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1.1

1.2

Introduction

You should already be familiar with the method of solving first order linear differential equations
using an integrating factor (If not go back to your notes!). The strategy behind this method is to
multiply the original differential equation by a factor designed to turn the left hand side into a total
derivative. We can then integrate easily. In this chapter we will consider how an integrating factor
may be used to solve 2" Order Linear Ordinary Differential Equations .

We will also demonstrate that any second order linear differential operator can be put into a
special form called self-adjoint form which has a number of important properties to be discussed
later in the course.

Further, we will use the self-adjoint form of a 2"¢ Order Linear Ordinary Differential Equation
to transform it to the so called canonical form. The canonical form is an equivalence class meaning
that two equations are equivalent to each other if they can be transformed to the same canonical
form even if they appear different at first sight.

Integrating factors for 24 Order Linear Ordinary Differential Equations

We start by defining what an integrating factor is:

Definition 1.2.1 An integrating factor is any expression that a differential equation is multiplied
by in order to facilitate integration.

We seek the general solution of the non-homogeneous 2" Order Linear Ordinary Differential
Equation

Lyl = h(x),
where L is a linear operator of the form
d? d
L= P(x)ﬁ +‘I(X)a +r(x)
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The equation L[y] = h is thus equivalent to the ODE
p)Y" +q(x)y +r(x)y = h(x).

Basic idea
We look for a integrating factor z(x) to multiply the equation by, i.e.

Z(py” +qy +ry= h) ,
such that the LHS
2py" +ay' +ry) =zpy" +29Y +zry
can be written as a “total derivative” with respect to x of the form

d
py" +2qy +ary = —(U()Y +V(x)y),

where U (x) and V (x) are functions to be determined. The total derivative is chosen to involve y’
so that differentiation gives the zpy” term, and it must also include y to give the zry term. If such
function exists it will transform the equation into

d
o (Uy' +Vy) = zh.

Upon integration wrt x we will find

Uy +Vy= /z(x)h(x)dx.

This is an First-Order Linear Ordinary Differential Equation and can always be solved by finding a
second integrating factor. Thus the original 2™ Order Linear Ordinary Differential Equation can be
solved.

Finding the integrating factor from the adjoint equation

Now we will show that an integrating factor exists and we will formulate an equation from which it
may be found.
Consider the left hand side further,

/! / d /
py +zqy +zry = ﬂ(Uy +Vy)

:Uy”—i-(Ul-i-V)yl-i—V,y,

and compare coefficients of y, to obtain,

wp=U,
q=U+V, (1.1)
=V
Substitute V’ from the third equation
V' =z,

and U” from the second derivative of the first equation

U// — (ZP)N,



1.2 Integrating factors for 2™ Order Linear Ordinary Differential Equations 9

into the first derivative of the second equation
U//+V/ — (Zq)/
to find a single equation for the integrating factor z(x)

2
Lz) = %(pz) — %(qz) + (rz) =0.

Definition 1.2.2 The equation for the integrating factor is called the adjoint equation to the
original equation.

R) The adjoint equation is the homogeneous version of the original differential equation, with
the coefficients and the integrating factor function taken inside the differentiation and the sign
of the second term reversed.

R) The adjoint equation is easier to solve than the original ODE because it is homogeneous. This
then clearly provides a good method of solution.

R) Similarly to the integrating factor for first order equations, we do not need the general solution
to the adjoint equation, just any particular solution z that will do the job of turning the LHS
into a total derivative.

1.2.3 Find the functions U(x) and V (x)

Our final task is to determine the unknown functions U (x) and V (x) which will form part of the 1st
order equation we are left with. Fortunately this task is not too onerous, once z(x) is known these
are determined from equations (1.1).

1.2.4 Examples

For 2™ Order Linear Ordinary Differential Equation with Constant Coefficients the general solution
can be written in explicit formulas in the most general case, while this is not quite possible for
equations with non-constant coefficients. Rather than trying to generalize we will consider a number
of examples.

s Example 1.1 Find the solution of,

d’y | dy
) —1-65 +9y =exp(—3x)

by means of an integrating factor.

Step 1: Find an integrating factor We multiply by an integrating factor z(x) to be deter-
mined. The left hand side is then,
2" + 62y’ +9zy.

‘We choose z so that this becomes

:U// U/ V/ V/
i Y+ U +V)y +V'y

Uy +Vy
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where U and V are functions of x to be determined. Equating coefficients:
=U, 6z=U+V, 9z=V".
We combine this into a single equation for z:
7'—67+9z=0.

This equation is homogeneous and so easier to deal with than the inhomogeneous original. It has
constant coefficients so we know how to deal with it — we look for a solution z = exp(mx). This
gives auxiliary equation
(m—3)*=0.
with a double root at
m=3.

Only one solution is required for an integrating factor, so take

z(x) = exp(3x).

Step 2: Find the functions U (x) and V (x) and the first order ODE The functions U and
V are hence

U = exp(+3x),
V = 6z—U"=3exp(+3x).
The original ODE may now be written as

d d
o exp(+3x)d—z+3exp(+3x)y =1

Integrating gives
dy

Y + 3y = xexp(—3x) + cexp(—3x).
x

Step 3: Integrate the First-Order Linear ODE to find the general solution This is now a
first order equation with integrating factor exp(+3x). So

I [exp(+3x)y] =x+a,

exp(+3x)y = 1x* + ax+ B,

Hence, the solution is

y(x) = %xz exp(—3x) + axexp(—3x) + B exp(—3x).

R) So applying this method on inhomogeneous second order ODEs with constant coefficients
gives us an alternative to the ad-hoc guesswork approach of Chapter 1. Note that this method
is entirely algorithmic and so we could programme a computer to perform the manipulation.
We give another example.

m Example 1.2 Solve the differential equation

y"—}—4y = x%.
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Step 1: Find an integrating factor First we multiply the ODE by the undetermined integrat-
ing factor z(x).
2y +4zy = 2%

We want to write the LHS as

2" +4zy = (UY +Vy)
=Uy"+ (U +V)y +V'y.

Equating coefficients of y and derivatives shows we need.

Z U,
U+v,
4z = V',

To find a single equation for z(x) from these we differentiate the second equation once, the first
twice and use the third to get

' +4z=0.

This is a linear homogeneous second order ODE so we look for a solution of the form z = exp(mx).
The auxiliary equation is

m*+4=0
giving
m = +£2i.

As only one solution is required, not the general solution, we can take say

z(x) = sin(2x).

Step 2: Find the functions U (x) and V(x) and the first order ODE We can now identify
the functions U and V using the above formula. We find

U =z = sin(2x)
V =—-U"= —2cos(2x).

Hence we have converted the original equation to

d . dy 2.
o [sm(Zx)dx —200s(2x)y] = x“sin(2x).

Now we can integrate once to give
. dy o 7 .
s1n(2x)d— —2cos(2x)y = [ x“sin(2x)dx,
X
We divide through by the coefficient of y' to give
dy

T 2cot(2x)y = cosec(2x) /x2 sin(2x)dx.
X
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Step 3: Integrate the First-Order Linear ODE to find the general solution This is a first
order linear equation with integrating factor cosec(2x), (standard integral formula takes to logarithm
which cancels with the exponential in integrating factor). Hence

% {cosec(x)y} = cosec? (2x) / x? sin(2x)dx.

Then
y(x) = sin(2x) / {cosec?(2x) / x% sin(2x)dx}dx

These integrations can be done by (multiple) integration by parts to give

1 1
y(x) = asin(2x) + B cos(2x) — 3 + Zx2_

We will do some example with non-constant coefficients later in the chapter.

Adjoint and self-adjoint operators

Recall that the integrating factor z(x) of a 2" Order Linear Ordinary Differential Equation satisfies

the adjoint equation,
_ d? d
L= 455(p) — (a0) + () =0,

where L is called the adjoint operator to L of

dZ

) (),

L=p(x) o

To find the adjoint operator L in explicit form we expand the LHS of the adjoint ODE,
Lzl = (p'z+7Zp) —(¢'z+7q)+zr
=p"z4+2p'd +p’ +rz— (24’ +q2)
_ pz” + (zp/ N q)zl + (p// _ q/ + V)Z.

Thus we have
Definition 1.3.1 Let L be the 2"! Order Linear differential operator

d? d
LIP(X)E —l—q(x)a+r(x),

then the operator

_ d? d
L= p(x) 5+ (20'(0) = () -+ (0" () = 0/ (x) + (@),
is called the adjoint operator of L.
m Example 1.3 Let
L —xzd—2 —|—xi + (* = p?)
T dx? Tdx P

be a 2" Order Linear differential operator. Determine the corresponding adjoint operator.
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From the adjoint equation,

_ d? d
Lzl = E(PZ) - %(‘ZZ) +rz
d2

= ) () + (P - P

= 2 tdd + 20— (i H2)+ (x
27 435 + (1+ 22— p?)z,
= pd+2p—q)xd+(p" 4 +r)z

2 p)z

Hence the adjoint operator is given by

_ d? d
L=x*— +3x

“ 1 2 2'
dx? dx+( =)

R) One can derive L from the adjoint equation as above, or directly from the formula.

R) Recall that to solve the ODE L[y] = h, we need to determine the integrating factor z(x), which
is given by the solution of the adjoint ODE L[z] = 0.

= Example 1.4 Use the integrating factor technique to find the general solution of the 2"¢ Order
Linear Ordinary Differential Equation with Non-Constant Coefficients

Step 1: Find the adjoint equation and then an integrating factor Here p=1, 2p'—¢g=
x, pl—q¢g+r=0+1-2=-1s0

L @ d 2 — L i + d 1
= —x— — = — 4+x——1.
dx? “dx 7 dx?  dx

Denote the integrating factor by z(x). This will satisfy the adjoint equation L[z] = 0, in this case
"+x —z=0.

As in the first order case, we are not really interested in the general solution to this equation —
we just want any solution which can act as our integrating factor. We look for the simplest — a
constant will not work but we find that

=X

is a solution of the equation and so use this.

Step 2: Find functions U(x) and V(x) Recall that multiplying by z allows us to write the
left hand side of the original ODE in the form

d
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where we found that pz = U and zr = V'. Here we have p =1 and r = —2, so

U=z=x,
V= -2z7=—2x, Vzc—xz7
for some constant c¢. Finally, recall the third equation, zg = (U’ +V). Here ¢ = —x and so

substituting
—x>=1+(c—x%), = c=-1

From this we deduce that V = —(1 4 x?).
Note that this calculation could have been performed by writing

d d?y dy
oy vy =g - -2
dx[ y vy dez xzdx s

expanding the left hand side and comparing coefficients, (as above). [Check this as an exercise.]

Step 3: Solve the resulting First-Order Linear Ordinary Differential Equation So the
original ODE may be written in the form

d
r [ = (1+2)y] =0.

This may be integrated to give
dy
xi a—
dx

for a new unknown constant c. Dividing through by x gives us a first order linear ODE in canonical

form,
dy 1 c
dx (x +x> YTy

The integrating factor for this equation is

U =exp </—x—idx> = exp (_x; —ln(x)> =exp <—xz2+1n (i)) = exp(—xxz/Z)‘

Hence the ODE becomes

(1+x)y=c,

)

d [yexp(—a@/2)]:: cexp(—x2/2)

dx X x2

and so an expression for the solution is

2 2 2
—x°/2
y = bxexp <x2> + cxexp (J;) /exp(x/)dx.

X2

R) So we see that the method described will reduce the second order problem to a first order
problem. However, finding solutions to this is not always easy, as seen in the example above.
Frequently, even the solutions to the homogeneous problem are difficult to find, so we can
expect solutions to non-homogeneous problems to be even harder to find!
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Self-adjoint operators
We begin with

= Example 1.5 Let
d? d
L=(1-x*)—5 —2x—+A.
(1-x )dxz Y dx *
be a 2" Order Linear operator. Find the corresponding adjoint operator.

In this case we have

p=1-x p'=—2x, p'=-2
= —2x’ q/ = —27 2pl —q = —2)6
r=A2A, p—q+r=24
and so
2 2 d A
L=(1—x")——2x— .
(1-x )dx2 xdx+

R) Note that in this example L = L.

This motivates
I Definition 1.3.2 A linear differential operator L such that L = L is called self-adjoint.

Condition for self-adjointness and general form of a self-adjoint operator

Theorem 1.3.1 A necessary condition for the operator

d2

2 + q(x)i +r(x)

L—
p(x) pm
to be self-adjoint is that p’(x) = g(x).
Proof. Recall that if
Lyl =py" +qy' +ry,

then
Ly=py"+2p —q)y' + (" —q +r)y.

So, if L = L, then by comparing coefficients of y-derivatives we see that

2 —q=q — P=q
p”fq’Jrr:r — p//:q/

If this is so, then immediately

Theorem 1.3.2 A self-adjoint operator L can be written in the general form

_ad*  ,d

L—L—pEwLpanLr
d d

= [P =| +r(x).
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m Example 1.6 Show that Legendre’s equation,
(1=x7)y" =20/ + 2y =0,

may be written in this form.
We see that Legendre’s equation may be written L[y] = 0 with

d? d

— —2x— +A.
)dxz xdx+

= (1—x

We checked that this operator was self-adjoint above. Further,

d
dx

{(1 —x )ﬂ + Ay =(1-2)" — 20/ + Ay = L]y).

Transforming an 2"¢ Order Linear Ordinary Differential Equations into self-adjoint form
Self-adjoint operators are important because

Theorem 1.3.3 Any linear ODE, L[y] = h, may be written in self-adjoint form L[y] = H where

251 = [P0 2] + 0o,

=Py'+ Py +0y.
for some functions P(x),Q(x),H (x) specified below.

Proof. We describe the process to do this. Let

d’>y  dy
+qf—|—ry h.

Lhl=po5+ag

Step 1: Divide through by the coefficient of y”.

d’y qdy

r
dx? pdx ;y_

h
p
Step 2: Multiply by
. dy
P(x) =exp {coefﬁment of o dx.
X

We can then write

/! /_/ P hP

Py "+ Py + ?
4 [, b Pl ) MR
T {P( )dx]+ B e

since P' = Pq/p. So P(x) is acting like an integrating factor here. [As with an integrating factor,
we do not need to bother with the arbitrary constant when calculating P(x).]
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Step 3:  Write
O(x) = 7( and H(x) = 7(

so that the ODE can then be written in self-adjoint form,

d
dx

202 + 0ty = ),

m Example 1.7 Put the differential equation
Y'—xy—2y=0

into self-adjoint form.

Step 1 is unnecessary since the co-efficient of y” is one. We proceed directly to step 2. Define

P(x) = exp ( / —xdx) — exp (-i) .
AT o I

This is a self-adjoint equation, with Q(x) = —2exp(—x?/2) and H(x) = 0.

Then

R) Writing equations in self-adjoint form can offer a number of advantages. It allows us to
use theory that is specific to self-adjoint operators (such as the methods for dealing with
eigenvalue problems dealt with later in the course). It is also the first step on the path to the
canonical form of the equation which we study in the next section.

1.4 Canonical Forms

Theorem 1.4.1 Any linear ODE, L[y] = h, may be written in canonical (or standard) form

d’y - -
W +Q(t)y:H(t)'

Proof. In the previous section we demonstrated that any equation

d? dy
P) S +a() T+ r(x)y = h(x)

can be put into self-adjoint form

d dy

— | P(x)— =H(x).

2 P2+ 000y =
Now consider the change of variable

d d

Wi =&
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or

1
t= | ——dx.
/ P(x) *
Multiplying the ODE by P we have

d [ d
P— |P—y| +PQy=PH
dx[ dxy}r Qy ;

d|d

— | = PQy=PH

o7 [dty}nL Qy ;
d’y - ~
— t)y=H(t
S+ 0y =HA(1),

where Q(t) = P(x)Q(x) and H(t) = P(x)H (x), with x replaced by the function of # given by
integrating 1/P(x) with respect to x. [ |

R) Note the lack of any y/-term in the canonical form of the ODE.

m Example 1.8 Put Bessel’s equation

2yt (@ =pPy=0

into (a) Self-adjoint form, and (b) Canonical form.

Step 1 Divide by x?

1 x2_ 2
y”+fy’+( 219 )y:()'
X X

Step 2 Multiply by

P(x) = exp ( / idx) _

so the self-adjoint form of Bessel’s equation is

d | dy x> —p?
— [x—= =0.
dx [xdx] + [ x Y

We now put this into canonical form by setting

d d
X— = —
dx dt

which integrates to give t = log(x), or x = exp(¢). Multiplying through by P(x), we see that
d d sy 9
— = 0
xdx[dxy}r(x Py =0,
or equivalently

d?y
T (exp(2t) — p*)y =0.
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m Example 1.9 Put the equation

X' +Y +y=0
into self-adjoint form and then write it in canonical form.
First divide by x:

1 1
y”+fy’+fy=0.
X X
Multiply by

P@y:ap(/i)dxzx

as before. So the self-adjoint form of the equation is

Multiplying by P(x) again,

d d + 0
X— |x— xy=0.
dx dxy 4

To put this in canonical form, set xd /dx = d /dt which, as in the previous example, integrates to
t =log(x), that is x = exp(). Hence one obtains the equation

d*y
W +CXp(l)y =0.

R) Sometimes the canonical form of the equation may be easier to solve than the original form,
as in the following examples.

m Example 1.10 Put the equation
dxy" +2y +y=0

into canonical form, then solve the equation.
Divide through by 4x to get

1, 1
! /
—y +—y=0.
.

po—sp ([ (L)) =

So the self-adjoint form of the equation is

Then multiply by

Upon multiplying again we have

d d 1
124 | 124) 1o
Ydx [x dx]+4y 0

Hence we SubStltute
1 /2 ¢ ¢
X —

dx dt’
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that is

dx 1/2
t:/m:bc .

So the canonical form of the equation is just

d’y 1
24 y=0.
a7

This is a second order linear ODE with constant coefficients, so using the methods of Chapter 1 we
can show it has general solution

= orsin (£> + Bcos (5)
y= 2 7))
[check this]. We can write the solution in the original x-variable as

y = asin (v/x) + B cos (v/x).

= Example 1.11 Solve the differential equation
4(1=x)y" —4dxy +y=0

using a canonical substitution.
In this case

P() —exp< _xzdx> — exp (;log(l —x2)> —(1=2)2.

1—x

The self-adjoint form of the equation is thus

d d 1
[F_xﬂ] n Y _o.

dx dx

To write this in canonical form, let

This gives us

As before, this has general solution

y = asin (%>+Bcos (%)

In the original x-coordinate, the general solution is

y=asin (;sinl(X)> +Bcos (;sinl(X)> :

R) Inboth of the previous examples, the canonical form of the differential equation was exactly
the same. This shows that two seemingly different equations can in fact be the same!



So far we have ignored boundary conditions and have concentrated on how to solve differential
equations on their own. In this chapter we will consider the crucial role of boundary conditions in
narrowing down the solution space of a differential equation. We will also consider equations with
a parameter.

2.1 Boundary value problems

® A problem in the theory of Differential Equations involves 3 elements

1. Differential Equation (Differential Equations ),
2. Domain of the independent variable (region of integration),
3. Additional conditions (known in general as boundary conditions). They may be:
(a) initial conditions — conditions imposed to the unknown function and its derivatives
at the initial moment of time (if time is the independent variable),
(b) boundary conditions — conditions imposed to the unknown function and its deriva-
tives at the end point (or end points) of the domain of integration (if space is the
independent variable).

For example

Definition 2.1.1 The problem to find a solution to the Ordinary Differential Equation

p(x)y" +q(x)y’ 4 r(x)y = h(x), 2.1

subject to the boundary conditions

any(a)+any'(a)+biiy(b) + b1y (b) = c1,
azly(a) -I-azzy/(a) + bzly(b) + bzzy,(b) =0, 2.2)

is called a two-point boundary value problem for the inhomogeneous 2" Order Linear Ordi-
nary Differential Equation with inhomogeneous (when ¢; # 0 and/or ¢, # 0) linear boundary
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| conditions and domain x € (a,b).

R) The two-point boundary value problem defined above may have the following types of
solutions

e atwo-parameter family of solutions
e a one-parameter family of solutions
e aunique solution

e 1o solutions

This is easy to understand. Recall that a 2" Order Linear Ordinary Differential Equation has
a general solution involving 2 arbitrary parameters. The boundary conditions may be such
that when trying to impose them, they (are “useless”) leave both parameters undetermined,
or such that they fix one but leave the other parameter undetermined, or allow to fix both
parameters, or finally are “inconsistent” with the equation and no vales of the parameters
satisfying both exist.

We will demonstrate some of these possibilities in the following examples.

m Example 2.1 (Two-parameter family of solutions) Solve the following Boundary Value Problem
Y'+4y=0 y(=m)=y(n), ¥(-m)=y(n).

(Such BCs are called periodic BCs.)
Using the techniques of Chapter 1 we find the general solution to the ODE

y(x) = Acos(2x) + Bsin(2x),
y' (x) = —2Asin(2x) + 2B cos(2x).

Imposing the BCs

¥(m) = A = y(—7) = 4,
/(=) = 2B = y(r) = 2B,

which leaves A and B undetermined. Thus, the Boundary Value Problem has a two-parameter
family of solutions
y(x) = Acos(2x) 4 Bsin(2x).

In this case that happens because the solution of the ODE as well as the BC are 27 periodic. "

m Example 2.2 (One-parameter family of solutions) Solve the following Boundary Value Problem
y' 4y = cos(2x) y(0)=0, y(m)=0.
Using the techniques of Chapter 1 we find the general solution to the ODE
y(x) =Acosx+ Bsinx — 1/3cos2x.
Imposing the BCs

¥ (0) = —Asinx+Bcosx+2/3sin2x| _, =B =0,
y'(w) = —Asinx+ Bcosx+2/3sin2x|,_, = —B=0.

Thus B = 0, while A remains undetermined. We have the solution
y(x) =Acosx—1/3cos2x,

which is a one-parameter family of solutions. "
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m Example 2.3 (Unique solution) Solve the following initial value problem (IVP), given by the
Ordinary Differential Equation
6y’ =5y +y =0,
subject to the initial condition y(0) =4 and y'(0) = 0.
Again, following Chapter 1 we find auxiliary equation

6m* —5m+1=6(m>—2m+1)=6(m—1)(m—1)=0
and hence the general solution
y(x) = otes + Be2
for arbitrary constants o, 3. [Check this]. Differentiating we have

o x
y':3e3+§e .

=

Then

y0)=4=4d4=0a+B,—P=4—q.
200+38  2a+12-3a

372 6 6
:27% — a=12, — f=-8

Hence the solution, subject to the initial conditions, is

y(x) = 12¢3 — 8e2.

m Example 2.4 (No solutions) Solve the following Boundary Value Problem
Y4y = 4dx y(=m)=y(m), Y (-m)=y(m).
We can easily find the general solution to the ODE
y(x) = Acos(2x) + Bsin(2x) +x.
Imposing the BCs
ym)=n+A=y(—m)=—-n+A,

which is always false. Thus, the ODE and the BCs are inconsistent and there are no A and B that
satisfy them. There is no solution. "

Eigenvalue problems

Finding the particular solution from a well specified general solution, by imposing the boundary
conditions as above, is straightforward. However, the problem becomes more interesting when
we deal with differential equations which include parameters. E.g. recall the A in the Legendre
equation.
Definition 2.2.1 The problem to find a solution to the Ordinary Differential Equation involving
a parameter A
PE)Y" +4q(x)y +r(x)y = Lo (x)y, (2.3)

subject to the boundary conditions

any(a) +a12y’(a) + b 1y(b) +b12y/(b) =cy,
azy(a) +axny'(a) +bay(b) + bxny (b) = c2, (2.4)
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is called an eigenvalue problem for the homogeneous 2" Order Linear Ordinary Differential
Equation with inhomogeneous (when ¢ # 0 and/or ¢, # 0) linear boundary conditions and
domain x € (a,b).

R) Inaddition to the above possibilities for the solutions of a two-point Boundary Value Problem
an eigenvalue problem may have a solution

e only for specific values of the parameter A.

This is easy to understand. Roughly speaking, the role of A is to “modify/vary” the equation
such that e.g. if at some value of A no solutions exist, at another value of A the equation is
somewhat different and solutions may exist.

Definition 2.2.2 The nontrivial (non-zero) solutions of an eigenvalue problem are called eigen-
functions and the corresponding values of A where they exist are called eigenvalues. The set of
all eigenvalues is called an eigenspectrum.

R) Note the similarity with a matrix eigenvalue problem
AV =AV.
We shall give some examples of solving such eigenvalue problems in order to illustrate some of their
properties. Note that these examples are very important as the same types of problems will appear

in the method of separation of variables for the solution of 2" Order Linear Partial Differential
Equations of mathematical physics, which we will discuss in later chapters.

= Example 2.5 Find solutions in x € (0,1) to the eigenvalue problem
Y'=Ay=0, y(0)=0, y(I)=0.

It is a second order linear homogenous ODE so we search for solutions exp(mx) leading to the
auxiliary equation
m*— A =0.

The nature of the solution will depend on the sign of A.
e Assume A < 0: Solet A = —u? for some i > 0. Then the differential equation is y” + 2y =
0, and the auxiliary equation gives m = +-ti. Therefore the general solution is

y=Asin (,ux) + Bcos (ux) .
Next, use the boundary conditions:

y(0)=0 = B=0
y(I)=0 = 0=Asin(ip).

If A = 0 then we have the trivial solution y = 0. If A # 0 then the boundary conditions are
only satisfied if

[u = 7n, with solutions u = T for some integer n.

So if
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for some integer n € N, then we have the family of solutions
T
yu(x) = A, sin <n7x) ,

where the subscript denotes the fact that these are different functions depending on n.
However, if A does not take such a value then the only solution consistent with the boundary
conditions is the trivial solution y = 0.
e Assume A = 0: The differential equation is then y” = 0 which can be integrated trivially to
give the solution
y=A+Bx.

Next use the boundary conditions:

y0)=0 = A=0

y([)=0 = A+BI=0, so B=0.
So in the case where A = 0 there is only the trivial solution y = 0.

e Assume A >0: This time let A = u? for some u > 0. Then the differential equation is

y" — u?y = 0 and the auxiliary equation gives m = 4. So the general solution is

Aet* + Be M,
To impose the boundary conditions it is helpful recalling the hyperbolic functions
cosh(x) = §(e*+e7), sinh(x) = 1 (e —e™).

So we see that an arbitrary sum of these may be written as an arbitrary sum of exp(x) and
exp(—x) since
atcosh(x) + B sinh(x) = S (a+ B)e" + S (a—B)e ™.

So in this case our general solution may be re-written as,
y = accosh (x) + B sinh (px).
The boundary conditions then yield that
y0)=0 = a=0
y(I)=0 == PBsinh(ul) =0.

Now, sinh(u!) is only zero for = 0 but we assumed that this was not the case. Therefore
we must have 3 = 0 giving the trivial solution y = 0 as the only solution in this case.
e In summary: The eigenvalue problem only has nontrivial solutions (i.e. y # 0) when

nmw\2
m==(7)
for some n € N. These are given by

. (IT
Yp = A, sin (7x> ,
where A, are arbitrary constants. Here A, are the eigenvalues and y, are the corresponding
eigenfunctions. Because the eigenvalues are specific values we say that this eigenvalue
problem has a discrete eigenspectrum.



26 Chapter 2. Regular Sturm-Liouville eigenvalue problems

m Example 2.6 (Same equation, different conditions.) Find solutions to the eigenvalue problem
Y'—=Ay =0, ¥(0)=0, y(0)=1

As before, we search for solutions exp(mx) where m?> — A = 0. We again consider the three
cases for A separately.
e Assume A < 0: Let A = —u? for some u > 0, giving the general solution

y=Asin (ux) + Bcos (/.Lx) .
Now consider the boundary conditions: First

y(0)=0 = B=0, andso y=Asin (ux),

y = Apicos (ux)
Y(0)=1 = Au=1.

So when A is negative we have the solution

I .
y= ﬁsm (,ux)

where u =+ —A.
e Assume A = 0: Here we have y’ = 0 and the solution y = A + Bx. Next use the boundary
conditions:
y0)=0 = A=0 andso y=Bx,

Y =8
y(0)=1 = B=1
and so the only solution corresponding to A =0 is y = x.
e Assume A > 0: Let A = u? for some p > 0 This has solution

y=Ae!* + Be H*,
The boundary conditions yield
y(0)=0 = A+B=0 andso y=Ae" —Ae M
y =Auet* +Aue M~
Y(0)=1 = 24u=1.
So when A is positive we have the solution

1 1 _
ey hx

y:2u 2u

)

where u = v/A.

e In summary: The eigenvalue problem has nontrivial solutions for all real values of lambda
given by the corresponding expressions above. Because the eigenvalues form a continuum
we say that this eigenvalue problem has a continuous eigenspectrum.

In these two examples the basic differential equation was the same, y” — Ay = 0. However,
the different boundary conditions implied very different solutions.

2.3 Inner product in a linear space of functions

In further sections we will need the following definitions.
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Definition 2.3.1 Let f and g be two vectors of in a linear vector space V. The inner (scalar)
product (f,g) of f and g is an operation defined so as to have the following properties:

0 (f.8)=(8f) Vfg€eV,

(i) (cf,g) =c(f.g)  VceR\Vf,geV,

(i) (f,g+h)=(f,8)+{f,h)  Vf.gheV,

@v) (f,f) = 0with (f,f) =0iff f=0.

In the case of complex linear vector space

(i (f.8) =(s[)

(ii) (cf,g) =7c(f.8)-

m Example 2.7 Demonstrate that the operation defined by the integral

) = [ 1wt
in the real case, or ,
(f.8) = [ Fslomix)ar,

in the complex case, where w(x) is a real valued function called weight such that w(x) > 0 for
a < x < b satisfies the properties of an inner product.
One has to verify all properties in the definition of the inner product. For example

b
(g th) = [ flgthpwax 2.5)
b b
= / fewdx+ / fhwdx (2.6)
= (f,8) +(f.h). (2.7)
The rest are left as an exercise. n

Definition 2.3.2 The norm of a vector f is defined as

I£11? = (£, )
| Definition 2.3.3 A linear vector space with an inner product is called an inner product space.

» Example 2.8 The inner product space consisting of all functions f with finite norm || f||{e is
denoted by L*(a, b, w(x))).

To demonstrate that L?(a, b, w(x))) is an inner product space one has to verify that it satisfies
the properties of linear spaces with inner products. "

| Definition 2.3.4 The vectors f, g € L?(a,b;w(x)) are called orthogonal if and only if (f,g) = 0.

Definition 2.3.5 A set of orthogonal vectors are said to be orthonormal if they all have unit
norm, that is to say,

(fi, fi) = 6i ;.

Theorem 2.3.1 Let {f;(x)} be an orthonormal basis of the linear space L*(a, b;w(x)), then any
function f(x) € L?(a,b;w(x)) can be represented in that basis in the form

f@zg%@,
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where the ¢; are some constants.

Proof. Omitted. u

2.4 Theory of regular Sturm-Liouville eigenvalue problems
Definition 2.4.1 Let L be a self-adjoint operator

L= o] ot

An eigenvalue problem of the form

Ly +Aw(x)y=0
ary(a) +axy'(a) =0,
biy(b )+b2y’(b)=0

€ [a,b],

(2.8)

)

where P(x) > 0,0Q(x), @(x) > 0 are real-valued functions on [a,b], and excluding the cases
a; =ap =0and by = by =0, is called a regular Sturm-Liouville eigenvalue problem.

R) The restriction to self-adjoint operators is not essential. Recall, if L is not self-adjoint we can
always convert it in self-adjoint form.

R) An example of a regular Sturm-Liouville eigenvalue problem was already encountered in
example 2.5 above. In contrast, example 2.6 is an irregular problem because of the boundary
conditions where by = b, = 0.

We will need the following statements in order to establish the properties of regular Sturm-
Liouville eigenvalue problems.

Theorem 2.4.1 (The Lagrange identity) Let

L % {P(x)jx} +OW)

be a self-adjoint operator. Then for all functions f and g

d , o d
fLlg] = sLif) = = (P@)(r¢ —8f") ) = - (PCIWLf 8], 29)
where W|f,g] is the Wronskian.
Proof. Expand the left hand side
P + Pt —g{Pf"+Pf} = P(fg"—gf")+P(fs'~¢'f)
= P(fg'—gf)+P(fg —gf")
d / /
= (PRl e}
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Corollary 2.4.2 (The Green formula)
b b b
| (sl —sLifl) Wax = [P@(£¢ —¢r)] = [PeWlrg®] . @10

and if f(x) and g(x) also satisfy the boundary conditions in (2.8) then the formula simplifies to

/ " (Lle) = 6L1f1) () = 0. @.11)

Proof. The first part follows directly. To prove the second part rewrite the BCs as

f(a)=—(ar/ax)f(a), ['(b)=—(b1/b2)f (D),
g'(a) = —(a1/a2)g(a), g'(b)=—(b1/b2)g(b).

b
Substitute in [P(x) (fg' —gf )} and simplify to get 0. [
a

R) The Green formula (2.11) takes a particularly elegant form when expressed in inner product

notation:
(f:Llg]) = (LIS, &)-
This may serve as yet another definition of a self-adjoint operator.

With this we are ready to state the properties of regular Sturm-Liouville problems.

Theorem 2.4.3 A regular Sturm-Liouville problem (2.8) has the following properties:
1. The eigenvalues are real, simple and form a countable increasing sequence

},1<12<)~3<...

with lim, e A, = oo.

2. The eigenfunctions y,(x) can be chosen to be real-valued.

3. The eigenfunctions y,(x) corresponding to distinct eigenvalues A, are orthogonal with
respect to the weight @(x) on [a,b].

4. Let {y,(x)}>_, be an orthonormal sequence of eigenfunctions and let f(x) be a continuous
function on [a, b] satisfying the boundary conditions in (2.8), then {y,(x)}*_, can be used
as a basis to expand f(x) in the form

fwzi%mm

where
an = (f,yn) = /a hf (x)yn(x) @ (x)dx.

Moreover, the series converges uniformly on [a, b].

Proof of 1. Let y be the eigenfunction with eigenvalue A4, so
Liy] = Awy.

Take the complex conjugate (noting that P, Q and @ are real-valued functions),
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Multiply the first equation by y the second by y and subtract from each other

YL[y) —yL[y] = yzwy —yAmy
= (A-A)yo.

Use the Lagrange identity Lemma proved earlier

- d

(=250 = = (PO (5 -5)).

Integrate both sides between the end points. Impose the boundary conditions and use the Corollary
_ b
x—2) / Wo(x)dx = 0.
a

But
b
| wewdx£0

since @(x) > 0 and yy =[ y |*> 0.
It follows that A — A = 0,1.e. A = A or A is real.

Proof of 3. Let y, and y,, be eigenfunctions associated with the eigenvalues A,,, A,, respec-
tively, with A,, # A,, if n # m. Taking the first few steps of the previous proof, we can write

YnL[ym] = ymLlya] = % (P(X) (YnYm — ymyZ)) :
But L[y,| = 4,0 (x)y, and so

o () = - (P3) Gy =) )

So integrating from a to b

o) [ o= [ (P st~ )

It then follows that

b

(Am = 2An) s Ym) = (P(X) (yn% _ymizyD)

X=a

Using the Corollary under regular Sturm-Liouville boundary conditions the RHS vanishes

(A'm - An) <ynaym> =0.

As A, # Ay, for n £ m then
Vn,ym) =0 forn # m.
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Partial Proof of 4. Suppose a given function f(x) is represented by a series expansion of the

form,
Z anyn

for some set of constants a, to be determined. Multiply both sides by y,(x)

FX)ym(x) = Z anyn(x

and integrate with weight ®(x) between the limits of the Sturm-Liouville problem
b b o0
| r@mota = [ (ym<x>w<x> Y ) )
a a
- / (s m<x>w<x>)dx
L/‘ym X)yn(x )d%>

In alternative notation,

oo

Z Yna)’m <f7)’m>co-

Using the fact that y, and y,, are orthonormal, i.e.

1 ifn=m,

<ynaym>a) = 6nm - {

0 ifn#m,
we have N
Y @w8un = am,
n=1
and so
am = (f"Ym)o-
In summary,

fx) = i<f7yn>myn< ).

n=1

The proofs of the other parts of the Theorem are beyond the scope of these notes.

R) The symmetric tensor

1, ifn=m,
6nm: .
0, ifn#m,

is called the Kronecker delta symbol. It has the main property that
Zanénm =a181m+a28m + ... + A Opum +am+16m+l,m + ...
n

=040+...4au-1+0+...

=ay.

(2.12)
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Orthogonality of and expansion in eigenfunctions

Below we give examples supporting Theorem 2.4.3. In particular we will focus on series expansions
of an arbitrary function in eigenfunctions of Sturm-Liouville problems. This is an especially
important application of this theory — because of property 4 in Theorem 2.4.3 eigenfunctions are
often used as basis to expand other functions — think of e.g. Fourier series.

Orthogonality relationships

R) The examples below illustrate Part 3 of the general Theorem.
= Example 2.9 Show that for n £ m
T
/ sinnxsinmxdx = 0.
0

This follows from the general Theorem. However, it is often safer to derive the result each time,
than to quote the general Theorem.

In an earlier example we derived that y; = sin kx are the eigenfunctions with eigenvalues A; = k*
of the regular Sturm-Liouville problem

VA =0,  y(0)=0, y(m)=0.

Let (A, ym) and (A,,y,) be two eigenvalue-eigenfunction pairs that satisfy the problem indepen-
dently,

y;@ + Amy”’l = 07
yZ +)~nyn =0.

Multiply the first equation by y,, the second by y,, and subtract

meZ —yny;g = (Aﬂ - )Lm)ymyn'

Use Lagrange’s identity to rewrite

d
(A = An)ymyn = - (yfnyn - ymy2> :
Integrate wrt x from O to
T

& Td g, / / /
(;Ln - Am)/o YmYndx = /0 a (ym)’n _ymyn)dx = (ymyn _ymyn>

o
Or explicitly,

(n? —m?) /07r sin(mx) sin(nx)dx = (m cos(mx) sin(nx) — nsin(mx) cos(nx))i)r =0,

as sin(0) = 0 and sin(mm) = 0 due to the boundary conditions. So
T
(n* —m?) / sin(mx) sin(nx)dx = 0,
0

then .
/ sinnxsinmxdx =0 for n £ m.
0
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m Example 2.10 Show that for n # m

V3
/ cosnxcosmxdx = 0.
Jo

Sketch of solution: Show that y, = coskx are the eigenfunctions with eigenvalues A; = k> of the
regular Sturm-Liouville problem

Y'+Ay=0, y(0)=0, »y(m)=0. (2.13)

Next, follow the same procedure as in the previous example. "

R) Expressions such as the sine and the cosine integrals above are known as orthogonality
relationships.

R) The sine and the cosine orthogonality relationships can be proven by direct computation with
trigonometric functions in a rather lengthy calculations.

= Example 2.11 Show that any two different Legendre polynomials are orthogonal in L?(—1,1).
In other words show that

1 11 Pu(x)Py(x)dx = 0

where P,, and P, are two different Legendre polynomials.
Consider the Legendre’s equation already discussed in previous chapters,

(1—x*)y"—2xy —Ay=0.
The equation is already self-adjoint and so we can think of it as an eigenvalue equation of the form

(1—x2)y" —2xy = Ay.
Lly| =2y

The Legendre polynomials P,,(x) and P, (x) are polynomial solutions to the equation corresponding
to different eigenvalues A,,, A, respectively. Working as in the proofs above

BuL[P,)] — P,L[P,] = % {(1=x*)(P.P,— P,P,)}

+1 —1 d
=) | PuPudx = / (1= 2) (BB — BaB )
1

_ +1 X
o 2 / s\ x=+1
= [(1=x*)(PuP,—P:P,)] ",
=0
Hence, since A, # A,, we have
+1
P,P,dx=0

meaning the Legendre polynomials are orthogonal in L(—1,1). "
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2.5.2 Eigenfunction expansions

R) The examples below illustrate Part 4 of the general Theorem.

R) Below we encounter the cosine Fourier series. Note that Fourier series are just a particular
example (albeit the best-known) of expansions in the eigenfunctions of a regular Sturm-
Liouville problem, and many alternative expansions can be constructed. Note that this is an
example only and not any introduction to the theory of Fourier series.

= Example 2.12 Expand f(x) = x? in the region — 7 < x < 7 in a cosine Fourier series.
In addition to the orthogonality (2.13) of cos(nx) and cos(mx) when n # m, one can easily
prove that [”_cos(nx)cos(nx)dx = 7 so the orthogonality relation is

T
/ cos(nx) cos(mx)dx = mOyy,.
]

Then according to (2.12) the coefficients in a cosine Fourier series

oo

flx)= Z ay cos(nx),

n=1
are given by
1 T
an=— [ f(x)cos(nx)dx,
nTJ-xn

So we need to compute

1 /” )
a, = — X~ cosnxdx.
TJ-n
For n=0: ;
1 /7 1x 2
w=r [ Pa=l 5 =57

For n # 0: Using integration by parts:

T
Ta, = / X% cos nxdx
3

x2sinnx T sinnx

T
S e L )
e & S

2 T
= —f/ xsinnxdx.

nJ—n

dx

But n 5
n

/ xsinnxdx = == (—1)"!
n

and so

or

Thus
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R) The factor % appearing in the first equality is to make the formula correct for n = 0. Without
it a factor 2 will appear.

Inhomogeneous BVPs and the Fredholm Alternative

Unlike homogeneous boundary value problems (which always have y = 0 as a solution), inhomoge-
neous problems need not have any solution. We shall briefly describe a test to determine whether
the inhomogeneous problem does indeed possess a solution.

We begin by considering a more general form for Lagrange’s identity

Theorem 2.6.1 Let 5

L= p(x) S +q(0) 5+ r(x)

be a second order linear differential operator. Then for all functions f and g

d

Liflg—fLig) = 12 (f.) 2.14)

where Z(f,g) is the bilinear concomitant associated with L.

P (f,8)=fag—f(pg) +f'pg (2.15)

You should verify that if L = L that this reduces to the simpler form of Lagrange’s identity for a
self adjoint operator. From this we find a more general form for Green’s Formula

b -
| wre=stighax=12(1.9)l
or using inner products we can write

(L[fl.g) = (f.Llg)) +[2(f.8)]]

While the operators L and L are meaningful when applied to any function y having a continuous
second derivative on [a,b] (i.e., for y € C*[a,b]) in applications we need to further restrict the
collections of functions y on which L and L act. For example, in solving boundary value problems,
we are interested in applying L only to those functions in C?|[a, b] that satisfy the given boundary
conditions. Therefore, when we consider the operators L and L we will now assume their domains
D(L) and D(L) ! respectively, to be certain subspaces of C2[a, b].

Given the linear differential operator with domain D(L), we shall see that it is advantageous to
restrict the formal adjoint to a domain D(L) so that

holds for all f in D(L) and all g in D(L). From Green’s formula we see that this means the adjoint
is simply L restricted to a suitable class of functions such that

(2(f,8)]2=0, for finD(L), gin D(L)

IThe domain of a differential operator also includes the somewhat technical property of the smoothness of the
function on which the operator acts, as well as the boundary conditions associated with the operator.
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m Example 2.13 Find the adjoint operator for
Ly =y"+2y'+2y, y(0)=y(m)=0

It is easy to show L[g] = ¢’ —2¢’ +2g. We must now determine the domain of L. First we observe
that g” must be continuous on [0, pi]. Furthermore for

(L[f],8) = (f,Llg])
then
2.8 =0
This means
{2f(m)g(m) — f(m)g'(m) + f'(m)g(m) } — {2/(0)g(0) — f(0)&'(0) + f'(0)g(0) } =O.
We know (as f is in D(L)) that f(0) = f(7w) = 0 and so
f'(m)g(m) — £'(0)g(0) =0.

However, f'(x) and f’(0) are effectively unconstrained and can take any value.This we must have
g(0) = g(7) = 0 in order for our condition to hold for all f in D(L). Hence the domain of L consists
of all functions g, which have continuous second derivative on [0, 7] and that satisfy the boundary
conditions

Definition 2.6.1 Let B[y| = 0 represent the boundary conditions required for a function to be in
the domain of L and let B[y] = 0 be the boundary conditions required for a function to be in the
domain of its adjoint operator L. Then the Adjoint Boundary Value Problem for

Lly]=0, B)]=0

is the boundary value problem
L] =0, Bp=0

m Example 2.14 Find the adjoint boundary value problem for

2y +xy +4y=0; y(1) =y(e") =0.

We identify p = x%, ¢ = x, r = 4, hence
Ly] =x*y" 4 3xy + 5y =0.
Now to determine Bly], we use Green’s formula and require:
[Z(f.9) =0

This condition gives

67[

[/ (0)g(x) = 2* f(x)g' (x) = 2xf (x)g (x) +f (x)g(x)]} =0
After some algebra we find
e f'(e")g(e") — f'(1)g(1) =0,
and because f’(e™) and f'(1) can take any values, we must have g(e™) = g(1) = 0. Thus the self
adjoint BVP is

¥y +3xy' + 5y =0; y(1) =y(e") =0.
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m Example 2.15 Find the adjoint boundary value problem for
Y'+y=0; y(0)+y(r)=0, »(0)=0

Note L = L and so we focus on the adjoint boundary conditions. Again, to determine B[y, we use
Green’s formula:

(2(f.8)]5 =0
which gives,
f(m)g(m) — f(m)g'(m) — f'(0)g(0) + £(0)g'(0) =0
For f in D(L), we have f(m) = —f(0) and f/(0) = 0, which we can use to give
f'(m)g(m) + f(0)[g'(m) +&'(0)] = 0.

As above, f'(r) and f(0) are arbitrary and so we require g(7) = 0 and g’(0) + ¢'(7) =0, so that
the adjoint BVP is
Yay=0 Y (0)+y(7) =0, y(x)=0

Existence of solutions and the Fredholm alternative
We now shall ask, when does the nonhomogeneous boundary value problem
Lly|=h(x), Bly]=0

have a solution. If it has solution, say f then

(Lf],8) = (h,g)
for any g. Now we ask the question, what happens if g is a solution of the adjoint BVP L[g| =0,
with B[g] = 0? Then
(LIf],8) = (f,LIg]) = (,0) =0

Hence a necessary condition for the existence of a solution is

<h7g> =0,

for all g that are solutions of the adjoint BVP. In other words, for the nonhomogeneous problem
to have a solution, the nonhomogeneous term /4 must be orthogonal to all solutions of the adjoint
problem. It turns out that this condition is also sufficient for the existence of solutions. This test is
known as the Fredholm alternative.

Theorem 2.6.2 Fredholm alternative
Let L be a linear differential operator and let B represent a set of linear boundary conditions. The
nonhomogeneous boundary value problem

has a solution iff )
/ ()2l dr=0

for every solution z of the adjoint boundary value problem

LizZj(x)=0, a<z<b
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Blz]=0

We shall now illustrate how the Fredholm alternative is used to determine whether a nonhomoge-
neous boundary value problem has a solution by doing some examples.

m Example 2.16 Determine conditions on / that guarantee that the problem
Y'+2y +2y=h; y(0)=y(m)=0

has a solution.
We have just found the adjoint BVP for this problem:

Lzl =7"-2742z=0; z(0)=z(n)=0.
The auxiliary equation is m? — 2m 42 = 0, whose roots are m = 1 & i. Hence a general solution is
z=Ae"sinx + Be* cosx
Applying the boundary conditions gives
z =Ae"sinx,

hence there is a solution to the problem iff

T
/ h(x)e* sinxdx = 0.
0

m Example 2.17 Determine conditions on £ that guarantee that the problem
Y+ +dy =h(x); y(1)=y(") =0

has a solution.
We have just found the adjoint BVP for this problem:

L[z =x%" +3x7 +52=0; z(1) =z(e") =0.

This is a homogenous ODE in the Cauchy-Euler form?. We find it’s solution by assuming z = x".
This gives r(r — 1) +3r+5 =0 and so r = —1 £ 2i. Hence a general solution is

z(x) = x ' [Asin(2Inx) 4 Bcos(2Inx)]

Using the boundary conditions, we find
z(x) = Ax 'sin(21nx),

and so (given a continuous function /) , the nonhomogeneous problem has a solution if and only if

X

/ h(x)xsin(2Inx)dx =0
1

2 A Cauchy-Euler equation is a linear homogeneous ordinary differential equation with variable coefficients. A
second order equation has the form ax2y” 4 bxy +cy = h(x), to solve the homogeneous problem we take an ansatz for
the solution as y = x".
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Solution of inhomogeneous equations by eigenfunction expansion

In this section we take advantage of the fact that the eigenfunctions associated with a regular Sturm-
Liouville BVP form an orthogonal system. Our goal will be to find an eigenfunction expansion for
a solution to the nohomogenious regular Sturm-Lioville BVP.

R) We can use the idea of expansion into eigenfunctions to solve inhomogeneous equations.

Consider
Ly + Aw(x)y = f(x) (2.16)
Subject to
ary(a) +azy'(a) =0, biy(b)+b2y'(b) =0 (2.17)
where A is a real number, and
Lly] = (Py')' + Oy. (2.18)

Let {A,};_, be the eigenvalues with corresponding eigenfunctions {y, }*_, for the homogeneous
EVP above. That is
L[ n] +7an(x)y,, =0

and y, satisfy the boundary conditions. We now know that {y, }_, forms an orthogonal system
with respect to to the weight function on [a, b]. Let

y(x) =Y cnyn(x) (2.19)
n=1

Our aim is to determine the coefficients ¢, such that y is a solution to Eq. 2.16. We shall forgo
worrying about the important issues of convergence and differentiability of this series. First we
note, since each y, satisfies the boundary conditions, so must y. Now we substitute y into the RHS
of Eq. 2.16 and make use of the fact that L[y,] = —A,w(x)y, to find,

oo

+Aw Y cnyn(x)

n=1

L +Awy = L [icnynoc)
n=1

cn(—lnwyn) +Aw Z CnYn

n=1

I
M

3
Il

M -

(A' *An)cn)’n

= w

n=1

Now we need to worry about the RHS, we express f as the product w(f/w) and look for an
eigenfunction expansion of f/w:

oo

F@/wx) =Y Yayn (2.20)

n=1
We can work out the coefficients ¥, by multiplying both sides by y,, and appealing to the orthogo-
nality of y, with respect to the weight w(x).

o= Jo(f Sy _ [y fynd 2.21)
T Pwdx [Py2wdx

Hence the RHS becomes:

f=w Z YuYns
n=1
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equating both sides we get

w

gk

A=X)cnyn=w Y Ynn-
1 n=1

n
Since w > 0 we can simplify to get

oo

Y (A= An)en— 1l yn =0

n=1

This expansion sums to O iff the coefficients are all zero. Thus we need,

A=A)en—7%=0, n=1,23....

‘We now consider two cases:

1. A # Ayorevery n=1,2,3,.... In this case, we can compute

T
A=Ay

Cp =

and a unique solution is

oo ,yn
y:;A’_lnyl’l

We have referred to y as the unique solution, since, if for every n = 1,2,3,..., the corre-
sponding homogeneous equation has only the trivial solution and hence the nonhomogeneous
boundary value problem has a unique solution.

2. A = Ay for some N. In the case when n = N, the expression above reduces to

Y% =0

There are now two possibilities. If 7, # 0 we have a contradiction and so the nonhomogeneous
equation does not have a solution expressible as an eigenfunction expansion. If 7, = 0 then
there is no restriction on ¢,. Thus, we get a one-parameter family of solutions to the
nonhomogeneous boundary value problem, with ¢, being the parameter (i.e. a constant of
integration).

Note we can see from the definition of 7}, E.q. (2.21), that yv = 0 implies f must be orthogonal to
yy. But this is just the Fredholm alternative condition for the nonhomogeneous problem, and so
everything is consistent.
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Method of Eigenfunction Expansions

To obtain an eigenfunction expansion for the solution y to the nonhomogeneous regular
Sturm-Liouville boundary value problem

L] +Aw(x)y = f(x); B[] =0.

a) Find an orthogonal system of eigenfunctions {y,}, _, and corresponding eigenvalues
{An},_ . such that
Llyu] +Aw(x)y, =0; Bly,] =0.

b) Compute the eigenfunction expansion for f/w that is, determine the coefficients ¥, so
that

flw= Z%yn)
n=1

note at this point we may need to normalise the eigenfunctions so that we can use the
formula

fx) = il<f,yn>yn<x>.

c) If A # A, or every n = 1,2,3,... then the solution is given by

-
Y= ;l—l,,y”'

d) If A = Ay for some N and yy # 0, there is no solution.
d) If L = Ay for some N and yy = 0, then the solution is

_ -
y= CNYN+r§,1 R

where cy is an arbitrary (constant) free parameter.

A few examples will help make things clearer.

» Example 2.18 Find the eigenfunction expansion for the solution to the regular Sturm-Liouville
eigenvalue problem
y' 43y =35sin3x+2sin8x; y(0) = y(xw) =0. (2.22)

The BVP
YV'4+2Ay=0; y(0)=y(r)=0,

has eigenvalues A, = n’>n = 1,2,3, ... with corresponding eigenfunctions,
yp=sin(nx) n=1,2,3,...

Hence w(x) = 1 and we find the coefficients 7, via

F0)/w() = () = Y fasin(nx) = Ssindx+ 2singx,
n=1

thus, 3 = 5, 15 = 2, and all other values of ¥, are zero. Since A =3 #n?> = A, forn € Z7, it
follows that the unique solution is

o W 5 . 2
y:r;l_lnyn(x):3_9sm3x+3_64s1n8x
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which we can simplify to
5 2
y(x) = ~ sin3x — el sin8x
Now check this, differentiate twice and plug into Eq. (2.18) "

m Example 2.19 Find a formal eigenfunction expansion for the solution to the regular Sturm-
Liouville BVP:

Y'4+y=fx); y0)=y(r)=0,

where
_J2x/m 0<x<m/2
f(x)_{l w/2<x<m

First we consider the homogenous EVP
Y'+Ay=0; y(0)=)(m)=0,

First we can show that the eigenfunctions and eigenvalues are

o (2n—1 2n—1)2
yn:sm<2 x), )ani( 5 )

An orthonormal set is found by finding the appropriate normalisation (given by the coefficients a,,)

such that 5 |
T —
/ a2 sin? (nx) dx=1
0 2

A little algebra gives a, = \/2/7 and so

is an orthonormal system of eigenfunctions for the BVP:
Yi+dy=0; y(0)=)(m)=0.

We now turn our attention to the RHS (noting w(x) = 1) To express f(x) as an eigenfunction
expansion of y, we find the coefficients ¥, through

T 2 . 2n—1
Y = /Of(x)wnsm( 7 x)dx
2\*?% (/2 n—1 IN\YZ pm2 o fon—1
= () / xsin( x)dx+<) / sin( x>dx
T 0 2 T 0 2

Integrating and tidying up gives:

27/2 . /N T«
'}/n—n:,’/z(zn_l)zsln< *)7 n—1,2,3,...

2 4
Note we didn’t normalise the eigenfunction in the previous example as computing ¥, was trivial.
Go back, normalise and verify that you get the same solution.
Since A = 1 is not an eigenvalue, the nonhomogenous problem has a unique solution given by

0= B o= ¥ 2 ()

n=1

Where ¥, is given above. "
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Non-regular Sturm-Liouville eigenvalue problems

There are a large variety of non-regular other Sturm-Liouville eigenvalue problems in particular:
Periodic Sturm-Liouville eigenvalue problems — with periodic boundary conditions.
Singular Sturm-Liouville eigenvalue problems - if one or more of the following holds

e lim,,, p(x) =0orlim,,;_ p(x) =0,

e p(x), g(x), or r(x) becomes unbounded as x — a+ or x — b—,

e The interval x € (a,b) is unbounded at one or both ends.

R) Certain non-regular Sturm-Liouville eigenvalue problems also have some of the “nice”
properties of regular Sturm-Liouville eigenvalue problems. However, Theorem 2.4.3 is not
true in general, and is best checked in every case.

» Example 2.20 Let y;(x), y2(x) be bounded solutions of the singular Sturm-Liouville eigenvalue
problem
xy" +(1—x)y + Ay =0,

on the unbounded interval x € (0,c0). Show that

/w ey (x)y2(x)dx =0
0

where y; and y; are two polynomial solutions to the equation, for different values of 7.
We start by putting the equation in self-adjoint form so that we can think of it as an eigenvalue
problem. On dividing by the coefficient for y” we have
N (1-x) y
X

Then we multiply by

P(x) = exp ( / ! _xdx) — exp (logx —x) = xe .

X

and so in self-adjoint form the equation is

i xe_x@ =—Ae
dx dx| %
L] =Ae™y.

Let y; and y; be two polynomial solutions to the equation, associated with different eigenvalues
A1, A, respectively. Then, from the Lemma,

yiLly2] = y2L[y1] = % {P(y1yy —y201)}

—x d —x
(M —A2)e  y1yr = T {xe ™ (y1ys —y21) }
g ~d —x
(A —/12)/0 e ylydeZ/O TLxe (y1ys — y20h ) ldx
= [xe ™ (yy —y21) g
-0

To explain the last step, note that as y; and y, are polynomials, we are using

. Ly L
)}grolo {e X polynomlal} =0.
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It thus follows that

/oo ey (x)y2(x)dx =0.
0
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3.1

3.2

Introduction

We will discuss the different types of initial and boundary value problems appropriate for second
order PDEs in two dimensions and higher. The main examples we will study are all of interest in
physics and applied mathematics:

Uy = c*Au, The wave equation

u; = VAu, The heat or diffusion equation
Au=f, Poisson’s equation
Au=0, Laplace’s equation

where A = V-V is called the Laplacian. In cartesian coordinates, for one dimensional space,

2
A
ox?
For two and three dimensional space,
2? 22
A==+ —=
o2 9y
and
2?2 22 22
A=+ -5+ —.
dx? + dy? + 272

For different shapes of domain, it is more appropriate to use different coordinate systems such
as polar coordinates, cylindrical polars or spherical polars. In these cases the Laplacian will take
different forms and these we will discussed later.

Types of second order PDE

A boundary value problem is said to be well-posed if it has a unique solution that depends in a
continuous way on the boundary data. We will briefly discuss the different boundary conditions
needed to form well-posed boundary value problems for different types of PDE.
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Such boundary condition have three main types: a Cauchy problem is an initial value problem
specifying u(x,0) and u,(x,0); a Dirichlet problem on domain Q is a boundary value problem
specifying u on dQ (meaning the boundary of Q); a Neumann problem on domain Q with normal
vector m on d<Q specifies the normal derivative n- Vu on d€Q. Variants of these include those which
mix Dirichlet and Neumann conditions on different parts of the boundary of the domain.

m Example 3.1 Here we give examples of the three types:
uy = (e +uyy),  (5,y) ER* >0, u(x,y,0)=f(x,y), u(x,y,0)=g(xy),
is a Cauchy problem;
U =y, 0<x<Lit>0, u(x0)=f(x), u(0,¢)=0,u(L,t)=1,
is a Dirichlet problem; using spherical polars
Au=0, 0<r<l1, uf(r=1)=1,
is a Neumann problem. "

In general, the Cauchy problem is only well-posed for the wave equation and Dirichlet and
Neumann problems are well-posed for the other examples.

In the next section we will illustrate why boundary value problems for the simplest wave
equation u,; — cuye = 0 and the Laplace equation uy, + uy, = 0 are very different despite their
superficial similarity.

Hyperbolic, parabolic and elliptic classification

In this section we sketch the classification of second order PDEs in two variables into three types
and consider an example which brings out the fundamental different between hyperbolic and elliptic
type PDEs.

Recall first the classification of conics: consider the planar curve defined by equation

Ax> +Bxy+Cy*+Dx+Ey+F =0,

where A,...,F are real constants and not all A,B,C are zero. The discriminant A = B> — 4AC
determines whether the curve is a hyperbola (A > 0), a parabola (A = 0) or an ellipse (A < 0).
In a similar way, consider a quasilinear second order PDE

a(x7y)uxx + b(xay)uxy + c(x,y)uyy = f(xaya U, Uy, My)'

This PDE is said to be hyperbolic (parabolic, elliptic) at (x,y) if A(x,y) = b(x,y)? —4da(x,y)c(x,y)
is positive (zero, negative) at (x,y). We will not consider this general case in any more details.
Rather we will consider only the constant coefficient case with f = 0 also. In this case A is constant
and we can say that the PDE is hyperbolic or parabolic or elliptic everywhere in its domain. So, we
consider

iy, + buyy + cuyy =0, 3.1

where a, b, c are real constants. Notice that this equation is linear and so the sum of any two
solutions is also a solution. This is called linear superposition. This does not hold in general, for a
nonlinear PDE.

We seek a solution in the form u = F(Ax+y), where F is an arbitrary (twice differentiable)
function of one variable and A is constant. Then A must satisfy

al*>+bA+c=0.

This quadratic discriminant A = b*> — 4ac and we need to consider three cases.
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Hyperbolic case A >0
There are two distinct real solutions A1, A, and by linear superposition we get the solution

u=F(Mhx+y)+G(hx+y).

In fact, in what follows we will show that this is the general solution.
Making the change of variables

E=Mix+y, n=NAx+ty,

by the chain rule we get

9,0 a0 29 9
ox o9& TTPan’ 9y 9E ' am’

and so (3.1) gives
a(Afuge + 22 Aauey + Adunn) +b(Aueg + (M + A2)ug g + Aoty ) + c(uzg + 2ugy + uny) = 0.
Using the fact that aA? +bA; +c = 0 fori = 1,2 we get

(2aA1 A2 4 b(A1 + A2) +2¢)ug, = 0.

One can show that the coefficient on the LHS is —A/2a # 0 and hence the PDE is rewritten in the
new coordinates as

ugn =0.

This may be solved by integrating with respect to each variable in turn and we get
u=F(&)+G(n)=F(Lix+y)+G(Alx+y),

confirming that this is indeed the general solution. The lines {& =constant and 1)=constant are
characteristics similar to those already studied for the first order case and we will return to consider
this in more detail later; & and 1 are called characteristic coordinates.

The standard example of a hyperbolic second order PDE is the one dimensional wave equation
Uy = cuy,. After relabelling variables ((x,y) — (t,x)), the characteristic coordinates are & =
x—ct and = x+ ct and the general solution u = F(x — ct) + G(x+ ct), representing the linear
superposition of left and right moving waves of speed c, is known as d’Alembert’s solution. There
will be more on this later.

Parabolic case A=0

Only one solution A = —b/2a and so we are not led to a change to complete characteristic
coordinates. However we define one characteristic coordinate & = Ax+ y and chose another
different coordinate 7 =y, for example. One may then show that the PDE (3.1) reduces to

unn == 0,

with general solution u = F(§) +nG(&) = F(Ax+y) +yG(Ax+y) (for example). The one
dimensional heat equation u; = Vu,, is an example of a parabolic PDE.
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Elliptic case A <0
Complex conjugate solutions A,A. We introduce a (complex) change of variables & = Ax+y,
& = Ax+y and reduce (3.1) to u gE = 0. Formally this is the same as the hyperbolic case but when
we examine it more closely below we will see that analytically it is very different.

When we express the derivatives in terms of real coordinates o, 3 where & = ot + i we get

9 _9.,9 9 _.9 9
do dE Q& IB  9E Q&

and so Ugg = 0 gives

Uge +UBR = 0,
that is Laplace’s equation in two dimensions. In particular, Laplace’s equation in cartesian coordi-
nates iy, + uy, = 0 has general solution

u=F(x+iy)+G(x—iy).

d’Alembert’s solution

As we showed above, we can obtain the general solution of the linear wave equation u,; = ¢,
u=F(x—ct)+G(x+ct)

in terms of two arbitrary functions F and G and characteristic coordinates & = x — ct, 1 = x + ct.
Now consider the Cauchy problem in which we specify initial conditions u(x,0) = f(x) and
u;(x,0) = g(x). Then we have the arbitrary functions F and G must be such that

F()+G(x) = (2
F/(0)~G/(x) = — - g(x).

Solving these simultaneous equations we get

P = (1001 [sas). 6t =3 (1w [ eras).

c

Hence we get the d’ Alembert solution to the Cauchy problem

1 xX+-ct
u(x,t):f(f(x—ct)—i—f(x—kct))—i——/ g(s)ds.
2 C Jx—ct
This solution is unique since we specialised in a unique way from the general solution. Further,
it depends continuously on the initial conditions f and g and so we have shown that the Cauchy
problem for the one-dimensional linear wave equation is well-posed.

Notice that at every point (x,#) lies on two characteristics starting at (x — ¢z,0) and u(x+ ct,0)
respectively. The value of the solution is determined by the initial values of u at these points
(f(x—ct) and f(x+ct)) and the values of u, at every point in between (g(s) for s € [x — ct,x + ct]).
We will return to this topic later.

The Cauchy problem for the wave equation and for Laplace’s equation are in stark contrast:
consider

uXX+uyy :07 M(X,O) :f(X),M);(X,()) :g(-x)
a Cauchy problem in which y is thought of as ‘time’. As for the wave equation this has solution

u(t) = S (et in) + =) 2 [ gls)ds.
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However, although the initial data is given in terms of f, g for real arguments, the solution uses
values of f and g at complex arguments. So, for example, smooth non-singular initial conditions
such as f(x) = 1/(1+x?), g(x) = 0 can give rise to a singular solution since although 1+ x> >0
for all real x, 1+ (x+iy)? has a singularity at x = 0, y = 1. This is one reason that Cauchy problems
for Laplace’s equation are not well-posed.

Separation of variables in Cartesian Coordinates

The basic idea is to replace a single Partial Differential Equation in n independent variables
X1,X2,...,X, by n Ordinary Differential Equation by writing,

U(X1,x2, .oy Xn) = up (x1)ua(x2) ... un(x,)

and then substitute in the Partial Differential Equation

m Example 3.2 The one dimensional wave equation,

1
uxxzc—zu,,, O0<x</t,t>0

With boundary (and initial) conditions given by:
u(0,1) =0,u(£,t) =0, >0
u(x,0) =U(x),u(x,0) =V (x),0<x< /¢
We assume solution can be separated:

u(x,t) =X(x)T(t).

Then |
X"T = XT",
C

ie.

X// 1 T//

X a7 " constant A
and hence

X" —AX =0, (i)

T" — AT =0, (ii)

At this stage we don’t know if A > 0 or < 0. Consider first (i) with A > 0. The general solution of
(1) is then
X = AeV* 4 Be VM
Boundary conditions require X (0) = X (¢) =0, i.e.
A+B=0, AeV* 1 Be VM 0,

the solution of which is A = B = 0! We would draw the same conclusion if A = 0, these correspond
to trivial solutions which aren’t of use. Hence we must have A < 0 and we set

A=—p

so that (i) and (ii) become
X"+ p?X =0, (iii)
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T" + p*c*T =0, (iv)

which have the general solutions

X = Acos(px) + Bsin(px)

T = Acos(pct) + Bsin(pct)
Boundary conditions X (0) = X (¢) = 0 give

A=0,Bsin(pl) =0
Clearly B # 0, otherwise the solution is trivial, hence
pl =nm, n=172...

thus, we write the partial solution u, as

o= () i () (°2)

since the equation is /inear we can add up these forn = 1,2,. .., to get (principal of superposition),

u= ni’l (Cn cos (%ﬁ) + D, sin (%ft)) sin <n77fx)

which satisfies the equation and the boundary conditions. The constants C,, and D,, are to be found
from the initial conditions as follows:

u(x,0) = ;c,, sin (%) —U(x),
u(x,0) = ;Dnnzc sin (%) =V(x).

Note, each of these is a Fourier sine series, the coefficients of C,, D, are given by

2 [t /
anz/o U(x)sin (mzx)dx,

nmce 2.t (nmx\
TDn—Z/O V(X)Sln( ] >dx

Note that u(x,7) may also be written

oo

| . NT . NT 1 nw nw
u(x,t):ng‘lzcn{smg(x+ct)+s1ng(x—ct)}—i—r;an{cose(x—ct)—cosg(x+ct)}

» Example 3.3 Apply the method of separation of variables to the heat conduction (diffusion)
equation u; = ku,, (k > 0, constant)
Set
u(x,t) =X(x)T (1),

which gives XT' = kX" T and hence,

1 T/ X//

%? = Y =const=—@
where @ > 0, hence we have X" + w*X = 0, which as above has trigonometric solutions. This
leaves T' = —k>T, so that

2

T(t) = Aexp (—ko’t)

where A is an arbitrary constant: the x-dependence is oscillatory, but the ¢-dependence is a decaying
exponential. "
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Cylindrical geometry and Bessel functions

When the domain of definition of a PDE has circular or cylindrical symmetry it is most convenient
to use polar or cylindrical polar coordinates. Regular plane polars are a special case of cylindrical
polars and so it suffices to describe the latter case.

Let point P(x,y,z) € R? have projection P’(x,y,0) on the the (x,y)-plane. Point P’ is a distance
r = /x%+y? from the origin and let 0 be the angle between OP’ and the positive x-axis measured
anti-clockwise (when looking down onto the plane from z > 0). The cylindrical polar coordinates
of P are (r,0,z) where

x=rcosB, y=rsinf,

and z is the usual z-coordinate. For plane polar coordinates one simply omits z. By the chain rule,

d . d . 0 d
E—cosea—i—smea—y, E——rsmea—i—rcosea—y,
and so
. d d .d 1 d
a—coseg—;smeﬁ, a—y—sm95+;cos6£.

After a short calculation one obtains

a9 @ 28 19 1 &
oxz  dyr 972 9r2 rodr r2d0? 972
m Example 3.4 Consider Laplace’s equation in the cylinder r < 1, 0 < z < L with Dirichlet condi-
tions u(r=1) = 0,u(z =0) = 0 and u(z = L) = 1. Using the method of separation of variables in
cylindrical polar coordinates write u(r, 0,z) = R(r)®(6)Z(z) and find t he corresponding conditions
onR, ® and Z. "

Solution. We have

1
Au=up+ —u,+ —sugg +u; =0,
r r

and hence | |
R'®Z+ -R'OZ+ —2R®"Z+R®Z” =0.
r r

Dividing by RO®Z gives

R// 1 R/ 1 @// Z// 0

RYTRTPe Tz T
Then we get

R// 1 R/ 1 @// B Z// B k2

R TR"Pe z
and so Z has to satisfy the Sturm-Liouville problem

7' —kK*Z=0, Z(0)=0,Z(L)=1.

Next we get
R// R/ @l/
2 2.2 2
—+r—+krr=——=v"
"RTRT ®
Clearly ©® must satisfy
0" +vO =0,

and by the nature of polar coordinates must satisfy @(6) = @(6 + 27). Hence we must have n € Z+
and ©(0) = A, cos(n6) + B, sin(n0).
Finally, R satisfies

2
Ralr(R-YYr=0, rRO1)=0. m
r r?
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This last equation is a version of Bessel’s equation and its solutions are special functions.
Before proceeding further we will study this equation and its solutions when written is standard
form.

Bessel’s equation
Consider the second order linear ODE

1 v2
y//_|_7y/_|_ (1_2>y:0_
X X
It has (Recall: MAS2802) a regular singular point at x = 0 and so is amenable to the method of
Frobenius. This means that we seek series solutions

_ } : a+n
y - anx 9
n=0

where ag # 0 and « is called the index. Thus we have

Z ((o+n)(a+n— Da, x4 (a4 n)ax® ™2 4 q,x" — vzanx‘”"*z) =0.
n=0

If we define a~o = 0, we may rewrite this as

(=)

Y (& +n)* = v)ay +a, 2)x* "2 =0,
n=0

which for different powers of x gives

(n=0): a’— v =0,
(n=1): a((a+1)>=v)) =0
(n>2): (e +n)?=vHa, +a,_»=0.

These give oo = £V, and from here we take o = v, then a; = 0 and the recurrence relation

a — —dp-2
" nQv4n)

Since
a,x"

— S|~ 0,
ay_Hx"

n2

for all x as n — oo, the radius of convergence of the series is co.
Now, since a; = 0, we have ay;+; =0 and
—1 (—DF
= a _ = a.
2k(v+k) DT 2%k (v k). (v

axg

R) The gamma function is defined for complex z with positive real part by the integral formula

F(Z):/ ¥ le ™ dx.
0

It is easy to show that I'(z+ 1) = zI'(z) and by direct computation that I'(1) = 1. Consequently,
forn € N,I'(n) = (n—1)!. In other words, I'(z) is an extension of the factorial function to the
complex numbers. In fact, one may use analytic continuation to define I" as a meremorphic
function with simple poles at each non-positive integer.
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Using the gamma function I'(x) we can write this as

_ (=D'T(v+1)
T 2C(v+k+ 1)

azg

Thus we get one solution of Bessel’s equation

_ e (—1)% X\ V+2k
y=h0)= Lo ()

where by convention we have chosen ag to absorb parts of the coefficient that depend on v not k.
This is called the Bessel function of the first kind of order v.

We know from the general theory of the method of Frobenius that provided the two indices do
not differ by an integer the general solution is a linear combination of the two series one obtains.
In this case, the indices are v and —v with difference 2v. So, provided 2v is not an integer, the
general solution of Bessel’s equation is

y=aly(x)+bJ_y(x).

For the other cases, when v is an integer or half-integer, the second solution can be obtained by
standard methods (see MAS2802) but always has a logarithmic singularity at x = 0.
In fact, it may be shown that one may define a second linearly independent solution for any v
by
_cos(vm)Jy(x) —J_v(x)

hox) = Sin(v7) !

called Bessel’s function of the second kind of order v where in the case that v = n € Z, one must
evaluate a singular limit,

Y,(x) = lim Y, (x)

V—n

1 (dJy(x) w1 0y (x)
(75T

V=n

using 1’Hopital’s rule.

Applications of Bessel functions

Most often in applications, one is interested in solutions that are non-singular and for Bessel
function this means that only Bessel functions of the first kind Jy (x) are useful. Also, the order v is
required to be an integer and the argument x > 0 and below we show the graphs of the first few
Bessel functions J,(x) for x > 0.

One important application is to the study of vibrating circular membranes, for example drums
(the musical instrument). Consider the two dimensional wave equation in plane polar coordinates

1 1 1
Upp + —Ur + 7”69 = ﬁul‘tv
r r C

where c is the wave speed which depends on the properties (density, area, tension) of the mem-
brane. We assume that the membrane is fixed at the edge, at r = 1 say, and we wish to find all
possible solutions describing vibrations. Using the method of separation of variables, we take
u=R(r)®(0)T(r) so that

R// 1Rl 1 @// 1 T//

s —=—— =k k>0.
R+rR+r2® 2T K>
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Jo(x) J1(x)

This show in particular that
T" + (k¢)*T = 0,
giving
T(t) = Acos(kct) + Bsin(kct).

The choice of sign of the separation constant —k> was made to allow for periodic solutions in time,
that describe vibrations of the membrane.
Continuing to separate variables we get
R// R/ @//
2 22 2
rr—tr—+rk=——=v,v>0

R R ® T

and so
®"+v*@=0.

Since 6 and 6 + 27 describe the same point in polar coordinates, it is necessary that @(0 +2m) =
©(0) for all 6. This means that v=0or v=n € N and

0— Go =0
Cycos(n@)+D,sin(nf) neN.
Finally, we get a form of Bessel’s equation

1 2
R'+-R+(k2-"\r=0.
r r2

d d

To get into standard form let x = kr so that = kd— and write R(r) as y(x). Then the ODE
r x

becomes

k? n*k?
k2y11_|_;y/_|_ (kz_ x2>y: 0’

i.e Bessel’s equation of order n, with general solution y(x) = EJ,(x) + FY,(x). Hence the most
general solution bounded ar r = 0 is

R(r) = EJy,(kr).

The boundary condition R(1) = EJ, (k) = 0 then gives k as a positive zero of J,,. Label these zeros
as Ain, Aon, Asns - - .
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Thus we see that the solution is built from normal modes
Unm (1, 0,1) = J(Aunt) (Aun €08 (Apnct) + By Sin( Ayt ) ) (Cup 08 (n0) + Dy sin(n6)),

for integers m > 1 and n > 0. The nature of these normal modes is illustrated in Figure 3.1. In
this we fix 7 and consider J,, (A, 1) sinn® where red and black indicate the different signs of the
elevation of the membrane at that time. The general solution satisfying the boundary conditions is

the linear combination
(r,0,1) Z Z Upn (1, 0,1),

m=1n=

containing arbitrary constants A, Byun, Copn and Dyyy,.

Orthogonality and completeness of Bessel functions

If in addition to the boundary condition that gives rise to the normal modes, one imposes initial
conditions u(r,0,0) = f(r,0) and u;(r,0,0) = g(r,0) we would like to determine the arbitrary
constants and so obtain a unique solution. For this we need to establish the orthogonality and
completeness of Bessel functions.

Orthogonality

First we write Bessel’s equation in self-adjoint form

d ( dR , V2

The boundary condition R(1) = 0 and the condition for boundedness at r = 0 gives a (form of)
Sturm-Liouville problem on the interval [0, 1]. From above we know that the eigenfunctions for
this problem are J, (Ar) with corresponding eigenvalue k = A > 0 such that J,, (1) = 0.

For now let A, i be arbitrary and define u(r) = J,(Ar) and v(r) = J,(ur) satisfy

d ( du v?

— | r— 22— —u=0

dr <rdr>+<r r>u

d [ dv , V2

— | r— —— v=0.

dr <rdr> + <r[.L r )v
Taking the difference of v times the u-equation and u times the v-equation we get

(r(u'v—uw)) + (A% — u?)ruv = 0.
Integrating over the interval we get
1
(A2 — uz)/ ruvdr = [r(uv' — vu’)](l). (3.2)
0

From now on we take index v such that R(v) > —1. This is needed when we prove that
r(w' —u'v) vanishes at r = 0. Using the first terms in the series expression for the Bessel function

Jv(Ar) we have
u(r) =Jy(Ar) = 1“(\/1+1) <}L2r>v+r<v1+2) (tr>(v+2)+
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Figure 3.1: Chladni figures. The different colours indicate the places of elevation and depression
on the membrane.
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and

and similarly for v. Thus
)= (AN L (AT e
rw =) = 5 T ) ( 2 ) 2 T(VC(v+1) \ 2 2 ) TouTT
=0(*V*)) 0,
as r — 0 since R(v) > —1. Since /(1) = AJ;,(A) and /(1) = uJ;, (1) we have
!
(A2 _”2)/0 1y (Ar) Iy (ur)dr = pdy (M), (1) — AJL(A)Jy ().

If A, u are distinct and such that uJ, (A)J;, (1) — AJ},(A)Jy (1) = 0 then

1
/ rly(AR)y (r)dr = 0,
0

and we say that Jy(Ar) and J,(ur) are orthogonal with weight r on [0,1]. In particular, this
condition holds when A, u are zeros of either of J, or of Jj,.
For the case A = u, we need to consider the limit

vy (A)y () = ATy (A) v (1)

1
/0 rJVOLr)Zdr:‘}i_I}}1 PR (Of the form J)
Jy(A) (J J, AV
i AU () + I (1)) = AT, (A)0 (1) (Using I"Hopital’s rule)
u—A —2U

=-1 <Jg(z) + 7‘/@(1)) Jy(A) +370(A)%.

Then, since Jy (1) satisfies Bessel’s equation,

2
JI(A) + %J’(?L) + <1 - Xz) Ju(A) =0.

we get
2

1
/ rhy(Ar)2dr =1 (1 - L) T2+ 1 (A2
0

It can be shown that

d , _ _
o (x "Jv(x)) = —x"YJyi1,
and so J},(x) = XJV (x) = Jy41(x). So, for A such that J,(A) =0, J, (1) = —Jy4+1(A).

X
In summary, we have proved the following theorem.

Theorem 3.8.1 For R(v) > —1, and A, u such that uJy (A)J (1) — AJL(A)Jy (1) =0,

2

[ i ar =361 (135 ) 52+ 02)
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and, in particular,

rly(Ar)Jy(ur)dr =18 2 (3.3)
/0 2o (1_;&) Jy(A)? ifJL(A) =0,

where &y, is the Kronecker delta symbol.

3.8.2 Completeness

3.9

It is known that any well-behaved function f on [0, a| can be expressed as a unique linear combina-
tion of Bessel functions Jy (Ar/a) (for some v with R(v) > —1)

£r) = Y. A (ar/a),

k=0

where 4, is the nth positive root of J, or of J,. This is called a Fourier-Bessel expansions of f on
[0,a]. After multiplying both sides of this equation by rJ, (A,,r/a) and integrating from O to a, we
get

/O rf(r)]v(lmr/a)dr:kgbAk /0 Ty (Aar/@)dy (Aonr /@) dr.

After the change of variable r — ar in the integrals, this relation becomes
1 = 1
a* / rf(ar)Jy(Anr)dr = ZAkaz / rJy (Agr)Jy (Amr) dr,
P 0 k:() . 0

the factor a® cancels and so the formulae found for @ = 1 may be used for any a > 0. Then the
orthogonality relations (3.3) give formulae for the coefficients:

2
IR if Jy(Am) =0
A= / . Flar)dy(r)dr {7V (}”’52122 (3.4)
0 m eyl
()Lr%l—vz)Jv()lqn)2 lva(M) =0.

One says that {J,,(Ar/a)} form a complete orthogonal set of functions of [0,a).

Imposing initial conditions

We have seen above that the general solution for a vibrating circular membrane with Dirichlet
boundary conditions is

u(r,0,t) = Z Z o (Aunt) (Apn €08 (Agnct ) + By Sin( Ayt ) ) (Cun c08(n0) + Dy sin(nB) ).
m=1n=0

Suppose, for example, we impose Cauchy initial conditions that model a drum being struck sharply
at the centre: we take

u(r,0,0)=0, u(r,6,0)= 13(r)7
r

where 9§ is the Dirac delta function, having the property

/:05(x—xo)f(x) dx = (x0).
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From the general solution we get

o oo

Z Z Jn(Ant)An (G €08(n0) + Dy sin(n6)) = 0

m=1n=0

and

Z Z I (Aun®) Biun A€ (Cop €08(n0) + Dypypy sin(n6) ) = l5(r).
r

m=1n=

Since we have axial symmetry about the z-axis there is no 8-dependence we see that Cp,, = Dy, =0
for n # 0 and then by the uniqueness of the Fourier-Bessel series for 0, A,,, = O for all m,n. Hence
we are left with the condition

oo

1
Y J0(Anor)CroBumocAmo = ;5(”),

m=1
where A, is the mth positive zero of Jy. Using (3.4) we get

_ 2
Ji(Amo)?’

using the fact that Jy(0) = 1. Hence the solution to the mixed Cauchy-Neumann problem is

2 1
CrnoBmocAmo = -]1()%0)2/0 5(1’)]0(7%01’) dr =

oo

Z Amor) sin(Apoct)

r 6 t Cﬂ,mo,h(l )

m Example 3.5 Find the steady temperature distribution in a uniform cylinder of radius a and
height b when the curved surface is maintained at constant temperature 7p, one end is at temperature
T and the other end is insulated.

Solution. Steady temperature solutions of the heat equation AT = vT; satisfy Laplace’s equation
AT = 0. We use cylindrical polars but axial symmetry dictates that there is no 8-dependence. To
give homogenous boundary conditions on the curved surface we work with u = 7' — Tj. Hence we
have u(r,z) satisfying the PDE

1
U+ ;ur +uy; =0,

on domain 0 < r < a, 0 < z < b with Neumann boundary conditions u(a,z) =0 and u(r,b) =T — T.
Insulating boundary conditions mean that the temperature does not change normal to the boundary
and so we have Neumann condition 7-(r,0) = u.(r,0) = 0.

We seek separable solutions u = R(r)Z(z) and hence

R// lR/ Z//
—4+-——=4+—==0.
R + r R + Z
Separating variables using constant k > 0 we get
—k*Z=0,

with general solution Z(z) = Acoshkz+ Bsinhkz and
7 1 / 2
R'+-R +k"R=0,
r

with bounded solution R = CJy(kr).
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The Neumann condition on z = 0 gives

u(r,0) = CJo(kr)k(Asinhkz+ Bcoshkz)| _, =0,

z=0

which implies that B = 0. The Neumann condition on the curved surface u(a,z) =0 gives Jy(ka) =0
and so k = A,,/a where A,, is the mth positive zero of Jy. So, the general solution so far is

u(r,z) = i AnJo(Amr/a)cosh(Anz/a).

m=1

Finally, we must fix A,, so that the final Dirichlet condition u(r,b) = Ty — Ty is satisfied. Using
(3.4) we get
2(h —Ty) [!
A, cosh(A,,b/a) = 7/ rJo(Ayr)dr.
(b fa) = 352 | o)

By making the change of variable x = A,,r and using the recurrence relation (x"Jy (x))" = x"Jy_1(x)
for v =1 we have

1 A
/ rJo(Amr)dr = 1/ xJo(x) dx
0 A2 Jo

[y ()]

Hence we get the final answer

2(T1 — TQ) o Jo(lmr/a)
cosh(Anb/a) = A\ (Am)

T(rz) =To+ cosh(A,z/a). [ |

Spherical geometry and Legendre polynomials

The Laplacian in spherical polar coordinates (r, 0, ¢) where x = rsin 0 cos ¢, y = rsin 0 sin ¢ and
z=rcos 0 is given by
9> 29 ) 0 1 92

—sinf— +

A= 422 L
8r2+r8r+r2sin989 00  r2gin%0 092

Recall that r € [0,), 6 € [0,7] and ¢ € [0,27).
In particular, Laplace’s equation Au = 0 is

2 . 1
Uy + ;Mr + m(Slne M@)e -+ muw =0
Separable solutions u = R(r)®(0)P(¢) satisfy
R' 2R 1 (sin0@)y 1
—+-5+ 5= o — 0
R rR r’sin6 O r’sin” 6 @

After multiplying by 72 sin® @ we see that
(I)//
Ea

This gives
® = Acos(m¢) + Bcos(m¢)
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and since the ®(¢ +27) = O(¢) for all ¢ is it is clear that m € Z..
Multiplying by 7> we now have

R" R 1 (sin6@)  m?
2
e = =21
TRTTRT Tme © ' snte W)
and we get the equations for R and O,

d*R 2dR A :

2 ﬁR =0, (an Euler equation) 3.5
and s

1 d d® m
— | sin6— A— 0=0. 3.6
sin6 d6 <Sm dG) + ( sin29) G0

In spherical geometry it is the 8-dependence that needs to be studied most carefully. We will see
that the r-dependence is easily obtained later.
We rewrite (3.6) in terms of new independent variable i = cos 0 so that

d

ﬁ = —sin0 @,
and we get Legendre’s associated equation
d do m?
— (1 =p*)— A— =0 3.7
du <( “)du>+( 1—u2> ’ GD

where pt € [—1,1]. Since 0 < 0 < mand —1 < u < 1, the change of variables it = cos® is a
bijection and hence invertible. The special case in which m = 0, corresponding to axially symmetry
(i.e. ¢-independent) solutions of Laplace’s equation, is called Legendre’s equation.

From the form

2 2
o 2w d®+( Lo )®_o,
du?  1—p?du  \1—-p?> (1-p2)?
we see that is has regular singular points at 4 = +1. It may be shown that unless A is of the form
n(n+ 1) for integer n > m, there is no solution that is non-singular at both g = cos6 = 1 and
W =cos 8 = —1. In spherical polars these correspond to 8 = 0 (the positive z-axis) and 6 = 7 (the
negative z-axis) and so usually in applications we are only interested in the case A = n(n+ 1) for
integers n > m > 0.
In this case the R equation (3.5) is the Euler equation

d’R 2dR n(n+1)
dr’  rdr r
for which the solutions are R = r* where a(a— 1) +2a—n(n+1) = (a+n+1)(a—n) = 0. Hence

the general solution is R = Cr" +Dr "1,

R=0, (3.8)

Legendre polynomials

The polynomial
1 a . , n
Fa(0) = 55 ol = 1)) 3.9)
is called the Legendre polynomial of degree n and is know as Rodrigues’ formula. It is the nth
derivative of a polynomial of degree 2n and hence has degree n.
The first few Legendre polynomials are

3x2—1 5x3 — 3x

5 Bl =—F—

Py(x) =1, Pi(x) =x, P(x) =
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Theorem 3.10.1 For all non-negative integers n, (i) P,(x) satisfies Legendre’s equation

(1-x2)y" —2x/ +n(n+1)y =0,

(ii) P,(1) = 1 and (iii) P,(—x) = (=1)"P,(x).

Proof. (i) Let w = (x> —1)". Then w' = 2nx(x*> — 1)"~! and so (1 — x*)w’ + 2nxw = 0. Differenti-
ating n+ 1 times, using Leibniz’s rule, we get

(l _XZ)W(n—i—Z) i <I’l—’: 1> (1 _x2)lw(n+l) + (Zi_ i) (1 _x2)//w(n)

+2n (xw("ﬂ) + <n+ 1>W(")) =0,
n

(1 _XZ)W(ﬂJrZ) o 2xw(n+1) +n(n+ l)W(n) =0.

and after simplifying

This shows that w™) is a solution of Legendre’s equation. Since this ODE is linear and P, (x) o< w(®
this proves (i).
(ii) Using the Leibniz rule again,

n

2 () = &

dx"

[(e+1)"(x = 1)"]
n n—1

= () 1)+ (nf 1>n(z+1)"1jxnl = 1)) 4

=@x+1)"n!+0(x—-1).

Now setting x = 1 we get 2"n!P,(1) = 2"n! and so (ii) is proved.

(ii1) We have
Po=) = g (= =17 = (1) 5 212 = 1)) = (<17R ),
as required. |

The second solution of Legendre’s equation Q,(x) may be found using, for example, the Wron-
skian method but has logarithmic singularities at x = 41 and is not relevant to most applications.
The general solution of Legendre’s equation is y = aP, (x) + bQ,(x).

Legendre’s associated equation

We now return to the most general equation giving the 8-dependence in separable solutions of
Laplace’s equation in spherical polars; Legendre’s associated equation

mz
(1—x2)y”—2xy’+<n(n+1)— 1_x2>y:0, (3.10)

where m,n € Z. . Legendre’s equation is the special case m = 0.

Theorem 3.11.1 If u is a solution of Legendre’s equation then

mj2 d"u

y=(1-x%) T (3.11)
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is a solution of Legendre’s associated equation (3.10).

Proof. We have that
(1= —2xu +n(n+1)u=0,

and so by the Leibniz rule, the mth derivative is

m(m—1)

(1 —x®)u™2) 4 (=20 5

(=2)u™ =20 + mu™) + n(n+ 1)u™ =0,

that is,

(1=x®)u™? —2(m 4 o™ 4 (n(n+1) —m(m+1))ul™ = 0. (%)

On the other hand, for y = (1 —xz)”’/2 ulm | as given in (3.11),

(1=x)" =220 = — ((1-2*)y)

d
2\ 4 _ 2\m/2  (m)
(-2 (=22
((1 _x2)m/2+l u(m+1) —mx(l _x2)m/2 M(m))
1 _x2)m/2+1 u(m+2) _ (m+2)x(1 _XZ)m/Z u(m+1)

- mx(l _xZ)m/Z u(erl) _ m((l _x2)m/2 _ mx2(1 _x2)m/271)u(m)

2
= (1—x2)"? <(l — )" 2 (mA4 1™ —m (1 _m ) u(m)>

—
|
=

Sl Fa &

I
—~

and using (x), this becomes

2,2
= (1 —x2)™/2ym) (—n(rH— )+mm+1)—m+ m x2>

I—x
m2
=— <n(n—|—1)— l—x2>y'

This verifies that y as given by (3.11) satisfies (3.10). [

The Legendre polynomials P, (x) and the singular solutions Q,(x) give solutions of Legendre’s
associated equation forn > m > 0

P = (1 =2y B0 g - (1 iz L0

associated Legendre functions of the first and second kind respectively. Notice in particular that
P(x) = 0 for n < m. Functions of the second kind are singular for x = £1 and are not relevant to
most applications.

Applications

We are now in a position to give the form of the separable solution of Laplace’s equation in spherical
polars, the general spherical harmonic

Ump = (A" + anr*”*I)(Cmn cosm@ + Dy, sinm@) P, (cos 0).

Any solution of Laplace’s equation is supposed to have an expression as a linear combination of
spherical harmonics. In particular, if there is axial symmetry about the z-axis then there is no
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¢-dependence and so m = 0. In such cases we need only Legendre polynomials P, (x) = P?(x) and
the spherical harmonics reduce to

Uy = (Apr" +B,r ""1)P,(cos 0).

m Example 3.6 The electrostatic charge V due to a point potential satisfies Laplace’s equation
away from that point and is inversely proportional to the distance. Taking a point charge at the
origin, this corresponds to the axially symmetric spherical harmonic

k
up = (Ao +Bor~! )Py(cos @) = —, (choosing Ayp = 0 and B to match the physical constant)
r

where k = % (Q is the charge and g is the electric constant).
0

A more interesting case is when the charge is located on the z-axis at A(0,0,a). The distance R
of a general point P(r, ¢, 0) from A is given by the cosine rule:

A

Figure 3.2: Point charge at (0,0,a)

R=+Va—2arcos0 +12,

soV = k(a®> —2arcos 0 + rz)*l/ 2. We can expect that this may be expressed as a sum of axially
symmetric spherical harmonics and to find this expression we need to a generalised binomial
expansion of (a*> —2arcos 6 + rz)*l/ 2. There are two cases since the expansion parameter must
have absolute value less than one:

r<aandso |r/a| <1
Here V can expanded in positive powers of r/a and so

V=0 -2(r/a)cos0 + (r/a)) 7
k oo
= - ZCn}"nPn(COSG)-
an:0

In particular, when cos 8 = 1, the series expansion is

Comparing the two expansions and, using the result P,(1) = 1, gives C, = 1/a" for all n and so for
r<a

V= k i (f)nPn(cose).
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If we write r = r/a then we see we have proved that
(1—=2xt+12) 712 = ¥ 1"Py ().
=0

The LHS is a generating function for the Legendre polynomials. This is the way in which Legendre
polynomials were originally introduced.

r>aandso |a/r| <1
Here V can expanded in positive powers of a/r and so

V= é(l —2(a/r)cos 8+ (a/r)*) /2
k& rann
= —) Py(cosB),
5 (2) Pleoso)

using the generating function expansion, and hence for r > a

V= k i (£>7n71Pn(cos 0).

a

Orthogonality of Legendre polynomials

Theorem 3.13.1 Form,n € Z,

Proof. We use Rodrigues’ formula

P,(x) = 2”1;1! Zn ((x2 —1)").

We may choose the ordering n > m WLOG. Observe that (x> —1)" = (x — 1)"(x+ 1)" has zeros of
order n at x = +1 and so all derivatives up to order n— 1 of (x> — 1)" vanish at x = +1.
Using integration by parts repeatedly,

d}’l

e ((x2 - 1)”) dx

2! /_ 11 Po(x)Py(x) dx = /_ 11 Pu(x)
n—1

1 n—1
= [l s (62 1) -/ P (@ 1y a

1
- —/_le(x)W (@ —1)") dx

If n > m then )" (x) = 0 since By, (x) is of degree m and so the result for m # n is proved.
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On the other hand, when m = n,

1 d2n

(n) _ «“ 2 1\ — - n...) = :
B ) = Z g (0= DY) = g g O ) =

and so

_ (=D)"(@2n)! n g (=1)"(2n)!
/ P dx (an’l‘) /71()(2—]) dx—ﬁln,

say. Then, using integration by parts,
I, = [x(x / 2nx*( ) dx
= —21’!(1,, —I—Infl)7

and so we get the recurrence relation

[ = 2n
n 2n+1 n 1
and clearly Iy = 2. Hence
2n(2n—2)---2 2n!)?
Inzz(_l)n n( n ) _ (_l)nl7
(2n+1)2n—1)---3 (2n+1)!
and so
/ Pu(x _22n)! 2
C@2n+D)! 2n410
as required. u

This result allows us to calculate the coefficients in Fourier-Legendre series: for any (reasonable)
function f: [—1,1] = R,

=Y AP()
n=0

2 1 /!
Ap— ”2+ [ SR () dx

A version of the orthogonality condition for Legendre polynomials that is more useful in
applications is derived by the change of variables x = cos 8. We have

1 0
/7113,,( )P (x )dx—/ P,(c0s ) Po(cos 0) (— sin 6)d6

T

where

T
= / P,(cos0)P,(cos0)sin0do,
0

and hence the orthogonality condition is

/OnsmGP (cosB)P,(cos0)dO = 2n2+ 1 Omn- (3.12)
It follows that for any (reasonable) function f: [0, 7] — R,
= i AnP,(cos0),
n=0
where
A= 2ant1 nf(O)Pn(cos 0)sin6d6.

2 Jo
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m Example 3.7 Consider a sphere of radius a centre O on the surface of which the temperature
is specified in spherical polar coordinaets by T(r = a,0,¢) = f(0). In the interior, T satifies
Laplace’s equation. Since the boundary conditions are axially symmetric (¢-independent) we seek
a solution in terms of axially symmetric spherical harmonics:

T(r,0) =Y (Ap" +Bur™""")Py(cos6).
n=0

Clearly, infinite temperature at the centre, r = 0, is not phyically realistic and so we must choose
B,, = 0 for all n. Furthermore, since

T(a,0) Z A,d"P,(cos0),

we have

2 1
_ ot / f(0)P,(cos0)sin0d6.
2a"
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The Fourier transform

For functions f: R — R of period L, (which are bounded and have a finite number of discontinuities

in each period) one has the formula
f) =Y fue™,
n=—oo
where k, = 2nm /L and the Fourier coefficients are
=— “rdx.
f=g [, e ax

If the period L — oo, one replaces Fourier coefficients with the Fourier transform of f,

= [ rwear,

defined for all k € R. One can then express f via the formula

_1
2n

o) =5 [ Fweta

The Fourier transform can be thought of as a continuum version of the Fourier coefficients.
R) (D Note that in the above integrals we mean

oo R
/ —lim [,
—oo R—oo J_R

called the principal value not the strict definition

oo S
/ = lim .
—o0  RS—eJ_R
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(i1) There are many possible variants for the definition of the Fourier transform. For example,
our definition

g

fw= [

J —oo

fWear, g =5 [ fweak

as well as | e N
f0) =5 [ rwean flo= [ foe k.
(factor 1/27 in a different place) or

N

L= i _ 1 A\ ke
ﬂ@=;§§/;fwk“dn ﬂw—;ﬁﬁfmﬂ@ekdh

(factor 1/27 distributed in symmetrically, k — —k) and so on. All of these variants are
equivalent.

The Dirac delta function §(x) is defined to have Fourier transform &(k) = 1 for all k. That is
5(x) = i/w o gk
27 J - '

This integral certainly does not converge in the strict sense, since e/** 4 0 as k — 4-c0. However,

/R eikxdk — .l(ein _ e—iRX) —2R sin(Rx) .
-R ix Rx

In the limit R — oo, we get 8 (x) = 0 for x # 0 and 6(0) = +eo. This is an example of a generalised
function. We shall now briefly pause our discussion of Fourier transforms and explore some of the
properties of the Dirac delta function in a little more detail.

4.2 The Dirac §-function and the Heaviside step function

In this section we will introduce a couple of useful mathematical entities and their properties. Note,
the presentation is not mathematically rigorous.

Definition 4.2.1 (The Heaviside function) The function H defined by

0, ifx < xp,
1, ifx> xo,

H(x—xp) = {

is called the Heaviside (unit step) function.

R) The Heaviside function is an example of a piecewise continuous function. This means it is
continuous at all but a finite number of points in its domain.

Definition 4.2.2 (The unit impulse function) The function g defined by

l/e, ifxg—€/2<x<xo+¢€/2,
glx—xp;€) =

0, otherwise,

is called the unit impulse function.
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R) &(x—xo:€&) represents a rectangular impulse of width € and height 1/€. This is a function of
physical significance, e.g./ in electronics and signal processing.

The unit impulse has the following important property:

R) Note that the integral is equal to 1 irrespective of the value of €.

R) (Motivation) In Mathematics and Physics one finds it useful to define an idealization of the
unit impulse function such that

1. the impulse is produced only at one single point x = xy (think s single infinitely
short moment or a infinitely small location) rather than over an finite interval x €
(x0 —€/2,x0+€/2),

2. the integral from —oo to oo of the idealize impulse is equal to 1, in analogy to the
property of g(x —xp; €).

In accord with that one introduces the following:

Definition 4.2.3 The mathematical object § defined by

(oo} f = N
1. 5(x—x0):lig(1)g(x—xo;8):{ HE=

0, for all x # xo,
2. / O(x—xo)dx = lim/ g(x—xp;€)dx =1,
—oo =0 o

is called the Dirac &-function.

e The first of these limits, however, is not defined as limg_,o 1 /€ = . Moreover, the
value of & (x —xg) at x = xp cannot be finite because then its integral over the real line
will be 0 and not 1. So the d-function is not actually a true conventional function as
there is no true function that satisfies both of its defining properties. Strictly speaking
the &-function is a so-called distribution (generalized function, the formalism of which
is beyond the scope of our course.

e The second of these limits, however, is well-defined if we perform the operations in
strict order - integration first, limiting process second. This is sometimes called “a
delayed limiting process”. For this reason, we almost exclusively use the integral
property whenever we perform mathematical transformations involving the §-function.

4.2.1 Properties of the §-function

The most useful property that is almost exclusively used when we work with the §-function is: Let
f(x) be continuous then

/ F(0)8(x —x0)dx = f(x0)-
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R) Compare that with the basic property of the Kronecker delta symbol

ansnm = fm~

It is obvious that we can think of the Dirac delta function as a continuous analogue to the
Kronecker delta symbol.

Proof.
/ F(x)6(x—x0)dx = lin}) / f(x)g(x —xo;€)dx
£
Xo+€/2 |
= i -
el—r>r(l) / f(x) £ dx
x07£/2
by the Integral Mean Value Theorem
there exists a number ¢ € (xo — €/2,x0 + €/2) such that
xo+8/21
= i -
lim fle) / de
X()—S/Z
) 1
= 1im £(e) - ((x+£/2) ~ (x—/2)) = f(xo).
e—0 &€
|
Scaling property
1
O(cx) = —3d(x)
]
Proof. Perform a change of variables u = cx
0 € cE 1 1 cE
/ S(cx)dx= [ 8(cx)dx— / “wdu=- | S(u)du
oo —e —ce C CJ—ce
L ife>0 1 = 1
—3c e :7:/ L §(x)dx.
—c ', ife<O |c| —eo ]
Above when ¢ < 0 limits of integration are inverted to use the integral property of §. Then
= 1
/ (6(cx) — ﬂ5(x)) ldx=0.
oo c
and as 1 # 0 then the factor in the brackets must vanish, proving the property. |

R) The last property is a particular case of the more general property

8(x—x;
8(w(x)) :Z |1(/V’(x,-)|)’

where x; are the roots of w(x) = 0. This can be proven in a very similar way.
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R) The last property has as a particular case the weaker property
O(x—xp) = 8(x0 —x),

meaning that the delta function is an even distribution (i.e. symmetric wrt x).

The Derivative of the Heaviside function is:
H'(x—x0) = §(x —x0),

in the sense

Proof. 1f y < xo then

y y
/ 5(x—xo)dx:/ 0dx = 0.

—o0

If y > xg then
x0+8/2

y y 1
/ 5(x—x0)dx:/ g(x—xp,€)dx = / de: 1.
o - xofb‘/z

Comparing these results with the definition of H we can write

/7ym5(x—x0)dx: H(y—xp).

|
Differentiation
/ £ (x—x0)dx = —f'(x0)-
Proof.
/:o &' (x—x0)f(x—x0)dx = [E(x—xo)f(x—xo)}c:o — [ZS(X—Xo)f’(x—XO)dx
——1(0).
[ |

You have previously met the idea of a Green’s function. Now we know about the Dirac delta
function this is a much easier concept. For a differential operator .Z the Greens function G(x, €)is
defined as

Z[G] = 8(x—¢)
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Properties of the Fourier transform

The convolution theorem
This states that for any function F, G having Fourier transforms,

F lkx k — / F
2 / d y)dy.

To prove this start from
F(R)G(k) = / )e ™ dy / G(z)e ™ dz

I / PO dyd;
Now change variable from z to x where z = x — y so that dz = dx and so

F(k)G / (/ F(y)G(x— ydy> —ikx g,

1
E/_ F(k)G(k)e™ dk = /F G(x—vy)dy,

Hence,

as required.

Properties of the Dirac delta function
Using the convolution theorem with G(x) = §(x), G(k) = 1, we have

- | Fweak= [ F)stx-y)dy

The LHS is just F(x) and so we get the key property of the Dirac delta function

/F §(x—y)dy=F(x).

A special case of this is

/:05(x)dx: 1.

Green’s function for the heat equation

Consider the heat equation initial value problem

V= Vi, W(x,0) =yp(x) (x eR).

We may represent ¥ in terms of its Fourier transform as

_ 1 A ikx
wien =5 [ wkneak
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Using integration by parts, we find that
Wik = [ wilxne dx
= / l//xx(x7t)e_ikxdx

[y ®m_ / Z (1) (—ik)e ™ dx

= [er_ikx]o_ooo + [ikllle_ikx]o_ow _ lk/°° W(x,f)(—ik)e_ikxdx
= [(yx + iky)e ™= — k2P (k,1).
We assume that the boundary term is 0. Then we have
¥ = -k,
giving
Pk, ) = Pk, 0)e .

Consequently, the Fourier representation of y(x,7) becomes

1 /= .
W) = 5 / Wo (k)R g,

where -
Yo (k) = / Yo(x)e " dx.
To avoid calculating a Fourier transform, we can use the convolution theorem. Taking £ (k) =
Wo(k), and so F(x) = yy(x), and G(k,1) = e ¥ we get

yen) = [ ()G —y.0dy

where L e
G(x,t) = %/,m e K1 .

Completing the square in k gives

tk* — ixk = t(k — ix/2t)* +x* /4,

that is
—x2 /4 o
Gx,t) =& 27: : / e~ (Vik=ix/2V0)? g

—X2/4t ) d
e _g2akK .

= =tk —ix/2t
- /_me T (x=Vik—is/2v)
efx2/4t

\Vant '

This is called the Green’s function, or the fundamental solution, of the heat equation, from which
more general solutions can be built. The key formula reads,

1
Vant

wt) = —— [ woe I ay
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which expresses the solution of the heat equation at general 7 in terms of its initial conditions Wy (x).
Notice that the Green’s function is the solution of the heat equation for the choice yy(x) = d(x).
This is the way in which a Green’s function is often defined.

R) . Although as part of the derivation we required that the boundary terms vanish, the result
we get is valid as long as the integral converges, as can be checked by direct substitution.

2. To use this formula we often need to use the error function defined by

erfx =

2 (Y _p
. / .
VT Jo
Note that

e erf0=0
e erfx — +1 as x — oo since

/ e dt = / e dt = f/ e dt = ﬁ
A . 2/ 2

e erfx is monotonically increasing since its derivative is e >0 for all x.

erf(x)
N

Figure 4.1: Error function erfx

The following lemma will also be useful.

Theorem 4.4.1 For any a,b,

/abG(x—y,t)dy:;{erf<x\/_4>j> —erf(%)}.

Proof. Using the change of variable, u = (x —y)/\/4t, we have
—(x—y) /4Id — _L (Jc_b)/\/‘?le—u2 du.

\/4:: VT S -a) VA

/ 2 gy — < / / ) gy = \g(erf(B) _erf(A))

the result follows. [ |

Since
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m Example 4.1 Find the solution of the heat equation on R satisfying initial conditions

a x<0

Y(x.0) = yo(x) = {b o

Solution. We have the solution of the heat equation

V= /jo Vo (y)G(x—y,t)dy

:<a/ +b/> x—y,t)dy.
By Lemma 4.4.1, this is

y/:g{erf( )—erf(x/f)} {erf(x/\ﬁ)—erf(—oo)}

:a—;—b a— b (x/\ﬁ)

The limit as t — 0" of this is interesting to consider: we have

erf(x/\/4r) — erf(sgn(x)eo) = sgn(x)

and so we see that

a+b a-—>b
(1) — 2 + 2 x<0 a x<0 (x)
X, — = = X)s
14 a+b_a b >0 b x>0 Yo
2 2
as it should be. [ |

m Example 4.2 Solve the initial value problem

x xe(-11)

XX 70 =
=V y(x.0) {0 otherwise

Solution. The solution is

W(x,1) = \/4—/ ye WP gy,
Tt

This is evaluated by splitting the integrand into two parts. First note that

9 -ty — B o
dy 2t ’

therefore

) 2td[ /4] gy,

y(x1) = \/H

t 1
_ —(x—y)? /4t
x/ G(x—y,t)dy— \/; ]
{ rf(erl) erf<x 1)}+\/7< 7(x+1)2/4t_e*(x71)2/4t>7
4¢

by Lemma 4.4.1. |

><

N |
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The heat equation is invariant under the Galilean symmetry x — x +2ct, ¥ — et y. This
means that if y(x,7) is one solution then so is ¢ (x,7) = ¢“ " "y(x + 2ct,t) as may be verified
directly:

O — P = ecx+02t(%+%+ Vi) — eerte (%"i_%"" Vi) =0,

since ¥; = Yy,. This allows us to deduce a corollary to Lemma 4.4.1.

Theorem 4.4.2 For any a,b,c,

b 1 x+2ct—a x+2ct—b>} N
eVG(x—y,t)dy=~erf[ ——— | —erf [ ———— ) p ™t
/a T 2{ < Vi > ( Vi

Proof. The formula is the solution corresponding to initial condition

0(x,0) = {ecx x € (a,b)

0 otherwise -

This is a Galilean transformation of the solution whose initial conditions are

W(x,0) = {1 x € (a,b)

0 otherwise

which is given by Lemma 4.4.1 as
1 x—a x—>b
x,t)==<erf| — | —erf [ —— .
v =3 {en () - (7))

O (x,1) = y(x+2ct, t)ec”cz’,
and the result follows. [ |

Thus we have,

The Black-Scholes model

The Black-Scholes equation is a financial model used in the pricing of options. Its success has been
blamed for giving option traders an overconfidence that led to enormous over investment in options
which led in part to the banking crisis of 2007. We begin by giving definitions of the necessary
financial terminology.

e An option is a contract between two parties to buy or sell an asset (e.g. buy 1000kg of pork
bellies) at the exercise time T, at exercise price P (e.g. on 1st January 2014 at $3 per kg).
The underlying asset of an option is the asset mentioned in the contract (e.g. pork bellies).

o A European option can only be completed at the exercise time 7" whereas an American option
can be completed at any time ¢, where ¢ < T. The Black-Scholes model is used to determine
the pricing of European options.

e A call option is an option to buy at the exercise price P. The buyer has no obligation to
buy if the value of the underlying asset is lower than this price but the seller must sell the
underlying asset at price P if asked to, even if the actual value is higher than P.

e A put option is an option to sell. Similarly, the seller has no obligation to sell but the buyer
must buy if asked to.

The Black-Scholes model is the “final” value problem
o2

us + 7x2uxx +rxuy—ru=0, ulxT)=f(x). 4.1)

where
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e ¢ < T is the current time (up to the exercise time) and x > 0 is the value of the underlying
asset;

e u(x,1) is the value of the option at time 7 when the value of the underlying asset is x;

e 0 > 0 is the volatility of the value of underlying asset. If the value of the asset is stable then
the volatility is small; if it is widely varying, volatility is large;

e 1 is the bank interest rate. This is used to allow for traders to put spare capital to earn interest
in a bank rather than in the option (» > 0) or to borrow money from a bank to buy the option
(r < 0). It is assumed to be constant over the lifetime of the option in the simplest model;

e a further assumptions is that trading costs are negligible. This is a reasonable assumption
when P is large;

e the condition u(x,T) = f(x) expresses the value of the option, as a function of the value of
the underlying asset, at the exercise time and typically has the exercise price P as a parameter;

The solution of this FVP u(x,t) is the value of the option at time # when the underlying asset has
value x and may be used to decide the price at which to sell options. The Black-Scholes PDE it is a
backward diffusion equation, analogous to heat conduction in a bar with time running backwards.
In the same way that trying to use the heat equation to predict temperatures at times in the past is
ill-posed, essentially because of the second law of thermodynamics, trying to use the Black-Scholes
to predict future values of options is ill-posed. It can only be used to determine the value of a option
before the exercise time 7', given its value at that final time.

As for the final conditions, the most widely used are as follows. For a European call option, the
buyer makes a profit x — P if the value of the underlying asset x is greater than the exercise price P.
Otherwise he/she chooses not to buy and the option is not exercised, and so has no value. Thus

x—P ifx>P
ulx,T)= . =max(x—P0). (4.2)
0 otherwise

Similarly, for a European put option
u(x,T) = max(P —x,0). (4.3)

Now we will show that be a number of changes of variables that the Black-Scholes is the heat
equation in disguise and so can be solved by using the Green’s function approach. First we reverse
time so we have a initial value problem: write T = %Z(T —1), so thatt = T corresponds to 7 =0,
and v(x, ) = u(x,t) giving

2 2
o o
SVt szvxx +rvy—rv=0, v(x,0)=f(x).

We divide by 62/2 and define s = 2r/c? to give
Ve =X+ sxvy—sv =0, v(x,0) = f(x).

The RHS is an Euler equation and so can be reduced to a constant coefficients by the change of
dependent variable & = logx: let w(&, 1) = v(x, T) so give

wr=wee +(s—we —sw=0, w(&,0) = f(e).

Finally, introduce a scaling factor w(&, 7) = e*5 BTy (&, 1), where constants o, 8 are to be deter-
mined:

By+ e =07 W 420y + e + (s— D(ay+ye) —sy =0, w(E,0)=e " f(c).
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We choose o and 3 so that y satisfies the heat equation:
B=o’+(s—1a—s, 0=20+s—1,

that is | |
=—(s—1),f=—=(s+1)%
a 2(S )7B 4(S+ )

So finally we have the IVP
Lis
Vo= Ve, W(E0)=elTVEf(e).
We will take the appropriate initial for a European call option given in (4.2) and corresponds to

& —P E>logP

£(e°) = max(e® — P,0) = {O ‘ < logP

and then the solution is

wE D)= [ e —PIGE ~m 7
= [ emGE—nman—p [ AIGE -, 7)an
logP logP
= % {erf<5 + (s+\/14)Tz—logP> + l}exp(;(s—i- DE+ (s +1)%7)
D e (SOt expls- g+ 45— 1),

using Corollary 4.4.2. After undoing the changes of variables we get the final answer

! {xerfo (log(P/x) —(r+ %GZ)U _t)> — P "T=1) orfc <1Og(P/x) —(r— %02)(T —1)

uber)=3 262(T —1) 262(T —1)

where erfcx = 1 — erfx is the complementary error function. This is the Black-Scholes formula for
pricing European call options.

Burgers’ equation

Burgers’ equation is a fundamental partial differential equation occurring in various areas of applied
mathematics, such as fluid mechanics, nonlinear acoustics, gas dynamics, traffic flow. It is named
after the Dutch physicist Johannes Martinus Burgers. Burgers’ equation is obtained as a result of
combining nonlinear wave motion with linear diffusion and is the simplest model for analyzing
combined effect of nonlinear advection and diffusion. The presence of viscous term helps suppress
the wave-breaking, smooth out shock discontinuities, and hence we expect to obtain a well-behaved
and smooth solution. The PDE
Up + Uy = Uy,

is called Burgers’ equation. Note that by a simple change of variables x — ox, t — Bt, u — yu+ 6
we may change the three coefficients in this PDE to anything we wish, but generally we will stick
to this canonical form.

There is a standard method of solving this equation by transforming it to the heat equation.
First set u = v,, integrate Burgers’ equation with respect to x and set the constant of integration to
be zero, so that v satisfies .

2

Vi + =V, = Vi

2

)}
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Now substitute v = arlog y (& to be determined) we get

2 2
aw’+1a2<%> :a%x—a<%>
y 20 \y v v

which, for the choice o = —2, gives the heat equation

Vi = Yxx-
In summary we have shown that if y is a solution of the heat equation then

¥

u=-—2(lo =
(logy) v

is a solution of Burgers’ equation. This is called the Cole-Hopf transformation.
Note that the Cole-Hopf transformation is not injective (one-to-one), it is many-to-one. To see
this suppose we have a family of solutions of the heat equation

Y(x,1) = A()9(x,1),

for some functions A(r). Then the Cole-Hopf transformation gives a single solution

u=—2(logy), = —2(logA(r) +log ¢ ), = —2(log ).,

for every choice of A(r). Because of this, care is needed when using the inverse Cole-Hopf
transformation.

By using this transformation we can solve an initial value problem for Burgers’ equation by
transforming it to a (hopefully simpler) initial value problem for the heat equation, solving this
problem and then transforming it back. This is illustrated schematically below

inverse

‘ Burgers’ initial conditions ‘ ‘ Heat initial conditions ‘

!
’ Burgers’ solution ‘ COIi{OP f Heat solution

R) The Cole-Hopf transformation

Nz

u=-2(logy), = ”

should only be used for solutions of the heat equation that are everywhere of the same sign (so
that y is never zero and hence log y is well-defined) and differentiable. If y is differentiable
almost everywhere (i.e. at all but finitely many isolated points) then the formula still has a
meaning; at any point where Y is continuous but not differentiable, y,, and hence u, will
be discontinuous. However, if Y is not continuous then singularities appear in u. Roughly
speaking, we can think of a discontinuity as a point where the gradient of y is infinite and
consequently « has a singularity.

For this reason we require solutions of the heat equation used in connection with Burgers’
equation be continuous and almost everywhere differentiable. In practice, the discontinuity in
¥ may only be present in initial conditions since at later times diffusion will have smoothed
out any discontinuity and so it is only when transforming initial conditions that this is an
issue. Recall that the inverse Cole-Hopf transformation is one-many and so given initial
conditions u(x,0) for Burgers’ equation there are a family of choices of ¢ (x,0) and we can
always choose one that is continuous.



84 Chapter 4. Fourier transforms and fundamental solutions

m Example 4.3 Solve the initial value problem

1 xe€(0,1)

Up + UUy = Uyy, M(xa 0) - {0 otherwise '

The first step is to find corresponding continuous initial conditions for the heat equation.
Since y = exp([ —u/2dx), we get

Ae™? xe (0,1
wmmz{ o0

B otherwise
for some constants A, B. The simplest continuous choice is

e xe(0,1)
y(x,0) =<1 x<0

1
e 2 x>1
Hence the solution of the heat equation is

/4t

v =z | \ﬁn/

Using the Lemma, this becomes

v=s (e () e () e () b M () e

‘We also have,
1 xX—t x—t—1
=——qerf| — | —erf e X/2+1/4
v 4{ <¢£> ( Vit >}

and so the solution to Burgers’ equation is
x—t x—t—1
erf [ — | —erf e /2 H1/4
SR )
x x—t x—t—1 x—1 1
l—erf( — ) p+<erf( — | —erf e_x/2+’/4+{erf<>+l}62
UG o () - () 7

4.7 Poisson’s equation

e 26 (x— x)/4tdx/.

x/27x x)/4td +

i)

u =

Poisson’s equation for a function u : R" — C is the forced Laplace equation
Viu=—f(x)

where as always the forcing term f is assumed to be given, and the minus sign on the rhs is
convention. We shall solve this equation by first constructing a Green’s function for it, although the
solution via Green’s functions is less straightforward than for either the heat or wave equations —
in particular, we will not obtain it via Fourier transforms (the Green’s function itself will turn out
not to be absolutely integrable). We also note that, since there is no time variable (the equation is
elliptic), the solutions will have no notion of causality.
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The fundamental solution

The fundamental solution G,, to Poisson’s equation in n-dimensions is defined to be the solution to
the problem
V2Gu(x,y) = 8" (x ) (4.4)

where the forcing term is chosen to be just an n-dimensional d-function. Since the problem
rotationally symmetric about the special point y, the fundamental solution can only depend on the
scalar distance from that point:

Gu(x,¥) = Gu([x—l).
Integrating both sides of Eq. (4.4) over a ball!

B,={xeR":|[x—y|<r}
of radius r centred on y we obtain

1= / V2G,dV = n-VG,dsS 4.5)
B, JB,

where the integral of the d-function gives 1, and we have made use of the divergence theorem to
reduce the integral of V2G,, to an integral over the boundary sphere

dB,={xeR":|x—y|=r}.

When n = 3, this is the surface of a ‘standard’ sphere, while it is a circle when n = 2 and a
‘hypersphere’ for n > 3. In each case, the outward pointing normal n points in the radial direction,
son-VG, =dG,/dr. Thus we obtain

= —dGn 70, = r"fl@
0B, dr r o Jsn-1

sy, (4.6)

where we have used the fact that G is a function only of the radius, and where d€2, is the measure
on a unit $"’!; for example

40, — sin8d0d¢, whenn =3
de, whenn =2

The remaining angular integral just gives the total ‘surface area’ A, of our (n — 1)— dimensional
sphere. In particular, A, = 27 is the circumference of a circle, whereas Az = 47 is the total solid
angle of a sphere in three dimensions. Then

G, 1
dr A1

We can easily solve this ODE to show that the fundamental solution is

|x—y|+ci, n=1

1
Gulxiy) = { 37 s b =2
+cy, n>3

An(n—=2) [x—y|*?

!In Euclidean 3-space, a ball is the volume bounded by a sphere. In the Euclidean plane it is the area bounded by a
circle. We can of course extend this idea to n dimensions
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When n > 3 we can fix the constant ¢, to be zero by requiring lim,_,. G(r) = 0; however, this
condition cannot be imposed in either one or two dimensions, and some other condition (usually
suggested by the details of a specific problem) must instead be imposed. Note that when n > 1
these fundamental solutions satisfy the Laplace equation for all x € R" — {y}, but that they become
singular at x =y. Thus we shall need to exercise special care when using them as Green’s functions
for the Poisson equation throughout R”.
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