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1 Introduction



1.1 Fourier series



Fourier's claim

e Fourier (1807): “every” real-valued function defined on a finite interval can be expanded as an

infinite series of elementary trigonometric functions — cosines and sines.

e Equivalent claim: given a function f : R — R that is periodic with period 27, there exist

constants ag, ai, ... and by, by, ... s.t. f may be expanded
f(x)= % + ,,Z:; (an cos(nx) + bysin(nx)) for x € R.

e The infinite trigonometric series in (x) is the Fourier series for f.
e Fourier's claim raises two fundamental questions:

Question 1: If (%) is true, can we find a, and b, in terms of 7

Question 2: With these a, and b,, when is (x) true?
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Consequences: a mathematical revolution

The need for rigorous mathematical analysis to address these questions led to a surprisingly large
proportion of material covered in prelims, part A and beyond.

The implications of Fourier's claim for practical applications were no less powerful or far-ranging
and continue to be exploited today in numerous fields.

In this course we introduce fundamental results for pointwise convergence of Fourier series.

We then follow in Fourier's footsteps by using them to construct solutions to fundamental
problems involving the three most ubiquitous PDEs in mathematics, science and engineering: the
heat equation, the wave equation and Laplace's equation.

We begin with a motivational example illustrating the existence of a convergent Fourier series.
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Example: existence of a convergent Fourier series

e Recall from Analysis I:
& n

exp(z) = Z % for zeC.
n=0

o If z=exp(if) = cosf +isin 6, where 6 € R, then
Re(exp(z)) = Re( exp(cos ) exp(isin #)) = exp(cos ) cos(sin §),

and
Re(z") = Re(exp(infl)) = cos nf.

e Hence, taking the real part of the power series for exp(z) gives

exp(cos 0) cos(sin 0) = Z co;sﬂn@ for 6 eR.

n=0

e This is an example of a Fourier cosine series.
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Question: How would you generate a convergent Fourier sine series?

Answer: Taking instead the imaginary part we obtain

exp(cos f)sin(sinf) = Z sn:ﬂn@ for 6 eR.

n=1

Remark: The method is of limited applicability for two reasons:

(1) it can only generate the Fourier series of an infinitely differentiable real-valued function;

(2) how should the complex-valued function be chosen to obtain the Fourier series that converges to a
given real-valued function?

At the heart of this course is a much simpler and more powerful method pioneered by Fourier that
allows a much wider class of functions to be represented as convergent Fourier series.
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1.2 Ordinary differential equations



Here we revise essential background concerning ordinary differential equations.

Definition: An ordinary differential equation (ODE) is an equation involving a function of one
variable and at least one of its derivatives, i.e. an ODE for the function y(x) may be written in
the form

dy d"y
G ... =0
(xor e 52 (1)
for some function G and some positive integer n.
Definition: The function y is called the dependent variable and x the independent variable.

Definition: The order of an ODE is the order of the highest order derivative that it contains,
e.g. the order of (t) is n.

Definition: An ODE is linear if the dependent variable and its derivatives appear in terms with
degree at most one. An equation that is not linear is nonlinear.
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e Definition: The most general nth-order linear ODE for y(x) takes the form
Ly(x) = f(x),

where f(x) is a given forcing function and L is the linear differential operator defined by

d” d
Ly(x) = an(x) g r + -+ a(x) 3+ a()y(x)
for some coefficients ap(x), ai(x), ..., an(x) with a,(x) # 0.

e Definition: The ODE Ly(x) = f is called homogeneous if the right-hand side f is identically zero
and if not then it is called inhomogeneous.

e Remark: Since differentiation is distributive, the differential operator L is linear in the sense that
Llaryi(x) + azy2(x)] = ealyi(x) + a2Lys(x)
for any constants a1, az € R and any (suitably differentiable) functions y1(x), y2(x).

e Definition: A consequence of the linearity of L is the Principle of Superposition that the linear
combination of two or more solutions is also a solution for a linear homogeneous ODE — but not
for a linear inhomogeneous ODE nor a nonlinear ODE.
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e In Introductory Calculus you studied methods to find the general solution of first- and
second-order linear ODEs, e.g.
m the integrating factor method for first-order linear inhomogeneous ODEs;
m reduction of order for second-order linear homogeneous ODEs;

m methods for second-order linear inhomogeneous ODEs with constant coefficients.

e Linearity of £ played a key role: the general solution of L£(y) = f is the superposition of the n
linearly independent solutions of the homogeneous problem, together with any solution of the

inhomogeneous problem.

e Exploitation of linearity will play a similar fundamental role in the methods we shall use to solve
the heat equation, the wave equation and Laplace’s equation.
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e You applied your toolbox of ODE methods to solve

m initial value problems (IVPs) in which an nth-order ODE is supplemented by n initial conditions at
some point Xxp;

m boundary value problems (BVPs) in which an nth-order ODE is supplemented by a total of n
boundary conditions at two distinct points between which the ODE pertains.

e In general the method was to determine the general solution of the ODE and then to try to
choose the n arbitrary constants that it contains to satisfy the n initial or boundary conditions.

e This does not work in general because a solution may not exist or if a solution exists it may not be
unique.
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Example: non-existence for an ODE BVP

® Consider the boundary value problem for y(x) given by

2
d—y+y:0 for 0 < x < 2,
dx?

with y(0) =1 and y(27) = 0.

® The ODE has general solution
y(x) = Acos x + Bsin x,

where A and B are arbitrary constants.

B The boundary conditions then require

A=1 and A=0,

so that the constants A and B cannot be chosen to satisfy them.

B Hence, there is no solution.
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Example: non-uniqueness for an ODE BVP
® Consider the boundary value problem for y(x) given by
:27)2/+y:0 for 0 < x < 2,

with y(0) =0 and y(27) = 0.

B Again the ODE has general solution

y(x) = Acosx + Bsinx,

where A and B are arbitrary constants.

® But now the boundary conditions require

A=0 and A=0,

so that B is left undetermined.

B Hence, the solution is not unique.
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e Questions of existence and uniqueness of ordinary differential equations will be a central theme in
e.g. part A Differential Equations 1.

e Question: Why discuss here the issues of existence and uniqueness?

e Answer: Because we face precisely the same issues when solving a partial differential equation, so
we should keep them in mind.
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1.3 Partial differential equations



We now introduce partial differential equations building on the terminology outlined in §1.2.

Definition: A partial differential equation (PDE) is an equation for an unknown function of two or
more independent variables that involves at least one partial derivative of that function. The
unknown function is called the dependent variable.

Definition: The order of a PDE is the order of the highest order partial derivative that it contains.

Definition: A PDE is linear if the dependent variable and its partial derivatives appear in terms
with degree at most one. An equation that is not linear is nonlinear.

In this course we focus on the case in which there are two independent variables: (x,y) or (x,t),
where in applications x and y often represent spatial variables and t often represents time.
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Example: general and linear first-order PDEs
® A first-order PDE for u(x,y) may be written in the form
G(Xaya u, Ux, U,V) = O

for some function G, where here and hereafter we use subscripts as shorthand for partial
derivatives, i.e. ux = du/0x etc.

B The most general first-order linear PDE for u(x,y) is an equation of the form
aiux + axuy + asu = f,

where a1, a2, az and f are given functions of (x, y). The PDE is homogeneous if f = 0 and
inhomogeneous otherwise.

13/308



Example: general and linear second-order PDEs
B A second-order PDE for u(x, y) may be written in the form
H(x,y, u, ux, Uy, U, Usy, ty,) =0
for some function H.
B The most general second-order linear PDE for u(x,y) is an equation of the form
a1lx + a2Uxy + aslyy, + asux + asuy + agu = f,

where a1, a2, ..., as and f are given functions of (x, y). The PDE is homogeneous if f =0 and
inhomogeneous otherwise. n
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Example: some important PDEs

® There are many important PDEs, e.g.

transport equation for u(x, t): uy + xtu, = 0;
inviscid Burger's equation for u(x, t): us + uuy = 0;
heat equation for u(x, t): Ut = Kl;
Fisher's equation for u(x, t): U = K + ru(l — u);
viscous Burger's equation for u(x, t): Ut + Ul = Vi,
porous medium equation for u(x, t): ur = (uMuy)x;
thin-film equation for u(x, t): U + (UMt )x = 0;
wave equation for u(x, t): Ut = CPlix;
plate equation for u(x, t): Ut + 0% Uy = 0;
Eikonal equation for u(x, y): u? + u}2, =1
Laplace’s equation for u(x, y): Uxx + Uyy = 0;
Poisson’s equation for u(x, y): U + Uy = (X, y).

® Exercise: What is the order of each PDE? Which are linear/nonlinear? |
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Example: some more important PDEs

B There are many more important PDEs studied throughout the mathematics course using a range

of mathematical techniques, e.g.

Euler’s equations for inviscid fluid flow (A10);

Schrodinger’s equation for the wave function in quantum mechanics (A11);
Euler-Lagrange equations in the calculus of variations (ASO);
Navier-Stokes equations for viscous fluid flow (B5.3);

Turing's reaction-diffusion equations for pattern formation (B5.5);
Maxwell's equations of electromagnetism (B7.2);

Black-Scholes’ equation for derivative pricing (B8.3).

® Many of these PDEs may be written concisely using the vector differential operators, which are

introduced in Multivariable Calculus.
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The mathematical modelling process

e The PDEs in the last two examples encode a model of a physical or real-world process and arise as
part of the mathematical modelling process:

(1) Start from a physical or real-world problem.

(2) Use physical or non-physical principles to translate it into mathematics — this involves developing
appropriate mathematical technology.

(3) Use empirical laws to derive a soluble mathematical model.
(4) Solve the mathematical model — again this involves developing mathematical techniques.

(5) Use mathematical results to make predictions about the real system — usually these can only be
sensible if there exists a unique solution to the underling mathematical problem.

e In this course we will illustrate the mathematical modelling process by

m deriving from physical principles the heat equation, the wave equation and Laplace’s equation;

m using Fourier series methods to construct and analyse solutions to physical problems involving them.
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The physical problems we shall consider will often take the form of

m initial boundary value problems (IBVPs) for the heat and wave equations in which suitable boundary
conditions and initial conditions will need to be prescribed;

m boundary value problems (BVPs) for Laplace’s equation in which a suitable boundary condition will
need to be prescribed.

In each physical problem we will:

m establish existence by constructing explicitly a solution;

m prove uniqueness by showing that the difference between any two solutions much vanish.

We will demonstrate thereby that we have correctly specified the number and form of boundary
and/or initial conditions.

The course will finish with a brief introduction to the notion of well-posedness of a PDE problem.

We wrap up the Introduction with an example of an IBVP for the heat equation that illustrates the
connection to Fourier series and the practical need to answer the fundamental questions in §1.1.
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Example: IBVP for the heat equation

B |n a suitably scaled mathematical model for heat conduction along a thin metal wire, the
temperature T(x, t) satisfies the heat equation

86—7;:?;772— for 0<x<m, t>0,
with the boundary conditions
T(0,t)=0, T(mt)=0 for t>0,
and the initial condition
T(x,0) = exp(cosx)sin(sinx) for 0<x <,

where x measures distance along the centreline of the wire and t measures time.

B We delay a description of the modelling assumptions underlying the mathematical model that is
encoded in this IBVP.
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We can verify by substitution that the series solution

T(x,t) = Z b, exp(—n’t) sin(nx)

n=1

satisfies the heat equation and boundary conditions for b1, ..., b, € R and positive integers V.
Question: how should we pick N and the constants b,?

Answer: Recalling from §1.1 that

exp(cos ) sin(sin §) = Z sn;ln@ for 0 €R,
n=1 :

we see that the series solution satisfies the initial condition if b, = 1/n! and N = oo.

Hence, a solution of the IBVP would appear to be

(oo}

T(x,t) = Z % exp(—nt) sin (nx).

n=1
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® LHS: initial profile (black line); snap shots of series solution truncated to 5 terms for
t=0.2,0.4, ..., 2 (red lines); and leading term of series solution, sin(x) exp(—t), for
t=1,1.2,...,2 (dashed lines).

B RHS: the series solution truncated to 5 terms oriented to give a good view.

t increasing

051 q T

0 0.2 0.4 0.6 0.8 1
z/m

B Question: But what about other initial conditions? [ |
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Notes

(1) Can check directly that the infinite series solution satisfies the boundary and initial conditions.

(2) Comparison methods from Analysis Il may be used to show that for ¢t > 0 all of the partial
derivatives of the infinite series solution exist and may be computed by term-by-term
differentiation, so that the infinite series is indeed a solution of the IBVP.

(3) This means that truncating it after a sufficiently large number of terms will result in a good
approximation to the solution.

(4) In this course our focus will be on the formal derivation — via Fourier series methods — of

infinite series solutions, rather than on addressing the delicate issues concerning their convergence.
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2 Fourier series



2.1 Periodic, even and odd functions



Periodic functions
e The building blocks that form the partial sums of a Fourier series are cosines and sines.

e Not only are cosines and sines infinitely differentiable on R, their graphs have important periodicity

and symmetry properties: cos is an even periodic function, while sin is an odd periodic function.
e We therefore start with a refresher of what it means for a function to have these properties.
e Definition: The function f : R — R is a periodic function if there exists p > 0 such that
f(x+ p) =f(x) forall xeR.

In this case p is a period for f and f is called p—periodic. A period is not unique, but if there

exists a smallest such p it is called the prime period.
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Notes

(1) If f(x) = c for x € R, where c is a real constant, then f is a p-periodic function for each p > 0,
so does not have a prime period.

(2) Examples of periodic functions are cos x, sin x with prime period 27 and cos(mx/L), sin(7x/L)
with prime period 2L for each L > 0. Examples of non-periodic functions are x and x?.

(3) As illustrated in the figure below the graph of a p-periodic function f repeats every p along the
x-axis because it is invariant to the translation (x,y) — (x + p, y).

I —
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Periodic extensions

e If a function is defined on a half-open interval of length p > 0, i.e. on (o, @ + p] or [, + p) for
some « € R, then we can extend it to a unique periodic function by demanding it to be periodic
with period p.

e Formally, we define as follows the periodic extension of such a function.

o Definition: The periodic extension of the function f : (a, & + p] — R is the function F : R — R
defined by
F(x) = f(x — m(x)p) for x € R,

where, for each x € R, m(x) is the unique integer such that x — m(x)p € (o, a + p].
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Properties of periodic functions

e The following properties follow from the definition of a periodic function and you may find it
instructive to interpret them geometrically.

e If f and g are p—periodic, then:

(1) f,g are np—periodic for all n € N\ {0};
(2) af + Bg are p—periodic for all a, 3 € R;
(3) fg is p—periodic;
(4) f(Xx) is p/A—periodic for all A > 0;
P a+p
(5) [f(x)dx= [ f(x)dx forall o € R.
0 «

e Remark: The prime period can change or cease to exist when multiplying or summing periodic
functions. For example, cos x and sin x have prime period 27, while cos? x and sin? x have prime
period 7 and cos? x 4 sin?> x = 1 has no prime period.
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Even and odd functions
e Definition: The function g : R — R is even if
g(x) = g(—x) forall x € R.
e Definition: The function h: R — R is odd if
h(x) = —h(—x) for all x € R.
Notes:

(1) Examples of even functions are x” for positive even integers n (hence the name even function) and
cos(Ax) for A € R. Examples of odd functions are x" for positive odd integers n (hence the name
odd function) and sin(Ax) for A € R.
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(2) The graph of an even function g is symmetric about the y-axis because it is invariant under the
transformation (x,y) — (—x,y).

(3) The graph of an odd function h is unchanged by a rotation by 7 radians about the origin
(x,y) = (0,0) because it is invariant under the transformation (x,y) — (—x, —y).
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Properties of even/odd functions

e The following properties of even and odd functions follow from their definitions and again you
may find it instructive to interpret geometrically.

e If g, g1 are even and h, h; are odd, then:

(1) gg1 is even, ghis odd, and hh; is even;

(2) f g(x)dx = 2}¥g(x) dx for all a € R;
—a 0

3) f h(x)dx =0 for all & € R;

—a

(4) h(0) = o.
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The even and odd part of a function
e Proposition: Given a function f : R — R there exist unique functions g: R —- R and h: R - R

with g even and h odd such that

f(x) = g(x)+ h(x) forx eR.

e Proof:
m To prove existence note that the following functions have the required properties:
1 1
g(x) = E(f(x) + f(—x)), h(x) = E(f(x) — f(—x)) for x € R. (1)

m To prove uniqueness suppose that f = gy + h; and f = g» + hy, with gy, g» even and h;, hy odd,;
then g1 — go = hy — hy is both even and odd, and hence must vanish on R. |
e Definition: The function g in (}) is the even part of f and h the odd part of f.

e Remark: The proof of uniqueness illustrates a common theme in the elementary uniqueness
proofs in this course, namely that of showing the difference between two solutions must vanish.

30/308



2.2 Fourier series for functions of period 27



Fundamental questions

e Let f : R — R be a periodic function of period 2w. We would like an expansion for f of the form

0
f(x) *EJrZ ancos (nx) + basin (nx)) for x € R,

n=1

where ap, a1, ... and b1, by, ... are constants.
e Recall the two fundamental questions raised in §1.1:

Question 1: If (x) is true, can we find a, and b, in terms of f?
Question 2: With these a, and b,, when is (%) true?

e We address the first question in this section and the second in §2.5.

(%)
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Question 1

e Suppose (x) is true and that we can integrate it term-by-term over a period, so that

/ f(x dx—fao/dx+z /cos nx) dx + b ]sin(nx)dx

—T -

e Since, for positive integers n,

/ dx = 2, / cos(nx)dx =0, / sin(nx) dx = 0,

we must have

which determines ag in terms of f.

e Notes:

(1) f is 2m-periodic so could have integrated over any interval of length 27.

(2) The leading term ap/2 in the Fourier series for f is equal to the mean of f over a period.
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e In order to determine the higher-order coefficients we will need the following Lemma.

e Lemma: Let m and n be positive integers. Then we have the orthogonality relations:

™

/cos(mx) cos(nx)dx = 7mn,

-

™

/cos(mx)sin(nx)dx = 0,

-

s

/sin (mx)sin(nx)dx = 7mn,

-

where dmn is Kronecker's delta defined by

0 for m# n,

1 form=n.

5mn =

e Proof: see online notes and a problem sheet.
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e Fixing m € N\ {0}, multiplying (x) by cos (mx) and assuming that the orders of summation and

integration may be interchanged, we obtain

/f cos (mx) *%ao/cos(mx)dx

+Za,,/cos(mx)cos(nx) dx
+ Z bn / cos (mx) sin (nx) dx.

e Using the first two of the orthogonality relations, we deduce that

T 1 oo
/ f(x) cos (mx)dx = 5 0+ Z (anm0mn + bn - 0) = wam,

so that

™

am = ;/f(x)cos(mx)dx for me N\ {0}.

-
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Question: How would you derive a similar integral expression for b,?

Answer: By multiplying (%) by sin (mx), integrating from x = —7 to x = 7 and assuming that
the orders of summation and integration may be interchanged. As shown on a problem sheet, this
gives

™

bm:%/f(x)sin(mx)dx for me N\ {0}.

-

We wrap these formulae into the following definition.

Definition: Let f : R — R be 27-periodic and integrable on [—m, 7]. Then, regardless of whether
or not it converges, the Fourier series for f is defined to be the infinite series given by

% + ; (an cos(nx) + bnsin(nx))

for x € R, where the Fourier coefficients of f are the constants a, and b, given by

an = 1 / f(x)cos(nx)dx for n €N,
L
b, = %/ f(x)sin(nx)dx for n € N\{0}.
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Notes

(1) The integrability condition ensures the existence of the Fourier coefficients.

(2) We adopt the short-hand notation

~ = + Z an cos(nx) + by sin(nx))
n=1

to indicate that the Fourier series for f is given by the RHS of this expression regardless of
whether or not it converges.

(3) The factor of 1/2 in the first term of the Fourier series ensures that the formulae for the Fourier
cosine coefficients is the same for all non-negative integers n.

(4) It is readily shown that the Fourier series for f may be written in the equivalent complex form
f(x) ~ Z cne'™,
n=—0oo
where the complex Fourier coefficients ¢, are given by

1
Ch = o | f( )e ~idx  for n € Z.

This is an elegant formulation, but the original one is better suited to our PDE applications.
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Example 1
B Find the Fourier series for the 2m-periodic function f defined by
f(x)=1|x| for —m<x<m.

B The plot of the graph of f shows that it has a “sawtooth” profile that is piecewise linear and

continuous, with corners at integer multiples of .

™

B Since f(x) is even, f(x)cos(nx) is even and f(x)sin (nx) is odd, giving

a, = 1 f(x)cos(nx)dng/ f(x) cos(nx) dx,
L - ™ Jo
1 /" .

b, = = f(x)sin(nx)dx = 0.
™

-
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® For n = 0, direct integration gives

B For n > 1, we use integration by parts by taking u = x and v = sin (nx)/n in the identity

[uv}g:/o (uv)/dx:/0 u'v + wv' dx,

which gives

™
™

2 [T 2 X . 1 .
an = ;/0 x cos(nx)dx = . [; sin (nx)]0 —/1~ Esm(nx)dx

0
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® Hence,

T n?

o — g{cos(nx)]7r

0

2=
7r n?
0 for n=2m, me N\ {0},
= 4
_7r(2m+ )2 forn=2m+1, meN.
® Thus,
4 S cos ((2m+1)x)
Fx)~ 5 =~ mZ:O omi1z
the right-hand side being the Fourier series for f. |
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Notes

(1) The partial sums of the Fourier series for f may be defined for N € N by
N

4 Z cos((2m + 1)x) for x € R.

Su( _T_
w( 2 7 (2m+ 1)

=0

The plots below show that Sy rapidly approaches f with increasing N, suggesting that the Fourier
series converges to f on R, i.e.

lim Sy(x) = f(x) for x € R.
N— oo

(2) If this is true, then we can pick x to evaluate the sum of a series, e.g. x = 0 gives
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Example 2

B Find the Fourier Series for the 27-periodic function f defined by
1 for0 < x <,
f(x) =
-1 for —m<x<0.

B The plot of the graph of f shows that it has a “square wave” profile that is piecewise linear with
jump discontinuities at integer multiples of 7.

—3m —2m -7 0 T 2T 3

B Since f(x) is odd for x/m € R\Z, we have a, = 0 and
1 /7 . 2 [T .
b, == f(x)sin(nx)dx = 7/ f(x)sin(nx) dx.
0

L - T
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B But f(x) =1for 0 < x <, so

b, = fr/ﬂsin(nx)dx
2=t
_ oA

m™hn

B Hence, setting n = 2m + 1 to enumerate the non-zero terms, we obtain

F(x) ~ %Z sin ((22,7’,n++11))()7

the right-hand side being the Fourier series for f. |
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Notes

(1) The partial sums of the Fourier series for f may be defined for N € N by

N
4 sin ((2m + 1)x)
Sn(x) = - ,,,EZO om 1 for x € R.

The plots below show that Sy slowly approaches f with increasing N away from the jump
discontinuities at which Sy vanishes, suggesting that
f(x) for x/m € R\Z,
lim Sy(x) =
N=o0 0 for x/m € Z.

(2) The convergence is slower than in Example 1 and there is a persistent overshoot near the
discontinuities of f — this is called Gibb’'s phenomenon, about which more in §2.7.
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2.3 Cosine and sine series



Let f : R — R be 27-periodic and integrable on [—7, 7], so that the Fourier coefficients exist.
In numerous practical applications the relevant function f is even or odd.

It is for this reason we chose to integrate from x = —7 to x = 7, rather than over any other
interval of length 27, since we may then exploit immediately the symmetry of f, as we shall now

describe.

If f is even, then f(x) cos (nx) is even and f(x)sin (nx) is odd, giving

a, = i f(X) Cos(nx) dx = E/ f(X) cos(nx) dx forne N,
T™J)_x ™ Jo

b, = 1 f(x)sin(nx)dx =0 for n € N\{0},
T

so that -
ao
f(x) ~ 5+ nz:; an cos(nx),

i.e. f has a Fourier cosine series.

46/308



e If f is odd, then f(x)cos(nx) is odd and f(x)sin (nx) is even, giving
an = 1 f(x)cos(nx)dx =0 for n € N,
T

b, = %/_ﬂ f(x)sin(nx)dx = %/OW f(x)sin(nx)dx for n € N\{0},

so that -
f(x) ~ Z by sin(nx),
n=1
i.e. f has a Fourier sine series.

e Remark: Since the value of an integral is unchanged if the value of its integrand is modified at a
finite number of points, we obtain exactly the same Fourier sine series for f if f is odd on
e.g. R\{km : k € Z}, as in Example 2, rather than on the whole of R.
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2.4 Tips for evaluating the Fourier coefficients



(1) Exploit as early as possible any simplifications afforded by an integrand being even or odd. This
will more or less half the work required.

(2) When integrating by parts it is usually safer to write down the identity

b b
[uv]? :/ (uv) dx :/ ' + u'vdx

and make appropriate choices for u, v, a and b, rather than doing the calculation in your head.

(3) Similarly, when integrating by parts twice it is usually quicker to write down the identity

b b
[uv’ — u/v]: = / (u' —u'v) dx = / w” —u"vdx
a a

and make appropriate choices for u, v, a and b, rather than undertaking two sequential
integration by parts.
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(4) If fis a piecewise exponential or trigonometric function, it is usually quicker to evaluate the
complex integral expression
. 1 /" i
an+ib, = = f(x)e'™ dx.
™ —T
(5) Beware of special cases: do not divide by zero. Such special cases sometimes arise for the same
reasons that m = n is a special case in the orthogonality relations.

(6) Check that a, — 0 and b, — 0 as n — co. This is a direct consequence of the Riemann-Lebesgue
Lemma, which you will prove in Analysis Ill. Later on in this course we will be more precise about

the rate of decay of the Fourier coefficients as n — oo.
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2.5 Convergence of Fourier series



Left- and right-hand limits
e Definition: The RH limit of f at c is f(cy) = ’Ilimo f(c + h) if it exists.
—
h>0

e Definition: The LH limit of f at cis f(c_) = Limo f(c+ h) if it exists.
—
h<0

¢ Notes:
(1) f(cy) can only exist if £ is defined on (¢, ¢ + €) for some € > 0.
(2) f(c—) can only exist if f is defined on (c — ¢, ¢) for some € > 0.
(3) f(c) need not be defined for f(cy) or f(c_) to exist.
(4) The existence part is important, e.g. if f(x) = sin(1/x) for x # 0, then f(0+) do not exist.
(5) f is continuous at ¢ if and only if f(c_) = f(c) = f(cy).
(6) In Example 2, f is continuous for x/7 € R\Z with f(0+) = £1 and f(7w+) = F1.
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Piecewise continuity

e Definition: f is piecewise continuous on (a, b) C R if there exists a finite number of points
Xi,..-,Xm ERwitha=x1 <x <...<Xxn=>bs.t.
(1) f is defined and continuous on (xk, xx+1) forall k=1,...,m—1;
(2) f(xky) exists for k=1,...,m—1,
(3) f(xk—) exists for k =2,...,m.
¢ Notes:
(1) Note that f need not be defined at its exceptional points xi, ..., Xm.

(2) The functions in Examples 1 and 2 are piecewise continuous on any interval (a, b) C R.
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Fourier Convergence Theorem

o Let f : R — R be 27-periodic, with f and f’ piecewise continuous on (—m, 7). Then the Fourier

series of f at x converges to the value 1 (f(x;) + f(x_)), i.e.

oo
ao

%(f()q) + f(x-)) = > + (an cos(nx) + bysin(nx)) for x € R,

n=1

where the Fourier coefficients a, and b, exist and are given by

™

an = l/f(x)cos(nx)dx for n € N,
™

™

b, = %/f(x)sin(nx)dx for n € N\ {0}

-
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Notes on the hypotheses
(1) If f and f’ are piecewise continuous on (—, ), then there exist x1, ..., xm € R with
—T=x1 <X < ...<Xpm=m such that
(i) f and f’ are continuous on (xk, xxk+1) for k=1,...,m—1.
(i) f(xk+) and f'(xxy) exist for k =1,...,m—1.
1 Xk—) an Xk_ ) exist for =2,...,m.
(i) i) and F/(x;_) exist for k =2,...,
(2) Thus, in any period f, f’ are continuous except possibly at a finite number of points. At each

such point ' need not be defined, and one or both of f and f' may have a jump discontinuity, as
illustrated for some of the possibilities in the schematic below.

Ze
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(3) For example, if
x1/? for0 < x<m,

f(x) =
0 for —m < x <0,
then 1
§X71/2 for 0 < x < m,
Fx) = 0 for —m < x <0,

undefined for x =0, .

Hence, while f is piecewise continuous on (—m, ), ' is not because f'(0;) does not exist.
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Notes on the convergence result

(1) The partial sums of the Fourier series are defined for N € N\{0} by

N
Sn(x) = % + Z (ancos (nx) + bysin (nx)) for x € R.

n=1

The theorem states that the partial sums converge pointwise in the sense that

lim Sy(x) = %(f()q) + f(x-)) forx € R.

N— oo

(2) If f has a jump discontinuity at x, so that f(x;) # f(x_), then the Fourier series converges to
(f(x4) + f(x=))/2, i.e. the average of the left- and right-hand limits of f at x.

(3) If f is continuous at x, then f(x_) = f(x) = f(x}) and the Fourier series converges to f(x).
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(4) If we redefined f to be equal to the average of its left- and right-hand limits at each of its jump
discontinuities, then the Fourier series would converge instead to f on R.

(5) If f is defined only on e.g. (—m, 7], then the Fourier Convergence Theorem holds for its
27-periodic extension.

(6) The Fourier Convergence Theorem implies that

(8(x+) + &(x-))

N | =

% + ;an cos(nx) for x€R,

(h(x+) + h(x,))

Z b,sin(nx) for x €R,
n=1

N =

where g(x) = 3 (f(x) + f(—x)) is the even part of f and h(x) = 3 (f(x) — f(—x)) is the odd part
of f.

56/308



Notes on the proof

(1) Use the integral expressions for the Fourier coefficients and properties of periodic, even and odd
functions to manipulate the partial sums into the form

™

Sw(x) — %(f(x+) L F(x)) = /F(x, ) sin KN + %) t} dt,

0

where

F(x,t):l(f(x+f)—f(X+)+f(x—t)—f(x,)>( : )

t t 2sin (t/2)
(2) Use the Mean Value Theorem (of Analysis Il) to show that F(x, t) is a piecewise continuous
function of t on (0, 7), and hence deduce from the Riemann-Lebesgue Lemma (of Analysis III)
that

/F(X,t)sin [(N—F%) t] dt -0 as N — oo.
0
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Notes on differentiability and integrability

(1) The Fourier series can be integrated termwise under weaker conditions, e.g. if f is 27-periodic
and piecewise continuous on (—, ), then the Fourier Convergence Theorem implies

/f(s) ds:/ laoderZ/ (ancos(ns) + basin(ns)) ds for x € R,
0 0 2 =1 Jo

this function being 2m-periodic if and only if ap = 0.

(2) However, we need stronger conditions to differentiate termwise, e.g. if f is 2m-periodic and
continuous on R with both f' and f” piecewise continuous on (—m, ), then the Fourier
Convergence Theorem implies

(f'(x¢) + f'(x2)) = Z ((iix (ancos (nx) + bysin (nx)) for x € R.
n=1

N =
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Examples 1 and 2 revisited
B Recall the 27-periodic function of Example 1 which we defined by setting
f(x)=|x|] for —m<x<m.
B We calculate
1 for 0 < x <,

flix)=¢ -1 for —m < x <0,
undefined for x =0, .

B Since both f and f’ are piecewise continuous on (—m,7), with f continuous on R, the Fourier
Convergence Theorem gives

oo

,%Z% f(x) for xeR. (A)
=0

N[

® Since f is piecewise continuous on (—m,7), we can integrate termwise to obtain

izsm ((2m+1)x /f ds for x €R. (B)
ﬂ-mO 2m+1
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B We calculate
0] for0 < x <,

f'(x)=4 0 for —m < x <0,
undefined for x =0, 7.

B Since f is continuous on R and both ' and f” are piecewise continuous on (—m, ), we can
differentiate termwise the Fourier series for f to obtain

1 for0 < x <,
(F(x)+f(x4) =38 -1 for —mr<x<0, Q)
0 for x =0, =.

4§:sm (2m + 1)x)

4 _1
2m+1 2

B The function to which this Fourier series converges is equal to the function considered in Example
2 for x/m € R\Z, which deals thereby with the convergence and termwise integration of the
Fourier series of that function; it remains to note that, since that function is not continuous on R,
its Fourier series cannot be differentiated termwise.
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2.6 Rate of convergence



Rate of convergence

The smoother f, i.e. the more continuous derivatives it has, the faster the convergence of the
Fourier series for f.

If the first jump discontinuity is in the p™ derivative of f, with the convention that p = 0 if there
is a jump discontinuity in f, then in general the slowest decaying a, and b, decay like 1/n"'* as
n — oo.

More specifically, if the first jump discontinuity is in the pt derivative of the even part of f, then
in general a, decays like 1/n"*! as n — oo; similarly, if the first jump discontinuity is in the pth
derivative of the odd part of f, then in general b, decays like 1/n"™* as n — oo.

For example, p=1in (A), p=2in (B) and p =0 in (C) in the previous example.
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This is an extremely useful result

m in practice, e.g. for approximately 1% accuracy we need 100 terms for p = 0, but only 10 terms for
p=1

m for checking calculations, e.g. an erroneous contribution to a Fourier coefficient can be rapidly
identified if it does not decay fast enough.

We can understand the rate of decay as follows.

Suppose f is such that

(i) the first jump discontinuity is in the pth-derivative f(P)(x) with jumps at the exceptional points

x1 < xp < -+ < Xm, where x; > xog = —7 and xm < X1 = 7.
(i) F(PT1(x) is integrable on each of the intervals (xi, xx41) for k =0, 1,..., m, which is often the case
in practice.

Then, repeated integration by parts gives .. ..
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m(an + iby)

/ f(x)e'™ dx

- 1 <[f(x)ei"X]j - / OIS ES dx)

-

_1 [T .
— f(l) inx
Yy (x)e"™ dx

-

—1) [T ,
= ((nl))p FP)(x)e'™ dx
1 -7

(—1)P m /Xk+1 ) .
= - P (x)e'™ dx
e 2 ), 0

(k1) —

_1 P u inx it inx
= ((ln p)+1 Z ({f(P)(x)e } —/ £ (x)e dx)
k=0 () + Xk

for p > 1, though final result holds for p = 0 by skipping over the second and third equalities.
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e While the Riemann-Lebesgue Lemma implies that each of the integrals in the sum tend to zero as
n — oo, the pth-derivative f(")(x) has jump discontinuities at the exceptional points, so in general
each of the boundary contributions in the sum is bounded and does not decay as n — co. Hence,
we recover the claimed rate of decay.

o If the Fourier coefficients decay like 1/n"™ as n — co with p > 1, then the Weierstrass M-test of
Analysis Il may be used to show that the Fourier series for f converges uniformly to f on any
interval (a, b) C R.

e If the Fourier coefficients decay like 1/n as n — oo (so that p = 0), then the partial sums of the
Fourier series for f do not converge uniformly on any interval containing a jump discontinuity.
Remarkably, the form of the non-uniformity is universal for such functions, being characterized by
Gibb's phenomenon, as we shall now describe.

64/308



2.7 Gibb’s phenomenon



e Gibb’s phenomenon is the persistent overshoot near a jump discontinuity that we first encountered
in Example 2. It happens whenever there is a jump discontinuity.

e In the plots below of the partial sums from Example 2, we have zoomed into near the jump
discontinuity at the origin to illustrate the so-called “ringing” nature of the overshoot as the
number of terms in the partial sum is increased.

65/308



0 0.05 0.1

AN
v

0 0.05 0.1
z/m
66,/308



e More generally, as the number of terms in the partial sum tends to infinity:

m the width of the overshoot region tends to zero by the Fourier Convergence Theorem;

it may be shown that the total height of the overshoot region approaches ~|f(xy) — f(x_)|, where

™

1 .
y=— / Sdex% 1.18,
X

-

i.e. approximately a 9% overshoot top and bottom.

e The plots above illustrate the approach to this value, which is evidently awful for approximation

purposes.
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e Some geometric insight into the underlying cause of Gibb’'s phenomenon may be gleamed from
the following manipulation of the partial sums of the Fourier series for f, which for positive
integers N are defined by

N
50 Z ancos(nx) + bysin(nx)) for x € R,

where in terms of a dummy variable t, the Fourier coefficients are
1/ 10,
== [ f(t)cos(nt)dt, b,== [ f(t)sin(nt)dt.
™ ™

e Substituting these expressions into the partial sum and interchanging the orders of summation and
integration gives

Sn(x)

[ f(t) (1 + 71r Z cos(nt) cos(nx) + sin(nt) sm(nx)))

n=1

/f(t)<+ Zcos tx))) dt.
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Hence,

Sn(x) = / f(t)Dn(t — x) dt, (A)
where the function Dy : R — R is defined by
1 1«
Dn(t) = o + . ;cos(nt) for t € R. (B)

The integral in (A) is a convolution integral giving the mean of the function f(t) over a period
weighted by the Dirichlet kernel Dy(t — x). Since Dy does not depend on f it encodes the
operation of taking a partial sum of a Fourier series.

It follows from (B) that Dy is an even 2m-periodic function that is infinitely differentiable on R
and has integral over a period equal to unity, i.e.

/W Dn(t)dt = 1. Q)

-
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e Using a trigonometric identity we compute

2msin(t/2)Dn(t) = sin(t/2)+Z2cos(nt)sin(t/2)

n=1

N

= sin(t/2)+ > (sin ((n+1/2)t) —sin ((n — 1/2)t))

n=1

= sin ((N+1/2)t),

the last equality following from the fact that the preceding sum is telescoping.

e Hence,
sin ((N+1/2)t) -t R\Z.
Du(t) = 2msin(t/2) 27
2,\;—: ! for % € Z.

e We plot below the graph of Dy for N = 4, 8, 16 and 32, illustrating that as N — co the main
contribution of the integrand in (C) comes from the central lobe that lies above the interval
[=m, 7] /(N +1/2).
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e When x nears a jump discontinuity of f, it is the interaction of this jump and the rapidly
oscillating Dirichlet kernel Dy(t — x) around its dominant central lobe in the convoluton integral

Sw(x) = / F(£)Du(t — x) dt
that results in Gibb's phenomenon or the so-called “ringing of the partial sums,” with the
structure of the central lobe causing the 9% overshoot as N — oo.

e There are ways of mitigating against Gibb's phenomenon, e.g. it is eliminated in the Fejér series
whose Mth-partial sum Fu(x) is equal to the arithmetic mean of the first M partial sums of a
Fourier series, viz.

M
Fu(x) = % S Su(x) for x € R.
N=1

However, they are beyond the scope of this course.
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2.8 Functions of any period



Suppose now f : R — R is a periodic function of period 2L, where L > 0.
We want to develop the analogous results for the Fourier series for f(x).

Since this will involve a series in the trigonometric functions cos(nmx/L) and sin(nmx/L), where n
is a positive integer, we make the transformation

LX
X =—

™

» flx)=g(X)
which defines a new function g : R — R.

It follows that, for X € R,

g(X+2m)=f (%(xuw)) =f (% +2L) =f (LX> = g(X),

E3
where we used the fact that g(X) = f(LX/x) in the first equality and the fact that f is
2L-periodic in the third equality.

Hence, g is periodic with period 27, and we can therefore use the transformation to derive the
Fourier theory for f from that for g.
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e |n particular, suppose we can write

g(X) ~ % + Z (an cos(nX) + basin(nX))

n=1

so that the Fourier coefficients a, and b, exist.

e Then
1 [7 1/t X nmTx\ 1/t nmx
an—;/_wg(X)cos(nX)dX—;/_Lg(T) cos (T) ZdX_Z/_Lf(X)COS (T) dx,

where we used X = 7x/L in the first equality and g(7wx/L) = f(x) in the second.

e Similarly,

b, = %/W g(X)sin(nX)dX = %/_LLg (LLX) sin (?) %dx = %/_L f(x)sin (nLLX) dx.

-
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e So if we can write
o0

X)Nf+2(a,,cos( )+bnsm(mzx)>7

_ %/_LL f(x) cos (HLLX> dx, by = %/_LL s (”LLX) N

e We wrap these formal calculations into the definition of the Fourier series for f.

then

e Definition: Let f : R — R be 2L-periodic and integrable on [—L, L]. Then, regardless of whether
or not it converges, the Fourier series for f is defined to be the infinite series given by

ao > nmx nmwx
3 2 (aneos (7)) + osin (77))
for x € R, where the Fourier coefficients of f are given by
an = / f(x) cos ) dx (neN),

by = %L Fegsin (M) ax (e N\ {o}).

75/308



e Remark: The formulae for the Fourier coefficients may also be derived from the Fourier series for
f by assuming that the orders of summation and integration may be interchanged and using the

orthogonality relations

/L cos (?) cos (nLLX) dx = Lémn,
e

[ eos () sin (7Y ax =0

ZL

/L sin (?) sin (mzx) dx = Lémn,
ZL

where n,m € N'\ {0} and dms is Kronecker's delta.
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Fourier Convergence Theorem

e Let f : R — R be 2L-periodic, with f and f’ piecewise continuous on (—L,L). Then the Fourier
series of f at x converges to the value 1 (f(x;) + f(x_)), i.e.

;(f(x+)+fx_ = +Z (a,,cos( )—|—b Sm(mzx)) for x €R,

where the Fourier coefficients a, and b, exist and are given by

1t nmx
a, = Z/ f(x)cos(T> dx forneN,

—L

b, = %/L f(x)sin(nil_x) dx for n € N\ {0}.

—L
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Example 3
® Consider the 2L-periodic function f defined by

x for0<x<L,
(x) =
0 for—L<x<DO.

Find the Fourier series for f and the function to which the Fourier series converges.

B The plot of the graph of f shows that it is piecewise linear with corners as x = 2kL for k € Z and
jump discontinuities at x = (2k + 1)L for k € Z.

AV,

B By the definition of f, the Fourier coefficients are given by

an = i/Lxcos (nLLX) dx, b,=
0

~l=

0/Lxsin (nLLX) dx.
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m A direct integration gives ag = L/2, but for n > 1 it is a bit quicker to evaluate

L
an—i-ibn:%/ X exp(/nzrx) dx
0~ ——
L
L
1 inmx 1 inx
L i © (L) 72/1i7 (L)d
0 ~~
u v 0 u’ v
L
__ |1t 2ex inmx + — exp (inm)
a L\ inm P L in P
L . iL(—1)"*!
272 (( 1) _1)+ nm
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® Hence,

Fx) ~ % N i (7(2m ELl)zﬂz cos ((Zmzl)wx) n L(fnl)r'"+1 n (mzrx)) .

B Since f and f’ are piecewise continuous on (—L, L), the Fourier Convergence Theorem implies
that the Fourier series for f converges to

m f(x) at points of continuity of f, i.e. for x # (2k + 1)L, k € Z;

m to the average of the left- and right-hand limits of f at the jump discontinuities, i.e. to
(F(Ly) + f(L=))/2=(0+L)/2 = L/2 at x = L and hence at x = (2k + 1)L, k € Z by periodicity. B
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Notes:

(1) The slowest decaying Fourier coefficients b, decay as expected like 1/n as n — oo because f has
jump discontinuities so that p = 0.
(2) The partial sums of the Fourier series for f may be defined for positive integers N by

Sn(x) = % - i (— o EL1)27T2 cos ((2m_Ll)7TX) + L(_ni;mﬂ sin (’”ZX)) for x € R.

m=1

We plot below the partial sums for N = 8, 16, 32 and 64, which illustrates that the slow
convergence away from the jump discontinuities of f is hindered by Gibb's phenomenon.
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2.9 Half-range series



e In many practical applications we wish to express a given function f : [0, L] — R in terms of either

a Fourier cosine series or a Fourier sine series.

e This may be accomplished by extending f to be even (for only cosine terms) or odd (for only sine
terms) on (—L,0) U (0, L) and then extending to a periodic function of period 2L.

e We wrap these extensions and the corresponding Fourier series into the following definitions.
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e Definition: The even 2L-periodic extension f. : R — R of f : [0, L] — R is defined by

f(x) for0 < x <L,
fe(x) =
f(—x) for —L<x<0,

with fo(x 4 2L) = fe(x) for x € R. The Fourier cosine series for f : [0, L] — R is the Fourier series

for fe, i.e.
ao nmx
f:e ~ = n (7>7
(x) 3 +§a cos (—

where

L
1t 2
a"_Z/ fe(x)cos< Z/fx)cos )dx for n € N.
0
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e Definition: The odd 2L-periodic extension fo : R — R of f : [0, L] — R is defined by

f(x) for0 < x <L,
fo(x) =
—f(—x) for —L<x<0,

with fo(x + 2L) = fo(x) for x € R. The Fourier sine series for f : [0, L] — R is the Fourier series

for fo, i.e.
. nmx
fo(x) ~ ; b, sin (T),
where
L
/ fo(x) sm %/f x)sm )dx for n € N\{0}.
0
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Notes:

(1) fo(x) is odd for x/L € R\Z and odd (on R) if and only if f(0) = f(L) = 0.
(2) If fis continuous on [0, L] and f’ piecewise continuous on (0, L), then the Fourier Convergence
Theorem implies that

% + i an cos (HLLX) = fo(x) for x € R,
n=1

fo(x) for x/L € R\Z,

2 b, sin (nLLX) =

0 for x/L € R\Z.
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Example 4

B Consider the function f : [0, L] — R defined by f(x) = x for 0 < x < L. Find the Fourier cosine
and sine series for f and the functions to which each of them converge on [0, L]. Which truncated
series gives the best approximation to f on [0, L]?

B The even 2L-periodic extension f. is defined by

X for0 < x <L,
fe(x) =
—x for —L < x <0,

ie. fe(x) = |x| for —L < x < L, with fo(x + 2L) = fo(x) for x € R.

B The plot of the graph of f. shows that it has a “sawtooth” profile that is piecewise linear and

continuous, with corners at integer multiples of L.

L

fe [ 1

0
—3L —2L —L 0 L 2L 3L
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Since f. is even, we have b, = 0 and

L

I77TX
X COS

0

l‘\l\)

Evaluating this integral as in Example 3 gives the Fourier cosine series

L & 4L (2m + 1)nx
fe(x) ~ 5 mZ:O om+ 1) cos ( i > .

Since f. is continuous on R and f; is piecewise continuous on (—L, L), the Fourier Convergence

Theorem implies that the Fourier series for f. converges to f. on R.
Hence the Fourier cosine series for f converges to f on [0, L].

The partial sums of the Fourier series for f. may be defined for N € N by

N
2m+ 1)7x
mZ:()(zm+1)27T2 s( [ for x € R.

We plot below the partial sums for N = 2, 4, 8 and 16, which illustrates their rapid convergence
to fe.
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B Similarly, the odd 2L-periodic extension f, is defined by
X for0 < x <L,
fo(x) =
—(=x) for —L<x<0,
ie. fo(x) = x for —L < x < L, with fo(x +2L) = f(x) for x € R.

B The plot of the graph of f, shows that it is piecewise linear with jump discontinuities at
x = (2k + 1)L for k € Z.

fo O

—-3L —2L —L 0 L 2L 3L

® Since f, is odd, we have a, = 0 and

b, =

~Iin

/Lxsin (il_x) dx.
0
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Evaluating this integral as in Example 3 gives the Fourier sine series

n=1

Since f, and f; are piecewise continuous on (—L, L), the Fourier Convergence Theorem implies
that the Fourier series for f, converges to

m fo(x) at points of continuity of fo, i.e. for x # (2k + 1)L, k € Z;

m the average of the left- and right-hand limits of f, at its jump discontinuities, i.e. to

(F(Ly) + f(L_))/2=(—L+L)/2 =0 for x = L and hence for x = (2k + 1)L, k € Z by periodicity.

Hence, the Fourier sine series for f converges to f(x) for 0 < x < L, but to 0 for x = L.

The partial sums of the Fourier series for f, may be defined for positive integers N by

N
_ 2L(—1)"+:l ./ NnTX
SN(X) = nE::l T Sin (T) for X € R.

We plot below the partial sums for N = 8, 16, 32 and 64, which illustrates that the slow
convergence away from the jump discontinuities of f is hindered by Gibb's phenomenon.
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B The truncated cosine series gives a better approximation to f on [0, L] than the truncated sine
series because

(1) it converges everywhere on [0, L];
(2) it converges more rapidly;

(3) it does not exhibit Gibb’s phenomenon. |
Remark

e Let f; denote twice the function in Example 3, so that

L & 4L (2,,,, 1)7x S 2L(—-1)"  rmmx
ﬁ(X)NE_Z(Zm—1)2ﬂ2COS< )—!—Z sm( T )

m=1 m=1

e Question: Why is the Fourier series for f3 equal to the sum of the Fourier series for f. and £,?
e Answer: Because f. is the even part of f3 and £, the odd part of f.

e This explains the rate of decay of the Fourier coefficients in Example 3, with p =1 for f. and
p = 0 for f in the notation of §2.6.
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3 The heat equation



3.1 Preliminaries



e Fundamental Theorem of Calculus: If f(x) is continuous in a neighbourhood of a, then

a+h
%/f(x)dx—>f(a) as h—0.

a

e Leibniz’s Integral Rule: Let F(x,t) and F /3t be continuous in both x and t in some region R
of the (x,t) plane containing the region S = {(x, t) : a(t) < x < b(t), to <t < t1}, where the
functions a(t) and b(t) and their derivatives are continuous for t € [to, t1].

Then

% a(b:) Fiot) de= /a(b:) %_(X’ t) dx + b(t)F(b(t), 1) — a(t)F(a(2), t).

As a result, if a(t) and b(t) are
constants, then

d [ * OF
a/a F(x,t) dx = j 8t(x,t)dx.
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3.2 Derivation of the one-dimensional heat equation



e Consider a rigid isotropic conducting rod (e.g. metal) of constant cross-sectional area A lying

along the x-axis.

e We shall consider conservation of thermal or heat energy in the arbitrary section of the rod in
a < x < a+ h, where a and h are constants, as illustrated below.

e In simplest 1D model we assume that the lateral surfaces of the rod are insulated, so that no
thermal energy can be transported through them and the absolute temperature T may be taken

to be a function of distance x along an axis of the rod and time t.

e This assumption is applicable if the rod is long and thin, like a wire.
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We denote by p the density of the rod and by ¢, the specific heat of the rod, and we assume that
these material parameters are constant.

The specific heat ¢, of a material is the energy required to heat up a kilogram by one degree
kelvin (in SI units, about which more in §3.4), so the thermal energy in the section of the rod in
a<x < a+ his given by

a+h
A/ pce T(x, t) dx.
We now introduce the heat flux g(x, t) in the positive x-direction, which is the rate at which

thermal energy is transported through a cross-section of the rod at station x at time t in the
positive x-direction per unit cross-sectional area per unit time.

By definition, the rate at which thermal energy enters the section through its left-hand
cross-section in the plane x = a is Aq(a, t).

Similarly, the rate at which thermal energy leaves the section through the right-hand cross-section
in the plane x = a+ his Ag(a + h, t).

Hence, with our sign convention on the heat flux, the net rate at which thermal energy enters the
section is

Aq(aa t) - Aq(a + h7 t)'
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e Assuming insulated lateral surfaces and no external heating (e.g. due to microwave heating),
conservation of energy states that the rate of change of the thermal energy in the section is equal
to the net rate at which thermal energy enters the section, so that

a+h

% A / pe, T(x, £)dx | = Aq(a, £) — Aq(a + h, t),

a

(1) (2) (3)
where we have labeled the three terms in order to summarize their physical significance as follows:

(1) is the time rate of change of thermal energy in the section in a < x < a+ h;
(2) is the rate at which thermal energy enters the section through x = a;

(3) is the rate at which thermal energy leaves the section through x = a + h.

e \We note this integral conservation law is also true for h < 0 with appropriate reinterpretation of
the terms.
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e Assuming T; is continuous, Leibniz's Integral Rule with a and a + h constant gives

a+h

L / Tulx, ) dx + 92T tz_ GLI

a

where we have also rearranged into a form that will enable us to take the limit h — 0.

e To take the limit h — 0,

m apply the Fundamental Theorem of Calculus assuming T; is continuous in a neighbourhood of a;

m use the definition of gx assuming it to exist at a.
e \We obtain thereby the partial differential equation
pPCv T: + qx = O,

which relates the time rate of change of the temperature and the spatial rate of change of the
heat flux.
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e To make further progress we must decide how the heat flux g depends on the temperature T.

e This is called a constitutive relation and cannot be deduced, relying instead on some assumptions
about the physical properties of the material under consideration.

e An example of a simple constitutive relation is Hooke's law for the extension of a spring — we
note that

m a “thought-experiment” suggests this law is reasonable;
m it could be confirmed experimentally;

m it will almost certainly fail under “extreme” conditions.

e To close our model for heat conduction we will adopt Fourier’s Law, which is the constitutive law
given by
qg=—kTx,
where k is the thermal conductivity of the rod, which is another material parameter that we take
to be constant.
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The minus sign in Fourier's law means that thermal energy flows down the temperature gradient,
i.e. from high to low temperatures.

Physical experiments confirm that Fourier's law is an excellent approximation in many practical
applications.

We note that a good conductor of heat (such as silver) will have a higher thermal conductivity
than a poor conductor of heat (such as glass).

Substituting Fourier's law g = —k T, into the PDE pc, T;: + gx = 0 representing conservation of
thermal energy, we arrive at the heat equation

or _ oT
ot~ T ox?’
where the thermal diffusivity
k
=

The heat equation is a second-order linear partial differential equation.
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3.3 Initial boundary value problems



There are numerous applications of the heat equation ranging from the diffusive transport of
chemical species to the pricing of financial derivatives, the latter being governed by a backward
heat equation called the Black-Scholes equation.

In this course we focus on the modelling of the evolution of the temperature T(x,t) in a metal
rod of finite length L lying along the x-axis in the region 0 < x < L.

Suppose the metal is at room temperature Ty =~ 300 K when some large ice blocks at their melting
temperature T* ~ 273 K are held instantaneously against each end of the rod at time t = 0.

We encode this setup into a mathematical model, as follows:

m the temperature T(x, t) satisfies the heat equation inside the rod, so that
oT PT
g
ot Ox?
m the effect of the ice blocks on the rod are modelled through the boundary conditions

TO,t)=T* T(Lt)=T*" fort>0;

for 0<x<L, t>0;

m the initial state of the temperature in the rod is fed into the initial condition

T(x,0) =Ty for0<x< L.
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Notes

(1) The heat equation, boundary conditions and initial condition forms an initial boundary value
problem (IBVP) for the temperature T(x, t).

(2) The boundary conditions are called Dirichlet boundary conditions because they prescribe the value
of the dependent variable T. They are homogeneous if T* = 0 and inhomogeneous otherwise.

(3) While the boundary and initial conditions were motivated on physical grounds, they can only make
mathematical sense if the IBVP is well-posed in the sense that it has a unique solution that varies
continuously with the boundary and initial data (i.e. with T* and Tp) in some suitable sense. We
we shall return to the issue of well-posedness in §7.

(4) The total number of boundary conditions is equal to the number of spatial partial derivatives in
the heat equation, which is the same count as for a typical ODE BVP. The total number of initial
conditions is equal to the number of temporal derivatives in the heat equation, which is the same
count as for a typical ODE IVP. These counts are typical for PDE IBVPs.
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Definition: The outward normal derivative of T on the boundary is equal to the directional

derivative in the direction of the outward pointing unit normal, i.e. —i - VT = —T, on x =0 and

1-VT=T,onx=1L.

Other common boundary conditions are:

m inhomogeneous Neumann boundary conditions which prescribe the outward normal derivative of the
dependent variable on the boundary (here proportional to the heat flux g = —kT, by Fourier’s law),

e.g.
9T 0= (), IT(Lty=w(t) fort>o,
ox Ox

where the functions ¢(t) and v (t) are given.
m inhomogeneous Robin boundary conditions which prescribe a linear combination of the outward
normal derivative and temperature at the boundary, e.g.
L0+ a()TO.0) = o(t), G (L 1)+ AOT(LE) = () fort >0,
where the functions a(t), ¢(t), B(t) and ¢(t) are given.
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3.4 Units and nondimensionalisation



e Notation: We denote the dimension of the quantity p by [p] in either fundamental units
(M, L, T,®© etc) or Sl units (kg, m, s, K etc).

o We will work with the latter and recall that kelvin K is the SI unit of temperature, the newton N
is the Sl derived unit of force (1N = 1kgms™2), while the joule J is the Sl derived unit of energy
(1J=1Nm).

e Both sides of an equation modelling a physical process must have the same dimensions, e.g. in the
integral conservation law,

ath
A / pa, T(x,t)dx | | =[Aqg(a,t)] = [Ag(a+ h, t)] = Js !,

a

d
dt

while in the heat equation,
[T] =[kTw] =Ks™ .

e We can exploit this fact to determine the dimensions of parameters and to check that solutions
are dimensionally correct.
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e For example, using Fourier's Law we find that
(K] = [l _ Jm™2s7!
[Tx] K m_l
and using the heat equation we find that
[ Kst 5
[K]_[Txx]_Km72 -mes o

e We summarize below the dimensions of the variables and parameters involved in the derivation of

-1 -1 _-1
=JK "m s,

the one-dimensional heat equation.

Symbol | Quantity Sl units
X Axial distance m
t Time s
T Absolute temperature K
q Heat flux in positive x-direction | Jm™2s7!
A Cross-sectional area m?
p Rod density kgm™3
¢y Rod specific heat Jkg tK™!
k Rod thermal conductivity JKImls7!
K Rod thermal diffusivity m2s~!
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e Nondimensionalisation: The method of scaling variables with typical values to derive
dimensionless equations. These usually contain dimensionless parameters that characterise the

relative importance of the physical mechanisms in the model.

e We illustrate the method with an example.
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Example: nondimensionalisation of an IBVP

® Consider the IBVP for the temperature T(x, t) in a metal rod of length L given by the heat
equation

oT T

bt "ok

with the inhomogeneous Dirichlet boundary conditions

for 0<x< L, t>0,

T(,t)=To, T(L,t)=T1 for t>0,
and the initial condition
T(x,0) = Tg% (1 - %) for 0<x< L,
where Tg, T1 snd T are prescribed constant temperatures.
B Remark: There are five dimensional parameters, namely «, L, Ty, T1 and T».
® We can nondimensionalise by scaling

X = L;(\7 t= T/t\, T(X, t) - T2 ?(5(\7?)7

where L, 7 and T are a typical lengthscale, timescale and temperature, respectively, so that the
quantities X, ¥ and T are dimensionless.
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B By the chain rule,

OT _ L oTdt _ToT 0T _  oTdx _ToT
ot — *otrdt 7 ot Ox ‘0xdx L 0%’
® Hence, the dimensional problem for the dimensional temperature T(x, t) implies that the
corresponding dimensionless problem for the dimensionless temperature T(?f) is given by

oT T
=D
ot ox?

with the boundary conditions

for 0<X<1, t>0,

~

T(0,f)=ao, T(l,t)=a1 for £>0,

and the initial condition
T(x,0=x(1-x) for 0<x<1,

where the three dimensionless parameters D, ap and a1 are defined by

KT E T
=%

D="5" -
L27 ao T27

(€3]
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B We can further reduce the number of dimensionless parameters to two by choosing the timescale
7 so that D =1, i.e. by choosing
T=1%/k,

which is the timescale for conductive transport of heat over a distance L because it balances both
terms in the heat equation.

m With this choice of timescale, we note that if T(X,: o, 1) is a solution of the IBVP for T, then
a solution of the IBVP for T is given by

T _g(xrt.To
. 'R T)
i.e. T/T> must be a function of x/L and xt/L?.

B This means that we can compare heat problems on different scales. For example, two IBVPs that
are identical except for L and x will exhibit the same behaviour on the same timescale if and only
if L?/k is the same in each problem. |
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3.5 Heat conduction in a finite rod



e Consider the initial boundary value problem for the temperature T(x,t) in a metal rod of length L

given by the heat equation
or _ oT
ot ox?

with the homogeneous Dirichlet boundary conditions

for 0<x<UL, t>0,

T(0,t)=0, T(Lt)=0 for t>0,

and the initial condition
T(x,0)=f(x) for 0<x<L,

where the initial temperature profile f(x) is given.

e We will construct a solution using Fourier's method, which consists of three steps.
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e Fourier’'s method:

(I) Use the method of separation of variables to find the countably infinite set of nontrivial separable
solutions satisfying the heat equation and boundary conditions, each containing an arbitrary constant.

(1) Use the principle of superposition — that the sum of any number of solutions of a linear
homogeneous problem is also a solution (assuming convergence) — to form the general series solution
that is the infinite sum of the separable solutions.

(1) Use the theory of Fourier series to determine the constants in the general series solution for which it
satisfies the initial condition.
¢ Notes:

(1) Both the partial differential equation and and the boundary conditions are linear and homogeneous,
so if T1 and T satisfy them, then so does a1 T1 + a2 T» for all a1, ap € R.

(2) To verify that the resulting infinite series is actually a solution of the heat equation, we need it to
converge sufficiently rapidly that T; and T, can be computed by termwise differentiation.
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Step (1) Find all nontrivial separable solutions of the PDE and BCs

e We begin by seeking a nontrivial separable solution of the form T = F(x)G(t) for which the heat
equation T = k Tx« gives
F(x)G'(t) = sF"(x)G(t),

with a prime ’ denoting here and hereafter the derivative with respect to the argument.
e Separating the variables by assuming F(x)G(t) # 0 therefore gives
F'(x) _ G'(t)

F(x)  kG(t)

e The LHS of this expression is independent of t, while the RHS is independent of x. Since the LHS
is equal to the RHS, they must both be independent of x and t, and therefore equal to a
constant, —\ € R say.

e Hence,
F'+AF=0 for0<x<L and G' = —-XkG fort>0.
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The boundary condition at x = 0 implies that F(0)G(t) = 0 for t > 0. Since we're seeking
solutions T that are nontrivial (i.e. not identically equal to zero), there must exist a time t > 0
such that G(t) # 0, and hence we must impose on F(x) the boundary condition F(0) = 0.
Similarly, the boundary condition at x = L implies that F(L) = 0.

In summary, we have deduced that F(x) satisfies the BVP given by the ODE
—F"(x) = AF(x) for 0<x<L,

with the boundary conditions

where \ € R.
Now we need to find all A € R such that the BVP for F(x) has a nontrivial solution.

Since the general solution of the ODE is different for (i) A < 0, (ii) A = 0 and (iii) A > 0, there
are three cases to consider.
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e Case (i): A = —w? (w > 0 wlog)

m If F" —w?F =0, then F(x) = Acosh(wx) + Bsinh(wx), where A, B € R.

m The boundary conditions then require A =0, Bsinh(wL) =0, so that F = 0.
e Case (ii): A=0

m If F/ =0, then F(x) = A+ Bx, where A,B € R.

m The boundary conditions then require A =0, BL =0, so that F = 0.

e Case (iii): A = w? (w > 0 wlog)

m If F” + w?F = 0, then F(x) = Acos(wx) + Bsin(wx), where A, B € R.
m The boundary conditions then require A =0, Bsin(wL) = 0.

m Since B # 0 for nontrivial F, we must have sinwl =0, i.e. wL = nx for some n € N\ {0}.
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e Hence, the nontrivial solutions of the BVP for F(x) are given for positive integers n by

nr?

L2’

F(x) = Bsin (”iLX) A=

where B is an arbitrary constant.
e Since G(t) satisfies the ordinary differential equation G’ = —AxG, we deduce that
G(t) = Cexp(—Akt),
where C € R.

e Since T(x,t) = F(x)G(t), we conclude that the nontrivial separable solutions of the heat
equation that satisfy the boundary conditions are given by

2 2
Ta(x,t) = b, sin (nLLX) exp (— n 7;;“),

where n is a positive integer, b, is a constant (equal to BC above) and we have introduced the

subscript n on T, and b, to enumerate the countably infinite set of such solutions.
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Step (I1) Apply the principle of superposition

e Since the heat equation and boundary conditions are linear and homogeneous, a formal
application of the principle of superposition implies that the general series solution is given by

T(x,t) = i To(x,t) = i b, sin (HLLX> exp (7 n27zz/<¢t).
n=1 n=1
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Step (111) Use the theory of Fourier series to satisfy the IC

e The initial condition can only be satisfied by the general series solution if
> nmwx
F(x) = T(x,0) = Y bysin (1) for 0 L,
(x) (x,0) 2 sin 1 or <x<

so that we need to find the Fourier sine series for f on [0, L].

e The theory of Fourier series implies that the Fourier coefficients b, are given by

l\\l\)

/Lf sm )dx for ne N\ {0}.
0

e Hence, we have derived a solution in the form of an infinite trigonometric series.
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Notes:

e The ODE BVP for F(x) and X is an eigenvalue problem in which the unknown parameter X is
called an eigenvalue and the corresponding non-trivial solution F(x) an eigenfunction.

e The Fourier series expansions for f and T are therefore called eigenfunction expansions.

e That there are a discrete countably infinite set of eigenvalues and corresponding eigenfunctions is
a property of the BVP that is explained by Sturm-Liouville theory of e.g. part A DEs 2.

e The integral expressions for the Fourier coefficients may be derived by assuming that the orders of
summation and integration may be interchanged and using the orthogonality relations

/L sin (?) sin (HLLX) dx = édm,, for m, n € N\ {0}.
0
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Since T,(x,t) decays exponentially as n — oo for t > 0, comparison methods from Analysis ||
may be used to show that if the Fourier coefficients b, are merely bounded for all n, then the
general series solution has partial derivatives of all orders for t > 0 that may be computed by
term-by-term differentiation.

It follows from the Fourier convergence theorem that if f and f’ are piecewise continuous on
(0, L), then the infinite series solution is indeed a solution of the IBVP. Thus, Fourier's method
can accommodate even jump discontinuities in the initial temperature profile, the heat equation
acting to instantaneously “smooth” them out.

If the initial temperature profile has a jump discontinuity, then the truncated series solution for
T(x, t) will exhibit Gibb's phenomenon at t = 0, and hence at sufficiently small times t < L?/x
by continuity.

In principle this deficiency can be avoided at some fixed t > 0 by keeping enough terms. In
contrast, the exponential decay of T,(x,t) with n*xt/L® means that the solution will be well
approximated by the leading-term Ti(x, t) at sufficiently large large times t > L?/.
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Example: the smoothing effect of the heat equation
® Consider the IBVP in which the initial temperature profile given by

T* for [ < x < Lz,
f(x) =

0 otherwise,

where T, L; and L, are constants, so that the Fourier coefficients are given by

L

2
2 . . [/ NTX _ 2T* nmly nmlo
b, = L/T sm( 1 )dx— o (cos( 1 ) cos( 1 )) for n € N\{0}.

Ly

B We plot below snapshots of the partial sums of the truncated series solution (red lines) with 32,
64, 128 and 256 terms at times t given by st/L*> = 107°, 107*, 1073, 102 and 107 for
L,/L=0.2, L,/L=0.4.

B The jump conditions in the initial temperature profile at L;/L = 0.2 and L>/L = 0.4 are indicated
by vertical black lines.
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As the number of terms increases we see that Gibb’s phenomenon is suppressed more rapidly.

Any profile that is oscillatory or not positive for 0 < x < L, t > 0 is a poor approximation of the
solution, so we see that only the plot with 256 terms is acceptable for the times chosen.

The final snap shot in each case is close to T1(x, t) (dashed line) for which 72xt/L? = 7 /10.

The early time behaviour is captured much more effectively by the asymptotic solution

T* L ( (s — x)2)
T(x,t) x — exp | —— | ds,
() Varkt /Ll P 4kt

which is valid as t — 0+.

The asymptotic solution does not exhibit Gibb's phenomenon and tends to the initial profile as
t — O+ except at the jump discontinuities where it tends to T*/2.

The asymptotic solution is the superposition of fundamental solutions of the heat equation and
may be derived systematically using the method of matched asymptotic expansions — see part A
Differential Equations 2 and Integral Transforms. |
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3.6 Uniqueness Theorem



e In the last section we considered the IBVP for the temperature T(x, t) given by the heat equation
or _, &T
ot T ox?

with the homogeneous Dirichlet boundary conditions

for 0<x<L, t>0,

T(0,t)=0, T(Lt)=0 for t>0,

and the initial condition
T(x,0)=1f(x) for 0<x<L,

where the initial temperature profile f(x) is given.
e We used Fourier's method to construct an infinite series solution, but is it the only solution?

e Uniqueness Theorem: The IBVP has at most one solution.
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Proof:

® Qur strategy is to show that the difference between any two solutions much vanish.
m Thus, we suppose that T(x, t) and T(x, t) are solutions and let W(x, t) = T(x,t) — T(x, t)

®m By linearity, the IBVP for T(x,t) and T(x, t) imply that W(x, t) satisfies the heat equation
%—g—i—mﬂ—nﬁ—fcyw for 0<x<L, t>0

ot ot ot  0x? ox2 7 Ox? ’ ’

with the boundary conditions

W(0,t) = T(0,t) — T(0,t) =0,

W(L,t)=T(Lt)— T(L,t)=0 for t>0,
and the initial condition

W(x,0) = T(x,0) — T(x,0) = f(x) — f(x) =0 for 0<x< L.
B The trick is to analyse the integral /(t) defined by

L
() = %/W(x, £)? dx.

B Evidently /(t) > 0 for t > 0 and /(0) = 0 by the initial condition
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® But, for t > 0,

L
d/ ow .
Fri / WW dx (by Liebniz Integral Rule)
0
[ Rw
:/Wn o2 dx (by the heat equation)
0
L
= {m ] / lj\(/c’)W (by integration by parts)
0
[ (oW
= 7/{/ (a—) dx (by the boundary conditions)
X
0
<0

which means that /(t) cannot increase, so that /(t) < /(0) =0 for t > 0.

® Since /(t) > 0 and /(t) <0 for t > 0, we deduce that /(t) = 0 for t > 0, and hence that
W(x,t) =0 for 0 < x < L, t > 0 (assuming continuity of W there). [ ]
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Notes

(1) Since W is the temperature in a metal rod whose initial temperature is everywhere zero and
whose ends are held at zero temperature thereafter, on physical grounds we expect the rod to
remain at zero temperature, i.e. W =0 for 0 < x < L and t > 0, which is precisely what we
showed to prove uniqueness.

(2) The proof works for any boundary conditions for which it is possible to show that

x=L
5]

<0.
Ox 0

x=0

Examples include inhomogeneous Dirichlet and Neumann boundary conditions.
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3.7 Inhomogeneous Dirichlet boundary conditions



e Consider the initial boundary value problem for the temperature T(x, t) given by the heat equation
or _,&T
ot~ ox?

with the inhomogeneous Dirichlet boundary conditions

for 0<x< L, t>0,

T(0,t)=To, T(L,t)=T:1 for t>0,

and the initial condition
T(x,0) =f(x) for 0<x<L,

where To and T; are prescribed constant temperatures, not both zero, and the initial temperature
profile f(x) is given.

e Lets try to apply Fourier's method.
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In step (1) we need to find the nontrivial separable solutions T(x, t) = F(x)G(t) of the heat
equation and boundary conditions.

But the latter would require
F(0)G(t)=To, F(L)G(t)=T1 for t>0,
forcing G to be constant.

It follows that the only nontrivial separable solution satisfying the boundary conditions is the
time-independent or steady-state solution (about which more shortly).

Since this cannot satisfy the initial condition, Fourier's method fails because the boundary
conditions are not homogeneous.

However, we can transform the problem into one amenable to Fourier's method, as follows.
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e On physical grounds, we conjecture that T(x,t) — S(x) as t — oo, where S(x) is the
aforementioned steady-state solution of the heat equation and boundary conditions, which satisfies

d’s
0::‘43@ for O<X<L7

with 5(0) = To and S(L) = Ti.

e Thus, S(x) has the linear temperature profile given by

X X
St ="To(1-7) + T (7)
e Remark: In steady state thermal energy is conducted along the rod with constant heat flux

_ 6T7k(To—T1)
9= k(?x_ L ’

so that heat flows steadily in the positive x-direction for To > T;.
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e We now observe that if we let
T(x,t) = S(x) + U(x, 1),

then by linearity the IBVP for T(x, t) implies that U(x, t) satisfies the IBVP given by the heat
equation
ou U
ot~ "o
with the homogeneous Dirichlet boundary conditions

for 0<x<L, t>0,

U(,t)=0, U(Lt)=0 for t>0,

and the initial condition
U(x,0) = f(x) = S(x) for 0<x<L.
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e The IBVP for U(x, t) is amenable to Fourier's method.

e We solved it in §3.4 to find the solution given by

— . [ NTX Kt
U(x,t) = ; by sin (T) (7 B ),
where
L L
2 ./ nmx 2 ./ nmx 2 n
Z/ S() sin (") dx = Z/f(x)sm( ) dx— 2 (To — (-1)"Ta).
0 0

e Since U(x,t) — 0 as t — oo, we can verify our conjecture that T(x,t) — S(x) as t — oo.

e Remark: The parameters T and T; in the boundary conditions for T(x, t) ended up in the initial
condition for U(x,t) — hence the method is sometimes called ‘the method of shifting the data.’

131/308



Example: infinite speed of propagation
® Consider the IBVP with f(x) =0, To = T" and T =2T".

B We plot below snapshots of the partial sums of the truncated series solution with 128 terms for
kt/L? = 0 (black line) and kt/L*> =107*, 1073, 1072, 107, 1 (red lines).

B The profiles illustrate the manner in which heat conduction rapidly drives the temperature toward

the linear steady-state temperature profile.

B Since the temperature is zero for 0 < x < L at t = 0, but everywhere positive for t > 0, the effect
of the boundary conditions is felt everywhere instantaneously — the heat equation propagates
information with infinite speed.
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3.8 Homogeneous Neumann boundary conditions



e Consider the IBVP for the temperature T(x,t) given by the heat equation

oT T
E:HW for 0<X<L7t>0,
with the homogeneous Neumann boundary conditions
T T
4 (0,t) =0, 9 — (L, t)=0 for t>0,

Ox Ox

and the initial condition
T(x,0)=1f(x) for 0<x<L.

e Remark: The ends of the rod are thermally insulated because g = —k9T /9x = 0 there.

e Fourier's method is applied on problem sheet 5 to show that the solution is given by

[e'S] 2 2
El nmx n“m°Kt
T(x,t) = EO 4 E an cos (T) exp <f B ),
n=1

where the constants a, are the Fourier coefficients of the Fourier cosine series for f given by

L
/f x) cos )dx.
0

l\\l\.)

134/308



Notes

(1) The constant separable and steady-state solution T = ap/2 comes from the case in which the
separation constant is zero.

(2) The Uniqueness Theorem in §3.6 may be adapted to show the IBVP has at most one solution.
(3) Integrating the heat equation from x = 0 to x = L and applying the boundary conditions gives

d [* aT "
dt/o pc. T(x,t)dx = {kg] =0.

x=0
This equation represents global conservation of energy: the thermal energy stored in the rod is
constant because all of its surfaces are insulated. Integrating and applying the initial condition
gives

L L
/ pe T(x,t)dx = / pcaf(x)dx fort > 0.
0 0
(4) The exponentially decaying modes in the solution for T imply that the temperature

ao 1 L

— == f(x)dx ast— o

=1/ ,

i.e. the temperature tends to the mean of the initial temperature profile. This is because the rod

is insulated so that heat conduction acts to drive the temperature toward the steady-state solution
in which T is spatially uniform.

T(x,t) —
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Example: trapped heat
® Consider the IBVP in which the initial temperature profile is given by
f(x) = T" exp (cos(mx/L)) cos (sin(mx/L)) for 0 < x < L,
where T™ is a positive constant.
B Recalling from §1.1 that

o0
cos nf

exp(cos ) cos(sin ) = o

n=0

for 0 e€R,

we deduce that ap =2T" and a, = T"/n! for n > 1, giving the solution

2,2

Ny nmwx Kkt
T(x,t)=T Jrzﬁcos (T) exp (f B )
n=1 :

B We plot below snapshots of the partial sums of the truncated series solution with 6 terms for
kt/L? =0 (black line) and kt/L? = 1073, 1072, 107, 1 (red lines), illustrating the rapid
evolution toward the spatially uniform steady-state in which T = T~.

B Since the thermal energy of the rod is conserved, the area under each curve is the same.
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3.9 Inhomogeneous heat equation and boundary conditions



e Consider the IBVP for the temperature T(x,t) in a rod of length L given by the inhomogeneous

heat equation

oT 0T

a:kW+Q(X,t) for 0<X<L,t>0,
with the inhomogeneous Neumann boundary conditions

pe

—kT(0,t) = qu(t), —kT«(L,t)=—qr(t) for t>0,

and the initial condition
T(x,0) =1f(x) for 0<x<L,

where Q(x, t) is the rate of volumetric heating, g.(t) is the heat flux into the left-hand end, gr(t)
is the heat flux into the right-hand end and f(x) is the initial temperature profile, each of these
functions being prescribed.
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e Notes:

(1) The Uniqueness Theorem in §3.6 may be adapted to show that the initial boundary value problem has
at most one solution.

(2) Integrating the heat equation across the rod and applying the boundary conditions, we find that
d L L
P / pev T(x, t)dx = qi(t) + qr(t) + / Q(x, t)dx,
0 0

which represents global conservation of energy: the thermal energy stored in the rod increases or
decreases at the net rate at which thermal energy is supplied to the rod by the heat flux through its
ends and by volumetric heating.

e In general Fourier's method cannot be used to solve the IBVP for T(x,t) because the heat
equation and boundary conditions are inhomogeneous, i.e. Q(x, t), g.(t) and gr(t) are non-zero.
We now describe a generalization of Fourier's method that works.
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e We deal first with the boundary conditions: if we let T(x, t) = S(x, t) + U(x, t), where

0.0 = a0 g 2kLL) +anlt)

say, is chosen to satisfy the boundary conditions.
e By linearity the IBVP for T(x, t) implies that the IBVP for U(x, t) is given by
Lou_ U
"ot Ox?

with the homogeneous Neumann boundary conditions

—|—Q(x t) for 0<x<L, t>0,

U«(0,t) =0, Uc(L,t)=0 for t>0,
and the initial condition
U(x,0) =f(x) for 0<x<L,
where the functions

~ 2 ~
Q1) = QU )+ k02— pe, 02 Fx) = () ~ 5(x,0)

are known in terms of Q(x, t), q.(t), gr(t) and f(x).
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Thus, the boundary conditions have been rendered homogeneous by ‘shifting the data’ in the
sense that both g.(t) and gr(t) have moved from the boundary conditions for T(x, t) into the
heat equation and initial conditions for U(x, t).

If @ =0, then we can solve the IBVP for U(x, t) using Fourier's method as in §3.8 to obtain

2 2 L_
Ux,t) = 2 +Za,,cos( )e p(_';);r/l_k:>, a, = %/0 f(x)cos(mrTX> dx,

where the Fourier coefficients a, have been chosen to satisfy the initial condition.

The series solution for U(x, t) suggests that if é(x7 t) is not identically zero, then we should seek
a solution for U(x, t) in the form of the Fourier cosine series

U(x,t) = U02(t) + i Un(t) cos (?)

in which the Fourier coefficients

Un(t) = %/OL U(x, t) cos (?) dx

are to be determined.
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e Question: How do we derive an equation for U,(t)?
e Answer: Inspired by the proof of the uniqueness theorem in §3.6, we proceed as follows

e We differentiate Un(t) with respect to t to obtain

L L
du, 2 ou nmx U nmx
ST Z/pCVE“’S(T)dX_ L/ <kﬁ+ Q) os (7 x.
0 0

where we used Leibniz's Integral Rule in the first equality and the heat equation in the second.

e Integrating by parts using the identity

L L
/ w” —u"vdx = / (w' —d'v) dx = [ —u'V]
0 0

with u = U and v = cos(nmx/L) gives

/L U (— nngz cos (HLLX)> — Uy cos (HLLX) dx = [U (_nTw) sin
0

by the boundary conditions, so that

L L
nmx n’r? 2 nmx n°m
/ UXX COos (T) dx = — L2 Z / U cos (T) dx = —TU,,
0 0

o~

~IN

142/308



e We deduce that U,(t) is governed by the ODE

du, N kn?7?
dt L2

pCy U, = Q,,(t) for t>0,

where the coefficients of the Fourier cosine series for é(x, t) are defined by

L L
2 = nmwx 2 ) oS nmwx
=1 / Q(x, t) cos (T) dx = Z/ (Q(X7 t) + kﬁ — pc\,a) cos (T) dx.
0 0

e The initial condition for U(x, t) implies that the initial condition for U,(t) is given by

- %/OL £(x) cos (?) dx = %/OL (f(x) — 5(x,0)) cos (?) dx.

e Using an integrating factor, we find that the solution for U,(t) may be written in the form

Un(t) = (pcv/ Qn(s) “"sds+U(0)) rnt

where r, = n*m%k/L? in terms of the thermal diffusivity x = k/(pc, ).
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e In summary, we have been able to solve analytically the IBVP for T(x,t): the solution is given by

T(x,t) = S(x,t) + G(®) + i Un(t) cos (”LLX) )

2
where
_ (x - L) x*
S(x,t) = QL(t)T + qR(t)ﬂ’
1 [t~
Un t = h NnSd + Un 0 71{,,t7
(t) (pcv/o Qn(s)e™ ds ( ))e
with k, = n*nk/1%, k = k/(pc,) and
L
0 2 »*s S nmx
Qu(t) = Z/ (Q(x, t) + k@ — pcvﬁ) cos (T) dx,
0
2 t nmx
Us(0) = Z/o (f(x) — S(x,0)) cos <T) dx.
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Notes

(1) If Q(x,t) =0, then @,(t) = 0 and we recover the solution for U,(t) obtained by Fourier's method.
(2) The ODE for Up(t) is equivalent to the expression representing global conservation of energy.

(3) The derivation of the ODE for U,(t) may also be accomplished by multiplying the heat equation
by cos(nmx/L) and integrating from x = 0 to x = L to obtain

t ou U < nmx
/0 (pcva - kﬁ — Q(x, t)) cos (T) dx = 0;

the ODE then follows upon applying Leibniz's integral rule to the U; term and integrating by parts
the U term.

(4) Question: What are the advantages of expanding U as a Fourier cosine series rather than T7?

Answer: Expanding T as a Fourier cosine series is equivalent to expanding S as a Fourier cosine
series, which cannot improve the accuracy of the approximate solution that would be obtained by
truncation. In general the method of shifting the data (to render homogeneous the boundary
conditions) results in a solution that converges more rapidly, especially if Gibb’s phenomenon can
be avoided by doing so.
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Example: sinusoidal forcing

® Consider the IBVP in which
q(t) = ¢ sin(wt), qr(t) =0, Q(x,t)=0, f(x)=0,

where ¢* and w are positive constants, as if the left-hand end of the rod were radiated sinusoidally.

® We obtain, .
i sin(ws) — cos(ws) for n =0,
Qn(s) = 2wla®
wlq
_ >
a3 cos(ws) forn>1,
with U,(0) = 0 for n > 0.
B Hence, the solution for U,(t) gives
2k T T .
F(l — cos(wt)) — 3 sin(wt) for n =0,
Un(t) =
2wT™

2+ o) (lin cos(wt) + wsin(wt) — kn exp(—/-c,,t)) forn>1,

where we defined the temperature T* = Lg™* /k.
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B [t follows that the solution may be written in the form

T(x,t) = Too(x, t) + V(x, ),
where
Teo(x, 1) T sin(wt)% + Z{: (1 — cos(wt)) — 7; sin(wt)
+ Z n27r22(:T+ 5 (mn cos(wt) + wsin(wt)) cos (nLLX)
and

V(x,t) = — i % exp(—knt) cos (ﬂ) .

— (k7 + w?) L

B Since V(x,t) decays exponentially with ¢, the solution settles down rapidly to a periodic solution
Too(x, t) with frequency w.
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Since V/(x, t) satisfies the homogeneous versions of the heat equation and boundary conditions,
the long-time solution T (x, t) satisfies the same heat equation, but the inhomogeneous
boundary conditions.

We now show that these properties of the long-time solution can be used to construct it directly.
The trick is to seek a complex-valued separable solution ei“’tF(x) with frequency w.
Substituting this ansatz into the homogeneous heat equation, we find that

wF' =iwF for0< x < L.

Seeking an exponential solution F(x) = e gives the auxiliary equation A\? = iw/k, so that

_ W im/4 _ w .
)x-:l:,//ie :|:1/2H(1—|—1)7

F(X) _ Aev(1+i)x/L+ Befu(l#»i)x/L’

giving the general solution

where A and B are arbitrary complex constants and v = L/w/2k is a dimensionless parameter.
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B \We now observe that if we impose on F the boundary conditions —kF’(0) = ¢* and F'(L) =0,
then
To(x,t) = Im(emF(x))

satisfies both the homogeneous heat equation and sinusoidally-forced boundary conditions because
taking the imaginary part commutes with partial differentiation.

B The resulting solution for F(x) may then be written in the form

T* cosh (v(1+i)(1 — x/L))

PO = Ty sinh (v 1)
so that ( )
B T* cosh (v(14+1)(1 = x/L)) o
To(x, 1) = Im ( V(1 +i)sinh (V1 +1)) > '
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B Question: How are the solutions Too(x,t) and T,(x,t) related?

® Answer: Having found a particular solution T,(x, t) satisfying the homogeneous heat equation
and sinusoidally-forced boundary conditions, we see that we could also solve the IBVP for T(x, t)
by setting
T(x,t) = Tp(x,t) + W(x, t),

since then W(x, t) satisfies

ow *w
,ocvﬁ—kax2 for 0<x< L, t>0,
with
Wi(0,t) =0, Wi(L,t)=0 for t>0,
and

W(x,0) = —Tp(x,0) for 0<x <L,

i.e. the boundary conditions are rendered homogeneous by the ansatz for W(x, t) while retaining
the homogeneity of the heat equation, in contrast to the ansatz for U(x, t) which results in
homogeneous boundary conditions but at the expense of a forced heat equation.
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B The IBVP for W(x,t) may be solved using Fourier's method as in §3.8, giving the solution

Wi f)—*+2cncos( )exp (7:,2:/7(;)7 Cn:*%/OL To(x,0) cos (?) dx,

so that

®

wl?

1 [t
W(x,t) — ? = _Z/o To(x,0)dx = as t — oo.

® We can now invoke uniqueness of the IBVP for T(x,t) to deduce that
Too(x,t) + V(x,t) = Tp(x, t) + W(x,t) for0<x<L, t>0.

But V(x,t) — 0 and W(x,t) — kT*/wlL? as t — oo, which can only be the case if

*

Too(x,t) = Tp(x,t) + for0<x<L, t>0 M

wl?

because both T (x,t) and T,(x, t) are periodic in t with frequency w.
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Remark: This argument saves us from the unwieldy algebraic manipulations that would otherwise
be required to establish the relationship (1), e.g. by showing that the Fourier cosine coefficients of
each side are identical at say t = 0.

The plots below show a period of oscillation of T,(x,t) for » = 0.1, 1, 10 and 100.

The plots illustrate that the heat flux imposed at x = 0 generates a temperature profile that is
almost spatially uniform for small v, but penetrates only partially and inside a thin boundary layer
of thickness of order L/v for large v.

This is in accordance with the physical interpretation of v = L/\/2k/w as the ratio of the length
of the rod L to the typical distance thermal energy conducts in a period of oscillation (since there
is a balance in the heat equation when x and t are scaled with \/k/w and 1/w, respectively).

That the shape of the profiles for v = 10 and v = 100 are almost identical is because the response

in the thin boundary layer is as if the rod were semi-infinite.

152/308



:I::::&. N
oo«»o\
oowy»
X S
R0

W\ W
N " ‘C“
““ttttktt R
ﬁy»ogsgg‘ “ﬂsﬁsﬁo
“‘33‘m::::::::::::....:m..,
) 08 !
.6 . -0.
5
0.8 ‘::53332;
. =
D
N
w&gan N
R RN N
R R
R ““t{‘\“&\m‘
W R R
‘\\\\\ \\\\\\\\\\\
R W \x“oww»@
N N N
TR SR s
0.8 1

‘%§&w§$&
"»&S;ES;;:::;;:&.
\gkg‘.::...::;

\ :::‘-::.,;

0.05

0.04

15.
3/308



4 The wave equation



4.1 Derivation of the one-dimensional wave equation



Consider the small transverse vibrations of a homogeneous extensible elastic string stretched
initially along the x-axis at time t = 0 to a length L.

A point at xi at time t = 0 is displaced to r(x,t) = xi + y(x, t)j at time t > 0, where the
transverse displacement y(x, t) is to be determined, as illustrated.
y

r(z,t)
y(z,1)

0| zi L T

Consider the section of the string in the fixed region a < x < a+ h, where a and h are arbitrary
constants (with 0 < a<a+ h < L).

The linear momentum of the section of the stringin a<x<a+his

a+h

or
pa dX7

a

where p is the constant line density of the string (with [p] = kgm™?).
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e The string offers no resistance to bending (cf. a ruler) in the sense that the string to the right of
the point r(x, t) exerts at that point a tangential force T(x, t)7(x,t) on the string to the left,
where T(x, t) is the tension ([T] = N = kgms™2) and T = r,/ |r| is the unit tangent vector
pointing in the positive x-direction.

e Note that Newton's third law implies that the string to the left of the point r(x, t) exerts at that
point a tangential force — T (x, t)7(x, t) on the string to the right.

e Assuming the tension is so large that the effects of gravity and air resistance may be neglected,
the forces acting on the ends of the section of string in a < x < a+ h are

(i) the force T(a+ h,t)T(a+ h,t) exerted at RH end at r(a+ h, t) by the string to right of section;
(ii) the force —T(a, t)7(a,t) exerted at LH end at r(a, t) by string to the left of section.

We illustrate the forces and where they act on the section in the schematic below.

TT|z:u+h
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We are now in a position to apply Newton's Second Law, which states that the rate of change of
the linear momentum of the section of string in a < x < a+ h is equal to the net force acting on
it, so that

ath
d or
G| [ rgrax) = T+ htra s ho) = T o).

Assuming ry is continuous, Leibniz's Integral Rule with a and a + h constant gives

7  T(athtyr(at ht) - T(a O)r(a t)
6t2

h 7
where we divided by h in anticipation of taking the limit h — 0.
To take the limit h — 0,
m apply the Fundamental Theorem of Calculus assuming r¢ is continuous in a neighbourhood of a;
m use the definition of (TT)X assuming it to exist at a.

We obtain thereby the partial differential equation

’r 9
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Recalling the definitions of r and T, it follows that
Py. 0 [ Ti+ Ty
Paed = ox (1 +y3)1/2 )
But we are also assuming that the transverse displacement is small in the sense that the slope of

the string is small, i.e. |y | < 1.

Since a Taylor expansion gives
1/2 1
(1+y3) =1+§(yx)2+~~ for |y <1,

to a first approximation, i.e. neglecting quadratic and higher order terms,

82y._ 0 . .
Papd = &(TI + Tysd).

Remark: We call this PDE the linearized version of the nonlinear PDE above.
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e The x- and y-components of the linearized PDE are given by

oT Py 0
5—0» P@—&(T)&)

e The x-component implies that the tension T is spatially uniform, but could vary with time t,
e.g. as when tuning a guitar string.

e We shall take the tension T to be constant, which is the case in many practical applications.

e The y-component then implies that

Py _ Ly
Par = " ax
giving the wave equation
Dy _ 2y
ot? ox?’

where the wave speed (for reasons that will become apparent) is given by

T
c=4/—.
P
e The wave equation is a second-order linear PDE.
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4.2 Units and nondimensionalisation



Consider the units of the variables (x, t and y) and parameter (c) in the wave equation.

Since

el =ms 2, [yl =mm2,

it follows that

[Cz] _ [[})/’::]] — m?s2

! je. ¢ has the units of speed.

so that [c] = ms™
Question: On what timescale does a displacement travel a distance L?

Answer: If we nondimensionalize by scaling x = L&, t = tof, y = Hy(X, ), then the wave
equation becomes

Ho*y  HS 9%y

2 of2  [2 9%%’

the terms balance giving
&y _ %y
a2~ oR?

provided to = L/c, which is therefore the timescale for a displacement to travel a distance L.
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4.3 Normal modes of vibration for a finite string



e Suppose an elastic string is stretched between x = 0 and x = L and the ends held fixed, so that
the small transverse displacement y(x, t) of the string is governed by the wave equation
Py _ 20
w =cC ﬁ for 0<x< L,
with the boundary conditions
y(0,t)=0 y(Lt)=0.

e An experiment with a slinky suggests there exist discrete modes of vibration, as illustrated in the
schematic below.
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To analyse mathematically the possible modes of vibration, we seek nontrivial separable solutions
of the form y = F(x)G(t) for which the wave equation yi: = c’yx gives

F(x)G"(t) = F"(x)G(t).
Separating the variables for FG # 0, we obtain
F”(X) _ G//(t)

Flx)  2G(t)

The LHS of this expression is independent of t, while the RHS is independent of x. Since the LHS
is equal to the RHS, they must both be independent of x and t, and therefore equal to a
constant, —\ € R say.

Hence,
F'"+AF=0 for0<x<L and G" +2’G=0 forallt.

Since G(t) # 0 for some t for y nontrivial, the boundary conditions imply F(0) = 0 and F(L) = 0.
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In summary, we have deduced that F(x) and X satisfy the ODE BVP given by
—F"(x) = AF(x) for 0<x<L,
with F(0) = 0 and F(L) = 0.

We solved this problem in §3.4: the nontrivial solutions are given for positive integers n by

F(x) = Bsin (mrTx), A= (n%)z,

where B is an arbitrary constant

Since G” 4+ Ac®>G = 0, the corresponding solution for G(t) is given by

G(t) = Ccos (mrLct) + Dsin (mrLct)’

where C and D are arbitrary constants.

Since T(x,t) = F(x)G(t), we conclude that the nontrivial separable solutions or the normal
modes are given for positive integers n by

Yo(x, t) = sin (?) (an cos (mrLct) + by sin (mTLCt»

where a, and b, are arbitrary constants (with a, = BC and b, = BD) and we have introduced the

subscript n to enumerate the countably infinite set of such solutions.
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Notes

(1) The normal mode y,(x, t) is periodic in t with prime period

or 2L

ntc/L  nc

and frequency or pitch
1 nc

p 2L

(2) The first normal mode y; is called the fundamental mode, with associated fundamental frequency
c/(2L). All of the other modes have a frequency that is an integer multiple of the fundamental
frequency.

(3) The predictions are consistent with the slinky experiment.

(4) The normal modes are an example of a standing wave because y, is equal to a function of x
multiplied by an oscillatory function of time.
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4.4 Initial boundary value problem for a finite string



e Consider the initial boundary value problem for the small transverse displacement y(x, t) of an
elastic string given by the wave equation

Py 20y
ﬁzc 52 for 0<x< L, t>0,
with the Dirichlet boundary conditions
y(0,t) =0, y(L,t)=0 for t>0,
and the two initial conditions
9y
y(x,0) = f(x), E(X’ 0)=g(x) for 0<x<L,

where the initial transverse displacement f(x) and the initial transverse velocity g(x) are given.

e Remark: The total number of boundary (initial) conditions is equal to the number of spatial
(temporal) partial derivatives in the wave equation.

o We will use Fourier's method to find a series solution.
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Step (1): Find all nontrivial separable solutions of the PDE and BCs

e We found above that these are the normal modes given for positive integers n by

= (72 (oo (T5) i (7))

where a, and b, are arbitrary real constants.

Step (I1): Apply the principle of superposition
e Since the wave equation and boundary conditions are linear and homogeneous, we can

superimpose the normal modes (assuming convergence) to obtain the general series solution

oo

y(x, t)_zyn 1) =Y sin (mrx) (anCOS(mTLCt) +bnsin(n7rLct)).

n=1
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Step (Il1): Use the theory of Fourier series to satisfy the ICs

e The initial conditions can only be satisfied if

iansm( )for0<X<L

:iﬂLc sm( 1 )for0<x<L

n=1

e Hence, a, is the nth Fourier coefficient of the Fourier sine series for f, while nwcb,/L is the nth
Fourier coefficient of the Fourier sine series for g, i.e., for positive integers n,

L L
2 c 2
an Z/ x)sm )dx, b, Z/ x)sm )dx.
0 0
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Example: plucking a guitar string
B If the midpoint of the string is drawn aside a distance h and released from rest, then
2hx/L for0 < x < L/2,
Fx) = g(x) =0.
2h(L — x)/L  for L/2 <x <L,

B Since g(x) = 0 we have b, = 0, and integration by parts gives

L/2 L

2 [ 2hx . (nmx 2 [2h(L—x) . /nmx _8h . /nm
a"_L/ Lsm<L)dx+L/ o (°7) dx = e (5

0 L/2

® Since
0 for n=2m, m e N\ {0},

nm
n () =
2 (-1)™ forn=2m+1, meN,

we deduce that a series solution is given by

yixt) =20 oj (2(,;1):)2 o ((2m—|il)7rx) . ((2m +L1)m>7

so that p = 2L/c is the prime period of the oscillation.

).
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B We plot below snapshots of the series solution truncated to 128 terms over the first half-period,

which illustrates the persistence of corners moving with speed c.
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B The mesh plot below shows the series solution again truncated to 128 terms, but this time over

the first period, with the orientation chosen for a good view.
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Example: hammering a piano string
B Suppose we hit the string with a hammer so that

v for L1 < x <Ly,

f(x)=0, gx)=
0 otherwise,
where v, L1 and L, are constants.
® We have a, = 0 and
Ly
nmc, 2 ./ NTX _2v nmly nmlo
Tb,,— L/vsm( 1 )dx—nﬂ_ {cos( [ ) cos( L )}
Ly

B |t follows that a series solution is given by

2h = 1 nmlL nml . (nmx\ . /nmct
y(x,t):ﬁ e {cos( L1>—cos( L2>}sm(T)sm( L ),

n=1

where h = vL/c and we see that the prime period of the oscillation is again p = 2L/c.
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® We plot below show snapshots of the evolution of the series solution truncated to 128 terms for

Li/L=0.3, Ly/L = 0.5 over the first half-period, which again illustrates the persistence of corners

moving with speed c.
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B The mesh plot below shows the series solution again truncated to 128 terms, but this time over
the first period, with the orientation chosen for a good view.
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Notes
e Both the guitar solution and piano solution contain persistent corners travelling with speed c.

e This means that neither solution can be twice continuously differentiable with respect to x or t,
and hence a so-called classical solution of the wave equation.

e However, if we were to modify the initial data by smoothing off the corners and jump
discontinuities in small neighbourhoods of these irregularities in such a way that the new initial
data is infinitely differentiable, then the new solutions would also be infinitely differentiable, and
hence classical solutions, and they would be “close” in some sense to the original solutions.

e Hence, we do not want to discount the series solutions we have found, but to view them instead
as motivation to weaken the sense in which a function can be a solution of a PDE — the resulting
notion of a weak solution forms the basis for the modern theory of PDEs that can be studied
further on in the course in e.g. B4.3 and B5.2.

e The differences in the makeup of the normal modes for the guitar and piano solutions contribute
to the different timbres of the musical instruments
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4.5 Conservation of energy



e An elastic string is stretched between x = 0 and x = L along the x-axis to a line density p and a
tension T, so that its small transverse displacement y(x, t) is governed by the wave equation
&y Py
pﬁ:Tw for O<X<L7t>0,

with the Dirichlet boundary conditions
y(0,t) =0, y(L t)=0 for t>0,

and the initial conditions

y(x,0) = f(x), %(X, 0) =g(x) for 0<x<L,

where the initial transverse displacement is f(x) and the initial transverse velocity is g(x).

e Remark: Recall that the point of the string that lies at xi in its so-called reference configuration
is displaced transversely to the point with position vector r(x, t) = xi + y(x, t)j. When we impose
the initial conditions, we must deform the string from its reference configuration along the x-axis
to have transverse displacement y(x,0) = f(x) and we must impart on the string the transverse
velocity given by y:(x,0) = g(x).
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The kinetic energy of the string is given by
L L
1 1
/EP\’r|2 dXZ/EP)’de-
0 0

The elastic potential energy of the string is the product of tension and extension, and therefore

given by
L

L 1
T /|rx\dx—L :T/ <1+yf)2—1dx.
0

0

Since the transverse displacement is small in the sense that |y«| < 1, a Taylor expansion gives

2% 1,
(1+%) —1=50+.

Hence, to a first approximation (i.e. neglecting cubic and higher order terms), the elastic potential

L
1

/ 5 Tyx2 dx.

0

energy is given by
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o Definition: The energy of the string is defined to be the sum of its kinetic and elastic potential
energies, and given by

L
1
/ Epyt + = Tyx dx.
0

e Proposition: If y(x, t) satisfies the wave equation and the boundary conditions, then the energy
E(t) is constant for t > 0.
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Proof:
B The idea is to show that the derivative of E(t) is equal to zero.

B By Leibniz's Integral Rule,

L
dE 0 1 1
a :/a (5%’)’:2 + 57—}/3) dx = /P}’t)’ttJr Tyxyse dx.
0 0

B Substituting for py: from the wave equation, we deduce that

L L
dE -
dr / Tyeysx + Tyxyxe dx = / (Tyey)x dx = [Tyl iZo.
0 0

B Since each of the boundary conditions may be differentiated with respect to t to give y:(0,t) =0
and y¢(L,t) =0 for t > 0, we deduce that dE/dt = 0. [ ]
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Notes
(1) We have shown that the energy of the elastic string is conserved during its motion, with the
kinetic and elastic potential energy being transferred back and forth as the string oscillates.
(2) The energy of the string is set by the initial conditions to be given by
L
E(t / 280 + 2 T(F/ () dx.
0

(3) The energy of the nth normal mode y,(x, t) is given by

L
(1 [(0Oyn 1 Oyn
En(t)—/ip(at) +§T(6 > dx.
0

Since yn(x, t) satisfies the wave equation and the boundary conditions by construction, it follows
that its energy is conserved during its motion and given by

n27r2pc2 b2 nPrlTa?

En(t) = Ex(0) = =7 aL

where in the last equality we substituted for y,(x,0) and integrated.
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(4) Recalling that

f(x) = iansm( )for0<X<L

:i%c,, (I)for0<x<L

n=1

and assuming convergence, Parseval's Identity for g and f’ imply that

L

1 2 1o o = (PnPpc’hl  nPTPTa
/Epg(x) —|—§Tf (x) dx—z ( al + L ;
0

n=1

hence,
E(t) = E(0) =Y E,(0) =) En(t),

i.e. the energy of the elastic string is made up of that in its normal modes.
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4.6 Uniqueness Theorem



Uniqueness Theorem:

e There is at most one solution to the IBVP for y(x, t) given by

82_}/ 282}/

52 =S 52 for 0<x<L, t>0,
with

y(0,t) =0, y(L,t)=0 for t>0,
and

y(x,0) = f(x), %(X,O) =g(x) for 0<x<L,
where f(x) and g(x) are given.
Proof:
B Qur strategy is to show that the difference between any two solutions much vanish.

B We suppose that y(x, t) and y(x, t) are solutions and let

w(x, t) = y(x,t) — y(x, t).
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B By linearity, w(x, t) satisfies the wave equation

P _ a0w

oz~ € ox2

with the boundary conditions

for 0<x<L, t>0,

w(0,t) =0, w(L,t)=0 for t>0,

and the initial conditions

w(x,0) =0, %—V:(X,O):O for 0<x<L.

B Remark: Since w is the small transverse displacement of an elastic string whose initial transverse
displacement and velocity are everywhere zero and whose ends are fixed thereafter, on physical
grounds we expect the string to remain stationary along the x-axis, i.e. w =0 for 0 < x < L and

t > 0, which is what we need to show to prove uniqueness.
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The trick is to analyse the energy E(t) associated with w(x, t), which is given by

L
E(t) :/%pwt2 + %TWX2 dx.
0

Since w satisfies the wave equation and homogeneous Dirichlet boundary conditions, the energy
E(t) is conserved.

But E(0) = 0 by the initial conditions, so

L
/%pwf—F%wadX:O for t>0.
0

We deduce that ws = wx, =00on R={(x,y) : 0 < x < L, t >0} (assuming w; and wy are
continuous there).

Since the boundary and initial conditions imply that w = 0 on the boundary of R, we deduce that
w=0ory=YyonR. |
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4.7 Inhomogeneous wave equation and boundary conditions



e Consider the IBVP for y(x, t) given by

82_}/ 262y
Gz = ¢ ﬁ—FF(x,t) for 0<x<L, t>0,
with
y(0,t) = (), y(Lt)=v(t) for t>0,
and

y(x,0) = f(x), %(x, 0)=g(x) for 0<x<L,

where the forcing functions F(x,t), ¢(t) and 9(t), as well as f(x) and g(x), are given.

e In general Fourier's method cannot be used to solve the IBVP for y because the wave equation
and boundary conditions are inhomogeneous (i.e. F, ¢ and 1 are non-zero).

e However, we can construct a solution by adapting Fourier's method in the same way as we did for
the inhomogeneous heat equation in §3.9.
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e We deal first with the boundary conditions: if we let

v t) = (1) (1= T) +w(0)] + Y(x. 1),

then ) )
oY ,0°Y  ~
WICW-‘y—F(X,t) for 0<x<L, t>0,
with
Y(0,t)=0, Y(Lt)=0 for t>0,
and
~ oY

Y(x,0) = f(x), E(X, 0)=g(x) for 0<x<L,
where the functions

Fiet) = Fo—de) (1-7) - d07,

) = f)-0600) (1-T) (07,

E0) = &) -0 (1-7) 47
are known in terms of F(x,t), ¢(t), ¢(t), f(x) and g(x).
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e Thus, the boundary conditions have been rendered homogeneous by shifting the data in the sense
that both ¢(t) and 4 (t) have moved from the boundary conditions for y(x, t) into the wave
equation and initial conditions for Y(x, t).

e If F(x,t) =0, then we can solve the IBVP for Y(x, t) using Fourier's method as in §4.4 to obtain

Y(x,t) = Z sin (MTX) (a,, cos (mrLct) + bpsin (mrLct)) .

n=1

L L
2 nmc 2 [ ./ nTXx
an =7 / f(x) sm )dx, Tb 7 /g(x) sin (T) dx.
0 0

e This solution suggests that if F(x,t) # 0, then we should seek a solution for Y(x, t) in the form

i Ya(t)sin (mrx) ,

n=1

where

of the Fourier sine series

where the Fourier sine coefficients Y,(t) are to be determined and given in terms of Y(x, t) by

Y, (t) = %/OL Y (x, t)sin ('”TTX) dx.
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e Multiplying the wave equation by sin(nmx/L) and integrating from x = 0 to x = L gives

L /a2 2y
oY ,0°Y =~ . [/ hTXx
/0 (W_C 8T_F(X t))sm(T) dx =0.
e For the Yi term we use Leibniz's integral rule and for the Y. term we integrate by parts twice
using the boundary conditions.

e The result is the constant coefficient, second-order, linear ODE for Y,(t) given by

d?y,
dt?

+ w2 Y, = Fy(t) fort >0,

where the natural frequencies w, and the Fourier coefficients F,,(t) of the Fourier sine series for

L

nmwx
/F sm [ )dx.
0

F(x, t) are given by

€

3

Il
h\w
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e The initial conditions for Y(x, t) imply that the initial conditions for Y;,(t) are given by

L
2 n7rx
Y.(0) = z/f sm )dx,
0
dY, 2 nmx
9t 0)y = Z/g(x)sm( 1 )dx.
0

e In summary, the solution of the IBVP for y(x, t) is given by

y(x, t) = ¢(t) (1 - %) + Z Ya(t)sin (mrx) ,

where Y,(t) is governed by an ODE IVP whose solution is shown in part A DEs Il to be given by

Ya(t) = (o)cos(wnt)+i ’;( )sin(wnt)+i/0t Fo(s) sinwa(t — s) ds.

Wn
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Example: sinusoidal forcing

m Consider the case in which the string is at rest along the x-axis when we start to oscillate the

left-hand end sinusoidally with frequency w at time t = 0, so that

F(x,t)=0,  ¢(t) = hsin(wt), »(t)=0, f(x)=0, g(x)=0,

where h and w are positive constants.

B |n this case, we find that
X

) = -0 (1-7) - (@] =0,

g = )-d0) (1-7) -] =—h (1= 7).

B Thus,

Fa(t) =

~InN

F(x,t) = F(x,t)—a(t) (1 - %) —§(6)] = he’ sin(wt) (1 X

O/LE(X, t) sin (?) dx = %/OL hw? sin(wt) (1 - %) sin (?) dx = 2hw

2

sinwt.
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B We deduce that the IVP for Y,(t) becomes

d?v,
dt?

_ 2
+ w,2, Y, = Fo(t) = 2h‘: sinwt for t >0,
T

with

L

Y,(0) = %/F(x)sin (") ax =0,

dY,

~IN

0
L
~ ./ nTXx 2hw
/g(x) sin (T) dx = ——.
0

m™h

B Hence, the solution for Y,(t) is given by

% (w sin(wt) — wn sin(wnt)) for w # wp,
Ya(t) = nm(w, —w°)
h .
- (w,,tcos(w,,t) + sm(w,,t)) for w = wh.
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B Since the solution for y(x, t) is given by

y(x, t) = ¢(t) (1 )+1/)(t +Z Ya(t)sin ( 1 ) = hsin(wt) (1 - 7)—1-2 Yn(t)sin (HLLX) )

there are two cases to consider.

B Case (i) w # w, for all positive integers n:

TX

y(x,t) = hsin(wt) (1 — f) + i % (w sin(wt) — wp sin(w,,t)) sin (nT) .

B Case (i) w = wp for some positive integer p:

y(x,t) = hsin(wpt) ( )+Z 2heop 22 (wpsin(wpt)—wnsin(wnt))sin (nLLX)

wn(w? —

—ﬂ_—l; (w,,tcos(wpt) + sin(w,,t)) sin (pLLX) .
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Question: What is the essential difference between the two cases?

Answer: In case (i) y(x, t) is bounded for all t > 0, while in case (ii) y(x, t) grows without bound
(because Yjp(t) does) as t — oo. That the amplitude grows without bound when the system is
forced at a natural frequency is called resonance.

We plot below the forcing y(0, t) and response y(L/2, t) over five periods for (i) w = w1/2
(left-hand plot) and (ii) w = w1 (right-hand plot), which were obtained by truncating the series
solution to 32 terms.

We see a periodic solution in case (i) and linear growth of the amplitude in case (ii).

The horizontal red segments are an artefact of the speed of propagation of information being ¢ for
the wave equation, e.g. the string has zero displacement initially and it takes until time t = L/2c
for the effect of the forcing at x = 0 to reach x = L/2.
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4.8 Normal modes for a weighted string



e An elastic string of length 2L has its ends fixed at (x,y) = (£L,0) and a point particle of mass m

is attached to the mid-point, as illustrated in the schematic below.

Mass m

We seek here the normal modes of vibration.

Since the transverse displacements are small and the tension T constant, the horizontal
components of the forces exerted by the string on the point particle will balance to a first
approximation.

Hence, we need only consider the transverse displacement of the point particle, Y(t) say.

We let y~(x,t) and y*(x, t) denote the small transverse displacements for —L < x < 0 and
0 < x < L, respectively.
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e Then y~ and y™ must satisfy the wave equations

2 — 2 —
88{2 = c2aa)}:2 for —L<x<0,
2+ 2+
8(3{2 - 628&{2 for 0<x <L,
and the boundary conditions
_}/_(—L, t) = Oa
yT(L,t) = 0.

e Question: What conditions hold at x = 07?
e Answer: There are two.

e Firstly, since the point particle is attached to the string, we require

y (0, 1) = Y(t) = y" (04, 1).
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Secondly, the string exerts on the point particle the forces illustrated below.

Mass m

-TT Tr|

x=0— =0+

Here 7 is the right-pointing unit tangent vector to the string given by
o i+ }/xj

T+ )7
where y =y~ for —-L < x<0andy =yt for 0 < x < L.

T

Hence, applying Newton’s Second Law to the point particle in the y-direction gives
Y .
mﬁ = (T‘r(0+7 t)— T7(0_, t)) -j.
Since
N\ 1/2 1 )
(1 +yx) =14+ 50) + for ] <1,
we deduce that to a first approximation

d’y N _
mF = Ty, (04, t) — Ty, (0—,1¢t).
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To find the normal modes we seek nontrivial separable solutions of the form
+ _
y© = Fi(x)G(t),
since we need the same time dependence in y4i (x, t) if they are to satisfy the BCs at x = 0.

In the usual manner we may deduce from the wave equations that there is a constant \ such that

Fi(x) _ 6"(1) _

Fi(x) c2G(t) ’

Since we're seeking nontrivial solutions, it follows from the boundary conditions at x = +L that
F_(-L)=0, F(L)=0.
Similarly, the boundary conditions at x = 0 give
F_(0-) = Fi(0,),

and
mF4(0)G"(t) = T(F.(04+) — FL(0-))G(¢t).

Using G”'(t) + Ac?G(t) = 0 and ¢? = T/p, we deduce that
AmEL(0) = p(FL(0.) — F/(0_).
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e Since we are seeking non-trivial oscillatory solutions, we now focus on the case in which X is
positive by setting A = w?, where w > 0 without loss of generality.

e Then G”(t) + Ac®G(t) = 0 gives G(t) = C cos(wct + €), where ¢ is an arbitrary constant and we
may take C = 1 without loss of generality.

e Moreover, F(x) satisfy

F'+w’F. = 0for —L<x<0,
F!+W’F, = 0for0<x<L,

with F_(—L) =0 and F(L) =0, so that
F-(x) = Asin(w(L+x)),
Fi(x) = Bsin(w(L—x)),

where A and B are arbitrary real constants.
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e Substituting into the boundary conditions relating F+(x) at x = 0, we obtain

sinwl —sinwlL| [A 0
pcoswl — mwsinwl pcoswl| |B ~lof”

oIl

and hence for the matrix M to be singular: setting det(M) = 0, we deduce that w must satisfy

e For nontrivial solutions Fi(x), we need

sinwl (2pcoswl — mwsinwl) = 0.

e Hence, there are two cases: either (i) sinwlL = 0 or (ii) 2pcoswl — mwsinwl = 0.
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Case (i) sinwlL =0

e We deduce immediately that w = nm/L, where n is a positive integer.

e Then the matrix equation fo [A, B]” gives B = —A, so that the normal modes are given by
y-(x,t) = Asin(w(L+ x)) cos (wet + €),
yi(x,t) = —Asin (w(L — x)) cos (wct + €).

e This means that the normal modes are the same as for a string of length 2L with a node at x =0,
i.e. the point particle is stationary and remains at the origin, as illustrated for the first few such
modes in the schematic below.
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. . \/. .
Not admissible Admissible (n = 2)
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Case (ii) 2pcoswL — mwsinwL =0

e If we scale w = 0/L, then 0 satisfies the transcendental equation
o
tanf = 5,

where the dimensionless parameter « = 2Lp/m is the ratio of the mass of the string to that of the
point particle.

e By plotting the graphs of z =tan# and z = «/0, as illustrated below for & = 1, we can convince
ourselves that there are countably many roots

01<02<93<"',

with (n — 1) < 0, < (n—1/2)7 and 6,/(n — 1) — 7+ as n — oo.
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z =tan0
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e Hence, there are countably many natural frequencies

where n is a positive integer.

e Now the matrix equation fo [A, B]"

y-(x,1)

y+(x, t)

wc = Onc/L,

gives B = A, so that the normal modes are given by
= Asin (w(L + x)) cos (wet + €),

= Asin (w(L — x)) cos (wct + €).

e This means that the string is symmetric about x = 0, as illustrated for the first few such modes in

the schematic below.
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4.9 General solution to the wave equation



It is a remarkable fact that it is possible to write down all solutions of the wave equation

Py _ 2%
ot2 ox?’

where we recall that the parameter ¢ > 0 is the wave speed.
To verify this fact we introduce new independent variables
E=x—ct, n=x+ct,

and seek a solution in which
y(x,t) = Y(&n).

The chain rule implies
Yu = Vel Yo = Ye + Yo,
ye=Ye&e + Yoyne = —cYe + Yo
Then, assuming Ye, = Y,
Yoo = (Ye + V)b + (Ye + Ya)unx = Yee +2Yen + Yo,

Yoo = (—cYe + c¥i)ebe + (—cYe + cYy)yne = C2(Y§§ = 2Y%ey + Yim)-
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We deduce that
Py 20y _ 20

a2~ “axz ~ "¢ Bean

Hence, in the new variables (£,7) the wave equation becomes

82Y*O i.e g a—y =0
ocon T 0\ on)

Thus, Y /07 is independent of £ and is a function of i only, say G'(n), i.e.

oy

3777 =G'(n),

and so 9
aﬂY—GWH=0

Thus, Y — G(n) is a function of £ only, say F(£), and therefore
Y = G(n) = F(&),

giving
y(x,t) = F(x — ct) + G(x + ct),

where F and G are arbitrary twice continuously differentiable functions.
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Notes

(1) It is straightforward to use the chain rule to verify that y(x,t) = F(x — ct) + G(x + ct) is a
solution of the wave quation. We have shown that all solutions must be of this form.

(2) We note that F(x — ct) is a travelling wave of constant shape moving in the positive x-direction
with speed c, as illustrated in the sketch below in which the initial profile y = F(x) at t =10is
translated a distance ct to the right at time t.

y = F(z)
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(3) We note that G(x + ct) is a travelling wave of constant shape moving in the negative x-direction
with speed c, as illustrated in the sketch below in which the initial profile y = G(x) at t =0 is
translated a distance ct to the left at time t.

Y ct
y:% m)

(4) The general solution is therefore the superposition of left- and right-travelling waves each moving

with speed ¢, which is the reason the parameter c is called the wave speed. It follows that the
wave equation propagates information at constant speed c in contrast to solutions of the heat
equation in which information propagates at infinite speed.
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Example: wave reflection

e A string occupies —oo < x < 0 and is fixed at x = 0. A wave y(x,t) = f(x — ct) is incident from
x < 0. Find the reflected wave.

e In y(x,t) = F(x — ct) + G(x + ct), we take F = f and G to be found.

e The boundary condition y(0, t) = 0 is to be satisfied for all t. Hence, f(—ct) + G(ct) = 0 for all
t, and so G(0) = —f(—0) for all 6. Thus,

y(x,t) = f(x — ct) — f(—x — ct).
—_————t — ——

incident wave reflected wave

e The snapshots below illustrates the reflection of an incident wave for
f(x) = hexp(—x?/L?), where h and L are positive constants. The arrows indicated the direction
of travel with speed c of the incident and reflected waves. Focussing on x < 0, we see that the
reflected wave has the same shape and speed as the incident wave, but the opposite sign and
direction of travel.
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4.10 Waves on an infinite string: D’Alembert’s formula



e Consider the initial value problem for the small transverse displacement y(x, t) of an elastic string

given by the wave equation

2 2
%:C2% for —oco<x<oo, t>0,
with the initial conditions
dy
y(x,0) = f(x), E(X,O) =g(x) for —oo<x< oo,
where the initial transverse displacement f(x) and the initial transverse velocity g(x) are given.

e The general solution of the wave equation is y(x, t) = F(x — ct) + G(x + ct), so it remains to
determine the functions F and G for which it satisfies the initial conditions.

e Substituting gives
F()+G6(x) =f(x),  —cF'(x)+cG'(x) = g(x).
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e Integrating the second expression gives the system
1 X
FOO+60) = (), ~F()+ G = [ els)ds+a
0

where a is an arbitrary constant.

e Subtracting and adding, we deduce that F and G are given by

F) = & (f(x) _ %/Oxg(s)ds—a) o G= (f(x)+ %/Oxg(s)ds—ka) .
e Hence,

) = ; (f(x —e)- L /Okdg(s)ds _ a) +2 (f(x+ o) + %/Oxmg(s)ds + a)

Cc

= %(f(x —ct)+ f(x+ct)) + % </Xictg(s) ds + /OX+Ctg(s)ds> ,

giving D’Alembert’s Formula,

N| =

y(x,t) = Z(f(x — ct) + f(x + ct)) + 1 /Hdg(s) ds.

2c Jo_
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Notes:

(1) The argument shows that, for given f and g, the initial value problem has one and only one
solution, i.e. existence and uniqueness.

(2) Uniqueness may also be proved by energy conservation under the additional assumption that y,
yx — 0 sufficiently rapidly as x — +o0o that we can ensure the existence of the energy

o T
E0)= [ v+ g0
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Example 1

B Suppose that f and g are given by

e cos” (E) for |x| <L,

Flx) = 2L

0

where € and L are positive constants.

® Remark: As illustrated in the sketch below, f, f', f” and "’ are continuous on R and f is
compactly supported because it vanishes outside of a closed bounded interval.

Y

otherwise,

y = f(z)
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By D'Alembert’s formula the solution is given by
1
y(x,t) = E(f(x —ct) + f(x + ct)),

Remark: The solution is a classical solution because it is twice continuously differentiable with

respect to x and t and satisfies the IBVP.

We can sketch the solution y(x, t) at a fixed time t > 0 using the geometrical properties of its

travelling wave components.

For ct > L, the supports of f(x — ct) and f(x + ct) do not overlap, as illustrated below.

—L—ct L—ct —L+ct L+ct T
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B For 0 < ct < L, the supports of f(x — ct) and f(x + ct) overlap, as illustrated below.

—L—c —L+ct L—ct L+ect z

B The derivation of explicit formulae for the solution therefore requires some careful bookkeeping for
which it is easier to think geometrically rather than algebraically. |
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4.11 Characteristic diagrams



e Let us ask how the solution at a point P:(xo, to) in the upper half of the (x, t)-plane depends
upon the data f and g.

e By D'Alembert’s Formula, we have

1 1 Xo+cty
Y0, 10) = 21 (0 — cto) + F(3o + cto)] + o / g(x) dx,

2c

0—Ccto

which may be written in the form

(@) + F(R) + 5 [ s(s)as.

N =

y(P) =

where Q and R are the points (xo — ctp, 0) and (xo + cto, 0), respectively.

t

P:(xo,to)

T —ct = xg — cty T + ct = xg + cty

Q?(xo — cto, 0) R:(zo + cto,0)
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We note the deliberate abuse of notation to aid the geometric interpretation of D’'Alembert’s
formula.

Definition: The lines x & ¢t = xp & cto are the characteristic lines through P:(xo, to).

y(P) depends only on

(i) f though the values f takes at Q and R;
(ii) g though the values g takes on the x-axis between Q and R.

This motivates the following definition.

Definition: The interval [xo — cto, xo + cto] of the x-axis between Q and R is called the domain of
dependence of P:(xo, to)

If f or g are modified outside the domain of dependence of P, then y(P) is unchanged.
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e We can exploit the geometric interpretation of D'Alembert’s formula to construct explicit
formulae for the solution: the contribution to y(P) from f and g changes at points on the x-axis
where f and g change their analytic behaviour.

e Hence, given a particular f and g, the first task is to identify such points on the x-axis and sketch
the characteristic lines x + ¢t = constant through each of them — this is the characterisrtic
diagram.

e The characteristic diagram divides the (x, t)-plane into regions in which the contributions from f
and g may be different: the second task is to evaluate y(P) for P in each of these regions.
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Example 1 revisited

B Since g vanishes in this case, D'Alembert’s formula becomes

Y(P) = 3 (@) + F(R)),

where @ and R are the left- and right-hand intersections with the x-axis of the characteristic lines
though P.

B Recall that f is given by
e cos’ (72%() for |x| <L,
f(x) =
0 otherwise,
so that it is compactly supported with support (—L, L), and therefore changes its analytic
behaviour at the points (—L,0) and (L, 0) on the x-axis in the (x, t)-plane.

B The characteristics through these points are x + ¢t = —L and x &+ ct = L and they divide the
upper-half of the (x, t)-plane into six regions Ry, ..., Rs, forming the characteristic diagram
illustrated below.
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Characteristic diagram:

z+ct=L " T —ct=—L
Ry
z+ct=—-L r—ct=1L
Ry Rs
R, R3 Re
—L 0 L x
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B In particular, we let
Ri={(x,t):t>0, x+ct <—L},
Ro={(x,t):t>0, x<0, -L<x+ct<L x—ct<-—L}
Ry ={(x,t):t>0, x—ct>—L, x+ct <L}
Ry={(x,t):t>0, x—ct<—L, x+ct>L},
Rs={(x,t):t>0, x>0, -L<x—ct<L, x+ct>L}
Rs = {(x,t) : t >0, x —ct > L}.

® Notes:

m By including the dividing characteristics in regions R> and Rs (except where they cross at (0, L/c)),
we have ensured that each point (x, t) in the upper half plane belongs to one and only one region.

m The choice to have regions R, and Rs contain their bounding characteristics (except for the point
(0, L/c)) is arbitrary if the solution is everywhere continuous, as it is in this example.
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B Since PQ is parallel to the characteristics x — ct = L, while PR is parallel to the characteristics
x 4+ ct = L, we may construct the solution with the aid of the characteristic diagram by drawing
on it the triangle PQR for P in each of the different regions.

T+ct=1L r—ct=—L
R4
z+ct=—L z—ct=1L P:(z,t)
A RS Q:(x — ct,0)
» R:(z + ct,0)
2 Ry R u(P) = 3(1Q) + F(R)
Q —L R 0 L T
flz)=0 A f(z) = ecos* (%) A flz)=0

B Thus, the locations of @ and R on the x-axis dictate their contributions, as follows.
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B |[f P € Ry, then Q and R lie to the left of (—L,0), so

f(Q)=f(R)=0,

giving
y(x,t) =0 for (x,t) € Ry.
t
r+ct=1L r—ct=—-L
Ry
Z4ct=—L z—ct=1L P:(z,t)
A RS Q:(z —ct,0)
p R:(z + ct,0)
/3\ IT B u(P) = 5 (/@) + F(R)
Q R —L 0 L z
f@=0  f@=ceo () f@=0
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B |f P € Ry, then Q lies at or to the left of (—L,0), while R lies at or between (—L,0) and (L,0), so

f(Q)=0, f(R)=f(x+ ct)=ecos’ (;—L(x—i- ct)) ,

giving
= Seost (X
y(x,t) = 5 Cos (2L(X + ct)) for (x, t) € Ro.
t
r+ct=1L r—ct=—-L
Ry
c4+ct=—L z—ct=1L P(x,t)
A R, Q:(z —ct,0)
p R:(z +ct,0)
1
R Rs Re y(P) = 5 (F(@ + /()
Q - R 0 L ’
f@=0  f@=ceo () f@=0
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B If P € R;, then Q and R lie between (—L,0) and (L,0), so

f(Q) = f(x — ct) = ecos*(m(x — ct)/2L), f(R) = f(x + ct) = e cos® (21L(x + ct))7

giving
= St (T(x — € ost (=
y(x,t) = 5 cos (2L(X ct)) + 5 Cos (2L(X + ct)) for (x, t) € Rs.
t
r+ct=1L r—ct=—-L
Ry
c4+ct=—L z—ct=1L P(x,t)
A R, Q:(z —ct,0)
P R:(z +ct,0)
A ﬁ\ Ro u(P) = 3 (FQ) + F(R)
-L @ 0 R L z
f@=0  f@=cot(3r)  J@=0
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B |f P € Ry, then Q lies to the left of (—L,0) and R lies to the right of (L,0), so
f(Q)=f(R) =0,

giving
y(x,t) =0 for (x,t) € Ra.

r4+ct=1L r—ct=—-L

y(P)

P:(z,t)

1

2

Q:(z —ct,0)

R:(x +ct,0)

(f@ + f(B))
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B |f P € Rs, then Q lies at or between (—L,0) and (L,0), while R lies at or to the right of (L,0), so

f(Q) = f(x — ct) = ecos’ (%(X — Cl‘)), f(R)=0,

giving
= Ccost (F(x—
y(x,t) = 5 Cos (2L(X ct)) for (x, t) € Rs.
t
r+ct=1L r—ct=—L
Ry
c4+ct=—L z—ct=1L P(x,t)
A R, Q:(z —ct,0)
p R:(z +ct,0)
|
. B, R u(P) = 3 (FQ) + F(R)
-L 0 Q L R z
f@)=0 fl@) = ecos® (57) f@)=0
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B |f P € Rs, then Q and R lie to the right of (L,0), so

f(Q) = f(R)=0,

giving
y(x,t) =0 for (x,t) € Re.
t
z+ct=1L z—ct=—L
Ry
z+ct=—L z—ct=1L
R2 R5
| P
Rl R|3 /\
y 0 LI Q RT
- = —— -
f(@) = f@) =ecos* (77) f(@)=0

P:(z,t)
Q:(z —ct,0)
R:(x +ct,0)

y(P) = 5 (7@ + F(R)
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B In order to plot snapshots of the solution at some fixed time t > 0, we draw the corresponding
horizontal line on the characteristic diagram and then write down the solution in the various
different regions it crosses, e.g. for 0 < t < L/c, the horizontal line crosses all but region Rs, as
shown.

rz+ct=1L r—ct=-—L

r+ct=—L r—ct=1L

¢-=-====

4@ ===
Q
Q
8

_L—c¢ —-L —L+c L

|
Q
&

L L
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B We deduce that, for 0 < t < L/c,

0 for x < —L — ct, (R1)
%cos4 (%(er ct)) for —L—ct<x<—L+ct, (R)
y(x,t) = %cos4 (%(X—Ct)) —&—%cos4 (;—L(X—i—ct)) for —L+ct<x<L—ct, (Rs)
%cos4 (%(X - ct)) for L—ct < x<L+et, (Rs)
0 for x > L + ct. (Rs)
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® Similarly, for t > L/c,

0 for x < —L — ct,
€ 4 s

h i |l —t < x< [ —

5 €S (2L(X+Ct)) for —L—ct<x<L—ct,
y(x,t) =< 0 for L —ct <x < —L+ct,

€ 4T
— — — — < <
5 Cos (2L(X ct)) for —L+ct<x<L+ct,

0 for x > L + ct.

B We plot below snapshots of the solution with € = vL/16¢ to illustrate the formation of two
distinct compactly supported waves, one moving to the right with speed ¢ and one to the left with
speed c, each of them being the same shape as the initial profile, but half the amplitude. The

arrows indicate the direction of travel of the waves.

(Re)
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Example 2
B Suppose that f and g are given by
vx/L  for |x] <L,
f(x) =0, g(x) = _
0 otherwise,

where L and v are positive constants.

® By D'Alembert’s formula, we now have

WPy =5 [ ste)ds

where again Q and R are the left- and right-hand intersections with the x-axis of the
characteristic lines though P.

B Since g is compactly supported with support (—L, L), it changes its analytic behaviour at the
points (—L,0) and (L, 0) on the x-axis in the (x, t)-plane.

B The characteristic diagram is therefore identical to that in Example 1, with characteristics
x &£ ct = constant through the points (+L,0), which divides the upper-half of the (x, t)-plane into
six regions Ri, R», ..., Rs that we take to be the same as in Example 1.
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B Since PQ is parallel to the characteristics x — ct = L, while PR is parallel to the characteristics

x 4+ ct = L, we may construct the solution with the aid of the characteristic diagram by drawing
on it the triangle PQR for P in each of the different regions.

t
z+ct=L z—ct=—-L
Ry
z+ct=—-L z—ct=1L P:(z,t)
(x—ct,0
. " Q:(z—et,0)
P R:(z +ct,0)
R R I
Ry g ; u(P) =5 [ g
2c Jo
Q —L R 0 L T
>< — -
o) =0 o) =2 o) =0

B Thus, the locations of @ and R on the x-axis dictate their contributions, as follows.
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B if P € Ry, then Q and R lie to the left of (—L,0), giving

x+ct
1
Yo t) = o / 0ds=0 for (x,¢) € Ry,
x—ct
t
T+ect=1L z—ct=—-L
Ry
z+ct=—-L x—ct=1L P:(z,t)
Ry Rs Q:(xz — ct,0)
P R:(z+ ct,0)
R
/z\ Fa fio up) =5 [ ats)ds
2c Jo
Q R —L 0 L T
9@) =0 9(@) = =2 9@) =0
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B if P € Ry, then Q lies at or to the left of (—L,0), while R lies at or between (—L,0) and (L,0),

giving
—L x+ct
1 1 VS v 2 2
-1 LI £ — L )
y(xt) 2c / Ods+ 2c / L ds 4lc ((X+ <t)
x—ct —L
t
z+ct=1L r—ct=—-L
Ry
z+ct=—-L r—ct=1L
R2 R5
P
Rl R3 Rﬁ
Q —L R 0 L T
g(@) =0 9@) == 9(@) =0

for (x,t) € Re.

P:(z,t)
Q:(z — ct,0)

R:(z + ct,0)

R
vP) =g, [ ot
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® if P € R3;, then Q and R lie between (—L,0) and (L,0), giving

X+ct
1 Vs v > 2) vxt
vty = oo [ Fds= ((x Fet) — (x — ct) = for (x.t) € Ry
x—ct
t
z+ct=1L z—ct=-L
Ry
z+ct=—-L x—ct=1L P:(z,t)
Ry Rs Q:(z —ct,0)
R:(z+ ct,0)
R
2 B Re up) =5 [ ats)ds
| 2c Jo
-L @ 0 R L T
9@) =0 9(@) = =2 9@) =0
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B if P € Ry, then Q lies to the left of (—L,0) and R lies to the right of (L,0), giving

x+ct

y(x, t)——/Od +—/—d +—/Ods:0 for (x, t) € Ra;.

i
z+ct=1L ‘ z—ct=-L

T+ct=— =L P:(z,t)
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m if P € Rs, then Q lies at or between (—L,0) and (L,0), while R lies at or to the right of (L, 0),

giving
X+ct
y(x,t) = /—d +—/Ods:L(L27(Xfct)2) for (x, t) € Rs.
4lc
L
t
z4+ct=1L z—ct=—-L
R,
z+ct=-L z—ct=1L P:(z,t)
Ry Rs Q:(z—ct,0)
| P R:(z + ct,0)
R
R B B y(P) = / g(s)ds
2¢ Jg
- 0 Q L R z
9l@) = 9@) == 9(@) =0
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B if P € Rs, then Q and R lie to the right of (L,0), giving

x+ct
1
Yo t) = o / 0ds =0 for (x,¢) € Re.
x—ct
t
z+ct=1L r—ct=—L
Ry
z+ct=—-L x—ct=1L P:(z,t)
Ry Rs Q:(z —ct,0)
| P R:(z +ct,0)
R
2 s /’\ u(P)= o [ ols)as
2c Jo
-L 0 L Q R
9@) =0 9(@) = =2 9@) =0
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B We deduce that for 0 < t < L/c,

y(x, t)

0

v
4Lc

((x + ct)’ — L2)

for x < —L — ct,

for —L—ct <x<—L+ct,

for —L+ct<x<L—ct,

for L—ct < x <L+ ct,

for x > L + ct.

(R)
(Re)
(Rs)
(Rs)

(Re)
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® While for t > L/c,

0 for x < —L — ct,

4—ZC((X—f—ct)Q—LQ) for —L—ct<x<L—ct,

y(x,t) =19 o for L—ct < x < —L + ct,

v 2 2
V(12— (x— ) for —L+ct<x<L
4Lc( (x = ct) or +ct < x <L+ ct,

0 for x > L + ct.

B We plot below snapshots of the solution with € = vL/16c¢ to illustrate the formation of two
distinct compactly supported waves, one moving to the right with speed ¢ and one with the
opposite sign to the left with speed c. The arrows indicate the direction of travel of the waves.

(R1)

(R2)

(Ra)

(Rs)

(Re)
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Notes:

(1) Since f is even in Example 1 and g is odd in Example 2, y(x, t) is an even function of x in
Example 1 and an odd function of x in Example 2. This provides a useful check of the solutions.

(2) While the solution that we constructed in Example 1 is twice continuously differentiable with
respect to x and t and hence a classical solution, the solution in example 2 contains corners
(moving with speed c¢) and hence is not a classical solution. As mentioned at the end of §4.4,
while we do not discount such solutions, we must wait for a more sophisticated theory of PDEs in

order to make sense of them.
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5 Laplace’s equation



5.1 Preliminaries



e Divergence Theorem: Let V be a region of R® with a piecewise smooth boundary dV. Let
F(x,y, z) be a vector field with continuous first-order partial derivatives on V U V. Then

// V~FdV:// F-ndS,
v av

where n is the outward pointing unit normal to 9V.
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e Green’s Theorem in the plane: Let R be a region in the (x, y)-plane, whose boundary 9R is a
piecewise smooth simple closed curve. Let G(x, y) be a vector field with continuous first-order
partial derivatives on R U OR. Then

//V‘dedy: G- nds,
R oR

where n is the outward pointing unit normal to dR in the (x, y)-plane.

OR

247/308



5.2 Derivation of the three-dimensional heat equation



e We begin by recalling from Multivariable Calculus the derivation of the three-dimensional heat
equation because it introduces all of the quantities that we shall need.

e Let T(x,t) be the absolute temperature in a rigid isotropic conducting material (e.g. metal), with
constant density p and specific heat ¢,.

e Let g(x,t) be the heat flux vector, so that g - ndS is the rate at which thermal energy is
transported through a surface element dS in the direction of the unit normal n that orients it.

dsS
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Let V be a fixed region in the conducting material whose boundary 0V has outward pointing unit
normal n, as in the statement of the Divergence Theorem.

We suppose that the material is heated volumetrically at a prescribed rate Q(x, t) per unit
volume, so that conservation of thermal energy in V is given by

///pchdV //av n)d5+// Qdv,

2)

where (1) is the time rate of change of the thermal energy in V/, (2) is the net rate at which
thermal energy enters V through 9V and (3) is the net rate of volumetric heating of V.

Assuming T; to be continuous on V UV, so that we can differentiate under the integral sign in
term (1), and applying the Divergence Theorem with F = g to term (2), we obtain

(][ 9225+ a-aav=s
ot
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Since V is arbitrary, the integrand must vanish if it is continuous, so we obtain
pcvaa—: +V.qg=Q.
A closed model for heat conduction is obtained by prescribing a constitutive law relating g and T.
Fourier's Law states that thermal energy is transported down the temperature gradient, with
q=—kVT,
where k is the constant thermal conductivity.
Recall that —V T points in the direction in which T decreases most rapidly.

Substituting Fourier’s law into the PDE representing energy conservation, we deduce that T
satisfies the three-dimensional inhomogeneous or forced heat equation given by

T s
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5.3 Steady three-dimensional heat conduction



In steady state T and Q@ are independent of t, so the heat equation reduces to Poisson’s equation
—kV’T =Q,

while conservation of energy becomes

[ iz [ v

i.e. the net rate at which thermal energy is supplied to a region by volumetric heating is equal to
the net rate at which thermal energy is conducted out though its boundary.

This result holds locally for any region V/, as well as globally for the whole material.
If in addition @ = 0, Poisson’s equation becomes Laplace’s equation

V3T =0,

// q-ndS =0,
av

i.e. the net rate at which thermal energy is conducted though the boundary of any region must

while conservation of energy becomes

vanish.
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5.4 Steady two-dimensional heat conduction



In this course we consider two-dimensional steady-state solutions of the heat equation.

Setting T = T(x,y) and Q = Q(x, y), where (x, y) are Cartesian coordinates, we obtain

PT T
+(5E5E) e

If @ =0, we recover Laplace's equation in the plane,

Poisson’s equation in the plane,

T T 0
Ox2  Oy? '
In terms of plane polar coordinates (r, 8) defined by (x,y) = (rcos, rsin @), Laplace’s equation is
given by
T 10T | 10°T
oz U rar ' r2ogr
We will use Fourier's method to construct solutions to boundary value problems for Laplace's
equation in the plane in terms of both Cartesian and plane polar coordinates.
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e If Laplace's equation holds in some region R, as in the statement of Green's Theorem in the
plane, then we will need to prescribe a boundary condition on the boundary OR of R.

e Definition: The outward normal derivative of T on the boundary OR is the directional derivative
of T in the direction of the outward pointing unit normal n to OR, and hence given by

8—T:n~VT on OR.
on

e Common boundary conditions for Laplace’s equation and Poisson’s equation are:

m a Dirichlet boundary condition in which the temperature is prescribed on the boundary,
T=f ondR;

m a Neumann boundary condition in which the outward normal derivative of the temperature (or
equivalently the heat flux g - n = —kOT /On) is prescribed on the boundary,

oT
g __4g on OR;
on k
m a Robin boundary condition in which a linear relationship between the temperature and its outward

normal derivative is prescribed on the boundary,
oT
— 4+aT =8 ondR;
on

here the functions f, g, o and (3 are prescribed on OR.
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e Remark: Since —k(T« + T,y) = Q is equivalent to V - g = Q by Fourier’s law, Green's Theorem
in the plane with F = q implies that

/ q-nds://V-qudy://dedy7
AR R R

which has two important consequences.

e Firstly, if Q = 0, then the net heat flux through the boundary (per unit distance in the

/ q-nds =0.
OR

e Secondly, if we impose the Neumann boundary condition g - n = g on OR, then there can only be

z-direction) must vanish, i.e.

a steady-state solution if the net heat flux though the boundary equals the net rate of volumetric
heating (per unit distance in the z-direction), i.e.

/ qu://dedy,
aR R

since otherwise the temperature must change.
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5.5 Boundary value problems in Cartesian coordinates



e An infinite straight metal rod has a rectangular cross-section whose sides are of length a and b.

e The temperature T(x,y) in each cross-section satisfies the boundary value problem given by

Laplace’s equation

?927:—1—(:;’2772-:0 for 0<x<a 0<y<bh,
with the Dirichlet boundary conditions
T(O,y) = 0 for 0<y<b,
T(a,y) = O for 0<y<b,
T(x,00 = 0 for 0<x<a,
T(x,b) = f(x) for 0<x<a,

where f(x) is the prescribed temperature at which the top face of the rod is held.

e We construct a solution to the boundary value problem using Fourier's method, as follows.
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Step (1) Find all nontrivial separable solutions of the PDE and homogeneous BCs

We begin by finding all nontrivial separable solutions of Laplace's equation subject to the three
homogeneous boundary conditions.

Substituting T(x,y) = F(x)G(y) into Laplace’s equation and dividing through by F(x)G(y) # 0
gives

F')_ G"(y)

F(x) G(y)

The LHS is independent of y, while the RHS is independent of x. Since the LHS is equal to the

RHS, they must both be independent of x and y, and therefore equal to a constant, —\ € R say.

Hence,
—F"=)F for 0<x<a,

with the homogeneous boundary conditions on T at x = 0 and x = a giving the boundary
conditions F(0) = 0 and F(a) = 0 for nontrivial G.

We solved this problem for F in §3.4: the nontrivial solutions are given for positive integers n by
2
F(x) = Bsin (@) A= (”—”) ,
a a

where B is an arbitrary constant.
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e Since G” — AG = 0, the corresponding solution for G(y) that satisfies the homogeneous boundary

G = Csinh (%)

condition on y = 0 is given by

where C is an arbitrary constant.

e Hence, the nontrivial separable solutions of Laplace's equation subject to the three homogeneous
boundary conditions are given for positive integers n by

Ta(x,y) = bnsin (n;:) sinh (%)’

where b, = BC are real constants and we have introduced the subscript n on T, and b, to
enumerate the countably infinite set of such solutions.

e Remark: In contrast to the wave equation for which the nontrivial separable solutions are the
product of trigonometric functions in x and trigonometric functions in t, the nontrivial separable
solutions of Laplace's equation are products of trigonometric functions in x with hyperbolic
functions in y or vice versa.
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Step (1) Apply the principle of superposition

e By linearity, we can superimpose the separable solutions to obtain the general series solution
satisfying Laplace's equation and the three homogeneous boundary conditions (assuming
convergence):

T(x,y)= ZT(xy stm( ) h(Ty)

Step (111) Use the theory of Fourier series to satisfy the inhomogeneous BC

e The boundary condition at y = b on the top side can only be satisfied if

- b
x) = Z b, sinh (%) sin ('%X) for 0<x<a,
n=1

so that the theory of Fourier series gives

b, sinh (m;b) = i/af(x) sin ('%X) dx for ne N\{0}.
0

e Remark: If f satisfies the conditions of the Fourier Convergence Theorem, then it may be shown
that the infinite series solution is termwise infinitely differentiable with respect to x and y inside
the rectangular domain 0 < x < a, 0 < y < b, so that it satisfies Laplace’s equation there.
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Example

B If f(x) = T*(1 —|2x/a— 1|), where T" is a constant temperature, then

8T"
Toy)=—% >

=0

B Series solution truncated to
100 terms, illustrating the
“smoothing out” of the
corner in boundary data.

(—=1)"sin ((2m + 1)mx/a) sinh ((2m + 1)y /a)

(2m + 1)’ sinh ((2m + 1)7b/a)

0.5

T/T*

=
e
LTRSS
e s
e s e s
ZZ O e o T Y A e A
LA AT A TR A
i
e e
2
2253

e
7227
LA
S
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5.6 Boundary value problems in plane polar coordinates



Recall that in plane polar coordinates (r,#), Laplace’s equation for T(r,6) becomes

6277- laf-l—Jrla27T*01forr>0
or2 " ror  r2 g2 ’
We start by finding all nontrivial separable solutions of the form T(r,0) = F(r)G(0).
Since T is a single-valued function of position on r > 0, we require G(0) to be 2m-periodic.

Substituting T(r,0) = F(r)G(0) into Laplace’s equation we obtain
1! 1 ! 1 17
F'G+-FG+ 5FG" =0.
r r
Separating the variables by dividing through by F(r)G(8)/r* # 0 gives
rPF"(r) + rF'(r) ~G"(9)

F(r) - G(O)°

The LHS is independent of 6, while the RHS is independent of r. Since the LHS is equal to the
RHS, they must both be independent of r and 6, and therefore equal to a constant, A € R say.

Hence, we need to find all A € R for which G”(8) + AG(#) = 0 has a nontrivial, 27-periodic,
solution G(6). There are three cases to consider.
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Case (i) A = —w? (w > 0 wlog)

o If G’ —w?G =0, then G(0) = Acoshwf + Bsinhwf, where A, B € R.

e If G is 2m-periodic, then G(0) = G(+£27), which implies A = A cosh 27w + B'sinh 27w, so that
A(cosh 2w — 1) = 0 and Bsinh 27w = 0, giving A= B =0 and G =0.

Case (i) A =0
e If G" =0, then G(0) = A+ B0, where A, B € R.
e If G is 2w-periodic, then B = 0, but arbitrary A is admissible.

For A\=0, r’F” +rF' =0, so (rF') =0, giving F = c+ dlogr for r > 0, where ¢, d € R.

Hence for A = 0 there is a nontrivial, 27-periodic, separable solution in r > 0 of the form

To =A0+B()|Ogr,

where Ag = cA and By = dA are real constants.

Since this solution is independent of 6 it is called a cylindrically-symmetric solution.
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Case (i) A = w? (w > 0 wlog)

If G +w?G =0, then G(8) = Rcos (wh + ®), where R, ® € R.

If G is nontrivial, then R # 0 and G has prime period p = 27 /w. Hence, G can only be nontrivial
and 2m-periodic if there exists a positive integer n such that np = 27, i.e. w = n for some positive
integer n, which the graph of G would reveal to be a geometrically obvious result.

In anticipation of the need to write the solution in the form of a Fourier series, we write the
resulting solution for w = n in the form G(0) = Acos nf + B sin nf, where A = R cos ®,
B = —Rsin ® are arbitrary real constants.

If A\ = w? = n?, then we obtain for F(r) Euler's ODE in the form
rPF' 4+ rF —n’F=0 for r>0.

As in Introductory Calculus, we derive the general solution of this ODE by making the change of
variable r = ef, F(r) = W(t).
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e By the chain rule,
dW _ dFdr dF

At drde ar
so that

de2 — dr

dr ~ ar

2w d (dF)dr d (dF
= = r
dr

r— 7) :r2F”+rF’:n2F:n2W.
dr

Hence, W = Ce™ + De™™, where C, D € R, and we conclude that the general solution for F(r)
is given by
F(ry=Cr"+ Dr™".

e Remark: An alternative method is to seek a solution of the form F(r) = r* for which
p(p — 1)+ p — p® =0, so that u = =£n, from which follows the general solution.

e We conclude that for A\ = w? there are a countably infinite set of nontrivial, 27-periodic, separable
solution in r > 0 given for positive integers n by

T, = (Anrb + Bar") cos n0 + (Cor™ + Dpr™ ") sin n6,
where A, = AC, B, = AD, C, = BC, D, = BD are real constants and we have introduced the

subscript n on T, and these constants to enumerate the countably infinite set of such solutions.
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Summary

e Superimposing the nontrivial separable solutions in r > 0, we obtain the general series solution

T(r,0) = Ao+ Bologr + Z ((A,,r" + Bor~")cos nf + (Cor™ + Dar™")sin nQ).

n=1

Notes

(1) The solutions logr, r~"cosnd and r~"sin nf are unbounded as r — 0+, and hence not defined at

r = 0. This means that these solutions are not admissible if the origin belongs to the domain in
which T is defined.

(2) Similarly, if the domain in which T is defined extends to infinity and T is bounded there, then the
solutions log r, r" cos nf and r" sin nf are not admissible. We illustrate these results below with
some concrete examples.
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Example 1
® Consider the boundary value problem for T given by
V2T =0 in a<r<b,
with
T=T§ on r=a, T=T on r=b,

where a and b are constant radii, while T§ and T7 are constant temperatures.

B Since T satisfies Laplace's equation in a < r < b, it has the general series solution

T(r,0) = Ao+ Bologr + Z ((A,,r'7 + Byr~")cos nf + (Cor" + Dar™ ") sin n@).

n=1

® Hence, the boundary conditions can only be satisfied if

TS = Ao+ Bologa + Z ((A,,a" + Bna™")cosnf + (Cpa" + Dpa™ ") sin n@) ,

n=1
T = Ao+ Bologb+ > ((Asb" + Byb~ ") cos nf + (Cob" + D,b~ ") sin nf) ,
n=1

for —m < 0 < m, say.
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® Since the Fourier coefficients of a Fourier series are unique, we can equate them on the left- and
right-hand sides of these equalities to obtain, for positive integers n,

1 loga| [Ad| | T¢ a" a’" |0 a" a’’ |0
1 logh| |By| |77’ b" b7" o}’ b" b7" o’

B Since 0 < a < b, the matrices have nonzero determinant, so we can invert each of them to obtain
_ 1 {Iog b —loga

[22 Tlg(®) | -1 1 2] ’ [é] N m ’ N m '

B Hence, the solution is cylindrically symmetric and given by

An
B,

Ca
Dy

&
Dy

Tologh— T{loga Ty —T§
T = + 5
log (b/a) log (3)

log r.
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Notes

(1) The solution may be written in the form

T _ log(r/b) , T{ log(r/a)
T¢  log(a/b)  Tglog(b/a)’

Since all of the fractions in this expression are dimensionless, it is dimensionally correct.

(2) We could have sought a circularly-symmetric solution T = T(r) from the outset because the
boundary data is independent of 6. However, the method above generalises to T and T7 being
functions of 6.
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Example 2
® Consider the boundary value problem for T given by
V2T =0 in r<a,

with
T(a,0) = T*sin®0 for —m<6<m,

where a is a constant radius and T* is a constant temperature.

B Recall that in r > 0 Laplace’s equation has the general series solution

T(r,0) = Ao+ Bologr + Z ((Anr" + Bar™")cos nf + (Cor™ 4+ Dpr™ ") sin n@).

n=1
B Since in this example T satisfies Laplace's equation in the disk r < a, it must be twice

differentiable with respect to x and y in a neighbourhood of the origin, and therefore continuous
and bounded at the origin.

B Hence, the general series solution pertains, but with By = 0 and B, = D,, = 0 for positive integers
n, giving

T(r,0) = Ao+ i (Anr" cos nf + C,r" sin n6‘).

n=1
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® The boundary condition can only be satisfied if

oo
T*sin’0 = Ao + Z (Ana"cosnf + Cpa"sinnf) for —m<6<m.
n=1
B Since the Fourier series for the left-hand side of this expression is given by the identity

* *

T*sin®6 = 3T sinf — TTsin 30,

we can equate Fourier coefficients to deduce that
3T* T
Cla:—, C3a3:——
4 4

while the remainder must vanish.

B Hence, a solution is given by

=3 (g) sinf — TT* (§)3sin30.
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B Question: What is the heat flux out of the disc through r = a?

B Answer: The heat flux vector ¢ = —kV T according to Fourier's Law and we need the component
in the direction of the outward pointing unit normal n = e, to the boundary r = a, namely

oT 3T 37" .
q-nl—;=(—kVT) €= = —kE(a, 0) = —k ( 2 sin§ — 25 SN 30> ,

where in the last equality we substituted the solution.

Since there is no volumetric heating, the net heat flux though r = a must vanish, i.e.

/ q-nds =0,

which may be verified by substituting for g - n and integrating. |
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5.7 Poisson’s Integral Formula



e Consider the boundary value problem for T given by
V2T =0 in r<a,
with
T(a,0)=1(0) for —m<O<m,
where a is a constant radius and the temperature profile f is given.

e As in Example 2, the general series solution that satisfies Laplace’s equation in r < a is given by

Ao

T(r,0) = 5 + i (A,,r" cos nf + C,r" sin n9),
n=1

where we replaced Aq with Ag/2 for algebraic convenience.

e Hence, the boundary condition can only be satisfied if

oo

f(g) = % + Z (Ana" cos(ng) + Cha"sin(ne)) for —m < ¢ <,

n=1

where we replaced the dummy variable 6 with ¢ in anticipation of the following analysis.
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e The theory of Fourier series then gives the Fourier coefficients

iy 1
a A,,—;/f(qﬁ)cos(nqﬁ)dqb for n € N,

a"C, = % / f(¢)sin (ng)de for n € N\{0}.

e While these integral expressions can evaluated in simple cases (such as in Example 2), it is a
remarkable fact that the series solution may be summed for a wide class of functions f (namely
those that are sufficiently regular that the following analysis is valid).

e We being by substituting the integral expressions for the Fourier coefficients into the series
solution and assuming that the orders of summation and integration may be interchanged, viz.

T(r,0) %/f((f))dgb-pz %/ (g)"[cos(nG)cos(n(f))+sin(m9)sin (np)f (¢) dop

- -

] (15 (o)
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. ro;
e Now, if we let « =6 — ¢ and z = —e'?, then
a

%Jri (g)"cosna:Re %Jri (;)"eina>

n=1 n=1

1(a+rcosa+irsina)(a—rcosa+irsina)
2 (a—rcosa —irsina)(a— rcosa + irsina)

1(a+ rcosa)(a—rcosa) + (irsin a)?
2 (a — rcosa)? + (rsina)?
22

2(a? — 2arcosa + r?)’

where the summation of the geometric series in the third equality is valid for |z| < 1.
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e Hence,

T(r,0) = ]( +§:( ) cosn(o - ¢)> F(¢) dg,

n=1

-7

where
2

1 = /r\" Ciks
§+Z (5) cosn(0 — ¢) = 2(a? — 2ar cos (6 — ¢) + r?)

n=1

for0<r<a.

e Substituting the latter into the former, we obtain Poisson’s Integral Formula in the form

_@=A) () do
T(r.0)= o /32—2arcos(9—¢)+r27

-

which is valid for 0 < r < a.
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Notes

(1)

(2)

The value of T at the centre of the disc is given by

27
T0.0)= 5 [ fle)a.

which is the mean value of T over the boundary.

More generally, we can now see that if T satisfies Laplace’s equation in some region R and if
D(x,y,a) is a disk inside R with centre (x, y) and radius a, then

1

T =
(oy) =5 I

T ds,

where dD(x, y, a) is the boundary of D(x,y,a) and ds an element of arclength. That the mean
value over a circle is equal to its value at the centre is called the mean-value property of Laplace’s
equation and has important consequences. For example, it explains why solutions of Laplace’s
equation are infinitely differentiable, since local averages over a circle vary smoothly as the circle
moves.
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5.8 Uniqueness Theorems



e We will state and prove uniqueness theorems for the two-dimensional inhomogeneous Dirichlet
and Neumann problems and illustrate with examples their implications for the application of
Fourier's method.

e Uniqueness Theorem (Dirichlet problem): Consider the Dirichlet problem for T(x,y) given by
—kV?’T=Q in R,

with

T=f on OR,
where R is a path-connected region as in the statement of Green's theorem in the plane, Q is a
given function on R and f is a given function on OR. Then the boundary value problem has at
most one solution.
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Proof:
B Let W be the difference between two solutions, then
VW =0 inR with W=0 ondR.
B The trick is to apply Green's theorem in the plane with F = WV W to obtain the integral identify

//V A(WVW)dxdy = /(WVW) -nds.
R

IR
B Since V2W =0 in R, we have V- (WVW) = WV2W + VW - VW = [VW[* in R.
® Since W =0 on OR, we have WV W -n =20 on OR.
B Hence, the integral identity becomes

/ |[VW/|* dxdy = 0.

R

® Assuming VW is continuous on R U JR, we deduce that VW = 0 on R, so that W is constant
on R because R is path connected.

B But W =0 on OR, so assuming W is continuous on R U JR, the constant must vanish, and we
deduce that W =0 on RUOR. [ ]
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Example 1

® Find T such that
V2T =0 inr<a

with

*

T = onr=a,

a
where a and T* are constants.

B |f we can find any solution, then the uniqueness theorem guarantees it is the only solution.

B We could proceed via Fourier's method or Poisson’s Integral Formula, but it is quicker to spot
that the solution is simply

T="=
a
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Uniqueness Theorem (Neumann problem): Consider the Neumann problem for T(x,y) given by
—kV2T=Q in R,

with
—ka—T =g on OR,
on
where R is a bounded and path-connected region as in the statement of Green's theorem in the
plane, Q is a given function on R and q is a given function on OR. Then the boundary value

problem has no solution unless @ and g satisfy the solvability condition

/ dedy:/qu.

R oR

When a solution exists, it is not unique: any two solutions differ by a constant.

Remark: The solvability condition is precisely the global energy balance derived earlier on.
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Proof:

B Suppose there is a solution T, then

/ Qdxdy

R

fk//V-Vdedy
R

= —k/n~VTds
dR

oT
= —k —_
an ds
OR

= / qds,
AR
where we used Poisson’s equation in the first equality, Green's theorem in the plane with F =V T

in the second equality and the boundary conditions in the final equality.

B Now let W be the difference between two solutions, so that linearity gives

ow

VW =0 in R with
on

=0 on OR.
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B Then, as in the uniqueness proof for the Dirichlet problem,

/ [VW/[* dxdy / WV2W + VW - VW dxdy

R R

//V~(WVW)dxdy

/ WV W - nds
R

ow
/ WW ds
OR
0

k]

where we used Laplace's equation for W in the first equality, Green's theorem in the plane with
F = WV W in the second equality and the boundary conditions for W in the final equality.

B Assuming VW is continuous on R U JR, we deduce that VW = 0 on R, so that W is constant
on R because R is path connected.

® Hence, W is constant on R U OR, assuming W is continuous there. |
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Example 2

B Find T such that
V3T =0 inr<a,

with o7
_kﬁ(av 0)=¢q(0) for—m<6<m,

where the heat flux g(0) is given.

B As in §5.5 the general series solution of Laplace’s equation in r < a is given by

T =A+ Z (Anr" cos nf + Cnr" sin nf) .

n=1

so the boundary condition on r = a can be satisfied only if

q(6) = Z (— knA,a" ' cosnd — knC,a" ‘sinnd) for —7m <6<

n=1
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B The theory of Fourier series then requires

0—1 [ @), (1)

while for positive integers n,

|
==
S
>
3
1Y)
3
|
-
Il

1 / q(0) cos nf do,
™

-

™

1/q(@)sin n6 do.
e

-

|
-
5
Q]
[
3
[
I

B Hence, there are two cases:

(i) if g is such that (1) is not satisfied, then there is no solution;
(ii) if g is such that (1) is satisfied, then there is a solution but it is not unique because Ay is arbitrary

(while the other Fourier coefficients are uniquely determined). |
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Notes
(1) This conclusion is in agreement with the Uniqueness Theorem, which also guarantees that in case
(ii) we've found all possible solutions.

(2) In case (i) there is no solution because the temperature cannot be in steady state if the net heat
flux through r = a is non-zero.

(3) In case (ii) there can be a steady state solution because the net heat flux through r = a vanishes,
but we cannot pin down the temperature without additional information — in practice this would
usually be provided by the evolution toward the steady state.
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5.9 A boundary value problem for Poisson’s equation



e An infinite straight metal rod of constant thermal conductivity k has a square cross-section whose
sides are of length L. The temperature T(x,y) in each cross-section R = {(x,y): 0 < x, y < L}
satisfies the boundary value problem given by Poisson’s equation

’T | OT .
—k<W+Ty2>—Q |nR,

with the Dirichlet boundary condition
T=0 onoJR,
where the rate of volumetric heating Q(x, y) is given on R.

e \We may construct a solution using Fourier series, as follows.
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e Motivated by the success of the Fourier sine series expansion in §4.7 and the form of the boundary
conditions, we suppose that T(x,y) may be expanded as the Fourier sine series

mmx

T(x,y) = io: Tm(y)sin (T) ;

where for positive integers m the Fourier coefficients are given by

Tm(y) = %/OL T(x,y)sin (?) dx.

e Suppose further that for each positive integer m, Tin(y) may be expanded as the Fourier sine series

Tm(y) = ian sin (’”Ty) :
n=1

where for positive integers n the Fourier coefficients are given by

2 [t . /Ny
Bon = Z/o Tm(y)sin (T) dy.
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Substituting the series for Tp(y) into that for T(x,y) and the integral formula for T,,(y) into
that for Bmn we see that we are seeking a solution for T(x,y) in the form of the doubly-infinite

(x,y) = mz B sin ( )s'n (mrTy) ,

where the Fourier coefficients are given for positive integers m and n by

Bmn = <i)2/OL/OL T(x,y)sin (?) sin (MT}/) dxdy.

Evidently the doubly-infinite series solution satisfies the homogeneous boundary conditions.

Fourier sine series

To determine the dependence of the Fourier coefficients Bn, on Q(x,y), we multiply Poisson’s
equation by sin (mmx/L)sin (nwy/L) and integrate over R to obtain

[ (G5 D) () o
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Integrating by parts using the boundary conditions gives

L a2 2 2 oL
o°T . /mmx mm ./ mTXx
/0 s () & = *T/O Tsin (77) dx
L a2 2 2 oL
o°T . /nmy n°m . /nmy
. 87}/25”1 (T) dX = — L2 /O TSIn (T) dX.

Substituting the latter expressions into the former one gives
LopL 2 2 2 2
m°m n“m Q\ . /mmx\ .
/0 A ( L L - k) o L o

L2 an
km2(m? + n?)’

(nLLy> dxdy = 0.

Hence,
an =

where the Fourier coefficients of the doubly-infinite Fourier sine series for Q(x, y) are defined by

Qmn = (i)Q/OL/OL Q(x,y)sin (?) sin (HLL’V) dxdy.

This solves the boundary value problem for T(x,y).
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Example

® Consider the boundary value problem for T(x,y) with Q = Q*, a constant.

Qmn = Q" (f)2 (ﬁ(lf(fl)’")) (nL7r (1-(-1) ))

_ AP (- (=) (- (D))

mk mn(m? 4+ n?)

B This gives

so that
an

® Setting m = 2i+ 1 and n = 2j + 1 to enumerate the non-zero terms, we deduce that

Z sin ((2i + L)mx/L) sin ((2j + 1)my/L)
G Qi+ 12+ D((2i+1)2+(2j+ 1))
where T = 16L2Q* /" k.
B We plot below the doubly-infinite series solution truncated symmetrically to 100 terms, which
illustrates that there is a maximum of the temperature at the centre of the square.
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T/T*
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Notes

(1) The functions

(2)

Tmn(x,¥) = Bmnsin (?) sin (HLL}/) (m, n € N\{0})

form the doubly-infinite set of eigenfunctions of the eigenvalue problem for T(x,y) and A given by

2 2
T T
—(%74—887) =AT inR with T =0o0n0dR,
the eigenvalue A = A\, corresponding to the eigenfunction Tpa(x,y) being given by
s — P n27r2.
L2 L2

This eigenvalue problem for T(x, t) and X is the two-dimensional generalization of the eigenvalue
problem for F(x) and X in §3.5 and the doubly-infinite series solution for Poisson’e equation is
another example of an eigenfunction expansion.

Such is the importance of Laplace’s equation that the skylight crystals in the Mathematical
Institute are based on an eigenfunction for the opening R in the floor.
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Photo: South Crystal Skylight © David Hawgood

Licensed for reuse under the Creative Commons Licence (cc-by-sa/2.0)
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6 Well-posedness



Definition: A problem is said to be well-posed if the following three conditions are satisfied:

(1) EXISTENCE — there is a solution;
(2) UNIQUENESS — there is no more than one solution;
(3) CONTINUOUS DEPENDENCE — the solution depends continuously on the data.

The first is obvious: there is no point in trying to find a solution that does not exist.

As for the second, if a problem is physically motivated, and the solution represents a physical
quantity, then we would expect it to have a unique well-defined value at each point. If it does not,
it suggests that a boundary condition or other constraint is missing from the problem.

To illustrate condition (3), suppose we vary by a small amount the initial temperature profile f(x)
in an IBVP for the temperature T(x,t) in a metal rod and ask whether the corresponding
variation in the solution is similarly small. If it is not, then the numerical solution of the problem
is practically impossible, since any numerical errors in f(x), however small, would lead to large
errors in the solution.
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6.1 The heat equation



Consider the dimensionless IVP for T(x, t) given by

oT T

ot = 0 for —oco < x < o0, t>0,

with the initial condition
T(x,0) = f(x) for —oo < x < 00,

where f(x) is given.
If f(x) =0, then the trivial solution T(x,t) = 0 satisfies the IVP.

Tychonoff (1935) showed that a nontrivial solution for f(x) = 0 is given by

2 L (k) ()5 2K
T(va)ZZg(z(& ’
k=0

where
exp(—1/t?) for t >0,
g(t) =
0 fort =0.

Since there is more than one solution to the IVP, it is not well-posed — it is ill-posed.
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However, well-posedness can be established by imposing additional regularity conditions on the
growth of T(x,t) as x — too.

For example, if T(x, t) is assumed to be bounded for —co < x < 0o, t > 0 and f(x) to be
piecewise continuous on any interval (a, b) C R, then it may be shown that the unique solution is

T(x,t)= jo \;% exp (—%) ds.

This solution is the superposition of fundamental solutions of the heat equation weighted by the

given by

initial temperature profile.

Continuous dependence on the initial data may then be established as follows.
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e Let € > 0 and suppose that the initial data f = f; and f = f, are close together in the sense that
|f(x) — h(x)] <€ for— o0 < x < o0.

e Then the corresponding solutions Ti(x, t) and Tz(x, t) are close together because

[

[ ()

= €

\Tl(x, t‘) — TQ(X, t)|

IN

for —oo < x < oo and 0 < t < ty.

e In this sense condition (3) holds.
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6.2 The wave equation



e Consider the dimensionless initial value problem for y(x, t) given by

8Py 9%y

wzﬁ for —OO<X<OO,t>07
X

with the initial conditions
oy
y(x,0) = f(x), a(x,O) =g(x) for —oo<x< oo,
where f(x) and g(x) are given.

e By D’'Alembert’s formula (with ¢ = 1) there exists a unique solution given by

y(x, t) = %(f(x —t)+f(x+ t)) + % /itg(s)ds.

e Hence, conditions (1) and (2) hold.
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e Suppose

[f(x)] <6

where § > 0.

and |g(x)] <§ for —oo < x < o0,

e Then D’Alembert’s formula implies that

ly(x, 1)l

IN

IN

‘%f(x— t) + %f(x+t)+%/x+tg(s)ds

x—t

1 1 1 X+t
RISy FOIEE

1 1 1 X+t
§6+§5+§/;_t dds
1 1

S

1
= — . 2t6
2 25+2

(14+1t)d for —oco<x<oo, t>0,

where we used the triangle inequality.
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Consider the initial value problems with initial data (f,g) = (£, g1) and (f,g) = (, &) and
corresponding solutions yi(x, t) and y»(x, t), respectively.

Suppose that we are interested in making predictions in the time interval t € [0, to] and let € > 0.

By taking
€

1 +t’
we deduce that if the data (fi, g1) is close to the data (2, g) in the sense that

f=h—-»Hh, g=8g1—8, Yy=y1—Yy 0

€ €

s and \gl(x)—gg(x)|<1+t0 for — o0 < x < o0,

|fi(x) — R(x)] <
then the corresponding solutions yi(x, t) and y»2(x, t) are close together in the sense that
yi(x, t) — ya(x, t)] S(l—i—t)ﬁ <e for —co<x<o00, 0<t<ty.
0

Hence, condition (3) holds in this sense and we conclude that the initial value problem for the

wave equation is well-posed.
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6.3 Laplace’s equation



e By contrast the corresponding initial value problem for Laplace’s equation is ill-posed.
e Consider the initial value problem for y(x, t) given by

Py 0%y

%—FW:O, —o0 < x<oo, t>0,
dy
y(x,0) = f(x), E(X, 0) =g(x), —oo0<x< o0,

where f(x) and g(x) are given.
e If we take the initial data (f,g) = (f1,41) and (f, g) = (£, g2) given by
fi(x) =0, &(x)=0, £H(x)=0, g(x)=dcos(x/s),
where 6 > 0, then corresponding solutions are given by
_ — 2cos (XY sinh (£
yi(x,t) =0, ys(x,t) =05 cos (6) sinh (6) .

e Again suppose we want to make predictions in 0 < t < tg.
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o Observe that
|fi(x) — R(x)| =0<46, |gi(x)—g(x)|=9¢ ‘cos (%)‘ <§ for —oo < x < o0.

o If we define h(¢) = £?sinh(1/¢), then

t€[0,t] xER t€[0,to] 0

e As illustrated by the plot below, the function h(&) is bounded below by h. = h(.) = 0.905 for
& > 0, elementary calculus giving the location of the minimum to be ., where &, = 0.522 is the
unique positive root of the transcendental equation 2tanh(1/£,) = 1/¢..

2
max max |yi(x, t) — y2(x, t)| = max 6% sinh (E) =t <té> sinh (%) = t5h(6/to).
0

3
2
h(¢)
.
(&, ha)
% 1 2 3
3
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We deduce that
.2 2. _ 2
min & h(6/to) = to min h(£) = h.t;.

Since the maximum of |y1(x, t) — y2(x, t)| for co < x < 00, 0 < t < to is bounded below by a
positive constant (namely h.t3) for & > 0, we cannot make
lyi(x,t) —yo(x,t) <e for —oco<x<oo, 0<t<t
by making § suitably small for all € > 0.
Hence, the initial value problem for Laplace’s equation is ill-posed because it fails condition (3).

Instead of imposing two initial conditions, we should have imposed y(x,t) on t = 0 as well as in
the far-field as x* + t* — co.
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e For example, switching back to spatial coordinates (x, y), suppose that T(x,y) satisfies

T 9T

W—i—a—}ﬂzo for —oco < x< o0, y>0,

with boundary condition
T(x,0) =f(x) for —oo < x < o0,

and the far-field boundary condition
T(x,y)—0 as x> +y? 5 o0, y >0,
where f(x) is given.

e It may be shown that the boundary value problem for T(x,y) is well-posed given sufficient
regularity of f, e.g. if f is piecewise continuous on any interval (a, b) C R.

e |n this case it may be shown that the solution is given by

T(xy) = Z/jo ( )

T s—x)2+4y?

e Remark: The solutions for y(x,t) in §6.2 and for T(x,y) above are derived in part A Integral
Transforms using a Fourier transform — a powerful generalization of Fourier series.
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7 Summary



1 Introduction

m History: Fourier's revolutionary claim.
m Revised ODEs: nomenclature and pre-requisite material.

m Introduced PDEs: nomenclature and how they arise.

Motivated need to study Fourier series to solve PDE problems.
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2 Fourier Series
m Periodic, even and odd functions and periodic extensions.
m Euler's formulae for Fourier coefficients via orthogonality relations.
m Statement of a powerful pointwise convergence theorem.
m Related rate of convergence to smoothness.
m Discussed Gibb's phenomenon - try to avoid!

m Problem sheets imparted “familiarity with the calculation of Fourier coefficients.”
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3 Heat equation

m Derivation in 1D.

m Simple solutions.

m Units and nondimensionalisation.

m Fourier’'s method for IBVPs.

m Generalised to inhomogeneous heat equation and BCs.

m Uniqueness.
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4 Wave equation

m Derivation in 1D with gravity and air resistance.

m Normal modes and natural frequencies.

m Fourier's method for IBVPs — plucked and hammered strings.
m Forced wave equation with inhomogeneous BCs — resonance.
m Normal modes for weighted strings.

m D’Alembert’s solution and characteristic diagrams.

m Uniqueness.
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5 Laplace’s equation

m Fourier's method for BVPs in (x, y) and (r,0).
m Poisson’s Integral Formula for Dirichlet problem on a disk.
m Uniqueness of Dirichlet problem.

m Nonexistence and nonuniqueness of Neumann problem.

6 Well-posedness

m Introduced concepts developed later on in course.
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The end — thank you for listening

Please email comments & corrections to oliver@maths.ox.ac.uk



