — zo)" bW (xo). (4.31)

n>0
Therefore it follows from (4.30) that

ya(z) = Ayi(z) + Bya(z), (4.32)

and hence the solution y3 is linearly dependent on y; and ys, at least within the radius of
convergence of the power series expansion around zg.

To recapitulate, what we did was to consider a completely arbitrary solution ys of the
second-order ODE (4.11). We showed that it can always be written as a linear combination
of the two independent solutions y; and yo, at least within the range of = for which they have
convergent power-series expansions. Therefore there are exactly two linearly independent
solutions. It is clear that very similar arguments could be used for an N’th-order ODE, and

would show that it has N linearly-independent solutions.
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4.3 Solution of the inhomogeneous equation

We have so far considered the solutions of the homogeneous equation (4.11), or L(y) =
0, for which each term is of degree 1 in y or its derivatives. We may also consider the

inhomogeneous equation L(y) = r(x), i.e.

L(y) = y"(z) + p(z)y'(z) + q(z) y(z) = r(z). (4.33)

One can think of the function r(z) as being like a “source term” for the field y. Here,
we shall show that we can obtain a formal solution for this equation, in terms of the two
linearly-independent solutions y; and y, of the homogeneous equation, L(y;) = 0, L(y2) =0
that we discussed previously. In other words, we suppose that we know how to solve the
homogeneous equation, and now we wish to use these known solutions y; and y. in order
to obtain the solution of the inhomogeneous equation.

To do this, first consider what happens if we write y = uv in (4.33). It follows that
L(uv) =vL(u) + uv" + (up+2u")v" =r. (4.34)

Now choose u =y, where y; is one of the solutions of the homogeneous equation, L(y;) = 0.
Thus we get

o'+ (p+ 20 /) o =r/u, (4.35)
after dividing out by y;. We saw previously from the definition (4.12) of the Wronskian
that (yo/y1) = A/y?, and also A’ = —p(z) A, and hence we will have

ya\" (AN Ayl A Ay A ' A
Y = (S =2 28 2= p= 24 S — 424l /n1) S 4.36
(yl) (y%) y? y} v Tyt P+ 251 /) y? (4.36)
This can therefore be written as
(y2/y1)" + [P+ 2(y1 /y1)] (y2/y1) = 0. (4.37)

Next, multiply this equation by v, multiply (4.35) by (y2/y1)’, and subtract the former
from the latter. This gives

0" (y2/y1) =0 (y2/y1)" = (r/y1) (y2/y1), (4.38)

which can be rewritten as

/ d v’ /
(wa/v)T g (o) = (/) )’ (4:39)
and hence
d v’ _ruy
@ Gy = 2 .
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This equation can be integrated once to give

Ty
o' = (/) [ A (4.41)
or, in other words,
, 7Y d /ry1
=——" 4 — —1. 4.42
o ==+ /) [ 1 (4.42)

Integrating again, we have
rys Y2 [Ty

A U1 A

Now recall that we originally expressed our solution y of the inhomogeneous equation L(y) =

v=—

(4.43)

r as y = y; v. Therefore, we have the formal result that y is given by

rY2 ™Y1
- _ —2 A 4.44
y=-y | LT[ 3% (4.44)

Making this more explicit, it reads

N N RN N N
V) = | O | - w4

Thus we have the answer expressed purely in terms of the two independent solutions yq

and yo of the homogeneous equation (which we suppose we know), and the source term r in
(4.33). Note that what we have written in (4.45) is a particular solution, to which arbitrary
amounts of the two homogeneous solutions y; and ys can be added. In fact the freedom to
change the lower limits of integration in the two integrals in (4.45) precisely corresponds to

adding multiples of the solutions y;(z) and yo(z) of the homogeneous equation.

4.4 Series Solutions of the Homogeneous Equation
4.4.1 Expansion around ordinary point

Let us now return to a more detailed study the construction of series solutions of second-
order linear ODE’s. To begin, consider the case where we expand the solution of (4.11)
around an ordinary point z = a, i.e. a point for which p(a) and ¢(a) are finite. In the

vicinity of z = a, we can therefore expand p(z) and ¢(z) in Taylor series,

p(z) = pla)+(z—a)p'(a) + 3(z —a)’p"(a) + -,

g(z) = qla)+(z—a)q(a) +

Nl—= N

(x—a)?q"(a)+---. (4.46)

Assuming that the solution y(z) is also analytic near z = a, we can also expand it in a
Taylor series:

y(r) =ag+ay(x —a) +ag(z—a)’ +--- . (4.47)
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Substituting these into (4.11), we get

0 = [2a2 + a1 p(a) + ap q(a)]

+[6as + 2a2 p(a) + a1 p'(a) + ap ¢’ (a) + a1 q(a)] (x —a) + -+ . (4.48)

By equating the coefficients of each power of (x — a) to zero, we obtain a sequence of
equations that determine the coefficients a,, with n > 2 in terms of ay and a;. Thus from

the first term, in (z — a)°, we solve for ay in terms of ay and a,

as = —5(a1p(a) + ag q(a)). (4.49)

From the term in (z — a)', we then solve for a3 in terms of ag, a; and as. Since we have
already solved for ao in terms of ag and a1, this then gives us a3 in terms of ap and a;.
Continuing to higher orders, we thus obtain all the a, for n > 2 in terms of ag and a;.
Since the two initial coefficients ag and aq are arbitrary, these parameterise the two-
dimensional space of solutions of the second-order ODE. Thus we may think of the general
solution as being given by
Yy =aoy1+ a1y, (4.50)
where y; and y» are the two independent solutions determined by our series expansions.
(The solution y; is the one obtained by taking a; = 0, while the solution ¥, is obtained by

taking ag = 0.) Solving for the various higher coefficients a,, as described above, one finds

that the two solutions are given by

yi = 1-34(a) (z - a)® +§l(a(a)p(a) — ¢'(a)] (z — @)’ + -,

y2 = (z—a)—gp(a) (z—a)*+gp*(a) —p'(a) —q(a)] (z — a)® +--- . (451)

Note that the two basic solutions y; and g5 have the convenient properties that

yl(a)zlv y'l(a):()’
y2(a) =0,  yhla)=1. (4.52)

Thus if one is looking for the solution that satisfies the boundary conditions y(a) = A,
y'(a) = B, then the answer is y = Ay + B yo.

We were able to obtain analytic solutions (i.e. solutions as Taylor series) in the neigh-
bourhood of = a because this was an ordinary point, where p(z) and ¢(x) were finite, and
themselves had Taylor-series expansions. The series solution will be valid within a radius

of convergence determined by the closest singular point. Thus, for example, if there is a
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singular point of the ODE at z = b, where b > a, then the series solutions will converge for
all z such that

|t —a|<b—a. (4.53)
In general, the series solutions will become divergent when z approaches either of the
values that saturates this inequality. We saw an example of this when we studied the series
solution of the Legendre equation. We expanded around the ordinary point at = = 0,
and sure enough, we found that the series solutions became divergent at x = £1, which
correspond to regular singular points of the Legendre equation. (Of course we also observed
that in that case we could arrange, by a judicious choice of the parameters of the equation,
to get a power-series solution that actually terminated, thereby avoiding the divergence of

the generic solution.)

4.4.2 Expansion around singular point

So far, we considered the case where we expand around an ordinary point z = a, for which
p(a) and g(a) are finite. Suppose now that the function p(z) has a pole at x = a, while ¢(a)

is still finite. Let us assume that p(z) has a pole of degree N, meaning that we can write it

as
F(z)

= 4.54
pla) = o (4.54)

where F'(z) is analytic at © = a, implying that it has a Taylor expansion
F(z) = F(a) + F'(a) (z — a) + % F'"(a) (x — a)2 +oe (4.55)

and hence
F FI Fll

(a) (@) @__ ... (4.56)

PO = G aF T T T2

Note that F'(a) is nonzero, since we are assuming that the coefficient of the leading-order
(z —a)™" pole is nonzero. As we shall illustrate below, we will now find that certain of the

coefficients a; in the series expansion (4.47) are zero, namely
ag=ay=---=any =0. (4.57)

However, the coefficients ay 1, ant2, an4s, -+ can be solved for in terms of ag. This means
that in this case we have found just one of the two independent solutions of the ODE as a
series expansion of the form (4.47).
Here’s an example to show what is happening. Suppose that p(z) has a double pole at
z =a (i.e. N =2). Thus we have
F(z)
(z—a)®

p(z) = (4.58)
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Plugging the series expansion (4.47) into the equation (4.11), with this assumed form for

p(x), we will get

a1 F(a 2a9 F(a) + a1 F'(a
1 ()ZJr 2 F(a) + a1 F'(a)

)

(x —a) r—a

+[2as + q(a) ap + 3as F(a) + 2az F'(a) + 2a1 F"(a)] + - - . (4.59)

Thus the coefficient of (x—a)~? tells us that a; = 0, which in turn means that the coefficient
of (z —a)~! implies that az = 0. The coefficient of (z — a)? then allows us to solve for a3
in terms of ag. The higher powers of (z — a) will then allow us to solve for a4, as, etc., in

terms of ag. It is not hard to see that this gives the series solution

g(a) | q(a)F'(a)  d'(a) |@—a)+-.  (460)

@0+ 5 * Pe AW

where we have, for simplicity, taken ag = 1.

We’ve found one solution in this example, as a power series in (z — a). But what of
the other solution? We know from our previous general analysis that there should be two
independent solutions. Evidently, the second solution must not be expressible as a power
series of the form (4.47); hence our failure to find it by this means. Recall, however, that we
were able earlier to give a general construction of the second, linearly-independent, solution
of any second-order ODE, if we were given one solution. The second solution was given by

(4.22), and thus is of the form

T dt
ya2(z) = y1(z) . m, (4.61)

where p(z) = dlog f/dx. Now, we are assuming that p(z) is given by (4.58), where F'(z) is
analytic at z = a (i.e. it admits a Taylor expansion around the point z = a. Therefore we

can expand F'(z) in a power series, giving

F(a) F'(a) 1

p(z) = = a) +—_t EF”(G) +tF"(a)(z—a)+--. (4.62)
Thus we have
log f = /xp = —% + F'(a) log(z — a) + 3F"(a) (z —a) + -, (4.63)
and hence
1 F(a) —F'(a "
7~ (o) -0 ey @) @ - a)+ ),
= exp (f(—azz) (z —a)"" @ G(2), (4.64)



where G(z) is an analytic function. Since y;(z) is an analytic function (admiting a Talor
expansion around the point z = a), it follows that 1/y?(z) is analytic too, and so finally we

conclude from (4.61) that
z !
pola) = (o) [ PO (4 a) O H(p) at, (4.65)

where H (t) is some analytic function.

The function (4.65) behaves badly at ¢ = a, because of the factor ef(®/(=0)  For
example, if F(a) is positive, this function blows up faster than any power of (t — a) as
t approaches a from above. (Think of the power-series expansion for e* to see this; e* =
2n>02" /nl. If z is big enough, then the higher and higher powers of z become the dominant
ones here.) Such divergent behaviour which is worse than any power law is known as an
essential singularity. Functions with this type of behaviour cannot be expanded in a Taylor
series around the essential singularity. This explains why we were unable to find a power-
series expansion for the second solution in this case.

We ran into this problem with the construction of the second solution because we as-
sumed that p(z) had a double pole at z = a, as in (4.58). Suppose instead p(z) had only a
single pole, so that

pla) = T (4.66)

)
r—a

where F'(z) is analytic at © = a. Thus we will now have

F(a)

r—a

p(z) =

+F'(a) ++F"(a) (z —a) +--- . (4.67)
Integrating to get log f, we will now have
log f = F(a) log(z —a) + F'(a) (x —a) + -, (4.68)
and so (4.61) will now give
po(e) =) [ (- a) @ HEar, (4.69)

where H(t) is some analytic function. This is a much better situation than the previous
one. Now, instead of an essential singularity, we instead merely face a power-law singular
behaviour. In fact if we expand H () in a Taylor series around ¢ = a, we can integrate term

by term, leading to a result of the form

y2(z) = y1(2) Z cn (x — a)”H*F(“) . (4.70)



Generically, F'(a) will not be an integer, and so the series involves fractional powers of
(x — a). This is a rather mild kind of singularity, called a branch cut. We will study such
things in more detail later in the course.

Let us pause to summarise what we have discovered. If we look at an ordinary point
x = a, for which p(a) and ¢(a) are finite, then we can obtain the two independent solutions
of the second-order ODE (4.11) as power-series expansions of the form (4.47). If, on the
other hand, p(z) has a pole at z = a, while ¢(a) is still assumed to be finite, then we
can only obtain one solution of the ODE as a power series of the form (4.47). The second
solution must instead now be obtained using the general construction (4.61). However, if
p(z) has a pole of degree N > 2, the behaviour of this second solution will be very bad
around = = a, with an essential singularity. By contrast, if p(z) has only a simple pole, the
second solution will be much better behaved. It will still, in general, not be a simple power
series, but it will have nothing worse than a branch-cut singularity in its behaviour around
x = a. In fact, it is evident from (4.70) that the second solution, in the case where p(z) has

a pole only of degree N = 1, has a series expansion of the form

ya(z) = Y by a™*?, (4.71)
n>0

for some coefficients b,, where s is a constant related to F'(a).
In general, we can define a Regular Singular Point as one where the general solution
of the ODE has a pole or branch cut. On the other hand, an Irreqular Singular Point is

defined to be one where the general solution has an essential singularity.

4.4.3 Indicial Equation

We analysed above what happens if ¢(z) is analytic at = a, but p(z) is singular. Suppose
now that we consider the more general situation where both p(z) and ¢(z) are singular at

z = a. Specifically, let us consider the situation when

G (x)

_ Fl) _
Po)= oy ale) =

(4.72)
where F(z) and G(z) are themselves analytic at © = a, and N and M are positive integers.

To study the behaviour of the solutions, let us consider a solution y of L(y) = 0, where
we shall write y = uwv. The idea is that we are going to factor off all the singular behaviour of

y in the function v, while u will be taken to be analytic. (Clearly we can always make some

such split; if all else failed, we could take u = 1, after alll The key point is that we want to
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make a useful split of this sort). Now, it follows that our equation L(y) = y" +py +qy =0
becomes

W' +Hu +Ju=0, (4.73)

where the functions H and J are given by

2/ n !
H=p+ =, J=q+—+2%. (4.74)
v v v

Now, from what we saw in the previous section, we know that provided the function .J
in (4.73) is analytic, there will be at least one analytic solution w, even if H has a pole.
Thus we will consider cases where H has poles, but where we can choose the function v in
such a way that J is analytic. We shall then choose u to be the analytic solution of (4.73).

Let us consider first the circumstances under which z = a will be a regular singular
point. By definition, this will mean that the function v, into which we isolated all the

singular behaviour of the solution, will have behaviour of the form
v=(z—-a)’, (4.75)

for some constant index s. For now, we shall take v to be precisely given by (4.75). This
implies that v'/v = s/(z — a) and v" /v = s(s — 1)/(x — a)?, and hence J defined in (4.74)
is given by

sp(z) , s(s=1) (4.76)

r—a (zx—a)?’

J=q(z) +

J can be made to be analytic if ¢(x) has a pole of order 2 or less, and if p(z) has a pole of

order 1 or less. Thus we have m = 1 and n = 2 in (4.72), namely

po) = T ) = (@.77
Let us assume first that F'(a) = 0 and G’(a) = 0. This means that
pa) = T L Ol @), o) = o +0(). (@.79
and so
g=CG@ | sF@ 57D o ar terms. (4.79)

(z—a)®  (z—a) (z—-a)
Our assumption means that there is no first-order pole in J. We can then arrange for the

second-order pole to be removed, provided we choose s such that

s> +[F(a) —1]s+G(a) =0. (4.80)
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This is called the Indicial Equation for the solution.” Its two roots, which we may call s;

and so, correspondingly give us two solutions of the original ODE,
y1=(z—a)"u, y2=(z-a)”us, (4.81)

where 41 and ue are analytic at £ = a. Without loss of generality, it is useful to assume
that we order the roots so that s > so.

In a generic case where the two roots s; and so satisfy s; — so # integer, we obtain
two independent solutions by this method. If, on the other hand, s; = s9, (and usually, if
s1 — $o =integer), one finds that us is related to u; by us = (z — a)®* %2 4y, and so from
(4.81) we see that we will get only one solution by this method. The second solution can,

however, still be obtained using (4.22),

y2(z) = y1(z) /I Wa (4.82)

where A is a constant, and p(z) is written as p = dlog f/dz. Let us look at this in more
detail.
Since p(x) is given by (4.77) it follows that

! = mF(a) i) = (g —g) Fla z
m_eXp(_/ oot )= (-0 W), (4.83)

where g(z) is the analytic function that comes from integrating the higher-order terms.
Now, the indicial equation (4.80) can be written as (s — s1)(s — s2) = 0, where s; and s
are its roots, and so we see that s; + s = 1 — F(a), and hence 1/f(z) in (4.83) has the
form (z —a)' %172 times the analytic function g(z). Plugging the form of the first solution
given in (4.81), for y;, into (4.82), we therefore find that the integrand is of the form

(t—a) " g(t)
(t — a)?s1 uy ()2

= h(t) (t — a)51F527 1 (4.84)
where h(t) = g(t)/u1(t)? is again analytic. If we expand h(t) as

h(t) = bn(t—a)", (4.85)

n>0

"If F'(a) or G'(a) were non-zero, we would also have a first-order pole in J, of the form [G’(a) +
s F'(a)]/(x — a), as can be seen by Taylor expanding F(z) and G(z) around z = a. It is straightforward to
see that we can take care of this by modifying the choice (4.75) for the function v(zx) slightly, by multiplying
it by a suitable function w(z) chosen so that (vw)'/(vw) and (vw)”/(vw) now have extra terms which,
when substituted into (4.76), produce remove the first-order pole in J resulting from the non-vanishing of

F'(a) and G'(a).

48



then inserting this into (4.84), and then (4.82), and integrating term by term, we obtain
an expression for the second solution ys(z). In general, i.e. when s; — s2 is not equal to an
integer, this will give

bn n-+s2
y2(z) = u1(z) nzzo p——— (x —a)"t52, (4.86)

If s1 — so is not equal to an integer, we saw previously that we had already found the
two linearly-independent solutions of the differential equation, given in (4.81). In these
circumstances, the solution (4.86) must be just equivalent to the second solution already
found in (4.81).%

If instead s1—s9 is an integer, it is clear from (4.86) that if the constant b, withn = s1—s9
is non-vanishing, then the expression (4.86) is invalid, because of the vanishing denominator
n—s1+ 89 for this term in the sum. What has happened, of course, is that this term in (4.86)
came from integrating 1/(t —a). In the usual way, [*dt (t —a)* = (z —a)**+'/(k +1) for all
values of the constant k except for k = —1, when instead we get [ dt (t—a)~" = log(z —a).
Thus, when s; — s9 is an integer we must omit the term with n = s; — s9 from the sum in
(4.86), and handle the integration separately. The net result is that we get

bn

O (g a)nter, (4.87)
n — 81 + S2

y2(2) = by—s, 1 (2) log(z — a) +ui(2) 3
n>0

where we use the notation 22120 to indicate that the term m = sy — sg is omitted in the
summagtion. Thus in general, to find the second independent solution in a series expansion
around a regular singular point 2 = a, we should include a log(x — a) term in the postulated

form of the second solution. In fact, from (4.87), we see that we should try a series expansion
ya(z) = Ayi(x) log(z — a) Z cn (x —a)"ts, (4.88)

where A is a constant and y;(z) is the first solution.

It is becoming clear by this stage that one could spend a lifetime exploring all the special
cases and abnormalities and perversities in the structure of the solutions of ODE’s. Let us
therefore bring this discussion to a close, with a summary of what we have found, and what

one finds in a more exhaustive analysis of all the possibilities.

8The expression for y»(z) in (4.81) and the expression for y»(z) in (4.86) may not be literally identical;
the one may be related to the other by a constant scaling and the addition of some constant multiple of yi1 (z).
The essential point is that when s; — s> is not an integer, the expression for y(z) in (4.81) is guaranteed
to be linearly independent of y; (). Likewise, our construction of a second solution y»(z) in (4.86) is also
guaranteed to be linearly independent of yi(z). It is to be hoped that no undue confusion has been casued

by giving the results of these two constructions for the second solution the same name y»(z).
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1. If we are seeking series solutions expanded around an ordinary point x = a of the
differential equation y” + p(z) y' + q(x) y = 0 (where, by definition, p(z) and g(z) are
analytic at © = a), then the solutions will both be analytic, and take the form

y(z) = Z an (x —a)™. (4.89)

(n)2>0

The coefficients a,, satisfy a recursion relation which determines all the a,, in terms of

ap and aj. Thus we have two linearly-independent analytic solutions.

2. If we are seeking series solutions expanded around a regular singular point © = a of
the differential equation y” + p(z) y' + q(z) y = 0 (where, by definition, p(z) and q(z)
are of the forms p(z) = F(z)/(z —a) and q(v) = G(v)/(g — a)?, where F(z) and G(z)

are analytic at z = a), then we should try an expansion of the form

y(z) = Z an (z —a)"*s. (4.90)

n>0
The coefficients a,, will satisfy a recursion relation, and in addition the quantity s will

satisfy an indicial equation, quadratic in s:
(s —s1)(s—82)=0. (4.91)

If s; — s9 # integer, one will obtain the two independent solutions by this method,
associated with the two values s = s1 and s = s9 for the index. If s; = s9, and usually,
if s1 — s9 = integer, only one linearly independent solution, say y;(z), will arise from
this construction. The second solution can be obtained by trying a series expansion

of the form

ya(z) = Ayi(x) log(z — a) + Z cn(x—a)™. (4.92)
n>0

3. If p(z) has a pole of order higher than 1 at z = a, or ¢(x) has a pole of order higher
than 2 at £ = a, then at least one, and possibly both, of the solutions will have an
essential singularity at = a. Note, however, that if ¢(z) is analytic while p(z) has a
pole of arbitrary order n, then one of the solutions is analytic at z = a, as we saw in

section 4.4.2.

4. If p(z) or q(x) themselves have worse singularities than poles, the solutions will be

even more pathological.
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4.5 Sturm-Liouville Theory
4.5.1 Self-adjoint operators

In the previous sections, we discussed certain aspects of how to construct the solutions
of second-order linear ODE’s in considerable detail. Here, we shall take a look at some
general properties of the solutions of the ODE. To begin, let us consider a general class of

second-order differential operator £, of the form
L(u) = po(z) u" + p1(z) v + pa(z)u. (4.93)

This is very much of the kind we discussed previously, as in (4.1), except that now we have
a function of z multiplying the u” term too. We shall assume that we are interested in
studying this operator in some interval a < z < b, and that the functions py(z), p1(z) and
p2(x) are all real in this region. Furthermore, we assume that po(z) does not vanish within
the interval, i.e. for a < z < b, and p;(z) and py(z) remain finite in the interval.” In other
words, the equation £(u) = 0 has no singular points within the interval, a < = < b. The
points £ = a and x = b themselves may be singular points, and indeed they commonly are.

Now, we may define the adjoint £ of the operator £, as follows:

_ d? d
L(u) = W(po u) — %(pl u) + pau
= pou’ + (2py —p1) v + (py — Py +p2)u. (4.94)

The reason for introducing this operator can be seen from the following. Suppose we consider

the integral
b b
/ da:vﬁu:/ dzv (pou” + p1u' + pau), (4.95)

and now integrate by parts to get the derivatives off u. Suppose that, for whatever reason,

the boundary terms in the integrations by parts vanish, so that we can simply use the rule

/ dzf(z) g (z) — — / dz f'(z) g() (4.96)

In other words, we assume that our class of functions is such that

[f(z) g(2)]q = 0. (4.97)

Then, after integrating by parts twice on the first term in (4.95), and once on the second

term, we shall have

[ ()~ 1) + 20y, (4.98)

9To complete all the technical specification, we shall assume that the first 2 derivatives of po are contin-

uous, the first derivative of p; is continuous, and that p2 is continuous, for a < z < b.
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and so
b b
/dacv[,u:/ dz(Lv)u, (4.99)
a a

where L is defined in equation (4.94). So the adjoint operator £ is the one that arises when
we throw the derivatives over from the original operand function u and onto the function v
that multiplies it in (4.95). We shall discuss later why we dropped the boundary terms.

It is clear that if the functions p;(z) are related to each other in an appropriate way,
then the adjoint operator £ will in fact be identical to the original operator £. From the
second line in (4.94), we see that this will be true if it happens to be the case that py and
p1 are related by

po(z) = pi(z) . (4.100)

Then, we shall have
Lu=Lu=pyu" +pyu +pru=(pou) +pau. (4.101)

Now that we are down to just two function py and p2, we may as well give them names
without indices, say P(x) and Q(z). Not surprisingly, an operator £ that is equal to its
adjoint £ is called a self-adjoint operator.

Note that any differential operator of the form (4.93), even if it is not itself self-adjoint,
is related to a self-adjoint operator that is obtained by multiplying it by some appropriate
function h(z). To see, this, we note that the analogue of (4.100) for the operator multiplied
by h will be (hpg)’ = hp1, or in other words,

Wo_p=ry (4.102)
h Po
This equation can then simply be integrated to determine the required multiplying function
h that will make the operator become self-adjoint. (Recall that we imposed the condition
po # 0 at the outset, so there is no problem in principle with performing the integration.)

Thus we can proceed with our discussion by assuming that by this means, we have rendered

our operator self-adjoint.

4.5.2 The Sturm-Liouville eigenvalue problem

Assuming now that we have a self-adjoint operator £, we may consider the following eigen-
value problem,

Lu(z) + Aw(z)u(z) =0, (4.103)
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where w(z) is some given function, called a weight function or density function, and A is a
constant. It is assumed that w(z) > 0 in the interval a < z < b, except possibly for isolated
points where w(z) = 0.

The idea is that we look for solutions u(z), subject to certain boundary conditions
imposed at £ = a and x = b. By analogy with the eigenvalue problem for a matrix M with
eigenvectors V' and eigenvalues A

MV =V, (4.104)

the solutions u(z) to (4.103) are called eigenfunctions, and the corresponding constant A is
called the eigenvalue. The typical situation is that A is an as-yet undetermined constant,
and that one wants to find all the possible values A for which the equation (4.103) admits
solutions u(z) that satisfy the specified boundary conditions. Commonly, it turns out that
only a discrete (usually infinite) set of values of A can occur.

We have met an example of such a Sturm-Liouville eigenvalue problem already in this
course. Recall that we obtained the associated Legendre equation (2.28), by separating the

Helmholtz equation in spherical polar coordinates. This equation is

2
2y, 1/ m _
which is clearly of the form (4.103), with
2
Lu=((1-z*)d) - 1711—252 u, w(z) =1. (4.106)

It is clear by comparing the form of £ here with the general form in (4.101) that it is
self-adjoint. When we solved for the solutions of the equation (actually, we considered the
special case m = 0 for simplicity), we imposed the requirement that the functions u(z)
should be regular at £ = +1. We were in fact solving the Sturm-Liouville problem for the
Legendre equation, seeking all the solutions in the interval —1 < z < 1 that are regular
at the endpoints. We found that such eigenfunctions exist only if the eigenvalue A takes
the form A = /(£ + 1), where £ is a non-negative integer. The corresponding eigenfunctions
Py(z) are the Legendre polynomials.

The example of the Legendre equation illustrates the typical way in which a Sturm-
Liouville problem arises in physics. One separates an equation such as the Laplace equa-
tion, Helmholtz equation or wave equation, and obtains ODE’s for functions in the various
independent variables. The required solutions to these ODE’s must satisfy certain bound-

ary conditions, and one then looks for the allowed values of the separation constants for
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which regular solutions arise. Thus the eigenvalue in a Sturm-Liouville problem is typically
a separation constant.

To proceed, let us return to the question of boundary conditions. Recall that we moti-
vated the introduction of the adjoint operator £ in (4.94) by considering the integral [ v Lu,
and throwing the derivatives over from u and onto v, by integration by parts. In the process,
we ignored the possible contributions from the boundary terms arising from the integrations
by parts, promising to return to discuss it later. This is what we shall now do. First of
all, we should actually be a little more general than in the previous discussion, and allow
for the possibility that the functions on which £ acts might be complex. For any pair of

functions u and v, we then define the inner product (v,u), as

b
(v, u) = / da o(x) u(z), (4.107)

where the bar on v denotes the complex conjugate.
Let’s see what happens if we go through the details of integrating by parts, for the
self-adjoint operator £, defined by

Lu= (P(z)u) + Q(z) u. (4.108)
What we get is
(0, Lu) = /ab dz (o (Pu') + 5 Qu)
= /abdx( — 9 (Pu') +5Qu) + [Pﬁu']z

_ /bdag((Pv')'u—i—qu)—i—[PUu'—Pv'u]b. (4.109)

a
The integrand in the last line is just like the one in the first line, but with the roles of u
and v interchanged. Thus if the boundary terms in the last line were to vanish, we would
have established that

(v, Lu) = (Lo, u) . (4.110)

We make the boundary terms vanish by fiat; i.e. we declare that the space of functions we
shall consider will be such that the boundary terms vanish. One way to do this is to require
that

P(a)u1(a) ub(a) =0, P(b) a1 (b) ub(b) =0, (4.111)

for any pair of eigenfunctions (possibly the same one) u; and us. In practice, we might

achieve this by requiring, for example, that each eigenfunction satisfy
u(a) =u(b) =0. (4.112)
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Another possibility is to require instead
u'(a) =/ (b) =0 (4.113)

for each eigenfunction. Yet a third possibility is to impose a weaker condition than (4.112),

and require that each eigenfunction satisfy
P(a)u(a) =0, P(b)u(b) =0. (4.114)

Any of these last three conditions will ensure that (4.111) is satisfied, and hence that the
boundary terms from the integrations by parts give no contribution. Our Legendre equation
analysis was an example where we were effectively imposing boundary conditions of the type
(4.114). In that case we had P(z) = (1 — z?), and we required our eigenfunctions to be
regular at z = —1 and = = 1. Therefore the P(z) factor ensured that (4.111) was satisfied
in that example.

A slightly more general way to make the boundary terms in the last line of (4.109)

vanish is simply to require
P(a) iy (a) uh(a) = P(b) @ (b) uh(b) (4.115)

for all possible pairs of eigenfunctions w; and wy, without demanding that this quantity
itself be zero. Such a condition might naturally arise if the independent variable z rep-
resented a periodic coordinate, or else was effectively describing a periodic direction, such
as a coordinate on an infinite lattice. Having imposed boundary conditions such that the
boundary terms in the last line of (4.109) vanish, one says that the self-adjoint operator £
is Hermitean with respect to the functions u and v that satisfy such boundary conditions.
One should therefore keep in mind this distinction between the meaning of self-adjoint and
Hermitean. Any operator £ of the form (4.108) is self-adjoint. If in addition, one restricts
attention to functions that satisfy the boundary conditions (4.111) or (4.115), then the
operator £ is Hermitean with respect to this class of eigenfunctions.

Note that we can actually extend the notion of Hermitean operators to include cases
where operator itself is not built purely from real quantities. This situation arises, for

example, in quantum mechanics. Consider, for instance, the momentum operator

d
pe=—iT (4.116)
i

(we choose units where i = 1 here, since Planck’s constant plays an inessential role here).

Let us assume that we impose boundary conditions on u and v (which would be called
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wave-functions, in this quantum-mechanical context) such that we can drop the boundary

terms after integration by parts. Then we see that

b b
(v,ppu) = —i / drou =i / drv'u = (pyv,u). (4.117)
a a

Note that the sign worked out nicely in the end because (p, v, u) means, by virtue of the

definition (4.107),

/b dz (pe v) u, (4.118)

and so the complex conjugation of the —i factor in (4.116) produces +i. Of course this
example is a first-order operator, rather than being of the general class of second-order
operators that we were previously discussing. The key point, though, is that we can extend
the notion of hermiticity to any differential operator A, through the requirement (v, Au) =
(Av,u), where appropriate boundary conditions are imposed so that the boundary terms

from the integrations by parts can be dropped.

4.5.3 Eigenfunctions of Hermitean Operators

We already alluded to the fact that there is a close analogy between the Sturm-Liouville
eigenvalue problem for differential operators, and the eigenvalue problem in the theory of
matrices. Before proceeding with the Sturm-Liouville problem, let us first briefly recall
some of the features of the matrix eigenvalue problem.

Suppose that A is an Hermitean matrix, which we write as A = Af. By definition, Af is
the matrix obtained by transposing A, and complex conjugating its components. Suppose

we are looking for eigenvectors V' of the matrix A, namely vectors that satisfy the equation
AV =2V, (4.119)

where A is some constant, called the eigenvalue. Let us suppose that A is an N x N matrix
(it must, of course, be square, since we are requiring that it equal the complex conjugate of
its transpose). In terms of indices labelling the rows and columns of A, we can represent it
by A;j, where the indices range over the values 1 <7 < N, 1 < j < N, labelling the rows
and the columns respectively. Of course V will be an N-component vector, with elements

labelled by V;. Thus in terms of the index notation, (4.119) becomes
AijV; = Vi, (4.120)

where summation over the repeated index j is understood.
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Rewriting (4.119) as
(A= X))V =0, (4.121)

where 1 means the unit N x N matrix, we know from the theory of linear algebra that the

condition for solutions of this equation to exist is that
det(A — A1) =0. (4.122)

This gives an N’th order polynomial equation for A, called the characteristic equation, and
thus we will have N roots, which we may call A,), for 1 <n < N, and associated with each
root will be the corresponding eigenvector V;,,.1% In general, for an arbitrary square matrix
A they could be complex. However here, since we are requiring that A be Hermitean, we
can show that the eigenvalues \(,, are real. We do this by taking the eigenvector equation
(4.119) for a particular eigenvector V,, and associated eigenvalue \,,, and multiplying from

the left by the Hermitean conjugate of V,:
V(:rm) AV = A V(L) Vi - (4.123)

Now, take the Hermitean conjugate of this expression, recalling that for matrices X and Y

we have (XY)! = YT X, Thus we get

Ve ATV = X VI, Vi - (4.124)
Since we are assuming A is Hermitean, this gives

Vi AViy = Xy VI Vi (4.125)
Subtracting this from (4.123), we get

Ay = Aimy) Vi Vi = 0. (4.126)

Bearing in mind that V(L) Vi) equals the sum of the modulus-squares of all the components
of Vi, i.e. VIV = ¥, Vi V;, we see that for any non-zero vector V,,, (which we have),
(4.126) implies that

Ay = Ay » (4.127)

and hence all the eigenvalues of an Hermitean matrix are real.

0Take care not to confuse the integer n which labels the n’th eigenvector V;,, with the index i that
denotes the components V; of a given eigenvector V. It should always be clear from context which we mean,

and also we enclose the label n in parentheses.
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By a small extension of the previous procedure, one can show also that if two eigenvectors
Vimy and Vi,,, have unequal eigenvalues, A,y # A, then the eigenvectors are orthogonal to
each other, meaning VJL) Vimy = 0. To show this, we take the eigenvector equation (4.119)
for V.., i.e. AV,.y = Ay Vi), and multiply on the left by VJL) From this we subtract the
equation obtained by Hermitean conjugating A V(,, = A,y V(,,, and multiplying on the right
by Vi

Vi AV = VI AV = 0 = Oy = Aw) Vil Vi (4.128)

where we have made use of AT = A, the already-established fact that X, = A(,). In the case
where two different eigenvectors V/,, and V|,, happen to have the same eigenvalue X (i.e. they
are degenerate), then it means that we have a two-dimensional space of eigenvectors U =
a Vi) +b V5 which satisfy AU = AU for arbitrary constants a and b. Clearly, we can always
choose two members from this family, say U; and Us, by judicious choice of the constants
a and b, such that UIJr U = 0. This can easily be generalised to a scheme, known as Gram-
Schmidt Orthogonalisation, for dealing with arbitrary numbers of degenerate eigenvalues.
Thus either by necessity, in the case of non-degenerate eigenvalues, supplemented by
choice, in the case of degenerate eigenvalues, we can arrange always that the set of NV

eigenvectors are orthogonal,
Vi Vi =0,  m#mn. (4.129)

Of course we can easily arrange also to make each eigenvector have unit length, VJL) Viy =1,

by rescaling it if necessary. Thus we can always choose the eigenvectors to be orthonormal:
Ve Vi = O, (4.130)

for all m and n.
After this interlude on the eigenvalue problem for Hermitean matrices, let us return now
to the Sturm-Liouville theory for Hermitean differential operators. As we already saw, the

problem here is to study the eigenvalues A and eigenfunctions u for the operator equation
Lu(z) + Aw(z)u(r) =0, (4.131)

where £ is an Hermitean operator and w(z) is called the weight function. It will be assumed
that w(z) is non-negative in the interval a < z < b, and in fact that w(z) > 0 except possibly
for isolated points where w(z) = 0.

We can now rerun the previous derivations for Hermitean matrices in the case of our

Hermitean Sturm-Liouville operator £. To economise on the writing, recall that we are
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defining the inner product (v,u) of any functions v and v by

(0, u) = / ' e () ). (4.132)

Note that it follows immediately from this definition that we shall have

(0,0) = (u,0), (4.133)
and that if f is any real function,

(v, fu) = (fo,u). (4.134)

Of course it is also the case that any constant factor a can be pulled outside the integral,
and so

(v,au) =a(v,u), (av,u) =a(v,u). (4.135)

Note that we are allowing for the possibility that a is complex; the complex conjugation of
a in the second equation here is an immediate consequence of the definition (4.132) of the
inner product.

Further properties of the inner product are that for any function u, we shall have

(u,u) >0, (4.136)

since we are integrating the quantity |u(x)|?, which is pointwise non-negative, over the
interval ¢ < z < b. In fact, the only way that (u,u) can equal zero is if u(z) = 0 for all z
in the interval @ < z < b. More generally, if f is a positive function in the interval [a, b], we
shall have

(u, fu) >0, (4.137)

with equality achieved if and only if u = 0.

Recall also that the Sturm-Liouville operator £, being Hermitean, satisfies
(v, Lu) = (Lv,u). (4.138)

Now, suppose that we have eigenfunctions u,, with eigenvalues A, for the Sturm-Liouville
problem (4.131):
Lu, + \ywu, =0. (4.139)

Consequently, we have

(Uma Eun) + A\ (Um, wun) . (4.140)

99



Now we complex conjugate this equation, getting

0 = (Um,Lun)+ Ay (U, wuy) =
= (Lup,Uum)+ A (W U,y Uy,
+

= (Unaﬁum) j\n (Unawum) ) (4.141)

where we have made use of various of the properties of the inner product detailed above,

and the Hermiticity of £. By interchanging the indices m and n, this last line tells us that

(Umy LUp) + Ay (U, wty) = 0. (4.142)

Subtracting this from (4.140), we therefore find that

()\n - >\m) (Umawun) =0. (4.143)

(This treatment is precisely analogous to the one we followed for the case of Hermitean
matrices. We have just shortened the argument a bit here, by handling the n = m and
n # m cases all in one go. We could have done the same for the matrix case.)

Consider first the case where we take m = n, giving

(An — An) (Up,wup) =0. (4.144)

Now, our foresight in insisting that the weight function w(z) be non-negative in the interval
[a, b] becomes apparent, since it means that for a non-vanishing eigenfunction wu, we shall

have (up,w uy) > 0. Thus equation (4.144) implies that
S\n = An, (4'145)

and so all the eigenvalues in the Sturm-Liouville problem are real.

Using the reality of the A,, we can now rewrite (4.143) as
(An — Am) (Um,wu,) =0. (4.146)

Thus if two eigenfunctions u,, and wu, have unequal eigenvalues, A\,, # A,, then we can

deduce that they are orthogonal, by which we mean
(U, wuy) =0. (4.147)

As in the analogous matrix case, if there is a degeneracy of eigenfunctions, for example

with two eigenfunctions u; and wy having the same eigenvalue A, then it follows that any
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linear combination U = « uy + [ ug will satisfy the equation (4.131), for arbitrary constants
«a and B. We can clearly always choose two pairs of constants «;, 81 and a9, [o, defining
two combinations Uy = aj u; + f1 ue and Uy = asuy + 2 ug, such that we arrange that
(Uy,w Us) = 0. This process can be extended to deal with arbitrary numbers of degenerate
eigenfunctions, in the operator version of the Gram-Schmidt orthogonalisation procedure.

In order not to become too abstract, let us pause at this point to consider a simple
example. It will also serve to illustrate an important feature of a typical Sturm-Liouville
problem, which we have been tacitly assuming so far without comment. Namely, we have
been labelling our eigenfunctions by an subscript n, with the implication that n is some
integer that enumerates the set of eigenfunctions. In other words, we seem to have been
assuming that there is a discrete set of eigenfunctions, although we have not yet addressed
the question of how many there are. In fact, for the kind of situation we are considering,
with boundary conditions of the form (4.111) or (4.115), the set of eigenfunctions u, will
indeed be discrete, so that we can sensibly label them by an integer n. The number of
eigenfunctions is infinite, so we can think of the label n as running from 1 to oo.

Let’s see how this works in an example. Take the operator £ and the weight function

w(z) to be
d2
T dz?’

It is clear that this operator L is indeed self-adjoint. The Sturm-Liouville problem in this

L w(z) =1. (4.148)

example is therefore to study the eigenvalues and eigenfunctions of the equation
v +Au=0. (4.149)
Of course this equation is so easy that we can solve it in our sleep:
w(z) = A cos\Zz+ B sin\?z. (4.150)

Now, we have to consider boundary conditions. Suppose for example, that we choose our
interval to be 0 < z < 7, s0 a =0, b = m. One choice for the boundary conditions would

be to require

u(0) =0, u(m) =0, (4.151)

Ap =n?, (4.152)
where n is an integer, and the allowed eigenfunctions would be
U, =sinnx. (4.153)

61



We see here a discrete infinity of eigenfunctions and eigenvalues.
Of course these boundary conditions are a bit of an overkill, since we really need only
demand that the boundary terms from the integrations by parts vanish, and their vanishing

will be ensured if the periodic boundary conditions (4.115) are satisfied, which amounts to
t(a)u'(a) = 0(b) u'(b) (4.154)

for any pair of eigenfunctions u and v (including, possibly, the same eigenfunction for u
and v), since the function P(z) = 1. Now, we can see that the set of functions sin 2nz and

cos 2nz will all be satisfactory eigenfunctions. Let us give these names,
Uy, = sin2nzx, Vp = cos2nzx . (4.155)

Thus for any choice of any two functions u and v taken from this total set, it will always
be the case that
v(0) v’ (0) = v(m) v/ (7). (4.156)

(A non-trivial case to check here is when v = V;, and v = U,,.) Note that now the two

eigenfunctions U,, and V,, have the same eigenvalue A,, = 4n?.

4.5.4 Eigenfunction expansions

The example we have just looked at, where £ = %22, and indeed the example of the Legendre
equation that we considered earlier, illustrate some general features of the eigenfunctions
and eigenvalues of any Sturm-Liouville operator of the kind we are considering. These
features can be shown to be true in general, but since the proofs are slightly intricate and
long-winded, we shall not present them here, but merely state them. The statements are
as follows, for any Sturm-Liouville operator with ¢ < z < b, where b — « is finite, and
appropriate boundary conditions imposed at z = a and x = b (we shall specify what is

appropriate below):

1. There is always a lowest eigenvalue, which we shall call ;.

2. There is a non-zero gap between each eigenvalue and the next largest one. Thus we
may order them

M <A< Ag<---. (4.157)

The gap can never become infinitesimal, for any A,+1 — Ay, no matter how large n is.

(Assuming, as we are, that b — a is finite.)
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3. Consequently, the eigenvalues increase without bound; there is no “largest” eigenvalue,

and eigenvalues occur that are larger than any given finite value.

4. The number of nodes in the eigenfunction w, increases with increasing n. In other

words, the function wu, oscillates more and more rapidly with increasing n.

Let us deal straight away with the issue of what is meant by “appropriate boundary
conditions.” In particular, notice that Property 2 here is not satisfied by the £ = %
example with the periodic boundary conditions (4.156), although it is satisfied in the case
of the more stringent boundary condition (4.151) we considered previously. The point is
that the slightly less restrictive boundary conditions of the periodic type tend to allow both
independent solutions of the second-order ODE at a fixed value of A, whereas the more
forceful conditions like (4.151) tend to allow only one of the two solutions. So there is
commonly a two-fold degeneracy of eigenvalues when the weaker kinds of boundary condi-
tion are imposed. It is perfectly straightforward to accommodate this in some appropriate
generalisations of the properties listed above, but it is once again one of those examples
where one can spend time endlessly dotting all the i’'s and crossing all the t’s, and at the
end of the day one has not really added hugely to the understanding of the key points.
Let us assume for now that we choose sufficiently powerful boundary conditions that the
degeneracies are avoided.

Now, to proceed, let us consider the following problem. It is familiar from the theory of

Fourier series that if we have an arbitrary function f(z) defined in the interval 0 < z <,

such that f(0) =0 and f(7w) = 0, we can expand it in terms of the functions sinnz, as

flz) = Z cp sinne, (4.158)
n>1
where

2 ™
Cp = — / dz f(r) sinnz. (4.159)

™ Jo
Since we have seen that the functions sinmz arise as the eigenfunctions of the Sturm-
Liouville problem with £ = %2, with the boundary conditions u(0) = u(w) = 0, it is

natural to suppose that we should be able to carry out analogous series expansions in terms
of the eigenfunctions for other Sturm-Liouville operators. This is the subject we shall now
pursue.

Let us begin by supposing that we can indeed expand an arbitrary function f(z), sat-
isfying our chosen Sturm-Liouville boundary conditions, in terms of the eigenfunctions w,,:

flz) = Z Cn U (). (4.160)

n>1
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Using the orthonormality of the eigenfunctions wu,, i.e. (un,w uy) = dpp, it follows that

(um,w f) = ch(um,wun),

n>0

= Y cnlmn, (4.161)
n>1

= Cpny-

Thus we have solved for the coefficients ¢, in the expansion (4.160),

cn = (up,w f) = /ab dx w(z) f(x) ap(x) . (4.162)

Is this the end of the story? Well, not quite. We have tacitly assumed in the above
discussion that it is possible to make an expansion of the form (4.160). The question of
whether or not it is actually possible is the question of whether or not the eigenfunctions u,
form a complete set. Think of the analogous question for finite-dimensional vectors. What
constitutes a complete set of basis vectors in an N-dimensional vector space? The answer is
you need N independent basis vectors, which can span the entire space. In terms of these,
you can expand any vector in the space. For example, in three-dimensional Cartesian space
we can use the three unit vectors lying along the z, y and z axes as basis vectors; they form
a complete set.

The problem in our present case is that we effectively have an infinite-dimensional
vector space; there are infinitely many independent eigenfunctions. Certainly, we know
that a complete set of basis functions must be infinite in number. We indeed have infinitely
many functions u,, the eigenfunctions of the Sturm-Liouville problem. But is it a “big
enough” infinity? This is the question we need to look at in a little bit of detail. It is worth
doing because it lies at the heart of so many techniques that one uses in physics. Think of
quantum mechanics, for example, where one expands an arbitrary wave function in terms
of the eigenfunctions of the Schrodinger equation. To do this, one needs to be sure one has
a complete set of basis functions. It is the same basic question as the one we shall look at
here for the Sturm-Liouville problem. To do so, we first need to study a another aspect of

Sturm-Liouville theory:

A Variational Principle for the Sturm-Liouville Equation:

To begin, we note that the Sturm-Liouville equation Lu + Awwu = 0, with Lu =

(P(z)u') 4+ Q(z)u, can be derived rather elegantly from a variational principle. Define
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the functional'® Q(f) for any function f(z), by

0 = (1P ) - 1@ = [ (P Q ), (4.163)

(We shall, for simplicity, assume for now that we deal with real functions. There is no great
subtlety involved in treating complex functions; essentially we would just write |f|? in place
of f2, etc.. It is just a bit simpler to let them be real, and no great point of principle
will be lost. Redo all the steps for complex functions if you wish.) Let us also define the

norm-squared of the function f:

b
NID=(fwf) = [ dewla) (F@)?) (4.164)
It is useful also to define more general bilinear functionals Q(f, g) and N(f,g), by
Qf,9) = (fLPd) - (f,Q9),
N(f,9) = =(f,wg). (4.165)

Comparing with (4.163) and (4.164), we see that Q(f) = Q(f, f), and N(f) = N(f, f).

Note that other properties of these functionals are

N(f.9) = Nlg,f),
N(f+9) = N(f)+Ng) +2N(f.9),

Q(f,9) = Qg f), (4.166)
QUf+9) = Q)+ Q9 +29(f,9),

Qf,9) = —(f,Lg)=—(Lf.9),

where as usual L is the Sturm-Liouville operator, Lu = (P u')’ + Q u. Note that in deriv-
ing the last line, we must assume that the functions f and g satisfy our Sturm-Liouville
boundary conditions, so the boundary terms from integrations by parts can be dropped.
All functions that we shall consider from now on will be assumed to satisfy these boundary
conditions. We shall sometimes refer to them as admissible functions.

We shall now show how the eigenfunctions and eigenvalues of the Sturm-Liouville prob-
lem can be built up, one by one, by considering the following minimisation problem. We

start by looking for the function f that minimises the ratio

) (4.167)

N(f)

1 «Pyunctional” is just a fancy name for an operator that takes a function as its argument, and produces

R

a number from it.
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(Of course f can be determined only up to a constant scaling, since the ratio in is invariant
under f(z) — k f(x), where k is any constant. Thus it will always be understood that
when we speak of “the minimising function,” we mean modulo this scaling arbitrariness.)

Suppose that the minimising function is 1, and that the minimum value for R in 4.167
is A1, so

Qh1) = M N (1) - (4.168)

Then by definition it must be that
Q1 +€n) > M N (1 +€n). (4.169)

Here, € is an arbitrary constant, and 7 is any function that satisfies the Sturm-Liouville
boundary conditions. Thus from the various properties of AV and Q given above, we see

that
Q1) + 26 Qep1,m) + €2 Qn) > M N (@) + 2 N(Y1,1) + X N (1) . (4.170)

Now, by definition we have Q(+1) = A\ N (¢1), and so the terms independent of € in this

inequality cancel. We are left with
2¢ [Q¢1,m) — M N (1, m)] + € [Q(n) — M N ()] > 0. (4.171)

Now, by taking e sufficiently small (so that the €? terms become unimportant) and of the
proper sign, we could clearly violate this inequality unless the coefficient of the € term

vanishes. Thus we deduce that

Q1,n) — M N(P1,n) =0, (4.172)

where 7 is an arbitrary function satisfying the boundary conditions. This equation is nothing

but
b
[ (P + Qs+ 2w ) n =0, (1.173)

and if this is to hold for all 5, it must be that the integrand vanishes, implying
(P1) + Qi + M wipy =0. (4.174)

In other words, we have learned that the function ¢y that minimises the ratio R in (4.167)
is precisely an eigenfunction of the Sturm-Liouville equation, £ + A\j w1 = 0. Since A\

is as small as possible, it follows that 11 is the lowest eigenfunction, and A; is the lowest
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eigenvalue. Let us emphasise also that we now know that for any function f that satisfies

the boundary conditions, we must have
Qf) = MN(f), (4.175)

with equality achieved if and only if f is the lowest eigenfunction.

We now proceed to build the next eigenfunction. We consider the same minimisation
problem, but now with the additional constraint that our function f should be orthogonal
to 11, i.e. N(¢1, f) = 0. In other words, we want to find the next-to-smallest minimum
of the ratio R in (4.167), for functions orthogonal to 1. Let us call the solution to this

constrained minimisation 1. Thus it will satisfy

Q(1h2) = A2 N(¢2), N(9r1,1p2) = 0. (4.176)

Let us emphasise again that we are not yet assuming that 1o is the second eigenfunction,
nor that Ao is the corresponding eigenvalue. We only assume that 1 is the function that
minimises Q(f)/N(f), subject to the constraint N (¢, f) = 0.

Now by definition, if we look at Q(1)2 +€n), where € is a constant, and 7 is an arbitrary

function satisfying the boundary conditions, and in addition the constraint
N(th1,m) =0, (4.177)
then by definition we must have
Q12 +€n) > Ao N(¢ho + €1) . (4.178)

This is because 7 is orthogonal to 1, and so adding en to 12 gives precisely a function
[ = 1o + en that satisfies the constraint N (¢, f) = 0. We agreed that 1, was the solution
to this constrained minimisation problem, and so therefore (4.178) must be true.

Now, we can construct 7 satisfying (4.177) from an arbitrary unconstrained function ¢,

by writing
n==§&—cy, (4.179)
where N
_ (/l:bla 6)
c= 7/\/,(1’01) . (4.180)

(Of course &, like every function we ever talk about, will still be assumed to satisfy our

Sturm-Liouville boundary conditions.) Thus from (4.178) we will have

Qpo+ €& —ecihr) > N (P2 + €& —€ecihy). (4.181)
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Expanding everything out, we have for Q(i + €& — ec):

Qe +e& —ecpr) = AN(2) +2eQ(h2,€) — 2e cQh2, 91)
+€2 Q€) + € ¢ Q1) — 26° ey, §), (4.182)
= AN (1h2) +26Q(1h2, &) + € QE) — € P M N (1) .

For N (1o + €& — ecpy) we have

N +e&—ectpr) = N(h2) +2e N (1h2,€) — 2ec N (2, 11)
+EN(E) +E AN (1) — 262 e N (91, €),
= N(@2) +2eN (4,8 + EN(E) = AN (1) . (4.183)

In each case, we have made use of previously-derived results in arriving at the second lines.

Plugging into (4.181), we thus find that the O(e”) terms cancel out, and we are left with
26 [Q(42,6) = Mo N (2, ] + €2 [28) = A N(€) + Q2 = AN ()] 2 0. (4.184)

By the same argument as we used in the original 1)1 minimisation, this equality can only

be true for arbitrary small € if the coefficient of ¢ vanishes:

Q4h2,€) = X2 N (h2,€) = 0. (4.185)

Since this must hold for all £ that satisfy the boundary conditions, it follows that like in

the previous v discussion, here we shall have

So the function that minimises Q(f)/N(f) subject to the constraint that it be orthogonal
to 1)1 is an eigenfunction of the Sturm-Liouville equation. By definition, A9 is the smallest
value we can achieve for R in (4.167), for functions f orthogonal to ;. Therefore Ao is the
next-to-smallest eigenvalue.

It should now be evident that we can proceed iteratively in the same manner, to con-
struct all the eigenfunctions and eigenvalues in sequence. At the next step, we consider
the constrained minimisation problem where we require that the functions f in Q(f)/N(f)
must be orthogonal both to ¢ and . Following precisely analogous steps to those de-
scribed above, we then find that the function 13 that achieves the minimum value A3 for
this ratio is again an eigenfunction of the Sturm-Liouville equation. This will therefore be

the third eigenfunction, in the sense A\; < Ay < As.
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At the (N + 1)’th stage in in the process, we look for the function ¢ 1 that minimises
R =Q(f)/N(f), subject to the requirements that

N@n, f)=0, 1<n<N. (4.187)

The resulting minimum value for R will be the (N + 1)’th eigenvalue Ay 1, and ¢y will
be the (N + 1)’th eigenfunction.

Let us conclude this part of the discussion by emphasising one important point, which
we shall need later. If f(z) is any admissible function that is orthogonal to the first N

eigenfunctions, as in (4.187), then it satisfies the inequality

Qf) > Av N(f)- (4.188)

Completeness of the Sturm-Liouville Figenfunctions:

One way to formulate the question of completeness is the following. Suppose we make
a partial expansion of the form (4.160), with constant coefficients ¢, chosen as in (4.162),
but where we run the summation not up to infinity, but instead up to some number N.
Obviously we will not in general “hit the target” and get a perfect expansion of the function
f(x) like this; at best, we will have some sort of approximation to f(z), which we hope will
get better and better as higher and higher modes are included in the sum. In fact we can

define N
fn(@) = flz) =) cnun(z), (4.189)
n=1

where the coefficients ¢, are defined in (4.162). What we would like to be able to show is
that as we send N to infinity, the functions fy(z), which measure the discrepancy between
the true function f(z) and our attempted series expansion, should in some sense tend to

zero. The best way to measure this is to define

B = [ dew) (@) = (v ) = NUx). (4.190

Now, if we can show that a% goes to zero as N goes to infinity, we will be achieving a good
least-squares fit.

To show this, we now use the functional Q(f) that was defined in (4.163), and the
properties that we derived. Before we begin, let us observe that we can, without loss of
generality, make the simplifying assumption that Ay = 0. We can do this for the following

reason. We know that the eigenvalue spectrum is bounded below, meaning that A, the
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smallest eigenvalue, must satisfy A\; > —oo. We can then shift the Sturm-Liouville operator
L, defined by Lu = (Pu') + Qu, to L = L + M\ w, which is achieved by taking Lu =
(Pu')'+Q u, where Q = Q+A; w. Thus we can just as well work with the redefined operator
EN, which will therefore have eigenvalues 5\” = Ap — A1 > 0. The set of eigenfunctions will
be identical to before, and we have simply arranged to shift the eigenvalues. Let us assume
from now on that we have done this, so we drop the tildes, and simply assume that A\; =0,
and in general A, > 0.

Now, we define

Fy(z) = ff;’j(vx) . (4.191)
From (4.190), it is clear that
N(Fy)=1. (4.192)

Now consider N (uy,, Fx). Using (4.189), we have

1 1 X
N(unaFN) = EN(unaf)_a ZcmN(unaum)a
m=1
1 N
= e =S"cp 6mn) . 4.193
—( mZ: ) (4.193)

The delta function in the second term “clicks” only if n lies within the range of the sum-

mation index, and so we get:

1<n<N: (un,w Fy) =0,

n>N+1: (up,wFy)=-2. (4.194)
anN

This means that Fy(z) is precisely one of those functions that we examined earlier, which

is orthogonal to all of the first N eigenfunctions, and thus satisfies (4.187). Since Fy is
normalised, satisfying N'(Fy) = 1, it then follows from (4.188) and (4.192) that

QFN) > AN41- (4.195)

Now, let us calculate Q(Fy) directly. From (4.189) and (4.191), we will get

N N N
a% QFy) = Q(f) +2 Z em (f, Lup) — Z Z Cm Cn (Un, Lpy,) . (4.196)
m=1 m=1n=0

In the last two terms, where we have already integrated by parts, we now use the fact

that the wu,, are Sturm-Liouville eigenfunctions, and so £ u,, can be replaced by — A, w wp,.
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Now, from the definition (4.162) of the coefficients ¢,, we see that we eventually get
a% Q(Fy) = Zc A (4.197)

Since we arranged that the eigenvalues satisfy A, > 0, it follows from this equation that

< 2
< Qi (4.198)

But we saw earlier in (4.195), that Q(Fn) > An+1, so we deduce that

Q)

ANF1

a% < (4.199)

Now, Q(f) is just a functional of the original function f(z) that we are trying to expand in
an eigenfunction series, so it certainly doesn’t depend on N. Furthermore, Q(f) is definitely
positive, Q(f) > 0 (except in the special case where f = cuy). The upshot of all this, then,
is that (4.199) is telling us that as we send N to infinity, implying that Ay 11 goes to infinity,
we will have

any — 0. (4.200)

This is what we wanted to show. It means that if we take N = oo in (4.189), we get an

accurate least-squares fit, and we may say that
oo
z) = Z Cn Un (), (4.201)
n=1

where ¢, is given by (4.162). Thus the set of eigenfunctions u,(z) is complete.
Let us take stock of what has been achieved. We started by supposing that we could
expand any admissible function f(z) as an infinite sum over the Sturm-Liouville eigenfunc-

tions uy, (z),

(x) = Z Cn U (). (4.202)

n>1
Immediately, by calculating N (uyy,, f), and using the orthonormality N (ty,, un) = dmn of

the u,, one sees that if such an expansion is valid, then the coefficients ¢, will be given by

en =N (up, f /dxw x) up(x) f(x). (4.203)

The thing that has taken us so long to show is that an expansion of the assumed kind (4.202)
really does work. That is to say, we showed, after quite a long chain of arguments, that
the set of eigenfunctions u,, really is complete. This is the sort of exercise that one usually

tends not to go through, but since eigenfunction expansions play such an important role in
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all kinds of branches of physics (for example, they are heavily used in quantum mechanics),
it is worthwhile just for once to see how the completeness is established.
Now that we have established the validity of the expansion (4.202), we can restate the
notion of completeness as follows. Take the expression (4.203), and substitute it into (4.202):
f(z) = 32 N (un, f) tin(z) - (4.204)
n>1

Making this explicit, we have

b
fla) = / dyw(y) F5) 3 tin(z) un(y) . (4.205)

n>1
where, being physicists, we are allowed to sneak the summation through the integral without
too much concern. (It is one of those fine points that strictly speaking ought to be examined
carefully, but in the end it turns out to be justified.) What we are seeing in (4.205) is that
> un(x) up(y) is behaving exactly like the Dirac delta function 6(z — y), which has the
defining property that

b
f) = [ dy s ) o y). (4:206)
for all reasonable functions f. So we have
3 we) un (@) un(y) = (z — ). (4207
n>1

The point about the completeness of the eigenfunctions is that the left-hand side of this
expression does indeed share with the Dirac delta function the property that it is able
to take any admissible function f and regenerate it as in (4.206); it doesn’t “miss” any
functions.'? Thus it is often convenient to take (4.207) as the definition of completeness.
Note that it is often more convenient to think of the weight function w(z) as part of the
integration measure, in which case we could define a slightly different delta-function, let us

call it 0(z,y), as
0(xz,y) = D un(e) un(y) (4.208)

n>1
We would then have
b
fa)= [ dyw(y) £y)da.p). (4.209)
a
Put another way, we would have
iz —y) =w(z)d(z,y). (4.210)

12We can put either w(z) or w(y) in this expression, since the right-hand side tells us that the function is

non-zero only when =z = y.
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The Dirac delta function is an example of what are called generalised functions. When
Dirac first introduced the delta function, the mathematicians were a bit sniffy about it,
since they hadn’t thought of them first, complaining that they weren’t well-defined, that
derivatives of delta functions were even less well-defined, and so on.!> These were in fact
perfectly valid objections to raise, and sorting out the new mathematics involved in making
them “respectable” led to the whole subject of generalised functions. However, it is perhaps
worth noting that unlike Dirac, who simply went ahead with using them regardless, the

mathematicians who sorted out the details never won the Nobel Prize.

4.5.5 Eigenfunction expansions for Green functions
Suppose now that we want to solve the inhomogeneous equation
Lu(z) + Aw(z) u(z) = f(x), (4.211)

where as usual Lu = (P u')' 4+ Q u is a Sturm-Liouville operator, w(z) is the weight function,
and now we have the inhomogeneous source term f(z). Let us assume that for some suitable
admissible boundary conditions at a and b, we have eigenfunctions wu, (z) with eigenvalues

Ap for the usual Sturm-Liouville problem:
Lup + ,wu, =0. (4.212)

Now, let us look for a solution u(z) to the inhomogeneous problem (4.211), where
we shall assume that u(z) satisfies the same boundary conditions as the eigenfunctions
un(z). Since u(x) is thus assumed to be an admissible function, it follows from our previous
discussion of completeness that we can expand it as

u(z) = Z by, un (), (4.213)
n>1
for constant coefficients b, that we shall determine. Plugging this into (4.211), and making
use of (4.212) to work out Lu,, we therefore obtain
> ba (A= An) w(z) un(z) = f(2). (4.214)
n>1
Now multiply this u,,(z) and integrate from a to b. Using the orthogonality of eigenfunctions

Uy, we therefore get

by (A = ) = /: di up () f(x) . (4.215)

131t is surprisingly common in research to encounter one or more of the following reactions: (1) “It’s
wrong;” (2) “It’s trivial;” (3) “I did it first.” Interestingly, it is not unknown to get all three reactions

simultaneously from the same person.

73



Plugging this back into (4.213), we see that we have

u(z) = /ab dz' f(z") Z M, (4.216)

A=

where as usual we exercise our physicist’s prerogative of taking summations freely through
integrations. Note that we have been careful to distinguish the integration variable z’ from
the free variable z in u(z).

Equation (4.216) is of the form

b
u(z) :/ dr' G(z,2') f(2'), (4.217)
a
with G(z,z') given here by
!
Gla,a') =Y Un () Un () (4.218)
The quantity G(z,z') is known as the Green Function for the problem; it is precisely the
kernel which allows one to solve the inhomogeneous equation by integrating it times the
source term, as in (4.217).14

We may note the following properties of the Green function. First of all, from (4.218),

we see that it is symmetric in its two arguments,
G(z,2') = G2, z). (4.219)

Secondly, since by construction the function u(z) in (4.217) must satisfy (4.211), we may

substitute in to find what equation G(z,z') must satisfy. Doing this, we get
b
£u+)\wu:/ dr' (L+ \w)G(z,2') f(z') = f(z), (4.220)
a

where it is understood that the functions P, @ and w depend on z, not z’, and that the

derivatives in £ are with respect to z. Since the second equality here must hold for any

14 A little digression on English usage is unavoidable here. Contrary to what one might think from the way
many physicists and mathematicians write (including, regrettably, in the A&M Graduate Course Catalogue),
these functions are named after George Green, who was an English mathematician (1793-1841); he was not
called George Greens, nor indeed George Green’s. Consequently, they should be called Green Functions,
and not Green’s Functions. It would be no more proper to speak of “a Green’s function” than it would to
speak of “a Legendre’s polynomial,” or “a Fermi’s surface” or “a Lorentz’s transformation” or “a Taylor’s
series” or “the Dirac’s equation” or “the quantum Hall’s effect.” By contrast, another common error (also
to be seen in the Graduate Course Catalogue) is to speak of “the Peierl’s Instability” in condensed matter

physics. The relevant person here is Rudolf Peierls, not Rudolf Peierl’s or Rudolf Peierl.
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f(z), it follows that the quantity multiplying f(z') in the integral must be precisely the

Dirac delta function, and so it must be that
LG(z,7") +AwG(z,2") = 6(z — ), (4.221)

again with the understanding that £ and w depend on z.

We can test directly that our expression (4.218) for G(z,z') indeed satisfies (4.221).
Substituting it in, and making use of the fact that the eigenfunctions u,, satisfy (4.212), we
see that we get

LG(z,z") + A wG(z,1") = Z w(z) up (x) up (z') . (4.222)
n>1

But this is precisely the expression for §(z — z’) that we obtained in (4.207).

There are interesting, and sometimes useful, consequences of the fact that we can express
the Green function in the form (4.218). Recall that the constant A in (4.218) is just a
parameter that appeared in the original inhomogeneous equation (4.211) that we are solving.
It has nothing directly to do with the eigenvalues A, arising in the Sturm-Liouville problem
(4.212). However, it is clear from the expression (4.218) that there will be a divergence, i.e.
pole, in the expression for G(z,z') whenever X is chosen to be equal to any of the Sturm-
Liouville eigenvalues A,. It is a bit like a “resonance” phenomenon, where the solution of a
forced harmonic oscillator equation goes berserk if the source term (the forcing function) is
chosen to be oscillatory with the natural period of oscillation of the homogeneous (unforced)
equation.

Here, what is happening is that if the constant X\ is chosen to be equal to one of the
Sturm-Liouville eigenvalues, say A = Ay, then we suddenly find that we are free to add in
a constant multiple of the corresponding eigenfunction uxy(z) to our inhomogeneous solu-
tion, since uy(z) now happens to be precisely the solution of the homogeneous equation
Lu+ Awu = 0. (For generic A, none of the eigenfunctions u,(z) solves the homogeneous
equation.) The divergence in the Green function is arising because suddenly that particu-
lar eigenfunction uy(z) is playing a dominant réle in the eigenfunction expansion for the
solution.

Recall now that some lectures ago we actually encountered another way of constructing
the Green function for this problem, although we didn’t call it that at the time. In (4.45)
we obtained a solution to the inhomogeneous second-order ODE, in a form that translates,

in our present case, to

[ y1(t) yo(z) — y2(t) y1 (2)
u(z) = / dt £ (1) N ). (4.223)

75



where y; and ys are the two solutions of the homogeneous equation, which for us will be
Ly+Awy =0, and A(y1,y2) = y1(t) y4(t) —y2(t) v (t) is the Wronskian of the two solutions.
Recall that we we can add arbitrary constant multiples of the homogeneous solutions to
the particular integral given in (4.223). This freedom is used in order to fit the boundary
conditions we wish to impose on u(z).

Suppose, for simplicity, that we require u(a) = 0 = u(b). A moment’s thought will show
that by the time we have added the right amounts of y; and ys, the result will be

yl y2( )y1( )
/ at i) R o +/ OE v (4.224)

where we choose the homogeneous solutions y; and ys to satisfy
yi(a) =0, y2(b) =0 (4.225)

respectively. (The full specification of y; and yo would require one more condition for each
of them. This could consist of specifying the value of ¢} at x = a, and the value of v} at
x = b. for example. But this is not important, since we can still rescale y; and yo by any
constant factors we like, without upsetting the already-imposed conditions (4.225). Such
scalings will cancel out in (4.224), and so therefore it is unimportant to impose any specific
scale conditions on y; and ys.)

Note that (4.224) can be interpreted as the equation
b
— / dt G(x, 1) f (1), (4.226)
a

where the Green function G(z,t) is given by

y1(z) ya(t)

= - 77 - i <
G(z,t) IR ifx <t,
)yl
= = ifz>t. 4.227
A(y1,y2) B ( )

Here A(y1,y2) is a function of the integration variable, .

We can now try comparing this result with our previous eigenfunction expansion (4.218)
for the Green function, since the two should in principle agree. Doing this in general would
be difficult, since one is an infinite sum and the other is not. Let us consider a simple
example, and just compare some of the key features. Take the case that we looked at

earlier, where
d2

=3 w(z) =1. (4.228)
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Let us choose our boundaries to be at @ = 0 and b = m, at which points we require our
eigenfunctions to vanish. We also seek a solution of the inhomogeneous equation

d?u(z)
dz?

+ Au(z) = f(z) (4.229)

for which u(0) = u(w) = 0. We saw before that the eigenfunctions and eigenvalues for the
Sturm-Liouville problem

U 4+ Aptp =0 (4.230)

will be
2
up(z) =4/ — sinnz, An = n?, (4.231)
™

for the positive integers n. (We didn’t give the normalisation before.) Thus from (4.218)
the Green function for the inhomogeneous problem is
2 sinnz sinnt
Gz, t)==> ——F—. (4.232)

)
et A—n

On the other hand, for the closed-form expression (4.227), the required solutions of the
homogeneous equation 3" + Ay = 0, such that y;(0) = 0 and yo(7) = 0 are (choosing the

scale factors to be 1 for simplicity)
y1(z) = sin ()\% x), ya(z) = sin ()\% (x —m)). (4.233)
From these, the Wronskian is easily found:

Alyr,yp) = A2 [sin(A22) cos (A2 (z = 7)) — cos (A2 ) sin (A2 (& — 7)),
= A% sin(\Z 7). (4.234)

We should be able to see the same resonance phenomenon of which we spoke earlier,
in both of the (equivalent) expressions for the Green function. In (4.232), we clearly see
a resonance whenever ) is equal to the square of an integer, A = N2. On the other hand,
in the closed-form expression (4.227), we can see in this case that the only divergences can
possibly come from the Wronskian in the denominator, since y; and y» themselves are just
sine functions. Sure enough, we see from (4.234) that the Wronskian vanishes if Aim=N T,
or, in other words, at A = N2. So indeed the pole structure of the Green function is the

same in the two expressions.
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5 Functions of a Complex Variable

5.1 Complex Numbers, Quaternions and Octonions

The extension from the real number system to complex numbers is an important one both
within mathematics itself, and also in physics. The most obvious area of physics where
they are indispensable is quantum mechanics, where the wave function is an intrinsically
complex object. In mathematics their use is very widespread. One very important point is
that by generalising from the real to the complex numbers, it becomes possible to treat the
solution of polynomial equations in a uniform manner, since now not only equations like
2?2 — 1 =0 but also 22 + 1 = 0 can be solved.

The complex numbers can be defined in terms of ordered pairs of real numbers. Thus
we may define the complex number z to be the ordered pair z = (z,y), where z and y are
real. Of course this doesn’t tell us much until we give some rules for how these quantities

behave. First, we may define (z,0) to be an ordinary real number, so that we may take
(z,0) ~ . (5.1)

If 2 = (z,y), and 2’ = (2',9') are two complex numbers, and ¢ is any real number, then the

rules can be stated as

z+7 = (z+2y+y),
az = (az,ay), (5.2)
27 = (i’ —yy zy +2'y).

We also define the complex conjugate of z = (x,y), denoted by z, as
z=(z,—y). (5.3)
and the modulus of z, denoted by |z|, as the positive square root of |z|? defined by
12> =22 = (2 +y%,0) = 2> +4°. (5.4)

It is manifest that |z| > 0, with |z| = 0 if and only if z = 0.
It is now straightforward to verify that the following fundamental laws of algebra are

satisfied:
1. Commutative and Associative Laws of Addition:
Z1t2z = 22+21,

Zl+(22+23) = (21+22)+23221+22+23, (55)
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2. Commutative and Associative Laws of Multiplication:

2122 = 2221,
21 (z23) = (2122)23 = 21 2223, (5.6)
3. Distributive Law:
(Zl +22) 23 = 2123+ 2923. (57)

We can also define the operation of division. If z; z9 = z3, then we see from the previous

rules that, multiplying by z;, we have
21 (21 22) = (21 21) 29 = |21|2 2o = Z1 23, (5.8)

and so, provided that |z1| # 0, we can write the quotient

Z3 Z3 21
29 = 22 = ) 5.9
2 2 |Zl|2 ( )

We can, of course, recognise that from the previous rules we have that the square of the
complex number (0,1) is (—1,0), which we agreed to call simply —1. Thus we can view

(0,1) as being the square root of —1:
(0,1) ~i=+/—1. (5.10)
We can now use the familiar abbreviated notation for complex numbers
z=x+1iy. (5.11)

The symbol i is called the imaginary unit.
One might be wondering at this stage what all the fuss is about; we appear to be making
rather a meal out of saying some things that are pretty obvious. Well, one reason for this is

” in which some of

that one can also go on to consider more general types of “number fields,
the previous properties cease to hold. It then becomes very important to formalise things
properly, so that there is a clear set of statements of what is true and what is not. For
example, the “next” extension beyond the complex numbers is to the quaternions, where
one has three independent imaginary units, usually denoted by i, j and k, subject to the

rules
2 2 12 s e s <. TS
i“=j7=k"=-1, ij=—ji=k, jk=-kj=1i, ki=—-ik=j. (5.12)
A quaternion q is then a quantity of the form
q=q+qaitgjt+agk, (5.13)

79



where ¢, g1, g2 and g3 are all real numbers. There is again an operation of complex

conjugation, ¢, in which the signs of all three of i, j and k are reversed

7d=¢q —qi—qj— gk, (5.14)

The modulus |¢| of a quaternion ¢ is a real number, defined to be the positive square root
of

a’ =da=qd=gq3 +al + a5+ 35 (5.15)
Clearly |g| > 0, with equality if and only if ¢ = 0.

Which of the previously-stated properties of complex numbers still hold for the quater-
nions? It is not so obvious, until one goes through and checks. It is perfectly easy to do this,
of course; the point is, though, that it does now need a bit of careful checking, and the value
of setting up a formalised structure that defines the rules becomes apparent. The answer
is that for the quaternions, one has now lost multiplicative commutativity, so ¢q¢’ # ¢' ¢ in
general. A consequence of this is that there is no longer a unique definition of the quotient
of quaternions. However, a very important point is that we do keep the following property.

If ¢ and ¢’ are two quaternions, then we have

lad'| =lqlld'l, (5.16)

as one can easily verify from the previous definitions.

Let us note that for the quaternions, if we introduce the notation -, for a = 1,2,3 by

'lei, ’72:j7 73:1{, (517)

then the algebra of the quaternions, given in (5.12), can be written as

Ya Yo = —0ab + €abe Ye - (518)

(Einstein summation convention for the repeated ¢ index is understood here.) In fact, one
can recognise this as the multiplication algebra of —y/—1 times the Pauli matrices o, of

quantum mechanics, v, = —v/ —1 04, which can be represented as

0 1 0 —v-1 1 0
01:<1 0>, 02:<\/__1 0 >, 03:<0 _1>. (5.19)

” square root of

(We use the rather clumsy notation /—1 here to distinguish this “ordinary’
minus one from the i quaternion.) In this representation, the quaternion defined in (5.13)

is therefore written as

q:<QO_\/__IQ3 —\/—_lm—qz)' (5.20)

—V=1lqg+q¢ q+v-1g¢
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Since the quaternions are now represented by matrices, it is immediately clear that we shall
have associativity, but not commutativity, under multiplication.
As a final remark about the quaternions, note that we can define them as an ordered

pair of complex numbers. Thus we may define
qg=(a,b)=a+bj=ap+ari+byj+ bk, (5.21)

where a = ag + a11, b = bg + b1 i. Here, we assign to i and j the multiplication rules given
in (5.12), and k is, by definition, nothing but ij. Quaternionic conjugation is given by
g = (@, —b). The multiplication rule for the quaternions ¢ = (a,b) and ¢’ = (¢,d) can then
easily be seen to be

q¢ = (ac—bd,ad+bc). (5.22)

Note that the complex conjugations in this expression arise from taking the quaternion j
through the quaternion i, which generates a minus sign. This has the same effect, therefore,
as complex conjugation: c¢j = j¢. Notice that the way quaternions are defined here as
ordered pairs of complex numbers is closely analogous to the definition of the complex
numbers themselves as ordered pairs of real numbers. The multiplication rule (5.22) is also
very like the multiplication rule in the last line in (5.2) for the complex numbers. Indeed,
the only real difference is that for the quaternions, the notion of complex conjugation of
the constituent complex numbers arises. It is because of this that commutativity of the
quaternions is lost.

The next stage after the quaternions is the octonions, where one has 7 independent
imaginary units. The rules for how these combine is quite intricate, leading to the rather
splendidly-named Zorn Product between two octonions. It turns out that for the octonions,
not only does one not have multiplicative commutativity, but multiplicative associativity is
also lost, meaning that A (B C) # (A B) C in general.

For the octonions, let us denote the 7 imaginary units by ~,, where now 1 < a < 7.

Their multiplication rule is reminiscent of (5.18), but instead is

Ya Yo = —dgb + Cabe Ye (523)

where cup. are a set of totally-antisymmetric constant coefficients. (Totally antisymmetric
means that the interchange of any pair of indices causes a sign change; for example, c.p. =
—Cpae-) A convenient choice for the ¢y, which are known as the structure constants of the

octonion algebra, is
Cl47 = C257 = C367 = C156 = C264 = C345 = —1, cio3 = 1. (5.24)
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Here, it is to be understood that all components related to these by the antisymmetry of
Cape Will take the values implied by the antisymmetry, while all other components not yet
specified are zero.

We may think of an octonion w as an object built from 8 real numbers wy and w,, with

w = wy + We Yq - (5.25)

Again, there is a complex conjugate, where the signs of the 7 imaginary units are reversed:
W= Wy — Wq Va (5.26)

and there is a modulus |w|, which is a real number defined by

Jw|? Eww:wngsz. (5.27)
a=1
Note that |w| > 0, and |w| vanishes if and only if w = 0.
One can verify from (5.24) that

Cabe Cade = Obd Oce — Ope Oed + Chede » (528)
where an absolutely crucial point is that cpeqe is also totally antisymmetric. In fact,

Cbede = %Gbcdefgh Cfgh (5.29)

where €pcgepgn is the totally-antisymmetric tensor of 7 dimensions, with €1234567 = +1.

It is straightforward to see that the octonions are non-associative. For example, from
the rules given above we can see that 3 (y1vy7) = 34 = —75, while on the other hand
(v371) v7 = Y277 = +75. So what does survive? A crucial thing that is still true for the

octonions is that any two of them, say w and w', will satisfy
lww'| = |w||w']. (5.30)

All of the real, complex, quaternionic and octonionic algebras are division algebras. This
means that the concept of division makes sense, which is perhaps quite surprising in the
case of the octonions. Suppose that A, B and C are any three numbers in any one of these

four number systems. First note that we have
A(AB)=(AA)B. (5.31)

This is obvious from the associativity for the real, complex or quaternionic algebras. It is

not obvious for the octonions, since they are not associative (i.e. A(BC) # (AB)C), but
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a straightforward calculation using the previously-given properties shows that it is true for
the special case A(AB) = (A A) B. Thus we can consider the following manipulation. If
A B = C, then we will have

A(AB)=|A?B=AC. (5.32)
Hence we have -
AC
B = AR (5.33)

where we are allowed to divide by the real number |A|?, provided that it doesn’t vanish.
Thus as long as A # 0, we can give meaning to the division of C' by A. This shows that all
four of the number systems are division algebras.

Finally, note that again we can define the octonions as an ordered pair of the previous
objects, i.e. quaternions, in this chain of real, complex, quaternionic and octonionic division
algebras. Thus we define the octonion w = (a,b) = a+b~y7, where a = ag+a1i+azj+ask
and b = bg + b1 1+ by j+ b3k are quaternions, and i = ;, j = 72 and k = 3. The conjugate
of w is given by w = (a,—b). It is straightforward to show, from the previously-given
multiplication rules for the imaginary octonions, that the rule for multiplying octonions

w = (a,b) and w' = (¢, d) is
wuw' = (ac—db,da+bé). (5.34)

This is very analogous to the previous multiplication rule (5.22) that we found for the
quaternions. Note, however, that the issue of ordering of the constituent quaternions in
these octonionic products is now important, and indeed a careful calculation from the
multiplication rules shows that the ordering must be as in (5.34). In fact (5.34) is rather
general, and encompasses all three of the multiplication rules that we have met. As a rule
for the quaternions, the ordering of the complex-number constituents in (5.34) would be
unimportant, and as a rule for the complex numbers, not only the ordering but also the
complex conjugation of the real-number constituents would be unimportant.

After discussing the generalities of division algebras, let us return now to the complex
numbers, which is the subject we wish to develop further here. Since a complex number
z is an ordered pair of real numbers, z = (x,y), it is natural to represent it as a point in
the two-dimensional plane, whose Cartesian axes are simply « and y. This is known as the
Complex Plane, or sometimes the Argand Diagram. Of course it is also often convenient to

employ polar coordinates r and 6 in the plane, related to the Cartesian coordinates by
x =1 cosb, y=rsinf. (5.35)
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Since we can also write z = = + iy, we therefore have
z=r(cosf +1sinf). (5.36)

Note that |z|2 = r2 (cos? § + sin? 0) = r2.
Recalling that the power-series expansions of the exponential function, the cosine and

the sine functions are given by
x™ —1)P 2P —1)P g2 !
em:Z—', COSI:Z%, SinI:Z(2)71', (537)
=0 ™ = (@)t = @+t
we can see that in particular, in the power series expansion of e'? the real terms (even powers

of # assemble into the power series for cosf, whilst the imaginary terms (odd powers of 6)

assemble into the series for sinf. In other words
e’ = cosf +1sinf. (5.38)

Turning this around, which can be achieved by adding or subtracting the comlex conjugate,
we find
cosf = %(eig +e719), sinf = %(eia — 710y, (5.39)
Combining (5.36) and (5.38), we therefore have
z=re’. (5.40)

Note that we can also write this as z = |z e'?. The angle 0 is known as the phase, or the
argument, of the complex number z. When complex numbers are multiplied together, the

phases are additive, and so if z; = |21| el and 2y = |z|€!?2, then
2 29 = |2 |20| € (1F02) (5.41)
We may note that the following inequality holds:
|21 + 22| <|z1] + |22] - (5.42)
This can be seen by calculating the square:

|21+252|2 = (21-’—22)(214-22):|Zl|2+|22|2+512:2+2221,

= |21]? + |22|* + 2|21 |22] cos(61 — 62), (5.43)

IN

211 + |22]” + 2|21 22| = (|21] + | 22])?,

where we write z; = |z1| €l and 2y = |2|€!??. (The inequality follows from the fact that

cos @ < 1.) By induction, the inequality (5.42) extends to any finite number of terms:

|21+ 20+ -+ 25| < |z1| + |22+ + |2 (5.44)
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5.2 Analytic or Holomorphic Functions

Having introduced the notion of complex numbers, we can now consider situations where
we have a complex function depending on a complex argument. The most general kind of
possibility would be to consider a complex function f = u+iv, where u and v are themselves

real functions of the complex variable z = z +iy;

f(z) =u(z,y) +iv(z,y). (5.45)

As it stands, this notion of a function of a complex variable is too broad, and con-
sequently of limited value. If functions are to be at all interesting, we must be able to
differentiate them. Suppose the function f(z) is defined in some region, or domain, D in
the complex plane (the two-dimensional plane with Cartesian axes z and y). We would

naturally define the derivative of f at a point zy in D as the limit of

FG) = flz) _ of (5.46)

z — 2 0z

as z approaches zy. The key point here, though, is that in order to be able to say “the
limit,” we must insist that the answer is independent of how we let z approach the point
z9. The complex plane, being 2-dimensional, allows z to approach z; on any of an infinity
of different trajectories. We would like the answer to be unique.

A classic example of a function of z whose derivative is not unique is f(z) = |2|? = Z 2.

Thus from (5.46) we would attempt to calculate the limit

2 2 5 5 5_ 3
z|* — |z 2Z— 202 Z—Z
2" lzol” _ 00—z 2. (5.47)
Z2— 2 Z— 2 Z =20
Now, if we write z — 29 = |z — 2| €', we see that this becomes
Z+ze 2% =74 2 (cos20 — i sin20), (5.48)

which shows that, except at zg = 0, the answer depends on the angle 6 at which z approaches
2o in the complex plane. One say that the function |z|? is not differentiable except at z = 0.

The interesting functions f(z) to consider are those which are differentiable in some
domain D in the complex plane. Placing the additional requirement that f(z) be single
valued in the domain, we have the definition of an analytic function, sometimes known as a

holomorphic function. Thus:

A function f(z) is analytic or holomorphic in a domain D in the complex plane if it is

single-valued and differentiable everywhere in D.
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Let us look at the conditions under which a function is analytic in D. It is easy to derive
necessary conditions. Suppose first we take the limit in (5.46) in which z 4+ §z approaches

z along the direction of the real axis (the z axis), so that dz = dz;

of ou+1id Uy 0T + v, 0z .
0z  dr+idy 0x U 10z (549)

(Clearly for this to be well-defined the partial derivatives u, = du/dz and v, = Jv/Jx must
exist.)

Now suppose instead we approach along the imaginary axis, z = idy so that now

6f  du+id  w,dy+ivydy .
52 sz+idy | 1oy U (5.50)

(This time, we require that the partial derivatives u, and v, exist.) If this is to agree with
the previous result from approaching along x, we must have u, +iv,; = v, — iu,, which,

equating real and imaginary parts, gives
Uy = Uy, Uy = —Vg . (5.51)

These conditions are known as the Cauchy-Riemann equations. It is quite easy to show that
we would derive the same conditions if we allowed §z to lie along any ray that approaches
z at any angle.

The Cauchy-Riemann equations by themselves are necessary but not sufficient for the

analyticity of the function f. The full statement is the following;:

A continuous single-valued function f(z) is analytic or holomorphic in a domain D if the
four derivatives u;, uy, v, and v, exist, are continuous and satisfy the Cauchy-Riemann

equations."

There is a nice alternative way to view the Cauchy-Riemann equations. Since z = z+iy,

and hence z = z — iy, we may solve to express x and y in terms of z and Zz:
T=3(z+2), y=-5(z—2). (5.52)

Formally, we can think of z and z as being independent variables. Then, using the chain

rule, we shall have

s LD 0w o
7 0z 0z0x 0z 0y

0 o0x 0 Oy d

15 A function f(z) is continuous at z if, for any given € > 0 (however small), we can find a number § such

that |f(2) — f(20)| < € for all points z in D satisfying |z — 20| < 4.
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where 0, = 0/0z and 0, = 0/0y. (Note that 0, means a partial derivative holding z fixed,

etc.) So if we have a complex function f = u +iv, then d;zf is given by
Osf = Sug + S uy + dvy, — Sy, (5.54)

which vanishes by the Cauchy-Riemann equations (5.51).16 So the Cauchy-Riemann equa-
tions are equivalent to the statement that the function f(z) depends on z but not on z. We
now see instantly why the function f = |z|?> = Zz was not in general analytic, although it
was at the origin, z = 0.

We have seen that the real and imaginary parts v and v of an analytic function satisfy the
Cauchy-Riemann equations (5.51). From these, it follows that ug, = vy, = vgy = —uy,, and

similarly for v. In other words, u and v each satisfy Laplace’s equation in two dimensions:

Viu =0 Vi =0 where V2 = o + o (5.55)

’ ’ or?  oy?’ '
This is a very useful property, since it provides us with ways of solving Laplace’s equation
in two dimensions. It has applications in 2-dimensional electrostatics and gravity, and in

hydrodynamics.

Note that another consequence of the Cauchy-Riemann equations (5.51) is that

Uy Vg + Uy vy =0, (5.56)
or, in other words,
Vu-Vo =0, (5.57)
where
- o0 0
V=( ) (5.58)

dz’ 0y
is the 2-dimensional gradient operator. Equation (5.57) says that families of curves in the
(x,y) plane corresponding to v = constant and v = constant intersect at right-angles at all
points of intersection. This is because Vu is perpendicular to the lines of constant u, while

Vo is perpendicular to the lines of constant v.

'One might feel uneasy with treating z and Z as independent variables, since one is actually the complex
conjugate of the other. The proper way to show that it is a valid procedure is temporarily to introduce a
genuinely independent complex variable Z, and to write functions as depending on z and Z, rather than z
and z. After performing the differentiations in this enlarged complex 2-plane, one then sets Z = z, which
amounts to taking the standard “section” that defines the complex plane. It then becomes apparent that
one can equally well just treat z and z as independent, and cut out the intermediate step of enlarging the

dimension of the complex space.
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5.2.1 Power Series

A very important concept in complex variable theory is the idea of a power series, and its
radius of convergence. We could consider the infinite series > 72, a, (2 — 20)", but since a
simple shift of the origin in the complex plane allows us to take zg = 0, we may as well

make life a little bit simpler by assuming this has been done. Thus, let us consider
oo
flz)=> anz", (5.59)
n=0

where the a, are constant coefficients, which may in general be complex.

A useful criterion for convergence of a series is the Cauchy test. This states that if the
terms by, in an infinite sum ), b, are all non-negative, then ), b, converges or diverges
according to whether the limit of

(bn) 7 (5.60)

is less than or greater than 1, as n tends to infinity.
We can apply this to determine the conditions under which the series (5.59) is absolutely

convergent. Namely, we consider the series

o0
> lan| |2, (5.61)
n=0

which is clearly a sum of non-negative terms. If
lan|* — 1/R (5.62)

as n —» 0o, then it is evident that the power series (5.59) is absolutely convergent if |z| < R,
and divergent if |z| > R. (As always, the borderline case |z| = R is trickier, and depends
on finer details of the coefficients a,.) The quantity R is called the radius of convergence
of the series. The circle of radius R (centred on the expansion point z = 0 in our case) is
called the circle of convergence. The series (5.59) is absolutely convergent for any z that
lies in within the circle of convergence.

We can now establish the following theorem, which is of great importance.

If f(2) is defined by the power series (5.59), then f(z) is an analytic function at every
point within the circle of convergence.

This is all about establishing that the power series defining f(z) is differentiable within

the circle of convergence. Thus we define

b(z) = i nap 2", (5.63)

(n)=1

88



without yet prejudging that ¢(z) is the derivative of f(z). Suppose the series (5.59) has
radius of convergence R. It follows that for any p such that 0 < p < R, |a, p"| must be
bounded, since we know that even the entire infinite sum is bounded. We may say, then,
that |a, p"| < K for any n, where K is some positive number. Then, defining r = |z|, and
n = |h|, it follows that if » < p and r + n < p, we have

f(z—i—hf)L—f(z) _ g(z) = Zan ((z—i-h;:l — " _nznfl). (5,60

n=0

Using the inequality (5.44), we have

B — 27
‘W_nznl‘ — ‘%n(n—l)znﬂh—i—%n(n—1)(n—2)z”73h2—)—...+h”*1 :
< gnn-0r"n+dnn—1)(n-2)r"2p* 4 "7
no__ n.n
= w_nrn—l. (5,65)
n
Hence
00 " — ) 1 n_ n
Z|an| W_nznl‘ S K _n[(T+77) r —n’r‘nfl],
n=0 n:Op n
= K|= ’
[77 (,0_7"—77 ,0—7“) (p—T)Q]
Kpn
- 3 - (5.66)

(o =7r=n)p—r)
Clearly this tends to zero as n goes to zero. This proves that ¢(z) given in (5.63) is indeed
the derivative of f(z). Thus f(z), defined by the power series (5.59), is differentiable within
its circle of convergence. Since it is also manifestly single-valued, this means that it is
analytic with the circle of convergence.

It is also clear that the derivative f'(z), given, as we now know, by (5.63), is has the
same radius of convergence as the original series for f(z). This is because the limit of
|n.a,|"/" as n tends to infinity is clearly the same as the limit of |a,|'/". The process of
differentiation can therefore be continued to higher and higher derivatives. In other words,
a power series can be differentiated term by term as many times as we wish, at any point

within its circle of convergence.

5.3 Contour Integration
5.3.1 Cauchy’s Theorem
A very important result in the theory of complex functions is Cauchy’s Theorem, which

states:
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e If a function f(z) is analytic, and it is continuous within and on a smooth closed

contour C', then
% f(z)dz=0. (5.67)
C

The symbol ¢ denotes that the integration is taken around a closed contour; sometimes,
when there is no ambiguity, we shall omit the subscript C that labels this contour.
To see what (5.67) means, consider first the following. Since f(z) = u(z,y) + iv(z,y),

and z = x + iy, we may write (5.67) as

%Cf(z)dzzfc(udac—vdy)-i—i % (vdx + udy), (5.68)

C

where we have separated the original integral into its real and imaginary parts. Written in
this way, each of the contour integrals can be seen to be nothing but a closed line integral of
the kind familiar, for example, in electromagnetism. The only difference here is that we are
in two dimensions rather than three. However, we still have the concept Stokes’ Theorem,

known as Green’s Theorem in two dimensions, which asserts that
fﬁ-d@’:/ﬁxﬁ-d&”‘, (5.69)
S

where C is a closed curve bounding a domain S, and E is any vector field defined in S
and on C, with well-defined derivatives in S. In two dimensions, the curl operator V x just
means

-~ = OE, O0E,

E=—- .
VX oz oy

(It is effectively like the z component of the three-dimensional curl.) E - d¢ means E, dz +

(5.70)

Ey dy, and the area element dS will just be dz dy.
Applying Green’s theorem to the integrals in (5.68), we therefore obtain

ov  Ou ou Ov
_ (oo , 71
?if(z)dz /5~(8x+8y)dxdy+l/s(8x 8y)dxdy (5.71)

But the integrands here are precisely the quantities that vanish by virtue of the Cauchy-
Riemann equations (5.51), and thus we see that ¢ f(z) dz = 0, verifying Cauchy’s theorem.
An alternative proof of Cauchy’s theorem can be given as follows. Define first the slightly
more general integral
F()) = A ff(xz) dz;  0<A<1, (5.72)
where A is a constant parameter that can be freely chosen in the interval 0 < A < 1.
Cauchy’s theorem is therefore the statement that F/(1) = 0. To show this, first differentiate
F(\) with respect to A:

F'() = 7{ F(A2)dz + A 7{ 2 f'(0z) dz . (5.73)
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(The prime symbol " always means the derivative of a function with respect to its argument.)

Now integrate the second term by parts, giving

F'(\) = ff(xz) dz + M7 2 f(2)] = AT ff(xz) dz)
= [Mlzf2)], (5.74)

where the square brackets indicate that we take the difference between the values of the
enclosed quantity at the beginning and end of the integration range. But since we are
integrating around a closed curve, and since z f(Az) is a single-valued function, this must
vanish. Thus we have established that F'(\) = 0, implying that F(\) = constant. We can
determine this constant by considering any value of A we wish. Taking A = 0, it is clear
from (5.72) that F'(0) = 0, whence F(1) = 0, proving Cauchy’s theorem.

Why did we appear not to need the Cauchy-Riemann equations (5.51) in this proof?
The answer, of course, is that effectively we did, since we assumed that we could sensibly
talk about the derivative of f, called f’. As we saw when we discussed the Cauchy-Riemann
equations, they are the consequence of requiring that f’(z) have a well-defined meaning.

Cauchy’s theorem has very important implications in the theory of integration of com-
plex functions. One of these is that if f(z) is an analytic function in some domain D, then

if we integrate f(z) from points z; to z within D the answer

/Z 7 ) dz (5.75)

is independent of the path of integration within D. This follows immediately by noting that
if we consider two integration paths P; and P» then the total path consisting of integration
from z; to z2 along P, and then back to z; in the negative direction along P, constitutes

a closed curve C' = P; — P, within D. Thus Cauchy’s theorem tells us that

Ozfcf(z)dz:/Plf(z)dz—/PQf(z)dz. (5.76)

Another related implication from Cauchy’s theorem is that it is possible to define an
indefinite integral of f(z), by
o) = [ 1, (5.77)
20
where the contour of integration can be taken to be any path within the domain of analyt-
icity. Notice that the integrated function, g(z), has the same domain of analyticity as the
integrand f(z). To show this, we just have to show that the derivative of g(z) is unique.
This (almost self-evident) property can be made evident by considering

9(2) —9(Q) L JE) = £(0)) d
z—C - 2 —¢ .

- f(0) (5.78)
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Since f(z) is continuous and single-valued, it follows that | f(z') — f(¢)| will tend to zero at
least as fast as |z — (| for any point 2’ on a direct path joining ¢ to z, as z approaches (.
Together with the fact that the integration range itself is tending to zero in this limit, it
is evident that the right-hand side in (5.78) will tend to zero as ¢ approaches ¢, implying
therefore that ¢'(z) exists and is equal to f(z).

A third very important implication from Cauchy’s theorem is that if a function f(z)
that does contain some sort of singularities within a closed curve C is integrated around C,
then the result will be unchanged if the contour is deformed in any way, provided that it
does not cross any singularity of f(z) during the deformation. This property will prove to
be invaluable later, when we want to perform explicit evaluations of contour integrals.

Finally, on the subject of Cauchy’s theorem, let us note that we can turn it around,
and effectively use it as a definition of an analytic function. This is the content of Morera’s

Theorem, which states:

e If f(2) is continuous and single-valued within a closed contour C, and if § f(z)dz =0

for any closed contour within C, then f(z) is analytic within C'.

This can provide a useful way of testing whether a function is analytic in some domain.

5.3.2 Cauchy’s Integral Formula

Suppose that the function f(z) is analytic in a domain D. Consider the integral

G(a) = 3 j&zl dz, (5.79)

where the contour C is any closed curve within D. There are three cases to consider,
depending on whether the point a lies inside, on, or outside the contour of integration C.
Consider first the case when a lies within C. By an observation in the previous section,
we know that the value of the integral (5.79) will not alter if we deform the contour in any
way provided that the deformation does not cross over the point z = a. We can exploit this
in order to make life simple, by deforming the contour into a small circle C’, of radius e,

centred on the point a. Thus we may write
z—a=c¢eé, (5.80)

with the deformed contour C’ being parameterised by taking 6 from 0 to 27.'7

1"Note that this means that we define a positively-oriented contour to be one whose path runs anti-
clockwise, in the direction of increasing 6. Expressed in a coordinate-invariant way, a positively-oriented

closed contour is one for which the interior lies to the left as you walk along the path.
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Thus we have dz = ieel? df, and so
2w X 2w 2w X
G(a) =i fla+eé?)do=if(a) ¢w+i/ [f(a+ee?) — f(a)]do.  (5.81)
0 0 0
In the limit as e tends to zero, the continuity of the function f(z) implies that the last
integral will vanish, since f(a +ee'?) = f(a) + f'(a)ee? +---, and so we have that if f(2)
is analytic within and on any closed contour C' then
(2) :
——dz=2 5.82
T i~ anif(a), (58
provided that C contains the point z = a. This is Cauchy’s integral formula.
Obviously if the point z = a were to lie outside the contour C', then we would, by

Cauchy’s theorem, have

() 4, —o, (5.83)

cz—a
since then the integrand would be a function that was analytic within C.
The third case to consider is when the point a lies exactly on the path of the contour
C. It is somewhat a matter of definition, as to how we should handle this case. The most
reasonable thing is to decide, like in the Judgement of Solomon, that the point is to be
viewed as being split into two, with half of it lying inside the contour, and half outside.
Thus if a lies on C' we shall have
) dz =7if(a). (5.84)
czZ—a
We can view the Cauchy integral formula as a way of evaluating an analytic function at

a point z in terms of a contour integral around any closed curve C that contains z:
fz) = 1 % f(€) d¢
27i Jo (—2z

A very useful consequence from this is that we can use it also to express the derivatives of

(5.85)

f(2) in terms of contour integrals. Essentially, one just differentiates (5.85) with respect to
z, meaning that on the right-hand side it is only the function (¢ —z)~! that is differentiated.
We ought to be a little careful just once to verify that this “differentiation under the integral”
is justified, so that having established the validity, we can be cavalier about it in the future.

The demonstration is in any case pretty simple. We have

fz+h) = f(2) 1 rf© 1 1
h - Zﬁ%‘h Q—z—h_g—)da
1

_ b f(¢)d¢
= %i%@—@@—z—m' (5.86)
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Now in the limit when h — 0 the left-hand side becomes f’(z), and thus we get

oy L fQdC

The question of the validity of this process, in which we have taken the limit h — 0 under

(5.87)

the integration, comes down to whether it was valid to assume that

B 1 1
T = —$10 ()«
f(¢)d¢
&S P (55
vanishes as h tends to zero. Now it is evident that
|h| M L
Tl < mo—mn b-Th) (5.89)

where M is the maximum value of |f({)| on the contour, L is the length of the contour,
and b is the minimum value of of | — z| on the contour. These are all fixed numbers,
independent of h, and so we see that indeed T" must vanish as h is taken to zero.

More generally, by continuing the above procedure, we can show that the n’th derivative

of f(z) is given by

dTL
176 = 5 § 10 I (7=5) & (5.90)
or, in other words,
)y f(¢)d¢
f™() = 5~ 72 T (5.91)

Note that since all the derivatives of f(z) exist, for all point C' within the contour C, it

follows that f(™)(z) is analytic within C' for any n.

5.3.3 The Taylor Series

We can use Cauchy’s integral formula to derive Taylor’s theorem for the expansion of a
function f(z) around a point z = a at which f(z) is analytic. An important outcome from
this will be that we shall see that the radius of convergence of the Taylor series extends up
to the singularity of f(z) that is nearest to z = a.
From Cauchy’s integral formula we have that if f(z) is analytic inside and on a contour
C, and a + h lies inside C, then
1 z)dz
flath) =5 % . (5.92)
Now, bearing in mind that the geometric series S-_; 2" sums to give (1 —zN*t1) (1 —z)~ 1,

we have that
A 1 pN+1
= — . 5.93
Z(z—ot)"*‘1 z—a—h (2—a—h)(z—a)Nt! (5.93)

n=0
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We can use this identity as an expression for n (5.92), implying that

1
z—a—h

2)dz hN"r1 f(z)dz
flath) = 27r1 ?{ "+1 27 i 7{ (z—a—h)(z—a)Nt1~ (5.94)

In other words, in view of our previous result (5.91), we have

N n

fm+h%:§:%jmmw+RN, (5.95)

n=0

where the “remainder” term Ry is given by

RN+ z)dz
By = 2mi 750 (z—a —ff(L))(z —a)N+L~ (5.96)

Now, if M denotes the maximum value of |f(z)| on the contour C, then by taking C to

be a circle of radius r centred on z = a, we shall have

Ry| < =
BN G = T

RN+ M M hl\ N+1
il r r @J)+ (5.97)

Thus if we choose h such that |h| < r, it follows that as N is sent to infinity, Ry will go to

zero. This means that the Taylor series
o
fla+h) =3 — f™(a) (5.98)

will be convergent for any h lying within the circle of radius r centred on z = a. But we can
choose this circle to be as large as we like, provided that it does not enclose any singularity
of f(z). Therefore, it follows that the radius of convergence of the Taylor series (5.98) is

precisely equal to the distance between z = a and the nearest singularity of f(z).

5.3.4 The Laurent Series

Suppose now that we want to expand f(z) around a point z = a where f(z) has a singularity.
Clearly the previous Taylor expansion will no longer work. We can, however, construct a
more general kind of series expansion, known as a Laurent series. To do this, consider a
contour comprising two circles C1 and C5 centred on the point z = a, where C'; has a larger
radius that takes it out as far as possible before hitting the next singularity of f(z), while
Cs is an arbitrarily small circle enclosing a. Take the path C; to be anticlockwise, while
the path Cs is clockwise. We can make C; and C into a single closed contour, by joining

»

them along a narrow “causeway,” as shown in Figure 1.
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Figure 1: The contour C' = C 4 C5 for Cauchy’s integral

Now consider Cauchy’s integral formula for this contour, which will give

fatm =5 f JEd (5.99)

since the resulting complete curve C' = C + Cs encloses no singularities except for the pole

at 2z = a + h. We can write this as

1 f(z)dz 1 f(z)dz
f(a—i—h)—ﬁ Cliz—a—h_’_ﬁ e —a—h (5.100)

For the first integral, around the large circle C, we can use the same expansion for (z —a —
h)~! as we used in the Taylor series previously, obtained by setting N = oo in (5.93), and
using the fact that the second term on the right-hand side then vanishes, since AV *1/|z —
alN*1 goes to zero on C; when N goes to infinity, as a result of the radius of C; being larger

than |h|. In other words, we expand (z —a — h) ! as

1 _ 1
z—a—h (z—a)1—=h(z—a)" )’
2
- zia(1+zﬁa+(zﬁa)2+ )v (5.101)
(o) hn

71.

On the other hand, in the second integral in (5.100) we can expand (z —a —h) " in a
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series valid for |z — a| << |h|, namely

_ 1
z—a—h h(l—(2z—a)h™l)’
1 z—a (z—a)?
- _E(H s +0), (5.102)
_io:(zr—a)”*1
n=1 h"
Thus we find
h) —a)" 'd 1
fla+h) 2%1712:: 7401 z—a”Jrl 2%1;h” ?) (2~ a) 2 (5103)

where we define C5 to mean the contour Cy but with the direction of the integration path
reversed, i.e. Cy runs anti-clockwise around the point z = a, which means it is now the

standard positive direction for a contour. Thus we have

flath)y= > a,h™, (5.104)
n=-—o00
where the coefficients a,, are given by
1 f(z)dz
=— ¢ —"— 5.105
= ori ?{ (z — a)nt! ( )

Here, the integration contour is C; when evaluating a,, for n > 0, and C, when evaluating
a, for n < 0. Notice that we can in fact just as well choose to use the contour C; for
the n < 0 integrals too, since the deform of the contour Cy into C; does not cross any
singularities of the integrand when n < 0.

The expansion in (5.104) is known as the Laurent Series. By similar arguments to those
we used for the Taylor series, one can see that the series converges in an annulus whose
larger radius is defined by the contour C;. This contour could be chosen to be the largest
possible circle centred on the singularity of f(z) at z = a that does not enclose any other
singularity of f(z).

In the Laurent series, the function f(z) has been split as the sum of two parts. The
first part (the terms with n > 0 in (5.104)), is analytic everywhere inside the larger circle
Cy. The second part (the terms with n < —1 in (5.104)) is analytic everywhere outside the

small circle Cy enclosing the singularity as z = a.

5.4 Classification of Singularities

We are now in a position to classify the types of singularity that a function of a complex

variable may possess.
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Suppose that f(z) has a singularity at z = a, and that its Laurent expansion for f(a+h),
given in general in (5.104), actually terminates at some specific negative value of n, say

n = —N. Thus we have
o0

flath)y= > ayh™. (5.106)
n=—N

We then say that f(z) has a pole of order N at z = a. In other words, as z approaches a
the function f(z) has the behaviour

f(z)= LNN + less singular terms. (5.107)

(z—a)
If, on the other hand, the sum over negative values of n in (5.104) does not terminate,

but goes on to n = —oo, then the function f(z) has an essential singularity at z = a. A

classic example is the function

f(z)=e>. (5.108)
This has the Laurent expansion
=1
f) =3 —— (5.109)
n=0 """

around z = 0, This has terms in arbitrarily negative powers of z, and so z = 0 is an essential
singularity.

Functions have quite a complicated behaviour near an essential singularity. For example,
if z approaches zero along the positive real axis, e!/# tends to infinity. On the other hand, if
the approach to zero is along the negative real axis, e!/? instead tends to zero. An approach

/2 to have unit modulus, but with an ever-

to z = 0 along the imaginary axis causes e
increasing phase rotation. In fact a function f(z) with an essential singularity can take on
any value, for z near to the singular point.

Note that the Laurent expansion (5.104) that we have been discussing here is applicable
only if the singularity of f(z) is an isolated one.'® There can also exist singularities of a
different kind, which are neither poles nor essential singularities. Consider, for example,
the functions f(z) = /2, or f(z) = logz. Neither of these can be expanded in a Laurent
series around z = (. They are both discontinuous along an entire semi-infinite line starting
from the point z = 0. Thus the singularity at z = 0 is not an isolated one; it is called a
branch point. We shall discuss these in more detail later.

For now, just take note of the fact that a singularity in an analytic function does not

necessarily mean that the function is infinite there. By definition, a function f(z) is singular

8By definition, if a function f(z) has a singularity at z = a, then it is an isolated singularity if f(z) can

be expanded in a Laurent series around z = a.
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1/2

at z = a if it is not analytic at z = a. Thus, for example, f(z) = z'/* is singular at z = 0,

even though f(0) = 0. This can be seen from the fact that we cannot expand z'/? as a

1/2

power series around z = 0, and therefore z'/* cannot be analytic there.

For now, let us look in a bit more detail at functions with isolated singularities.

5.4.1 Entire Functions

A very important, and initially perhaps rather surprising, result is the following, known as

Liouville’s Theorem:

A function f(z) that is analytic for all finite values of z and is bounded everywhere is

a constant.

We can prove this using the result obtained earlier from Cauchy’s integral formula, for

f'(a): , ]
f'(a) = ff(zi)i (5.110)

“oni ) (z—a)
Take the contour of integration to be a circle of radius R centred on z = a. Since we are
assuming that f(z) is bounded, we may take |f(z)| < M for all points z on the contour,

where M is some finite positive number. Then, using (5.110), we must have

@)l < ( v

) (@7 R) (5.111)

M -
21 R? R’
Thus by taking R to infinity, and recalling our assumption that f(z) remains bounded for
all finite z (meaning that M is finite, no matter how large R is), we see that f’(a) must be
zero. Thus f(a) is a constant, independent of a. Thus Liouville’s theorem is established.

An illustration of Liouville’s theorem can be given with the following example. Suppose

we construct a function that is well-behaved, and bounded, everywhere on the real axis. An

example might be
1
o) =15

which rather boringly falls off to zero as x tends to 400 or —oo, having attained the exciting

(5.112)

peak of f =1 at the origin. However, viewed as a function of the variable z in the complex
plane, it has a more interesting behaviour, since we have

I 1 B i i (5.113)
1422 (z—i)(z 1) 2z+i) 2z-—i0)7 '

Thus the function f(z) actually has poles at z = =+i, away from the z axis. Liouville’s

f(2)

theorem tells us that any bounded function we try to construct is inevitably going to have

singularities somewhere, unless we are content with the humble constant function.
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A similar argument to the above allows us to extend Liouville’s theorem to the following:

If f(z) is analytic for all finite z, and if |f(z)| is proportional to |z|* for some integer

k as z approaches infinity, then f(z) is a polynomial of degree < k.

To show this, we follow the same strategy as before, by using the higher-derivative

consequences of Cauchy’s integral:

! dz
(m(g) = M 7{ _fz)dz 114
fa) 2ri J (z —a)ntl’ (5.114)
Assume that |f(z)| < M |z|¥ on the contour at radius R centred on z = a. Then we have
| M RF
(n) ni — k—n
1™ (a)| < (2ﬂRn+1) (27 R) = n! M RF-". (5.115)

Thus we see that as R tends to infinity all the terms with & < n will vanish, and so
Ff™@)=0, for n>k. (5.116)

But this is just telling us that f(z) is a polynomial in z with z* as its highest power, which
proves the theorem. Liouville’s theorem itself is just the special case k = 0.

A function f(z) that is a polynomial in z of degree k,

k
f2) = an2", (5.117)
n=0

is clearly analytic for all finite values of z. However, if k£ > 0 it will inevitably have a pole

at infinity. To see this, we use the usual trick of making the coordinate transformation
1
(=—, (5.118)

and then looking at the behaviour of the function f(1/¢) at ( = 0. Clearly, for a polynomial
of degree k of the form (5.117), we shall get

k
FA/QO) =" an¢™™, (5.119)
n=0

implying that there are poles of orders up to and including & at z = co.
Complex functions that are analytic in every finite region in the complex plane are called
entire functions. All polynomials, as we have seen, are therefore entire functions. Another

example is the exponential function e?, defined by the power-series expansion

=3 = (5.120)



1/n tends to zero as

By the Cauchy test for the convergence of series, we see that (|z|"/n!)
n tends to infinity, for any finite |z|, and so the exponential is analytic for all finite z. Of
course the situation at infinity is another story; here, one has to look at e'/¢ as ¢ tends
to zero, and as we saw previously this has an essential singularity, which is more divergent

than any finite-order pole. Other examples of entire functions are cos z, and the Bessel

functions of integer order, J,(z). These have the power-series expansions

z ) n+2¢

= (=1
In(2) = gm (2 (5.121)

Of course we know from Liouville’s theorem that any interesting entire function (i.e.

anything except the purely constant function) must have some sort of singularity at infinity.

5.4.2 Meromorphic Functions

Entire functions are analytic everywhere except at infinity. Next on the list are meromorphic

functions:

A Meromorphic Function f(z) is analytic everywhere in the complex plane except for

isolated poles.

We insist, in the definition of a meromorphic function, that the only singularities that
are allowed are poles, and not, for example, essential singularities.

The number of poles in a meromorphic function must be finite. This follows from the
fact that if there were an infinite number then there would exist some singular point, either
at finite z or at z = 0o, which would not be isolated, thus contradicting the definition of an
everywhere-meromorphic function.

Any meromorphic function f(z) can be written as a ratio of two polynomials. Such a
ratio is known as a rational function. To see why we can always write f(z) in this way, we
have only to make use of the observation above that the number of poles must be finite. Let
the number of poles at finite z be N. Thus at a set of N points z, in the complex plane,

the function f(z) has poles of orders d,,. It follows that the function

N
9(2) = f(2) [[(z = 2)" (5.122)
n=1

must be analytic everywhere (except possibly at infinity), since we have cleverly arranged
to cancel out every pole at finite z. Even if f(z) does have a pole at infinity, it follows

from (5.122) that g(z) will diverge no faster than |z|* for some finite integer k. But we
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saw earlier, in the generalisation of Liouville’s theorem, that any such function must be a

polynomial of degree < k. Thus we conclude that f(z) is a ratio of polynomials:

f(z) = 9(z) (5.123)

[Tn=s (2 = 20) %

The fact that a meromorphic function can be expressed as a ratio of polynomials can
be extremely useful. Also, let us remark that it is sometimes useful to introduce the notion
of a function that is meromorphic only in some given region of the complex plane. In other
words, we may consider a function whose only singularities in some region are poles.”

A ratio of two polynomials can be expanded out as a sum of partial fractions. For
example

1+ 22 1 1

= — —1. 5.124
1-22 241 2z-1 ( )

Therefore it follows that a function f(z) that is meromorphic can be expanded out as a sum

of partial fractions in that region. Since we are allowing for the possibility of a singularity
at infinity, the sum may be an infinite one.

Let us consider an example of a function f(z) that is meromorphic in some region, and
furthermore where every pole is of order 1. This is in fact a very common circumstance. As
a piece of terminology, a pole of order 1 is also known as a simple pole. Let us assume for
convenience that f(z) is analytic at z = 0, and that the poles are located at the points a,,

numbered in increasing order of distance from the origin. Thus near z = a,,, we shall have

f(z) ~

z—ap’
where the constant b, characterises the “strength” of the pole. In fact b, is known as the

(5.125)

residue at the pole z = a,,.
Consider a circle C), centred on z = 0 and with radius R, chosen so that it encloses p
of the poles. To avoid problems, we choose R, so that it does not pass through any pole.

Then the function
bn

Z— ay

P
Gp(2) = f(2) = )

n=1

(5.126)

will be analytic within the circle, since we have explicitly arranged to subtract out all
the poles (which we are assuming all to be of order 1). Using Cauchy’s integral, we shall
therefore have

_ 1 Gp(Q)dC _ 1 fQd¢ 1 ¢ dg¢
R e R A A erre e

P

19Note that we are not changing the definition here. A meromorphic function will always mean a function
that has only pole singularities in the entire complex plane (including infinity). But it is useful in addition

to be able to talk about more general functions that are meromorphic only in a region.
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Now, each term in the sum here integrates to zero. This is because the integrand is

1 1 1 1
]

C=2)C-a) z-anl¢—2 (—an

The integral (over () is taken around a contour that encloses both the simple pole at { = z

(5.128)

and the simple pole at { = a,,. We saw earlier, in the proof of Cauchy’s integral formula, that
a contour integral running anti-clockwise around a simple pole ¢/({ — {p) gives the answer
27 ci, and so the result of integrating (5.128) around our contour is (27 i—2mi)/(z—a,) = 0.

Thus we conclude that
1 f(¢)d¢

" o c, (—z

Gp(2)

Now, consider a sequence of ever-larger circles C),, enclosing larger and larger numbers of

(5.129)

poles. This defines a sequence of functions G)(z) for increasing p, each of which is analytic

within R,. We want to show that Gj,(2) is bounded as p tends to infinity, which will allow us

to invoke Liouville’s theorem and deduce that G (z) = constant. By a now-familiar method

of argument, we suppose that M), is the maximum value that |f({)| attains anywhere on

the circular contour of radius R,. Then from (5.129) we shall have
M, R,

Ry — 2|

Consider first the case of a function f for which M, is bounded in value as R, goes

1Gy(2)] < (5.130)

to infinity. Then, we see from (5.130) that |G)(2)| is bounded as p goes to infinity. By

Liouville’s theorem, it follows that G, (z) must just be a constant, ¢. Thus in this case we

have
=c+ E bn (5.131)
z)=c . .
1) = z—ap

Recalling that we chose things so that f(z) is analytic at z = 0, we can determine the

constant ¢ by setting z = 0 in this equation. Thus

f(z) = f(0) + i [ bn_ b—”] : (5.132)

We obtained this result by assuming that f(z) was bounded on the circle of radius R,,
as R, was sent to infinity. Even if this is not the case, one can often construct a related
function, for example f(z)/z* for some suitable integer k, which is bounded on the circle.
With appropriate minor modifications, a formula like (5.132) can then be obtained.

An example is long overdue. Consider the function f(z) = tanz. which is, of course

(sinz)/ cos z. Now we have
sinz = sin(z 4+ iy) = sinz coshy +1i cosz sinhy,

cos z = cos(x +1y) = cosz coshy —isinz sinhy, (5.133)
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where we have used the standard results that cos(iy) = coshy and sin(iy) =i sinhy. Thus

we have

2

|sin z|2 = sin® z cosh? y+cos® z sinh?y, | cos z|? = cos® z cosh? y+sin® z sinh?y. (5.134)

It is evident that |sin z| is finite for all finite z, and that therefore tan z can have poles only
when cos z vanishes. From the expression for |cos z|?, we see that this can happen only if
y =0 and cosz =0, i.e. at

z=(n+4)m, (5.135)

where n is an integer.

Near z = (n + §)m, say z = ( + (n + 3)m, where (| — 0, we shall have

sinz —» sin(n + £)r = (-1)",

cosz — —sin(n + )7 sin¢ — —(-1)"¢, (5.136)

and so the pole at z = a,, = (n + 3)m has residue b, = —1.

We also need to examine the boundedness of f(z) = tanz on the circles R,. These
circles are most conveniently taken to go precisely half way between the poles, so we should
take R, = pm. Now from (5.134) we have

sin? z cosh? i + cos? z sinh?y

|tan 2| = (5.137)

cos? z cosh?y + sin? z sinh®y
Bearing in mind that sinz and cos z can never vanish simultaneously, and that sinh? y and
cosh? y both diverge like ieﬂy‘ as |y| tends to infinity, we see that | tan z| is indeed bounded

on the circles R, of radius pm, as p tends to infinity. Thus we can now invoke our result

(5.132), to deduce that

3 ! ! )] . (5.138)

tanz = — +
2 [z—(n+%)7r (n+im

n=—oo

We can split the summation range into the poles at positive and at negative values of x, by

writing
00 00 —1 00 00 00 00
Z Uy = Z Uy, + Z Uy = Z Uy, + Z U] = Z Up + Z U p 1, (5.139)
n=-—00 n=0 n=-—00 n=0 m=0 n=0 n=0
where in the third expression we have written n = —m — 1, and in the last expression we

have replaced m by n again. Thus (5.138) gives

> 1 1 > 1 1
tanz:_%[z—(n—i-%)w—i_ (n+%7r)] _nzzo[z—i-(nwL%)w - (n—i—%w)] (5.140)
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which, grouping the summands together, becomes

anz = )
(n+ %)271'2 — 22

n=0

(5.141)

Another application of the result (5.132) is to obtain an expansion of an entire function
as an infinite product. Suppose f(z) is entire, meaning that it is analytic everywhere except

at infinity. It follows that f’(z) is an analytic function too, and so the function

P _d
o = 3 el (5.142)

is meromorphic for all finite z. (Its only singularities are poles at the places where f(z)

9(2)

vanishes, i.e. at the zeros of f(z).)
Let us suppose that f(z) has only simple zeros, i.e. it vanishes like ¢, (z — a,,) near the
zero at z = ap, and furthermore, suppose that f(0) # 0. Thus we can apply the formula

(5.132) to g(z), implying that

diz log f(z) = ) + i { ! + i] . (5.143)

This can be integrated to give

log f(z) = log f(0) + f}(((())) Z 4+ io: [ log (1 — i) + %] . (5.144)

n=1

Finally, exponentiating this, we get
= [ (0)/£(0)] - 1 - 2\ pelan 14
f(2) = f(0)e I (1-)e (5.145)

This infinite-product expansion is valid for any entire function f(z) with simple zeros at
z = ap, none of which is located at z = 0, whose logarithmic derivative f'/f is bounded on
a set of circles R,. Obviously, without too much trouble, generalisations can be obtained
where some of these restrictions are removed.

Let us apply this result in an example. Consider the function sinz. From (5.134) we
see that it has zeros only at y = 0, x = n 7. The zero at z = 0 is unfortunate, since in the
derivation of (5.145) we required our entire function f(z) to be non-zero at z = 0. But this
is easily handled, by taking our entire function to be f(z) = (sinz)/z, which tends to 1 at
z = 0. We now have a function that satisfies all the requirements, and so from (5.145) we

shall have

o0

sinz _ I (1_i)eﬁ’ (5.146)

z 4 nmw
n=—odo
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where the term n = 0 in the product is to be omitted. Combining the positive-n and

negative-n terms pairwise, we therefore find that

. s Z \2
sinz =2z [] [1 - (ﬁ) ] . (5.147)
n=1
It is manifest that this has zeros in all the right places.

5.4.3 Branch Points, and Many-valued Functions

All the functions we have considered so far have been single-valued ones; given a point z,
the function f(z) has a unique value. Many functions do not enjoy this property. A classic

1/2 " This can take two possible values for each non-zero

example is the function f(z) = z
point z, for the usual reason that there is an ambiguity of sign in taking the square root.
This can be made more precise here, by considering the representation of the point z as

z = rei?. Thus we shall have
f(z) = (re®)s =r3es?. (5.148)

But we can also write z = rel(®+2™)_ gince 6 is periodic, with period 27, on the complex

plane. Now we obtain
f(z) = (re (9+27r))% = r3erfHT = 330 (5.149)

In fact, if we look at the value of f(z) = z'/2 on the circle z = re'?, taking 6 from 6 = 0

to 8p = 2w — ¢, where € is a small positive constant, we see that
fre? — —f(r), (5.150)

as @ approaches 6,. But since we are back essentially to where we started in the complex
plane, it follows that f(z) must be discontinuous; it undergoes a jump in its value, on
completing a circuit around the origin.

Of course although in this description we seemed to attach a particular significance to
the positive real axis there is not really anything especially distinguished about this line.
We could just as well have re-oriented our discussion, and concluded that the jump in the
value of f(z) = z'/? occurred on some other axis emanating from the origin. The important
invariant statement is that if you trace around any closed path that encircles the origin, the
value of z/2 will have changed, by an overall factor of (—1), on returning to the starting

point. The function f(z) = 21/2 is double-valued on the complex plane.
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If we continue on and take a second trip around the closed path, we will return again
with a factor of (—1) relative to the previous visitation of the starting point. So after two
rotations, we are back where we started and the function f(z) = z'/2 is back to its original

value too. This is expressed mathematically by the fact that
f(rel0F4my — rzesl i = pren? = f(re?y. (5.151)

An elegant way to deal with a multi-valued function such as f(z) = z!/2 is to consider
an enlarged two-dimensional surface on which the function is defined. In the case of the

172 we can do it as follows. Imagine taking the complex

double-valued function f(z) = z
plane, and making a semi-infinite cut along the real axis, from £ = 0 to x = +00. Now,
stack a second copy of the complex plane above this one, again with a cut from z = 0 to
x = 4o0o. Now, identify (i.e. glue) the lower edge of the cut of the underneath complex
plane with the upper edge of the cut of the complex plane that sits on top. Finally (a little
trickier to imagine!), identify the lower cut edge of the complex plane on top with the upper
cut edge of the complex plane that sits underneath. We have created something a bit like
a multi-story car-park (with two levels, in this case). As you drive anti-clockwise around
the origin, starting on the lower floor, you find, after one circuit, that you have driven up
onto the upper floor. Carrying on for one more circuit, you are back on the lower floor
again.?’ What has been achieved is the creation of a two-sheeted surface, called a Riemann
Surface, on which one has to take z around the origin through a total phase of 47 before
before it returns to its starting point. The function f(z) = z'/? is therefore single-valued
on this two-sheeted surface. “Ordinary” functions, i.e. ones that were single-valued on the
original complex plane, simply have the property of taking the same value on each of the
two sheets, at z = re'? and z = r el (0427

We already noted that the choice of where to run the cut was arbitrary. The important
thing is that for the function f(z) = z'/2, it must run from z = 0 out to z = oo, along any
arbitrarily specifiable path. It is often convenient to take this to be the cut along the real
positive axis, but any other choice will do.

The reason why the origin is so important here is that it is at z = 0 that the actual
branch point of the function f(z) = z'/? lies. It is easy to see this, by following the value

of f(z) = z'/? as z is taken around various closed paths (it is simplest to choose circles) in

the complex plane. One easily sees that the f(z) — —f(2) discontinuity is encountered

200f course multi-story car-parks don’t work quite like that in real life, owing to the need to be able to

embed them in three dimensions!
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for any path that encloses the origin, but no discontinuity arises for any closed path that
does not enclose the origin.

If one encircles the origin, one also encircles the point at infinity, so f(z) = z'/2 also has
a branch point at infinity. (Clearly f(1/¢) = ¢~'/? is also double valued on going around
¢ =0.) So in fact, the branch cut that we must introduce is running from one branch point
to the other. This is a general feature of multi-valued functions. In more complicated cases,
this can mean that there are various possible choices for how to select the branch cuts. In
the present case, choosing the branch cut along any arbitrary path from z = 0 to z = oo
will do. Then, as one follows around a closed path, there is a discontinuity in f(z) each time
the branch cut is crossed. If a closed path crosses it twice (in opposite directions), then the
two cancel out, and the function returns to its original value without any discontinuity.?!

Consider another example, namely the function

W=
ol

Fl2)=(2 -1 =(z—1)2 (z+1)2. (5.152)

It is easy to see that since z/2 has a branch point at z = 0, here we shall have branch
points at z =1 and z = —1. Any closed path encircling either z = —1 or z = +1 (but not
both) will reveal a discontinuity associated with the two-valuedness of (z + 1)% or (z — 1)%
respectively. On the other hand, a circuit that encloses both of the points z =1 and z = —1
will not encounter any discontinuity. The minus sign coming from encircling one branch
point is cancelled by that coming from encircling the other. The upshot is that we can
choose our branch cuts in either of two superficially-different ways. One of the choices is
to run the branch cut from z = —1 to z = +1. Another quite different-looking choice is to
run a branch cut from z = 1 to z = +o00 along the real positive axis, and another cut from
z = —1 to z = —oo along the real negative axis.

For either of these choices, one gets the right conclusion. Namely, as one follows along
any path, there is a discontinuity whenever a branch cut is crossed. Crossing twice in a
given path will cause the two discontinuities to cancel out. so even if consider the second

choice of branch cuts, with two cuts running out to infinity from the points z = —1 and

1/2

211 the special case of z!/2, for which the function is exactly two-valued, then crossing over the cut twice

even both in the same direction will cause a cancellation of the discontinuity. But more generally, a double
crossing of the branch will cause the discontinuities to cancel only if the crossings are in opposite directions.

Of course multiple crossings of the cut in the same direction might lead to a cancellation, if the function is

1/n

only finitely-many valued. For example, f(z) = 2'/™ is n-valued, so winding n times around in the same

1

direction gets back to the original value, if n is an integer. On the other hand f(z) = z'/™ will never return

to its original value, no matter how many complete circuits of the origin are made.
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z = +1, we get the correct conclusion that a closed path that encircles both z = —1 and
z = +1 will reveal no discontinuity after returning to its starting point.

Actually the two apparently-different choices for the branch cuts are not so very different,
topologically-speaking. Really, z = oo is like a single point, and one effectively should view
the complex plane as the surface of a sphere, with everywhere out at infinity corresponding
to the same point on the sphere. Think of making a stereographic projection from the north
pole of the sphere onto the infinite plane tangent to the south pole. We think of this plane
as the complex plane. A straight line joining the north pole to a given point in the complex
plane therefore passes through a single point on the sphere. This gives a mapping from each
point in the complex plane into a point on the sphere. Clearly, things get a bit degenerate
as we go further and further out in the complex plane. Eventually, we find that all points
at |z| = oo, regardless of their direction out from the origin, map onto a single point on
the sphere, namely the north pole. This sphere, known as the Riemann Sphere, is really
what the complex plane is like. Of course as we have seen, a lot of otherwise well-behaved
functions tend to have more severe singularities at z = oo, but that doesn’t detract from
the usefulness of the picture. Figure 2 below show the mapping of a point ) in the complex

plane into a corresponding point P on the Riemann sphere.

1/2

As it happens, our function f(z) = (22 — 1)/? is rather moderately behaved at z = oo;

it has a Laurent expansion with just a simple pole:

_ 1 _ 1
/0 = (P17 =Ct -7,
1
E—§<—§c3—1—16<5+---. (5.153)
Since it has no branch point there, we can actually take the second choice of branch cuts,
where the two cuts ran from z = —1 and z = +1 to infinity (in other words a single line
from z = —1 to the north pole and back to z = +1), and deform it continuously into the
first choice, where the branch cut simply runs from z = —1 to z = +1. If you think of the
branch cut as an elastic band joining z = —1 to z = +1 via the north pole, it only takes
someone like Superman wandering around at the north pole to give it a little tweak, and it

can contract smoothly and continuously from the second choice of branch cut to the first.

5.5 The Oppenheim Formula

Before proceeding with the mainstream of the development, let us pause for an interlude

on a rather elegant and curious topic. It is a rather little-known method for solving the
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North Pole

Riemann Sphere

Complex Plane

Figure 2: The point ) in the complex plane projects onto P on the Riemann sphere.

following problem. Suppose we are given the real part u(z,y) of an analytic function
f(z) = u(z,y)+iv(z,y). It is a classic exercise, to work out the imaginary part v(x,y), and
hence to learn what the full analytic function f(z) is, by making use of the Cauchy-Riemann
equations.

Let us first consider this standard way to solve the problem. Before trying to solve for
v(z,y), it is worth checking to be sure that a solution exists. In other words, we can first
verify that u(z,y) is indeed the real part of an analytic function. We know that if it is,
then the Cauchy-Riemann equations (5.51) must hold. As we saw earlier, these equations,
Uy = Uy, Uy = —Vg, imply in particular that wu,, + uy, = 0; i.e. that u satisfies the two-
dimensional Laplace equation. In fact the implication goes in the other direction too; if
u(z,y) satisfies the Laplace equation g, + uyy, = 0 then it follows that it can be taken to
be the real part of some analytic function. We can say that wu;, +uy, = 0 is the integrability
condition for the pair of equations u, = vy, uy = —v; to admit a solution for v(z,y).

To solve for v(z,y) by the traditional method, one differentates u(z,y) with respect to

x or y, and integrates with respect to y or z respectively, to construct the function v(z,y)
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using (5.51):

v(z,y) = /yy Mdy’ + a(z),

o Ox
T Qu(x’,
v(z,y) = —/ %dm' + B(y) . (5.154)
To Yy
The first integral, which comes from integrating u, = v,, leaves an arbitrary function
of z unresolved, while the second, coming from integrating u, = —wv,, leaves an arbitrary

function of y unresolved. Consistency between the two resolves everything, up to an additive
constant in v(x,y). This constant never can be determined purely from the given data, since
clearly if f(z) is analytic then so is f(z)41iy, where + is a real constant. But the rela parts of
f(z) and f(z)+1i-~ are identical, and so clearly we cannot deduce the value of -y, merely from
the given u(z,y). Note that we do need both equations in (5.154), in order to determine
v(z,y) up to the additive constant . Of course the freedom to pick different constant lower
limits of integration yy and zy in (5.154) just amounts to changing the arbitrary functions
a(z) and B(y), so we can choose yp and zy in any way we wish.

Let us check this with an example. Suppose we are given u(z,y) = e* cosy, and asked
to find v(z,y). A quick check shows that w., + u,, = 0, so we will not be wasting our time

by searching for v(z,y). We have
Uy = vy = €” cosy, Uy = —v; = —e” siny, (5.155)
and so integrating as in (5.154) we get
v(z,y) = €” siny + a(zx), v(z,y) = €’ siny + B(y) . (5.156)

Sure enough, the two expressions are compatible, and we see that a(z) = f(y). By the
standard argument that is the same as one uses in the separation of variables, it must be
that a(z) = B(y) = 7, where v is a (real) constant. Thus we have found that v(z,y) =

e’ siny + v, and so
f(z2) = u+iv=e"(cosz+isiny)+iy=e®e?+iy=e""Y fiy
= e +iy. (5.157)
What is not so well known is that one can do the job of finding v(z,y) from u(z,y)
without ever needing to differentiate or integrate at all. This makes a nice party trick, if

you go to the right (or maybe wrong!) sort of nerdish parties. The way it works is absurdly

simple, and so, in the best traditions of a conjuring trick, here first is the “show.” Unlike
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the conjuror’s trick, however, we shall see afterwards how the rabbit was slipped into the
hat. I have not been able to find very full references to it; the earliest I came across is to a
certain Prof. A. Oppenheim, so I shall refer to it as the “Oppenheim Method.”

The way to derive the analytic function f(z), given its real part u(z,y), is the following:
f(2) =2U(%,i)+c, (5.158)

where ¢ is a constant. The real part of ¢ can be fixed by using the known given expression
for the real part of f(z). The imaginary part of ¢ is not determinable. Of course this is
always the case; f(z) and f(z) + i, where v is a real constant, have the same real parts
and the same analyticity properties, so no method could tell us what «y is, in the absence of
further specification. (In the usual Cauchy-Riemann derivation of v(z,y), this arbitrariness
arose as a constant of integration.)

Just to show that it really does work, consider the same example that we treated above
using the traditional method. Suppose we are given that u(x,y) = €* cosy is the real part

of an analytic function f(z). What is f(2)? According to (5.158), the answer is

i 1
flz) = 2¢7° cos(—% z)+c= 23" cosh(iz) +c,

= & +1+4c. (5.159)

Now, we fix ¢ by noting, for example, that from the original u(z,y) we have u(0,0) = 1,
and so we should choose ¢ so that f(z) has real part 1 at z = 0. Thus we have ¢ = —1, and
hence f(z) = e*. (There is no need to be tedious about always adding i+, since this trivial
point about the arbitrariness over the imaginary constant is now well understood.) Finally,

we can eagsily verify that indeed f(z) = e* is the answer we were looking for, since
e? = ™Y = ¢% (cosy +1 siny), (5.160)

and so sure enough, this analytic function has real part e* cosy.

How did it work? Like all the best conjuring tricks, the explanation is ludicrously simple.
Since f(z) is analytic, we can expand it as a power series, f(z) = 3,5 an 2". Note that
we are assuming here that it is in particular analytic at z = 0; we shall show later how to
remove this assumption. If we write the expansion coefficients a,, as a,, = a;, +1i0,, where

an, and (B, are real, then from the series expansion we shall have

2u(z,y) = () +T(Z) = 2 [(an +1B) (2 +iy)" + (o —iB,) (@ —iy)"] . (5.161)

n>0
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Now plug in the values z = z/2, y = z/(2i), as required in the Oppenheim formula:

Zz : Z  Z\" . z  zZ\n
2u(5,5) = gjﬂ[(anﬂﬁn) (5+3) tn-i)(5-3) ] (5162
nn = ) (an+if)2" +ao—ifo, (5.163)

n>0

= f(z)+a—ifo-

That’s all there is to it! The result is proven. Omne ignotum pro magnifico.

We assumed in the proof that f(z) was analytic at z = 0. If it’s not, then in its
present form the procedure can sometimes break down. For example, suppose we consider
the function u(z,y) = %log(ac2 + 12). (Secretly, we know that this is the real part of the
function f(z) = log z, which of course is analytic for all finite z except for the branch point

at z =0.) Trying the Oppenheim formula (5.158), we get
L, 1,
f(z) =log(72" — 22%) +c=log0 +c. (5.164)

Oooppps!! Not to worry, we know why it has failed. We need to find a generalisation of the
Oppenheim formula, to allow for such cases where the function we are looking for happens

to be non-analytic at z = 0. The answer is the following:

z24+a z—a
2 7 2

f(z) = 2u( )+ ¢, (5.165)

where a is an arbitrary constant, to be chosen to avoid any unpleasantness. Let’s try this
in our function u(z,y) = 1 log(z? + y?):

10 = (7 (59 e

= log(az)+c=logz+loga+c. (5.166)

So for any value of a other than a = 0, everything is fine. As usual, an elementary exami-
nation of a special case fixes the real part of the constant ¢, to give ¢ = —loga.

It is easy to see why the generalisation (5.165) works. We just repeat the derivation
in (5.163), but now consider an expansion of the function f(z) around z = a rather than
z=0; f(2) = 3,50 an (2 —a)". Provided we don’t choose a so that we are trying to expand

around a singular point of f(z), all must then be well:

2u(z+a’2—‘a) — Z[(Oén-i-iﬁn)(z—i_—a—{—z_a—a)n-i-(an_iﬁn)(z——’_a_z_a_a)n]’

2 2i 2 2 2 2

n>0

= Y (an+ifn) (z—a)" +ag—ifo,

n>0

= f(z)+a—ifo-
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Just to show off the method in one further example, suppose we are given

U(I, y) = 69”2'3:32 COS m . (5168)
Obviously we shall have to use (5.165) with a # 0 here. Thus we get
flz) = 2e5et cos =L 4 ¢ =25t cosh —a,
iaz 2a z
— eht (em‘f +62a~) (5.169)
101
= ea—+ez +c.
Fixing the constant ¢ from a special case, we get
flz)=ex. (5.170)

The method has even worked for a function with an essential singularity, provided that we
take care not to try using a = 0. (Try doing the calculation by the traditional procedure
using (5.154) to see how much simpler it is to use the generalised Oppenheim formula.)

Having shown how effective the Oppenheim method is, it is perhaps now time to admit
to why in some sense a little bit of a cheat is being played here. This is not to say that
anything was incorrect; all the formulae derived are perfectly valid. It is a slightly unusual
kind of trick that has been played, in fact.

Normally, when a conjuror performs a trick, it is he who “slips the rabbit into the
hat,” and then pulls it out at the appropriate moment to astound his audience. Ironically
enough, in the case of the Oppenheim formula it is the audience itself that unwittingly slips
the rabbit into the hat, and yet nevertheless it is duly amazed when the rabbit reappears.

The key point is that if one were actually working with a realistic problem, in which
only the real part of an analytic function were known, one would typically be restricted
to knowing it only as an “experimental result” from a set of observations. Indeed, in a
common circumstance such information about the real part of an analytic function might
arise precisely from an experimental observation of, for example, the refractive index of a
medium as a function of frequency. The imaginary part, on the other hand, is related to the
decay of the wave as it moves through the medium. There are quite profound Dispersion
Relations that can be derived that relate the imaginary part to the real part. They are
derived precisely by making use of the Cauchy-Riemann relations, to derive v(z,y) from
u(z,y) by taking the appropriate derivatives and integrals of u(z,y), as in (5.154).

So why was the Oppenheim formula a cheat? The answer is that it assumes that one

knows what happens if one inserts complex values like z = (z + a)/2 and y = (z — a)/(2i)

114



into the “slots” of u(z,y) that are designed to take the real numbers z and y. In a real-life
experiment one cannot do this; one cannot set the frequency of a laser to a complex value!
So the knowledge about the function u(z,y) that the Oppenheim formula requires one to
have is knowledge that is not available in practical situations. In those real-life cases, one
would instead have to use (5.154) to calculate v(z,y). And the process of integration is
“non-local,” in the sense that the value for the integral depends upon the values that the
integrand takes in an entire region in the (z,y) plane. This is why dispersion relations
actually contain quite subtle information.

The ironic thing is that although the Opennheim formula is therefore in some sense a
“cheat,” it nevertheless works, and works correctly, in any example that one is likely to
check it with. The point is that when we want to test a formula like that, we tend not to go
out and start measuring refractive indices; rather, we reach into our memories and drag out
some familiar function whose properties have already been established. So it is a formula
that is “almost never” usable, and yet it works “almost always” when it is tested with toy
examples. It is a bit like asking someone to pick a random number. Amongst the set of all
numbers, the chance that an arbitrarily chosen number will be rational is zero, and yet the

chance that the person’s chosen number will be rational is pretty close to unity.

5.6 Calculus of Residues

After some rather lengthy preliminaries, we have now established the groundwork for the
further development of the subject of complex integration. First, we shall derive a general
result about the integration of functions with poles.

If f(z) has an isolated pole of order n at z = a, then by definition, it can be expressed

as

f(z) = (z"_—’;)n + (z“_—’;;,l o e g(2), (5.171)

where ¢(z) is analytic at and near z = a. The coefficient of a_; in this expansion is called
the residue of f(z) at the pole at z = a.

Let us consider the integral of f(z) around a closed contour C' which encloses the pole
at z = a, but within which ¢(z) is analytic. (So C encloses no other singularities of f(z)

except the pole at z = a.) We have

}{jf(Z) dz = kz:ak 7{} _dz +7{¢(z) dz . (5.172)

(z — a)®

By Cauchy’s theorem we know that the last integral vanishes, since ¢(z) is analytic within

C. To evaluate the integrals under the summation, we may deform the contour C' to a circle
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of radius p centred on z = a, respecting the previous condition that no other singularities
of f(z) shall be encompassed.
Letting z — a = pe?, the deformed contour C is then parameterised by allowing 6 to
range from 0 to 27, while holding p fixed. Thus we shall have
é(ziiza)k _ /Ozn 15:6# ik /027r (1010 gg — 1=k [%EW (5.173)
When the integer k takes any value other than k = 1, this clearly gives zero. On the other

hand, when k£ = 1 we have

2
7{ Zdza —i [ db=2ri (5.174)
C z— 0

as we saw when deriving Cauchy’s integral formula. Thus we arrive at the conclusion that

j{ f(z)dz =2mia_;. (5.175)
C

The result (5.175) gives the value of the integral when the contour C encloses only the
pole in f(z) located at z = a. Clearly, if the contour were to enclose several poles, at
locations z = a, z = b, z = ¢, etc., we could smoothly deform C' so that it described circles
around each of the poles, joined by narrow “causeways” of the kind that we encountered
previously, which would contribute nothing to the total integral.

Thus we arrive at the Theorem of Residues, which asserts that if f(z) be analytic
everywhere within a contour C, except at a number of isolated poles inside the contour,

then
7{ F(z)dz =2ri ) R, (5.176)
¢ S

where R4 denotes the residue at pole number s.
It is useful to note that if f(z) has a simple pole at z = a, then the residue at z = a is

given by taking the limit of (z — a) f(2) as z tends to a.

5.7 Evaluation of real integrals

The theorem of residues can be used in order to evaluate many kinds of integrals. Since this
is an important application, we shall look at a number of examples. First, a list of three

main types of real integral that we shall be able to evaluate:

(1) Integrals of the form
2w

R(cos #,sin@) df , (5.177)
0

where R is a rational function of cos# and sinf. (Recall that if f(z) is a rational

function, it means that it is the ratio of two polynomials.)
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(2) Integrals of the form
/00 f(z)dz, (5.178)
—00
where f(z) is analytic in the upper half plane (y > 0) except for poles that do not lie
on the real axis. The function f(z) is also required to have the property that z f(z)
should tend to zero as |z| tends to infinity whenever 0 < arg(z) < w. (arg(z) is the
phase of z. This condition means that z f(z) must go to zero for all points z that go

to infinity in the upper half plane.)

(3) Integrals of the form
o0
/ 2t f(z)dz, (5.179)

0
where f(z) is a rational function, analytic at z = 0, with no poles on the positive real

axis. Furthermore, 2% f(z) should tend to zero as z approaches 0 or infinity.
First, consider the type (1) integrals. We introduce z as the complex variable z = e'?.
Thus we have

cosf = 3(z+271), sinf = &(z—2 1), (5.180)

Recalling that R is a rational function of cos and sin @, it follows that the integral (5.177)
will become a contour integral of some rational function of z, integrated around a unit circle
centred on the origin. It is a straightforward procedure to evaluate the residues of the poles
in the rational function, and so, by using the theorem of residues, the result follows.

Let us consider an example. Suppose we wish to evaluate

2w do
I(p) = 181
(p) /0 1—2pcosf+p?’ (5.181)

where 0 < p < 1. Writing z = €'?, we shall have df = —iz ! dz, and hence

dz
I(p) chi(l_pz)(z_p) (5.182)

Since we are assuming that 0 < p < 1, it follows from the fact that C' is the unit circle that
the only pole enclosed is the simple pole at z = p. Thus the residue of the integrand at
z = p is given by taking the limit of

(z = p) [i(l_pi)(z_p)] (5.183)

as z tends to p, i.e. —i/(1 — p?). Thus from the theorem of residues (5.176), we get

2w do 2
= 1. 184
/0 1—2pcos@+p2 1-—p2’ 0<p< (5.184)
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Note that if we consider the same integral (5.181), but now take the constant p to be
greater than 1, the contour C (the unit circle) now encloses only the simple pole at z = 1/p.
Multiplying the integrand by (z — 1/p), and taking the limit where z tends to 1/p, we now
find that the residue is +i/(1 — p?), whence

2m do 2
- : >1. 5.185
/0 1-2pcos@+p> p?>—1 b ( )

In fact the results for all real p can be combined into the single formula

2 do 2m
= . 1
/0 1—-2pcost+p? [p?—1 (5.186)

For a more complicated example, consider

2 cos? 36 df
I(p) = 5.187
(p) /[) 1 —2p cos20 + p?’ ( )

with 0 < p < 1. Now, we have

I(p)—fclz( e fzh L (5.188)

(1—p2z?)( 1—pz ?) 2 (L=pz®)(2* —p)

The integrand has poles at z =0, z = :l:p% and z = :l:pfé. Since we are assuming 0 < p < 1,
it follows that only the poles at z =0 and z = :l:p% lie within the unit circle corresponding
to the contour C. The only slight complication in this example is that the pole at z =0 is
of order 5, so we have to work a little harder to extract the residue there. Let us pause to
derive a general result for how to evaluate the residue at an n’th-order pole:

If f(z) has a pole of order n at z = a, it follows that it will have the form
flo) = 93 (5.189)

where g(z) is analytic in the neighbourhood of z = a. Thus we may expand g(z) in a Taylor

series around z = a, giving

16) = g (10 + =@ 4+ g (=0 @) ),
_ gla) g g™ ) N
B (z_a)n + (Z_a)n—l + + (n—l)!(z—a) + : (5.190)

We then read off the residue, namely the coefficient of the first-order pole term 1/(z — a),
finding ¢~ (a)/(n — 1)!. Re-expressing this in terms of the original function f(z), using

(5.189), we arrive at the general result that
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If f(z) has a pole of order n at z = a, then the residue R is given by

n—1
R_ 1 )![d

=1 Lgt (F ) e (5.191)

Returning to our example, it is now a completely mechanical procedure to calculate the

residues at z =0, z = p% and z = —p%. After a little algebra, we get residues
4p? ’ 8p? (1—p?)’ 8p? (1 —p?)’ '

respectively. Plugging into the theorem of residues (5.176), we therefore obtain the result

/2” cos? 36 df (1 —p+p?) (5.193)
0

1—2pcos20+p? (1-p)
when 0 < p < 1.

Note that using formula (5.191) is not necessarily the easiest way of evaluating the
residue at a high-order pole. All that we are really asking for is to know the 1/(z — a)
term in the Laurent expansion of the function f(z). Let us take our example in the integral
in (5.188), and its 5’th-order pole at z = 0. We want the Laurent-series expansion of the
integrand around z = 0. Inspection of the integrand reveals that the pole terms come only
from the 1/2° factor; the rest of the terms that multiply this have no singularities at z = 0.
Thus the other factors are all analytic around z = 0, so we can just expand them in Taylor
series. We need only keep terms up to order z* in the Taylor expansion of the function that
multiplies 1/2°, since we only care about finding the 1/z term in the Laurent expansion of

the integrand. Thus we have

(28 +1)2 i o . o
425 (1— p22) (22— p) s LT (=p2) (1= 2p)
i
— 4pz5 (1+"')(1+pz2+p2z4+"')(1+Z2/p+z4/p2—)—---)
i - —
= (e )2 D )
i it  i(+p*+p7?)
- 4p 2° + 4p 23 + 4p z +oe (5.194)

From this, we can read off the residue, and it indeed agrees with the first expression in
(5.192). Of course what we have just done here is completely equivalent to the calculation
that led to (5.191). But as a way of organising the calculation in a specific example,
especially if one does not have an algebraic computer program available, it is probably
simpler to construct the Taylor expansion of the analytic function that multiplies the pole

factor “by hand,” as in (5.194).
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As a final example of the type (1) class of integrals, consider

o do 4z dz
Ha,b) = | o eos g = 5.195
(@) /0 (a + b cos 0)? 7{C’i(b+2az—|—b22)2’ ( )

where a > b > 0. The integrand has (double) poles at

—a++Va? —-0b?
b )

(5.196)

and so just the pole at z = (—a + Va? — b?)/b lies inside the unit circle. After a little

calculation, one finds the residue there, and hence, from (5.176), we get

2w 2
/ o - e (5.197)
o (a+0bcosh)? (a2 — b2)2

Turning now to integrals of type 2 (5.178), the approach here is to consider a contour

integral of the form
I zf f(2)dz, (5.198)
c

where the contour C' is taken to consist of the line from z = —R to x = +R along the =
axis, and then a semicircle of radius R in the upper half plane, thus altogether forming a
closed path.

The condition that z f(z) should go to zero as |z| goes to infinity with 0 < arg(z) < =
ensures that the contribution from integrating along the semicircular arc will vanish when
we send R to infinity. (On the arc we have dz = i Re'? df, and so we would like R f(Re'?)
to tend to zero as R tends to infinity, for all # in the range 0 < 8 < 7, whence the condition

that we placed on f(z).) Thus we shall have that
o0
/ flz)ds =2mi Y R, (5.199)
0 .

where the sum is taken over the residues R at all the poles of f(z) in the upper half plane.

The contour is depicted in Figure 3 below.

Consider, as a simple example,

/ ©_de (5.200)

coo 1L+
Clearly, the function f(z) = (1 + 22)~! fulfils all the requirements for this type of integral.
Since f(z) = (z +1i) ! (2 —i) !, we see that there is just a single pole in the upper half
plane, at z = i. It is a simple pole, and so the residue of f(z) there is 1/(2i). Consequently,

from (5.199) we derive
©  d
/ T —nr. (5.201)

—ool+$2
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Figure 3: The contour encloses poles of f(z) in the upper half plane

Of course in this simple example we could perfectly well have evaluated the integral

instead by more “elementary” means. A substitution 2 = tan € would convert (5.200) into

1

57['

/ do=r. (5.202)
1

“lx

However, in more complicated examples the contour integral approach is often much easier

to use. Consider, for instance, the integral

o gty
—_— 2
| (5.20)
where ¢ > 0 and b > 0. The function f(z) = 2*(a + b2%)~* has poles of order 4 at

z = ii(a/b)%, and so there is just one pole in the upper half plane. Using the formula

(5.191) to calculate the residue, and multiplying by 27 i, we get

(S8
wlo

00 4

/_OO % =Lraib (5.204)

Finally, consider integrals of type 3 (5.179). In general, « is assumed to be a real
number, but not an integer. We consider the function (—2z)®~! f(z), which therefore has
a branch-point singularity at z = 0. We consider a contour C' of exactly the form given
in Figure 1, with ¢ = 0. Eventually, we allow the radius of the larger circle C; to become
infinite, while the radius of the smaller circle Cs will go to zero. In view of the assumption
that z® f(z) goes to zero as z goes to 0 or infinity, it follows that the contributions from
integrating around these two circles will give zero.

Unlike the situation when we used the contour of Figure 1 for deriving the Laurent series,

we are now faced with a function (—z)®~! f(z) with a branch point at z = 0. Consequently,
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there is a discontinuity as one traces the value of (—2)®~! f(z) around a closed path that
encircles the origin. This means that the results of integrating along the two sides of the
“causeway” connecting the circles C'y and Cs will not cancel.

We can take the phase of (—2)®~! to be real when z lies at the point where the small
circle Cy intersects the negative real axis. Consequently, on the lower part of the causeway

ir (a—1)

(below the real axis), the phase will be e . On the other hand, on the upper part of

the causeway (above the real axis), the phase will be e='7 (@~ Thus we find that

72(—2:)0‘*1 f(2)dz = —¢mle ) /OOO 27! f(z) de + e " (@71 /oo 2t f(z) dz,

0

= 2isin(7ra) /Ooo 2 f(x) d, (5.205)

where the minus sign on the first term on the right in the top line comes from the fact
that the integral from £ = 0 to £ = oo is running in the direction opposite to the indicated
direction of th contour in Figure 1. The contour integral on the left-hand side picks up all

the contributions from the poles of f(z). Thus we have the result that

/Ooxo‘_lf(a:)dx: ~_ YR, (5.206)

0 sin T

where R is the residue of (—2)*~! f(z) at pole number s of the function f(z).

As an example, consider the integral

oo po—l g
- 5.207
/0 14z ( )

Here, we therefore have f(z) = 1/(z + 1), which just has a simple pole, at z = —1. The
residue of (—2)® ! f(z) is therefore just 1, and so from (5.206) we obtain that when 0 <

0o na—1 d
/ roe_ T (5.208)
0 1+ 2 sin T

a <1,

(The restriction 0 < o < 1 is to ensure that the fall-off conditions for type 3 integrands at
z =0 and z = oo are satisfied.)

A common circumstance is when there is in fact a pole in the integrand that lies exactly
on the path where we wish to run the contour. An example would be an integral of the type
(2) discussed above, but where the integrand now has poles on the real axis. If these are
simple poles, then the following method can be used. Consider a situation where we wish
to evaluate [0 f(z)dz, and f(z) has a single simple pole on the real axis, at z = a. What
we do is to make a little detour in the contour, to skirt around the pole, so the contour C' in

Figure 3 now aquires a little semicircular “bypass” -, of radius p, taking it into the upper
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half plane around the point z = a. This is shown in Figure 4 below. Thus before we take

the limit where R — oo, we shall have

—R

a—p R .
/ f(ac)d:z:-{—[yf(z)dz—i—/aﬂf(x)dac:27r1 ;Rj, (5.209)

where as usual R; is the residue of f(z) at its j'th pole in the upper half plane.

Figure 4: The contour bypasses a pole at the origin

To evaluate the contribution on the semicircular contour v, we let z—a = pel?, implying
that the contour is parameterised (in the direction of the arrow) by taking 6 to run from =
to 0. Thus near z = a we shall have f(z) ~ R/(z —a), where R is the residue of the simple

pole at z = a, and dz = ipe'? d, whence

/vf(z)dz:iﬁ/ﬂodOZ—in. (5.210)

Sending R to infinity, and p to zero, the remaining two terms on the left-hand side of (5.209)
define what is called the Cauchy Principal Value Integral, denoted by P [,

P/_o:of(x)dxz/_:Ef(x)dx%—/azf(x)dx, (5.211)

where one takes the limit where the small positive quantity € goes to zero. Such a definition
is necessary in order to give meaning to what would otherwise be an ill-defined integral.
In general, we therefore arrive at the result that if f(z) has several simple poles on the

real axis, with residues ﬁbﬁ, as well as poles in the upper half plane with residues R, then

P/Oo flr)de=2miY Rj+ir > Ry. (5.212)
o - -

123



Here, the principal-value prescription is used to give meaning to the integral, analogously
o (5.211), at each of the simple poles on the real axis.

Consider, as an example, [% (sinz)/zdz. Actually, of course, this integrand has no

pole on the real axis, since the pole in 1/z is cancelled by the zero of sinz. But one way to
do the calculation is to say that we shall calculate the imaginary part of

o0 o0 o
/ e—da:—/ C°S$d+/ Sz (5.213)

0 I —

We must now use the principal-value prescription to give meaning to this integral, since
the real part of the integrand in (5.213), namely (cosz)/z, does have a pole at z = 0. But

«“

since we are after the imaginary part, the fact that we have “regulated” the real part of the

integral will not upset what we want. Thus from (5.212) we find that
o0 BICE
P/ —dzr=1im, (5.214)

and so from the imaginary part (which is all there is; the principal-value integral has

regulated the ill-defined real part to be zero) we get

/ T e = (5.215)

o

Notice that there is another way that we could have handled a pole on the real axis.
We could have bypassed aound it the other way, by taking a semicircular contour ¥ that
went into the lower half complex plane instead. Now, the integration (5.210) would be
replaced by one where 6 ran from 8 = 7 to 0 = 27 as one follows in the direction of the
arrow, giving, eventually, a contribution —ix R rather than +i7R in (5.212). But all is
actually well, because if we make a detour of this kind we should actually now also include
the contribution of this pole as an honest pole enclosed by the full contour C, so it will also
give a contribution 27iR in the first summation on the right-hand side of (5.212). So at
the end of the day, we end up with the same conclusion no matter which way we detour
around the pole.

Another common kind of real integral that can be evaluated using the calculus of residues

involves the log function. Consider, for example, the following:

® logzdx
I= — . 5.216
| it (219

One way to evaluate this is by taking the usual large semicircular contour in the upper half
plane, with a little semicircular detour 7 (in the upper half plane) bypassing the branch

point at z = 0, as in Figure 4. Then we shall have

¢ logxdx log zdz /OO log x dx
—_— —_— ———— =27iR, 5.217
[ avert Lot ), whep = (o217
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where R is the residue of (log z)/(1+422)? at the double pole at z = i in the upper half plane.
(As usual, we must check that the integrand indeed has the appropriate fall-off property
so that the contribution from the large semicircular arc goes to zero; it does.) There are a
couple of new features that this example illustrates.

First, consider the integral around the little semicircle . Letting z = pe'? there we

shall have

/ logzdz . /” log(peig)ewdé“ (5.218)
o 0

TP~ 7y (2P

This looks alarming at first, but closer inspection reveals that it will give zero, once we take

the limit p — 0. The point is that after writing log(pe'?) = logp 4 16, we see that the @

integrations will not introduce any divergences, and so the overall factors of p or p logp in
the two parts of the answer will both nicely kill off the contributions, as p — 0.

Next, consider the first integral on the left-hand side of (5.217). For this, we can change

variable from x, which takes negative values, to t, say, which is positive. But we need to

take care, because of the multi-valuedness of the log function. So we should define
r=¢"t. (5.219)

In all places except the log, we can simply interpret this as £ = —t, but in the log we shall
have log z = log(e!™ t) = logt + im. Thus the first integral in (5.217) gives
0 oo )

/. (Tgﬁﬁfz -], (ioittg; wir | @ ftﬁ)Z | (5.220)
(Now that we know that there is no contribution from the little semicircle v, we can just
take p = 0 and forget about it.) The first term on the right-hand side here is of exactly the
same form as our original integral I defined in (5.216). The second term on the right is a
simple integral. It itself can be done by contour integral methods, as we have seen. Since

there is no new subtlety involved in evaluating it, let’s just quote the answer, namely
oo dt 1
—— = 5T. 5.221
/0 1+2)32 " (5:221)
Taking stock, we have now arrived at the result that
2l + Hir? =27iR. (5.222)

It remains only to evaluate the residue of (logz)/(1 + 22)? at the double pole at z = i in

the upper half plane. We do this with the standard formula (5.191). Thus we have

d[ log =z ],

R=— e (5.223)

dz
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to be evaluated at z = 1 = €l /2. (Note that we should write it explicitly as ¢'™/2 in order
to know exactly what to do with the log z term.) Thus we get
R=ji+3m. (5.224)

Plugging into (5.222), we see that the imaginary term on the left-hand side is cancelled by

the imaginary term in (5.224), leaving just 2] = —7/2. Thus, eventually, we arrive at the
result that
® logzdx 1
— = —3T. 5.225
/0 I+a22 " 4" (5.225)

Aside from the specifics of this example, there are two main general lessons to be learned
from it. The first is that if an integrand has just a logarithmic divergence at some point
z = a, then the contour integral around a little semicircle or circle centred on z = a will give
zero in the limit when its radius p goes to zero. This is because the logarithmic divergence
of log p is outweighed by the linear factor of p coming from writing dz = ipe'? df.

The second general lesson from this example is that one should pay careful attention to
how the a coordinate redefinition is performed, for example when re-expressing an integral
along the negative real axis as an integral over a positive variable (like ¢ in our example).
In particular, one has to handle the redefinition with appropriate care in the multi-valued

log function.

5.8 Analytic Continuation

Analyticity of a function of a complex variable is a very restrictive condition, and conse-
quently it has many powerful implications. One of these is the concept of analytic contin-
uation. Let us begin with an example.

Consider the function g(z), which is defined by the power series

g(z) => 2" (5.226)
n>0

It is easily seen, by applying the Cauchy test for convergence, that this series is absolutely
convergent for |z| < 1. It follows, therefore, that the function g(z) defined by (5.226) is
analytic inside the unit circle |z| < 1. It is also true, of course, that g(z) is singular outside
the unit circle; the power series diverges.

Of couse (5.226) is a very simple geometric series, and we can see by inspection that it

can be summed, when |z| < 1, to give

fz) = . (5.227)



This is analytic everywhere except for a pole at z = 1. So we have two functions, g(z) and
f(2), which are both analytic inside the unit circle, and indeed they are identical inside
the unit circle. However, whereas the function g(z) is singular outside the unit circle, the
function f(z) is well-defined and analytic in the entire complex plane, with the exception
of the point z = 1 where it has a simple pole.

It is evident, therefore, that we can view f(z) = 1/(1 — z) as an extrapolation, or
continuation, of the function g(2) = 1+ 2 + 2% + - -+ outside its circle of convergence. As
we shall prove below, there is an enormously powerful statement that can be made; the
function 1/(1 — z) is the unique analyic continuation of the original function g(z) defined in
the unit circle by (5.226). This uniqueness is absolutely crucial, since it means that one can
sensibly talk about the analytic continuation of a function that is initially defined in some
restricted region of the complex plane. A priori, one might have imagined that there could
be any number of ways of defining functions that coincided with g(z) inside the unit circle,
but that extrapoloated in all sorts of different ways as one went outside the unit circle. And
indeed, if we don’t place the extra, and very powerful, restriction of analyticity, then that
would be exactly the case. We could indeed dream up all sorts of non-analytic functions
that agreed with g(z) inside the unit circle, and that extrapolated in arbitrary ways outside
the unit circle.?? The amazing thing is that if we insist that the extrapolating function be
analytic, then there is precisely one, and only one, analytic continuation.

In the present example, we have the luxury of knowing that the function g(z), defined by
the series expansion (5.226), actually sums to give 1/(1 — z) for any z within the unit circle.
This immediately allows us to deduce, in this example, that the analytic continuation of

g(z) is precisely given by

g9(2) = ; (5.228)

which is defined everywhere in the complex plane except at z = 1. So in this toy example,
we know what the function “really is.”

Suppose, for a moment, that we didn’t know that the series (5.226) could be summed
to give (5.228). We could, however, discover that g(z) defined by (5.226) gave perfectly
sensible results for any z within the unit circle. (For example, by applying the Cauchy test
for absolute convergence of the series.) Suppose that we use these results to evaluate f(z)

in the neighbourhood of the point z = —%. This allows us, by using Taylor’s theorem, to

22We could, for example, simply define a function F(z) such that F(z) = g(z) for |2| < 1, and F(z) = h(z)
for |z| > 1, where h(z) is any function we wish. But the function will in general be horribly non-analytic on

the unit circle |2| = 1 where the changeover occurs.
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construct a series expansion for g(z) around the point z = —%:

(m)(_1
gz) =% % (z+ 1) (5.229)
n>0 ’

Where does this converge? We know from the earlier general discussion that it will converge
within a circle of radius R centred on z = —%, where R is the distance from z = —% to the
nearest singularity. We know that actually, this singularity is at z = 1. Therefore our new
Taylor expansion (5.229) is convergent in a circle of radius %, centered on z = —%. This
circle of convergence, and the original one, are depicted in Figure 5 below. We see that
this process has taken us outside the original unit circle; we are now able to evaluate “the
function ¢g(z)” in a region outside the unit circle, where its original power-series expansion

(5.226) does not converge.?3

Figure 5: The circles of convergence for the two series

23Secretly, we know that the power series we will just have obtained is nothing but the standard Taylor
expansion of 1/(1 — z) around the point z = —1:

1
1—=z

=243+ D)+ 2+ 8+ + (5.230)

3

which indeed converges in a circle of radius 3.
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It should be clear that be repeated use of this technique, we can eventually cover the
entire complex plane, and hence construct the analytic continuation of g(z) from its original
definition (5.226) to a function defined everywhere except at z = 1.

The crucial point here is that the process of analytic continuation is a unique one. To

show this, we can establish the following theorem:

Let f(z) and g(z) be two functions that are analytic in a region D, and suppose
that they are equal on an infinite set of points having a limit point zg in D. Then

f(z) = g(z) for all points z in D.

In other words, if we know that the two analytic functions f(z) and g(z) agree on an

t?* 29 in D, then they must agree everywhere in D. (Note that

arc of points ending at poin
we do not even need to know that they agree on a smooth arc; it is sufficient even to know
that they agree on a discrete set of points that get denser and denser until the end of the
arc at z = zg is reached.)

To prove this theorem, we first define h(z) = f(z) — g(z). Thus we know that h(z)
is analytic in D, and it vanishes on an infinite set of points with limit point z;. We are

required to prove that h(z) must be zero everywhere in D. We do this by expanding h(z)

in a Taylor series around z = zy:
o0
(2) = Z ar (7 — 2)" (5.231)

which converges in some neighbourhood of zy since h(z) is analytic in the neighbourhood
of z = zp. Since we want to prove that h(z) = 0, this means that we want to show that all
the coefficients a; are zero.

Of course since h(zp) = 0 we know at least that ap = 0. We shall prove that all the
aj, are zero by the time-honoured procedure of supposing that this is not true, and then
arriving at a contradiction. Let us suppose that a,,, for some m, is the first non-zero ay

coefficient. This means that if we define

p(z) (z—20) ™h(z) = (z — 20) mZak (z — zo)*,
k=m

— am+am—|—1 (Z—ZO)+ , (5232)

then p(z) is an analytic function, and its Taylor series is therefore also convergent, in the

neighbourhood of z = zp. Now comes the punch-line. We know that h(z) is zero for all

24 An example of such a set of points would be z, = zo + 1/n, withn=1,2,3....
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the points z = z, in that infinite set that has zy as a limit point. Thus in particular there
are points z, with n very large that are arbitrarily close to z = zp, and at which h(z)
vanishes. It follows from its definition that p(z) must also vanish at these points. But since
the Taylor series for p(z) is convergent for points z near to z = zq, it follows that for p(z,)
to vanish when n is very large we must have a, = 0, since all the higher terms in the
Taylor series would be negligible. But this contradicts our assumption that a,, was the first
non-vanishing coefficient in (5.231). Thus the premise that there exists a first non-vanishing
coefficient was false, and so it must be that all the coefficients a; vanish. This proves that
h(z) = 0, which is what we wanted to show.

The above proof shows that h(z) must vanish within the circle of convergence, centered
on z = zy, of the Taylor series (5.231). By repeating the discussion as necessary, we can
extend this region gradually until the whole of the domain D has been covered. Thus we
have established that f(z) = g(z) everywhere in D, if they agree on an infinite set of points
with limit point z.

By this means, we may eventually seek to analytically extend the function to the whole
complex plane. There may well be singularities at certain places, but provided we don’t
run into a solid “wall” of singularities, we can get around them and extend the definition
of the function as far as we wish. Of course if the function has branch points, then we will
encounter all the usual multi-valuedness issues as we seek to extend the function.

Let us go back for a moment to our example with the function g(z) that was originally
defined by the power series (5.226). We can now immediately invoke this theorem. Tt is
easily established that the series (5.226) sums to give 1/(1 — z) within the unit circle. Thus
we have two analytic functions, namely g(z) defined by (5.226) and f(z) defined by (5.227)
that agree in the entire unit circle. (Much more than just an arc with a limit point, in
fact!) Therefore, it follows that there is a unique way to extend analytically outside the
unit circle. Since f(z) = 1/(1 — z) is certainly analytic outside the unit circle, it follows
that the function 1/(1 — z) is the unique analytic extension of ¢g(z) defined by the power
series (5.226).

Let us now consider a less trivial example, to show the power of analytic continuation.

5.9 The Gamma Function

The Gamma function I'(z) can be represented by the integral

o
[(z) = / e 't* 7t (5.233)
0
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which converges if Re(z) > 0. It is easy to see that if Re(z) > 1 then we can perform an
integration by parts to obtain
00 00
T(2) = (2 — 1) / e 2t — [e*t tH]O =(z-1)T(z—-1), (5.234)
0

since the boundary term then gives no contribution. Shifting by 1 for convenience, we have
F(z+1) =2I(2). (5.235)

One easily sees that if z is a positive integer k, the solution to this recursion relation is
['(k) = (k — 1)!, since it is easily established by elementary integration that I'(1) = 1. The
responsibility for the rather tiresome shift by 1 in the relation I'(k) = (k — 1)! lies with
Leonhard Euler.

Of course the definition (5.233) is valid only when the integral converges. It’s clear that
the e~! factor ensures that there is no trouble from the upper limit of integration, but from
t = 0 there will be a divergence unless Re(z) > 0. Furthermore, for Re(z) > 0 it is clear that
we can differentiate (5.233) with respect to z as many times as we wish, and the integrals
will still converge.?® Thus I'(z) defined by (5.233) is finite and analytic for all points with
Re(z) > 0.

We can now use (5.235) in order to give an analytic contiuation of I'(z) into the region

where Re(z) < 0. Specifically, if we write (5.235) as

T(2) = @ , (5.237)

then this gives a way of evaluating I'(z) for points in the strip —1+¢ < Re(z) < € (¢ a small
positive quantity) in terms of I'(z) at points with Re(z) > 0, where it is known to be analytic.
The function so defined, and the original Gamma function, have an overlapping region of
convergence, and so we can make an analytic continuation into the strip —14+¢ < Re(z) < e.
The process can then be applied iteratively, to cover more and more strips over to the left-
hand side of the complex plane, until the whole plane has been covered by the analytic
extension.

Of course the analytically continued function I'(z) is not necessarily analytic at every

point in the complex plane, and indeed, as we shall see, it has isolated poles. To explore

ZWrite t° = e* 1°8¢, and so, for example,
I'(z) = / dtt* ' logte ", (5.236)
0

Now matter how many powers of logt are brought down by repeated differentiation, the factor of +* % will

ensure convergence at t = 0.
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the behaviour of I'(z) in the region of some point z with Re(z) < 0, we first iterate (5.235)

just as many times n as are necessary in order to express I'(z) in terms of I'(z + n + 1):

I'z+n+1)
(z4+n)(z+n—-1)(z+n—-2)---2"

I'(2) = (5.238)

where we choose n so that Re(z +n + 1) > 0 but Re(z + n) < 0. Since we have already
established that I'(z + n + 1) will therefore be finite, it follows that the only singularities
of I'(z) can come from places where the denominator in (5.238) vanishes. By virtue of our
choice of n, this will therefore happen when z = 0 or z is a negative integer.

To study the precise behaviour near the point z = —n, we may set 2 = —n + ¢, where
le] << 1, and use (5.238) to give

(=1)"T(1 +¢)
m—e)n—e—1)---(1—¢€)e’

(—n+e) = (5.239)

Thus there is a simple pole at € = 0. Its residue is calulated by multiplying (5.239) by € and
taking the limit ¢ — 0. Thus we conclude that I'(z) is meromorphic in the whole finite
complex plane, with simple poles at the points z = 0, —1, —2, —3,..., with the residue at
z = —n being (—1)"/n!. (Since I'(1) = 1.)

The regular spacing of the poles of I'(z) is reminiscent of the poles of the functions
cosec mz or cot mz. Of course in these cases, they have simple poles at all the integers; zero
negative and positive. We can in fact make a function with precisely this property out of
['(z), by writing the product

L(z)T(1—=z). (5.240)

From what we saw above, it is clear that this function will have simple poles at precisely
all the integers. Might it be that this function is related to cosec 7z or cot w27

To answer this, consider again the original integral representation (5.233) for I'(z), and
now make the change of variables t — t2. This implies dt/t — 2dt/t, and so we shall

have

T'(z) =2 / e~ 12 gt (5.241)
0

Thus we may write
o o0 5 5
I(a)D(1 —a) = 4/ dx / dy e~ (T°HY7) g20=1 ) =2041 (5.242)
0 0
Introducing polar coordinates via x = r cos ), y = r sinf, we therefore get

1 00 .
T(a)T(1 —a) = 4 / " (cot )2 df / re dr . (5.243)
0 0
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The r integration is trivially performed, giving a factor of %, and so we have

lx
() T(1 —a) = 2/2 (cot )24 df. (5.244)
0
Now, we let s = cot 8. This gives

oo g20—1 g
r (1—a)=2 . .24
(a)T(1 —a) / 1+s2 (5.245)

If we restrict a to be a real number in the range 0 < a < 1, this integral falls into the

category of type 3 that we discussed a couple of sections ago. Thus we have

I'(a)T(1 —a) = ZRC, (5.246)

sin( 27T a)

where R, are the residues at the poles of (—2)2¢~1 /(1 + 22). These poles lie at z = +i, and

the residues are easily seen to be ei””‘ Thus we get

o o cos(ma) — 27 cos(ma)
P(@) (1 ~a) sin(27 a) (wa) 2sin(ma) cos(ma)’
- sinwwa ' 2

By the now-familiar technique of analytic continuation, we therefore conclude that

™

T(2) (1 - 2) = (5.248)

sinmz’
in the whole complex plane. This result is one that will be useful in the next section, when
we shall discuss the Riemann Zeta function.

Before moving on to the Riemann Zeta function, let us first use (5.248) to uncover a
couple more properties of the Gamma function. The first of these is a simple fact, namely

that
I(3) = . (5.249)

We see this by setting z = 3 in (5.248).
The second, more significant, property of I'(z) that we can deduce from (5.248) is that

['(z) ! an entire function. That is to say, I'(z) !

is analytic everywhere in the finite complex
plane. Since we have already seen that the only singularities of I'(z) are poles, this means
that we need only show that I'(z) has no zeros in the finite complex plane. Looking at
(5.248) we see that if it were to be the case that I'(z) = 0 for some value of z, then it would

have to be that T'(1 — z) were infinite there.?® But we know precisely where I'(1 — z) is

26Recall that sin 7z is an entire function, and it therefore has no singularity in the finite complex plane.

Consequently, 1/(sin 72) must be non-vanishing for all finite z.
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infinite, namely the poles at z = 1,2,3..., and I'(z) is certainly not zero there. Therefore

~1 is analytic

['(z) is everywhere non-zero in the finite complex plane. Consequently, I'(z)
everywhere in the finite complex plane, thus proving the contention that I'(z)~! is an entire
function.

Before closing this section, we may observe that we can also give contour integral rep-
resentations for the Gamma function, as follows. Consider first the Hankel integral

P(z) = —— /C et (=) Ldt, (5.250)

2isinmz
where we integrate in the complex ¢-plane around the so-called Hankel Contour depicted in
Figure 6 below. This starts at +oo just above the real axis, swings around the origin, and

goes out to +o0o again just below the real axis.

M
?

Figure 6: The Hankel contour

By methods analogous to those we used previously, we see that we can deform this into
the contour depicted in Figure 7. If Re(z) > 0, there will be no contribution from integrating
around the small circle surrounding the origin, in the limit where its radius is sent to zero.
Hence the contour integral is re-expressible simply in terms of the two semi-infinite line

integrals just above and below the real axis.
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Figure 7: The deformation of the Hankel contour

2miy for  running from 0 to +oo.

For the integral below the real axis, we have t = e
Therefore (—t) = €™ x there. For the integral above the real axis, we have ¢t = z, and hence
(—t) = e"'™ g, with z running from +o00 to 0. Consequently, we get

/ et (_t)z—l dz = (eiﬁ(z—l) _ e—iﬁ(z—l)) / ezl dt,
(& 0

= —Qisin(m)/ e tt* 1 dt, (5.251)
0

and hence we see that (5.250) has reduced to the original real integral expression (5.233)
when Re(z) > 0. However, the integral in the expression (5.250) has a much wider appli-
cability; it is actually single-valued and analytic for all z. (Recall that we are integrating
around the Hankel contour, which does not pass through the point ¢ = 0, and so there is
no reason for any singularity to arise, for any value of z.)
Combining (5.250) with (5.248), we can give another contour integral expression for
['(z), namely
= —— /Ce_t (—t)*dt, (5.252)



where we again integrate around the Hankel contour of Figure 6, in the complex ¢ plane.
Again, this integral is valid for all z. Indeed with this expression we see again the result
that we previously deduced from (5.248), that ['(z)~! is an entire function, having no
singularities anywhere in the finite complex plane.

A pause for reflection is appropriate here. What we have shown is that I'(z) defined by
(5.250) or (5.252) gives the analytic continuation of our original Gamma function (5.233) to
the entire complex plane, where it is analytic except for simple poles at z = 0, —1,—2,....
How is it that these contour integrals do better than the previous real integral (5.233),
which only converged when the real part of z was greater than 0?7 The crucial point is
that in our derivation, when we related the real integral in (5.233) to the contour integral
(5.250), we noted that the contribution from the little circle as the contour swung around
the origin would go to zero provided that the real part of z was greater than 0.

So what has happened is that we have re-expressed the real integral in (5.233) in terms
of a contour integral of the form (5.250), which gives the same answer when the real part
of z is greater than 0, but it disagrees when the real part of z is < 0. In fact it disagrees
by the having the rather nice feature of being convergent and analytic when Re(z) < 0,
unlike the real integral that diverges. So as we wander off westwards in the complex z plane
we wave a fond farewell to the real integral, with its divergent result, and adopt instead
the result from the contour integral, which happily provides us with analytic answers even
when Re(z) < 0. We should not be worried by the fact that the integrals are disagreeing
there; quite the contrary, in fact. The whole point of the exercise was to find a better way
of representing the function, to cover a wider region in the complex plane. If we had merely
reproduced the bad behaviour of the original integral in (5.233), we would have achieved
nothing by introducing the contour integrals (5.250) and (5.252).

Now we turn to the Riemman Zeta function, as a slightly more intricate example of the

analytic continuation of a function of a complex variable.

5.10 The Riemann Zeta Function

Consider the Riemman Zeta Function, ((s). This is originally defined by
<1
C(s) = —. (5.253)
n
n=1
This sum converges whenever the real part of s is greater than 1. (For example, ((2) =
P on>1 n~2 can be shown to equal 72/6, whereas (1) = o>t n~! is logarithmically diver-

gent. The sum is more and more divergent as Re(s) becomes less than 1.)
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Since the series (5.253) defining ((s) is convergent everywhere to the right of the line
Re(s) = 1 in the complex plane, it follows that {(s) is analytic in that region. It is reasonable
to ask what is its analytic continuation over to the left of Re(s) = 1. As we have already
seen from the simple example of f(z) = 1/(1 — z), the mere fact that our original power
series diverges in the region with Re(s) < 0 does not in any way imply that the “actual”
function ((s) will behave badly there. It is just our power series that is inadequate.

How do we do better? To begin, recall that we define the Gamma function I'(s) by
I'(s) = / e % us du (5.254)
0

We saw in the previous section that if s = k, where & is an integer, then I'(k) is nothing

but the factorial function (k — 1)!. If we now let v = nt, then we see that

o0
F(s):ns/ e Mt gt (5.255)
0

We can turn this around, to get an expression for n~%.

Plugging into the definition (5.253) of the Zeta function, we therefore have

((s) = % g:l/ooo e Ml dt (5.256)

Taking the summation through the integral, we see that we have a simple geometric series,

which can be summed explicitly:

—nt _ —
P (5.257)

n=1

and hence we arrive at the following integral representation for the Zeta function:

oo 45—1
C(S)zr(ls) /0 tet _dlt. (5.258)

So far so good, but actually we haven’t yet managed to cross the barrier of the Re(s) = 1
line in the complex plane. The denominator in the integrand goes to zero like ¢ as ¢ tends
to zero, so to avoid a divergence from the integration at the lower limit ¢ = 0, we must
insist that the real part of s should be greater than 1. This is the same restriction that
we encountered for the original power series (5.253). What we do now is to turn our real
integral (5.258) into a complex contour integral, using the same sort of ideas that we used
in the previous section.

To do this, consider the integral

e —1

/C (=2)""'dz (5.259)
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where C' is the same Hankel contour, depicted in Figure 6, that we used in the discussion of
the Gamma function in the previous section. Since the integrand we are considering here
clearly has poles at z = 2w in for all the integers n, we must make sure that as it circles
round the origin, the Hankel contour keeps close enough to the origin (with passing through
it) so that it does not encompass any of the poles at z = 271, £47i,....

By methods analogous to those we used previously, we see that we can again deform
this into the contour depicted in Figure 7, where the small circle around the origin will be
sent to zero radius. It is clear that there is no contribution from the little circle, provided
that the real part of s is greater than 1. Hence the contour integral is re-expressible simply
in terms of the two semi-infinite line integrals just above and below the real axis.

For the integral below the real axis, we have z = €271 ¢, for ¢ running from 0 to +oo.
Therefore (—z) = e/ ™ t there. For the integral above the real axis, we have z = ¢, and hence
(—z) = e '™ ¢, with ¢ running from +o0o to 0. Consequently, we get

_\s—1 . . o0 ¢s—1
[ EE ooy ey [T (5.260)
C 0

e —1 et — 17’

From (5.258), this means that we have a new expression for the Zeta function, as

—2)51dz
C(s) = L /C( )" dz (5.261)

2iI(s) sinms e? —1

We can neaten this result up a bit more, if we make use of the identity (5.248) satisfied

by the Gamma function, which we proved in the previous section:

™

I'(s)T'(1—s) = . 5.262
()01 —5) = = (5.262)
Using this in (5.261), we arrive at the final result
'l —ys) (—2)* tdz
= — . 2
(s) 2ri /C et — 1 (5263)

Now comes the punch-line. The integral in (5.263) is a single-valued and analytic func-
tion of s for all values of s. (Recall that it is evaluated using the Hankel contour in Figure 6,
which does not pass through ¢ = 0, so there is no reason for any singular behaviour.) Con-
sequently, the only possible non-analyticity of the Zeta function can come from the I'(1 — s)
prefactor. Now, we studied the singularities of the Gamma function in the previous section.
The answer is that I'(1 — s) has simple poles at s = 1,2,3,..., and no other singularities.
So these are the only possible points where ((s) might have poles. But we already know
that ((s) is analytic whenever the real part of s is greater than 1. So it must in fact be the

case that the poles of I'(1 — s) at s = 2,3,... are exactly cancelled by zeros coming from
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the integral in (5.263). Only the pole at s = 1 might survive, since we have no independent
argument that tells us that ((s) is analytic there. And in fact there is a pole in ((s) there.

To see this, we need only to evaluate the integral in (5.263) at s = 1. This is an easy

1 dz
— /C e (5.264)

omi e? —1°

task. It is

which is just given by the residue of the integrand at z = 0. Doing the series expansion,

one finds

ERLIE S SR T (5.265)

so the residue is 1. From (5.263), this means that near to s = 1 we shall have
C(s) ~=T(1—3s). (5.266)

In fact T'(1 — s) has a simple pole of residue —1 at s = 1, as we saw in the previous section,
and so the upshot is that ((s) has a simple pole of residue +1 at s = 1, but it is otherwise
analytic everywhere.

It is interesting to try working out ((s) for some values of s that were inaccessible in
the original series definition (5.253). For example, let us consider ((0). From (5.263) we

therefore have

c(0) = /C z(L (5.267)

" 2ri er —1)’
where we have used that T'(1) = 1. Now, it is clear that we can close off the Hankel contour
of Figure 6 out at +o0o near the real axis, since we will just be adding a small line integral
at |z| ~ R, in the limit where R — co. The 1/z factor in the integrand therefore ensures
that we have a finite contribution there of the form

1 bo 0
_ d e! (5.268)
2 J g,

which becomes arbitrarily small as we take the angular arc width 6y to zero. We therefore
just need to use the calculus of residues to evaluate (5.267), for a closed contour encircling

the second-order pole at z = 0. For this, we have

1 1 1 1
S R ST T 2
z(er—1) 22 2z TR (5-269)

showing that the residue is —%. Thus we obtain the result

¢(0) = —3. (5.270)
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One can view this result rather whimsically as a “regularisation” of the divergent ex-

pression that one would obtain from the original series definition of ((s) in (5.253):

O =Yn"=Y1=1+1+14+1+=—

n>1 n>1

(5.271)

N[

Actually, this strange-looking formula is not entirely whimsical. It is precisely the sort
of divergent sum that arises in a typical Feynman diagram loop calculation in quantum
field theory (corresponding, for example, to summing the zero-point energies of an infinite
number of harmonic oscillators). The whole subtlety of handling the infinities in quantum
field theory is concerned with how to recognise and subtract out unphysical divergences
associated, for example, with the infinite zero-point energy of the vacuum. This process
of renormalisation and regularisation can actually, remarkably, be made respectable, and
in particular, it can be shown that the final results are independent of the regularisation
scheme that one uses. One scheme that has been developed is known as “Zeta Function
Regularisation,” and it consists precisely of introducing regularisation parameters that cause
a divergent sum such as (5.271) to be replaced by >_n>1n °. The regularisation scheme
(whose rigour can be proved up to the “industry standards” of the subject) then consists of
replacing the infinite result for -, -, 1 by the expression ((0), where ((s) is the analytically-
continued function defined in (5.263).

The Riemann Zeta function is very important also in number theory. This goes beyond
the scope of this course, but a couple of remarks on the subject are maybe of interest. First,

we may make the following manipulation, valid for Re(s) > 1:

Cs) = Y m S =1 427 43 4475455465 +75+...
n>1
= 174374574 427 (175 4277 437 -+ ), (5.272)
whence
(1-27°)C(s) =1 +37° 45" +---. (5.273)

So all the terms where n is a multiple of 2 are now omitted in the sum. Now, repeat this

excercise but pulling out a factor of 37%:

(1—2"9¢(s) = 1745 47 411 5+ +3 (1 +3 45475 +-..),
= 1745 T AT 4 370 (1-27%) ((s), (5.274)
whence
(1-2"%)(1—-3"5C¢(8) =175 +5 5+ 75411754+, (5.275)
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We have now have a sum where all the terms where n is a multiple of 2 or 3 are omitted.
Next, we do the same for factors of 5, then 7, then 11, and so on. If 2,3,5,7,...,p denote

all the prime numbers up to p, we shall have

(1=2)(1=3"%) - (1—p *)C(s) =1+ n"*, (5.276)

where Y indicates that only those values of n that are prime to 2,3,5,7,...,p occur in
the summation. It is now straightforward to show that if we p to infinity, this summation
goes to zero, since the “first” term in the sum is the lowest integer that is prime to all the
primes, i.e. n = oo. Since Re(s) > 1, the “sum” is therefore zero. Hence we arrive at the
result, known as Fuler’s product for the Zeta function:
S II(1- i) . Re(s) > 1, (5.277)
¢(s) 5 p*

where the product is over all the prime numbers. Thus we see that the Riemann Zeta
function can play an important role in the study of prime numbers.

As a final remark, there is a very important, and still unproven conjecture, known as
Riemann’s Hypothesis. This concerns the location of the zeros of the Zeta function. One
can easily see from Euler’s product (5.277), or from the original series definition (5.253),
that ((s) has no zeros for Re(s) > 1. One can also rather easily show that when Re(s) < 0,
the only zeros lie at the negative even integers, s = —2,—4,.... (We shall prove this in
the next section, in fact.) This leaves the strip 0 < Re(s) < 1 unaccounted for. Riemann’s
Hypothesis, whose proof would have far-reaching consequences in number theory, is that in

this strip, all the zeros of ((s) lie on the line Re(s) = 3.

5.11 Summation of Series

Another application of the calculus of residues is for evaluating certain types of infinite
series. The idea is the following. We have seen that the functions cosec 7z and cot mz have
the property of having simple poles at all the integers, whilst otherwise being analytic in
the whole finite complex plane. In fact, they are bounded everywhere as one takes |z| to
infinity, except along the real axis where the poles lie. Using these functions, we can write
down contour integrals that are related to infinite sums.

First, let us note that the residues of the two trigonometric functions are as follows:

e 7w cotwz has residue 1 at z =n

e mcosec z has residue (—1)" at z =n
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Consider the following integral:

I, = ?i f(z)m cot z, (5.278)

where C), is a closed contour that encloses the poles of cot mz at z = 0,£1,%2,..., £p, but
does not enclose any that lie at any larger value of |z|. A typical choice for the contour
Cy is a square, centred on the origin, with side 2p + 1. (See Figure 8 below.) Then by the

theorem of residues we shall have

I, =2rmi zp: fln)+2mi ) R, (5.279)

n=-p
where R, denotes the residue of f(z) 7 cot 7z at pole number a of the function f(z), and
the summation is over all such poles that lie within the contour C),. In other words, we have
simply split the total sum over residues into the first term, which sums over the residues at
the known simple poles of cot 7z, and the second term, which sums over the poles associated
with the function f(z) itself. Of course, in the first summation, the residue of f(z) w cot 7z
at z = n is simply f(n), since the pole in 7 cot w2z is simple, and itself has residue 1. (We

are assuming here that f(z) doesn’t itself have poles at the integers.)

Now, it is clear that if we send p to infinity, so that the corresponding contour C, grows

to infinite size and encompasses the whole complex plane, we shall have

fc f(2) 7 cot mz = 2mi i fln)+2ri> R, (5.280)

n=—0oo a

where the second sum now ranges over the residues R, of f(z)m cot 7z at all the poles of

f(2). Furthermore, let us suppose that the function f(z) is such that
|z f(z)] — 0 as |z| — o0. (5.281)

It follows that the integral around the contour C'y, out at infinity will be zero. Consequently,

we obtain the result that

i f(n)==> Ra, (5.282)

n=—o00
where the right-hand sum is over the residues R, of f(z) 7 cot 7z at all the poles of f(z).
In a similar fashion, using cosec 7z in place of cot 7z, we have that

S (<) fn) = = 3" R, (5.283)

n=—oo

where the right-hand sum is over the residues of f(z) mcosec 7z at all the poles of f(z).
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Figure 8: The square contours enclose the poles of f(z) (square dots) and the poles of cot 7wz

or cosec mz (round dots)

Consider an example. Suppose we take

f(z) = G Jrla)g : (5.284)

This has a double pole at z = —a. Using (5.191), we therefore find that the residue of

f(z)m cotmz at z = —a is
R = —n? cosec *(ma) (5.285)

and hence from (5.282) we conclude that

o 1 72

> CETET (5.286)

< sin® wa
n=—oo

We can also evaluate the analgous sum with alternating signs, by using (5.283) instead.

Now, we caluate the residue of (z + a) 2 mcosecz at the double pole at z = —a, and
conclude that )
00 _1)n
Z ( ) ;= ™ .C;)S 7ra‘ (5.287)
. (n+a) sin“ ma
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Clearly there are wide classes of infinite series that can be summed by this method. We
conclude this section with an example which is relevant to our previous discussion of the
zeros of the Riemann Zeta function. Recall that we showed in the previous section that the
Zeta function could be represented by the integral (5.263), which we repeat here:

IR (—z)s_1 dz
((s) = = /. , (5.288)

2m1 e —1

where C' is the Hankel contour. Now, imagine making a closed contour C’, consisting of
a large outer circle, centred on the origin, and with radius (2N + 1) 7, which joins onto
the Hankel contour way out to the east in the complex plane. See Figure 9 below. As we
observed previously, the integrand in (5.288) has poles at z = 2win for all the integers
n. In fact, of course, it is very similar to the cosec and cot functions that we have been
considering in our discussion in this section, since

1 ¢ 37

= 1 i

e 27 cosech (32). (5.289)

The only difference is that because we now have the hyperbolic function cosech rather than
the trigonometric function cosec, the poles lie along the imaginary axis rather than the real

axis.

Since the Hankel contour itself was arranged so as to sneak around the origin without
encompassing the poles at z = £27i, +47i,..., it follows that the closed contour C’ will
precisely enclose the poles at z = 27 in, for all non-vanishing positive and negative integers

n. For some given positive integer m, consider the pole at
z=2rim=2re2"\m. (5.290)
When we evaluate the residue R, here, we therefore have

Ron = (2me™ 2™ im)sL | (5.291)

z

since (e? — 1)~ itself clearly has a simple pole with residue 1 there. (We have used the

fact that (5.290) implies —z = 27rmef%”i, since we have to be careful when dealing with
the multiply-valued function (—z)*~'.) There is also a pole at z = —27 e%”im, which by

similar reasoning will have the residue R_,, given by
R = (2me2™m)* L, (5.292)
Putting the two together, we therefore get
Rm +Rom =2(2rm) ! sin(ins). (5.293)

2
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ah

Figure 9: The contour C’ composed of the Hankel contour plus a large circle

By the theorem of residues, it follows that if we evaluate
_,\s—1 d
/ (=2) dz (5.294)

where C' is the closed contour defined above, and then we send the radius (2N + 1)7 of the
outer circle to infinity, we shall get
—2)* L dz )
[ s i,
roer -l m>1

= —Ari Z (2mm)* ! sin(irs)

m>1

= —2(2m)°isin(3ms) Z m*

m>1
= —2(2n)%isin(irs)C(1—s). (5.295)

It is clear from the final step that we should require Re(s) < 0 here. (Note that the direction
of the integration around large circle is clockwise, which is the direction of decreasing phase,
so we pick up the extra —1 factor when using the theorem of residues.)

Now, if we consider the closed contour C” in detail, we find the following. It is comprised

of the sum of the Hankel contour, plus the circle at large radius R = (2N + 1) 7, with N
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sent to infinity. On the large circle we shall have
(=) Y = R, (5.296)

which falls off faster than 1/R since we are requiring Re(s) < 0. This is enough to outweigh
the factor of R that comes from writing z = Rel? on the large circle. Since the (e* — 1)7!
factor cannot introduce any divergence (the radii R = (2N + 1) 7 are cleverly designed
to avoid passing through the poles of (e — 1)71), it follows that the contribution from
integrating around the large circle goes to zero as N is sent to infinity. Therefore when
evaluating the contour integral on the left-hand side of (5.295), we are left only with the
contribution from the Hankel contour C. But from (5.288), this means that we have

—2) 51 dy )51y i
/,( ez)_1d :/C( ez)_ld :_F(i—s) ¢(s). (5.297)

Comparing with (5.295), we therefore conclude that if Re(s) < 0,

C(s) =2(2n)* 7' T(1 — s) sin(ins) ¢(1 — ). (5.298)

[\

This can be neatened up using (5.248) to write I'(1 — s) = 7/(I'(s) sin(ws)), and then

using the fact that sin(ms) = 2sin(37s) cos(3ms). This gives us the final result

2511 (s) {(s) cos(3ms) = ¢ (1 —s), (5.299)

Both sides are analytic functions, except at isolated poles, and so even though we derived
the result under the restriction Re(s) < 0, it immediately follows by analytic continuation
that it is valid in the whole complex plane.

This beautiful formula was discovered by Riemann. What wonderful days they must
have been, when such a result was waiting to be discovered!

We can use Riemann’s formula to prove the result stated in the previous section, that
for Re(s) < 0, the only zeros of ((s) lie at the negative even integers, s = —2, —4.... To do
this, we need only observe that taking Re(s) > 1 in (5.299), the functions making up the
left-hand side are non-singular. Furthermore, in this region the left-hand side is non-zero
except at the zeros of cos(17 s). (Since I'(s) and ((s) are both, from their definitions, clearly
non-vanishing in this region.) In this region, the zeros of cos(3ms) occur at s = 2n + 1,
where n is an integer with n > 1. They are simple zeros. Thus in this region the right-hand
side of (5.299) has simple zeros at s = 2n + 1. In other words, ((s) has simple zeros at
s =—2,—4,—6,..., and no other zeros when Re(s) < 0.

Combined with the observation that the original series definition (5.253) makes clear that

((s) cannot vanish for Re(s) > 1, we arrive at the conclusion that any possible additional
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zeros of ((s) must lie in the strip with 0 < Re(s) < 1. Riemann’s formula does not help
us in this strip, since it reflects it back onto itself. It is known that there are infinitely
many zeros along the line Re(s) = % As we mentioned before, the still-unproven Riemann

Hypothesis asserts that there are no zeros in this strip except along Re(s) = %

5.12 Asymptotic Expansions

Until now, whenever we have made use of a series expansion for a function it has been taken
as axiomatic that the series should be convergent in order to be usable, since a diverging
series obviously, by definition, is giving an infinite or ill-defined result. Surprisingly, perhaps,
there are circumstances where a diverging series is nevertheless useful. The basic idea is
that even if the series has a divergent sum, it might be that by stopping the summation at
some appropriate point, the partial summation can give a reasonable approximation to the
required function. An series of this sort is known as an Asymptotic Expanson.

First, let us look at an illustrative example. Consider the function f(x) defined by
oo
f(z) =é* / t~te tdt. (5.300)
T
Integrating by parts we get

00 00
flx) = € [— t ! e*t] —e” / t2e tdt,
xT

1 oo
= — - ex/ t™2 e tdt. (5.301)
x T

Integrating by parts n times gives

r 1 2 3 (=)™t (n —1)! ©
f(x):E_P—i_ﬁ_g_i_.“—i_ — +(—1)”n!ex/x t" e dt. (5.302)
This seems to be giving us a nice series expansion for f(z). The only trouble is that is is
divergent.
If we define
(=1)" (n —1)!
Up—1 = o ; (5.303)
then we would have
o0
flz) =" un (5.304)
n=0
if the series expansion made sense. If we apply the ratio test for convergence, we find
‘ Hm ‘ = (5.305)
Um—1 T
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which goes to infinity as m goes to infinity, at fixed . Thus the radius of convergence is
zZero.

Rather than abandoning the attempt, consider the partial sum

1 1 2 (=1)"n!

n
m=

Now let us compare Sy, (z) with f(x). From (5.302), we have

f@ﬂ—wﬁxx):(—lw+101+])hft/K}*”Qe*Uﬁ. (5.307)

xT
Using the fact that e* % <1 for z <t < oo, we therefore have

n!
xn—i—l :

T2 et dt < (n+1)! / T2 dt = (5.308)

x

£(@) = Su(a)] = (n+ Dte” |

x

We see that if we take = to be sufficiently large, whilst holding n fixed, then (5.308)
becomes very small. This means that the partial sum S, (z) will be a good approximation

to f(z) if we take x sufficiently large. If we take z > 2n, then we shall have

() = Sn(a)| = —_ _nn=D-2-1 1 (5.309)

Contlpntl  ontlpgp ... 2nflp2”

So by taking n to be large (implying that z will be large), we see that we can make
|f(z)—Sy(x)| to be very small indeed. The function f(z) can be calculated to high accuracy
for large = by taking the sum of a suitable number of terms in the series >, uy,. This is
known as an asymptotic expansion of f(z). It is usually denoted by the symbol ~ rather

than an equals sign, namely

(5.310)

m=1
A precise definition of an asymptotic expansion is the following. A divergent series

a a a
a0+;1+z_3+...+_”_|_... (5.311)

zn

in which the sum of the first (n + 1) terms is S, (2) is said to be an asymptotic expansion
of a function f(z) (for some specified range of values for arg (z)) if the quantity R,(z) =

2" (f(z) — Sp(z)) satisfies

lim
2] —» 0o R,(2) =0 (n fixed) , (5.312)
even though
b ) =0 (2 fixed) (5.313)
= X .
n— oo ’
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This last equation is the statement that the series is divergent, whilst (5.312) is the statement

that the series is usable in the asymptotic sense. In other words, we can ensure that
2" (f(2) = Sa(2))| <€ (5.314)

for any arbitrarily small €, by taking |z| to be sufficiently large.
It is easy to see that our original example (5.310) satisfies the condition (5.312), since

from (5.308) we have
|
|2 (f () — Sn(z))| < % —50  as 1 — oo. (5.315)

Notice that unlike ordinary convergent series expansions, an asymptotic expansion is not
unique; it is possible for two different functions to have an identical asymptotic expansion.
An equivalent statement is that there exist functions whose asymptotic expansion is simply

0. An example of such a function is
fl@)=¢e™", (5.316)

when z is positive. It is clear that this function itself satisfies the condition (5.312), for any

n:
e — 0 as T — 00, (5.317)

and so the appropriate asymptotic expansion for e~” is simply
et ~0. (5.318)

Of course, having established that there exist functions whose asymptotic expansion is 0, it
is an immediate consequence that adding such a function to any function f(z) gives another
with the same asymptotic expansion as f(z).

It is important to know the rules about what is allowable, and what is not allowable,
when performing manipulations with asymptotic expansions. Firstly, if two asymptotic
expansions that are valid in an overlapping range of values of arg(z) are multiplied to-
gether, then the result is an asymptotic expansion for the product of the two functions they

represented. Thus if

f(z) ~ i an 2~ " and g(z) ~ i bp 27", (5.319)
n=0 n=0
then N
f(2)g(2) ~ Y enz™™, (5.320)
n=0



where

Cn = apby_p. (5.321)
p=0

In other words, one just multiplies the expansions in the ordinary way, and, qua asymptotic
expansions, the results behave as one would hope. One proves this by directly verifying
that the condition (5.312) is satisfied by (5.320).

Another allowed manipulation is the integration of an asymptotic expansion. For ex-

ample, if we have an asymptotic expansion
o
fl@)~> apz™, (5.322)
n=2

then integrating this term by term gives an asymptotic expansion for the integral of f(z):

00 o0 00
/ fly)dy ~ Zan/ y " dy
T n:[) T
> 1

~ 3 lanx_”'H. (5.323)
n_

n=2

(We considered an example where ag = a1 = 0, for the sake of minor simplification of the
discussion.) Again, the proof of this statement is a simple matter of verifying that the
condition (5.312) for an asymptotic expansion is satisfied.

The situation for differentiation of an asymptotic expansion is a little more complicated.
It is not in general permissable to differentiate an asymptotic expansion for f(z), unless it
is already known by some other means that f'(z) itself has an asymptotic expansion. An
example that illustrates this is f(z) = ™% sin(e”). This function is similar to e™®, in that

its asymptotic expansion for positive z is simply 0:
f(x) =e " sin(e”) ~ 0. (5.324)

(Tt is easy to see that 2™ e~ * sin(e”) goes to zero as z goes to +oo, for any n. This is because
the e” goes to zero faster than any power of z as x goes to infnity, while |sin(e”)| < 1.)

However, the derivative of f(z) is
f'(z) = —e™" sin(e”) + cos(e”) (5.325)

and the second term does not admit an asymptotic expansion.
Notice that in our discussion of asymptotic expansions, the phase of z, i.e. arg(z), plays
an important réle. A function f(z) may have a totally different asymptotic expansion

for some range of arg(z) as compared with some other range. For example, we saw that
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T ~ 0 when z is real and positive. On

the function e~ has the asymptotic expansion e~
the other hand, if x is real and negative, it is easily verified that it does not admit any
asymptotic expansion at all. In less extreme examples, one can encounter functions that
have “interesting” but different asymptotic expansions for different ranges of arg(z).

A common situation where asymptotic expansions arise occurs in a particular kind

of approximation scheme for evaluating certain classes of contour integral, known as the

“Method of Steepest Descent.” It is to this subject that we now turn.

5.13 Method of Steepest Descent

This approximation scheme is applicable to a certain rather special class of contour integral,

of the following form:
T(s) = / 9(z) e 7@ dz. (5.326)
C

The idea is that one wants to get an approximate asymptotic form for J(s), valid for large
values of s. For now, we shall have in mind that s is real. The method assumes that the
function f(z) is such that its real part goes to —oo at both ends of the contour C. It
is furthermore assumed that the prefactor function g(z) is a slowly-varying one, so that
the behaviour of the integrand is dominated by the exponential factor. In particular, the
integrand will be assumed to vanish (for positive real s), at both endpoints.

If the parameter s is large and positive, the integrand will become large when the real
part of f(z) is large and positive, and on the other hand the integrand will become relatively
small when the real part of f(z) is small or negative. If we are seeking to approximate
J(s) by an asymptotic expansion, then we are interested in the situation when s becomes
arbitrarily large and positive. It is clear then that the asymptotic behaviour of J(s) will
be dominated from the contribution (or contributions) to the integral from the region or
(regions) where the real part of f(z) reaches a maximum value.

Within reason, we are allowed to deform the integration path C' as we wish, without
affecting the final result for J(s). Specifically, provided the deformation does not cause the
path to cross over a pole or other singularity of the integrand, then we can distort the path
in any desired way. As we have observed above, the most important contributions to J(s)
will come from the place or places along the path where the real part of the function f(z)
has a maximum. Let us assume for now, to simplify the discussion, that there is just one

such maximum, at z = z5. Thus at this point we shall have du/dz = 0 = du/dy, and hence

F(z0) = 0. (5.327)
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If we consider integrating along the segment of the contour in the vicinity of the max-
imum at z = zg, it is clear that life would be made a lot simpler if it were the case that
the imaginary part of f(z) were constant there. To see this, write f(z) = u(z,y) +iv(z,y).
If the imaginary part v(z,y) were varying along the path near z = zj, then when s is very

large it is clear that there will be a factor
s (5.328)

in the integrand that is making the phase spin round and round like a propeller blade.
Evaluating the integral along this dominant segment of the whole path C would then be
very tricky.

To avoid this difficulty, we can exploit our freedom to deform the integration path, so
that we angle it around in the neighbourhood of z = z; such that v(z,y) is nearly constant
there. So we want our path near z = 2y to be such that both of the following conditions

hold:
f'(z0) =0,  Im(f(2)) =Im(f(20))- (5.329)

Now early on in our discussion of analytic functions, we saw that the real and imaginary

parts satisfy the following equations:
Viu=0=V?%, Vu-Vo=0. (5.330)

The first of these two conditions tells us that « and v cannot have maxima or minima.

Thus, to take u for example, it tells us that
2 2
% + g—yZ =0. (5.331)
So if the second derivative with respect to z is positive at some point, then the second
derivative with respect to y must be negative there. So the stationary point z = zy that we
defined by our requirement f’(zp) = 0 must actually be a saddle point. When we speak of
z = zp corresponding to the maximum of u(z,y) on our path, we should therefore have in
mind the image of a hiker slogging up to a mountain pass, or saddle, and heading on down
the other side. As he reaches the top of the saddle, he actually sees the ground rising both
to his left and to his right, but he, having attained the saddle, heads on downwards into
the valley on the other side.
Now consider the second equation in (5.330). This says that the lines of u=constant are
orthogonal to the lines of v =constant. Therefore, if you try to imagine the topography in

the vicinity of the saddle, this means that the way to keep v =constant as you walk up and
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over the saddle is to make sure that you choose your path such that u falls off as rapidly
as possible, on either side of the saddle peak. Thus, viewing your path from the top of
the saddle, it should descend as rapidly as possible into the valley on either side. In other
words, the contour should follow the path of Steepest Descent.

We shall therefore now assume that we have adjusted the contour so that either side of
the point zp, it follows the steepest possible path of decreasing u(z,y). Near z = zp, we
necessarily have that

f(2) = f(20) + 5(z = 20)* f"(20) + -+, (5.332)
since we defined zy by f'(z9) = 0. Since the contour has the property that v =constant,
it follows that 3(z — 29)? f”(20) must be real. Furthermore, it must be negative along the
contour, since by construction the contour is such that u decreases in each direction as one

moves away from z = zg. Then, assuming f”(z) # 0, we have

F(2) = fz0) m bz = 20)? " (20) = —5- 2.

(5.333)
where this equation is defining the new (real) variable ¢.

As we have already observed, since we are assuming that s is large and positive, the
integral will be dominated by the contribution from the region near to z = z;. We are
assuming also that g(z) is slowly varying, so to a good approximation we may take it outside
the integration, setting its argument equal to 2y, and hence we shall have the approximate
result that

J(s) ~ g(z) e* TG0 / 42 (5.334)

o dt
Note that we have taken the range of the integration to run from —oo to oco. Again, this
is an approximation that is well justified when s is large and positive. This can be seen
by looking at (5.333): When s is very large, ¢ can become very large before the magnitude
of f(z) — f(z0) becomes appreciable. In other words, by the time the approximation of
expanding (f(z) — f(20) as in (5.333) has broken down the value of ¢ is so large that e 3t
is negligable, and so the error introduced by allowing ¢ to run all the way out to oo is very
small.
To complete the evaluation of the integral, we just need to work out dz/dt. Near to
z = 2y, we may write
z—2=qe®, (5.335)
where ¢ is real and the phase « is constant. In fact « specifies the angle in the complex

plane along which the direction of steepest descent lies. Thus from (5.333) we have

t2 = —s f"(20) ¢? 2@, (5.336)
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and therefore

t=qls f"(20)2 . (5.337)
This means that we can write
dz _ la dq _ i« " 1
Z e Sl de s e E (5.338)

implying from (5.334) that

s f(z0) i poo | .
J(s) ~ ST e / e 3t dt. (5.339)
s f"(z0)|]2 /=00

The remaining integral here is just a Gaussian, giving a factor v/2m, and so we arrive at

the final result

V27 g(z) e 1(20) el
s £ (20)|2

Note that we have written this using the symbol ~, denoting an asymptotic expansion. This

J(s) (5.340)

is indeed appropriate; it is an approximation that gets better and better as s gets larger
and larger.
An it is instructive to look at an example at this point. Let us consider the Gamma

function T'(s + 1), which can be expressed in terms of the integral representation (5.233):
o0
I'(s+1) = / z¥e Pdx. (5.341)
0

(We consider I'(s + 1) here purely for later convenience; blame Euler, as usual, for the shift
by 1!) First, we make the substitution z = sz, so that in terms of the new integration
variable z we shall have

(s +1) = st /Ooo 2 e 57 dy = 55Tt /Ooo e*108272) 7 (5.342)
Writing it in this way, we see that it indeed has the general form off (5.326), with ¢g(z) =1
and

f(z)=logz—=z. (5.343)

The contour here is along the real axis, so z is in fact just a real variable here. It is clear
that f(z) does indeed go to —oo at both endpoints of the integration, namely at z = 0 and
z = 00.

To apply the method of steepest descent to this example, we first locate the stationary
point of f(z), by solving f'(z) = 1/z — 1 = 0, giving zp = 1. We also need to calculate
f"(z) = —1/2% at z = 2y = 1, giving f"(1) = —1. There is no need to perform any

deformation of the original contour in this example, since the imaginary part of f(z) is zero
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in the whole region (for real z) around z = zy = 1. Furthermore, the phase a vanishes.

Substituting into (5.340), we therefore obtain the result
1
T(s+1)~V2rsT2e%. (5.344)

Recalling that T'(s + 1) is otherwise known as s!, we can recognise (5.344) as Stirling’s
Approzimation to the factorial function.

How good an approximation is (5.344)7 Well, we expect that it should get better and
better as s gets larger and larger. A tabulation of the actual values and the results from
Stirling’s approximation, for a variety of values of s is instructive. This is given below in
Table 1. We see that Stirling’s approximation to the Gamma function rapidly becomes
quite a good one, even for quite modest values of s.

We have seen that the methods of steepest descents has given a useful approximation
to the Gamma function, and in a similar way it can be used in many other examples too.
One might worry that, as presented above, it seems to be a method that produces a specific
approximate expression, without any indication of how to get a better one by pushing things
to higher orders. In fact, the approximations we made in the derivation above are nothing
but the leading-order terms in a series expansion that can be developed and pushed, in
principle, to arbitrary order. Not surprisingly, the series expansion that one obtains by this
method is an asymptotic expansion, and not a convergent series.

To see how we develop the full series, let us go back to the Taylor expansion (5.332) for
f(2), which we approximated by just retaining the leading-order term, as in (5.333). All
that we need do in order to get the full asymptotic series for J(s) is to work with the exact
expression, rather than the approximation in (5.333). Thus we define ¢ not by (5.333), but
instead by

L s

fz) = fz0) = =517 (5.345)

We use this expession in order to substitute for dz/dt in (5.334). Of course this is generally
easier to say than to do, since one effectively has to invert the expression (5.345) in order
to obtain z as a function of . Usually, one has to do this at the level of a power-series
expansion.

One can easily write (5.345) as a power series, giving ¢ as an expansion in powers of
z. There is in fact a systematic way to invert such a series, so that one obtains instead z
as a power series in £. It can be derived most elegantly using the calculus of residues. We
shall not interrupt the flow of this discussion to describe this here. Instead. let us take our

previous discussion of the Stirling approximation for the Gamma function, and push it to a
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couple more orders by doing a somewhat brute-force inversion of the relevant power series.
Recall that for the Gamma function we had f(z) = logz — z, and hence the stationary

point f'(zp) = 0 determines that zp = 1. Thus from (5.345) we have

(z=1) = log[l + (z — 1)] = %F : (5.346)

The left-hand side here can be expanded in a power series in w = (z — 1), around the point
w = 0, giving
2 L

Tw —%w3+iw4—%w5+---:2—t . (5.347)
s

We must now recast this as an expression for w as a power series in . Thus we seek to

write it as

w=> apt". (5.348)
n>0

We can determine the coefficients a,, simply by inserting (5.348) into (5.346), expanding in
powers of ¢, and solving order by order for the a, such that it equal #?/(2s), as demanded

by (5.347). The result for the first few orders is

t 2 3 tt tP
z—1l=w=—+—+ — + 4 5.349
s3 35 3652 27052 439043 (5.349)
Thus we have )
d 1 2t 12 23 t
£ _ - (5.350)

T F 3 1250 1359 ggasd
Substituting this into (5.334), it is clear by symmetry that only the terms in (5.350) that
involve even powers of ¢ will give non-zero contributions in the integral. The non-vanishing
ones can be evaluated by means of simple integrations by parts, to reduce them to the

standard Gaussian inetgral. Thus we see from (5.342) that we obtain
F(s—l—l)N\/%ss—k%e*s(l—i—i—i-LvL---). (5.351)

125 =~ 288s2
This series, which could in principle be developed to any arbitrary desired order, is the
asymptotic expansion for the Gamma, function.

Finally, it is interesting to see how a numerical comparison with the true function looks

now.
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s s! Stirling Higher-order

0.01 0.994325851191 0.236999259660 10.44113405058
0.1 0.951350769867 0.569718714898 1.242303308874
1 1 0.922137008896 1.002183624251

10 3.628800000000 10° 3.598695618741 10° 3.628809703606 10°
100 | 9.3326215443944 107 | 9.324847625269 10'57 | 9.3326215694180 1057
1000 | 4.023872600771 102°67 | 4.023537292037 102567 | 4.023872600782 102567

Table 1: Comparison of s!, Stirling’s formula (5.344), and the higher-order expansion (5.351)

Looking at the various entries in this Table, we see that for large s the asymptotic
expansion up to the order given in (5.351) is doing very well indeed. The Table also serves
to illustrate the fact that at small values of s, the inclusion of higher terms in the asymptotic
expansion in fact makes things worse, not better. This is exactly what we expected; for any
given value of the argument there is an optimum place at which to cut off the series, and
including terms beyond that will give a worse approximation. For very small s, where the
asymptotic series is in any case expected to be a disaster, we indeed see that we can make

it even worse by adding more terms.

6 Non-linear Differential Equations

Most of our discussion of differential equations in this course has been concerned with linear

second-order ordinary differential equations, of the form

y'(z) +p(z)y'(2) + q(z) y(z) = 0. (6.1)

It is not uncommon to encounter ordinary differential equations that are non-linear in the
dependent variable y. In such cases, one may be lucky and discover that the equation can be
solved analytically, possibly after spotting some clever changes of dependent or independent
variable. More often than not, however, the equation may prove not to be susceptible to
exact solution by analytic methods. If this is the case then one has to find some other way
of studying the solutions. One approach is to use numerical methods, which usually means
“putting it on the computer.” This is very straightfoward these days, and many computer
languages come equipped with packages for solving differential equations numerically. For
example, the algebraic computing language Mathematica offers also functions that will solve

essentially any given differential equation, or set of differential equations, numerically. Of
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course if the problem is of any complexity or subtlety, it probably pays to have a deeper
understanding of exactly how the numerical routines work. This is a major and important
subject, which lies outside the scope of this course.

Another approach that can prove to be very useful is to make use of graphical methods
for studying the behaviour of the solutions to the differential equation. Such techniques
can be very helpful for a variety of reasons. Firstly, they are rather simple and intuitive,
allowing one to see the structure of the solutions without the need for detailed computation;
the behaviour can often be established just with a few scribblings on the back of an envelope.
Secondly, the graphical techniques can be very helpful for revealing the way in which the
solutions depend upon the choice of initial conditions or boundary conditions.

To begin our discussion, let us consider first the rather simple case of first-order non-

linear differential equations.

6.1 Method of Isoclinals

Let us consider the first-order differential equation

dy

L= fey). (6.2)

Solveing the differential equation means finding the integral curves in the (z,y) plane,
namely the functions y(x) that satisfy (6.2). For many choices of the function f(x,y), it is
impossible to obtain an analytic solution to the equation.

To analyse the solutions graphically, we begin by considering the algebraic equation

where X is an arbitrary constant. For each choice of A, this equation defines a curve in the
(z,y) plane.

Clearly, it must be that wherever a solution y = y(z) to (6.2) crosses the curve (6.3),
the gradient of the integral curve is simply given by A, since we shall have

dy _

= (6.4)

at that point. Since each point on a given curve implies that the integral curve intersecting
it has the same gradient A, the curve f(z,y) = X is called an isocline, or an isoclinal curve.

If we plot the isoclinal curves f(z,y) = X for a range of values of A, and draw little line
segments on each curve, with gradient equal to A, then if we simply “join the segments”

with lines that intersect the f(z,y) = A curves with gradient A, then the resulting lines
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will be the integral curves for (6.2). In other words, these lines will precisely describe the
solutions to the differential equation. The various different lines correspond to the possible
choices of initial condition, associated with the arbitrary constant of integration for (6.2).
Let us begin with a simple example, where we can actually solve the differential equation
explicitly, so that we shall be able to see exactly what is going on. Consider the case where

f(z,y) =z + y, for which we can easily solve (6.2), to give
y=ce* —1—1z, (6.5)

where ¢ is an arbitrary constant. We shall keep this at the back of our minds, but proceed
for now with the graphical approach and then make a comparison with the actual solutions

afterwards. The isoclinal curves are x + y = A, or in other words,
y=—z+\. (6.6)

These are straight lines, themselves all having slope —1, with the constant A parameterising
the point of intersection of the isocline with the y axis. A few of them are plotted in
Figure 10 below; for those with the benefit of colour they are in blue, but in any case they
are recognisable as the straight lines running between the north-west and the south-east.
Imagine little line segments intersecting with each isoclinal, with slopes equal to the X\ value
specifying the isoclinal. This A value is equal to the intercept of the isoclinal with the y
axis. Thus the isoclinal passing though (0,0) would be decorated with little line segments
of slope 0; the isoclinal passing through (0,1) would be decorated with little line segments
of slope 1, and so on.

Also depicted in Figure 10 are some of the integral curves, i.e. the actual solutions of the
differential equation y' = z + y. Secretly, we know they are given by (6.5) (and ideed, that
is how Figure 10 was actually constructed!), but we are pretending that we have to draw
the integral curves by the method described above. Thus the strategy is to draw lines that
intersect the isoclinals with slopes equal to the slopes of the little line-segment decorations
described above. Looking at Figure 10, we see that indeed the integral curves all have this
property. For example, it can be seen that wherever an integral curve intersects the isoclinal
that passes through (0,0), it has slope 0. And wherever an integral curve intersects the
isoclinal passing through (0, 1), it has slope 1, and so on. (Observe that all the integral
curves indeed intersect the (0, 1) isoclinal perpendicularly, as they shhould since they have
slope +1 there, while the isoclinal itself has slope —1.)

A convenient way to characterise the integral curves in this example is by the value of

yo where they intersect the y axis. Looking at our “secret” formula (6.5), this is related to
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the integration constant ¢ by yg = ¢ — 1. Of course we know from the general analysis that
if we also draw in the isoclinal passing through (0,yp), it will be decorated by little line
segments of slope yy. So the integral curve that passes through (0,7¢) has slope yo at that
point. The complete integral curve can then be built up by “joining the dots,” so that it
intersects the isoclinals at the correct angles. Of course in practice one may need to draw
quite a lot of isoclinals, especially in regions of the (z,y) plane where “interesting” things
may be happening.

Note that in this toy example, on the left-hand side of the diagram all of the integral
curves become asymptotic to the isoclinal passing through (0, —1), as z tends to —oo. This
is because this isoclinal is decorated by little line segments of slope —1, i.e. parallel to the
isoclinal itself. Thus it acts as a sort of “attractor” line, with all the integral curves homing
in towards it as = gets more and more negative. Of course we can see this explicitly if
we sneak another look at our “secret solution” (6.5); all the solutions at large negative x

approach y = —x — 1, regardless of the value of c.

Figure 10: The isoclinal curves y = —x + X (displayed in blue), and the integral curves

(displayed in red) for the differential equation ¢y = z + y.
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For a second example, consider the equation

dy 2 2

The isoclines are given by the equation z2 + y?> = ), which defines circles of radius v/
centred on the origin in the (z,y) plane. Each circle should be decorated with little line
segments whose gradient is A, so the larger the circle, the steeper the gradient. The circle
of zero radius corresponds to gradient zero.

The isoclinal lines and the integral curves for this example are depicted in Figure 11

below.

&

-2t

Figure 11: The isoclinal curves y? = X\ — 22 (displayed in blue), and the integral curves

(displayed in red) for the differential equation gy’ = 22 + y2.

Observe again that all the integral curves passing through a given isoclinal (the circles)
do so with the same slope. And indeed, one can see that the as the circles get smaller, so

the slope gets smaller.

The equation (6.7) in this example can in fact be solved explicitly, although it takes a
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form that is perhaps not immediately illuminating:

, (6.8)

V= eJ 1(

where ¢ is an arbitrary constant and J,(z) denotes the Bessel function of the first kind,

2 _1?)J, = 0. Tt is quite useful, therefore,

which solves Bessel’s equation z?.J" + 2 J, + (z
even in a case like this where there exists an explicit but complicated exact result, to be
able to study the behaviour graphically. It is perhaps helpful to observe, since we do still
have the luxury of having an analytic expression for the solution here, that the first couple
of terms in its Taylor expansion around x = 0 are given by

—2I'(2) N Ar(3)?2 gz
c F(i) c? I‘(i)2

Yy = 4+ (6.9)

(This expansion is valid for z approaching zero from above. For negative z, the overall sign
should be reversed. This follows from the fact, manifest in (6.8), that the solution is an odd

function of z.)

6.2 Phase-plane Diagrams

The method of isoclinals described above applies specifically to first-order differential equa-
tions. We can make use of this technique in order to study graphically the solutions of
a rather wide class of second-order ordinary differential equation. Specifically, if ¢ is the
independent variable and z the dependent variable, we can study any differential equation
where all the terms are functions of z, £ and % only; in other words the independent vari-
able t does not appear explicitly anywhere. Such differential equations are sometimes called

autonomous. An example would be the van de Pol equation,
i—e(l—2)i+z=0. (6.10)

Any aoutonomous second-order ODE can be reduced to a first-order ODE. The trick is
to define the quantity
y=4a, (6.11)

from which it follows that
. @ _dx @ B @

= = — = . 6.12
TTa T dt dv Vda (6.12)
Thus, in the example (6.10) above, the differential equation can be rewritten as
dy 2 —
y——€e(l—z)y+2=0. (6.13)
dx
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Any autonomous second-order ordinary differential equation will be reduced to a first-order
ordinary differential equation by this substitution. It can then be studied by the method of
isoclinals.

The (z,y) plane is called the phase plane. This is natural, since z can be thought of as
the position, while y = & can be thought of as the wvelocity, of a particle.

Let us consider, for a very simple example, the equation for a hramonic oscillator
F+wir=0. (6.14)

Using the redefinitions (6.11) and (6.12), the equation becomes

yj—i—i-wa:O. (6.15)

Proceeding now in the standard way, we see that the equation for the isoclinals is
y=-22, (6.16)

and so they are straight lines of slope —w?/\ passing through the origin.

Of course in this toy example we can easily solve (6.15), giving
Y’ +wia? =2, (6.17)

where c is an arbitrary constant. Thus the integral curves in the phase plane are ellipses,
centred on the origin. Pretending, though, that we did not know this, we could discover the
shape of these curves in the usual way by drawing curves in the phase plane whose slopes
at the intersections with the isoclinals are given by A. The isoclinals and integral curves
are depicted in Figure 12 below.

The integral curves in Figure 12 show the relationship between the position z and the
velocity y = & for the particle. Note that when y = z is positive, £ must increase as ¢
increases, and so it follows that the trajectory of the particle must be clockwise around
the ellipse. The fact that the path closes on itself means that the motion of the particle is
periodic. Of course in this toy example of the harmonic oscillator we already knew that,
but in a more complicated equation it is useful to bear this in mind, as a way of recognising

periodic motion.

Let us consider now a more complicated example, namely the van de Pol equation given
in (6.10). This equation arises in certain physical situations where there is oscillatory motion

that is not simple harmonic. After making the substitution y = &, we obtain equation (6.13).
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Figure 12: The isoclinal curves y = —w?z/\ (displayed in blue), and the integral curves

(displayed in red) for the differential equation ¢y’ 4+ w? z = 0. (Plotted for w = 2.)

For concreteness, let us take the constant € to be e = 1. From (6.13), the equation for the

isoclinals is
T

122\
The phase-plane diagram for the van de Pol equation is depicted in Figure 13. As can be

y (6.18)

seen, the integral curves describe quite complicated paths in the phase plane, but in fact
they all end up settling down to closed contours that go around the same track repeatedly,
regardless of the initial conditions. Such closed tracks are called limit cycles. Thus the
motion eventually becomes periodic, but it is not simple harmonic motion, which as we saw

previously is characterised by elliptical contours in the phase plane.
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Figure 13: The phase-plane diagram for the van de Pol equation with ¢ = 1. The light lines

are the isoclinals, and the heavy lines are integral curves.

7 Cartesian Vectors and Tensors

7.1 Rotations and reflections of Cartesian coordinate

In Cartesian tensor analysis, one of the most fundamental notions is that of a vector. In an
elementary introduction to vectors, the first example that one usually meets is the position
vector, typically denoted by 7, which is thought of as the directed line connecting a point
Q@ to another point P. In itself, this is a rather geometrical concept, which need not be
linked to any specific choice of how the Cartesian coordinate system is chosen. For example,
one could displace the origin of the coordinate system arbitrarily, and one could rotate the
coordinate system arbitrarily. Of course often, one thinks of a position vector as a directed
line from the origin O of the coordinate system to a given point P. In this case, the origin
of the Cartesian coordinates would effectively be “pinned down,” but the choice of how to
orient the axes remains.

We commonly write the position vector 7 of a point P as a triple of numbers,

= (z,y,%), (7.1)
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where z, y and z are nothing but the projections of the the line from O to P onto the z, y
and z axes of the chosen system of Cartesian coordinates. The triple of numbers in (7.1) are
called the components of the vector ¥ with respect to this system of Cartesian coordinates.
Of course, if we rotate to a new Cartesian coordinate system, then these three numbers will
change. However, they will change in a specific and calculable way.

It is easier, for a simple illustration of what is going on, to think of the situation in 2,

rather than 3, dimensions, so that a position vector is just specified by a pair of numbers,

7= (z,y), (7.2)

these being the projections of the line OP onto the x and y axes of the chosen Cartesian
coordinate system. Suppose now that we choose another Cartesian coordinate system, with
the same origin O, but where the axes (z',y’) are rotated anti-clockwise by an angle 6 relative
to the original axes (z,y). A simple application of trigononemtry shows that the components
(z',y') of the position vector OP with respect to the new (or primed) coordinate system
are related to its components (x,y) with respect to the original (or unprimed) coordinate
system by

, J—

2’ =12 cosf+ysinh, y = —x sinf +y cosh. (7.3)

This can be written more elegantly as a matrix equation,

z cos@ sinf z
= ) (7.4)
y —sinf cosf Y

An essential property of the rotation described above is that the length of the vector 7,

defined by
r=|F] =\ z? + y? (7.5)

is the same whether we use the unprimed or the primed coordinate system. Namely, the

rotation described by (7.3) or (7.4) has the property that
%y =22 (7.6)
More generally, we can describe any rotation of the Cartesian coordinate system in a form

0)-w ()

where M is a 2 X 2 matrix that leaves the length of the vector ¥ unchanged. Since we can

analogous to (7.4), as

write

2yt = (z, y) () (7.8)



it follows that the requirement (7.6) of preserving the length of the vector can be written

(. y) () —(x, y)M'M (’”) (7.9)
Yy Yy

where M! is the transpose of M. Since we want to require that the length of any vector 7

as

should be preserved, we can therefore strip off the (z,y) vectors in (7.9), and conclude that
we must have

MM =1 (7.10)

for any rotation, where 1 denotes the identity matrix. It is easily verified that for our
rotation described in (7.4), the corresponding matrix

cosf sinf
M= ( > (7.11)

—sinf cos6

indeed satisfies (7.10).
Actually, the condition (7.10) allows for slightly more than just rotations of the Cartesian

axes. It also allows for the possibility of making a reflection of the axes, such as
=, Yy =—y. (7.12)

This would be described by the matrix

m- ("’ 7.13
-(, ) (713)

One can easily see that there is no choice of 6 in (7.11) such that it becomes (7.13). Thus
the full set of allowed length-preserving transformations of the Cartesian axes is composed
of rotations together with reflections. In fact it is not hard to see that any arbitrary
combination of rotation and reflection can be re-expressed as a rotation combined with
a chosen specific reflection, such as the reflection about the z axis defined by (7.12). In
other words, the full set of symmetry transformations that we can allow for our Cartesian
coordinate systems comprises rotations about the origin, together with a possible reflection.

The set of pure rotations, and the set of rotations plus reflections, are discretely different.

7.2 The orthogonal group O(n), and vectors in n dimensions

In two dimensions it is easy enough to see all this explicitly, by writing down 2 X 2 matrices,
but in higher dimensions it would be rather clumsy in general. It is therefore useful to
abstract the essential features of the Cartesian coordinate rotations and reflection, in a

fashion that can expressed succinctly in any dimension. First of all, in n dimensions it
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is convenient to label our Cartesian axes by (z1,x2,...,%,), so that we don’t run out of
letters of the alphabet. We can then describe the allowed transformations of the Cartesian

coordinates by

T T
z! T

l=m| 7|, (7.14)
z, T,

where in order to preserve the length, the n X n matrix M must satisfy
MM =1. (7.15)

Such n x n matrices satisfying (7.15) are called orthogonal matrices, and this is denoted
by O(n). This terminology is derived from group theory, and signifies that the set of all
n X n matrices satisfying (7.15) form a group. For any pair of O(n) matrices M; and Mo

the matrix product

M3 EMl M2 (716)

is another O(n) matrix. The full set of requirements for a group are:

1 There must be an associative law of combination for all group elements a, b and c,

such that a- (b-¢) = (a-b) - c.
2 For any group elements a and b, the combination a - b must be a group element too.

3 There must exist an identity element e, such that a-e = e-a = a for any group element

a.

4 Every group element ¢ must have an inverse, ', such that a™' -a =a-a~ ' = e.

For our case, the law of combination is simply the multiplication of matrices. Obviously
this is associative, so requirement 1 is satisfied. As already noted, requirement 2 is satisfied

too, since we shall have
MiMy = (My M) My My = ML M} My My,
= MiiMy,= MM =1. (7.17)
Requirement 3 is clearly satisfied, and we simply have that e = 1, the identity matrix.
Finally, we can see straight away from (7.15) that in this case the inverse of M is nothing

but
M=t =M. (7.18)
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We can also see easily how to characterise the cases where the transformation includes
a reflection as well as a rotation. From (7.15), we can take the determinant, and using

elementary properties we find

det(M" M) det(M") det(M) = (det M)?,

= detl=1. (7.19)
Thus we deduce that O(n) matrices satisfy
det M = 1. (7.20)

We give the name SO(n) to O(n) matrices whose determinant is +1, the “S” standing for

“special.” Clearly the product of any two SO(n) matrices is also in SO(n),
det(M1 Mg) = (det Ml) (det MQ) =1 y (721)

and so SO(n) is a subgroup of O(n). The group of SO(n) matrices describes the situation
of pure rotations. If an O(n) matrix M is such that det M = —1, then it must be that M
describes a rotation plus a reflection. Note that the set of all det M = —1 matrices do not
form a group, since the product of two such matrices will have determinant +1.

It is easy to see that a det M = —1 transformation necessarily includes a reflection,
by looking at examples. It is also clear from the fact that det M = 41 matrices can
be continuously connected to the identity, whilst det M = —1 matrices involve a discrete
transition from the identity. For example, in (7.11) we can continuously increase 6 from 0
to its final value. By contrast, since det 1 = +1 but the determinant of the matrix in (7.13)
is —1, it is obvious that we cannot perform a continuous sequence of deformations of 1 into

the matrix in (7.13).

7.3 Cartesian vectors and tensors

Now let us continue with the main theme, of Cartesian vector and tensor analysis. We
may take the position vector as the prototype of all vectors, and thus we may define a
vector V in n dimensions®” by saying that it has components (Vi, V5, ... V,) that transform

under rotations of the Cartesian frame in a manner identical to that for the position vector,

2™t is customary, at least in the USA, to use the arrow symbol to denote a vector in three dimensions,
thus V. In a general dimension n, it is more tradiational not to use an arrow, but simply to denote the

vector by V. We shall follow the tradition.
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namely

41 Vi

Vi V.

2l=m| 7. (7.22)
v V,

It is very convenient at this stage to introduce an index notation, so that we don’t have
to write out big n-component column vectors. Thus we label the rows and columns of the

n X n matrix M by indices ¢ and j, so that

My My -+ My
My My -+ Moy
M=t ' (7.23)
Mpy Mye -+ Myy
The equation (7.22) can then be written as
n
Vi=> Mj;V;. (7.24)
j=1

A further hugely simplifying refinement, introduced by Einstein, is to recognise that in
any valid vector or tensor expression, a summation symbol will always be needed when a
particular index occurs exactly twice in an expression, such as the j index in (7.24). Furth-
more, there will never be any circumstance in a valid expression when an index occurs twice
without the need for the summation. Therefore, in the FEinstein Summation Convention,
we may simply write (7.24) as

Vi =M;;Vj, (7.25)

with the repetition of the “dummy suffix” j meaning that a summation over its index-range
(1 to m) is understood.

Notice that the orthogonality condition (7.15) satisfied by the matrix M can also be
written simply in terms of the index notation. First, note that if A and B are matrices,
with components A;; and B;; respectively, then the matrix C' = A B will have components
given by

Cij = A, Byj - (7.26)

The multiplication with the summation over k£ precisely corresponds to the matrix opera-
tion of multiplying the rows of A into the columns of B. Next, we note that the process
of transposing a matrix means precisely that we exchange the roles of the rows and the

columns, which means that the components of the transpose of M are given by
(MY = Mj; . (7.27)
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Finally, we note that the components of the unit matrix are nothing but d;;, the Kronecker

delta, which is zero if i # j and 1 if i = j. Therefore (7.15) is written as
(M) My; = 645, (7.28)
and hence we have
My; My; = 5ij . (7.29)

Suppose now that we have two vectors U and V. This means that we know that under

a rotation?® of the Cartesian coordinates, their components U; and V; will transform as
Ul = M;; Uj, Vi =M;; V. (7.30)

We may now define the notion of the inner product, or dot product of U and V. Let us

call this quantity f. We can define this in terms of the components, as
f=u;Vv;. (7.31)

We can now easily see that f is a scalar, which means that it is completely invariant under
rotations of the coordinate system. We prove this by using the transformation rules for U
and V given in (7.30), which allows us to calculate what the quantity f’ defined by (7.31),

but for the primed components, in terms of f itself:

o=
= M;jU; M, Vi,
= 0 U; Vi
= UV
= f. (7.32)

Thus f' = f, proving that f is a scalar under coordinate rotations. Note that a special case

of an inner product is when one takes the inner product of a vector with itself, as
f=ViVi. (7.33)

A moment’s thought will convince the reader that V; V; is nothing but the norm-squared
of the vector V, and more generally U; V; is nothing but the usual dot product or scalar

product of the vectors U and V.

" as a shorthand for “rotation or rotation and re-

28We will sometimes loosely use the word “rotation,’
flection.” Omn occasions when it is important to be precise about whether reflections are included, we will

emphasise the point specifically.
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We have now met scalars, which are invariant under coordinate rotations, and vectors,
whose components rotate in the specific way (7.25). It is not a big extension of these
notions to enlarge the discussion to quantities with more than one index. These are called
tensors. To be precise, a p-index quantity T;,...;, is a tensor under coordinate rotations if it

transforms in the following very specific way:

Tj,..i, = Miyj, Miyj, -+ M;

i1 eip

Ty, - (7.34)

PjP
Thus each index simultaneously transforms with a rotation matrix M. This tensor T is
called a rank-p tensor.

It is obvious from the (7.25) that if we define the so-called outer product of two vectors

U and V, as the quantity T" with components
Ty = Ui V;, (7.35)
then this transforms precisely as a rank-2 tensor:
TZ’] = My M Thy . (7.36)

Obviously one can make higher-rank tensors by taking outer products of larger numbers of
vectors. Not all tensors, hwoever, are simply the outer products of vectors. More generally,
a tensor can be expressed as the sum of a number of outer products of vectors. One can
also, of course, take outer products of tensors to make bigger tensors of higher rank.

It is very easy to see that if one contracts a pair of indices on a tensor of rank p, then
one gets a tensor of rank p — 2. The process of contacting indices means setting two of
them equal. Then, the Einstein summation convention comes into play, meaning that we
have the understanding that the two indices are then summed over. For example, suppose
we have a rank-3 tensor Tj;;,. We can make a rank-1 tensor (i.e. a vector) by contracting a

pair of indices, for example we can define
Vi =Ty - (7.37)

The proof that V; really is a vector is the usual one; namely, to show that it really does
transform like a vector under coordinate rotations. We do this by starting from the known
transformation rule of Tj;;, which by definition, since we are told that it is a tensor, trans-
forms as

Notice by the way, that we must always be very careful not to abuse the Einstein summation

convention. If there are multiple dummy indices to be summed over, as with ¢, m and n
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here, then we must make sure that we have invented a new dummy suffix name for each

separate summation. Thus, for example, if we tried writing the right-hand side of (7.38) as
Mié Mjm Mkm Témm ) (739)

then this would be complete nonsense, since we have the dummy suffix m occuring 4 times,
and we wouldn’t know which pairs were supposed to be summed over. It would be like
writing a computer program with multiple summation labels in a multiple sum, and then
inadvertently using the same index label for two summations that were meant to be distinct.

Going back to our example, we now check that V; transforms properly as a vector by
its definition (7.37), but now expressed for the primed coordinate frame, and then applying

the known transformation rule (7.38) for T;;;. Thus we get

! /
Vi Tij

= M M Mjp, Thom

= Mk dem Thom
= Mg Ty
= MV, (7.40)

and so indeed it transforms in the way a vector should.

In general, any operation of taking outer products, inner products, or contractions will
cause a tensorial expression to turn into another tensorial expression with more, or less,
indices as the case may be. A nice thing about it is that after getting accustomed to the
formalism, one doesn’t need to check every time whether an expression made from tensors
is itself a tensor. As long as only valid procedures are used, such as taking outer or inner

products or contractions, the bottom line is that “if it looks like a tensor, it is a tensor.”

7.4 Invariant tensors, and the cross product

We have seen that in general the components of a tensor transform in a non-trivial way
under rotations of the Cartesian coordinate system. There are certain exceptional tensors,
however, which have the property that their components do not transform at all under

rotations. Such tensors are called Invariant Tensors.

7.4.1 The Kronecker delta tensor

We have in fact already met one example, namely the Kronecker delta symbol ;;. Recalling

the defining property (7.15) for O(n) matrices M, we may first note that M’ M = 1 implies
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also M M*! = 1, for we have
MM'M=M, (7.41)

and hence

MM =MM'=1. (7.42)
Thus as well as (7.29), we also have that if M is an O(n) matrix then it satsifies

This can be written as

(52'3' = Mik Mjg (5]% . (744)

Comparing with the general tensor transformation rule (7.34), we therefore see that the
Kronecker delta d;; is an invariant tensor, in the sense that if we define it to have the same
structure in any Cartesian coordinate system, namely that it vanishes if 4 # 7 and equals 1
if 1 = 4, then it obeys the usual tensor transformation rule, but with the special property

that its components are completely unaltered under arbitrary rotations:
523- = 0 - (7.45)
Note that immediate properties of the Kronecjker delta tensor are
0ij Ok = Ok » dii =mn. (7.46)

(The summation over repeated indices is understood, as usual. In the second expression,
di; s therefore the trace of the identity matrix in n dimensions; hence the result n.)
Note that the Kronecker delta tensor can be viewed as the basic building block of the

scalar product of two vectors A and B:
A-B=A;Bjd;=A;B;. (7.47)

Of course, given d;; one can trivially construct lots of other invariant tensors, by taking

outer products of Kronecker deltas. For example
Tijke = 0ij Oke (7.48)

is a rank-4 invariant tensor. There is, however, one further invariant tensor that can be
written down, which is not merely constructed from products of Kronecker deltas. This

tensor, denoted by ¢;,...;, in n dimensions, is sometimes called the Levi-Civita tensor.
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7.4.2 The Levi-Civita (pseudo) Tensor

In n dimensions, the Levi-Civita tensor (or pseudo-tensor, as we should more properly
call it; see later) has m indices. It is defined by the following rules. Firstly, it is totally
antisymmetric in all n of its indices, which means that if any pair of indices is exchanged,
it changes sign:

€irig-in — T Einiyeein o (749)

and similarly for any exchange of two indices. Finally, we specify that
€193.., = +1. (750)

This is enough to specify it completely. By the antisymmetry rule, any even permutation of
the indices 1,2,...,n will give +1, while any odd permutation of the indices 1,2,...,n will
give —1. If any two indices on ¢;,..;,, are equal, then the antisymmetry property implies
that it will vanish. Thus all the cases have been covered.

29

To see that ¢;,...;, is an invariant tensor under rotations”’, we need a result from matrix

theory. The relevant fact is that if A is any n X n matrix with components A;;, then
Aiyjy Aigjy At Ejrja-jn = (det A) €iyiyoni, - (7.51)

After some thought it is not hard to see that this is true. It is helpful to play around with

a simple example such as n = 2. In two dimensions, the statement is that
A A]‘g epe = (det A) egp . (7.52)

Bearing in mind that we have 19 = —e9; = 1, 11 = €92 = 0, we can then consider the
possible cases for the free indices i and j in (7.52). For example, with ¢ = 1, j = 2 we find
that the left-hand side gives

Ay Ay — Ao Ay, (7.53)

which indeed agrees with the right-hand side, which is det A times €19, or in other words
det A. With ¢ = 1, j = 1, on the other hand, one gets 0 = 0. In a similar fashion, all the
other components are consistent with (7.52).

In an arbitrary dimension, it is easy to see that unless the free indices 4; - - - i), in (7.51)
are taken to be 1---m, or some permutation thereof, both sides of the equation will be

zero. Since there is manifest total antisymmetry on both sides of equation (7.51), it suffices

29Here, as we shall see below, we must be precise, and emphasise that this statement is true only for pure

rotations, but not rotations with reflections.
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to check just one of the n! possible non-zero cases, which for simplicity we can take to be
11 — 1, 49 = 2,...,i, = n. It is rather straightforward to see that the left-hand side is in fact
constructing the determinant for us. Let us agree to believe, then, that (7.51) is true in
arbitrary dimensions.

We now apply (7.51) to the case of an SO(n) matrix M. It will be recalled that this has
the property det M = +1, and it describes a pure rotation of Cartesian coordinates, with

no reflection. We therefore have
Eirig-in — Mi1j1 Mi2j2 s Minjn 6j1j2"'jn . (7.54)

Comparing with (7.34), we see that &;,;,...;, obeys the general rule for the transformation

of a tensor under coordinate rotations, but with the special property that
8;1i2~~~in = Eiyigein - (755)

Just like 6;;, therefore, €;,,..;, is an invariant tensor under rotations. However, there
is a subtlety here. The Kronecker delta is also a tensor under reflections as well as pure
rotations. By contrast, €;,,..;, 18 not. As we see from (7.51), for an arbitrary rotation

together, possibly, with rotations, we must write
Eirigin — Miljl MZ'2]'2 T Minjn (det M) Ej142+5n (7.56)

instead of (7.54). If we include the reflections, then the set of quantities ¢;,;,...;, defined by
total antisymmetry and €12..., = 1 in all frames does not transform like a normal tensor,
but instead it picks up a minus sign if a reflection is involved. Quantities that transform
like tensors under pure rotations, but with an extra minus sign under reflections, are called

” one tends to refer to them simply

pseudo-tensors. Often, if one is just speaking “casually,
as tensors.

The Levi-Civita pseudo-tensor plays an important role in vector and tensor analysis.
A very important property concerns the product of two Levi-Civita pseudo-tensors. It
is probably easiest to describe this by starting with low-dimensional examples. In two

dimensions, we have ;;, with 19 = —e91 = 1, €11 = €22 = 0. It is easy to see, simply by

checking all the possible index assignments, that
€ij €kt = 5ik (5]'4 — (52'4 5jk . (757)

(Try it for a few choices, suchasi=1,7=2, k=1, £ =2, etc.)
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In three dimensions, the analogous product rule involves 6 terms rather than 2 on the

right-hand-side:
€ijk Etmn = 030 Ojm Okn ~+0in 052 Okm 4 Oim Ojn Oke — it Ojn Ok — Oim 00 Ok — Oim Ojm O - (7.58)

Looking at this, one can see the pattern. The first term on the right-hand side has the
product of a Kronecker delta linking the first indices on the two epsilon tensors, a Kronecker
delta linking the second indices on the two epsilon tensors, and a Kronecker delta linking
the last indices on the two epsilon tensors. Then, there are 5 more terms, which correspond
to permuting around the £, m and n indices, with a plus sign for an even permutation, and
a minus sign for an odd permutation. There are in total 3! possible permutations, hence
the six terms on the right-hand side. The need for this permutation antisymmetry in the
expression on the right-hand side is obvious, since we know that it is an antisymmetry
of the left-hand side. Note also that although as stated above, the implementation of
the permutation antisymmetry of ¢, m and n might seem to have been favoured over the
permutation antisymmetry of 4, j, k, in fact everything is perfectly democratic. Having
enforced the antisymmetry in £, m and n on the right-hand side, it implies (as can easily
be seen by inspection) an antisymmetry in 7, j and k as well.

It is not hard to prove (7.58), again by looking at all the possible index assignments
for 4, 7, k, £, m and n. This is not as daunting a task as it might sound, because of the
antisymmetries discussed above. In fact, if one thinks about it, there are very few cases that
need to be checked explicitly; the rest all follow by invoking the permutation symmetries.

The general expression for the product of two epsilon tensors in n dimensions will involve

n! sums of products of Kronecker deltas on the right-hand side:

Eirein Ejrojn = Oirjy *** Oinjn + €ven perms — odd perms. (7.59)

7.4.3 Three-dimensional vector identities

A very useful consequence of (7.58) in 3 dimensions arises if we set & = n (which means,
of course, that this repeated index is then summed over 1, 2 and 3.) Bearing in mind
the properties of the Kronecker delta, given in (7.46), we therefore find (after a convenient
relabelling of indices)

€ijm Ekem = Oik Oj¢ — i Ojp; - (7.60)

This identity allows us to derive very easily some of the basic Cartesian vector identities in

three dimensions.
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First, we note that the wvector product A x B of vectors A and B gives a quantity

C = A x B whose components are given by

—

C = (Cl, Cg, 03) = (A2 Bg — A3 BQ, A3 B1 — A1 Bg, A1 Bg — A2 Bl) s (761)
which can be written very succinctly using the epsilon pseudo-tensor, as
C; = (A x B); = e;j, Aj By,. (7.62)

It is straightforward to show, by the standard procedure of calculating the components C;
in a transformed Cartesian coordinate system, that C transforms like a vector under pure
rotations, but it acquires an extra (—1) factor under rotations with a reflection, owing to
the det M factor in the transformation rule for €;;;. Therefore Cisa pseudo-vector. One
immediately sees the antisymmetry of the vector product, Ax B =-B x ff, from the
antisymmetry of €.

Some vector identities now follow very straightforwardly. First, we may note that for
any set of three 3-vectors ff, B and é, the scalar quantity known as their scalar triple

product, A - (E X é), can be written using e;;;, as

It is now immediately obvious, from the total antisymmetry of €;;;, that (7.63) is totally

antisymmetric under any exchange of the vectors. Thus, we have

— — —, —

A-(BxC)=B-(CxA) =C-(AxB)
= —A-(

—

xB)=-B-(A

— —,

)=—C- (B x A). (7.64)

Qu
X
Qu

A special case following from the above is, of course, that A- (ff B ) =0.

Of course, strictly speaking A- (E X 6_") is not an scalar, but a pseudo-scalar, since it
is constructed using the epsilon pseudo-tensor. Thus unlike an ordinary scalar, which is
invariant both under rotations and reflections, A - (é X @) is invariant under pure rotations,
but it changes sign under reflections.

Now, let us consider the wvector triple product of any three 3-vectors A. B and C. This

is defined as the vector 13, given by
D=Ax (BxC). (7.65)
From (7.62), we see that we can write the components of D as

D; = €ijm emke Aj By, Cy - (7.66)
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Note that D is an ordinary vector, and not a pseudo-vector. This is because it involves
two epsilon pseudo-tensors in its definition (7.66) in terms of the vectors A, B and C, and
so the two det M factors that will arise when checking the transformation rule for D will
multiply and give (41), even under reflections.

The fact that D is a true vector is also evident from (7.60), which shows that the product
of the two epsilon pseudo-tensors can be re-expressed in terms of products of Kronecker delta
tensors. In fact using (7.60), we can re-express (7.65) in terms of scalar products. First,
it is worth noting that because ¢;;; has an odd number of indices, any rearrangement of
the indices that is achieved by a cyclic permutation implies an even number of index-pair

exchanges, and so it leaves the sign of the epsilon tensor unchanged. In other words
€ijk = Ejki = Ekij - (7.67)

Therefore, it follows that we can cycle €,,xs t0 €ggr, in (7.66) with no sign change, and then,
using (7.60), we get
D; = (03 050 — 0ir 0j1) Aj B C . (7.68)

Using the index-replacement rules for the Kronecker delta tensor, this implies
D; = B; Aj Cj — Cz Aj Bj . (769)
Thus, writing it back in 3-vector notation, we have

— — — —

D=Ax(BxC)=B(A-C)-C(A-B). (7.70)

There are many other examples of vector expressions that can be simplified using the
basic identities (7.60), or (7.58) for the epsilon tensor. The rule is that whenever an ex-

pression involves two or more vector product symbols “

x”, then they can be eliminated
pairwise, being replaced by scalar products. Once one is familiar with the basic structure
of (7.60), most expressions capable of such simplifications can be handled. It is so simple
to derive the results “as needed” that it is no longer worth taking the trouble to remember
a formula such as (7.70); it is easier to derive it as and when needed. Memorising (7.60) is
itself very simple; with the contracted index being “3’rd with 3’rd” on the epsilon tensors,

the right-hand side is the product of “1’st with 1’st” and “2'nd with 2’'nd” Kronecker deltas,

minus “1’st with 2'nd” and “2’nd with 1’st.”

7.4.4 Hodge dualisation

The notation in three-dimensional Cartesian vector analysis of constructing a vector C

from the vector product C = A x B of two vectors A and B is such a commonplace that
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it sometimes surprises people to learn that it works only in three dimensions. The crucial
quantity involved in the construction of the vector product is the 3-index epsilon tensor
€ijk, and it has three indices precisely because of being in three dimensions.

The notation that does generalise to an arbitrary dimension is that from any pair of
vectors A and B we can form an antisymmetric rank-2 tensor W whose components W;;
are defined by

Wij=A;Bj — A; B; . (7.71)

In three dimensions, we can map back and forth between W;; and the vector C; defined

above, by making use of the 3-index epsilon tensor:

1
Ci = 3¢k Wik = €iji Aj By,

Wi' = Eijk Ck. (772)

Note that this ability to map both ways can be seen using (7.60). Thus, given C; = %&'jk Wik,

we calculate
eijk Ck = 5€ijk Erem Wem = 5 (030 0jm — Oim 0j0) Wem = Wij . (7.73)

So in three dimensions, having a 2-index antisymmetric tensor is essentially equivalent to
having a vector, since we can map freely backwards and forwards. (It is essential, of course,
that W;; itself be antisymmetric in order for this invertible mapping to work.)

In higher dimensions, the nature of the mapping is different. For example, in four
dimensions we have a 4-index epsilon tensor, and so from W;; we can make another 2-index
antisymmetric tensor:

Zij = Eijke Wkg . (774)

This is again invertible, and in fact from (7.59) one can prove that
Wi]‘ = igijkl Zkg . (775)

It is not so immediately obvious in four dimensions what the point of mapping from one
2-index antisymmetric tensor into the other would be, since one has not achieved any
reduction of the number of indices. Actually, it turns out that there are important uses for
this procedure, and in fact a special significance is attached to 2-index tensors that have
the property of mapping into themselves under this transformation.

The mapping process is known as Hodge Dualisation. To make the combinatorics work

nicely, it is better to put in a factorial coefficient. The Hodge dual of a rank-2 antisymmetric
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tensor W;; in four dimensions is denoted by W}, and defined by

. 1
Wi = opCijke Whe - (7.76)

From this, one can show using (7.59) that

Wij = =€ijke Wi - (7.77)

If a tensor happens to satisfy W;; = £W, it is called self-dual or anti-self-dual respectively.
More generally, if we are in n dimensions and we have a rank-p antisymmetric tensor

T;, .., then its Hodge dual is a rank-(n — p) tensor with components T7;..; _ given by
1

* _
iny = Eiyin_ pi1-ip

Ty, - (7.78)

The procedure of making a vector C = A x B out of two vectors A and B in three
dimensions can now be understood as a special case, in which one takes the Hodge dual of
the 2-index antisymmetric tensor with components A; B; — A; B;.

Notice, by the way, that one of our familiar concepts in three dimensions is that rotations
occur around azes. This is a very special feature of three dimensions, for precisely the

reasons we have been discussing. Think of the angular momentum vector,
L=7xp, (7.79)
for example, which, in components, would be written
Li = eijrxjpy . (7.80)

In a general dimension, we would instead simply view the angular momentum as a 2-index
antisymmetric tensor,

Lij =zipj —xjp;. (7.81)
Thus in a general dimension, a rotation occurs in a 2-plane, which is specified as the plane
in which the position vector ¥ and the linear momentum vector p'lie. It is a “coincidence”
of living in three spatial dimensions that instead of saying “a rotation in the (z,y) plane,”

we can say “a rotation around the z axis.”

7.5 Cartesian Tensor Calculus

The basic differential operator in vector and tensor calculus is the gradient operator V.
This is the vector-valued operator whose “components” are the set of partial derivatives

with respect to the Cartesian coordinates z;. For brevity, let us define

0

0; o5,

(7.82)
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Then we shall have

V= (8,0,...,0,) (7.83)

in n dimensions.

We can easily see that V is indeed a vector; the proof is the usual one, of showing that
its components transform as a vector under rotations of the Cartesian coordinates. Thus in
a rotated coordinate system z%, for which, by definition, we have 0, = 0/0z}, we find, using

the chain rule,
9 — 9z o

7 8$; J

(7.84)

Now we have z; = M;; z; under the coordinate rotations, and so, multiplying by M;;, and
using (7.29), we have M;; x; = . Differentiating (take care of the index choices!) we find

oz

Bl = M;;, and so we conclude that

8 = M;; ;. (7.85)

This proves that 0; transforms exactly as a vector should, under rotations of the Cartesian
axes.

It is now straightforward to see that if V acts on any scalar field ¢, it will give a vector,
V. In fact more generally, if V acts on any rank-p tensor T, it will give a rank-(p + 1)

tensor S, with components given by
Sijl"'jp = 82 le"'jp . (7.86)

The proof is the usual one, of showing that Sjj..;, transforms with the proper tensor
transformation law (7.34) under rotations of the Cartesian coordinates. Of course, having
established that 0; Tj,...;, is a tensor, all the usual rules follow. In particular, for example,
it follows that we can take a divergence of the tensor T}, ...; , by contracting the index 7 on
the derivative in (7.86) with one of the indices on Tj,...;,, and thereby get a rank-(p — 1)
tensor. (In general, if Tj,...;, has no special symmetry properties on its indices, there will
be p different divergences that we can make, depending on which of the j indices we choose
to contract with the ¢ index.)

A special case of the above is to form the scalar quantity 0; V; as the divergence of the
vector V.

Note that the Laplacian operator

0* 0*
VP=0i0i= 15+ +

527 92 (7.87)

is manifestly a scalar operator, and so if ¢ is a scalar, then so is VZ¢.
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There is a special significance in tensor calculus to antisymmetrised derivatives of tensors.
The most familiar example, in three dimensions, involves the antisymmetrised derivative of
a vector, 0;V; — 0;V;. As in our discussion of the vector product, it is then convenient to
take the Hodge dual of this, to obtain a vector. Thus one defines the curl operation, with

the curl of a vector V being another vector (actually, of course, a pseudo-vector) X , given

by

X=VxV. (7.88)

In components, this is just
Xi = €k 8]‘ Vk . (7.89)

In index notation one can easily prove various 3-dimensional identities, based on the
fact that partial derivatives commute, 0; 0; = 0; 0;, such as
VxVe=0, V-(VxV)=0, (7.90)

for any scalar ¢ and any vector V. One can also immediately see from (7.60) that

x(VxV)=V(V-V)-V2V. (7.91)

<
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