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Introduction



Lecture 1

Introduction to PDEs

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

1.1 Introduction

Our goal in this lecture is to introduce some of the key concepts that we will visit throughout
this course. We provide a definition of partial differential equations (PDEs) and a few model (and
carefully chosen) PDEs. We then discuss several ways to classify PDEs with a particular emphasis
on second-order PDEs, which are ubiquitous in science and engineering. We conclude the lecture
with examples of PDEs in science and engineering.

1.2 Partial differential equations

We first provide a definition of PDEs:

Definition 1.1 (partial differential equation (PDE)). A PDE is an equation that relates an un-
known function u and some of its partial derivatives, where the function is defined over a n-
dimensional spatial domain 2 C R™ and time interval I C R. In general, a PDE can be expressed
as

G ; ou ou Ou 0*u O%*u 0
Tly ooy Ty by Uy — ey — — =5, = -.. | =0,
! v 0z Oxy,” Ot™ 022’ Ozy1y’
where z1,--- ,x, are the spatial coordinates, t is the time, and 687“1, ... denote the partial deriva-
tives.

We provide a few concrete examples of model PDEs that we will study throughout this course:

e Laplace’s equation. Laplace’s equation is given by
—Au =0,

where A =V .-V = % R % is the Laplacian. Laplace’s equation describes various
1 n

physical phenomena including (but not limited to) the following: steady heat transfer (with-
out a heat source), where u is the temperature; electrostatics, where u is the electrostatic
potential; and steady incompressible irrotational flow, where u is the velocity potential.



e Poisson’s equation. Poisson’s equation is given by
—Au = f,

where f is a source function. Poisson’s equation describes the following: steady heat transfer
in the presence of a heat source; and electrostatic potential in the presence of charge. Laplace’s
equation is a special case of Poisson’s equation for f = 0.

e Heat equation. The heat equation is given by

where a is the diffusivity constant, and f is the source term. The heat equation describes the
following: unsteady heat transfer; and the diffusion of chemical species.

e Transport equation. The transport equation is given by

ou
I b . =
: +b-Vu=0,

where b is an advection field. The transport equation describes the transport of conserved
quantity (e.g., concentration of chemical species) in the presence of an advection field.

e Wave equation. The wave equation is given by

Pu

— —c“Au =0,

ot2
where ¢ is the wave propagation speed. The wave equation describes the propagation of
waves through a medium, including the following: the propagation of the acoustic pressure
wave in the air; electromagnetic fields through space; and the vibration of taut strings and
membranes.

e Burgers’ equation. The (inviscid) Burgers’ equation is given by

ou ou
— —u—=0.

ot ox

The Burgers’ equation describes the propagation of a nonlinear wave, in which the speed of
propagation depends on the solution value. The equation models features such as shocks and
rarefaction waves that are encountered in compressible flows.

1.3 Classification of PDEs

To facilitate our study of PDEs, we now classify PDEs by a few of their attributes. For each
definition we introduce, we provide a few concrete examples.

Definition 1.2 (order of a PDE). The order of a PDE is the order of the highest-order derivative
that appears in the PDE.



Example 1.3. Laplace’s equation —Awu = 0 is a second-order PDE, and the transport equation
94 4+ q% = 0 is a first-order PDE.

Example 1.4. The heat equation %—1; — Au = 0 is a second-order PDE. More precisely, it is first-
order in time and second-order in space. Note that time-dependent PDEs admit a more precise
characterization.

Definition 1.5 (linear operator). An operator L is a linear operator if
L(aw + Pv) = aLw + LV
for any functions w and v and any scalars « and (.

Definition 1.6 (linear PDEs). A PDE is said to be linear if the PDE can be expressed as
Lu = f,

where L is a linear operator and f is a function independent of u. If a PDE is not linear, then it
is called a nonlinear PDE.

Definition 1.7 (linear homogeneous PDEs). A linear homogeneous PDE is a PDE of the form
Lu =0,

where L is a linear operator; i.e., the term that does not depend on w vanishes. If a linear PDE is
not homogeneous, then it is nonhomogeneous (or inhomogeneous).

Example 1.8. Laplace’s equation —Awu = 0 is a linear homogeneous PDE; the Laplacian £ = —A
is a linear operator, and the right hand side is zero. Poisson’s equation —Au = f is a linear
nonhomogeneous PDE for f # 0. The heat equation %@‘ —V -aVu = f is a linear homogeneous
PDE if f =0 and is a linear nonhomogeneous PDE if f # 0. The Burgers’ equation % + u% =0

is a nonlinear PDE, as there is no way to express u% as a linear operator on u.

The superposition principle. Linear homogeneous PDEs, just like linear homogeneous ODEs, are
particularly nice to study because we can appeal to the superposition principle to seek a solution.
Specifically, if u; and ug satisfy Lu; = 0 and Lug = 0, then u; + ugy satisfies £(u; + ug) = 0. If we
in addition find a solution ug to a nonhomogeneous PDE Lug = f, then ug + u1 + ue also satisfies
the nonhomogeneous PDE L(ug + u1 + u2) = f. We will exploit these properties in many solution
techniques throughout this course.

Due to the superposition principle, in general there are an infinite number of functions that
satisfy a given PDE. We must supply additional conditions to find a unique solution. In the
context of PDEs, these conditions are provided by boundary conditions, if the problem is posed in
a bounded domain, and by initial conditions, if the problem is time dependent. (Initial conditions
can be thought of as “boundary conditions” in the space-time domain.) We will study various
boundary and initial conditions for each model PDE in later lectures.

10



1.4 Classification of second-order PDEs

We have introduced a few second-order linear PDEs including Laplace’s equation, the heat equation,
and the wave equation. In fact second-order PDEs are ubiquitous in sciences and engineering, which
justifies a finer classification of these PDEs.

Definition 1.9 (classification of second-order linear PDEs). Consider a second-order linear PDE
with a differential operator on R™:

Lu = Z a”(‘) 8% —i—Zb (1.1)

for some coefficients a;;, b; and c. Let A € R™ " be a symmetric matrix such that A;; = a;j,
i,j = 1,...,n. (Note that A can be always symmetrized without loss of generality since the
mixed partials are the same.) Let Aq,..., A, be the eigenvalues of A. Then we have the following
classification of PDEs:

e clliptic: all eigenvalues are nonzero and have the same sign (i.e., all positive or all negative).

e hyperbolic: all eigenvalues are nonzero, and one of them has the opposite sign from the n — 1
others.

o ultrahyperbolic: all eigenvalues are nonzero, and at least two of them are positive and at least
two of them are negative.

e parabolic: exactly one eigenvalue is zero and all other eigenvalues have the same sign.

If the PDE is time-dependent, then we treat time as the zeroth coordinate and run the summations
from 0 to n in (1.1).

Example 1.10 (classification: Laplace’s equation). The differential operator for Laplace’s equation

in R is ) )
0 0
Oxy oxz,
We recognize the associated A matrix is A = —I. All eigenvalues are equal to —1, and hence

Laplace’s equation is elliptic.

Example 1.11 (classification: Poisson’s equation). Poisson’s equation is also elliptic because its
differential operator is the Laplacian.

Example 1.12 (classification: wave equation). The differential operator for the wave equation in
RYis 2 2 2 2

0 0 0 0

L=F5 A=

ot2 ot?2 023 ox2
We treat the temporal coordinate as the zero-th coordinate and recognize the associated A matrix
is A =diag(1,—-1,-1,...,—-1) € R +Dx(n+1)  We have one positive eigenvalue and n — 1 negative
eigenvalues. The wave equation is hence hyperbolic.

11



Example 1.13 (classification: heat equation). The differential operator for the heat equation in

R™ is ) )
0 0 0 0
L=— A= — 5 — =
ot ot Oxy ox2
We treat the temporal coordinate as the zero-th coordinate and recognize the associated A matrix is
A = diag(0,—-1,-1,...,—-1) € R+Dx(n+1)  Note that the entry of A associated with the temporal

coordinate is 0 because the differential operator does not contain a second derivative with respect
to time. We have one zero eigenvalue and n — 1 negative eigenvalues. The heat equation is hence
parabolic.
Example 1.14 (classification: finding the A matrix). Consider a second-order PDE
0%u 0%u n 0%u B
83:% 0x10x2 8x% N

f

for some f. We note that the linear differential operator can be rearranged into the form (1.1):

0%u 9%u 9%u 0%u

-1 _ i
SRR T P T P, PO N

where we have split the mixed partial term into two so that the coefficients in front of the terms
are the same. We recognize that a;; = 1, aj2 = ae; = —1, and age = 2, and hence

A:<j;).

Note that the matrix is symmetric (as required for classification) thanks to the splitting of the mixed
partial term. To find the eigenvalues, we form the characteristic equation p4(A) = det(A — A) =
A% —3X+1 and find its roots are A = %:I: % Since both eigenvalues are positive and the eigenvalues
have the same sign, the equation is elliptic.

Example 1.15 (classification: PDE with variable coefficient). The classification of the PDE may
vary over the domain for PDEs with variable coefficients. For instance, consider the second-order
PDE
OPu  O*u 0
Y or2 + oy?

The matrix A associated with the PDE is A = diag(y, 1), and its eigenvalues are A\; = 1 and Ay = v.
Hence, the PDE is parabolic on the line y = 0, elliptic in the region y > 0, and hyperbolic in the
region y < 0.

The classification of PDEs into elliptic, hyperbolic, and parabolic equations is useful because
equations in a given class exhibit similar behaviors. For instance, the only difference between the
wave equation (in the space-time space with the time as the zero-th coordinate) and Laplace’s
equation is that one of the eigenvalues is positive in the wave equation; however, the wave equation
is hyperbolic and Laplace’s equation is elliptic, and they describe different physical processes and
exhibit different solution behaviors. On the other hand, while Laplace’s equation and the Navier-
Cauchy equation of linear elasticity might look quite different, they are both elliptic and exhibit
similar behaviors. Similarly, while the wave equation and Maxwell’s equations might look quite
different, they are both hyperbolic and exhibit similar behaviors.

12



1.5 PDEs in physics and engineering

Before we conclude this lecture, we provide some examples of more complex PDEs that are encoun-
tered in science and engineering. While we will not study these PDEs in detail, we will see that
much of the behaviors of these more complex PDEs are captured by our model PDEs.

e Navier-Cauchy equations. The Navier-Cauchy equations are a system of PDEs of the

form
d

d
u ou;
i A A i i =1,...,d

where u is the (vector-valued) displacement field, f is the body force, and A and p are the
first and second Lamé parameters, respectively. The Navier-Cauchy equations, also known
as the equations of linear elasticity, are a system of linear PDEs. The equations describe
the deformation of a material under load (under the assumption of small displacement and
strain), and hence the behavior of engineering structures.

e Maxwell’s equations. Maxwell’s equations in free space are given by

0B

E=-2

V x 5
V- -E=0,

1 0F

B=_.2"

v 2 ot’
V.-B=0,

where E is the electric field, B is the magnetic field, and c is the speed of light. Maxwell’s
equations are a system of linear, homogeneous PDEs. Maxwell’s equations describe the
propagation of electromagnetic waves in free space, and hence the behavior of electric circuits,
electric motors, wireless communication, and power generation, among others.

e Incompressible Navier-Stokes equations. The incompressible Navier-Stokes equations
are given by

ou 1
—+Zv-(u®u)+vp—§m_f,

V-u=0,

where u is the (vector-valued) velocity field, p is the (scalar-valued) pressure field, and Re
is the Reynolds number. The incompressible Navier-Stokes equations comprise a system of
nonlinear PDEs that describes the velocity and pressure of an incompressible (Newtonian)
flow.

e Compressible Euler equations. The compressible Euler equations are given by

dp
0
%-FV'(pu@u)—FVp:O
dpe
“pPe (ph) =
5 TV (ph) =0,

13



where p is the density field, u is the (vector-valued) velocity field, e is the specific internal
energy field, p is the pressure field, and h is the specific enthalpy field. The compressible Euler
equations is a system of nonlinear PDEs that describes the behavior of inviscid compressible
flows.

Schrédinger equation. The Schrodinger equation for a single particle is given by

ov h?
= (A v)w
ot ( om =T > ’

where ¥ : R" xt — C is the wave function in position space, & is the reduced Planck constant,
m is the particle mass, and V' : R" xt — C is the potential function. The Schrodinger equation
describes the quantum state of an isolated non-relativistic quantum system.

Black-Scholes equation. The Black-Scholes equation is given by

oV 1, ,0°V 9V B
a"‘gUS’w‘i‘TS%—TV—O,

where V' is the price of the option as a function of the stock price S and time ¢, r is the
risk-free interest rate, and o is the volatitlity of the stock.

1.6 Summary

We summarize key points of this lecture:

1.

2.

A PDE is an equation that relates an unknown function u and some of its partial derivatives.

PDEs can be classified in terms of the order, linearity, and homogeneity.

. PDEs are augmented by initial and/or boundary conditions to provide a well-posed problem.

. Second-order PDEs can be further classified as elliptic, hyperbolic, ultrahyperbolic, or parabolic.

The classification is based on the eigenvalues of the coefficient matrix of the second derivative.

. Laplace’s equation, Poisson’s equation, the heat equation, the transport equation, the wave

equation, and Burgers’ equation each serves as a model PDE of a given classification and will
be closely studied throughout this course.

14



1.A Well-posedness problem

Throughout this course, we will introduce different techniques to solve PDEs. However, it only
makes sense to seek a solution if the problem is well-posed. We study this notion in this appendix.

Definition 1.16 (well-posedness in the sense of Hadamard). A mathematical problem is said to
be well-posed if (i) a solution exists, (ii) the solution is unique, and (iii) the solution depends
continuously on the data. If the problem is not well-posed, it is said to be ill-posed.

As we are not yet equipped to study the well-posedness of PDEs, we consider a few examples
of well-posedness in the context of linear algebra and ODEs.

Example 1.17 (linear algebra). Consider the solution of a linear system associated with a matrix
A € R™™™: find x € R™ such that
Ax =b

for some data b € R™. We recall that the problem has a unique solution for any data b if A is
nonsingular. In addition, we can readily show that if Azy = b; and Azg = by, then ||z1 — z2| <
(1/omin(A))||b1 — bal|, where omin(A) is the minimum singular value of A which is nonzero for a
nonsingular A. A small perturbation in the data b results in a small perturbation in the solution
x. Hence the problem is well-posed if A is nonsingular.

On the other hand, if A is singular and b ¢ Img(A), then the solution does not exist. If A is
singular and b € Img(A), then there are infinitely many solutions; if Ax = b, then z + y is also a
solution for any y € Ker(A4). (Recall that Ker(A) = {0} for a nonsingular A, but Ker(A) includes
other elements for a singular A.) Hence, if A is singular, then the problem is ill-posed.

Example 1.18 (initial value problem). Consider an initial value problem on I = (0,7] for the
final time T € Ryq:

CC% = f(t,u) in I,
u(t=0) =g,
where u : I — R is the solution, f : I x R — R defines the ODE, and ¢ € R is the initial condition.
Suppose f is continuous in ¢ and uniformly Lipschitz continuous in wu; i.e., there exists v < oo such
that for any (t,u1) and (¢,u2) we have |f(t,u1) — f(t,u2)| < 7y|ur — uz|. Then the Picard-Lindelof
theorem states that a unique solution to the initial value problem exists. In addition, the energy
estimate states that |ui(t) — ua(t)] < |g1 — go| exp(yt), which means that the solution depends
continuously on data. Hence the problem is well-posed if the assumptions of the Picard-Lindel6f
theorem holds.
It is also relatively simple to find f for which the problem is ill-posed. A classical example is

at
u(t =0) = 0;

this initial value problem admits infinitely many solutions of the form

ult) = {0, te(0,7),

Ft—7)*? te(nT],

for any 7 € I. We readily verify that f(¢,u) = u'/? does not satisfy the uniform Lipschitz continuity
condition of the Picard-Lindel6f theorem.

15



Lecture 2

Fourier series: formulation

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

2.1 Introduction

In order to solve a PDE, we must be able to represent its solution, which is a function in space (and
time). We could attempt to describe the function in terms of the value that it takes at each point
in space (and time), but this representation is not convenient to solve or to analyze PDEs. A much
more convenient approach is to represent the function as a linear combination of known functions,
so that the function can be identified by a set of coefficients. Namely, we represent the solution
w: Q= Rasu(x) =07 Undp(z), where ¢, n = 1,2,..., are the known functions and iy,
n =1,2,..., are the coefficients to be determined. One class of infinite series that is particularly
useful to represent the solution of PDEs is Fourier series. In this lecture we introduce Fourier series
so that we can use them to solve PDEs in the following lectures. In this lecture we focus on the
construction of Fourier series; we will analyze its theoretical properties in the next lecture.

2.2 Periodic, even, and odd functions

As periodic functions play an important role in the construction of Fourier series, we first provide
a few definitions related to the periodicity of functions.

Definition 2.1 (periodic function). A function f : R — R is said to be z-periodic if
flx+2)=f(x) VzeR.

The real number z is called a period. The smallest real number z such that the relationship holds
is called the fundamental period.

Example 2.2 (periodicity of sine functions). Perhaps one of the most common periodic functions
is the sine function. The function f(z) = sin(x) is 27-periodic because

sin(z + 27) = sin(z) Vz € R.
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Its fundamental period is 27, because the relationship does not hold for any shorter period. Note
that any integer multiple of the fundamental period is also a period of the function; e.g., z =
2w, 4m, 6.

Example 2.3 (periodicity of sum of sine function). Consider f(x) = cos(z)+sin(2x). The function
cos(x) and sin(2z) are periodic functions with the fundamental period of 27 and m, respectively.
The fundamental period of the sum of the functions is 27, the larger of the two fundamental periods.

We also recall the definition of even and odd functions.

Definition 2.4 (even function). A function f : (—a,a) — R is an even function if for all x € (—a, a),

f(=z) = f(x)
Definition 2.5 (odd function). A function f : (—a,a) — R is an odd function if for all z € (—a,a),
f(=z) = —f(z)

If f is even, then the graph y = f(x) is symmetric about the y axis; the left hand side is the
mirror image of the right hand side. If f is odd, then the graph y = f(x) is symmetric about the
origin. We provide a few examples.

Example 2.6. For any A > 0, the function f(x) = cos(Az) is an even function because f(—z) =
cos(—Ax) = cos(Az) = f(z). For any A > 0, the function f(z) = sin(Ax) is an odd function because

f(—=z) =sin(—Az) = —sin(Az) = — f(z).
Example 2.7. A monomial z* is an even function if k is even and an odd function if k is odd.

We also note few properties of even and odd functions under some operations; each result can
be readily proven from the definition of even and odd functions:

e Summation. The sum of two even functions is even. The sum of two odd functions is odd.
However, the sum of an even function and an odd function is in general neither even nor odd.

e Multiplication. The product of two even functions or two odd functions is even. The product
of an even function and an odd function is odd.

o Differentiation. The derivative of an odd function is even, and the derivative of an even
function is odd. The result follows from the chain rule.

e [Integration. If f is an even function, then the integral g(z) = f;:o f(&)d¢ is odd. If f is an
odd function, then the integral g(z) = fg’;o f(&)d¢ is even.

e Integrals. If f is odd, then [ f(x)dz =0. If f is even, then [ f(z)dx =2 [} f(x)dz.

e Behavior at origin. If f is even and is differentiable at x = 0, then its derivative must vanish:
ie, f(x =0)=0. If fis odd and is continuous at = = 0, then its value must vanish: i.e.,

f(z=0)=0.

Given a function defined on a finite interval, we may also “extend” the function to the entire
real line R to construct a periodic function on R. We introduce a few different extensions.
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Definition 2.8 (periodic extension). Given a function f : (0,a) — R, its periodic extension to R
is the function fP:R — R such that

fPx) = fz), we€(0,a),

and has a period a (i.e., fP(z +a) = fP(x), Vz € R, or equivalently fP(z + na) = f(x), Vz € (0,a)
and Vn € Z).

Definition 2.9 (even periodic extension). Given a function f : (0,a) — R, its even periodic
extension is the function fP : R — R such that

foP(x) = f(z), = €(0,a),
(@) = f(==2), x€(=a,0),
and has a period of 2a (i.e., foP(x + 2a) = fP(z), Vx € R).

Definition 2.10 (odd periodic extension). Given a function f : (0,a) — R, its odd periodic
extension is the function f°P : R — R such that

f07p(x) = f(iL‘), S (07 CL),
f07p(x) = _f(_x)v T e (—(L, 0)7

and has a period of 2a (i.e., fOP(z + 2a) = foP(x), Vz € R).

In the above definitions of periodic, even-periodic, and odd-periodic extensions, we do not
specify the values of the extensions at the end points = na, n € Z. As we will see shortly, the
lack of the specification does not cause a problem in our discussion of Fourier series.

We demonstrate these three periodic extensions using a concrete example.

Example 2.11 (periodic extensions). Let f(z) = z, € (0,1). Figure 2.1 shows the periodic
extension, even periodic extension, and the odd periodic extension for the function. To construct
the periodic extension, we simply repeat the function, with a period of 1. We construct the even
periodic extension in two steps: we first mirror the function about the y-axis to construct the
even extension; we then construct the periodic extension of the even extension with a period of
2. By definition the even (or odd) extension of a function is defined on a symmetric interval (e.g.,
[—1,1]). We also note that the period of the even periodic extension is twice the domain length of
the original function to match the domain length of the even extension. Similarly, we construct the
odd periodic extension in two steps: we first mirror the function about the origin to construct the
odd extension; we then construct the periodic extension of the odd extension with a period of 2.

2.3 Fourier series

We now introduce Fourier series, which provide a representation of a periodic function as a linear
combination of sinusoidal functions. For simplicity, we consider 2-periodic functions; we will later
generalize the formulation to an arbitrary period in Section 2.5.

Definition 2.12 (Fourier series). Let f : R — R be a 2-periodic function. The Fourier series of
the function is

f(z) ~ %ao + Z(an cos(nmz) + by sin(nwz)), (2.1)

n=1
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Figure 2.1: Periodic extensions of f(z) = x for z € [0, 1].

with Fourier coefficients

1

cos(nmx) f(x)dz, n=0,1,2,..., (2.2)

sin(nwz) f(x)de, n=1,2,....

o= [
-1
1
b= |
-1

Definition 2.13 (truncated Fourier series). Let f : R — R be a 2-periodic function. The N-term
truncated Fourier series of the function is

N
ap + Z(an cos(nmx) + by, sin(nmx)),

n=1

N | =

sy (x)

with coefficients given by (2.2).
We make some observations about Fourier series.

1. Because we have not verified, and in general will not be able to verify, that the Fourier series
of f is the same as f, we use the notation “~” instead of “=" in (2.1). In the next lecture
we will answer various questions on the convergence of Fourier series including the following;:
does the series converge? In what sense does the series converge? How smooth does the
function f have to be for the series to converge?

2. The set of functions

{; sin (), cos(mz), sin(2rz), cos(2mz), . . }
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is orthonormal with respect to the L? inner product, (w,v) = f_ll wvdz. For all n,m € Ny,

11 11
/ — cos(mmz)dr = / —sin(mnz)dr =0,
.2 .2

1
/ cos(nmz) cos(mmx)dr = O,
-1

1
/ sin(nmx) sin(mnz)dr = 6,
-1

1
/ sin(nmz) cos(mmx)dx = 0,
-1

where &, is the Kronecker delta; i.e., §,, = 1 if m = n and d,,y, = 0 if m # n.

3. The expression for the coefficients (2.2) is a consequence of the orthonormality of the sinusoidal
functions. For instance, to obtain the expression for ay, we multiply the Fourier series (2.1)
by cos(27mz), integrate the expression over (—1,1), and appeal to the orthonormality: i.e.,

1 1 1 00 _
/_1 cos(2mz) f(x)dx = /_1 cos(27ra:)(§ao + ngl(an cos(nmwz) + b, sin(nwz)))dx
1 00 1

1 ! S
= ag / 3 cos(2mx)dz + Z an/ cos(2mx) cos(nmx)dx + Z bn/ cos(2mz) sin(nmz)dz
-1 = -1

-1
00
= 5 andop = a2.
n=1

All integrals with exception of the one multiplied by as vanish due to the mutual orthogonality
of the sine and cosine functions. We obtain the expression for all other a, and b, using the
same orthogonality argument.

n=1

4. We can also find the Fourier series of a function f defined on (—1,1) (instead of a 2-periodic
function on R). The Fourier series of f : (—1,1) — R is given by (2.1) and it converges to (i)
fon (—1,1) and (ii) its periodic extension fP on R.

5. The truncated Fourier series sy of f is the N-term partial sum of the Fourier series of f.
We now consider an example:
Example 2.14 (The Fourier series of f(z) =z on (—1,1)). We consider the 2-periodic extension

of the function f(z) = x for € [—1,1]. We wish to find the Fourier series representation of the
function. The coefficient a,,, n € N>q, is given by

an = /1 cos(nmz) f(z)dr = /1 cos(nmx)xdr = 0;

1 -1

the integral evaluates to 0 because the integrand is an odd function, and the domain of integration
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Figure 2.2: Truncated Fourier series of f(x) =z for x € [-1,1].

is symmetric. The Fourier coefficient b,, is given by

1
by, = /1 sin(nmx) f(x)dx = /1 sin(nmx)zdx = {—1 cos(mrx)x] - + /1 = cos(nmz)dz

1 1 nmw _inm
L (cos(nm) + cos(—nm)) + —s sin(nra)|! 2 cos(nm) = ——(—1)"
= ———(coSs(nm COS|—nT ——— SIn(\nmTx _ = ——¢Ccos\inm) = ——\(—
nmw n2mr2 r=-1 nmw nmw
2
=~ (1 n+1,
2y,

here, the third equality follows from integration by parts, and the second to last equality follows
from cos(nm) = (—1)", Vn € Z. It follows that

0 0 2(_1)n+1

flx) ~ Z by sin(nmx) = Z E— sin(nmx)

n=1 n=1
2 (. 1 . 1 .
= — | sin(wz) — = sin(27x) + = sin(3wz) —--- | .
s 2 3
The series contains only sine terms (and not cosine terms) because the function f(x) = z is an odd
function. Figure 2.2 illustrates the Fourier series approximation of the function. We observe that
the weighted sum of the sine functions at least visually converges to f. (As noted earlier, we will
analyze the convergence of Fourier series in the next lecture.)

2.4 Fourier sine and cosine series

The Fourier series provides a representation for any periodic function. It is often also useful to
construct a representation specialized to odd or even periodic functions. A Fourier sine series is
the Fourier series associated with odd periodic functions, and a Fourier cosine series is the Fourier
series associated with even periodic functions.

Definition 2.15 (Fourier cosine series). Let f : R — R be an even 2-periodic function. The Fourier
cosine series of f is given by

f(z) ~ %fo + Z f cos(nmz) (2.3)
n=1
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where

X 1 1
fn = / cos(nmx) f(x)dx = 2/0 cos(nmz) f(x)dr, mn € N>o.

-1

Definition 2.16 (Fourier sine series). Let f: R — R be an odd 2-periodic function. The Fourier
sine series of f is given by

f(z) ~ Z fnsin(nmz) (2.4)
n=1

where

fn = /1 sin(nrz) f(x)dx = 2/01 sin(nwz) f(x)dx, n € Nsg.

-1

We make some observations:

1.

The domain of integration for the coefficients can be reduced from [—1,1] to [0, 1] due to the
symmetry of even functions for the Fourier cosine series (and due to the antisymmetry of odd
functions for the Fourier sine series).

. Similar to the (full) Fourier series, we can also find the Fourier cosine series of a function f

defined on (0,1) (instead of an even 2-periodic function on the entire R). The Fourier cosine
series of f : (0,1) — R is given by (2.3) and it converges to (i) f on (0,1) and (ii) its even
periodic extension fP on the entire R.

Similarly, we can find the Fourier sine series of a function f defined on (0, 1) (instead of an
odd 2-periodic function on the entire R). The Fourier sine series of f : (0,1) — R is given
by (2.4) and it converges to (i) f on (0,1) and (ii) its odd periodic extension f*P on the entire
R.

. We use the notation ( fn)ff:o to denote the Fourier sine/cosine coefficients of f. The notation

makes the connection between the function and its Fourier coefficients more explicit, which
will be helpful when we work with Fourier series associated with multiple functions. (Unfor-
tunately this notation cannot be used for the (full) Fourier series, as we require two sets of
coefficients for sine and cosine.)

We now consider an example of Fourier cosine and sine series.

Example 2.17 (Fourier cosine series of f(z) = x on (0,1)). We consider the Fourier cosine series

representation of f(x) = x for x € (0,1). The coefficient fy of the Fourier cosine series is given by

1
f0:2/ xzdx = 1.
0

For n > 0, we obtain

cos(nmz) xsin(nwm)]l 2
=0

1
fn = 2/ x cos(nmzx)dxr = 2 [
0

4
_ 2 ((_1)n _ 1) _ _n2ﬂ_2 n G Odd,
n?m? 0 n € even.

n2m2 nmw
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Figure 2.3: Truncated Fourier cosine and sine series of f(x) = x for € [0, 1].

The Fourier cosine series of f is hence

1 (o)
f(z) N*f0+2fnCOS nmr) =3 Z 2k—1cos((2k — 1))
k=1
JR— 4
=35~ Z k1) cos((2k — 1)mz)
k=1
1 4 1 1
=5 2 <cos(7r:v) + g cos(3mx) + % cos(bmx) + - - ) )

Figure 2.3(a) illustrates the Fourier cosine series representation of the function. We observe that
the series (at least visually) approximates the function f(z) = x on (0,1). Note that the Fourier
cosine series approximates the even periodic extension of f.

Example 2.18 (Fourier sine series approximation of f(z) =z on (0,1)). We consider the Fourier
sine series representation of f(x) = x for x € (0,1). The coefficients of the Fourier sine series are
given by

5 ! sin(nmz) @ cos(nra)]! 2 2 1
fn= 2/ zsin(nrx)dr = 2 { o } = ——cos(nm) = —(—1)"*1.
0 n2m nm 20 nm nm
The Fourier sine series of f is hence
[e.e] o
2(—1)"+t 2 1 1
Z_: sin(nmx) Z sin(nmx) = — (sin(ﬂx) ~3 sin(27wz) + 3 sin(3rz) — - > .

n=1

Not surprisingly, the Fourier sine series of f(z) = z on (0,1) considered here is the same as the
Fourier series of g(z) = x on (—1, 1) considered in Example 2.14 because the odd periodic extension
of f is the same as the periodic extension of g. Figure 2.3(b) illustrates the Fourier sine series
representation of the function. Note that the Fourier sine series approximates the odd periodic
extension of f.
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2.5 Fourier series on arbitrary intervals

We now consider Fourier series for periodic functions of arbitrary periods. Given a 2a-periodic
function f : R — R, the Fourier series of f results from simple adjustments of the arguments of the
sine and cosine functions to the period of 2a:

1 oo
f(z) ~ 540 + Z(an cos(nmz/a) + by sin(nmz/a)),
n=1
with coeflicients

1 a
an = / cos(nmz/a) f(z)de, n=0,1,2,...,
a

—a

1 a

by, = / sin(nrz/a) f(z)dz, n=1,2,....
a —a

The normalization factor of the coefficients for the Fourier series on (—a, a) is scaled by 1/a relative

to the Fourier series on (—1,1) becuase the orthogonality relations are

1 a
- / sin(nwz/a) cos(mmz/a)dx = 0,
a

—a

1 a
a/ sin(nrz/a) sin(mnrz/a)dr = Opmp,

—a

1 / cos(nmx/a) cos(mmz/a)dx = Oy,
a

—a
The Fourier series of a function f : (—a,a) — R is also given by the same expression, and the series
converges to the 2a-periodic extension of f on the entire R.
Similarly, the Fourier cosine series of an even 2a-periodic function f : R — R is given by

flx) ~ %fo + Z fn cos(nmx/a)
n=1

with Fourier cosine coefficients
~ 2 a
fn= / cos(nmx/a)f(x)de, n=0,1,2,....
0

a

The Fourier cosine series of a function f : (0,a) — R is also given by the same expression, and the
even 2a-periodic extension of f on the entire R.
The Fourier sine series on of an odd 2a-periodic function f: R — R is given by

f(zx) ~ Z fnsin(nma/a)

n=1
with Fourier sine coefficients
~ 2 a
fn= / sin(nrz/a) f(x)de, n=1,2,....
0

a

The Fourier sine series of a function f : (0,a) — R is also given by the same expression, and the
series converges to the odd 2a-periodic extension of f on the entire R.
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2.6 Summary

We summarize key points of this lecture:

1. Fourier series provide series representations (of approximations) of periodic functions f : R —
R in terms of sinusoidal functions. To find the coefficients of the series, we multiply f by the
sinusoidal functions and integrate over the period; this is a consequence of the orthonormality
of the sinusoidal functions.

2. Fourier cosine and sine series provide series representations (of approximations) of even and
odd periodic functions, respectively.

3. Given f : (—a,a) — R, its (full) Fourier series approximates the periodic extension of f.
Given f : (0,a) — R, its cosine and sine Fourier series approximates the even periodic and
odd periodic extensions, respectively, of f.

4. Fourier series can be applied to periodic functions of an arbitrary period by adjusting the
period of the sinusoidal functions and the associated coefficients accordingly.

25



2.A Complex form of Fourier series
The Fourier series can be written in a more compact form using complex exponentials. To begin,

we recall the DeMoivre formulas

sin(z) = %(exp(ix) —exp(—iz)) and cos(z) = %(exp(ix) + exp(—ix)).

It follows that the set of sinusoidal functions
{1, cos(mz),sin(mx), cos(2mx),sin(2wz), ... }
can be replaced by the complex exponentials
{1, exp(—imx), exp(irx), exp(—i2nx),exp(i27x), ... } = {exp(nz)}o_ .
The complex form of the Fourier series is as follows:

Definition 2.19 (complex form of Fourier series). Let f : R — R be a 2-periodic function. The
complex form of the Fourier series of f is

f(z) ~ Z fnexp(inﬂ'x), (2.5)

n=—oo

with coeflicients

fo= ;/1 exp(—inmz)f(z)dx.

-1

Similar to the (real) Fourier series of f, the expression for the coefficients follows from the
orthogonality relationship. Specifically, the orthogonality relationship for the complex exponentials
exp(—immz) and exp(inmx) for m # n is

1

1
/_1 exp(—immz) exp(inmx)dx = /_1 exp(i(n — m)wx)dz
L ) ) = # sin((n —m)m) =
= m(exp(z(n —m)m) — exp(—i(n —m)m)) = w(n —m) (( )m) =0,

and for m =n is

/_1 exp(i(n — m)x)dx = /1 dx = 2.

1 -1
The complex form of Fourier series (2.5) immediately follows from the orthogonality relationship.
For a 2a-periodic function f : R — R, the complex form of the Fourier series is given by

flx) ~ Z f exp(inmz/a),

with complex Fourier coefficients

fn= L /a exp(—inmz/a)f(x)dz.

—a
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The Fourier series of a function f : (—a,a) — R is also given by the same expression, and the series
converges to the 2a-periodic extension of f on the entire R.

The complex form of Fourier series is more concise and arguably more elegant than the real
form of Fourier series, which requires separate coefficients for the sine and cosine modes. However,
in this course we mostly use the real form of Fourier series; this is mainly because Fourier sine and
cosine series are far more frequently encountered than the (full) Fourier series in the analysis of
PDEs, and the sine/cosine series also admit a compact representation.
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2.B List of useful integrals

We list a few indefinite integrals that are useful for the evaluation of Fourier series.

1. /sin(am)dw = _coslax)
e
sin(ax)
2. [ cos(az)dr =
a

sin(az)  xcos(ax)

: do —
x sin(ax)dx 2 "

1+ cos(ow)ds = cos((;x) N x sin(ax)
o' o'

2% sin(ax)dr =

2z sin(ax) N (2 — a?2?) cos(ax)

o? s

22 cos(a)de = 22C0302) (02" —2)sin(az)

a? a3
7. [ sin(ax)sin(fz)dr = Smééj : g))x) - siné((z:i_l-g))ac), a#fB
8. [ cos(ax)sin(fx)dr = COZ(((S__E)):E) — Cosé(((jig))$), a# 3
9 cos(ax) cos(fx)dr = sin2(((;x : g))m) sin2(((;)z :LL g))m) , aFEf

x  sin(2ax)

— S S S S S S S

10. [ sin*(az)dz = = —
0 sin”(ax)dx 5 i
(2
11. [ cos(ax)sin(ax)dx = sin” ()
2a
x  sin(2ax)
12. 2 ==
/cos (ax)dx 5 i

13. cos(nm) = (=1)", n€Z

14. sin(nm) =0, n € Z
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Lecture 3

Fourier series: analysis

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

3.1 Introduction

In the previous lecture we introduced Fourier series as a means to represent (i) periodic functions
on R or (ii) a periodic extension of functions defined on an interval. We have yet to answer the all
important question: do Fourier series converge and, if so, for what classes of functions and in what
sense? In this lecture we introduce a few different types of convergence for a sequence of functions
and then discuss the regularity that the underlying function must possess to achieve each type of
convergence.

3.2 Regularity of functions

We first review a few different characterizations of the regularity of functions. We will use these
characterizations in the subsequent discussion of Fourier series.

Definition 3.1 (continuous functions). A function f : (a,b) — R defined on an open interval
(a,b) is continuous on (a,b) if lim,_,. f(x) = f(c) for all ¢ € (a,b). A function g : [a,b] — R
defined on a closed interval [a, b] is continuous on [a,b] if (i) lim,—. f(z) = f(c) for all ¢ € (a,b),
(ii) limg e f(z) = f(a), and (iii) lim,_,;— f(z) = f(b). The space of continuous functions on an
interval I is denoted C°(I).

Definition 3.2 (continuously differentiable functions). Let I C R be an open or closed interval.
A function f: I — R is continuously differentiable on I if its derivative f’ is continuous on I. The
space of continuous differentiable functions is denoted C(I).

Definition 3.3 (piecewise continuous functions). Let (a,b) C R. A function f : (a,b) — R is
piecewise continuous on (a,b) if there exists a set of points a = z1 < z3 < ---xxy = b such that
[ is continuous on each interval (x;,z;41) and one-sided limits lim, ., f(x) and lim,_,, ,— f(x)
exist fori=1,...,N — 1.

Definition 3.4 (piecewise continuously differentiable functions). Let (a,b) C R. A function f :
(a,b) — R is piecewise continuously differentiable on (a,b) if there exists a set of points a = z1 <
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x9 < ---xy = b such that f is continuously differentiable on each interval (z;, x;+1) and one-sided
limits limg sz, + f/(2) and limg_,,,,— f/(x) exist fori =1,...,N — 1.

A function f is continuous on (a, b) if there are no discontinuities in the function. A function f
is piecewise continuous on (a,b) if we can construct a finite number of open subintervals such that
f is continuous on each of the open subintervals and limits exist at the endpoints; in other words,
the function may have a finite number of discontinuities as long as it is bounded everywhere. Note
that if f is continuous on (a,b), then it is also piecewise continuous on (a, b); however, the converse
is not true in general. We now consider a few concrete examples.

Example 3.5 (continuous function). Let f(z) = 1/x for « € [0, 1]. The function is not continuous
on the closed interval [0,1] as the function is not defined at x = 0. The function is however
continuous on the open interval (0,1).

Example 3.6 (continuously differentiable function). Let f(x) = y/z for z € [0,1]. The function is
continuous on the interval [0, 1] but is not continuously differentiable on the interval; the derivative
f(x) = 1/(2y/x) is not defined at x = 0. (The function is similarly piecewise continuous but not
piecewise continuously differentiable.)

Example 3.7 (piecewise continuous function). Let

)0, =xe[-1,0],
f(x){L z e (0,1].

The function is not continuous on [—1, 1] because lim,_,o- f(x) =0 # 1 = lim,_,o+ f(z). However,
the function is piecewise continuous on [—1,1] because it is continuous on (—1,0) and (0,1) and
the limits at the endpoints exist.

Example 3.8. Let f(z) = tan(x) for x € R, and consider subintervals I, = (nm — 7/2,nm + 7/2),
n € Z. While the function is continuous on each open subinterval I,,, the function is not piecewise
continuous because the one-sided limits do not exist at the endpoints of the subintervals.

3.3 Convergence of Fourier series

We have so far discussed the representation of various functions as Fourier series but have not
discussed two important questions: does the series converge, and, if yes, in what sense do they
converge? To facilitate the discussion of convergence, we recall the truncated Fourier series defined
in Definition 2.13,

N
1
sy(z) = 500+ Z(an cos(nmz) + by sin(nmzx)),
n=1

which is the N-term partial sum of the Fourier series. We now provide definitions for pointwise
convergence, uniform convergence, and L? convergence of Fourier series.

Theorem 3.9 (Pointwise convergence of Fourier series). Let f be a piecewise continuously differ-
entiable function with a period 2, and sy be the associated truncated Fourier series. Then for any
fixed x € R,

s () — %[f(af) +f@h)] as N — .
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The result also holds for the Fourier cosine (resp. sine) series if f is a piecewise continuously
differentiable, even (resp. odd) function with a period 2.

Proof. See Appendix 3.A. (Optional) O

Corollary 3.10. Consider the setting of Theorem 3.9. If f is continuous at z, then sy(x) — f(x)
as N — oo. If f is not continuous at x, then sy (z) converges to the average of the two one-sided
limits f(z~) and f(x%) as N — oo.

Theorem 3.11 (Uniform convergence of Fourier series). Let f be a continuous and piecewise
continuously differentiable function with a period 2, and sy be the associated truncated Fourier
series. Then sy converges uniformly to f; i.e.,

max |f(z) — sy(z)] = 0 as N — oc.
z€eR

The result also holds for the Fourier cosine (resp. sine) series if f is a continuous, piecewise contin-
uously differentiable, even (resp. odd) function with a period 2.

Proof. See Appendix 3.B. (Optional) O

Theorem 3.12 (L? convergence of Fourier series). Let f be a square-integrable function with a
period 2; i.e., f is 2-periodic and

/1 f(2)%dz < co.

-1

Then sy converges in L? to f; i.e.,

1
/_l(f(m) —sn(z))%dr — 0 as N — oo.

The result also holds for the Fourier cosine (resp. sine) series if f is a square-integrable, even (resp.
odd) function with a period 2.

Proof. See Appendix 3.C. (Optional) O
Example 3.13 (pointwise, uniform, and L? convergence). In this example we illustrate pointwise,

uniform, and L? convergence using a simple sequence of functions (which is not a truncated Fourier
series). Consider a sequence of functions fxn : [0,1] = R, N =1,2,..., given by

fn(z) =2V,
For any fixed = € [0,1), this function converges to
fn(x) =0 as N — oo
because z < 1. For x = 1, the function evaluates to
fn=1)=1"=1 VN.
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Figure 3.1: Convergence of fx(z) = z™.

Hence, the functions fy converge to f : [0,1] — R given by

This convergence is pointwise, since we considered the convergence fy(x) — f(x) for each fixed z.
While fy — f pointwise, the sequence does not converge uniformly. To see this, we observe
that, for any NV,

N N

where the first equality follows from |f(z) — fx(z)] = 0 at x = 0 and 1. (Technically, the “max”
should be replaced by “sup”, the least upper bound.) The maximum error is equal to 1 for all N
and does not converge to 0 as N — oo; hence the convergence is not uniform.

While the sequence does not converge uniformly, it does converge in L? because

/1(f(1’)—f (x))zdx_/l(o—xN)zdm—1:z2N+11 _ 1
0 " ~Jo 2N +1 =0 T 9N+ 1’

which converges to 0 as N — oo.

In summary, fy — f pointwise and in L2, but not uniformly. In general, uniform convergence is
a stronger condition than pointwise or L? convergence; i.e., if fs — f uniformly, then the sequence
also converges pointwise and in L?, but the converse is not true.

Example 3.14 (pointwise vs uniform convergence of Fourier series). We now consider uniform and
pointwise convergence for Fourier series for a 2-periodic square-wave function

f(z) = sgn(sin(rz));

here sgn(z) evaluates to 1 if z > 0, 0 if 2 = 0, and —1 if z < 0. Since this is an odd function, we
approximate the function using the Fourier sine series of the form > 7, f, sin(nrz). We find that
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Figure 3.2: Convergence of the Fourier series for a square wave.

the coefficients must satisfy

1 4
. = dd
fn= 2/ sin(nrz)dr = {””’ nodd

=0 0, n even.

Hence our Fourier sine series representation of the square wave is

fa)~> (Z’cfl)w sin((2k — 1)7x).

=1

Note that the square wave function is piecewise continuously differentiable but is not (globally)
continuous. Hence, it satisfies the condition for pointwise convergence but not uniform convergence.

Figure 3.2(a) shows the truncated Fourier series for the square wave for N = 10, 30, 100, and
1000. We observe that (i) the truncated Fourier series at least visually gets “closer” to the exact
square wave almost everywhere as N increases, but (ii) the magnitude of the oscillations near
the discontinuities does not decrease. (It can be shown that peak value is approximately 1.18 as
N — o0.) In particular, for any given fired x (e.g., z = 0.5), we (at least visually) observe that
the truncated Fourier series converges to the exact square wave as N — oo; this suggests pointwise
convergence. However, regardless of how large N may be, we can always find some x for which the
error is large (i.e., the peak of the oscillation); this suggests the series is not uniformly convergent.

We study the behavior in more detail in Figure 3.2(b), which shows the error in the truncated
Fourier series as a function of the number of terms N for three different points of the square
wave. To observe convergence, we fix the value of z to (say) x = 0.5 and observe that the error
|f(x =0.5) —sny(z = 0.5)] decreases as N increases; i.e., sy(z = 0.5) — f(x = 0.5) as N increases.
This convergence for a fixed x is also shown for z = 0.1 and x = 0.01 and in fact is observed for any
x; i.e., for any fixed z, there exists N sufficiently large such |f(x) — sy (z)| < ¢ for any 6. However,
this value of N depends on x. In particular, as x — 0, the number of terms N required to achieve a
given error grows in an unbounded manner. This is a manifestation of the fact that the truncated
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Fourier series sy(x) is a continuous function that evaluates to sy(x = 0) = 0, and hence a large
number of terms is required for sy(z = €) to evaluate to 1 as ¢ — 0. Hence, the Fourier series does
not converge uniformly for this discontinuous function.

We note that the key difference between the conditions for pointwise convergence and uniform
convergence is the (global) continuity of the function. Namely, if f : R — R is discontinuous
anywhere, we cannot expect the Fourier series to converge uniformly; the condition for uniform
convergence is more stringent than for pointwise convergence. The condition for L? convergence is
even weaker than the condition for pointwise convergence; all piecewise continuously differentiable
functions are square integrable since the function is necessarily bounded, but square integrable func-
tion need not be piecewise continuously differentiable. (In fact, the square integrability condition
is even weaker than the piecewise continuity condition by the same argument.)

3.4 Convergence of Fourier series on finite intervals

While the convergence theorems, Theorems 3.9, 3.11, and 3.12, are provided for periodic functions
on the entire R, we can readily apply the theorems to a function defined on a finite interval by
considering an appropriate periodic extension of the function. For instance, the (full) Fourier series
of f:(—a,a) — R is pointwise convergent if f is piecewise continuously differentiable; it converges
to f on (—a,a) in the pointwise sense (and to the periodic extension of f on the entire R). Similarly,
the Fourier cosine and sine series of f : (0,a) — R is each pointwise convergent if f is piecewise
continuously differentiable; they each converge to f on (0,a) in the pointwise sense (and to the
even and odd periodic extensions, respectively, of f on the entire R).

The same extension also applies to uniform convergence; however, it is important to note that
the (global) continuity condition for uniform convergence applies to the periodic, even periodic,
and odd periodic extensions for the Fourier, Fourier cosine, and Fourier sine series, respectively.
We illustrate this in a concrete example:

Example 3.15 (uniform convergence on a finite interval). Let f(z) = x on (0,1). The Fourier
cosine series of the function converges uniformly on (0,1) as the even periodic extension of f is a
continuous and piecewise continuously differentiable function on R. On the other hand, the Fourier
sine series of the function does not converge uniformly on (0,1) as the odd periodic extension of f
is not a continuous function on R; see Figure 2.1. (The Fourier sine series is nevertheless pointwise
convergent because the odd periodic extension of f is piecewise continuously differentiable.)

The continuity requirement for each type of periodic extension, which is required for uniform
convergence, can be summarized via the following conditions for the endpoints:

e (Full) Fourier series. For f : (—a,a) — R, the values at the endpoints should match: i.e.,

f(=a®) = f(a7).

e Fourier sine series. For f : (0,a) — R, the function must vanish at the endpoints: i.e.,

fO0F) = fla) =0
e Fourier cosine series. For f: (0,a) — R, there are no additional endpoint conditions.

We readily arrive at these results by considering appropriate periodic extensions of f.
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3.5 Uniform and absolute convergence

Theorem 3.11 provides conditions that a function f must satisfy for its Fourier series to be uniformly
convergent. We now provide an alternative condition for uniform convergence in terms of the
coefficients of the Fourier series.

Theorem 3.16 (absolute convergence). Let f : R — R be a periodic function with the Fourier

series
oo

1
fz) ~ 540 + Z(an cos(nmx) + by, sin(nmz)),
n=1
where the coefficients are given by (2.1). The Fourier series converges uniformly to f if
(e e]
S (Jan| + [bn]) < oo
n=1

Proof. See Appendix 3.B. (Optional) O

This theorem is useful because it allows us to assess the uniform convergence of an arbitrary
series based solely on the decay of its Fourier coefficients, as illustrated in the following examples.

Example 3.17. Consider a Fourier cosine series

fla)y~>" %((—1)" — 1) cos(nmz).
n=1

We recognize that the Fourier cosine coefficients are f,, = #((—1)" —1). To check if the series is

uniformly convergent, we check the absolute convergence of the coefficients and observe that

o 9] 4
SRS Y oy <o
n=1 n=1

Because the coefficients are absolutely convergent, the Fourier series converges uniformly. (Note
that this Fourier cosine series is associated with f(x) =z, = € (0,1), considered in Example 2.17.
Because the even periodic extension of the function is continuous and piecewise continuously dif-
ferentiable, Theorem 3.11 also states the Fourier series is uniformly convergent. However, Theo-
rem 3.16, unlike Theorem 3.11, does not require us to know an explicit form of f.)

Example 3.18. Consider a Fourier sine series

(e 9]

2
x) ~ —1)"! " sin(nrx).
)~ S sinGom)
We recognize that the Fourier sine coefficients are f, = (—1)"+1%. To check if the series is

uniformly convergent, we check the absolute convergence of the coefficients and observe that
oo oo
P 2
Z |fn| - Z %7
n=1 n=1
which diverges. Because the coefficients are not absolutely convergent, the Fourier series does not
converge uniformly. (Note that this Fourier sine series is associated with f(z) = z, = € (0,1),

considered in Example 2.18. Because the odd periodic extension of the function is not continuous,
Theorem 3.11 also states the Fourier series is not uniformly convergent.)
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3.6 Differentiation of Fourier series

We now summarize the properties of Fourier series under differentiation. These properties will play
a crucial role as we use Fourier series to represent solutions to (partial) differential equations.

Theorem 3.19 (differentiation of Fourier series). Let f be a continuous periodic function with
piecewise continuously differentiable derivative f’. Then the Fourier series of f’ can be obtained
by term-by-term differentiation of the Fourier series of f; i.e., if

o0

f(z) ~ %ao + Z(an cos(nmz) + by sin(nmzx)),
n=1
then
f(z) ~ Z(—anmr sin(nmz) + bynm cos(nmx)).
n=1

For any fixed z € R, the differentiated series converge to & (f'(z~) + f/(z™)).

Theorem 3.20 (uniform convergence of derivatives). Let f be a periodic function with Fourier
coefficients a,, and b,,. Suppose

oo
Z(|nkan| + [nkb,|) < oo
n=1

for some k € Nsg. Then f has a continuous derivatives f’,..., f*), whose Fourier series are
obtained by term-by-term differentiation of the Fourier series of f.

Proof. Proof follows from Theorems 3.19 and 3.16. O

Example 3.21 (C* or smooth functions). One particular form of Fourier series that we encounter
in the analysis of heat equation is

flx) = Z exp(—An) sin(nmrz)

n=1

for A > 0. We recognize that a, = 0 and b, = exp(—An). To verify if the derivative of order k
exists, we consider the series

an exp(—An),
n=1

and observe that this series converges for any k& € Nyg. Hence f is infinitely differentiable; an
infinitely differentiable function is said to be smooth and belongs to C*°. (To prove the series
converges, use, for instance, the comparison test with >°° ¢, = >°°° 1/n? and note that (i)
an/cn = n**2exp(—An) < 1 for n sufficiently large, and (ii) > °° | ¢, converges.)
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3.7 Summary

We summarize key points of this lecture:

1.

Uniform, pointwise, and L? convergences are three different ways to characterize the con-
vergence of a sequence of functions (fy,), to f. Uniform convergence is more stringent than
pointwise convergence, and pointwise convergence is more stringent than L? convergence.

. The Fourier series of f : R — R converges in L? for any periodic function f that is square

integrable.

. The Fourier series of f : R — R converges pointwise, except at discontinuities, for any

periodic function f that is piecewise continuously differentiable. At the discontinuities the
Fourier series converges to the average of the left and right limits.

. The Fourier series of f : R — R converges uniformly for any periodic function f that is

continuous and piecewise continuously differentiable.

. A Fourier series is uniformly convergent if its coefficients are absolutely convergent.

. The conditions for pointwise, uniform, and L? convergence readily extend to functions defined

on a bounded domain as long as the appropriate periodic extension of the function satisfies
the required continuity and differentiability conditions.

The term-by-term differentiation of a Fourier series is well defined only if the function is
continuous and piecewise continuously differentiable.
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3.A Proof of pointwise convergence

We prove the pointwise convergence of Fourier series, Theorem 3.9. We prove the result for f :
R — R with a period 2, but the result readily generalizes for functions with any periodic function
through the transformation considered in Section 2.5. The presentations in this and subsequent
Appendices closely follow Strauss, Partial Differential Equations: An Introduction.

For simplicity, we prove the result for a continuous f. To begin, we recall that the Fourier series
and the associated partial sum are given by

1 oo

f(z) ~ 300+ Z(an cos(nmx) + by, sin(nmx)),
n=1
1 N

sny(z) = 500 + Z(an cos(nmx) + by, sin(nrz)),
n=1

for coeflicients .

1
an:/ cos(nmy) f(y)dy and bn:/ sin(nmy) f(y)dy.

—1 —1

We now substitute the expression for the coefficients to the partial sum to obtain

1 1 N
sy(x) = /y:1 3 + nZ::l(cos(mry) cos(nmx) + sin(nwy) sin(nmz))] f(y)dy

1 N
5+ D cos(nm(y — :r))] f(y)dy.
n=1

/1
y=—1

We now introduce the Dirichlet kernel

Kn(§) =

DO | =

N
+ Z cos(nmf)
n=1

so that .
sv@) = [ Knly— o))y
y=-—1

The Dirichlet kernel has two important properties. The first is that the sum can be expressed in a
simple form:
sin((NV +1/2)7€)

2sin(m€/2)
this result can be readily shown using the De Moivre’s formula and rearranging the exponentials.
The second property is that

Kn(§) =

1
/1KN(§>d£ —1,

since only the leading term, 1/2, contributes to the integral. We now set { = y — x to obtain
1 x+1 1

sy(z) = Kn(y — ) f(y)dy =/ Kn(&)f(z +&)d§ = Kn (&) f(x+&)dg,

y=-—1 E=x—1 E=—1
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where the last equality follows since K and f are both 2-periodic. We now appeal to f_ll Ky (&)d§ =

1 to obtain .

f(@) —sn(z) = . Kn(©)(f(z) — flx +&))ds.

We now rearrange the expression as follows:

L sin s
fa)—swlo) = [ SR AT

1
1 2sin(ré)2) (f(x)_f(x+f))df=/£:19(5;1’)¢N(£)d§,

where
@ = f@+9
9(&;2) 2sin(r&/2)
(&) =sin((N +1/2)nf), N=1,2,....

We note that {¢n}3_; is an orthonormal set on (—1,1) because

1 1
/ sin((N + 1/2)7§) sin((M + 1/2)w€)d¢ = / sin(N7¢&) sin(Mn&)d§ = Sy,
-1 -1

where the first equality follows from the periodicity of the sine functions. Hence by Bessel’s in-
equality

o

> (g(52),0n8)" < llg( o))

N=1

It follows that if ||g(-; z)|| < oo then the series converges, which implies that (g(-;z), ¢n) = f(z) —
sy(z) = 0as N — oc.
We finally verify that ||g(-;2)|| < co. We have

e [P (f@) = fz+ 9
mumﬁ-éﬂ{( D) e

Since f is continuous, the numerator is bounded. The only potential difficulty arises when the
denominator goes to 0 at £ = 0. However we find that

flx) — fle+§) —f'(z+¢)

i g() = B e e/ — A reos(rey2) — ] @)/m <0

by L’Hopital’s rule since f is differentiable at z (by assumption). Hence g is bounded everywhere
and the integral ||g|| is finite.
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3.B Proof of uniform convergence

We prove two theorems regarding the uniform convergence of Fourier series: Theorems 3.11 and
3.16. We first prove Theorem 3.16, which states that that the Fourier series converges uniformly
to f if its coefficients are absolutely convergent. For a given x € [—1,1], we take the difference
between f(x) and the truncated Fourier series sy(z) to obtain

N
1 1
f(x) —sn(x) = 540 + ; an cos(nmx) + by sin(nmrz)) — 5% Z an cos(nmx) + by, sin(nrz))
= Z (an cos(nmx) + by, sin(nmx)).
n=N-+1
It follows that
max |f(z) — sy(x)] = max Z (an, cos(nmx) + by, sin(nmx))| < Z (lan| + |bn))-
z€[—1,1] z€[—1,1] Nl N1

Because (by assumption) the series is a tail of the absolutely convergent series > > (|an| + [bpn|) <
00, it must vanish as N — oco. It follows that

H[la1X1] |f(z) — sny(z)] < g (lan| + [bn]) = 0 as N — oo,
xe|—1,
n=N+1

if the coefficients are absolutely convergent.

We next prove Theorem 3.11, which states that the Fourier series converges uniformly to f :
R — R if f is continuously differentiable and has a period of 2. To begin, let a,, and b,, denote the
Fourier coefficients of f and a], and b/, denote the Fourier coefficients of f’. We observe that

1 1
ap = / cos(nmx) f(x)dx = if(:n) sin(nwz)|l_; — 1 sin(nrz) f (x)dx = —ib;,

1 nmw nmw J_q nmw

by, = /1 sin(nmx) f(z)dx = —if(a;) cos(nmx)|L__; + Eh cos(nmz) f(x)dz = ia;,

—1 nmw nw J_q nmw

where the first equality follows because f is continuously differentiable, and the last equality follows
from periodicity for each case. It follows that

1 1
Sl 1) =3+ = (3205 ) (o) <o

n=1 n=1 n=1 n=1

where the last inequality follows from the convergence of the p-series for p = 2, which implies
> o0, 7 < 00, and Bessel’s inequality for the derivative f’, which implies Y° | (|al,|* + [b],|?) <
||l < oco. Since the Fourier coefficients for f is absolutely convergent, the Fourier series converges

uniformly to f by Theorem 3.16, which we just proved.
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3.C L? convergence and optimality of Fourier series

We now introduce some properties of Fourier series related to its convergence in L2. In fact, all
properties we will consider apply to any series representation of functions based on a (complete)
set of orthonormal functions (¢, )52 ;. We hence abstract our Fourier series in the following form:

n=1

. 1
fh::l/ul¢n(w)f($)dw

The associated truncated Fourier series is defined by

N A
= fudn(@)
n=1

If the functions (¢,,)>°_; are orthogonal (but not orthonormal), then the coefficients are normalized
n=1
J1) ¢n(@)f(2)da )
fil én(z)?dx )

for coefficients

by the norm of ¢,: i.e., f, =

Proposition 3.22 (optimality of Fourier series). Consider functions of the form

N

2) =Y Gndn()
n=1
where g,, n =1,2,..., are some arbitrary coefficients. The truncated Fourier series sy of f is the

best N-term approximation associated with the basis (¢,) in the sense that

[f=snll < |f —gnll Von.
Proof. We find

N N
En = |f —gn|? = 1117 = 2(f.95) + (gn.9n) = I 11> = 2(f, Zénqﬁn) Zgn%, Z Gm®m)
N

N
= Hf”2_2z f ¢n Z gngm (bny(z)m = Hf”2_2zgnfn+zgm (31)
n=1

n,m=1

where the last equality follows from the definition of the (generalized) Fourier coefficients (f, =
(f,¢n)) and the orthonormality of functions ((¢m, ¢n) = dmn)-

We recall that Ey is minimized if (i) all first derivative of Ey with respect to the coefficients
vanish and (ii) the Hessian (i.e., second derivative) of En with respect to the coefficients is positive
definite. To this end, we evaluate the first derivative of F with respect to the coefficients:

%iN: _Qan+2Zgn—0 = gn—fn
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In addition, the second derivative is
PEy
032
and all mixed partial derivatives vanish; hence the Hessian is positive definite. It follows that the
set of coefficients that minimizes the square-integral error Ey is given by g, = fn = (f, &n), which
are the generalized Fourier coefficients. O

2,

Theorem 3.23 (Bessel’s inequality). Let f : (—1,1) — R be a square-integrable function, (¢,)522
be an orthonormal set of functions, and f,, = (f, ¢,) be the associated coefficients. Then,

00 1
Sfi< [ fap
n=1 -1

Proof. We substitute g, = f,, in (3.1) to obtain, for all N € N,

N
Ex=lf —gnl? = IfI7 =D f7 > 0.

n=1
We rearrange the inequality to obtain
N
SRR
n=1
Since the relationship holds for any IV, we take N — oo to obtain the desired inequality. ]

Theorem 3.24 (Parseval’s identity). The Fourier series of f : (—1,1) — R converges to f in the

mean-square sense if and only if .
A T
n=1 -1
Proof. Parseval’s identity is a consequence of the L? convergence of Fourier series. Namely,
N 9]
Jim Ey = lim ||/~ gnll* = Jim (|If]* - Zl D) =117 - Zl fa=0,
o —

which is the desired equality. O

Remark 3.25 (decay of Fourier coefficients). Let f: (—1,1) — R be a square-integrable function,
(¢n)22, be an orthonormal set of functions, and f,, = (f, ¢»n) be the associated coefficients. Then

fn:(f,¢n)—>0 as n — oo.

This is a direct consequence of Bessel’s inequality. Since the series Y oo | ﬁ% < 00, the coefficients
must converge to 0.
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Lecture 4

Sturm-Liouville theory

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

4.1 Introduction

We have so far formulated and analyzed Fourier series based on sinusoidal functions. In our
formulation, we have found that orthogonal functions provide a particularly simple expression for
the coefficients; in our analysis, we found that many of the convergence properties derive from the
orthogonality and completeness of the sinusoidal functions. In this lecture we study an important
class of ordinary differential equations (ODEs): the Sturm-Liouville problem. The solution to the
problem is a complete set of orthogonal functions, which can be used to form a generalized Fourier
series, which shares many of the convergence properties of the “classical” Fourier series.

4.2 Motivation: Fourier series and eigenproblem

We first explore the connection between Fourier series and some select eigenproblems. To this end,
consider an ODE eigenproblem: find eigenpairs (¢, A,,) (i.e., eigenfunction ¢, and the associated
eigenvalue \,,) such that

- Z = An¢n in (07 1)7 (41)
¢n(0) = ¢n(1) = 0.

To find the solution, we consider three different cases for the eigenvalue:

e Case 1: N\, <0. Let p,, = —\y, so that p, > 0. The general solution to (4.1) is of the form
on(x) = Ay cosh(y/tnx) + By sinh(y/1n ).

The boundary condition at x = 0 requires

The boundary condition at x = 1 requires
¢n(x =1) = Bysinh(y/p,) =0 = B, =0,
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since sinh(z) = 0 only if z = 0. The only solution to the eigenproblem (4.1) is the trivial
solution ¢, = 0. Hence \,, < 0 does not yield a desired family of nontrival functions.

e Case 2: N\, = 0. If \,, =0, the general solution to (4.1) is of the form
on(z) = Anz + By,

The boundary condition at x = 0 requires

The boundary condition at x = 1 requires
on(r=1)=A, =0.
Again, if A, = 0, the only solution to the eigenproblem (4.1) is the trivial solution ¢,, = 0.

e Case 3: A\, > 0. The general solution to (4.1) is of the form

dn(x) = Ay cos(v/ Anz) + By sin(y/Az).

The boundary condition at x = 0 requires

The boundary condition at z = 1 requires
dn(z =1) = Bysin(v/A,) = 0.
Since we seek a nontrivial solution, we require B,, # 0. It hence follows that
sin(v/An) =0 = X\, =n’7%, n=12....

Hence ¢,(z) = sin(nmz) and \, = n?r? for n = 1,2,... are the nontrivial solutions to the
eigenproblem (4.1).

The solution to the eigenproblem (4.1) is hence
bn(x) =sin(nrz) and N\, =n’z? for n=1,2,....

We make a few observations:

1. The eigenfunctions are the basis of Fourier sine series, and hence the linear combination of
the eigenfunctions can approximate any square integrable function.

2. The eigenfunctions are orthogonal.
3. The eigenvalues are real and nonnegative.
We now ask an important question:

Could we have known all of the above properties just by looking at the eigenproblem
without having to find the explicit expressions for the solution?

It turns out the answer is yes. All of the above properties are consequences of the Sturm-Liouville
theory.
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4.3 Sturm-Liouville theory

We introduce the regular Sturm-Liouville problem.

Definition 4.1 (regular Sturm-Liouville problem). The regular Sturm-Liouville problem is given
by

—(p¢") + q¢p = Mwg in (a,b),
ar1d(a) — azd'(a) =0,
B1é(b) + B2¢' (b) = 0,

where p : [a,b] = R, p' : [a,0] = R, ¢ : [a,b] = R and w : [a,b] — R are continuous on [a,b], p > 0
and w > 0 on [a,b], and o2 + a3 > 0 and 87 + 53 > 0.

While the particular form of the Sturm-Liouville equation might appear rather restrictive at
the first glance, the equation is quite general; specifically, second-order ODEs of the form

20" + 1 + 700 = A in (a,b)
can be recast as the Sturm-Liouville equation through the change of variables
() ) Yo(x) 1
p(x) = exp — d¢), qlx)= p(x), w(x)= p(x).
w=ew ([ 2Gee) . o0 =T we) =

We now introduce important properties of the Sturm-Liouville problem and its solutions. (Note:
proofs are provided for completeness, but they should be considered optional reading items.)

Theorem 4.2 (self-adjointness of Sturm-Liouville operator). The Sturm-Liouville operator L =
—%(p%) + q is self-adjoint in the sense that

(Lw,v) = (w, Lv)

for any complex-valued functions w,v € C2([a,b]) that satisfy the boundary conditions. Here

(,-) : C x C — C is the L? inner product on complex-valued functions given by (f,g) = fab fgdzx,
where g denotes the complex conjugate of g.

Proof. We use integration by parts to obtain

b
(Lw,v) — (w, Lv) = / (—(pw") + qu)o — (=(p0") + qv)wdz = [p(—w'v + Tw)])_,.
We now appeal to the boundary condition at x = a to find that
ajw(a) — agw'(a) = 0,
a19(a) — agt’(a) = 0,

which may be written as



Since o + a3 > 0, the linear system has a nontrivial solution and the matrix must be singular. It
follows that
w(a)?v'(a) — w'(a)v(a) = 0.

We also invoke the same argument on the boundary z = b to find that

Hence
(Lw,v) — (w, Lv) = [p(—w'v + ?'w)]’_, = 0,

which is the desired equality. O

Theorem 4.3 (realness of Sturm-Liouville eigenvalues). All eigenvalues of the regular Sturm-
Liouville problem are real.

Proof. Let ¢ and A be an eigenfunction and eigenvalue, respectively, of a regular Sturm-Liouville
problem. Then L¢ = Aw¢, and hence

B b
0= (Lo.d) — (6. Ld) = (A — X / wdda.

Since ff we?dr # 0, A — A = 2Im(\) = 0, and )\ is real. O

Theorem 4.4 (orthogonality of Sturm-Liouville eigenfunctions). The eigenfunctions of the regular
Sturm-Liouville problem associated with two distinct eigenvalues A, and A, are orthogonal with
respect to the weight w : [a,b] — Rsg in the sense that

b
/ WhmPpdr =0, n # m.

Proof. Suppose ¢, and ¢,, are eigenfunctions associated with distinct eigenvalues A, and A, so
that

_(p¢;L), + ngn - )\nwd)n = L¢n — )\n’wd)n =0
—(pdin) + qbm — AmWm = L — Apwep, = 0.

We multiply the first and second equations by ¢,, and ¢,, respectively, integrate over (a,b), and
take the difference of the two equations to find that

0= (L¢n7 ¢m) - )‘n(w¢na (bm) - (¢n7 L(bm) + )\m(qun, ¢m)
= [(Lon, dm) — (D, Lom)] — (An — Am) (Wn, Pm)-

Because the Sturm-Liouville operator L is self-adjoint, the term in the bracket vanishes. It follows
that

b
MWJMW%@mzuwww/w%%wzo

Hence if A\, # A\, the eigenfunctions are orthogonal with respect to the weight function w. O
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Theorem 4.5. The regular Sturm-Liouville problem has an infinite number of eigenvalues and
An, — 00 as n — 00. Moreover, if w > 0 on [a,b] and oy > 0, ag > 0, 51 > 0, and 2 > 0, then
Ap > 0 for all n.

These properties may look rather abstract at the first glance. However, given the Sturm-
Liouville operator is a linear operator, we can relate the above properties to the familiar properties
of linear operators in R™: symmetric matrices (or Hermitian matrices if complex). First, self-
adjointness (Lw,v) = (w, Lv) is analogous to the condition that v/ Aw = v ATw for real symmetric
matrices, where - denotes the conjugate transpose. Second, all eigenvalues of the Sturm-Liouville
problem are real, just like real symmetric matrices have all real eigenvalues. Third, the eigenfunc-
tions of the Sturm-Liouville problem are orthogonal, just like the eigenvectors of real symmetric
matrices are orthogonal. Finally, under certain conditions all eigenvalues of the Sturm-Liouville
problem are nonnegative, just like all eigenvalues of symmetric positive semi-definite matrices are
nonnegative.

4.4 Examples of the Sturm-Liouville problem

We now provide some examples of orthogonal functions that arise as solutions of the regular Sturm-
Liouville problem.

Example 4.6 (sine functions). Consider an eigenproblem

—Cb;; = )\n¢n in (07 1)7
¢n(0) = ¢n(1) =0.

We readily verify that this is a regular Sturm-Liouville problem with p = 1, ¢ = 0, w = 1,
a1 = 1 =1, and ag = B2 = 0. It follows that the eigenfunctions {¢, } are orthogonal. Moreover,
because w, a1, a9, 81, and (o are all nonnegative, the eigenvalues are nonnegative. The power of
the Sturm-Liouville theory is that we arrive at these conclusions without necessarily knowing the
explicit expressions for the eigenvalues and eigenfunctions.

(Of course, we have seen in Section 4.2 that the explicit form of the solution is ¢, (z) = sin(nmzx)
and A\, = n?7? for n = 1,2,.... We readily verify that the solution satisfies all of the above
properties.)

Example 4.7 (cosine functions). Consider an eigenproblem

_QS;’,L = )\n(ﬁn in (Ov 1)’
¢,,(0) = ¢,(1) = 0.

We readily verify that this is a regular Sturm-Liouville problem with p = 1, ¢ = 0, w = 1,
a1 = f1 =0, and ag = B2 = 1. It follows that the eigenfunctions {¢, } are orthogonal. Moreover,
because w, a1, a9, B1, and [ are all nonnegative, the eigenvalues are nonnegative.

We can again find explicit expressions for the solutions to verify the above claims. We consider
three cases:

e Case 1: A, < 0. Let pu, = —\,, so that p, > 0. The general solution to the eigenproblem
is of the form ¢,(z) = a, cosh(y/tnx) + by sinh(\/1ipx). The derivative of the function is
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O (%) = @/l SINh({/117,2) + by /1t cosh (/). The boundary condition at x = 0 requires
that ¢/,(x = 0) = b, = 0. The boundary condition at # = 1 requires that ¢, (z = 1) =
Qp /I Sinh(/fl,) = 0; as sinh is zero only at x = 0, the condition requires that a, = 0.
Hence there is no nontrivial solution to the boundary value eigenproblem for p,, > 0.

e Case 2: \, = 0. If \,, = 0, the general solution to the eigenproblem is ¢, (z) = a, + byx.
The derivative of the function is ¢/ (x) = b,. The boundary conditions at z = 0 and = = 1
require that ¢/, (z = 0) = ¢/, (x = 1) = b, = 0. We hence find that the one nontrivial solution

is ¢p(z) = 1.

e Case 3: A\, > 0. The general solution to the eigenproblem is of the form ¢,,(x) = a,, cos(v/ A, x)+
by sin(yv/Anz). The derivative of the function is ¢, () = —a, /Ay sin(v/ A 2)+bp v/ Ay cos(vVAnz).
The boundary condition at z = 0 requires ¢/, (z = 0) = b,/A,, = 0. The boundary condition
at x = 1 requires ¢/, (z = 1) = —a,v/Apsin(v/A,) = 0; the nontrivial solution is given by
A = n?7%, n = 1,2,.... We hence nontrival solutions are of the form ¢, (x) = cos(nnz),
n = 1,2,.... In fact, we can include the constant solution found in Case 2 in this general
family of solutions by starting from n = 0.

As expected from the Sturm-Liouville theory, the problem has eigenvalues which are real and
nonnegative: \, = n?72 >0, n =0,1,2,.... In addition, the eigenfunctions ¢, (z) = cos(nnz) are
orthogonal on (0, 1), as we have already verified in the context of classical Fourier series.

Example 4.8 (sinusoidal functions). Consider an eigenproblem

_¢Z = A@n In (_la 1)7
d)n(_l) = ¢n(1)7
P (1) = ¢ (1).

This is an Sturm-Liouville equation with periodic boundary condition. This is not a regular Sturm-
Liouville problem, but a periodic Sturm-Liouville problem. The solution to this periodic Sturm-
Liouville problem is given by

My = m2r? and on(z) = {c?s(mﬂx), n even,

sin(mmx), n odd
for m = [n/2], n = 0,1,2,.... We recognize that the eigenfunctions are the basis for the full
Fourier series. All eigenvalues are nonnegative and the eigenfunctions are orthogonal, as we have
already verified in the context of classical Fourier series. (The orthogonality proof holds for the
periodic boundary condition with little modification.)

Example 4.9 (Legendre polynomials). Consider an eigenproblem

_((1 - xz)d)/n)/ = )\ngbn in (_L 1)'

This is a Sturm-Liouville equation, with coefficients p(z) = (1 — 2?), ¢ = 0, and w = 1. Because
p(x = —1) = p(x = 1) = 0, the differential operator vanishes at the boundary; the problem hence
does not require a boundary condition. A problem associated with a Sturm-Liouville equation with
p that vanishes at either or both boundaries is called a singular Sturm-Liouville problem. The
solutions to this singular Sturm-Liouville problem are the Legendre polynomials, which form an
orthogonal set of polynomials. (The orthogonality proof holds without any boundary conditions
because p vanishes at both boundaries.)
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4.5 Generalized Fourier series by eigenfunctions

We now use the orthogonality and completeness of eigenfunctions of the Sturm-Liouville problem
to form generalized Fourier series.

Definition 4.10 (generalized Fourier series). Let (¢,)5%; be eigenfunctions of a regular Sturm-
Liouville problem with a; > 0, s > 0, 81 > 0, and B3 > 0. We can then approximate any
f:(a,b) — R by a generalized Fourier series

n=1
for coefficients
3 fj Jonwdx
fo = P
2 tuds

Similarly to the classical Fourier series, the expression for the coefficients is a consequence of
the orthogonality of the functions (¢,)5 ;. Our expression for the coefficient has (the square of)
the norm of the function as the denominator, as we did not assume the functions are orthonormal
(i.e., functions in general do not have a unit norm); the expression could be simplified if we had
normalized the functions.

We conclude this section by stating without proof the pointwise, uniform, and L? convergence
of generalized Fourier series.

Theorem 4.11 (pointwise convergence of generalized Fourier series). Let f : [a,b] — R be a
piecewise continuously differentiable function that satisfies the boundary conditions of the regular
Sturm-Liouville problem. Then the generalized Fourier series (4.2) converges for any = € (a,b) to
3(f@) + fz7)).

Theorem 4.12 (uniform convergence of generalized Fourier series). Let f : [a,b] — R be a twice
continuously differentiable function that satisfies the boundary conditions of the regular Sturm-
Liouville problem. Then the generalized Fourier series (4.2) converges uniformly to f.

Theorem 4.13 (L? convergence of generalized Fourier series). Let f : (a,b) — R be a function
that is square integrable with respect to the weight function w and satisfies the boundary conditions
of the regular Sturm-Liouville problem. Then the generalized Fourier series (4.2) converges with
respect to the w-weighted norm fab(-)zwdac.

4.6 Summary

We summarize key points of this lecture:

1. Sturm-Liouville operator is self-adjoint. As a result, all eigenvalues of a regular Sturm-
Liouville problem are real, and its eigenfunctions are orthogonal.

2. The family of sine, cosine, and sine-cosine functions used in Fourier series arise as solutions
to Sturm-Liouville problems. As a result, the functions are orthogonal.

3. Solutions of a Sturm-Liouville problem can be used to construct a generalized Fourier series.
The coefficients of the series can be found using the relevant orthogonality relation. The
series converges as a result of the completeness of the eigenfunctions.

49



4.A L? properties of generalized Fourier series

We now state some relationships between the coefficients of a generalized Fourier series and the
function it approximates.

Theorem 4.14 (generalized Parseval’s identity). Let f : (a,b) — R be a function that is square
integrable with respect to the weight function w and satisfies the boundary conditions of the regular
Sturm-Liouville problem. Then

o0 b b
ng/ (biwdac:/ frwdz.
n=1 a a

In other words, the eigenfunctions of the regular Sturm-Liouville problem are complete with respect
to the w-weighted L? norm ff(~)2wda:.

Corollary 4.15 (generalized Bessel’s inequality). As a consequence of the Parseval’s identity, a
weaker condition, Bessel’s inequality,

o0 b b
anQ/ P2 wdz S/ frwdz,
n=1 a a

also holds.
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Part 11

Heat equation
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Lecture 5

Heat equation: introduction

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

5.1 Introduction

The heat equation describes heat conduction in media and plays an important role in the thermal
analysis of many engineering systems. The heat equation is also of mathematical interest, as it is
an archetype of parabolic PDEs. In this lecture we derive the heat equation and the associated
boundary conditions. We then explore various properties of the equation and the solution — such
as the maximum principle, energy stability, and the uniqueness of the solution — without finding
a closed form expression for the solution. We will introduce a few different approaches to find a
solution representation to the heat equation in the subsequent lectures.

5.2 Derivation of the heat equation

We derive the heat equation based on three principles of heat transfer:

1. The thermal energy density e is given by e = pcu, where p > 0 is the density, ¢ > 0 is the
specific heat capacity, and u is the temperature.

2. Fourier’s law. The rate of heat transfer is proportional to the temperature gradient: ¢ =
—kVu, where ¢ is the heat flux and k > 0 is the thermal conductivity.

3. Conservation of energy. The change in the thermal energy in a volume over a time interval
At is equal to the net heat entering the volume over At.

From these three principles, we can readily derive the heat equation.

To begin, we introduce a domain 2 C R™ and the associated fixed subdomain w C Q. We
denote the boundary of the subdomain by dw. (In general, the boundary of any domain D C R"
is denoted by 0D.) We next note that the total energy in the subdomain w is £ = fw pcudz. We
then note that by the conservation of energy

d
— [ pcudzx = — / q-vds ,
dt w dw

change in thermal energy net heat entering w
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where v is the outward-pointing unit normal vector on dw. We make two observations: (i) the
subdomain w is independent of time and hence the time derivative can be brought inside the
integral; (ii) the integral over dw can be converted to an integral over w using the divergence

theorem. We hence obtain 9
/wpcaitdx = —/WV - qdzx.

We next note that, since the relationship above should hold for any w C €2, the integrands must
be equal to each other:

%:—V-q in Q x Rsg.

e o
We then appeal to Fourier’s law, ¢ = —kVu, to obtain
ou .
pear = V- (kVu) in 2 x Ryg.

This is the general form of the heat equation that can treat spatially varying density, specific heat
capacity, and thermal conductivity.

If we assume that the density, specific heat capacity, and thermal conductivity are constant in
space and time, we can further simplify the equation. Namely, we introduce the thermal diffusivity

= (and appeal to our constant coefficient assumption) to obtain
0
ETZL — kAu in Q x Rsg. (5.1)

This form of the equation is often referred to as the heat equation in the mathematics community;
in this course we will follow the same convention.

5.3 Boundary and initial conditions

To define a complete initial-boundary value problem, we now complement the heat equation (5.1)
with boundary and initial conditions. There are three different types of boundary conditions for
the heat equation:

1. Dirichlet (first-type) boundary conditions; i.e., prescribed temperature. If the temperature
at the boundary is prescribed, we obtain a boundary condition of the form

u:ub on PD XR>0,

where uP is the prescribed boundary temperature and I'p C 9 is the Dirichlet boundary.
The Dirichlet boundary condition only depends on the value (and not the derivative) of the
state u. If u® = 0, then the condition is called a homogeneous Dirichlet boundary condition;
otherwise it is a nonhomogeneous Dirichlet boundary condition.

2. Neumann (second-type) boundary conditions; i.e., prescribed heat flux. If the heat flux at
the boundary is prescribed, we obtain a boundary condition of the form

v (kVu) =¢” on Ty x Rs,

where ¢ is the prescribed boundary heat flux into the domain and I'y € 99 is the Neumann
boundary. Note ¢ > 0 indicates heat transfers into the domain (i.e., the boundary is heated)
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and ¢” < 0 indicates heat transfers out from the domain (i.e., the boundary is cooled).
(Note that the signs are “flipped” from Fourier’s law because Fourier’s law characterizes the
heat transfer from the domain into the boundary, whereas in the above ¢ characterizes the
heat transfer from the boundary into the domain.) The Neumann boundary condition only
depends on the derivative (and not the value) of the state u. If ¢® = 0, then the condition is
called a homogeneous Neumann boundary condition (i.e., insulated boundary); otherwise it
is a monhomogeneous Neumann boundary condition.

3. Robin (third-type) boundary conditions; i.e., Newton’s law of cooling. If a boundary is ex-
posed to a different medium (e.g., fluid), then the heat is transferred from/to the surrounding
medium. Newton’s law state that the rate of this heat transfer is proportional to the difference
in the temperate of the material and the surrounding. The associated boundary condition is
of the form

v (kVu) = h(u™ —u) onTg xRy,

where h > 0 is the heat transfer coefficient, u®"V is the temperature of the environment, and

I'r C 99 is the Robin boundary. The Robin boundary condition depends on both the value
and derivative of the state u. If u®™ is 0, then the condition is called a homogeneous Robin
boundary condition; otherwise it is a nonhomogeneous Robin boundary condition.

As the heat equation (5.1) is second-order in space, one (and only one) boundary condition must
be specified at each point on the boundary. In other words, we partition the domain boundary into
non-overlapping sets so that

o0 :fD UfN UTR, (5-2)
FDﬂFN:FDﬂFR:FNﬂFR:(D,

and impose the appropriate boundary condition on each part of the boundary. (Some of sets I'p,
I'y, and I'g may be empty. Optional note: D denotes the closure of D; we need to close each set
in the first equality because I'p, I'y, and I'p are open.)

To completely specify the initial-boundary value problem, we must also specify the initial con-
dition. As the heat equation is first order in time, we need need to specify the value of the state at
the initial time:

u=g onQx{t=0}

where g is the prescribed initial temperature.

Example 5.1 (heat equation initial-boundary value problem). A one-dimensional heat equation
over the domain Q = (0, L) with homogeneous Dirichlet boundary conditions is given by

ou Pu |
E = H@ mn (O,L) X R>0,
u=0 on{0,L} xR, (5.4)

u=g on (0,L)x {t=0}.

It can be shown that this initial-boundary value problem is well-posed assuming the initial condition
g is sufficiently regular.
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5.4 Nonhomogeneous heat equation

In Section 5.2, we derived the heat equation assuming that there is no “volume heating”. In the
presence of volume heating, the change in the thermal energy in the volume w depends on not
only on the net heat entering through the surface 0w but also the volume heating from inside the

domain: p
— [ pcudz = —/ q-vds + /fdx
dt w Ow w
—_——

change in thermal energy net heat entering w  volume heating

After the application of the divergence theorem we obtain a PDE
— =rAu+ f in QxRyg

for f=f /(pc). Note that this is a nonhomogeneous equation, because the PDE cannot be expressed
as Lu = 0 for any linear operator £ due to the presence of the source term f that is independent
of u.

5.5 Nondimensionalization

In studying any PDE, it is often convenient to nondimesionalize the equations. To provide a
concrete example, we consider the one-dimensional heat equation (5.4). To nondimensionalize the
equation, we introduce the following scales:

1. Length scale. We choose for our length scale the domain length L. The nondimensionalized
spatial coordinate is = z/L and the nondimensionalized domain is = (0,1).

2. Time scale. We choose for our time scale T = L?/k. The nondimensionalized time is £ =

t/(L?/K).

3. Temperature scale. We choose for our temperature scale U = max(g). The nondimesionalized
temperature is @ = u/ max(g). The nondimensional initial temperature is bounded by 1.

While the choice of the length and temperature scales may be rather obvious, the choice of the time
scale is perhaps not. The choice is motivated by the following simplification of the heat equation.
Namely, since

Ou _Uodu _Urou . 0w U
ot Tot LZof ¢ 822 12032

we obtain

ou 0%u Uk 0u U 9%a @ 9%

— =k = ——= =k = == —;
ot 2 T ot L? 072 ot 0z%’
in other words, the nondimensionalized diffusion coefficient is unity. The nondimesionalized initial-
boundary value problem is hence

o d*u

g = 972 in (0,1) x R0,
@=0 on{0,1} x Rsg,
u=g¢ on (0,1) x {t =0},
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where § = g/ max(g).
The nondimensionalization offers simplicity without any loss of generality. Specifically, we can
always recover the solution to the dimensional equation as

u(z,t) = a(z/L,t/T)§ = w(x/L, kt/L?)§.

For this reason, we will focus on nondimesionalized form of the heat equation (or any other equa-
tions) in this course.

Example 5.2 (nondimesionalization). Suppose the solution to nondimesionalized heat equation is
given by

(%, t) = sin(r&) exp(—72t).
(This is in fact the solution to the one-dimensional heat equation above for g(x) = sin(7Z).) The
solution to the non-dimesionalized equation is then given by

2

u(z,t) = max(g)i(x/L, kt/L?) = max(g) sin (%) exp (—WL';t> :

5.6 Maximum principle

We now introduce a property of the heat equation that is important both in theory and in practice:
the mazximum principle. The maximum principle facilitates the verification of two of the three
conditions of well-posedness — uniqueness and stability (but not existence) — of the initial and/or
boundary value problems associated with the heat equation. (Note: proofs are provided in this
and subsequent sections for completeness, but they should be considered optional reading items.)

Theorem 5.3 (maximum principle for the heat equation). Suppose we are given an open spatial
domain © and a time interval I = (to, 7], where 2 may be unbounded and t; may be infinite. We
define a parabolic cylinder Q@ x I and a parabolic boundary

P=@Qx{t=t})U@2xT)=@Qx1)\(QxI),

which includes the spatial boundary and initial time “boundary” (but not the final time “bound-
ary”). If u satisfies the heat equation % —Au=0in Q x I, then

max _ u(z,t) = max u(z,t).
(z,t)eQxT (z,t)erl

In words, the solution to the heat equation attains the maximum value somewhere on the parabolic
boundary I'. (The parabolic boundary I' in the space-time domain is shown in Figure 5.1.)

Proof. We prove the result by contradiction: we suppose that the maximizer (z*,¢*) of v isin Q x I
and then show that this is not possible. We again emphasize €2 x I is open everywhere except at
the final time ¢ = t7; the maximizer (z*,t*) is hence either interior to € x I or at the final time
t =ty. We first introduce an auxiliary function

w(z, t) = u(z,t) —e(t — ).
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t o xT

Q x {t =t}

T

Figure 5.1: Parabolic boundary I' in the space-time domain for the maximum principle.

We may choose € € R+ sufficiently small such that w also attains the maximum value in  x I.
Suppose (z**,t**) € Q x I is the maximizer of w. Then

Aw(z™, ) <0

because the function has to be concave at the maximizer due to the second-order optimality con-
dition. In addition

ow,

— (™, ) >0

ot ( )z
because (i) %—?(x**,t**) = 0 if " € (to,ty) from the first-order optimality condition and (ii)
%(a:**, t**) > 0 if t** = ¢/ since the function must not be decreasing with ¢ for the point to be the
maximum. It follows that

Aw (™, ) = Au(z™, ™) <0,

ow ou ou ou

E(ZL‘**, **) — a(l;**,t**) — € 2 O = a(l‘**,t**) Z € = E(IL‘**, t**) > O
However, the solution to the heat equation must satisfy % = Au, which is a contradiction. We
hence conclude that the maximizer must be on the parabolic boundary T'. O

Remark 5.4. The maximum principle (Theorem 5.3) is sometimes referred to as the weak mazi-
mum principle. A closely related strong mazimum principle states that the maximum value cannot
be attained anywhere in © x I unless u is constant in 2 x [; i.e., if there exists a point (z*,t*) € Qx [
such that

u(z™, t*) = max u(x,t),
QxI

then u is constant in £ x I. (We recall that € is open and [ is open at t = )

Theorem 5.5 (minimum principle for the heat equation). In the same setting as Theorem 5.3, we
obtain

min _ u(x,t) = min u(z,t).
(z,t)eQXT (z,t)el
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Proof. Let w = —u. We recognize that w is also the solution to a heat equation and apply the
maximum principle to obtain

max_w(z,t) = max w(z,t).
(2,)€QxT (z,t)er

We expand the left hand side and the right hand side to obtain

(LHS) = max w(z,t) = max —u(z,t)=— min u(z,t),
(z,t)eaxI (z,t)eaxI (z,t)eQxT
RHS) = 1) = —u(z,t) = — mi ).
(RHS) = s, wlost) = g, ot = = i vt
It follows that
— min  u(z,t) = — min u(x,t) = min  u(z,t) = min u(z,t).
(x,t)€QXT (zt)el (x,t)€QXT (zt)el

O

Example 5.6 (maximum principle for the heat equation). Consider the initial-boundary value
problem

ou  0%u

ot Ox?
u(e = —1,t) = exp(~t), € Rop,

u(x = 2,t) = |cos(3nt)|, € Ry,

=0 in(-1,2) x Ry,

u(z,t =0) = g(aﬁ —1/2)%, re(-1,2).

We observe that the value of the solution along the left and right boundaries, as well as at the
initial time, are in [0, 1]. Hence by the maximum and minimum principles

0<L u(:z:,t) <1 V(x,t) S [—1,2] X RZO'

We arrive at this conclusion even though we have not have any representation for the solution.

5.7 Uniqueness by the maximum principle

We now appeal to the maximum (and minimum) principle to show that the solution to the initial-
boundary value problem, if it exists, is unique.

Theorem 5.7 (uniqueness of the solution to the heat equation). Let Q C R™ be a spatial domain
and I = (0,%¢] be the time interval. There is at most one solution u : Q x I — R that satisfies

%—Au:f in Qx1,

ot
u=~h ondQxI,
u=g onQx {t=0}

where f: Q) x I — R is a source function, h : 92 x I — R is the boundary function, and g : Q@ — R
is the initial condition.
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Proof. Let u; and uy be the solutions to the heat equation initial-boundary value problem. Since
the equation is linear, we know by the principle of superposition that the function w = uq — us
satisfies the initial-boundary value problem associated with the homogeneous heat equation:

a—w—szo in Qx1I,
ot

w=0 ondxI,
w=0 onQx{t=0}

By the maximum and minimum principles, we find that

max w(z,t) = max w(z,t)=0 = w<0 inQxI,
(z,t)eQxT (z,t)el

min_ w(z,t) = min w(z,t)=0 = w>0 inNxI,
(z,t)eQxT (z,t)el

where I' = (Q x {t = to}) U (09 x I) is the parabolic boundary. Since w < 0 and w > 0, it follows
that w =u; —uo =01in Q x I. O

5.8 Uniform stability by the maximum principle

We recall that the third ingredient of well-posedness is stability. In the study of PDEs, we are often
interested in stability in two different senses: “uniform” and “square-integral”. In this section we
study the uniform stability of the heat equation using the maximum principle.

Theorem 5.8 (uniform stability of the heat equation). Let u; and ug be solutions to the initial-
boundary value problems associated with two different set of boundary and initial data (h1,¢1) and
(ha, g2), respectively:

8u,~
ot

—Aui:O inQXI,
ui:hi OD@QXI,
u;=g; onQx{t=0}

for ¢ = 1,2. Then the solution depends continuously on data in the sense that

max |uj(x,t) —ue(x,t)| < max{ max _|hi(z,t) — hao(z,t)|, max|g(z) — gg(x)|} . (5.5)
(z,t)eQxT (z,t)edxI z€Q

Proof. We appeal to the linearity of the differential operators and take the difference of the two set
of equations to obtain

8(u1 — UQ)

T —A(ug —uz) =0 inQxI,

(u1 —UQ) = (hl —hg) on 0f) XI,
(up —uz) = (g1 —g2) on Q x {t =0}
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The maximum and minimum principles require, for any (z,t) € Q x I,

up(z,t) —ug(z,t) < max{ max _(hi(x,t) — ho(x,t)), max(g(x) — gg(z:))} ,
(z,t)€0QXT z€Q

2,0)€00xT €0
(=)

up(z,t) —ug(z,t) > min{ min _(hy(x,t) — ho(x,t)), min(g;(z) — gg(ﬂs))} .
It follows that

max |ui(x,t) — ug(z,t)| < max max _|hy(z,t) — ho(x,t)|, max|gi(x) — g2(x)| p,
(z,t)eQxI (x,t)€cONXT zeQ

which is the desired inequality. O

The left hand side of (5.5) measures the closeness of the solutions and its right hand side
measures the closeness of initial and boundary data. The equation shows that the difference in
the two solutions uq and ug over any point x € Q at any time ¢ € I is bounded by the maximum
difference in the boundary data hi —hs and the initial data gy —g2. Hence a small change in the data
results in a small change in the solution; the problem is hence stable. As the stability statement
applies to all points in the space-time domain €2 x I, this is called stability in the “uniform” sense.

5.9 Energy method: uniqueness and stability in L? sense

We have so far appealed to the maximum principle to show the uniqueness and stability of the
solution to the heat equation initial-boundary value problem. We can also prove uniqueness and
stability using the energy method. Unlike the results associated with the maximum principle which
are in the uniform sense, the results associated with the energy methods are in the square-integral
(or L?) sense.

We first consider uniqueness. As in the proof of Theorem 5.7, suppose u; and ug are the two
solutions to the heat equation initial-boundary value problem. Then their difference w = u; — uo
satisfies

O Aw=0 mQxI,
ot

w=0 onlpxI,
w=0 onQx {t=0}

We now define )

E(t) = 2/Qw(:v,t)2dx, tel.

We then observe

E /wdaz—/wAwda::—/Vw-dea:—i—/ wu-des:—/ |Vw|*dz < 0;
Q o0N Q

in the last equality, the integral on the boundary vanishes because w = 0 on 9f2. Since % <0,
= Jqw(:,t)*dz is a nonincreasing function of time and

- 1)?dx w(-,t =0)%dz = )
AMJMigA(J 0)2dz = 0, (5.6)
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where the last equality follows from w(-,¢ = 0) = uy(-,t = 0) — ua(-,t = 0) = g — g = 0. Conse-
quently, w(-,t) = uy(-,t) —uz(-,t) = 0 for each t € I, and u; = ug in Q x I. This energy method
can be readily extended for problems that involve Neumann and Robin boundary conditions. In
addition, as we will see in later lectures, the method also extends to equations that do not possess
the maximum principle.

We next consider stability. To this end, we consider the same setting as Theorem 5.8, but for
simplicity consider the case where only the initial data is changed and boundary data is fixed; i.e.,
g1 # g1 but h; = hya. We appeal to energy balance (5.6) and obtain, for any ¢ € I,

/Q (w2 1) — (-, 1)) ?de < /Q (91— 92)%da.

Again the left hand side measures the closeness of the solution and the right hand side measures
the closeness of the initial data. We again observe that a small change in the data results in a small
change in the solution; the problem is stable. However, the measure of “closeness” is not in the
maximum (or uniform) sense but rather in the square-integral sense. We hence refer to this form
of stability as stability in the square-integral (or L?) sense.

5.10 Summary

We summarize key points of this lecture:

1. The heat equation describes the temperature distribution in a medium and is derived from
the definition of thermal energy, Fourier’s law, and conservation of energy.

2. The three different types of boundary conditions that are relevant for the heat equation are
associated with prescribed temperature, prescribed heat flux, and Newton’s law of cooling.
The three conditions are called respectively Dirichlet, Neumann, and Robin conditions, or
first-type, second-type, and third-type conditions.

3. The heat equation (just like any other equation) can be nondimesionalized. In particular,
if we choose the time scale T' = L?/k, the resulting equation has the diffusivity constant of
unity.

4. The maximum principle states that the value of the solution to the (homogeneous) heat
equation over the entire space-time domain is bounded from above by the maximum value
along the boundaries and in the initial condition. The minimum principle similarly holds.

5. The maximum principle can be used to prove the solution to the heat equation, if it exists,
is unique. The principle also asserts that the solution is stable in the uniform sense.

6. The energy method can be also used to prove the uniqueness and L? stability of the heat
equation.
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Lecture 6

Heat equation: separation of variables

(©2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

6.1 Introduction

In this lecture we consider the solution of initial-boundary value problems associated with the
heat equation in a bounded domain. To find a solution representation, we introduce separation of
vartables, which seeks solutions to the PDE that are separable in space and time, and then consider
a linear combination of these separable solutions that satisfies the particular boundary and initial
conditions. The approach builds on the Fourier series representation of various functions. We
consider the treatment of various boundary conditions; we then provide physical and mathematical
interpretations of the associated solutions.

6.2 Homogeneous Dirichlet boundary conditions

We consider the heat equation over the one-dimensional spatial domain (0, 1) with the homogeneous
Dirichlet boundary conditions:

ot 0x?
u=0 on{0,1} xRy,
u=g¢g on (0,1) x {t =0}.

=0 in (0,1) x Ry,

Our solution procedure builds on separation of variables and the principle of superposition:
1. Separation of variables. We seek a family of solutions to the heat equation of the form
un(x,t) = op(x)Tn(t), n=1,2,...,

which satisfy the PDE and the boundary conditions but not necessarily the initial condition.
As we will see shortly, the separable form allows us to use the standard ODE techniques to
find ¢, and T),.
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2. The principle of superposition. We then consider a linear combination of the above separable
functions

u(x,t) = Z anun(x,t)
n=1

that satisfy the initial condition. Note that due to the linearity and homogeneity of the PDE
and boundary conditions, any linear combination of the separable functions also satisfies the
PDE and the boundary conditions. Hence if we find the coefficients (a,,) that satisfy the
initial condition, then the solution will satisfy the PDE, boundary conditions, and initial
condition.

This two-step procedure can be used to find a solution — and in fact a unique solution — to the
heat equation. (It can be shown that any function over (0,1) X R~ can be represented as a linear
combination of the form ¢, (z)T,(t).)

We first seek a family of solutions of the form wu,(z,t) = ¢,(x)T,(t) that satisfy the heat
equation and boundary conditions (but not the initial condition). To begin, we substitute the
separable form uy(x,t) = ¢, ()T, (t) to the heat equation to obtain

(bnT?{L = Q%Tm
where (-) and ()" denote the first and second derivatives, respectively, of the single-variable func-
tion. We now assume that ¢, (z)T,(t) # 0 V(z,t) and divide through the equation by ¢,7,, to
obtain
T, _ n
To  ¢n
We make a key observation: since the left hand side T}, /T, is a function of ¢ (only) and the right

hand side ¢! /¢, is a function of x (only), each side must be independent of both 2 and ¢ and hence
be a constant. We denote this constant by «,, to obtain

Tr/L ¢//
T, Qpn an o oy,

Equivalently, we obtain a pair of ODEs
gbx, = angbn in (07 1)7
T, = a,T, in (0,00);

note that each equation is an ODE (rather than a PDE) since each problem is associated with
either z or ¢ (but not both). In addition, the homogeneous Dirichlet boundary condition requires
that

un(z = 0,t) = ¢, (0)T,,(t) = 0,
up(x =1,t) = ¢pn(1)T,(t) = 0.

As we seek a nontrivial solution (i.e., T), # 0), we deduce that ¢, (0) = ¢, (1) = 0. Hence the spatial
function ¢, must satisfy a boundary-value eigenproblem

—¢) = —apd,  in (0,1), (6.1)
¢n(0) = ¢n(1) =0.
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We recognize that this is a Sturm-Liouville problem. (We have negated the equation so that it fits
in the standard Sturm-Liouville form.) The problem was analyzed in Section 4.4 and in particular
Example 4.6; we found the solutions are of the form —a,, = 7?n? and ¢, (z) = sin(nrx). (The
eigenfunction ¢, is unique up to multiplication by a constant.) For notational convenience, we will
henceforce use \,, = /—a;, = nr instead of «,,.

Having found nontrival solutions to the spatial eigenproblem, we now seek the associated solu-
tions to the temporal ODE, T/, = a,, T,,. Upon the substitution \,, = /—a,,, we obtain T, = —\2T,.
The general solution to the ODE is of the form

T, (1) = exp(~X2t) = exp(—n®7t),

which again is unique up to multiplication by a constant. We combine the expressions for ¢, and
T, to conclude that any functions of the form

Un (2, 1) = ¢n(x)T),(t) = exp(—n?n*t)sin(nmz), n=1,2,...,

satisfy the homogeneous PDE and boundary conditions (but not the initial condition).

We now appeal to the principle of superposition to find the solution to the initial-boundary
value problem. The key observation is that if each u, for n = 1,2,... satisfies the homogeneous
PDE and boundary conditions, so does

oo oo
u(x,t) = Z apup(x,t) = Z an exp(—n?r?t) sin(nrzx),
n=1 n=1

for any a,, n = 1,2,.... The principle of superposition is a direct consequence of the linearity of
the heat equation and the homogeneous boundary condition. Namely,

ou  %u O 9?2 & ou, O%u,
T a9 — *(Z Anln) — @(Z antiy) = 1an <8t - W) =0,

since each u, satisfies the heat equation and the boundary conditions. We make one key remark:
the fact that both the PDE and boundary conditions are homogeneous is crucial to apply the
principle of superposition. Any linear combination of functions that satisfy a homogeneous PDE
and boundary conditions satisfy the PDE and the boundary conditions (simply because sum of the
multiples of 0 is always 0), but this would not be the case if the PDE or boundary condition is not
homogeneous.

Having satisfied the PDE and boundary conditions, we now seek a set of coefficients a,, that
satisfies the initial condition:

u(z,t =0) = Zan sin(nwz) = g(z).
n=1
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We recognize that this is a Fourier sine series, and the coeflicients are given by

1
=0n = 2/ g(x)sin(nrx)dx, n=1,2,....
0

(Note that we denote the Fourier sine coefficients of g by g,, n = 1,2,....) Hence the solution to
our initial boundary value problem is given by

t) = Z Gn exp(—n?r?t) sin(nmz), (6.2)

where g, =2 fo x) sin(nmx)dr. We make a few observations.

1. Convergence. If the initial condition ¢ is square integrable, then the Fourier series is uni-
formly convergent for u(-,t), t > 0. To see this, we observe that (i) the Fourier coeffi-
cients are b, = g, exp(—n?n?t) and (ii) the associated infinite sum > °° b, is absolutely
convergent. The absolute convergence of the series follows from a comparison test with
S en = Yoo, 1/n?, which we know is convergent. We first note that [g,| — 0 as

n=1
n — oo because the initial condition g is square integrable and then find that b,/c, =
|gn| exp(—n?m2t) /(1/n?) = |gn|n? exp(—n?m?t) — 0 as n — oo, and hence the series con-
verges.

2. Smoothness. For t > 0, the solution to the heat equation is smooth (i.e., infinitely differen-
tiable and u(-,t) € C*°(0,1)). To see this, we recall that the function has a continuous k-th

order derivative if -
an|bnl Z|gn|n exp(—n?7?t) <
n=1

We again perform a comparison test with a convergent series Y > ¢, = o0 1/ n?. We find
that (n*b,)/cn = |gn|n® exp(—n?72t)/(1/n?) = |gn|n*T2 exp(—n?7t) — 0 as n — oo for any
k € N>g and ¢t > 0, and hence the series converges. It follows that the solution to the heat
equation is infinitely differentiable for any ¢ > 0, even if the initial condition is only square
integrable (i.e., it could be discontinuous or be unbounded).

3. Steady state solution. Ast — oo, the solution decays and converges to u = 0. This agrees with
our physical intuition that at steady state the temperature should be equal to the ambient
temperature (i.e., the temperature on the boundary) which is 0

4. Mode shape and decay rate. We observe that each mode exponentially decays with time. We
also observe that higher-frequency modes decay more rapidly than lower-frequency modes.
As a result, the solution gets qualitatively “smoother” as the time evolves.

Example 6.1 (heat equation with homogeneous Dirichlet boundary conditions). We consider the
heat equation initial-boundary value problem

ou 9 .
a,@:0 in (0,1) x Rxo,

u=0 on{0,1} x Rsg,
u(z,t=0)=1z Vze(0,1).
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Figure 6.1: Solution to the heat equation with homogeneous Dirichlet boundary condition.

We have already computed the Fourier sine series representation of the initial condition g(x) =
on (0,1) in Example 2.18; the expression is

i i 2 n+1
x) ~ Z Jn sin(nmx) = Z sin(nmx).
n=1 n=1
It follows that the solution to the heat equation is given by
& 2 n+1
u(z, Zgn exp(—n?r?t) sin(nrx) Z exp(—n?n?t) sin(nmz).
n=1 n=1

x

Figure 6.1 shows the solution to the heat equation at a few different time instances. We observe
that the solution (i) decays in time and (ii) qualitatively becomes smoother. Both behaviors are
readily predicted from our Fourier series representation of the solution. We also observe that (iii)
the initial condition g(x) = = does not approach 0 on the x = 1 boundary; however, the problem

is still well-posed and the solution u(-,t) satisfies the boundary condition for any ¢ > 0.

6.3 Homogeneous Neumann boundary conditions

We now consider a heat equation with a homogeneous Neumann boundary condition

ou  d*u .

E—wzo 111(0,1)><R>0,
Ou
% =0 on {0,1} XR>0,

u=g¢g on (0,1) x {t =0}.

We apply separation of variables and consider solutions of the form wu,(z,t) = ¢n(x)T,(%).
substitution of the separable form of the solution yields
¢1/

/
d’nTw/@ - ¢;;Tn =0 = % T7n Qnp;
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here we appeal to the fact that ¢!/ /¢, is a function of = only and T} /T,, is a function of ¢ only, and
hence each expression must be a constant.

We now focus on the solution of the spatial problem. We appeal to the boundary conditions
and find that

ou
——(x=0,t) = ¢,(0)T,(t) = 0
M = 0,1) = &, (0)Tn(1) = 0,
ou
—(z=1,t) = ¢, (1)Tu(t) = 0;
(= 1,1) = G (DT (t) = 0
since we seek a nontrival solution (i.e., T, # 0), we require ¢, (0) = ¢/, (1) = 0. Hence the

boundary-value eigenproblem associated with the spatial function ¢, is

_¢Z = —apPy in (07 1)7
¢n(0) = ¢, (1) = 0.

This is again a Sturm-Liouville problem. The problem was studied in Example 4.7; the eigenvalues
are —a, = n’n? and the eigenfunctions are ¢,, = cos(nwz). We again introduce \, = /—ay, = nw
for notational convenience.

We now seek the solution to the temporal ODE
T, (t) = A Tu(t)

for A\, = nm. The solution to this ODE is of the form T'(t) = exp(—A2t) = exp(—n?72t) (up to
multiplication by a constant). Hence the general solution is of the form

u(x,t) = Z anTy(t)on(x) = Zan exp(—n?7?t) cos(nmz).
n=0 n=0

We now impose the initial condition to find

u(z,t=0) = Z an cos(nmz) = g(x).

n=0

We recognize that this is almost a Fourier cosine series, with exception of the constant term having
a factor of 1 instead of 1/2. We rescale the representation and find that the solution is given by

1 oo
u(x,t) = 540 + Z an exp(—n’m?t) cos(nmz),

n=1
where .
ap, = gn = 2/ cos(nmx)g(x)dz.
0
We make a few observations:

1. Energy conservation. We recall that the total thermal energy in a domain € at time ¢ is
E(t) = [ u(z,t)dz (for the nondimensionalized equation with pc = 1). We observe that, for
homogeneous Neumann boundary condition, the total energy is conserved:

E(t):/olu(:c,t)dx:/ol

2

1 & 1 1
540 + Z an exp(—n?m°t) cos(nmc)] dr = ~ag = / g(@)dz;
n=1 0
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the terms associated with n = 1,2,... vanish due to the orthogonality of the cosine function
with the constant function. Hence the total thermal energy is conserved. Physically, the
homogeneous Neumann boundary condition corresponds to an insulated boundary (i.e., a
boundary without any heat transfer), and hence the observed conservation of thermal energy
agrees with our physical intuition.

2. Convergence; smoothness; mode shape and decay rate. These observations we made for the
homogeneous Dirichlet solution (6.2) also holds for the homogeneous Neumann solution.

Example 6.2 (heat equation with homogeneous Neumann boundary condition). We consider the
heat equation initial boundary value problem

ou  0%u .

E 81’2 =0 1in (0, 1) X R>0,
ou
% =0 on {0, 1} X R>0,

u(z,t=0)=2z on (0,1) x {t =0}.

We have already computed the Fourier cosine series representation of the initial condition g(x) = =
on (0,1) in Example 2.17; the expression is

1 - 4
g( ) ~ *gO + nz:l gn COS nTrx) 5 ; ﬂ COS((2k — 1)7T$)

It follows that the solution to the heat equation is given by

—

Z —5 exp(— (2k—1)%7t) cos((2k—1)m).

1
t) = Q_Z: Gn exp(—n?72t) cos(nrx) k,l

Figure 6.2 shows the solution to the heat equation at a few different time instances. We observe
that the solution (i) satisfies the homogeneous Neumann condition (i.e., the derivative vanishes
at the endpoints) and (ii) is smooth for any time. Both behaviors are readily predicted from our
Fourier series representation of the solution.

6.4 Mixed boundary conditions

We now consider a heat equation with mixed boundary conditions

ou  %u .

E—WZO 111(0,1)><R>0,
u=0 on {z =0} xRy,
21;:0 on {z =1} x Ry,

u=g¢g on (0,1) x {t =0}.

As the procedure is similar to the case for the homogeneous Dirichlet (or Neumann) boundary
condition considered earlier, we only highlight steps that are different from the previous cases.
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Figure 6.2: Solution to the heat equation with homogeneous Neumann boundary condition.

We apply separation of variables and arrive at the following boundary-value eigenproblem as-
sociated with the spatial function ¢,

(b;; = ap¢, in (07 1)7

¢n(0) =0,
(1) =0.
This — or more precisely —¢!! = —a, ¢, — is a Sturm-Liouville problem with a mixed boundary

condition; we know that the eigenvalues are real and the eigenfunctions are orthogonal. Moreover,
because the conditions for Theorem 4.5 are satisfied, the eigenvalues —a,, > 0 (or o, < 0). We
hence set o, = —A2 and find the solution is in the form ¢, (z) = a, cos(Apx) + b, sin(A,x). The
boundary condition ¢,(z = 0) = 0 requires that a, = 0. The boundary condition ¢} (1) = 0
requires that ¢/,(1) = by, cos(\,) = 0, which implies A\, = (n —1/2)m, n=1,2,....

The temporal ODE T!,(t) = —A2T,,(t) is the same as before, and its solution is of the form
T(t) = exp(—A2t) = exp(—(n — 1/2)?7%t) (up to multiplication by a constant). It follows that the
solution to the mixed boundary value problem is of the form

u(zx,t) = Z an exp(—(n — 1/2)*7%t) sin((n — 1/2)7x). (6.3)
n=1
We impose the initial condition to find

u(z,t=0) = Z apsin((n — 1/2)wz) = g(x).

n=1

We know that {sin((n—1/2)rz)}° ; forms an orthogonal basis because they are the eigenfunctions
of a Sturm-Liouville problem. We hence multiply both sides of the equations by sin((m — 1/2)rz)
and integrate over (0,1) to obtain

1 1
am/ sin((m — 1/2)rz)%dz = / sin((m — 1/2)mx)g(x)dx, m=1,2,....
0 0
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The integral on the left hand side evaluates to

e - 2dr = 11 — cos(2(m — T x—l
/Osm((m 1/2)mx) diL‘—/O 2(1 (2( 1/2)mx))d =3

where the last equality follows from the fact that integral of cos(2(m — 1/2)7x) over (0,1) is O for
any m. Hence

1
%an = /0 sin((n — 1/2)7x)g(x)dz

or equivalently

1
an = 2/0 sin((n — 1/2)mx)g(z)dz. (6.4)

The series (6.3) with the coefficients (6.4) provide a solution representation to the mixed boundary
value problem.

6.5 Nonhomogeneous source term

We now consider the heat equation with a nonhomogeneous source term:

ou  0%u .

E—W:f 1n(071)XR>07
u=0 on{0,1} xRy,
u=g¢g on (0,1) x {t =0},

where the source function f : (0,1) x Ryy — R in general depends on both space and time. This
nonhomogeneous problem can also be solved using separation of variables.

To begin, we first apply separation of variables to the homogeneous PDE % - % = 0 with
the homogeneous Dirichlet boundary condition to find an appropriate spatial basis functions (¢y,).
This homogeneous problem, considered in Section 6.2, yields a basis functions ¢, (z) = sin(nrz).
We express the solution as a linear combination of these spatial basis functions to obtain a solution

representation
o
u(z,t) = Z Uy (t) sin(nmz).
n=1

Note that the Fourier sine series will satisfy the homogeneous Dirichlet boundary condition for any
time-dependent coefficients (u,(t))52; at each time. We now substitute the Fourier representation
of v into the PDE to obtain

o0

Z[ﬁ;(t) + 02?0, (t)] sin(nmz) = f(x,t).

n=1

We next multiply the equation by 2sin(mnrx), integrate from z = 0 to x = 1, and appeal to the
orthogonality of the Fourier basis to obtain

A () + mPm2m,(t) = fm(t), m=1,2..., (6.5)
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where the Fourier coefficients of f are given by
1
t) :2/ fx,t)sin(mrz)de, m=1,2,....
=0

The time-dependent coefficients 4y, : R>g — R, n.=1,2,..., must hence satisfy the ODE (6.5).
We now wish to identify the appropriate initial conditions for (6.5). To this end, we substitute
the solution representation to the initial condition to obtain

u(z,t =0) = Z Un(t = 0) sin(nmx) = g(z).

n=1

This is a Fourier sine series and hence we deduce that
1
Un(t =0) = gp, = 2/ g(x) sin(nrx)dx. (6.6)
=0
The combination of (6.5) and (6.6) yields

i (1) + n*7 i (t) = falt),
Un(tzo):gn

forn =1,2,..., which is a set of ODE initial value problems.
We find the solution to the ODE initial value problem using an integrating factor. To this end,
we multiply each ODE by exp(n?m2t) and note that

exp(n?m?t)dl, (t) + n’m% exp(n’m2t) i, (t) = C;lt(exp(n T2, (1) = exp(n®m2t) fu(t).

We integrate the expression from 0 to t to obtain

t

exp(n2r2t)in(t) — din(t = 0) = / el f(r)dr

We divide through by exp(n?72t) and rearrange the expression to obtain
lin (t) = 1p (t = 0) exp(—n2m2t) + /to exp(—n?72(t — 7)) fn(7)dr.
Since Uy, (t = 0) = g, it follows that
i (£) = G exp(—nnt) + / to exp(—n2r2(t — 7)) fo(r)dr. (6.7)

Hence the solution to the nonhomogeneous heat equation is given by

Z U (t) sin(nmx),

where the coefficient functions are given by (6.7).
We make a few observations:
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1. The solution to the nonhomogeneous heat equation is a sum of the solutions to two initial
boundary value problem. The first problem is the homogeneous problem with nonzero initial
condition: %1; — ‘37% =0andu=gatt= 0 The second problem is the nonhomogeneous
problem with a zero initial condition: %ﬁf — W = fand v = 0 at t = 0. The result is an

application of the principle of superposition.

2. The term due to the nonhomogeneous source, frt:o exp(n?m2(r —t)) fn(7)dr, suggests that the
addition of the heat source at time 7 affects the solution for all ¢ > 7, which agrees with our
physical intuition. However, the influence of the heat source at time 7 decays exponentially
in time.

Example 6.3 (heat equation with a source term). We consider a nonhomogeneous heat equation

ou 0%u
a(x,t)—@(x,t):x, T € (0,1), t€R>O,
u=0 on{0,1} x Rsg,

u=0 on (0,1) x {t =0}.

The heat equation has a nonzero but time-independent source term.

We first recognize that our boundary conditions are homogeneous Dirichlet, and hence our
spatial basis is given by ¢, (z) = sin(nmx), n = 1,2, ...; the basis of Fourier sine series. To find the
Fourier sine series representation of the problem, we first identify that the Fourier sine coefficients
of the source term f(z) =x on z € (0,1):

R 2(—1 n+1
fn = ( ) n E Z>0.
nmw
We appeal to (6.7), note that g, = 0 since the initial condition is ¢ = 0, and find the Fourier sine
coeflicients of the solution:

n(t) = /t exp(n?n2(r — ) fudr = —— (1 — exp(—n2a20))f, = 2o

i . 5.3 (1 — exp(—n?m?t)).

Hence the solution is given by
u(x,t) = E = (1 —exp(—n2n%t)) sin(nmz).

Figure 6.3 shows the solution to the heat equation at a few different time instances. We make a
few observations. Lastly, as t — oo the solution converges to the non-trivial steady state solution

oo 2 n+1

s1n nmx),
=y 2 sinnra
n=1

this again agrees with our intuition that, in the presence of a steady heat source, the temperature
approaches a steady nonzero distribution over time.

72



0.07 :
—t=0

006 _t—1x10*
0.05 t=1x107
Tt =1x 1072
— -1
—o004l —t=1X10
- t —,00
B
S 0.03}
0.02}
0.01}
0

Figure 6.3: Solution to the heat equation with nonhomogeneous Dirichlet boundary condition.

6.6 Nonhomogeneous boundary conditions

We now consider the heat equation with nonhomogeneous boundary conditions:
ou 0% )
E_@:f 1n(0,1)><]R>0,
u=nh on {0,1} x Ry,
u=g¢ on (0,1) x {t =0},

where the boundary function h : {0,1} x Ryy — R in general depends on time. To solve this
problem, we consider the decomposition of the solution into two parts: (i) a function uP that
satisfies the boundary condition and (ii) the remainder of the solution w such that u = u® 4 w.
We first note that the function u” can be obtained by “extending” the boundary function h to the
interior of the domain:

uP(z,t) = h(0,t) + (h(1,t) — h(0,t))z;

this is obviously not a unique choice of a function that satisfies the boundary conditions, but it is a
convenient choice because the Laplacian of the linear function vanishes. We substitute u = u? + w
to our initial-boundary value problem to obtain

b ow  Hw .
ﬁ—i_a_w_f in (0,1) x R,

w’+w=h on {0,1} x Rso,
u® +w=yg on (0,1) x {t =0},

where we have appealed to 882;; = 0. In other words, the function w must satisfy

ow  0*w ouP
E_W:f_ﬁ in (0,1) x R,

w=0 on {0,1} x Ry,
w=g—u® on (0,1)x {t =0}
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This is a heat equation with a nonhomogeneous source term but with a homogeneous boundary

condition, which was considered in Section 6.5. We may hence solve for w using the procedure

outlined in the section and set u = u® + w. In the special case in which the boundary condition
9w

does not depend on time, the heat equation for w simplifies to W -z =1

Example 6.4 (nonhomogeneous Dirichlet boundary conditions). We consider the solution of a
heat equation initial-boundary value problem
ou  0%u
ot Ox?
u(x—O,t) =T, te€ Ry,
U(CC = 1,t) =Tgr, teRsy,
u=0 on (0,1) x {t =0}

=0 in (0,1) x R,

for some fixed temperatures 17, and Tr. The boundary condition is nonhomogeneous but is time-
independent. We seek the solution of a form u = u® 4+ w, for some uP that satisfies the boundary
condition and w which solves the initial-boundary value problem. We choose the function

uP(x,t) = Ty, + (Tg — Tp)x

as our boundary function, which satisfies the boundary conditions. We then note that w must then
satisfy
ow 0w
E—W:O OH(O,]_)X]R>0,
w=0 on{0,1} x Ry,
w=—ud = =T, — (TR — TL)I‘ on (0, 1) X {t = 0}.

This is a homogeneous heat equation with homogeneous boundary conditions, the solution approach
to which was discussed in Section 6.2.
The Fourier sine coefficients for the initial condition are

by, =2 /01 sin(nrz)(=Tp, — (Tr — Tr)x)dx

COS(MI 0+2(TR—TL) [_

. 1
sin(nmx) = xcos(nmwz)

=21y, 2.2
n?m nm 0

— oy (LY s or - i () = 20T - T+ (1) (T - 1)
= L (-Ty 4 (-1)'Tw)

Hence the function w is given by

oo o

2

t) = Z bn exp(—n?mt) sin(nrx) Z % —Tp 4 (—1)"TR) exp(—n’7?t) sin(nmzx).
= n=1

The solution v is

u(x,t) = uP(x,t) + w(x,t) = Ty + (Tg — Tr)x + Z %(—TL + (=1)"TR) exp(—n’r?t) sin(nnz).
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Figure 6.4: Solution to the heat equation with nonhomogeneous Dirichlet boundary condition.

Figure 6.4 shows the solution to the heat equation for 77, = 1/3 and Tr = 1 at a few different
time instances. We make a few observations. First, for a small ¢, the series representation of w is
almost equal to —uP and hence the solution u is close to zero (i.e., the initial condition). Second,

as t — oo, the function w — 0 and hence the solution u converges to u".

b

6.7 Summary

We summarize the key points of this lecture:

1.

Using separation of variables and the principle of superposition, we can find Fourier series
representations of the solution to the heat equation on a one-dimensional bounded spatial
domain.

. The application of separation of variables to the heat equation yields a Sturm-Liouville prob-

lem for the spatial modes. For homogeneous Dirichlet, Neumann, and mixed boundary condi-
tions, the Sturm-Liouville theory can be used to deduce that all eigenvalues are non-negative
and the eigenfunctions are orthogonal.

. The solution to the heat equation is smooth (i.e., infinitely differentiable) for ¢ > 0 for any

boundary conditions.

. The solution to the heat equation with homogeneous Dirichlet boundary condition is given

by Fourier sine series. All modes decay in time, and higher spatial mode decay more rapidly
in time.

. The solution to the heat equation with homogeneous Neumann boundary condition is given

by Fourier cosine series. The total energy is conserved in time.

. The solutions to a heat equation with a nonhomogeneous source term or a nonhomogeneous

boundary condition can be found again using separation of variables. The solution is the
sum of the solutions associated with (i) a nonhomogeneous PDE (i.e., finite source) and a
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homogeneous initial condition and (ii) a nonhomogeneous initial condition and a homogeneous
PDE (i.e., zero source).
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Lecture 7

Heat equation: fundamental solution

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

7.1 Introduction

In this lecture we seek the solution of initial or initial-boundary value problems associated with
the heat equation in unbounded domains. To find the solutions, we generalize Fourier series to
unbounded domains to form Fourier integrals. We then identify, using Fourier integrals, the fun-
damental solution (or heat kernel) for heat equations in unbounded domains. We next employ the
method of reflection to solve problems on the half (as opposed to entire) real line. We finalize
introduce the Duhamel’s principle, which allows us to express the solution to nonhomogeneous
problems as a linear combination of the solutions to a family of homogeneous problems.

7.2 Fourier integral representation

We have so far represented functions on bounded domains as Fourier series. For instance, the
Fourier series of f: (—L,L) — R is given by

flx) = %ao + Z(an cos(nmx/L) + by sin(nmz /L)),

n=1
where
1 (L 1 (L 1 (L
ag = L/—L f(x)dx, a,= L/—L cos(nmx /L) f(x)dz, b, = L/—L sin(nmx /L) f(x)dzx.

We now introduce Fourier integrals which provide similar representations for functions on un-
bounded domains (i.e., L — o).

Definition 7.1 (Fourier integral). Let f : R — R that satisfies [ |f(z)|dz < co. The Fourier
integral representation of f is given by

f(z) ~ /}\:(a(/\) cos(Az) + b(A) sin(Ax))dA,
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where the Fourier coefficients are given by

a(A) = 1 /oo cos(Az) f(x)dz, b(A) = 1 /Oo cos(A\x) f(x)dx.

™ J _0o T J 00

The Fourier integral, just like the Fourier series, converges for piecewise continuously differen-
tiable functions in a point-wise sense. We here state a key result without a proof.

Theorem 7.2 (convergence of Fourier integral). Let f: R — R be a function that (i) is piecewise
continuously differentiable on any interval and (i) satisfies [*°_|f(z)|da < co. Then for any = € R,

o° 1
/ (a(X) cos(Ax) + b(A) sin(Az))d\ = §(f(:c+) + f(x7)).
A=0

The Fourier integral, just like Fourier series, can be extended to odd and even functions.

Definition 7.3 (Fourier cosine integral). Let f : R — R be an even function that satisfies
fooo |f(x)|dx < co. The Fourier cosine integral representation of f is given by

fle)=[  F(\) cos(Az)dA,
A=0
where the Fourier cosine coefficient is given by

f\) = 1 /OO cos(Az) f(x)dx = 2 /000 cos(Az) f(x)dx.

T J_so us

Definition 7.4 (Fourier sine integral). Let f : R — R be an odd function that satisfies [° | f(z)|dz <
oo. The Fourier sine integral representation of f is given by

fey = FoysmOa)ar,
A=0

where the Fourier sine coefficient is given by

f\) = 1 /OO sin(Az) f(x)dx = 2 /OOO sin(Az) f(x)dx.

T J_ o us

The Fourier cosine and sine integrals exhibit the same convergence property as the (full) Fourier
integral.

7.3 Heat equation in R x R

We now consider the heat equation on the entire real line R:

ou  0%u .
a*@ =0 1HRXR>0, (71)
u=g onRx{t=0},
lu(z,t)] < oo aszx — foo.
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The boundary condition is replaced by a boundedness condition which requires the solution to be
finite as © — +oo.

As before, we apply separation of variables and express the solution as a linear combination of
homogeneous solutions of the form u(z,t) = ¢(x)T'(t). As usual, the substitution of the separable
expression to the heat equation yields a condition that

T/ ¢//

? = E =
for some constant «. The boundedness condition requires that ¢ remain finite as x — 0o, and hence
«a must be negative so that ¢ are sinusoidal functions instead of hyperbolic sinusoidal functions

which are unbounded as z — co. Without loss of generality, we set o = —\?2, and find the solutions
to the eigenproblem

«,

" +N¢=0 inR,
lp(z)] < oo asx — too,

are of the form
() = acos(Ax) + bsin(Az);
the expression is bounded for any x € R, A € Ryg. The associated temporal functions are

T(t) = exp(—A*t).
We consider the “linear combination” of the solutions ¢(x)7T(t) to obtain
u(x,t) = /}\Ooo(a()\) cos(Az) + b(\) sin(Ax)) exp(—At)d. (7.2)
The coefficient functions a(A) an;i b(\) are determined from the initial condition:
u(x, t =0) = //\Ooo(a()\) cos(Azx) + b(A) sin(Ax))d\ = g(z).
We deduce that a(\) and b(\) are th; Fourier coefficients of the Fourier integral of g; i.e.,
a(A) = — /Oo cos(Az)g(x)dz, b(A) = 1 /Oo sin(Az)g(x)dx. (7.3)

s ——00 ™ =—00

The solution to (7.1) is hence given by (7.2) with the coefficients (7.3).

7.4 Fundamental solution of the heat equation in R x R

We can rearrange the Fourier integral of the solution (7.2) to gain further insight about the structure
of the heat equation. To begin, we substitute the coefficients (7.3) to the Fourier integral (7.1) to
obtain

_1 > - cos cos( Az - sin sin(\z) | exp(—\?
u(z,t) = 77//\:0 </£:OO (A)g(§)dE cos(A )+/£:oo (AE)g(£)de sin(A )) D(—A21)dA
= 1/ / (cos(AE) cos(Az) + sin(AE) sin(Az))g(€)dE exp(—A2t)d\
T JA=0J¢=—00
I e N I exn( )2
T /A: /é:_oo (A€ — 2))g(€)dE exp(=A*t)d,

0
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where the last equality follows from a trigonometric identity. We now assume that the order of
integration can be reversed to obtain

= l - - COS — X)) exXp(— 2
ety = [ [ ol - e expl-adrg €

The inner integral on A over (0,00) can be computed using an integration technique in complex

analysis:
> _ T —(§—2)?
/)\0 cos(A(€ — ) exp(—A2t)d\ = 1 &P (4t> .

(The evaluation is beyond the scope of this course, but those who have taken complex analysis
could attempt its evaluation.) We hence find that

uat) = = /£ Cew <(54t$>2> g(€)de. (7.4)

This final expression shows how the initial condition ¢ affects the solution w.

Because the solution of the form (7.4) provides much useful information about the behavior
of the PDE, we now formalize the solution representation of this form using the concept of the
fundamental solution.

Definition 7.5 (fundamental solution of the heat equation). The fundamental solution of the heat

. 2 . .
equation % — ‘3712‘ =0in R x Ryg is

L_ exp (;ﬁ
O(x,t) = Vit at
0, t<O0.

The fundamental solution is also called the heat kernel or diffusion kernel.

), £>0

The fundamental solution ®(-,t), t > 0, is the Gaussian of a variance 2¢ (or standard deviation
V/2t); the height of the Gaussian is 1/y/4mt. The fundamental solution for three different time
instances is shown in Figure 7.1. The fundamental solution spreads and decays over time.

Using the fundamental solution, the solution to the initial value problem with u(x,t = 0) = g(x)
can be represented as

se.t)= [ ato—etpe = [ —ew(ZET L) gierae

We now make several observations:

1. Isotropy. The fundamental solution is even in z; i.e., ®(x,t) = ®(—xz,t). The initial solution
g spreads out to left and right in an equal manner, or more generally isotropically in higher
dimensions. (This is in contrast to the transport equation, where the solution transports in
a directional manner.)

2. Conservation of thermal energy. The spatial integral of the fundamental solution over (—oo, c0)

/OO B(w, 1)d = 1.

—00

is given by
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Figure 7.1: Fundamental solution of the heat equation.

Recalling that that spatial integral of the solution over (a,b) C R represents the thermal
energy in the domain (a,b), we conclude that (i) the solution spreads out over time but (ii)
the thermal energy is conserved. This is consistent with our understanding of the conservation
of thermal energy.

. Infinite propagation speed. The expression (7.4) shows that the solution u at a (space-time)
point (x,t), t > 0, depends on the initial solution g everywhere because exp(—(z — &)?/(4t))
is nonzero for all £ € R. Conversely, the initial solution g at any point ¢ affects solution
everywhere and immediately because the function exp(—(& — x)?/4t) is nonzero everywhere
in RxRsq. In other words, any change in the initial condition at some point £ is felt for any x
immediately for ¢t > 0, regardless of how far apart x and £ are; i.e., disturbances propagate at
infinite speed. (This is in contrast to the finite propagation speed observed for the transport
and wave equations.)

. Exponential decay of influence. While any disturbance affects the solution instantaneously
everywhere, their effect is quantitatively limited to a short distance over a short time. Namely,
if ¢ < 1, then the exponential in the integrand evaluates to nearly zero except for £ =~ .

Hence N " )2
1 rra —(éE—x
U(.’E,t) ~ m /:r_a €xXp <4t> g(é)dé

The initial condition g(z) will have a significant effect on the solution w(-,¢) only in the
vicinity of x for small ¢.

. Positiwity. If ¢ > 0 but g # 0 (i.e., g(z) > 0 for all = and g(z) > 0 for some x), then the
solution w is positive for all points z € R and times ¢t > 0. In words, if the initial temperature is
nonnegative everywhere and positive somewhere, then the temperature is positive everywhere
at any later time no matter how small.

. Smoothness. It can be shown that the solution to the heat equation is smooth; the solution
is infinitely differentiable in both space and time. The smoothness holds even if the initial
condition g is not differentiable. This is consistent with our observation for the solution on a
bounded domain obtained using the Fourier series.
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Figure 7.2: The solution to the heat equation with a square initial condition.

Example 7.6 (heat equation on R x R+g). Consider the heat equation initial value problem (7.1)

with a initial condition
17 T e (_17 1))
g(z) =
0, R\ (-1,1).

Using the fundamental solution, we can express the solution as

(o, t) = \/Z%/_ll exp (W) .

The integration is over (—1, 1) as the initial condition g vanishes outside of this interval. Figure 7.2
shows the solution to the heat equation. We readily confirm some of the observations we made
earlier. Even though the initial condition is discontinuous, the solution diffuses quickly and is
smooth for ¢ > 0. While the solution is formally positive everywhere for any ¢ > 0 (i.e., infinite
propagation speed), quantitatively the effect of the initial condition decays expontentially away
from x = +1.

Remark 7.7. Fundamental solutions also exist in R™ x R~ ; see Appendix 7.B.

7.5 Heat equation in R.; X R.3: homogeneous Dirichlet

We now consider heat equation on the positive half of the real line R<:

ou  0*u _
E — W =0 1in R>O X R>0, (75)

u=0 on {z =0} xRy,
u=g on Ry x{t=0},

lu(z,t)] < oo asx — oo.

We seek the solution using the method of reflection. The idea is to identify a problem on the entire
real line R whose solution restricted to Rsq solves the problem (7.5) on the half line. To find the

82



equivalent problem on R, we recall a key fact: if a function is (i) continuous and (ii) odd, then the
function vanishes at x = 0. The continuity requirement is satisfied for any solution to the heat
equation because the solution is smooth (i.e., infinitely differentiable). We hence wish to find a
problem on R whose solution is the odd extension of the solution of (7.5). We achieve this goal
by using the initial condition g : R — R that is the odd extension of g : Ryg — R. The resulting
problem on the entire real line R is as follows:

ot 0x?
u=g onRx{t=0},
lu(z,t)] < oo as x — £o0

=0 in R x Ry,
where ¢ is the odd extension of g,

The associated solution is

ue) = [~ a0 ds/ Bz — £, t)g dﬁ/ Bz — £ 1)g(~€)de

—00

- /Ooo@(:c —&t) = ®(z +&,1)g(€)d¢

= \/4% Ooo <exp <_($4;§)2> — €xXp (W)) 9(&)ds

Because the method of reflection applied to the homogeneous Dirichlet boundary condition is based
on the odd extension of the initial condition, the method is also called the method of odd extensions.

Example 7.8. We consider the heat equation initial-boundary value problem (7.5) with the initial
condition g = 1 on R<g. The solution is

gy (oo () ow () )

We substitute z = (z — £)/v/4t and z = (x + &) /V/4t to the first and second integrals, respectively,

and obtain
u(z,t) = — / exp(—22)dz —/ exp(—22)dz
ﬁ —o0 x/V4t

1 eV
:ﬁ _x/mexp(

here the first equality follows form the aforementioned substitution, the second equality follows
from the symmetry of the integrand and the cancellation of the integrals over (—oo, —2/v/4t) and
(x/v/4t,00), and the last equality follows from the definition of the error function.

Figure 7.3 shows the odd periodic extension on the entire R. We make a few observations, the
latter three of which reiterate our earlier observation about the solution of the heat equation (on
R x R>0).

u(x,t) =

—23)dz = erf(x/V4t);
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Figure 7.3: Solution of Example 7.8.
1. The solution attains v(z = 0,t) = 0 for all ¢ € [0,00), and the homogeneous Dirichlet
boundary condition is satisfied.

2. Smoothness. The discontinuity in the initial condition disappear immediately. The solution
is infinitely differentiable for ¢ > 0.

3. Infinite propagation speed. The discontinuity affects the solution immediately and everywhere.
The disturbance propagates at infinite speed.

4. Ezxponential decay of influence. However, quantitatively, only the solution in the region |z| <
V4t sees significant deviation from the initial condition; significant impact of the diffusion
process is only felt in this region, and the width of the region grows as v/4t.

7.6 Heat equation in R.j X R.y: homogeneous Neumann

We now consider heat equation on a half line R<:

ou  0%u )

a — @ =0 in R>0 X R>0, (76)
0
0—1;20 on {x =0} x Ry,

u=g onRsox {t=0},

lu(z,t)] < oo asx — oo.

We again seek the solution using the method of reflection; i.e., we seek a problem on the entire R
whose solution restricted to the half line R+ is the solution to the homogeneous Neumann problem.
We recall a key fact: any continuously differentiable and even function has a vanishing derivative at
x = 0. The continuously differentiable requirement is satisfied for any solution to the heat equation
because the solution is smooth (i.e., infinitely differentiable). We hence wish to find a problem on
R whose solution is an even extension of the solution to the homogeneous Neumann problem. To
this end, we recast the problem on the entire R whose initial condition is the even extension of the
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initial condition g. (Note that, to ensure the derivative (instead of the value) vanishes at z = 0,
we consider the even (instead of the odd) extension.)
The resulting problem on the entire real line R is

ou 0% ,
a — W =0 1in R x R>0, (77)
u=g onRx{t=0},

lu(z,t)] < oo asxz — +oo,

where g is the even extension of g,

@) = {gm, z € R0,

g(_ﬂU), T e R<0'

The associated solution is

ule,t) = /O T (@ - 1)+ B(x + £, 0)g(€)de

~ i o (B ) e (F5) o

The method of reflection applied to the homogeneous Neumann problem is also called the method
of even extension. We can readily verify the earlier observations about (i) smoothness and (ii)
infinite propagation speed.

7.7 Nonhomogeneous problems and Duhamel’s principle

We now consider the solution of nonhomogeneous problems of the form
ou 0%u

ot 92?2
u=g onRx {t=0}.

=f inRxRsg, (7.8)

We immediately note that, by the linearity of the PDE, the solution can be decomposed into
u = w + v, where w satisfies the homogeneous heat equation with a nontrivial initial condition
ow  O*w
— ———=0 inRxR 7.9
ot o2 >0, ( )
u=g onR x {t=0}.

and v satisfies the nonhomogeneous heat equation with the trivial initial condition

ot Ox?
u=0 onR x {t=0}.

=f nRXxRs, (7.10)

We have already seen how to solve (7.9) in previous sections; we hence focus on the solution
of (7.10). One approach to solve the problem is to appeal to Duhamel’s principle:
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Theorem 7.9 (Duhamel’s principle for the heat equation). Let v : R x Ryg — R be the solution
to the initial value problem

ou  0%u

ot Ox?

u=0 onRx{t=0}

=f inR xRy,

for some source function f : R x Ryg — R. For any fixed s € Ry, let u® : R x Ry; — R be the
solution to

ow ot
ot Ox?
u® = f(-,s) on R x {t=s}.

=0 inR xRy,

Then, the solution u : R x Ry is given by
t
u(x,t) = / u’(x,t)ds, x €R, t € R (7.11)
s=0

Proof. We differentiate (7.11) in time to obtain

ou

) s t t 6us
G =tmeen+ [ Greos= e+ [ G

(x,t)ds.

Similarly we apply the spatial differential operator to obtain
0%u to%us toous
&EQ(JU’ ) o 0x2 (z,t)ds /s:O ot (z,t)ds
It follows that
ou 0%u toous toous
—(z,t) — —(z,t) = t —(z,t)ds — —(z,t)ds = t
@) = gt = fan+ [ S [ S s = fo.

and hence the solution (7.11) satisfies the PDE. We also observe that

t=0

u(a:,tzO):/ u(z,t =0)ds =0, zeR,
s=0

as u®(-,t =0) = f(-,s) is bounded, and hence the solution satisfies the homogeneous initial condi-

tion. O

Intuitively, Duhamel’s principle states that the solution v to nonhomogeneous heat equations
can be expressed as a “linear combination” of the solutions {u®}¢(o,) to homogeneous heat equa-
tions with initial conditions associated with the nonhomogeneous source term f. We note that each
solution u® : R x Rss — R can be expressed using the fundamental solution:

us(ac,t):/R<I>(a:—§,t—s)f(§,s)d§.

It follows that the solution to (7.10) with the homogeneous initial condition is

t t
v(ac,t):/ Ous(a:,t)ds:/:O/Rq)(:c—f,t—s)f(f,s)dﬁds.
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The complete solution to (7.8) with the initial condition u(-,¢ = 0) = ¢ is hence
ey = [0 -enp@ac [ [ ot s sdss
s=0

- [ e (-U5E e+ [ [ e (<450 e sydsas.

Remark 7.210. The proof of Duhamel’s principle relies only on the linearity of the spatial operator
(which is % for the heat equation in one dimension). Hence the principle applies to any linear
nonhomogeneous PDE in any spatial dimensions.

Example 7.11 (nonhomogeneous heat equation: revisited). In Section 6.5, we considered the
solution of nonhomogeneous one-dimensional heat equation using the separation of variables. For
homogeneous Dirichlet problems on € = (0,1) with the initial condition g = 0, we found that the
solution is given by w(x,t) = > 7| Gy (t) sin(nmz), where

Un(t) = /0 exp(—n?m3(t — T))fn(T)dT,

and f, () are the Fourier sine coefficients of the source function f(-, 7).
We can derive the same relationship using the Duhamel’s principle. To see this, we first recall
that the solution to the homogeneous heat equation for any fixed s € R+,

aus 82 s )
B o 0 in (0,1) x Rsg,

u®*=0 on {0,1} x Ryq,
u® = f(-,s) on (0,1) x {t = s},
is given by

Z fn(s) exp(—n2m2(t — 5)) sin(nmz).

We now appeal to Duhamel’s principle to observe that

[e.e]

u(z,t) = / t:O ub(z, 8)ds = ( / tzo exp(—n?r?(t — s)) fn(s)ds> sin(nmz),

n=1

iin ()

which is identical to the expression obtained in Section 6.5 through an explicit manipulation of the
Fourier sine series coefficients.

7.8 Nonhomogeneous boundary conditions

We now consider the solution of nonhomogeneous heat equations on a half line Ry with non-
homogeneous boundary conditions. Our approach is similar to the approach we used to treat
nonhomogeneous boundary conditions on bounded domains using separation of variables in Sec-
tion 6.6.
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We first consider the case with a nonhomogeneous Dirichlet boundary condition:
ou  0%u )
E - @ = f 1m R>0 X R>0, (712)

u=nh on {xr =0} xRy,

u=g on Ry x {t =0},

where f : Ryg x Ryg — R is the source function, h : Ryg — R is the boundary function, and
g : Ryg — R is the initial condition. We decompose the solution into two parts:

u(z,t) = v(x,t) + h(t);

note that the second term matches the boundary condition for all ¢, and hence the first term
vanished on the boundary. (Here h(t) plays the role of u® in Section 6.6.) The substitution of the
decomposition into (7.12) yields another IBVP for v : Ryg x Ryg — R:

o o,

ot 0x2 dt
v=0 on {x =0} xRy,
v=g—h onRygx {t=0}.

in Rxo X R,

This is a nonhomogeneous heat equation with a homogeneous Dirichlet boundary condition, which
can be solved using Duhamel’s principle and fundamental solution as shown in Section 7.7.
We next consider the case with a nonhomogeneous Neumann boundary condition:

u ,
ait‘ - 677“; — f inRsg x Rag, (7.13)
;L:h on {x =0} x Rso,

u=g onRsgx {t =0},

where f: Rsg X Ryg — R is the source function, h : Ry X R is the boundary derivative function,
and g : R~yp — R is the initial condition. In this case, we consider the decomposition

u(z,t) = v(x,t) + zh(t);

the second term matches the nonhomogeneous Neumann boundary condition for all ¢, and hence the
first term satisfies homogeneous Neumann boundary condition on the boundary. The substitution
of the decomposition into (7.13) yields another IBVP for v : Ryg x Ryo — R:

v 0% dh .
a_@:f—ggg in Ryg X Ry,
ov

%:O on {x =0} x Ry,

v=g—xh onRsgx {t =0}

This is a nonhomogeneous heat equation with a homogeneous Neumann boundary condition, which
again can be solved using Duhamel’s principle and fundamental solution as shown in Section 7.7.
We conclude the section with an example with a nonhomogeneous Dirichlet boundary condition.
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Example 7.12. Consider the heat equation on a half line,

ot  Ox?
u=1 on {z =0} xRy,
u=0 onRsyx {t =0},

=0 1in R>0 X R>0, (714)

Our initial condition is the zero solution, and we impose the boundary condition of u =1 at z = 1;
we hence intuitively expect the temperature to increase with time, and the “warm region” to spread
with time.

We recognize h(t) = 1 and decompose the solution u as

u(z,t) =v(x,t) + 1.
The substitution of the decomposition into (7.14) yields an IBVP for v : Ryg x Ryo — R:

ov 0% .
E—@:() IHR>OXR>O,

v=0 on {z =0} xR,
v=—1 onRsyx {t =0}

This problem was considered in Example 7.8, and it has the solution
v(z,t) = —erf(z/V4t).
Hence the solution to our original problem (7.14) is given by
u(z,t) = 1 — erf(z/V4t) = erfc(x/V4t).
We now make a few observations about the solutions v and wu:

1. Smoothness. The inconsistency in the initial and boundary conditions at (x,t) = (0,0)
disappears immediately. The solution is infinitely differentiable for ¢ > 0.

2. Infinite propagation speed. The inconsistency affects the solution immediately and everywhere.
The disturbance propagates at infinite speed.

3. Exponential decay of influence. However, quantitatively, only the solution in the region x <
V4t sees significant deviation from the initial condition; significant impact of the diffusion
process is only felt in this region, and the width of the region grows as v/4t.

7.9 Summary

We summarize key points of this lecture:

1. Fourier integral is a “generalization” of Fourier series to non-periodic functions on the entire
R.
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Figure 7.4: Solution to the heat equations initial-boundary value problem (7.14).

. The solution to the heat equation on R can be expressed as a convolution of the initial
condition and the fundamental solution (i.e., the heat kernel).

. Important properties of the heat kernel include isotropy, conservation of thermal energy,
infinite propagation speed, exponential decay of influence, positivity, and smoothness.

. The solution to the heat equation on R+ with homogeneous Dirichlet boundary condition can
be found using the method of odd extension, which belongs to a family of reflection methods.

. The solution to the heat equation on Ry with homogeneous Neumann boundary condition
can be found using the method of even extension.

. Duhamel’s principle can be used to express the solution to nonhomogeneous heat equation as
a linear combination of a family of solutions to homogeneous heat equations with particular
initial conditions.

. Nonhomogeneous boundary conditions can be treated by decomposing the solution into a
(known) boundary function that satisfies the boundary condition and an auxiliary solution.
The solution to the auxiliary problem, with homogeneous boundary conditions, can be ob-
tained using Duhamel’s principle and the fundamental solution.
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7.A “Derivation” of Fourier integrals

We note that the following “derivation” of Fourier integrals is not rigorous; nevertheless it provides
the correct final expression for Fourier integrals. We first analyze the constant term of the Fourier
series:

L L
ey =a=g [ @< [ i@l 20

where we have used the fact that the integral of f over R is finite. (Not that if [p | f(z)|dz is finite,
then 5 ffL |f(x)|dx — 0 as L — co.) We next analyze the cosine terms of the Fourier series:

fe(z) = i <i /_LL cos(mrﬁ/L)f(f)df) cos(nmz/L),

n=1

where £ is a “dummy variable” for the integration to avoid conflation with “z”. We now consider
the change of variables \,, = n7/L and note AX = \,41 — A\, = 7/L to obtain

1 (L
T™J-L

fc(w)Z;A/\< [ costn©)1(60ae ) costnne)

We the interpret the sum as a Riemann sum and take L — oo (and hence AX — 0) to replace the
sum with an integral and obtain

o 1 [o.¢]
felz) = / </ cos(){)f(f)d{) cos(Az)dA.
A=0 \T J -0
We can apply the same transformation to the sine terms of the Fourier series to obtain
e.) 1 o0 . .
fs(x) E/}\ (/ 51n()\§)f(§)d§> sin(Ax)dA.

=0 \7T J-—

We again note that the above “derivation” is not rigorous; however, it leads us to the following
(correct) definition of Fourier integral.

7.B Fundamental solution in R" x R

The idea of fundamental solution readily extends to higher spatial dimension. We here omit the
derivation and state the key results

Definition 7.13 (fundamental solution of the heat equation in R™). The fundamental solution of

the heat equation % — Au=01in R" is

|z

1 -1, t>0
O(x,t) = { (<)4wt>1/2< e(’;(p( o )
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We verify the particular result we derived for R! is a specialization of this general result to
n = 1. We now consider the initial value problem
ou
— —Au=0 inR" xR
6t >07
u=g onR"x{t=0},

lu] < oo in R"™ x Ryyg.

Analogously to the problem on R x R+, the solution to this problem on R"™ x R~ can be expressed
using the fundamental solution:

=g

wet)= [ o-cnoois= [ pen(-E a0 @

We can readily show that the the four observations we have made about the solution of the heat
equation in R!' — smoothness, infinite propagation speed, exponential decay of influence, and
positivity — also hold for the heat equation in R™; the observations follow from the form of the
fundamental solution.
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Lecture 8

Heat equation: finite difference
method

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

8.1 Motivation

We have so far considered analytical approaches to “solve” for — or more precisely represent
— the solution to the heat equation: separation of variables and fundamental solutions. While
the analytical representations are useful in understanding properties of the PDE, they cannot
readily treat general heat equations involving variable coefficients and general domains, which are
frequently encountered in science and engineering. In practice, these more general initial-boundary
value problems are solved — or more precisely approximated — using numerical methods. In this
lecture we consider numerical approximation of the heat equation. For simplicity, we consider a
one-dimensional heat equation; we will later consider the treatment of higher-dimensional problems.

8.2 Model equation

Throughout this lecture, we consider a initial-boundary value problem defined on spatial domain
Q= (z1,xg) and the time interval I = (0,],

ou  0%u .
E—@:f 11 ($L)xR)X(O’tf]’
U:hL on {l'::EL}X(Ovtf]v
ou
%:}m on {x =xzgr} x (0,t¢],

u=g¢g on (rr,zgr) x {t =0},

where the functions f: Q@ xI - R, g: Q2 = R, hy : I - R, and hg : I — R depend on space
and/or time in an arbitrary manner. We consider a problem with Dirichlet and Neumann boundary
conditions on the left and right boundary, respectively, to demonstrate the treatment of these two
different boundary conditions.
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Figure 8.1: Space-time finite difference grid for one-dimensional heat equation for n = 4 and J = 5.

8.3 Discretization in space and time

To approximate the solution to the heat equation, we first discretize our space-time domain
(xr,xRr) % (0,tf). To this end, we introduce the spatial computation grid comprises n 4 1 points:

TL=00< 1< < Tp—1 <Tp =TR.
For simplicity we assume that the grid points are equispaced so that
;i =1iAzx, 1=0,1,...,n,

where Az = (zg — x1)/n. We similarly introduce a temporal computational grid comprises J + 1
points:

0=t <t <. <t/ <! =4

For simplicity, we again assume that time intervals are equispaced so that

= jAt, j=0,1,...,J,
where At = ty/J. Our goal is to approximate the solution at the space-time grid points u(wy, t))
by a computational approximation ﬁi so that

u(mi,tj)zﬁg, i=0,...,n, j=0,...,J.

Figure 8.1 shows the space-time finite difference grid. We now introduce finite difference method
in space and time to approximate the solution at the grid points.

(While we will not consider non-equispaced grids or time intervals in this lecture, finite difference
methods readily extend to these cases. In fact, adaptive and non-equispaced grids and time intervals
can greatly improve the efficiency of the method for some problems.)
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8.4 Finite difference in space

The numerical approximation of PDEs requires the approximation of the (spatial) derivatives that
appear in the PDEs. To this end, we introduce a generic function f : [x1,zr] — R and illustrate
an approach to estimate its derivative at a set of points. Specifically, given the function values at
the grid points xg, . .., x, we wish to approximate the derivative at the same set of points. We first
introduce an approximation of the first derivative:

Definition 8.1 (first-derivative central difference formula). The first-derivative central difference

formula is
(8.1)
where f; = f(x;) and Ax = zj41 — x; = x; — xi—1.

This is an example of a finite difference formula, in which the derivative is approximated by a
finite number of differences on a finite grid. Note that in the limit of Ax — 0, the formula provides
the definition of the derivative. We now formally analyze the truncation error.

Proposition 8.2. Given a thrice continuously differentiable function f,

|f,(xl) f2+1

max i Am
| o 6£e[xz 1,T L+1]| ( )’

where f; = f(z;) and Az = 2,41 — x; = ©; — x;_1. The formula is second-order accurate; i.e., the
error E is bounded by E < CAz? for some C independent of Az, and in particular it depends on
the square of the grid spacing Azx.

Proof. We consider Taylor series expansion of f;11 and f;_; about z; to obtain

Pt S Il (it A SR 4 SFE)AT — (i~ AT+ S AR — L (E)AT)
= S AT (6 + @A) =+ (16 + 7€) Ar?

for some & € [x;—1,x;] and & € [z, 2441]. It follows that

fit1 — fi1 1 9 1
r_ _ gm " < = £
i 5AL 12\f (§1) + [ (&2)]|Ax” < 5 ge[x?}?,}im] |f"(€)| Az,

which is the desired relationship. O
We can similarly approximate the second derivative using the finite difference method.

Definition 8.3 (second-derivative central difference formula). The second-derivative central dif-
ference formula is

wooy o Jivn = 2fi + fica
Fa) e PR T (32)
where f; = f(z;) and Ax = x41 — x; = x; — 24—1.
The denominator scales with Axz? for the second derivative (as opposed to Az for the first

derivative); perhaps this is not too surprising if we consider the definition of the derivative and the
limit. We now formally analyze the truncation error.
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Proposition 8.4. Given a function f with a continuous fourth derivative,

p fir1 = 2fi+ fiza 1 (4) 2
"_ <— m Az?,

where f; = f(z;) and Ax = ;41 — x; = x; — x;—1. The formula is second-order accurate.
Proof. We express fi+1, —2f;, and f;_1 using Taylor series expansions:
1 1 1
fix1 = fi+ flAz + §f¢HA952 + gfimAxg + ﬁf(4)(§1)A$4
—2fi = —2f;
/ 1 1" 2 1 " 3 1 (4) 4
fic1 = fi — fiAz + §f¢ Az — gfi Az + ﬁf (§2)Ax

for some & € [z;, z41] and & € [x;-1,x;]. We sum the equations to obtain

fivr = 26 fioy = [+ o 1FD (&) + FD (@) A"

note in particular that the odd-order terms cancel due to the symmetry. We finally note

p fin =2fi+ fior, 1w (4) 2 _ 1 (4) 2
" = Az® < m A
I A = ) + V@A < max|FO(9)]ad?,
which is the desired relationship. O

In general, it is possible to construct finite difference formulas for derivatives of arbitrary order.
In addition, it is possible to construct finite difference formulas that are accurate to an arbitrary
order, in which the error scales as AzP for an arbitrarily large p. Higher-order and/or higher-
derivative approximations are achieved by including more points (z;, f(x;)) in the finite difference
formula and choosing the associated weights so that more terms of the Taylor series expansion
cancel. This can be achieved in a systematic manner using a Taylor table.

8.5 Semi-discrete heat equation

We now apply finite difference formulas to approximate the heat equation. In particular, we wish
to approximate the value of the solution at nodes x1,...,x, at time ¢ by

&i(t)%u(xi,t), 1=1,...,n, t € Ryg.

Note that our goal is to approximate the solution u : 2 x I — R that depends on both space and

time by a set of n functions u; : I — R, ¢ = 1,...,n, associated with the n fixed grid points. To
this end, we start with the heat equation
ou 0%u

E(m,t) — W(m,t) = f(z,t) 2€Q, tel,

and approximate the Laplacian operator, which is the second derivative in space, using the central
difference formula (8.2) to obtain the heat equation discretized in space:

dCZZ- (t) tip1(t) — 221-;2) +aioa(t) i), tel, 3
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where f;(t) = f(zs,t). We use fi(t) (instead of f;(t)) to denote the evaluation of f at (x;,t) because
this evaluation is exact at x;; this is unlike @(x;,t), which in general will not equal u(x;,t) at z;.

While (8.3) provides appropriate equations for the interior nodes i = 2,...,n — 1, we need to
incorporate the boundary conditions for ¢ = 1 and n as follows:

1. Left Dirichlet boundary. On the left boundary, we wish to impose the Dirichlet boundary
condition u(x = xp,t) = hr(t). Because the solution at ¢ = 0 is “known”, we replace the
difference equation (8.3) for ¢ = 0 with

Ui=o(t) = hr(t).
We substitute the expression in the difference equation (8.3) for ¢ = 1 to obtain

) us(t) — 221352) +ho(t) i),

dt

which, after some rearrangement, yields

diy | G(t)—2(t) o hot)
F vt AU ves

Note that we have moved the “known” value to the right hand side of the equation so that
the left hand side is linear in 4.

2. Right Neumann boundary. On the right boundary, we wish to impose the Neumann boundary
condition g—;(x = xp,t) = hr(t). We apply the central finite difference formula for the first

derivative at ¢ = n to obtain

Tpt1(t) — Un-1(t)

9Nz =hr(t) = dng1(t) = Gp-1(t) + 2A2hp(1).

We substitute the relationship to the difference equation (8.3) for i = n to obtain

dan t (ﬂnfl(t) + QA.th(t)) B Qan(t) + ﬂnfl(t)

E( )_ A2 :fn(t)’ t€R>O

which, after some rearrangement, yields

diiy, =20y (£) 4 2Un—1(t)
— () = A = falt) + 5

The finite difference approximation, which incorporates the boundary conditions, is hence given by

duy ta(t) — 22U (2) At + hi(?)

E(t)*A—QCQZ 1(t) Ag2’
dCZ" (1) - alt) = QZZE;) ol _ ey o, (8.4)
B gy - 2l £ 20a8) _ 7 ) 4 2hll)
Gt =0)=g, i=1,...,n,
where g; = g(x;), i = 1,...,n. We make a few observations:
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1. The system (8.4) is called a semi-discrete form of the heat equation (with appropriate bound-
ary conditions) because the equation is discretized in space but not in time.

2. We have turned the original PDE-based initial-boundary value problem into an initial value
problem based on a system of n ODEs, where the unknowns are u(xi),...,u(z,) (which
excludes the left boundary with the known solution).

3. Assuming the solution u is sufficiently regular, this approximation is second-order accurate
m space; i.e.,
lw(z;,t) — @ ()] < CAz?, i=1,...,n, t € Rsg

for some constant C' < oo independent of Az. Decreasing the grid spacing Az by a factor of
two results in the error to decrease by a factor of four.

The system of ODEs can also be written in matrix form. We first concatenate @i (t),. .., Uy (t)
as a vector @(t) € R"™ whose i-th entry is @;(t). We then seek 4 : Rsg — R™ such that

%(t) +Aa(t) = f(&) + h(t) mR", ¢ € Rag, (8.5)
a(t=0)=¢ inR",

where A € R™™ | f(t) e R, f*(t) € R", and §j € R™ are given by

2 -1 fi hi/Az? &

) -1 2 -1 f2 0 g2
A= A2 EPERR e P N A
-1 2 -1 fn—1 0 Gn—1

2 2 7, 2hp/Ax in

The matrix form of the equation allows us to (i) more compactly express our finite difference
approximation and (ii) efficiently implement our approximation in a computer program using a
language such as MATLAB.

8.6 Temporal discretization

We next wish to apply a time discretization to the semi-discrete form (8.4). There are many time
marching methods, but in this lecture we consider the Crank-Nicolson method. To this end, we first
introduce a initial value problem associated with a system of n ODEs: find @ : I — R" such that

di
dt
i(t=0)=g inR",

(t) = F(a(t),t) inR", tel,

where F': R™ x I — R" describes the dynamics of the system, and ¢ € R™ is the initial condition.
We now wish to find a sequence of approximations %°,. .., %’ such that

aty~al, j=0,...,J.
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The Crank-Nicolson approximation is given by

0 — i1 1 o . .
%:7(F(~3,t3)+F(ﬁ3_1,t7_1)) inR”, j=1,...,J,

@W="=¢ inR"™

[\

As regards the accuracy of the Crank-Nicolson method, we have the following result:
Proposition 8.5. Suppose ‘Zl—? = F(a,t) in R"” where (i) F'is Lipsphi? continuous in @ and (ii) F
is continuous in ¢. Then the Crank-Nicolson approximation of @(#’), @/, satisfies

a(') — a’| < C max [@"(s)|At,
s€[0,87]

)

where C' is independent of At.
We make two observations:

1. Convergence: |u(t’) — @| — 0 as At — 0 for any #/ and hence the scheme is convergent;

2. Order of accuracy: |u(t’) — @] < CAt? and hence the scheme is second order accurate.
Decreasing the time step At by a factor of two results in the error to decrease by a factor of
four.

Remark 8.6. (This discussion is beyond the scope of this course, but we make one remark regarding
the stability of time-marching schemes.) The choice of the time-marching scheme is typically
governed by three factors: the order of accuracy; the cost; and the stability of the scheme. The
stability of the scheme dictates the maximum time step At that can be used for the scheme to remain
numerically stable (i.e., the solution to not “blow up” in time). The Crank-Nicolson method has
a nice stability property and remains stable for any choice of At, assuming the underlying PDE is
stable (which is the case for the heat equation). We just note that the order of accuracy is not the
only consideration in choosing a time-marching scheme.

8.7 Fully discrete equation

We now apply the Crank-Nicolson method to the semi-discrete form of the heat equation to obtain
a fully discrete equation. We denote the finite difference approximation of the state at position x;
and time ¢/ by

J
[

@ ~u(x, ), i=1,...,n, j=1,...,J

The application of the backward Euler formula to (8.4) yields

5 zj—1 ~k ~k A k

up—uyp 1 Uy — 2y 2k h§ .

Sarmy X (Caatefegh) dmtes
ke{i—1,5}

A A | af  —2af+ak, s

=3 > itl Alj? Lk =20 —1,5=1,...,J, (86)

=i i1 Zp Zf A k

Uy, — U 1 —2u,; + 2u; _ 2 2h .

Ta T2 2 <W+f5+£>’ J=bend
ke{i—1,}

’L:Lg:():gia izl?"'ana
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where ff = f(z,t7), hi = hy (), and hiz = hg(t’). We can also write the formulation in a more
compact matrix-vector form:
W

o =5 (A W - AT PR iR =1

W="=g inR"
where A € R™™, fi = f(t/) € R", and b/ = h(t/) € R™; the expressions for f(t) and h(t) are
provided in the semi-discrete formulation (8.5). We make a few observations:

1. The system (8.6) is a fully discrete form of the heat equation because it is discretized in both
space and time.

2. Assuming the solution w is sufficiently regular, the approximation is second-order accurate in
both space and time; i.e.,

lu(zs, ) — 0| < CAZ® + DAL, i=1,....n, j=1,...,J,

for some constants C' < oo and D < oco. Decreasing both Ax and At by a factor of two results
in the error to decrease by a factor of four.

3. Because the error is a sum of the spatial and temporal errors, it is insufficient to decrease
only Ax or At. Both Az and At must be decreased to control the error.

8.8 Solution of the fully discrete equation

We can solve the fully discrete equation by marching in time as follows:
0. Initialize the state to @/=° = §.

1. Update the state by solving a linear system
1 o~ 1 N~ 1 2. 2. 2. 2.
(I+ SAtA)al = (I - 5AtA)ﬂﬂ‘l + AU + 0+ F R (8.7)

for @/ € R", starting with j = 1 and time-marching to j = J.
We make a few observations:

1. The matrix I + %At/l € R™ ™ is nonsingular for all At and hence the linear system has a
unique solution.

2. The matrices I + %At/l € R™™ and I — %At/l € R™ " are tridiagonal. The matrices have
nonzero entries only on the diagonal, superdiagonal, and subdiagonal. The matrices can be
efficiently stored in O(n) space by only storing the indices and values of the nonzero entries;
this is unlike a general dense n x n matrix, which requires O(n?) space to store.

3. The tridiagonal system can be solved efficiently in O(n) operations using the Thomas algo-
rithm, which is a specialization of LU factorization (or Gaussian elimination) for a tridiagonal
matrix. (A tridiagonal matrix is a special case of a more general sparse matriz, which is a
matrix whose entries are mostly zero.)
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4. While the matrix I+ %Atfl is sparse, its inverse (I + %At/l)_l is a dense matrix whose entries
are nonzero everywhere. Computing (I + %Atfi)_l requires O(n3) operations, and storing

the matrix requires O(n?) space. Hence, the matrix (I + %Atfl)*l should never be explicitly
formed.

5. More pragmatically, to solve (8.7) using MATLAB, we first store I and A as sparse matrices
using the sparse command. We then call

~ . 1 ~ 1 N~ 1 2. 2. 2. 2.
@ (I+ SALA)\ (T - 5AtA)aﬂ‘l + AU+ B+ F7E 4 piThy),

where “\” is the backslash operator, which automatically solves the system using the Thomas
algorithm for tridiagonal systems. We should never use the inv function, which is very
inefficient.

8.9 Example

We now consider the approximation of the heat equation on (0, 1) x (0, 1):

ou O*u 2
E(a:,t) - W@’t) = cos(t/2) exp(z®), Vx € (0,1), t e (0,1], (8.8)
u(z =0,t) =0, Vte(0,1],
ou
So@=1,6)=0, vte(0,1],

u(z,t =0) = %sin(?nm:/Q), Vz € (0,1).

Figure 8.2 shows the finite difference solution for two different grid spacings Ax and time steps
At. We note that the arbitrary initial condition and the time-dependent source function can be
handled without any difficulty using the numerical method. We also qualitatively observe that the
approximation gets finer as Az decreases.

Table 8.1 shows the maximum error

Il

Ju— o = max |u(w;,t!) — u
i=1,....,n

G=1o T
as a function of Az and At. We make some observations:

1. The solution accuracy can be limited by either the lack of the spatial resolution or the lack
of the temporal resolution. We must decrease both Az and At to control the error.

2. If At is sufficiently small such that the accuracy is limited by the spatial resolution — i.e.,
At = 1/256 which is the last column of the table — the error scales as O(Axz?), which is
consistent with the theory for the second-order accurate finite difference method.

3. If Ax is sufficiently small such that the accuracy is limited by the time resolution — i.e.,
Az = 1/64 which is the last row of the table — the error scales as O(At?), which is consistent
with the theory for the second-order accurate Crank-Nicolson method.

4. To minimize the computational cost (i.e., the number of grid points or time steps) required
to achieve a given accuracy, we wish to choose a combination of Az and At such that the
spatial and temporal errors are balanced and neither one is dominating the other.
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T T

(a) Az =1/8, At =1/32 (b) Az =1/32, At =1/128

Figure 8.2: Approximation of the heat equation problem (8.8).

| At=1/32 At=1/64 At=1/128 At=1/256
Az =1/8 | 761 x1073 754x107% 7.53x1073 7.52 x 1073
Az =1/16 | 7.75 x 1073 1.91 x 1073 1.89 x 1073 1.89 x 1073
Az =1/32 833 x1073 1.84x 1073 4.77x107% 4.73 x 1074
Az =1/64 | 847 x 1073 1.97x 1073 448 x 107* 2.09 x 1074

Table 8.1: Maximum error for the heat equation problem (8.8) as a function of the grid spacing
Ax and time stepping At.
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8.10 Summary

We summarize key points of this lecture:

1.

The finite difference method provides an approximation of the solution to the heat equation
on a set of grid points in space and instances in time.

. Given a function f, its derivative evaluated at a grid point z; can be approximated as a

linear combination of f evaluated at a set of grid points. The order of accuracy of the finite
difference formula can be analyzed using Taylor series. The number of required grid points
depends on the order of the derivative and the order of accuracy.

. Semi-discrete form of a time-dependent PDE is a system ODEs (initial value problems) that

has been discretized in space but remains continuous in time.

. The semi-discrete equation can be discretized in time using a time marching method (e.g.,

the Crank-Nicolson method), which yields a fully discrete equation.

. The fully discrete equation can be solved by starting with ¢ = 0 and then marching forward

in time. If the backward Euler method is used for the time discretization, we must solve a
linear system at each time instance; the linear system can be solved efficiently because it is a
sparse matrix.
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Laplace’s equation
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Lecture 9

Laplace’s equation: introduction

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

9.1 Introduction
In this lecture we introduce and study Laplace’s equation
—Au=0 inQCR"
and the closely related Poisson’s equation
—Au=f imQCR"

for some f : 0 — R. Both equations are ubiquitous in science and engineering, and they are an
archetype of elliptic PDEs. Following the approach used for the heat equation, we will first derive a
number of properties associated with Laplace’s and Poisson’s equations without explicitly seeking
the solution.

Classification. We recall the classification system introduced in Lecture 1. We immediately ob-
serve that Laplace’s and Poisson’s equations are second-order linear equations. Laplace’s equation
is homogeneous, while Poisson’s equation is nonhomogeneous (for f # 0). Both equations are also
elliptic. To see this, for simplicity we consider n = 2 and observe that the matrix associated with

_ 92 9% -
the second-order operator —A = ~ 527 " 9.3
-1 0
A= :
the associated eigenvalues are A\; 2 = —1. Because the eigenvalues have the same sign, the equation
is elliptic. This argument would hold for an arbitrary n because the A matrix is A = —L,xn.

9.2 Laplace’s and Poisson’s equations in science and engineering

We provide a few applications of Laplace’s and Poisson’s equations in science and engineering.
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o Steady heat transfer. The PDE that describes the steady temperature distribution u is ob-
tained by setting the time derivative term 8" of the heat equation to 0. The resulting equation
is Laplace’s equation —Awu = 0 if there 1s no (volume) heat source and Poisson’s equation
—Au = f if there is a source term f. We may obtain a boundary value problem by augmenting
the PDE with some combination of the boundary conditions discussed in Section 5.3.

o Steady diffusion. The steady-state concentration of chemical species dispersed in a medium is
described by Laplace’s equation. The species concentration u : {2 — R satisfies the Laplace’s
equation —Awu = 0 if there is no volume chemical source and Poisson’s equation —Awu = f if
there is a source term.

e Potential flow. Steady, inviscid, incompressible, and irrotational flows can be modeled using
the potential flow theory. The velocity potential ¢ : 2 — R satisfies Laplace’s equation
—A¢ = 0. The velocity field is then given by v = V¢.

o FElectrostatics. The electric field in a linear, isotropic, and homogeneous material is described
by Poisson’s equation. The electric potential ¢ : 2 — R satisfies Poisson’s equation —A¢ =
p/€, where p is the volumetric charge density and e is the permittivity of the medium. The
electric field is then given by F = —V¢.

Laplace’s equation is also ubiquitous in mathematics, and its solution bears a special name.

Definition 9.1 (harmonic function). Let  C R™. A function u : 2 — R that satisfies Laplace’s
equation —Awu = 0 in Q is called a harmonic function.

Before we proceed with the solution of Laplace’s and Poisson’s equations, we make one remark
about our choice of the sign. Laplace’s and Poisson’s equation are sometimes written without the
negative sign in front of the differential operator; i.e., Au = 0 instead of —Au = 0. Throughout
this course we will use the convection with the negative sign in front.

9.3 Mean-value formulas

Harmonic functions have a number of special properties. The first property is expressed in mean
value formulas. (All proofs in this section and following sections should be considered optional.)

Definition 9.2 (ball in R™). A ball of radius r and centered at z( is an open subset of R" given
by B(zo,r) = {z € R" | ||z — x¢ll2 < r}, where || - [|2 is the Euclidean norm in R™. Its boundary
is 0B(xg,7) = {x € R" | || — x0||]2 = r}. The volume of the ball is denoted by |B(z¢, )|, and the
surface area of the ball is denoted by |0B(z,r)|.

13

Example 9.3. In two dimensions, B(zg,r) is a disk, and 0B(xo,r) is a circle. Its “volume” (i.e.,
area in R?) is |B(xo,7)| = 72, and its “surface area” (i.e., arc length in R?) is |0B(zq,r)| = 277

Theorem 9.4 (mean-value formula for harmonic functions). If u is harmonic in €2, then for any
ball B(zg,r) C £ and the associated boundary 0B (xg,r) we have

) = 5o o 1 a
u(xg dr = uds .
|B Zo, T | B(zo,r) |8B($0, )| OB (zo,r)

average over the volume average over the surface
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Proof. We prove the formula in R?; the proof readily extends to higher dimensions. We first prove
the relationship for the average over the circumference. Without loss of generality, we choose the
coordinate system centered about the ball and introduce a function

2 2

1 1 1
o(r) = — uydsy:/ ur,&rd@z/ u(r, 0)do.
)=t o 1080 =5 [t rdo =5 [t
We then differentiate the function to obtain
1 (% du 1 2™ u
"(r)y = — —(r,0)df = — — (7, 0)rdb.
o) =5 | Greendo= o [ S

We now (i) recognize that the integration is over the circle B(0,r), (ii) recognize ‘g—jf =v-Vu for v

the outward pointing unit normal on the circle, and (iii) invoke the divergence theorem to obtain

1 1
P (r) = — v-Vuds = — Audz =0,
211 Jop(0,r) 211 JB(0,r)

where the last equality follows from Awu = 0. Hence ¢ is a constant function and we can equate its
value for any 7 to the limit of r going to 0, lim,_,o ¢(7):

o) = lim o(a) = lim o [ uly)ds(y) = u(z = 0),

a—0 a—0 27a

which is the first relationship. (Note that we use a dummy variable a for the limit lim, o ¢(a) to
avoid conflation with r about which ¢ is evaluated.)
To prove the second relationship we again use the polar coordinate to obtain

/ u(z)dr = / (/ uds) dz = / u(0)27zdz = u(0)7wr?,
B(0,r) z=0 0B(0,z) z=0

which is the second relationship. O

Theorem 9.5 (Converse to mean-value theorem). If u € C?(1Q2) satisfies

1
u(xg) = Ir /83(930,7«) u(s)ds

for all balls B(xg,r) C 2, then u is harmonic.

Proof. Proof is beyond the scope of this course. See, for example, Partial Differential Equations
by Evans. O

Example 9.6 (mean-value formulas in R'). Let u : R — R be a harmonic function (i.e., u satisfies
—u” = 0 in R). We introduce a ball B(zg = 1,7 = 2) = (—1,3). (The ball is just an open line
segment in R'.) Suppose u(z = —1) = 1 and u(x = 3) = 2. Then by the mean value formula, the
value at the center of the ball is given by

1 1 3
u(l) = B2 o) uds = §(u(—1) +u(3)) = 3

ball surface average
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In addition, the average of u over the line segment (—1,3) is

1 13 3
- dr =~ [ ude="2.
‘B(xOvTM/B(x,r)u ! 4/1u T

Note that we arrive at these conclusions without knowing the precise form of the solution.
(Note that explicit form of the solution is given by u(z) = 32 + 2, which yields the results that
are consistent with the above. Harmonic functions are linear in R! because u” = 0.)

Example 9.7 (mean-value formulas in R?). Let u : R — R be a harmonic function. We introduce
a ball B(0,2) C R2. Suppose along the surface of the ball (i.e., the circle) the function is given by

u(r =2,6) =1+ cos(30)

in the polar coordinates. Then, by the mean-value formula for the surface, the value at the center
of the ball is

1 1 27
u(0) = ————— uds:/ 14 cos(360))2-d0 = 1.
= BB0,2) Jopon "™ = 22 Jyo ' T

average over circle

Similarly, by the mean value formula for the volume,

.
—_— udx = u(0) = 1.
B0.2)] o0 ©)

average over disk

We arrive at these results without knowing the explicit form of the solution.
(We will find an explicit form of the solution using separation of variables in Example 10.2. The
solution as expected satisfies the above mean-value properties.)

9.4 Maximum principles

Similarly to the heat equation, Laplace’s equation also satisfies certain maximum and minimum
principles:

Theorem 9.8 ((weak) maximum principle). Let u be a harmonic function in a connected open
domain  C R?. Then
max u = max u;
Q onN

the function attains the maximum value on the boundary of the domain.

Proof. Suppose x* €  is the maximizer so that u(z*) = maxqu = M. We have two cases:
(i) «* is an interior point, z* € ; (ii) z* is on the boundary, z* € 9Q. If z* € Q, then by
the strong maximum principle u is a constant function and hence the maximum is attained on
everywhere including the boundary 0€). If x* € 09, the statement is trivially satisfied because it
is the statement itself. O
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Theorem 9.9 (strong maximum principle). Let u be a harmonic function in a connected open
domain 2 C R”. If there exists a point * € {2 such that

u(z™) = max u,

then u is constant in Q. (Note that * must lie in the open set €, which is strictly interior to €.)

Proof. Suppose z* € ) is the maximizer so that u(z*) = maxgu = M. Then, by the mean-value
formula for the ball

M =u(z*) = u(z)dr < max u(x) < M.

1
|B(‘T*7 a)| /B(:v*,a) z€B(z*,a)

The last inequality holds as equality only if u(x) = M for all x € B(z*,a), and hence we conclude
that w must be constant (and equal to M) in B(z*,a). We then repeat the same argument for a
new ball with the center 2*’ and radius «’ that lies in B(z*, a), from which we conclude u(x) = M
for all x € B(z*,a) U B(z*',a’). We repeat the same argument until we cover the whole domain
and conclude that u(x) = M for all x € Q. O

Theorem 9.10 (weak and strong minimum principles). Let u be a harmonic function in a connected
open domain Q C R%. Then

min « = min u.
Q 0N

In addition, if there exists a point z* € {2 such that
u(x*) = minu,
Q

then u is constant in 2.

Proof. We apply the weak and strong maximum principle, respectively, to —u. (See the same
argument for the maximum/minimum principle for the heat equation for a complete proof.) ]

We make a few observations:

1. The weak maximum (resp. minimum) principle states that, if u : Q@ — R is a harmonic
function, then it attains a maximum (resp. minimum) on the boundary 9. In other words,
for any x € € (including the boundary),

minu < u(z) < maxu.
oN oN

2. The strong maximum (resp. minimum) principle states that, if v : @ — R is a harmonic
function, then the only way for it to attain a maximum (resp. minimum) in Q — i.e., strictly
inside of the domain and not on the boundary — is if u is a constant function. Conversely,
if u is a non-constant function, then the function values in € are strictly less than (resp.
greater than) the maximum (resp. minimum) value on the boundary. In other words, for a
non-constant harmonic function v and for any = € Q (strictly inside),

minu < u(zr) < maxu.
oN o0
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We now provide an example:

Example 9.11 (maximum principle in R?). Suppose u : R? — R is a harmonic function. We
introduce a ball Q = B(0,2) ¢ R2. Suppose along the surface of the ball (i.e., the circle) the
function is given by

u(r = 2,0) = 2 + cos(36)>

in the polar coordinates. Then by the weak maximum and minimum principles, for any = €
(including the boundary),

2 =minu < u(r) < maxu = 3.
oN N

In addition, because u is a non-constant function, by the strong maximum and minimum principles,
for any x € Q (strictly inside),
2 <u(z) < 3.

We conclude the section with a positivity result:
Corollary 9.12 (positivity). Let u is the solution to
—Au=0 inQ,
u=g on 0.

If g > 0, then u > 0 everywhere in 2. In addition, if {2 is connected and g(x) > 0 for some z € 952,
then u > 0 everywhere in (2.

Proof. Non-negativity is a consequence of the (weak) minimum principle. If v > 0 on 99 then
u(z) > mingeq u(x) > 0.

Positivity is a consequence of the strong minimum principle. Suppose g > 0 and g(z) > 0 for
some z € 012, and there exists z* € ) such that u(z*) = 0 = ming u. Then, by the strong maximum
principle © must be a constant function, v = 0. However, this contradicts the fact g(x) > 0 for
some x € Jf). Hence u must be positive everywhere in Q. O

9.5 Uniqueness and uniform stability by maximum principle

We now assess two of the three conditions of well-posedness: uniqueness and stability. We appeal
to the maximum principle to show Dirichlet boundary value problems associated with Laplace’s
equation satisfy both conditions. The approach is analogous to our proof of uniqueness and stability
for the heat equation by its maximum principle.

Theorem 9.13 (uniqueness of the solution to Laplace’s equation). Let g € C(052). There exists
at most one solution u € C?(2) N C(Q) to the boundary value problem

—Au=0 in Q,
u=g on Jf.

Proof. If both u; € C?(2) N C(Q) and uy € C*() N C(Q) are solutions to the boundary value
problem, then u; — uy € C?(Q) N C(Q2) and by linearity

—A(u; —uz) =0 in £,
(up —u2) =0 on 0.

By the maximum and minimum principle, u; — us = 0 everywhere in Q and hence u; = us. O
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Theorem 9.14 (stability of the solution to Laplace’s equation). Let u; and ug be the solutions to
the boundary value problems associated with boundary data g; and gs, respectively:

—Aui =0 in Q,
u; = ¢g; on 0f)

for ¢ = 1,2. Then the solution depends continuously on data in the sense that

max [u1(z) — uz(z)] < max g1 (z) — g2(x)| (9.1)

Proof. We appeal to the linearity of the Laplacian operator and take the difference of the two set
of equations to obtain

—A(Ul - UQ) =0 in Q,
(u1 —ug) = (g1 — g2) on 9Q.

The (weak) maximum (resp. minimum) principle require the maximum (resp. minimum) to occur
at the boundary; i.e., for any x € §,

ur(z) —ug(z) < Inégg(gl(w) — ga2(7)),

ur(®) —up(w) 2 min(g1(z) — g2(2)).

It follows that

_ < —
r;lgg!ul(x) w(w)l_mrrégg\gl(x) g2()],

which is the desired inequality. O

The left hand side of (9.1) measures the closeness of the two solutions, and the right hand
side of (9.1) measures the closeness of the boundary data. The uniform stability result shows that
the difference in the two solutions u; and uo over any point = € Q is bounded by the maximum
difference in the boundary data g1 — go. Hence a small change in the data results in a small change
in the solution; the problem is hence stable. We have seen in Lecture 5 that that the heat equation
also enjoys a similar stability property; however, not all PDEs possesses the property, as we will
see for the wave and transport equations.

9.6 Energy method: uniqueness

Similarly to the case of the heat equation, we can also prove the uniqueness of the solution to
Laplace’s equation using an energy method. Suppose u; and ue are two solutions to the same
boundary value problem associated with Laplace’s equation. Then their difference w = w1 — ug
satisfies

—Aw =0 in Q,
w=0 on JdN.
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We then observe that

O:—/wAwdx:/Vw'dea:,
Q Q

where the second equality follow from integration by parts and the fact w = 0 on 0€2. Hence
Vw = 0 in . Because w = 0 on 0f2, we conclude w = u; — ug = 0 in .

9.7 Summary

We summarize key points of this lecture:

1.

Laplace’s equation is ubiquitous in both engineering and mathematics. A function that
satisfies Laplace’s equation is called a harmonic function.

. Harmonic functions satisfy mean-value properties. Given a harmonic function over a ball, the

value of the function at the center is equal to both the mean of the function over the ball and
the mean of the function over the surface of the ball.

. Harmonic functions satisfy maximum principles. A harmonic function attains the maximum

value somewhere on the boundary (i.e., the weak maximum principle); if the maximum is
attained in an interior, then it must be a constant function (i.e., the strong maximum prin-
ciple).

. Harmonic functions also satisfy the weak and strong minimum principles.

. Dirichlet boundary value problems associated with Laplace’s equation have unique solutions.

The proof follows from either the maximum principle or the energy method.

. Dirichlet boundary value problems associated with Laplace’s equation are stable in the sense

that the solution depends continuously on the boundary data. The proof follows from the
maximum principle.

112



Lecture 10

Laplace’s equation: separation of
variables

(©2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

10.1 Introduction

In this lecture, we seek the solution of Laplace’s and Poisson’s equations on bounded domains
using separation of variables. While the technique is fundamentally the same as that considered for
the heat equation, we pay particular attention on the extension of the technique to higher spatial
dimensions (n > 1).

10.2 Laplace’s equation on a rectangle

We now consider the solution of Laplace’s equation on a rectangle = (0,L) x (0, H) using
separation of variables:

—Au=0 inQ=(0,L)x (0,H), (10.1)
u=g" onT!={z=0}x(0,H),
u=g> onT?={zx=1L1}x (0 H),
u=g> onT3=(0,L)x {y =0},
u=g¢" onT?'=(0,L) x {y=H},

where = and y denote the first and second spatial coordinates, respectively, and ¢*, i = 1,...,4,
are some boundary functions. Not that the boundaries I'', T'2, T3, and I'* correspond to the left,
right, bottom, and top boundaries, respectively.

To solve the boundary value problem (10.1), we again appeal to the principle of superposition.
Namely, we decompose the solution u into two parts v = w2 +u3*, where u!? is the solution to the
boundary value problem with only ¢! and ¢? as the nonhomogeneous boundaries, and u** is the
solution to the boundary value problem with only ¢ and ¢* as the nonhomogeneous boundaries.
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More explicitly, u? is the solution to

~AuM? =0 in Q, (10.2)
ul? = gl on 1“1,
ub? = g2 on F2,

w'?=0 onT3?U I‘4;
similarly, u?* is the solution to

—Autt=0 inQ,
ut = g3 on F?’,
wdt =gt on T,

wr=0 onT'UT?.

We readily see u = u'? 4+ u>* by superposition.
We now consider the solution of (10.2) by separation of variables and linear superposition. We
recall the two step procedure:

e Step 1. We find a family of separable solutions of the form
Un(:E»y) :Xn(xQCnaDn)Yn(y)a n=12...,

each of which satisfies the homogeneous boundary conditions on I'* and T'* for any choice
of coefficients C), and D,,, but not (in general) the nonhomogeneous boundary conditions on
I'" and I'2. (As we have seen for the heat equation, Y, will be a family of functions in y
that satisfy homogeneous boundary conditions at y = 0 and y = H; hence, we associate the
indeterminate coefficients C), and D,, with functions X, in z.)

e Step 2. We consider a particular choice of coefficients C}, and D,, such that

W 2(2,9) = 3 Xu(w; o, Do) Ya(y)

n=1

satisfies the nonhomogeneous boundary conditions on I'' and I'2. Note that the solution u!'?

automatically satisfies the homogeneous boundary conditions on I'* and I'* since each u,
satisfies the homogeneous boundary condition.

To find the separable solution of the form u,(z,y) = X, (x)Y,(y), we substitute the expression
into (10.2) and obtain

X// Y//
- X"V, - XY/ =0 = IL=-2=q

for some constant «,, € R. We have used the fact X//X,, and Y,”/Y,, depend on only z and v,
respectively, and hence each of them must be a constant.
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We now consider the boundary value eigenproblem associated with Y,,; we solve for Y,, (instead
of X,,) first because we wish to impose homogeneous boundary conditions at the endpoints y = 0
and y = H. We first observe that the boundary condition implies that

up(z,y =0) = X,,(2)Y,(0) =0, Vae (0,L)
un(z,y = H) = X, (2)Y,(H) =0, Ve (0,L).

Since we seek a nontrivial solution, we require X;,, # 0 and deduce Y, (0) = Y,(H) = 0. Our
boundary value eigenproblem for Y, is as follows:

-Y) =a,Y, in (0,H),
Y,(0) =Y,(H)=0.

This is a Sturm-Liouville problem. In fact this is a scaled-version of the problem considered in
Example 4.6, and the eigenpairs are given by

Y, (y) =sin(A\ny) and o, = A2

for \y =nw/H,n=1,2,....
We next consider the ODE associated with X,:

X!'=a, X, = X!/=XX,
for A\, = nw/H. The general solution is given by
Xn(z) = Cysinh(Ay,z) + D, cosh(A,x).

We hence conclude that any solution of the form

u?(z,y) =Y (Cpsinh(A,z) + Dy cosh(An)) sin(A,y)

n=1

satisfies Laplace’s equation and the associated homogeneous boundary conditions on y = 0 and
y=H.

We now enforce the nonhomogeneous boundary conditions on = 0 and x = L. We first enforce
u(z =0,y) = g1(y) to obtain

u*(z=0,y) =) Dusin(Any) = g'(y)
n=1

for A\, = nw/H. We recognize that this is a Fourier sine series and the coefficients are given by

9 H

D, =g, H/ sin(nmy/H)g' (y)dy, n=1,2,.... (10.3)
0

We next enforce the boundary condition u?(x = L,y) = g?(y) to obtain

ut?(z = L,y) = Z(C" sinh(A,L) 4 g cosh(A, L)) sin(Any) = ¢%(v),

n=1
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where we have set D,, = g1. We note that the “coefficient” (C,, sinh(\, L) + g\ cosh(\,L)) must be
the n-th Fourier sine coefficient of g?. Hence

2 H
C,, sinh(\, L) + g} cosh(\, L) = §2 = H/ sin(nmy/H)g?(y)dy.
0

We rearrange the expression to obtain

G2 — g} cosh(\, L)

Cn = sinh(A, L)

(10.4)

1,2

We hence conclude that the solution u~ is given by

P RS
1,2 9n — 9n COSh()‘nL) . ~1 .
) = h n h n n .
u(z,y) Z ( Sinh(\, L) sinh(A,x) + g;, cosh(A,x) | sin(A,y)

n=1

We may group the terms containing g} and §2 to obtain

ub?(x,y) = nzz:l (gé(cosh()\nx) — coth(Ap, L) sinh(A,x)) + gﬁ%) sin(A\ny),

which may be further simplified using trigonometric identity to yields

[ ysinh(A (L —2))  5sinh(Az)\ |
p— An ,
D (9" SohOuL)  rsmh(a, L) ) ey

ut?(z,y)
n=1
where \, = nn/H.
By the symmetry of the problem, we also find the solution to
APt =0 inQ, (10.5)
utt = 93 on F3,
ut = g4 on F4,
w*=0 onT!'UT?

is

3.4 _ S gsinh(pn(H —y)) .4 sinh(uny) \
urle,y) = Z <g” sinh (., H) +g”sinh(,unH) sin(pn),

n=1

where ji, = nm/L, and §3 and g2 are the Fourier sine series coefficients

2 (L 2 [t
3= [ st/ D a)de and gh= 7 [ sin(una/ Lo (@)
0 0

It follows that, by linear superposition, the solution to the original problem (10.1) is given by

u(z,y) = u?(2,y) + v (z,y)

sinh(Ap (L —x))  .5sinh(Apz) .
= An
Z( smh D TG ) Snny)

_gsinh(un (H —y)) .4 sinh(uny) '\
+ Z ( sinh(u, H) +9n sinh(u, H) sin(pn)

116



for A, = nw/H and p, = nn/L.
We make a few observations:

1. The solution is a linear combination of four harmonic functions associated with the four
boundary functions g', ..., ¢% ie., u = u' + u® + u® + u* where

L = g sinh(A\ (L — 7)) | ) = osinh(\,7) |
U (.’E, y) - Zgn smh()\nL) Sln()‘ny)v U (:L'a y) - 7z:gn smh()\nL) Sln()‘ny)’

n=1

W) = 3 B ). o) =

i 4 Sinh(uny)

"sinh(u, H) Sin(n)-

n=

2. We readily verify that the solution satisfy the boundary conditions:
[e.e]
=> gnsin(ny) = g'(y), u(z=1L,y) Zgn sin(Any) = 9°(¥),

= gnsin(unr) = ¢°(x), u(z,y=H)= Z G sin(unz) = g*(2).
n=1

n=1

3. Figure 10.1 shows functions Slnﬁﬁﬁ?ﬁfﬁ D and :llﬁ((i"z)) for H = 1, which dictate the decay of
the n-th mode away from the z = 0 and x = L boundaries, respectively. We observe that the
functions decay exponentially away from the boundaries because sinh(A,z) ~ exp(A,z)/2 for
Anx > 1. Moreover, higher modes (i.e., modes associated with a larger n) decay more rapidly

away from the boundaries because the exponential factor is A,z = nw/H.

4. Figure 10.2 shows the solution associated with a nonhomogeneous boundary condition on x =
L and with the homogeneous boundary condition elsewhere: u,(z,y) = ggjﬁjgiizﬁ sin(Any)
for n = 1 and 3. We observe that each mode is smooth and they decay exponentially away

from the boundary.

Example 10.1 (Laplace’s equation on a square). We consider Laplace’s equation on the unit square
Q = (0,1)2. The boundary value problem is given by (10.1) for triangular boundary functions

gHx)=1/2 - |z —05], z€(0,1),

and ¢' = ¢3 = 0. To find the solution, we first note that \, = j,, = nx since L = H = 1. We then
find the Fourier sine coefficients of g? and g*:

8(—1)(n—1)/2

A2 %; n odd,

gn -
0, n even,
4(—1 (n—1)/2

4 {( n)zﬂg ,  mn odd,

9n =
0, n even.
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Figure 10.1: Functions sinh(nn(1 — x))/sinh(n7) and sinh(nrz)/ sinh(n).

Figure 10.2: Solutions to Laplace’s equation on (0,1.5) x (0,1) for g?(y) = sin(n7y) and g* = 0 for
i=1,3,4.
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Figure 10.3: Solution to Laplace’s equation on a square with triangular boundary functions.

We then substitute the coefficients to our general expression to find

o 8(—1)"=D/2sinh(nmz) . 4(=1)=D/2 sinh(nmy) |
u(z,y) —n:1225 < 53 Sinh(n7) sin(nmy) + 22 Sinh(n) sin(nmz) | .

Figure 10.3 shows the solution to the problem. We observe that even though the boundary functions
are not smooth, the solution is smooth on 2. In fact it can be shown that harmonic functions are
infinitely continuously differentiable in € (but not necessarily on 9€2). We also observe that the
maximum (resp. minimum) principle is clearly satisfied and the maximum (resp. minimum) value
is attained on the boundary.

10.3 Laplace’s equation on a disk
We now consider the solution of Laplace’s equation on a disk Q = {z € R? | ||z|]2 < a}:

—Au =0 in, (10.6)
u=g on 0.

We again use separation of variables but now in polar coordinates. The Laplacian in polar coordi-
nates is

Au=Tar \"ar =52t ie TraE =

TR T T ror 2o
We substitute the separable form of the solution uy,(r, ) = R, (r)0,(6) and obtain

B 13( 6u> 10% 0%u 10u 1 0%u

1 1
RO, + -R,0, + —2Rn@g =0.
r r
We multiply through by r?/(R,0,) to obtain

Pl (B On o pBa B On
R, R, ©, R, R, O,

= Q.
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Since the left and right hand sides are functions of only r and 6, respectively, we deduce as before
that they must be equal to some constant a,.

We now consider the eigenproblem associated with ©,,. Because we wish the function ©,, :
(=m,m) — R to be continuous at the endpoints, we impose periodic boundary conditions. In
addition, we solve for O,, (instead of R,) first because the periodic boundary condition can be
readily incorporated into the separable form of the solution, just like the homogeneous boundary
condition in the rectangular case. The resulting eigenproblem is given by

-0 = 0,0, in (-mmr),
©,(27) = 0,(0).
This is a periodic Sturm-Liouville problem. The general solution to the ODE is given by
0,(0) = A, cos(A,0) + By, sin(\,0)

for A\, = /a,,. We then impose the periodic boundary condition to find that A, =n,n=0,1,2,...,
and hence
©,(0) = Ay, cos(nb) + B, sin(nh),

and a,, = A2 = n?. (Note that ©,_g = A,, is a constant function, which of course is periodic.)
Having found o, = n?, we next observe that the ODE for R,, must satisfy

r*R! +rR], — n*R, = 0.

This is a Cauchy-Euler equation of order two, whose solution is of the form R, (r) = ™ for some
m. We substitute the form of the solution to obtain

2

mim— )" +mr™ —n*rm =0 = m?P-n’=0. = m=4n

It follows that R, (r) = Cpr™ 4+ Dypr~™ if n # 0. For n = 0, the solution is given by R,—o(r) =
Cn=o0 + Dn—olog(r). We now impose the condition that R, should be bounded on [0,a) and in
particular at the origin; we hence reject the solution =" and log(r) which are unbounded at the
origin. It follows that our solution is

R,(r)=Cupr", n=0,1,2,....
Hence our family of separable solutions is
U (1,0) = Ry (1)0,(0) = r"(Ay, cos(nb) + By, sin(nf)), n=0,1,2,....

We appeal to the principle of superposition and rescale the constant term by 1/2 and all other
terms by 1/a™ for convenience to obtain

1 L r\n .
ulr,0) = 5 A + ; <E> (A cos(nf) + By sin(nf)). (10.7)
To find the coefficients (A4,)5%, and (B,,)s2;, we apply the boundary condition at r = a:
1 - .
u(r =a,0) = 5140 + Z(A" cos(nb) + By, sin(nh)) = g(0);
n=1

120



this is the Fourier series for g with the period of 27 and hence the coeflicients are given by

1 s
Ap = — / g(0) cos(nf)df, n=0,1,..., (10.8)
™ —Tr
1 s
B, = — / g(0)sin(nf)dd, n=1,2,....
™ —T

Hence the Fourier series representation of the solution to (10.6) is given by (10.7) with coefficients
(10.8). We make a few observations:

1. As the amplitude of the mode depends on (r/a)” with r/a < 1, high modes — modes with
a large m that exhibit rapid oscillation on the boundary — decay rapidly away from the
boundary. This behavior is shown in Figure 10.4 and is similar to the decay away from the
boundary observed for rectangular domains.

2. The solution (as expected) satisfies the mean-value formulas over 2 and 9. The value at
the center of the disk is

u(r=0,0) = %AO.

The average of the solution over the disk is

# -— /_W/T ) < A0+i( ) (A, cos(nb) + By, sm(n@))) rdrdf

= 71'0,2/ / onrdrdH— Ao,
- Jr= 0

where the second equality follows because all of the sine and cosine integrals vanish when
integrated over (—m, ). The average over the circumference is

1 1 T
— uds = — u(r = a,0)add
2ma Joq 2ra Jo—_,
1 (1 .-
=5 o <2Ao + nE:1(An cos(nbd) + By, sin(nQ))) adf
1 s

1 1
= — —Apadf = - Ao,
2ra Jo—_, 2 2

where the third equality again follows because all of the sine and cosine integrals vanish.
Hence, we observe that, for any boundary condition g, the value of the solution at the center
of the disk is equal to (i) its average over the disk and (ii) its average over the circumference,
as expected from the mean-value formulas.

Example 10.2 (Laplace’s equation on a disk). Let Q = {z € R? | ||z|]2 < 2} and consider

—Au =0 in Q,
u(r =2,0) =14 cos(36), 60¢€[-m, ).
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Figure 10.4: Function (r/a)".

We wish to find the solution to the boundary value problem. We could find the Fourier coefficients
using the formula (10.8), but for this simple boundary condition we can find the coefficients by
inspection. Namely, we wish to find (A4,)22, and (B,)>2,; such that

u(r=2,0) = %Ao + Z(An cos(nf) + By, sin(nd)) = 1 + cos(360).

n=1

We match the coefficients on the left and right hand side to observe that Ap/2 =1 (i.e., Ay = 2),
Az =1, and all other coefficients should be zero. Hence the solution is

u(r,0) =1+ (g)scos(Sﬁ).

Figure 10.5 shows the solution. We observe, as expected, the solution is smooth. In addition,
we readily verify the (weak) maximum and minimum principles: the maximum and minimum of 2
and 0, respectively, occur on the boundary. The strong maximum and minimum principles are also
satisfied: the solution strictly inside of the domain  (i.e., not on the boundary) are all strictly
greater than 0 and strictly less than 2, since (r/2)® < 1 for all r < 2. Finally, we observe that
the mean-value formulas are satisfied; the value at the center, the average over the disk, and the
average over the circumference are all equal to 1.

10.4 Summary
We summarize key points of this lecture:

1. Separation of variables can be applied to solve Laplace’s equation in two (or higher) dimen-
sions.

2. The solution to Laplace’s equation on a rectangle or disk can be expressed in terms of the
Fourier coefficients of the boundary data.
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Figure 10.5: Solution to Laplace’s equation on a disk.

3. The harmonic function on a rectangle or disk decays away from the boundary. The solu-
tion decays more rapidly for more oscillatory boundary functions; i.e., the effect of highly
oscillatory boundary modes are confined to the thin region near the boundary.
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Lecture 11

Laplace’s equation: fundamental
solutions and Green’s functions

(©2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

11.1 Introduction

In this lecture we seek the fundamental solution of Laplace’s equation and appeal to the principle
of linear superposition to solve Laplace’s and Poisson’s equations. The technique allows us to
naturally analyze the solution to Laplace’s equation in unbounded domains. We will also apply the
method of reflection to find Green’s functions and solve boundary value problems.

11.2 Fundamental solution

We first introduce the Dirac delta distribution, which is important to characterize the fundamental
solution.

Definition 11.1 (Dirac delta distribution). The Dirac delta distribution § over R" is a distribution
(or “function”) such that

- f(@)d(x —a)dx = f(a), VaeR",

where f : R®™ — R is continuous at a.

We wish to develop a better insight about the Dirac delta distribution. To this end, we restrict
ourselves to R! and recall the definition of a Gaussian g : R — R centered about the origin with a

standard deviation o:
1 < 1 x2>
g(z;0) = exp|—5—5 |-

V2mo? 20?2
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Figure 11.1: Gaussian functions for a few different values of o.

Figure 11.1 shows Gaussian functions for a few different values of o. The Dirac delta distribution
can be thought of as a Gaussian in the limit of ¢ — 0. To see this, we make three observations:

1. A Gaussian g(z;0) is nearly zero for any x such that |z| > o. This becomes the first property
of Dirac delta in the limit of 0 — 0; i.e., for x # 0, é(x) — 0 as 0 — 0.

2. For any o > 0, a Gaussian satisfies

/ g(z,0)dr =1,
R

which is the second property of Dirac delta: fR §(z)dz = 1.

3. The convolution of a Gaussian with a function,

/R 9o - a,0) f(x)dz,

provides an weighted average of f near a, where the nearness is defined by o. In the limit of
o — 0, this becomes the third property of Dirac delta: [, é(z — a)f(z)dz = f(a).

Having defined the Dirac delta distribution, we now introduce the fundamental solution of
Laplace’s equation.

Definition 11.2 (fundamental solution of Laplace’s equation). The fundamental solution to Laplace’s
equation is the function ® : R™ — R such that

—Ad=§ inR",
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0.6

Figure 11.2: The fundamental solution of Laplace’s equation in R?. Note that the function is
unbounded at the origin.

where 9§ is the Dirac delta function. The fundamental solutions are given by

1

_ = -1
2”'1;”7 n bl
1

o tog ol n=2
27

®(x) = 1 ;
o =9,
Ar |||

1
>4
lon(n—2)z]2 "=

where o), is the surface area of the n-dimensional unit ball, and ||z|| = /27 + - - - + 22.

First part of proof (for R?). We first prove the result for R? for which ®(z) = —5log|z|| =
—% log(r). We first verify that the Green’s function satisfies Laplace’s equation for any r > 0:

10 ( 00 1 0%°® 10 ( 0 1 1190 (/1
At =—n, (a) T2 ror (Tar (‘zwbg(”)) = o () =0
for r > 0, and hence —A®(z) =0 for x # 0.

Showing —A® = § requires the knowledge of distribution; this is beyond the scope of this
course. 0

Figure 11.2 shows the fundamental solution of Laplace’s equation in R?. The function is un-
bounded at the origin and decays rapidly away from the origin. By definition, the function is
harmonic everywhere except at the origin. In electrostatics, the fundamental solution represents
the electric potential associated with a single point charge at the origin.

11.3 Poisson’s equation in R”

We now use the fundamental solution to solve Poisson’s problem in R"™:
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Theorem 11.3. Suppose f : R® — R is twice continuously differentiable and has a compact
support. Then a solution to Poisson’s problem

—Au=f inR"
can be expressed as
u(w) = [ o))k,
where ® : R” — R is the fundamental solution to Laplace’s equation.

Proof. The proof is beyond the scope of this course.
However, using the definition of the fundamental solution and the Dirac delta distribution, we
may at least formally show

—Au(z) =— | A®(x—&)f(§)dE = | d(x—&)f(£)dE = f(x),

R Rn

and hence —Au(z) = f(z) Vz € R™. O

11.4 Green’s function

We now consider the solution of Laplace’s (and Poisson’s) equation in a domain 2 with a bound-
ary using Green’s functions, which are similar to the fundamental solution but incorporates the
boundary condition.

Definition 11.4 (Green’s function). A Green’s function in 2 is a function G : © x 2 — R that
satisfies, for each fixed & € €2,

—AG(z,£) =0(x —€&) Vreq,
G(z,&) =0 Vax € 0.

We can equivalently interpret G(-,&) : 2 — R as a function that satisfies, for each fixed £ € €,
—AG(-,§) =0¢ in Q,
G(-,¢) =0 on 09,

where ¢ is the Dirac delta distribution centered about & (i.e., d¢(x) = 6(x — §)). Like the funda-
mental solution, a Green’s function G(-,€) is harmonic everywhere except at &; however, unlike the
fundamental solution, the Green’s function is associated with a particular domain with a boundary
0. In electrostatics, the Green’s function G(-,&) represents the electric potential associated with
a single point charge at £ inside a conducting boundary 02 (where the potential vanishes).

We first note that Green’s functions are symmetric.

Theorem 11.5 (symmetry of Green’s function). For any x,£ € Q, x # &,

G(z,8) = G(&, ).

Proof. Proof is provided in Appendix 11.A. O
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The symmetry of Green’s functions is known as the principle of reciprocity. In electrostatics,
the symmetry implies that (i) the potential at point a due to a point charge at b and (ii) the
potential at point b due to a point charge at a are the same.

The Green’s function provides the following solution representation for nonhomogeneous Dirich-
let boundary value problem:

Theorem 11.6 (Green’s representation formula). Let G :  — R be the Green’s function associ-
ated with a domain . Then the solution to the Poisson equation

—Au=f in Q,
u=g on Jf2
can be expressed as
uw) = [ G 01Ok~ [ vV ai (11.1)

Proof. Proof is provided in Appendix 11.A.
We may also at least formally obtain the expression from the definition of the delta distribution
and two successive applications of integration by parts:

u(§) = /Q(S(f —z)u(x)dr = — /Q AG(z,&)u(x)dx
= / VG(z,€) - Vu(z)dr — / v-VG(z,&u(r)dr
Q o9

= —/ G(z,§)Au(x)dx + G(z,&)v - Vu(z)dx — / v-VG(z,&u(z)dx
Q

o0N o0

- [ Gos@ds~ | v-VG(w gz,
Q [

where the last equality follows from G(-,£) = 0 on 9. We finally appeal to the symmetry of the
Green’s function to obtain the desired result. O

The representation formula allows us to express the solution to the Poisson’s problem as the
convolution of the Green’s function and the source/boundary data f and g. The Green’s function
for problems with boundaries (in Theorem 11.6) plays an analogous role as the fundamental solution
for problems without boundaries (in Theorem 11.3).

11.5 Finding Green’s functions: general formulation

In general, a Green’s function, which satisfies Definition 11.4, can be expressed in terms of the
fundamental solution ® and a “correction function” ¥. Namely, we consider the decomposition of
the form

We apply the Laplacian to the decomposition to obtain

—AG(x,§) = —A®(x — &) — AV (x,&) =0(x — &) — AV(z,&) VY, £ € Q.
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Since we wish —AG(z, &) = §(z — ), we conclude that
—AV(z,§) =0 Vz,£e€Q.
We next apply the boundary condition for the Green’s function to the decomposition to obtain
G(,6) =P(x — &) +V(r,§) =0 Ve dd, Ve,

which implies that
U(z,§) =—P(x—¢&), Vaed, Ve

Thus, the correction function ¥ : 2 x Q — R must satisfy, for each fixed & € (,

—AyU(z, ) =0 Ve
U(z,&) = —P(x—§) Ve

The correction function, unlike the fundamental solution, does not contain a singularity and is
harmonic everywhere in €.

11.6 Green’s function for the upper half plane

We consider Laplace’s problem on the upper half plane. To this end, we introduce the boundary
' ={(x1,22) | z2 = 0} and the domain Q = {(x1,z2) | 22 > 0}. Poisson’s problem is

—Au=0 inQ, (11.2)

u=g¢g onl.

We solve the problem in two steps: we first find the Green’s function; we then apply Green’s
representation formula.

To find the Green’s function, we use the method of images (or the method of reflection) and
express the Green’s function as a sum of fundamental solutions. The idea is to choose an image
point & € R? \ © associated with the reflection of £ about the axis x9 = 0; i.e.,

£=(6,8) = (&4,-&).

The image point §~ associated with the point  has an important property that any point on the
boundary I' is equidistant from £ and &; as we will see shorty, this property is important to enforce
the boundary condition. We then choose the correction function

\I[(w7§) = _(I)(:U - g)v
so that the Green’s function is
- 1 1 -
G(2,§) = 0(x — &) —P(z —§) = —glogllﬂ? =&l + %logllﬂf — &l
We observe the following:

1. The Green’s function G(z,&) is harmonic everywhere in  except at § since (i) ®(z —§) is
harmonic everywhere except at £ and (i) ®(z — &) is harmonic everywhere (since £ & Q).
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(a) Full R? visualization (b) Upper half plane visualization

Figure 11.3: Green’s function for the upper half plane G(z,§ = (0,0.5)). The function is unbounded
at & = (0,0.5) (and at the image point £ = (0, —0.5)). The red line indicates the boundary.

2. The value of the fundamental solution depends only on the distance between two points, and
the distance from z to & and from z to € are the same for all z € T'. Hence, for any = € T,
®(x — €) = ®(x — £), which implies G(z,£) = ®(z — &) — B(z — €) = 0. Thus the boundary
condition for the Green’s function is satisfied.

Figure 11.3 shows the Green’s function G(z,£ = (0,0.5)) for the upper half plane.
We now wish to represent the solution to Laplace’s problem (11.2) using the representation
formula (11.1). To this end, we first evaluate the directional derivative v - V¢G(x,&) to find

0G(E 1 0
v Vet = -2 = i (sl el -toslle81) = 5 (=g~ )

where the first equality follows from v = (0,—1) on I for the upper half plane, and the last equality
follows from & = —&,. For £ € I, £ = £ and hence

To 1

We appeal to (11.1) and find that the solution to (11.2) is

W /v VeG(e, €)g(€)ds = /Hx T,

where the integral over €2 vanished because f = 0. This solution representation is called Poisson’s
formula for the upper half plane (in R?). The function

1 xTo
m [l — €[’

K(z,8) =
which multiplies the boundary function g, is called Poisson’s kernel for the upper half plane (in

R2 ).
We make a few observations
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1. If g > 0 everywhere on I' and g > 0 somewhere on I', then the solution is strictly positive
(u > 0) everywhere in the upper half plane. This is consistent with the strong maximum
principle.

2. Any disturbance in the boundary condition affects the solution everywhere in the upper half
plane because Poisson’s kernel is nonzero everywhere.

3. In R?, the effect of the disturbance decays as ~ 1/x9 as we move away from the plane. In
other words, while the disturbance in the boundary condition affects solution everywhere in
the domain, its effect decays away from the boundary.

Remark 11.7 (Poisson’s formula for upper half plane in R™). Following the same derivation as
the above, we can shown that Poisson’s formula for the upper half plane in R™ is

u(w) = 2 [ g(e)de,

nan Jr o —€n?

where «, is the volume of the unit ball in R" (e.g., ap—2 = 7, ap—g = 4/3m).

Example 11.8 (Laplace’s equation in the upper half plane). We consider a boundary-value problem

—Au=0 inQ={(z1,22) | 22 >0},
u=g onl ={(x1,22) | z2 =0},
where
17 Ty € (_1/27 1/2)7
0, otherwise.

9((21,0)) = {

Using Poisson’s formula for the upper half plane, we can express the solution as

. 1 i) o 1 1/2 i)
u(z) = p /r Wg(f)dﬁ = / ———d&,

T Jey=—1/2 (21 — &1)% + 23

where the last equality follows from £ = (£;,0) on the boundary I'. Figure 11.4 shows the solution.
We observe that even though the boundary condition is discontinuous, the solution is smooth every-
where in the upper half plane (excluding the boundary). We also observe that the strong maximum
principle is satisfied and the solution is strictly positive everywhere (excluding the boundary).

11.7 Green’s function for a disk

We now consider the solution of Laplace’s problem on a disk Q = B(0,a) = {z € R? | ||z|| < a} of
radius a:

—Au=0 1inQ, (11.3)
u=g¢g on 0.
We again solve the problem in two steps: we first find the Green’s function; we then apply the
Green’s representation formula.
As before, to find the Green’s function, we wish to find the correction function ¥ which takes

on the same value as the fundamental solution ® on the boundary. To this end, we first introduce
the dual point with respect to the disk.
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Figure 11.4: Solution to a Poisson’s problem in the upper half plane.

Definition 11.9 (dual point with respect to a circle). The point

=1 ||25

is said to be dual to £ with respect to the circle 9B(0,a). For any fixed £ € B(0, a), the dual point
satisfies for z € 0B(0, a),
f ~
o -l = 1y ¢
a

Proof. We first observe that

lel, g - 1€l H””
a

[ 3

|- (e o)
’H R R A BRI

€112

Since z - = a? for x € dB(0, a),

13 ~ 1/2
80y — & = (bt - 22 € 4 )2 = iz - €1,
which is the desired relationship. ]

Given |z — &|| = HfH |z — &|| for = € B(0,a), we choose the correction function

w(e.) = —o(S g

so that the Green’s function is

€]

6,6 = 0l - )~ o1 0 - ) =~ L togt — el + 510w (X o - 1),

The Green’s function then satisfies the boundary condition. Figure 11.5 shows the Green’s function
G(x,£ =(0.4,0)) for the unit disk.
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Figure 11.5: Green’s function for the unit disk G(z,£ = (0.4,0)). The function is unbounded at
€ =(0.4,0.0) (and at the dual point £ = (2.5,0.0)). The red line indicates the boundary.

We now wish to represent the solution to Laplace’s problem (11.3) using the representation
formula (11.1). After the tedious but straightforward evaluation of v - V¢G(x,§) for & € 0B(0,a),
we find a solution representation:

| v.ce _a—||* 9
ulz) = /m VG, O)g(€)de = /8 .

2ra Jop(o,a =&l
This formula is called the Poisson’s formula for a disk (in R?). The function

a? —|zf* 1
2ra |z — |2

K(z,8) =

which multiplies the boundary function g is called Poisson’s kernel for a disk (in R?).

Remark 11.10 (Poisson’s formula for a ball in R™). Following the same derivation as the above,
we can show that Poisson’s formula for a ball B(0,a) C R" is

. i Ja?
)= o Lo T O

where «,, is the volume of the unit ball in R™.

Example 11.11 (Laplace’s equation in a disk). We consider a boundary-value problem

~Au=0 inQ={zeR?||z| <1},
u=g on 0,
where
1, 6¢€(—n/10,7/10),

0, otherwise.

g((r=1,0)) = {
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Figure 11.6: Solution to a Poisson’s problem in a disk.

Using Poisson’s formula for a unit disk, we can express the solution as

PRy g R 1 0
20 Josa 1o — €JP 21 Joapo (o1 — cos(0)2 + (w2 —sin(®)2 "

where the last equality follows from ¢ = (cos(f),sin(f)) on dB(0,a = 1). Figure 11.6 shows
the solution. We observe that even though the boundary condition is discontinuous, the solution is
smooth everywhere in the disk (excluding the boundary). We also observe that the strong maximum
principle is satisfied and the solution is strictly positive everywhere (excluding the boundary).

Example 11.12 (proof of mean value formula by Poisson’s formula). We evaluate Poisson’s formula
(for the disk) at the origin « = 0 to find that

a? 9(§) 1
u(0) 2ma Jop,a) @* ¢ 2ma BB(O,a)g(f) &

which is the mean value formula.

11.8 Summary

We summarize key points of this lecture:

1. The Dirac delta distribution vanishes everywhere except at the origin and yet integrates
to 1; it can be thought of as the Gaussian function in the limit of the standard deviation
approaching 0.

2. The fundamental solution of Laplace’s equation satisfies the Poisson’s equation with the
delta distribution as the source in R™. The fundamental solution decays rapidly away from
the origin.

3. The solution to Poisson’s equation in R™ can be expressed as the convolution of the funda-
mental solution with the source function.
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. Green’s function of Laplace’s equation on {2 C R" satisfies the Poisson’s equation with the
Dirac delta distribution as the source and vanishes on 0.

. Green’s function is symmetric. This is known as the principle of reciprocity.

. The solution to Poisson’s problem on 2 C R"™ with Dirichlet boundary conditions can be
expressed using the Green’s representation formula.

. Green’s function for a half plane can be found using the method of reflection (a.k.a. method
of images).

. Green’s function for a disk can be found using the method of reflection using the concept of
dual points.
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11.A Proofs of properties of Green’s functions

Before we prove properties of Green’s function, we introduce Green’s second identity, which helps
us prove the properties.

Proposition 11.13 (Green’s second identity). For all w,u € C?(Q),

/Q(wAu —uAw)dr = / (w(v - Vu) —u(v - Vw))ds.

o0N

Proof. We invoke integration by parts twice to yield

/QwAuda::/mw(y-Vu)ds—/QVw-Vud:c:/89(w(V~Vu)—(V~Vw)u)ds+/(Aw)udw.

Q

The subtraction of [,(Aw)udx from both sides yields the desired result. O

Proposition 11.14. Let & : R™ — R be the fundamental solution of Laplace’s equation. Then,
for any continuously differentiable u,

. ou 0P
i [ @@ e

where B(a,€) is the ball of radius € centered about a, and %(1‘) = v - Vu(z) for v the outward-
pointing normal on the surface of the ball.

Proof. We prove the result in two dimensions (n = 2), for which ®(z) = —-log||z|. The proof
for other dimensions follows similarly. We first note that, for any fixed € > 0,

W= (@ a)ge) - u@) G @ - o)

0B(a,¢)
1 ou 1
:loge/ —(x)dx + — u(x)dz,
2 (€ 9B(aye) 37/( ) 2me JaB(a,e) (=)

where the equality follows because (i) the fundamental solutlon depends only on the distance from a,
and hence (ii) ®(z—a) = — 5 log(€) and %f (x—a) = E?r( 5=10g(r))|r=e = 5= for any z € 9B(a, ).
We now rewrite the integrals in terms of the mean over the surface of the ball to obtain

1 0 1 ou
(x) = =5 log(e )2“5?9‘?33(33) + 2762“5%‘?3%(“) = —elog(e )5%%33(%) + m (313)<u>,
where glge(:gg(g;‘) =L faB(a o 8V( x)dz and anll%e(:gg(u) = ﬁfaB(a7E)u(x)da?. Since u continuously

differentiable, 8—“ and u are bounded and so are their means. Moreover, since lim._,g €log(e) = 0,
the first term 1s O in the limit of € — 0. It follows that

lim(x) = lim gg?ig(m = u(a),

which is the desired result. ]
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Proof of symmetry of Green’s function. We first introduce u(x) = G(z,a) = ®(x — a) + VY(z,a)
and w(z) = G(x,b) = ®(x — b) + ¥(x,b), where G(x,a) and G(x,b) are Green’s functions on
2, and ¥(x,a) and ¥(z,b) are the associated correction functions. We next introduce a domain
Qe = Q\ (B(a,e) UB(b,e)) for € > 0 but sufficiently small; i.e., Q with two holes centered about
a and b. Both u and w are harmonic in {2, since the holes remove the singularity in the Green’s
functions. We now invoke the Green’s second identity with u and w. The left hand side of the
Green’s second identify over €2 is

(LHS) = /Q (G(z,0)AG(x,a) — G(z,a)AG(z, b))dx = 0;

the term vanishes because G(x, a) and G(x,b) are harmonic everywhere in €. and hence AG(z, a) =
AG(z,b) =0 for all z € Q.. We next note that the right hand side of the Green’s second identify
over €1, is

(RHS):/ w2~ %%y

ou ow ou ow ou ow
= /aQ(an — ua)dx — /é)B(a’e)(an — ua)daj — /83(@6)(1081/ — u@)dx

where v is the outward-pointing normal with respect to Q on 99 and with respect to B(a,€) on
0B(a,€). (In other words, v is the inward-pointing normal with respect to Q¢ on 0B(a,€).) The
first term Cq vanishes because u(x) = G(z,a) = 0 and w(z) = G(x,b) = 0 for all x € 9Q. The
second term simplifies to

. : oG ow
151(1) A = 151(1) _ (w(m)%(x, a) — Gz, Q)E(x))dx
_ 0P ow
= lg% _ (w(m)%(az —a)—®(z — a)a(x))dx
. ov ow
+ lgr(l) _ (w(w)g(:c, a) — ¥(x, a)%(:r))d:r
= —w(a) = —G(a,b),

where the second equality follows from the decomposition G(z,a) = ®(z — a) + ¥(z,a); the last
equality follows from (i) the application of Proposition 11.14 to the first term and (ii) the fact that

the second term vanishes as e — 0 because w(w)%—f(m, a) — U(x, a)%’(m) is continuous. Similarly,

lim B, = u(b) = G(b,a).

e—0

It follows 0 = (LHS) = (RHS) = —A — B = G(a,b) — G(b,a), and hence G(a,b) = G(b,a). O

Proof of Green’s representation formula. We first introduce w(z) = G(x,§) = ®(x — &) + ¥(x, &),
where G(z,£) is the Green’s function on Q and U(x,¢) is the associated correction function. We
next introduce a domain Q. = Q\ B(§, €) for € > 0 but sufficiently small. Note that w is harmonic
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in )¢ since the hole removes the singularity in the Green’s function. We now invoke the Green’s
second identity with w(z) = G(x, ) and u(x). The left hand side is given by

(LHS):/Q (G, ) Au(x) — u(z)AC(z, £))d / Gz, f

the second term vanishes because G(z, &) is harmonic in €. The right hand side is given by

i) = [ (660,07 - o) 5 (@, )

= x M—ux%x xXr — x aU(x)—u.’IJ%LL‘ X
- [ w075 e [ (6% —u@ g e

=Cq—-D

where v is the outward-pointing normal with respect to  on 9Q and with respect to B(a,€) on
0B(a,€). (In other words, v is the inward-pointing normal with respect to ¢ on dB(a,€).) The
first term simplifies to

oG
Ca = —/ 9(@) (2, §)dx
o0 ( (91/(
because G(z,§) = 0 and u(z) = g(z) for all x € 9. The second term simplifies to

lim D, = u(§),

e—0

following the same argument used to simplify A, in the proof of symmetry of Green’s functions.
Equating the left and right hand sides, we obtain

/G 2,6 f dx—/ g(ﬂc)g—f(x,ﬁ)dx.

We switch the roles of z and £ to obtain

:/Qc;(g,g; dg/ g, )dé = /Gf, df/ §v - VeG(E, x)dé.

We appeal to the symmetry of the Green’s function to obtain

:/Qa(x,g £)d¢ — / ) VeG(x,§)dE,

which is the desired result.
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Lecture 12

Poisson’s equation: finite difference
method

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

12.1 Introduction

In this lecture we consider finite difference approximations of Poisson’s (and Laplace’s) equation
in two dimensions. Numerical methods are arguably a necessity for PDEs in two and higher
dimensions, as there is no analytical means to find the solution for complex domain geometries.
Building on our discussion on finite difference method for the one-dimensional heat equation in
Lecture 8, in this lecture we focus on finite difference approximations in higher dimensions.

12.2 Problem statement

We introduce Poisson’s equation in two dimensions:

?u  O%*u :
_@_@:f IDQE(O,l)X(Oal)a
u=0 on 9,

where f : 2 — R is some forcing function. For simplicity, we consider a unit square domain and
homogeneous Dirichlet boundary condition. We defer to Section 12.6 for the treatment of other
boundary conditions.

12.3 Finite difference formulation

We approximate the two-dimensional Poisson’s equation by a finite difference method. As we have
done for the heat equation, we first introduce a computational grid over the domain 2. The grid
points are given by

(xi,y5) = (1Azx, jAy), 4,7=0,...,n+1,
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Figure 12.1: Computational grid for two-dimensional Poisson equation.

where Az = Ay = h =1/(n+ 1) is the spacing between any two grid points. We then denote our
approximation of the solution by

;5 = a(zi,y5), 4,j=0,...,n+1.

An example of computational grid for n = 3 is shown in Figure 12.1. (Note that our indices range
from 4,5 = 0 to n 4+ 1, so that the unknowns are at i,7 = 1,...,n after we impose the Dirichlet
boundary conditions at ¢,j5 = 0 and n + 1. The indices are different from the mixed boundary
condition case considered in Lecture 8, where the right most node was an unknown node because
of the Neumann boundary condition. This also affects the relationship between the grid spacing

Az and n.)
We apply the second-order central difference formula to approximate the second derivatives
Pu| i1y — 25+ Uiy
dx? |, ; Az?
Pul iger — 25+ Ui
Oy2 . ~ Ay? ’

We note that, because we are approximating partial derivatives, the finite difference step for %

and ?9273 are taken (only) in the respective coordinate directions. We also recall that these approxi-

mations for the second-derivative are second-order accurate (Proposition 8.4); i.e., using the Taylor
series, we can show that

d%u

_ Uit,j = 2U 5+ Ui,
Ox?

A2 = O(Az?)

7:7‘7‘

for sufficiently regular u.
Combining the two approximations of partial derivatives, we obtain an approximation of the
Laplacian:

_
. 8y2

1,7

9%u

o Uig1y — 2Uig + U1y Ui — 2Uij + Ui
02 )

Ax? Ay?

0]
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Because the approximation of the Laplacian at (7, j) involves the solution values at five points (i.e.
four neighbors and itself), the finite difference approximation is said to have a five-point stencil.
The substitution of the finite difference formula to the Poisson equation yields

_ Uiyl = 2Uig Uiy Wil — 20y Uil g

Az? Ay? =fig, Hi=1...,m, (12.1)
where f” = f(x4,y;). The homogeneous Dirichlet boundary conditions become
Ug; = Upy1; =0, 7=0,...,n+1,
Ui =Uint1 =0, i=1,...,n,

Note that we have n? equations associated with the interior grid points. The difference equation
can again be expressed in a matrix form:

Au = f;
for instance, if n = 3 and h = Az = Ay, the matrix A € R?%? and the vectors @ € RY and f e R
are given by

4 -1 ~1 i fu

-1 4 -1 -1 o1 Ja1

—1 4 —1 fbgl ]i31

) 1 —1 4 -1 —1 U192 R ]i12
A= 72 —1 -1 4 -1 —1 , U= U92 , f= !]‘;22
-1 -1 4 —1 U392 f32

-1 4 -1 U13 f13

—1 -1 4 -1 U923 f23

-1 -1 4 U33 f33

Note that we have ordered the grid points such that z-index is the faster changing index and y-index
is the slower changing index; this choice is arbitrary.

Because we have employed a second-order accurate finite difference formula to approximate the
Laplacian, it can be shown that this finite difference approximation is second-order accurate. If the
exact solution is sufficiently regular, then the error is bounded by

lu—dlloo = max |u(zi,y;) — ] < CAz® + DAy,

for some C' < oo and D < oo. We make two observations:

1. Convergence: the error ||u — /o — 0 as Az — 0 and Ay — 0.

2. Order of accuracy: |Ju — illoc < CAz? + DAy?, and the scheme is second-order accurate.
Decreasing both Ax and Ay by a factor of two results in the error to decrease by a factor of
four.

We make one final remark on computational consideration. Similar to the case of one-dimensional
heat equation, the matrix A associated with two- (or higher-) dimensional Laplace’s equation is
sparse (i.e., mostly zero). It is important to take advantage of this sparsity in computation. Prag-
matically, in MATLAB, we should (i) ensure that the matrix is stored as a sparse matrix using the
sparse command and (ii) use the “\” backslash operator to solve the linear system Ai = f. We
should never use the inv function, which is very inefficient because the inverse of A is a dense
matrix.
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Figure 12.2: Finite difference approximations of Poisson’s equation on the unit square domain.

h lu— il
1/4 269 x 1073
1/8 6.56 x 1074
1/16 1.63 x 1074
1/32 4.07 x 107°
1/64 1.02x 107°

Table 12.1: Maximum error for finite difference approximations of Poisson’s equation on the unit
square domain as a function of the grid spacing.

12.4 Example: square domain

We consider a two-dimensional Poisson problem

—Au = sin(mz) sin(my) in Q = (0,1)?,
u=0 on 0.

Finite difference approximations of the solution for two different values of the grid spacing h =
Az = Ay are shown in Figure 12.2. The h = 1/64 approximation is noticeably smooth than the
h = 1/8 approximation.

Table 12.1 shows the maximum error over all grid points as a function of the grid spacing. We
observe that the maximum error decreases by approximately a factor of four whenever the grid
spacing is decreased by a factor of two. This is consistent with the fact that the error scales as
O(Az?, Ay?) for the second-order accurate finite difference method for smooth problems.
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Figure 12.3: Computational grid and solution for the L-shaped domain problem.

12.5 Example: L-shaped domain

The finite difference approximation readily extends to non-square domains. We here consider
Poisson’s equation on a L-shaped domain 2 = (0,1)2\ [0,1/2]?:

—Au=1 in{,
uw=0 on 0.

An example of the computational grid for the L-shaped domain is shown in Figure 12.3(a). Note
that there is no computational grid over (0,1/2)2, which is not part of the domain. The solution
obtained on a finer grid is shown in Figure 12.3(b). The solution is in fact singular at the 270°
corner; i.e., higher-order derivatives are not continuous at the corner. Table 12.2 shows that, due
to the presence of the singularity, the finite difference error converges as O(hQ/ 3) for h = Az = Ay,
which is (significantly) slower than the convergence of O(h?) for smooth problems. The fact that the
method does not achieve the design order of accuracy for problems with singularities is consistent
with the fact that the finite difference formulas are derived using the Taylor series for smooth

functions.

12.6 Treatment of various boundary conditions

The treatment of various boundary conditions in two dimensions is similar to their treatment the
boundary condition in one dimension in Lecture 8.

1. Dirichlet boundary. Suppose we wish to impose a nonhomogeneous Dirichlet boundary con-
dition on the z = 0 boundary:
u(wi=0,Y;) = h(yy)-
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h [u — Ul[o
1/4  1.79 x 1073
1/8 1.92x1073
1/16 1.40 x 1073
1/32 9.19 x 1074
1/64 5.80 x 1074

Table 12.2: Maximum error for the two-dimensional Poisson problem on the L-shaped domain as
a function of grid spacing.

This boundary condition is incorporated in the finite difference equation associated with
(i=1,y;). We substitute u;—o; = h(y;) to (12.1) evaluated at (z;=1,y;),

Uy — 22Uy FUoy U1 — 2Un H U1 Iy
Az? Ay? 7

to obtain ~ ~ _ - .
CUgg—2u1; +h(yy) G — 200+l Iy
Ax? Ay? Ly

We move all known terms to the right hand side to obtain

iy =2y G =20 bl h(y;)
Az? Ay? T Ax2

We note that the expression is similar to the expression obtained for nonhomogeneous Dirich-
let boundary condition for the one-dimensional heat equation.

2. Neumann boundary. Suppose we wish to impose a nonhomogeneous Neumann boundary
condition on the x = 0 boundary:

ou
—%(fvizo,?/j) = h(y;)-

This boundary condition is incorporated in the finite difference equation associated with
(i=0,y;). (Recall that, unlike the case of a Dirichlet boundary condition, the solution on the
boundary u(zi—,y;) is unknown for a Neumann boundary.) The finite difference approxima-
tion of the boundary condition is

Uy — U1,
v Bt 1Y R NP
2Az ),

which implies %1 ; = 11,; + 2Azh(y;). We substitute the (approximation of the) boundary
condition to (12.1) evaluated at (zi=1,y;),

_Uyg —2up  + U1y  Uoyy1 — 2Uo  +Uoj-1 ¢

Ax? Ay? = foj;

to obtain ~ ~ ~ B . -
U1 — 200, + Gy + 282h(y;)  Goge1 — 200, + Go1 Iy
Ax? Ay? 0.d°
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We again move known quantities to the right hand side to obtain

2015 — 2Uo;  Uogy1 — 2Uo, + U1 x o 2h(y;)
Ax? Ay?

We note that the expression is similar to the expression obtained for nonhomogeneous Neu-
mann boundary condition for the one-dimensional heat equation.

12.7 Time dependent problems: heat equation

We can readily apply the finite difference approximation of two-dimensional Laplace’s equation
to construct a semi-discrete equation for the two-dimensional heat equation. The resulting semi-
discrete equation is
di; Ui, — Qﬁz‘g T Ui-1j  Uig1 — Qﬁz‘g + i1 _ [N
dt Ax Ay ’

The associated matrix form of the equation is

du P
— + Au = f.
dt /
We can then apply a time marching method discussed in Lecture 8 to the time derivative to obtain

a fully discrete equation. We then solve the fully discrete equation, starting at time ¢ = 0.

12.8 Other numerical methods for PDEs

While we have focused our discussion on the finite difference method in this course, there are many
other numerical methods for PDEs. We here highlight several well-known approaches:

o Finite element methods. Finite element methods are derived from so-called weak form of
the PDEs. Finite element methods permit the use of unstructured meshes, which facili-
tates the treatment of complex geometries; an example of unstructured meshes is shown in
Figure 12.4(a). The method is also amenable to rigorous analysis using functional analysis
techniques. The finite element method can be used to approximate PDEs of all types (i.e.,
parabolic, elliptic, and hyperbolic) and are used in many engineering applications including
structures, fluids, acoustics, and electromagnetics. An example of finite element approxima-
tion of fluid flow is shown in Figure 12.4(b).

e Finite volume methods. Finite volume methods are derived from the integral (as opposed
to differential) form of the PDEs and are particularly well-suited for hyperbolic conservation
laws in fluid dynamics. Like finite element methods, finite volume methods also permit the
use of unstructured meshes, which facilitates the treatment of complex geometries.

e Boundary element methods. Boundary element methods are designed for linear homogeneous
PDEs. The method appeals to the fundamental solution of the PDE and the Green’s repre-
sentation formula to recast the PDE as a problem on boundaries. While applicable only to
linear homogeneous PDEs, it provides efficient solution of these PDEs and are widely used
in electromagnetics; the vortex-lattice method for potential flows in fluid dynamics is also an
example of boundary element methods.
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(a) mesh (b) solution (xz-component of velocity)

Figure 12.4: Example of a mesh and solution for flow past a cylinder.

12.9 Summary

We summarize key points of this lecture:

1.

Finite difference methods readily extend to higher dimensions. To approximate a partial
derivative in a given direction, a finite difference formula is applied in that direction.

. If the Laplacian operator is approximated using the second-order accurate finite difference

formula, the resulting finite difference approximation of Laplace’s (or Poisson’s) equation is
second-order accurate.

. Various boundary conditions can be treated. On a Dirichlet boundary, we simply replace

the value of the solution on the boundary with the known value. On a Neumann (or Robin)
boundary, we approximate the boundary condition using a finite difference formula and make
an appropriate substitution.

. Finite difference methods for higher spatial dimensions can also be used to identify a semi-

discrete form of higher-dimensional time-dependent problems.

. There are many numerical methods for PDEs, including finite element, finite volume, and

boundary element methods.
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Part IV

Hyperbolic equations
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Lecture 13

Wave equation: introduction

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

13.1 Introduction

We have so far considered parabolic equations in the heat equation and elliptic equations in Pois-
son’s (and Laplace’s) equation. We now consider a new class of equations: hyperbolic equations.
Hyperbolic equations describe physical phenomena in which quantities are “transported” rather
than “diffused.” The two model hyperbolic equations we consider in this course are the wawve
equation and the transport equation. In this lecture we focus on the wave equation; we introduce
the equation and study the behavior of the equation without finding an explicit expression of the
solution.

13.2 Derivation: vibrating string in R x R.

We now derive the one-dimensional wave equation which models a vibrating string. We assume
that the flexible string has a (per-length) density of p and is in tension T. We apply Newton’s law
to a small segment (zr,zgr) of the string shown in Figure 13.1 to obtain the equations of motion
for the longitudinal (z) and transverse (y) motions:

0 =Tngle, — Tnale,, (13.1)
no movement in x longitudinal force
TR 92y,
/ pwdm’ =Tnylzp — Tnyls, (13.2)
£

transverse force
mass X acceleration

where n, and n, are the longitudinal and transverse components of the unit vector n pointing along
the string. From the geometry of the problem, the unit vector n = (n,, n,) must be proportional
to (dz,du) or equivalently (1, %); hence, the components of the unit vector can be expressed as
1 Ou
Ny = ——— and ny = %. (13.3)
o) 0
L+ (52) L+ (5)
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(a) string (b) force decomposition

Figure 13.1: A vibrating string and the associated force decomposition of a segment.

We now assume that the displacement u and g—: are small so that /14 (g—:))Q ~ 1. This

assumption simplifies the components of the unit vector to n, =1 and n, = %. Consequently, the

longitudinal equation of motion (13.1) simplifies to
Tlop = Tlzy = 0

since the choice of the segment (zr,xr), we deduce that the tension is constant along the string.
This further simplifies the transverse equation of motion (13.2) to

TR 92y ou ou
pLL 7 =T(5 ~ 5

TR

7
We apply the divergence theorem to the right hand side to obtain
TR 9%y TR 9%y

dx.
- Ot?

zr
Again, since the choice of the segment (zr,xzg) is arbitrary, the integrands must be equal to each
other and we obtain

O*u T 0*u

o pda?’
We finally set ¢ = /T/p and obtain

Pu 0%

o2~ ¢ a2
This is the wave equation, where c is the wave speed.

13.3 Derivation: acoustic wave equation in R? x R

We now derive a multi-dimensional wave equation which models acoustic waves. The starting point
for the acoustic wave equation is the Euler’s equations for compressible flows:

dp

E‘l‘V'ﬂU—O,
0
%—H)-va—FVp:O;
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the first and second equations are the conservation of mass and momentum, respectively. We now
express the density, velocity, and pressure as the perturbation (p, 0, and p) about the background
state (po, vo, and pp) that are invariant in space and time:

p=po+p,
v=1vy+0="1,
p=po+p,

where we have assumed that the background velocity is 0. We substitute the expressions to the
Euler equations, appeal to the fact pg, vg, and pg are invariant in space and time, and neglect the
product of two or more perturbation terms to obtain

d(po + p) 9p
T+V'((P 0+ p)0) & at“‘)w 0,
0 + p)v - _ o
((poatp))Jrv-V((poer) )+ V(po+p) = pogy + VP =0.
We next note that for isentropic flows ¢? ~ p/p. It follows that
1 0p
V-
20f + po
o
— +Vp=0. 13.4
PO 5y +Vp (13.4)

We now wish to eliminate the velocity from the equations. To this end, we assume that both p and
v are sufficiently smooth, differentiate the first equation in time, differentiate the second equation
in space, and take the difference of the two equations:

0 (10p ov
8t<28t+0 ) <p08t+ p)

This is the acoustic wave equation for the (perturbation in the) pressure.
Following the convention that is used for all other PDEs in this course, we denote the solution
— perturbation in the pressure — by the variable u and multiply through by ¢? to obtain

2
z;; — ?Au=0. (13.5)

This is the (dimensional form of the) wave equation.

13.4 Boundary conditions

To define a complete initial boundary value problem, we now complement the wave equation (13.5)
with boundary and initial conditions. We consider two different types of boundary conditions for
the wave equation.
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1. Dirichlet boundary condition (e.g., prescribe pressure for the acoustic wave equation). We first
recall that the solution to the (acoustic) wave equation represent the pressure perturbation.
Hence, if the pressure perturbation at the boundary is prescribed, we obtain a boundary
condition of the form

uw=p" onTp xRso,
where I'p is the Dirichlet boundary, and pP is the prescribed pressure perturbation. This is a
Dirichlet boundary condition, as the equation depends only on the value of the solution (and
not its derivative). If the pressure is fixed (i.e., there is no perturbation), then the equation
simplifies to u = 0.

2. Neumann boundary condition (e.g., prescribed normal acceleration for the acoustic wave equa-
tion). The prescribed acceleration condition arises when we have, for instance, a speaker that
vibrates at a known frequency and displacement. To prescribe the acceleration condition, we
evaluate the linearized momentum equation (13.4) in the normal direction # to obtain

ov -7

ot

v-Vp=—po

Recalling v = p we obtain

ov -7

5 = —poV - a® on I'y x Ry,

v-Vu=—pp

where I'y is the Neumann boundary, and @’ is the prescribed acceleration of the wall. This
is a Neumann boundary condition, as the equation depends only on the derivative (and not
the value). If the wall is fixed (i.e., there is no acceleration), then the equation simplifies to
v-Vu=0.

The wave equation, like the heat equation, is second order in space. Hence, we must enforce one
and only one boundary condition at any point on 0f2.

The wave equation, unlike the heat equation, is second order in time. Hence we must specify
both the value and time derivative at the initial time to obtain a well posed problem; we impose

u=g onQx{t=0}
ou

a:h on Q x {t =0},

for some prescribed initial state g : 2 — R and the time derivative of the state h : Q — R.

13.5 Nondimensionalization

As in the case for the heat equation, we may choose the nondimensionalization for the spatial and
temporal variables so that the nondimensionalized equation has a unity wave speed. To demonstrate
the idea, consider a wave equation

?u  50%u

W_C@ZO in(O,L)XR>Q.
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We introduce the length scale L and the time scale T' = L/¢, so that the nondimensionalized
coordinate is & = 2/L and t = t/T = ct/L. The nondimesionalized wave equation is then
o’u 9%
o 0x?

=0 in (0,1) x Rsg.

The choice of the time scale in particular reduces the wave speed to unity.

Example 13.1 (nondimensionalization). Suppose the solution to nondimensionalized wave equa-
tion is given by .
for some function f: R — R. The solution to the original equation is then

w(z,t) = a(x/L,ct/L) = f((x —ct)/L) + f((x +ct)/L).

13.6 Energy conservation

In the derivation of the wave equation, we have seen that the equation is associated with phenomena
such as the vibration of a string and acoustics, where the energy is propagated as waves. Our
physical intuition suggests that, in the absence of friction, the energy should be conserved and
simply propagate without any dissipation. Indeed the wave equation respects this physical intuition,
as stated in the following theorem.

Theorem 13.2 (conservation of energy for the wave equation). Suppose u is the solution to the
wave equation on 2 with homogeneous boundary conditions:

0%u .
w—AU:O IHQXR>O,
u=0 on FD X]R>0,
% =0 onl'yXx R>0,
on

where I'p and I'y are Dirichlet and Neumann boundaries, respectively, so that I'p UT'y = 0€2. Let
E(t) be the total energy at time ¢ given by

B(t) = ;/Q ((‘?;)2+vu-vu> da.

Then the total energy is conserved:
E(t)=E(t=0) VteRs.

Proof. Let us introduce the kinetic and potential energy

1 ou\?
K=- —
2/Q<8t> 4,

PEl/Vu-Vud:E,
2 Jo
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so that £ = K 4 P. The change in the kinetic energy with time is

dK 1d ou\ 2 ou 9%u ou
_— = —— —_— — _— = 7A
dt th/Q <at> do= | Grar®®= | griude

0 Oou Ou Oou Ou
= —/Q <6tVU> . Vuda: + - E%ds + . gainds

=0 as u=0 = 2%=0 =0 as §“=0
10 1d dP
—_ [ 2= : de = — = — ) de — — 2.
/Q 5 5t (Vu - Vu) dzx St |, (Vu - Vu) dzx e

here the third equality follows from the definition of the wave equation, the fourth equality follows
from the integration by parts, and the last equality follows from the definition of the potential
energy. The change in the kinetic energy is exactly the negative of the change in the potential
energy. It follows that % = % + % = 0, which implies E(t) = E(t = 0). O

We note that this energy conservation (or equality) for the wave equation is different from the
energy stability (or inequality) for the heat equation. This again agrees with our physical intuition
that in phenomena modeled by the wave equation the energy is conserved and propagated, whereas
in phenomena modeled by the heat equation the energy is dissipated through diffusion.

13.7 Energy method: uniqueness

We now appeal to the energy conservation to show that the solution to an initial-boundary value
problem for the wave equation, if it exists, is unique.

Theorem 13.3 (uniqueness of the solution to the wave equation). Let  C R™ be a spatial domain
and R<( be the time interval. There is at most one solution u : 2 x R-g — R that satisfies

82
Tg—Au:f in Q x R,
u:hD on FDXR>0,
%:h]\[ on FNXR>0,
on
u=go onQx{t=0}
(Zz—gl on Q x {t =0},

where f : 2 xRsg — R is a source function, hp : I'p X Rsg — R is the Dirichlet boundary function,
hy : 'y x Ryg — R is the Neumann boundary function, and gg : 2 — R and g1 : 2 — R specify
the initial conditions.

Proof. Suppose u1 and ug are two solutions to the heat equation initial-boundary value problem.
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Then their difference w = u; — ug satisfies

82

TS—AMZO inQXR>0,
w =20 ODFDXR>0,
0
99 _0 onTy x Rsg,
on
w=0 onQx{t=0}
0
8—7;):0 on  x {t =0}.

The total energy of the difference w, for any t > 0, is

s =4 [ ((5) 4w v [ ((F) +mwrwa) ], -0

where the second equality follows from energy conservation, and the third equality follows from (i)
%U(t = 0) = 0 by the initial condition and (ii) Vw(t = 0) = 0 since w(t = 0) = 0 by the initial
condition. Since F(t) = 0 and the energy is sum of two non-negative terms, it follows that %—g’ =0
for all t > 0. Since w(t = 0) = 0, we conclude that w(t) = ui(t) — ua(t) = 0 for all ¢ > 0. O

We recall that for the heat equation we could establish the uniqueness of the solution using
either the energy method or the maximum principle. Unfortunately there is no property that is
analogous to the maximum principle for the wave equation. The lack of maximum principle is one
of the key differentiators between the heat and wave equations.

13.8 Summary

We summarize key points of this lecture:

1. The wave equation describes phenomena including the vibration of a taut string and the
propagation of acoustic pressure wave.

2. Initial-boundary value problems associated with the wave equation is obtained by incorporat-
ing Dirichlet and/or Neumann boundary conditions and initial conditions on both the value
and time derivative of the state.

3. The wave equation can be nondimensionalized such that the nondimensionalized equation has
a unit wave speed.

4. The wave equation with homogeneous Dirichlet or Neumann boundary conditions conserves
the total energy, which is the sum of the kinetic and potential energy.

5. The wave equation with an appropriate set of initial and boundary conditions has a unique
solution. The uniqueness can be proven using the energy method.

6. There is no property that is analogous to the maximum principle for the wave equation.
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Lecture 14

Wave equation: separation of
variables and d’Alembert’s formula

(©2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

14.1 Introduction

In this lecture we solve the wave equation in a bounded one-dimensional spatial domain using
separation of variables. The procedure is identical to that used for the heat equation; however, we
will find that the solution to the wave equation can be interpreted as a superposition of standing
waves unlike the solution to the heat equation which decays in time. Moreover, we will find an
alternative representation for the solution in terms of traveling waves. We will exploit this latter
interpretation in the subsequent lectures.

14.2 Separation of variables
We consider a wave equation in (0,1) x R with homogeneous Dirichlet boundary conditions:

0’u  0%u .
w — @ = O 1m (0’ 1) X IR>O7 (141)
u=0 on {0,1} x Ry,
u=g on (0,1) x {t =0},
@

T =h on (0,1) x {t =0}.

We wish to find a series representation of the solution using separation of variables. We recall the
two steps of the procedure:

1. We seek a family of solutions of separable form u,(z,t) = ¢n(x)T,(x), n = 1,2,..., that
satisfy the PDE and the boundary condition (but not necessarily the initial conditions).

2. We identify a linear combination of wuj,uo, ... that satisfies the initial conditions.
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To begin, we substitute u,(x,t) = ¢ (z)T,(t) to the wave equation and obtain
Oy — ¢pTn = 0.

We rearrange the expression to obtain

¢ T ,
bn T, O™

here, we have appealed to the fact that ¢!’ /¢, depends on z only and T))/T,, depends on ¢ only,
and hence the expressions must be equal to a constant, which we denote by —a,,. We then impose
the boundary conditions to find

note that we choose ¢,(0) = ¢,(1) = 0 because the other option, T),(t) = 0, would result in
the trivial solution u,, = 0. It follows that the spatial functions must satisfy the boundary value
eigenproblem

—515;; = apdp In (07 1)7
¢n=0 on{0,1}.
This is a Sturm-Liouville problem, and hence we expect ¢, to form a complete orthonormal func-
tions. In fact, this very Sturm-Liouville problem was considered in Example 4.6: the eigenfunctions
are given by
¢n(x) = sin(nmz),

and eigenvalues are o, = n?72, forn=1,2,....
Given o, = n?m?, the temporal function must satisfy, for each n, the ODE

~T! = o, T, = T/ = n*n°T,.
The solution to the ODE is of the form
T,(t) = Ay cos(nmt) + B, cos(nrt).

Hence our separable solutions that satisfy the wave equation and the boundary condition are of the
form
un(x,t) = Ay, cos(nmt) sin(nmx) + By, sin(nt) sin(nnt).

Note that because the wave equation is second-order in time, we obtain a family of functions with
two unknown coefficients; this is unlike the heat equation which yields a family of functions with
one unknown coefficient.

Our general solution is a linear combination of the separable solutions, hence

u(z,t) = Z Ay, cos(nrt) sin(nmzx) + By, sin(nnt) sin(nrz). (14.2)

n=1
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We now impose the initial conditions to obtain

u(z, t =0) = ZA" sin(nmx) = g(x),
n=1
ou

E(x’t =0) = Z Bynzsin(nnt) = h(x);

n=1

here, we have assumed that the solution is sufficiently regular so that the series may be differentiated
term by term. We note that the first and second equations are the Fourier sine series for g and h,
respectively. We hence obtain

1
Ap = gn = 2/ sin(nmx)g(x)dz,
0

. 1 . 9 1
Bynm = h, = 2/ sin(nrx)h(x)de = B, = M 2 sin(nmx)h(x)dx.
0 nm nm Jo

Hence the solution to (14.1) is given by

nm

u(z,t) = Z (gn cos(nmt) + fin sin(mrt)) sin(nmz), (14.3)

n=1
where we have grouped the time-dependent terms. We make a few observations:

1. Interpretation as standing waves. Consider the special case where the initial condition is
g(z) = sin(mmx) for some integer m and h = 0. The solution to the problem is then given by

u(x,t) = cos(mmt) sin(mmx).

For any fixed t € R~¢, the snapshot of the solution is u(x,t) o sin(mmx); i.e., the snapshot
has the same shape (up to scaling) at any time. For any fixed x € (0, 1), the variation in the
solution in time is u(z,t) oc cos(mmt); i.e., the amplitude varies sinusoidally in time. Hence,
as the name suggests, the wave equation admits standing waves as solutions.

2. Oscillatory Fourier coefficients. For any fixed ¢, the solution u(-,¢) in (14.3) can be inter-
preted as the Fourier sine series Y - | ay,(t) sin(nmz) with time-varying coefficients a,(t) =

(gn cos(nmt) + , which is oscillatory. This is in contrast to the coefficients for the
heat equation, whose solution is given by

hyp sin(nt) )
nmw

oo
u(x,t) = Z Gn exp(—n?m%t) sin(nmz);
n=1

the Fourier coefficients for the heat equation, a,(t) = g, exp(—n?n?t), decays exponentially
in time.

3. (Lack of ) smoothness. For any fixed t, the solution to the wave equation wu(-,t) is not nec-
essarily smooth if the initial conditions g and A are not smooth. This is in contrast to the
solution to the heat equation which is infinitely differentiable for any ¢ > 0 even if the ini-
tial condition is discontinuous. We recall that the solution of the heat equation is smooth
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Figure 14.1: Solution to the one-dimensional wave equation with the initial condition g = sin(27z)
and h = 0.

because the Fourier coefficients decay exponentially with the mode number n for ¢ > 0; as
the wave equation does not have this property, the solution is not necessarily smooth. (This
lack of smoothing effect will become more apparent for another solution representation that
we introduce next.)

Example 14.1 (wave equation by separation of variables). We consider the solution of the initial-
boundary value problem (14.1) for the initial condition g(x) = sin(27x) and h = 0. By inspection,
we find that the Fourier sine series coefficients are go = 1 and §; = 0, ¢ # 2. The solution is hence
given by

u(x,t) = cos(2nt) sin(27x).

Figure 14.1 visualizes the solution as temporal snapshots and as a space-time contour. We observe
a standing wave of with a unit wave length and a unit period.

14.3 d’Alembert’s formula

We can further simplify the series solution (14.2) to derive d’Alembert’s formula, which reveals
more properties of the wave equation. To simplify the derivation we consider the solution for two
cases — (i) g #0 and h = 0 and (ii) h # 0 and g = 0 — and then take the superposition of the
two solutions.

Case 1: g # 0 and h = 0. We set h, = 0 in (14.3) to obtain

u(z,t) = Z Jn sin(nmzx) cos(nmt) = % Z gn(sin(nm(z — t)) + sin(nw(z + t))),

n=1 n=1

where the second equality follows from sin(nmz) cos(nmt) = (sin(nr(z —t)) +sin(nm(z +1))). We

recall that g, are the Fourier sine coefficients of g and hence, assuming ¢g°P is sufficiently regular,
o
3" Gusin(nm€) = g>P(€) VEER,
n=1
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where g”P : R — R is the odd periodic extension of g : (0,1) — R. Hence,

u(et) = 23 ga(sin(um(z — ) + sinfun(e + ) = 2g"P(w 1) + 427z + 1))

n=1

Case 2: h # 0 and g = 0. We set g, = 0 in (14.3) to obtain

o0
n
E — 1n nTr:r Sln nﬂ't

Z —n (cos(nm(x —t)) — cos(nm(x +1))),

:
l\D\H
3

$(cos(nm(z —t)) — cos(nm(z +1))). We

recall that h, are the Fourier sine coefficients of & and hence, assuming h%P is sufficiently regular,

where the second equality follows from sin(nmz) sin(nnt) =

hoP( Z n(nré¢) VEER,

where h®P : R — R is the odd periodic extension of h : (0,1) — R. We integrate the expression
over (a,b) to obtain

b e e} o)
hOP(dE =D = => = - b)).
/a (&)d¢ 2 mr[ coS n7r§ 2 (cos(nma) — cos(nmb))

It hence follows that

1

0 T+t op
Z (cos(nm(xz —t)) — cos(nmw(z +t))) = 5 /xt hoP(&)dE.

n=1

DN | =
SE

u(x,t) =

We take the superposition of the two solutions and find that the solution to the initial-boundary
value problem (14.1) is

1 1 T+t
u(z,t) = §[g°’p(x —t)+ ¢"P(z +t)] + 2/ hoP(&)d¢. (14.4)
T—t
This is d’Alembert’s formula for the wave equation.
We now use d’Alembert’s formula to sketch the solution to the wave equation.

Example 14.2 (d’Alembert’s formula: Dirichlet boundary condition). We consider the initial-
boundary value problem (14.1) for the initial condition g(x) = exp(—(x — 1/2)%/0.05%) and h = 0.
We wish to sketch the solution at various times using d’Alembert’s formula (14.4), as shown in
Figure 14.2. We proceed as follows:

1. We first sketch two odd periodic extensions of g(z,¢ = 0), which has been scaled by the
factor of 1/2. In Figure 14.2, the right-traveling wave 59°P(x —t) and the left-traveling wave
L 59°P(x +t) are shown in blue and orange, respectively The waves coincide at time ¢t = 0.

2. To sketch the solution at time ¢, we now slide the right-traveling (blue) wave and left-traveling
(orange) wave by t. Even though only the solution over (0,1) is physically relevant, we
slide the entire periodic extension. The solution is given by the sum of the two waves:

u(@,t) = 5(9°P(z — ) + g*P(a + t)).
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Figure 14.2: Solution to the one-dimensional wave equation with Dirichlet boundary conditions
and the initial condition g(x) = exp(—(z — 1/2)2/0.052) and h = 0. The blue and orange waves
are the right- and left-traveling odd periodic extension g, respectively. The red wave is the sum
of the two waves evaluated over the domain (0,1).
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Figure 14.3: Solution to the one-dimensional wave equation with Dirichlet boundary conditions and
the initial condition g(z) = exp(—(z — 1/2)?/0.05%) and h = 0. The snapshots are in At = 1/10
intervals.

This two-step procedure applies at any t. The effect of the wave reflecting off the boundary is
captured by the odd periodic extension entering the physical domain (0,1). We observe that the
solution “inverts” when it reflects at the boundary at ¢ ~ 1/2; the wave is inverted because the
odd-periodic extension is inverted in (—1,0) and (1, 2), and these inverted waves enter the domain
(0,1) for t € (1/2,1).

Figure 14.3 shows the solution as snapshots and a space-time contour.

We conclude the section with a few observations about the d’Alembert’s formula:

1.

Interpretation as travel waves. Consider the case h = 0. The solution is the superposition
of two traveling waves: the left-traveling wave %go’p(x + t) and the right-traveling wave

%g"’p(m —t).

. Reflection at boundaries. When the wave reflects off the boundary, the reflection induces

a change of sign because we consider the odd periodic extension; i.e., the reflected wave is
“inverted.”

. Lack of smoothness (g # 0 and h = 0). Consider the case of g # 0 and h = 0. Because

the solution is a superposition of two waves associated with the (odd periodic extension of
the) initial condition, the solution u(-,t) at time ¢ is in general no smoother than the initial
condition g. For instance, if g>P is (say) only twice differentiable, then u(-,t) is also only
twice differentiable. This is unlike the heat equation, for which the solution u(-,¢) is infinitely
differentiable even if the initial condition is discontinuous.

. Lack of smoothness (h # 0 and g = 0. Similar to the case above, the solution u(-,t) at time

t is only once more differentiable than the initial function h%P. For instance, if h®P is only
once differentiable, then u(-,t) is only twice differentiable. (The additional regularity arises
because we integrate h.)

We will later revisit d’Alembert’s formula and its interpretation using the method of characteristics.
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14.4 Neumann boundary conditions

We now consider the solution of the wave equation with Neumann boundary conditions:

?u  0%u )
w — @ =0 in (O, 1) X R>0, (145)
ou
i 0 on {0,1} x Ry,
u=g on (0,1) x {t =0},
%:h on (0,1) x {t =0}.

As many of the steps to solving the problem are identical to the Dirichlet boundary condition
case, we provide an abbreviated exposition here. As before, we first find a family of separable
solutions of the form wu,(z,t) = ¢,(x)T,(t) that satisfies the homogeneous PDE and boundary
conditions. The substitution of the separable form to the PDE and boundary conditions yield a
spatial eigenproblem:

—¢p = ¢y in (0, 1),
¢, =0 on {0,1}.
This is a Sturm-Liouville problem, whose solutions are given by
bn(x) = cos(nmz) and o, =n?c® forn=0,1,2,....
The associated temporal ODE is
-7 =a, T, = -T!= n?m*T,, n=0,1,2,....

The solutions are given by
1 1
§An + iBnt, n = 0,

To(t) =
Ay, cos(nmt) + By sin(nnt), n=1,2,....

(We here scale the n = 0 term by 1/2 for convenience.) The general solution is hence given by

u(x,t) = %Ao + %Bot + Z(An cos(nrt) + By, sin(nwt)) cos(nmx).

n=1

We now impose the initial conditions:

1 oo
u(xz,t =0) = §A0 + Z Ay, cos(nmx) = g(x),

n=1

ou 1 >
a(x,t =0) = §Bo + ZBnmr cos(nmx) = h(x).

n=1

The first condition implies that A, must be the Fourier cosine coefficients of g: i.e.,
1
Ap = gn = 2/ cos(nmz)g(x)de, n=0,1,2,....
0
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The second condition implies that By, Bi1lw, Bo27, ... must be the Fourier cosine coefficients of h,
and hence

iln, n = 0, 1

Bu=1q i, where h,, = 2/ cos(nmz)h(x)dz.
—, n=12... 0
nmw

The solution is hence given by

1, 1, > h
u(z,t) = §§70 + ihot + Z:l(ﬁn cos(nmt) + ﬁ sin(nmnt)) cos(nmx),
n=
which is a series representation of the solution to (14.5).
We can also find d’Alembert’s formula for the Neumann boundary condition case using a similar
approach as the Dirichlet boundary condition case. First, for g # 0 and h = 0, we observe that

1 G 1 1
u(z, t) = 5@@ + Z gn cos(nmz) cos(nmt) = 5@@ + 5 Zgn(cos(mr(x +1t)) + cos(nm(x —t)))
n=1

n=1
1
= (P (z +1) +g°P(x — 1)),

where the second equality follows from a trigonometric identity, and the last equality follows from
the fact that the Fourier cosine series of g converges to its even extension g®P (assuming sufficient
regularity). Second, for g = 0 and h # 0, we observe that

1, = h
u(x,t) = 5hot + nZ:l ﬁ cos(nmx)sin(nwt) = fhot + = Z (sin(nm(x +t)) — sin(nw(x —t))).
We also note that, assuming h®P is sufficiently regular,

1, «=;
h*P(§) = §h0 + Z hy cos(nm€) Vz € R,

n=1

and hence

b
/ hoP(§)d§ = *ho(b —a)+ Z (sin(nmb) — sin(nwa)).
We choose ¢ = x — ¢t and b = x + t to observe that

1 x+t
(e, fhot—lr Z (sin(n(z + 1)) — sin(nr(z — 1)) = 2/ heP () de.
T—t
Combining the expression with the solution to the g # 0 and h = 0 case, we find that the solution
to (14.5) can be expressed as

T+t

u(z,t) = %(ge’p(a: —t)+ ¢*P(x + 1)) + % /_t h&P(€)dE, (14.6)

which is d’Alembert’s formula for the Neumann boundary condition problem (14.5). The formula
is identical to the Dirichlet boundary case (14.4) with the exception of the use of the even periodic
extension instead of the odd periodic extension.

We now use d’Alembert’s formula to sketch the solution to the wave equation.
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Figure 14.4: Solution to the one-dimensional wave equation with Dirichlet boundary conditions
and the initial condition g(x) = exp(—(z —1/2)?/0.05%) and h = 0. The blue and orange waves are
the right- and left-traveling even periodic extension ¢°P, respectively. The red wave is the sum of
the two waves evaluated over the domain (0, 1).

Example 14.3 (d’Alembert’s formula: Neumann boundary condition). We consider the solution
of the initial-boundary value problem (14.5) for the initial condition g(x) = exp(—(x—1/2)%/0.052)
and h = 0. We sketch the solution at various times using d’Alembert’s formula (14.6). The
resulting sketches are shown in Figure 14.4. The procedure to sketch the solutions is identical to
Example 14.2, except that we consider the even periodic extension for the Neumann boundary
condition. As a result, the solution does not invert when it reflects at the boundary at ¢ ~ 1/2;
the wave is not inverted because the even-periodic extension in (—1,0) and (1,2) are not inverted,
and these waves enter the domain (0,1) for t € (1/2,1).
Figure 14.5 shows the solution as snapshots and a space-time contour.

We make a few observations:

1. For the Neumann boundary problem, the series solution uses the Fourier cosine series and
the associated d’Alembert’s formula uses the even periodic extension of the initial conditions.
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Figure 14.5: Solution to the one-dimensional wave equation with Neumann boundary conditions
and the initial condition g(z) = exp(—(z—1/2)2/0.052) and h = 0. The snapshots are in At = 1/10
intervals.

2.

This is unlike the Dirichlet boundary problem which uses the Fourier sine series and the odd
periodic extension of the initial conditions.

When the wave reflects off the boundary, the reflection does not induce a change of sign be-
cause we consider the even periodic extension. This is unlike the Dirichlet boundary problem
in which the reflection induces a change of sign.

. In general, the solution is not smooth; it is only as differentiable as ¢®P and only once more

differentiable than h®P.

14.5 Summary

We summarize key points of this lecture:

1.

The one-dimensional wave equation can be readily solved using separation of variables. The
solution is expressed in terms of the (generalized) Fourier coefficients of the initial conditions.

The Fourier coefficients for the wave equation are sinusoidal functions and oscillates in time,
which may be interpreted as standing waves. This is unlike the Fourier coefficients for the
heat equation which decays exponentially in time.

. For any fixed ¢, the solution to the wave equation is not necessarily smooth if the initial

condition is not smooth. This is again unlike the heat equation which smooths the solution.

. d’Alembert’s formula allows us to interpret the solution to the wave equation as a super-

position of traveling waves associated with (appropriate periodic extensions of) the initial
conditions.

. The solutions to both Dirichlet boundary and Neumann boundary problems can be expressed

as appropriate Fourier series or using d’Alembert’s formula.
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6. The reflection induces a change of sign at a Dirichlet boundary but not at a Neumann bound-
ary.
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Lecture 15

Transport equation: method of
characteristics

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

15.1 Introduction

In the previous lecture we considered the wave equation which is a second-order hyperbolic equation.
In this lecture we consider (arguably) a simpler first-order hyperbolic equation: the transport
equation. Transport equation, as the name suggests, describes the transport quantities in space.
It also serves as a model equation for more complicated system of first-order hyperbolic equations,
such as the Euler equations for compressible flows.

15.2 Derivation

We consider transport of some pollutant by fluid. To begin, we introduce a domain 2 C R™ and
the associated fixed subdomain w C €. The density of the pollutant at any point in the domain is
u:R™ — R, and the (vector-valued) velocity field of the fluid is b : R™ — R™. We assume that the
pollutant perfectly follows the motion of the fluid. (Physically this assumption is satisfied if the
particles that constitute the pollutant are small enough.) We also assume that the velocity field is
divergence free: V -b = 0. (Physically this corresponds to incompressible flows.)

We now appeal to the conservation of mass to derive the transport equation which describes
the evolution of the pollutant density u. We first note that the total mass of the pollutant in € is
M = fQ udx. We next appeal to the conservation of mass to obtain

d

/uda: = —/ u(b-v)ds ,
dt w Ow

N—— —_——

change in pollutant mass net mass of pollutant entering w

where v is the outward-pointing unit normal on dw. We then make two observations: (i) since w
is fixed in time the time derivative can be brought inside the integral; (ii) the integral over dw can
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be converted to an integral over w using the divergence theorem. We hence obtain

—da:— /Vbu

This relationship should hold for any w C €2, and hence the integrands must be equal to each other:

ou

5 = -V - (bu).

Because we assumed that the velocity field b is divergence free (i.e., V-b = 0), we obtain V - (bu) =

(V-b)u+0b-Vu=">-Vu and hence

ou
— +b-Vu=0.
o TV

This is the transport equation.

Remark 15.1 (transport equation and conservation principle). In the above, we have derived the
transport equation using the conservation principle assuming the velocity field b is divergence-free.
Following the convention, from hereon we define the transport equation as the PDE of the form
% +b-Vu = 0, regardless of whether b is divergence-free. Note that if b is not divergence-free,
then the transport equation does not satisfy the conservation condition.

15.3 Generalized transport equation

Before we present a solution procedure for the transport equation, we first generalize the transport
equation, as our procedure is quite flexible. Namely, we consider the case where the velocity b
at the point (z,t¢) depends on both the position (z,t) and the state u(z,t). Such a generalized
transport equation is given by

0
872 (z,t) + b(z, t,u(z, 1)) - Vu(z,t) =0,
where b: R™ x Ryg x R — R is the velocity field. We consider three cases:

e (Case 1: b is constant. This is a constant-coefficient transport equation.

o (Case 2: b depends on x and t but not on w. This is a variable-coefficient transport equation.

e Case 3: b depends on u. This is a nonlinear transport equation. (More precisely, it is a
quasilinear equation because it is linear in the derivatives 8“ and Vu.)

15.4 Method of characteristics for homogeneous problems

We now present the method of characteristics for a homogeneous (generalized) transport equation.
We first introduce an initial value problem
ou .
af-i—b Vu=0 in R" xRy, (15.1)
u=g onR" x {t=0},
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where the transport field b in general depends on the point (x,t) and the state u(x,t), and the
initial condition g : R™ — R is given.

To solve the problem, let us first assume that the solution u is continuously differentiable: i.e.,
u € CH(R"™ x R>g). We then introduce a “trajectory” z. : R>o — R"; note that this is a “curve” in
space parametrized by time, or a point whose location depends on t. We next denote the associated
solution along the trajectory by u. : R>g — R™:

ue(t) = u(xc(t),1).

We note that the solution u, evolves along this trajectory as follows:

d d ou  dx.
7 (we(t) = Sulwe(t), t) = oo + == Vu.
We compare the expression for d;tc and the (generalized) transport equation (15.1) and note the

following: if we choose a curve x. such that dczc = b(w(t),t,u(xc(t),t)), then

d d ou
%(uc(t)) = ﬁu(xc(t), t) = 5 + b(ze(t), tyu(ze(t),t)) - Vu = 0. (15.2)

Along the curve x. such that dcﬂlic (t) = b(xc(t),t,u(z(t),t)), the solution wu.(t) is constant. The
curve x. is called the characteristic, and the pair of ODEs that govern the evolution of the solution
along the characteristic is called the characteristic equations.

Definition 15.2 (characteristic equations for a homogeneous transport equation). The character-
istic equations for a homogeneous transport equation %—7; + bVu = 0 is a pair of ODEs

dx.

dt
du,

dt

(t) = b(xc(t)vt7uc(t))7 t € Rxo,

(t) - O, te R>O.

The time-parametrized curve x. : R" — R>q is called the characteristic.

Note that this is a pair of ODEs — and not a PDE — that can be readily integrated in time.
The solution at time ¢ is given by

ro(t) = / W), 7o)+ e,

uc(t) = ue(0) = u(w(0),0) = g(wcp),

where x.0 = z.(t = 0) is the initial point of the characteristic. The solution along the characteristic
z. is hence equal to the initial value g(z) at the point z.

Example 15.3 (constant-coefficient transport equation). We consider a transport equation

?;ﬁb-l—b-Vu:O in R" x Ry,

u=g onR" x {t =0},
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where b € R” is a (constant) velocity vector, and g : R™ — R is the initial condition. The
characteristic takes a particularly simple form for this transport equation with a constant velocity.

The characteristic equation is
dz,

dt
the direct integration of the ODE shows that the solution is given by

t
zc(t) = / bdr + zc0 = bt + xc 0.
=0

Since the solution u is constant along the characteristic z. (for a homogeneous equation), we obtain
uc(t) = u(xe(t), t) = u(bt + zc0,t) = g(2cp)-
We propagate “backward” and choose z.9 = = — bt to obtain the solution
u(z,t) = g(x — bt).

This is a general solution to the homogeneous transport equation with a constant coefficient.

We now compare the behavior of the solutions to the transport equation and the heat equation.
To this end, we note that the solutions to the two equations for a given initial condition g can be
expressed as

transport: u(x,t) = g(x — bt),
heati  u(rt) = [ (o~ € 0g(0)de,

where ® is the fundamental solution of the heat equation, which is smooth and nonzero everywhere.
We make a few observations:

1. Transport. In the transport equation, the initial condition g is “transported” at the velocity
b. This is consistent with our intuition for transport phenomena.

2. Limited domain of influence/dependence. The solution to the transport equation at (z,t)
depends only on the initial condition at the point z.9 = « — bt from which the characteristic
originates. Conversely, the initial condition at & € R™ only affects the solution along its
characteristic. This is unlike for the heat equation where the solution at (z,¢) depends on
the initial condition everywhere, and the initial condition at ¢ affects the solution wu(-,t)
everywhere for any ¢ > 0.

3. Finite propagation speed. For the transport equation, a change in the initial condition at
point z. ¢ is felt only along the characteristic x. = bt + x.o. As the point x.(t) moves at the

velocity b (since d(ic = b), the change in the initial condition also propagates at this finite
velocity. This is unlike for the heat equation where the disturbance propagates at infinite

speed.

4. Lack of smoothness. For the transport equation, the solution wu(-,t) at time ¢ has the same
regularity as the initial condition g. If g is (only) once continuously differentiable, so is u(-, t).
This is like the wave equation — another hyperbolic equation —, where the d’Alembert’s
formula shows that the solution wu(-,t) is only as regular as the initial condition. This is
unlike the heat equation — a parabolic equation —, where the solution u(-,t) is smooth (i.e.,
infinitely differentiable) even if the initial condition is discontinuous.
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Figure 15.1: The characteristics and solution snapshots for the constant-coefficient transport equa-
tion in Example 15.3.

Example 15.4. Consider a one-dimensional transport equation

ou Oz .
E—‘V‘E:O IHRXR>0,

u(z,t = 0) = g(z) = exp(—2z?), VzeR.

This is a homogeneous transport equation with constant coefficient of b = 1. Following the steps
used in Example 15.3, we observe that the solution is given by

u(z,t) = g(z — t) = exp(—(z — t)°).

The characteristics and the snapshots of the solution are shown in Figure 15.1. The characteristics
are parallel lines of slope 1 in the space-time domain, and the solution translates at a constant
speed of 1.

Example 15.5. Consider an initial value problem associated with a homogeneous transport equa-
tion with variable coefficients:

ou ou

— — =0 in R xRy,

ot +x B in >0

u(z,t =0) = g(z) = exp(—2?), z R

The characteristics must satisfy
dz,

dt
The solution to this ODE is of the form x.(t) = x.0exp(t), where x. is the point from which the
characteristic emanates. Since the PDE is homogeneous, the solution must be constant along each
characteristic, and we find that

(t) = zc(t) t€Rsp.

w(@e(t),t) = ulzeo exp(t), ) = u(zco,t = 0) = g(cp)-
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Figure 15.2: The characteristics and solution snapshots for Example 15.5.

We choose = = x.0exp(t) or x.0 = x exp(—t) to obtain

u(z,t) = g(xexp(—t)) = exp(—z? exp(—2t)).

The characteristics and the snapshots of the solution are shown in Figure 15.2. The character-
istics spread at an increasingly faster rate over time. The accordingly the solution spread at an
increasingly faster rate over time.

Remark 15.6. For the case with a constant coefficient, if g € C1(R™), then u € C1(R™ x R+), and
our assumption on the smoothness of u is also satisfied. It turns out that the regularity condition
can be relaxed if we consider weak solutions. We will consider this reformulation of the transport
equation which admits not only nondifferentiable but also discontinuous solutions in a later lecture.
The method of characteristics is in fact valid even if the initial condition (and hence the solution)
is not differentiable.

15.5 Method of characteristics for nonhomogeneous problems

We now consider a initial value problem associated with a nonhomogeneous (generalized) transport
equation

P
ai; +b-Vu=f inR"x Rs, (15.3)

u=g onR" x{t=0},

where b : R™” x Ryg x R — R" is the velocity field, f : R™ x Ry — R is the source function, and
g : R™ — R is the initial condition.

As before we define our characteristic as the time-parametrized curve which satisfies dftc
b(xc(t), t,u(zc(t),t)). We then observe that the solution along the characteristic evolves as follows

d d ou  dx.
a(uc(t)) = &u(xc(t)vt) = E + dt -Vu = f(xc(t)ﬂt)'

Hence we obtain the following characteristic equations:
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Definition 15.7 (characteristic equations for a nonhomogeneous transport equation). The char-
acteristic equations for a nonhomogeneous transport equation % + bVu = f is a pair of ODEs

dx.

i (t) = b(xc(t), t,uc(t)), te Ry,
du,

“E(t) = J(@e(t), 1), 1€ Rp,

We note that the solution u. along the characteristic is not a constant (since dCZC # 0 in general),

but its value only depends on the initial condition and the value of f along the characteristic x..
The pair of ODEs can be readily integrated in time to obtain

zo(t) = / . b(ze(T), Ty ue(T))dT + T 0

uc(t) = . f(xe(r), 7)dT + g(2c0),

where z. ¢ is the starting point of the characteristic, and the second equation incorporates both the
source function and the initial condition.

Example 15.8 (nonhomogeneous transport equation with a constant coefficient). We consider a
transport equation

)
a—z—l-b-Vu:f in R™ x Ry,

u=g onR"x{t=0}

with a constant velocity field b € R™, a source function f : R” x Ry — R, and an initial condition

g : R® — R. The characteristic must satisfy dftc = b, which for the constant velocity field yields
xe(t) = bt + xc 0. It hence follows that

t
ue(t) = u(bt + xc0,t) = g(xco) + / f(bT + 200, T)dT.
7=0

We choose z.9 = = — bt to obtain

t
u(z,t) = g(x — bt) + f(x —=b(t—71),7)dT. (15.4)
=0
As expected from linear superposition, the solution is the sum of the contributions from the initial
condition g and the source term f.

Example 15.9. Consider a one-dimensional transport equation
ou ou

a(w,t) + 2%(30,15) = f(z,t) = cos(x) Vz eR, teRs,

u(z,t =0) = g(z) = exp(—2?) VzeR.

Following the procedure in the previous example for b = 2, we obtain

~+

u(x,t) = g(x — 2t) + /:0 fle —=2(t —7),7)dT = exp(—(x — 2t)2) + /:0 cos(x — 2(t — 7))dr

= exp(—(z — 2t)%) + %sin@ —2(t — 7))ty = exp(—(z — 2t)%) + %(sin(a:) — sin(z — 2t)).

173



15.6 Nonhomogeneous problems: Duhamel’s principle revisited

We recall Duhamel’s principle (Theorem 7.9), which allows us to express the solution to a non-
homogeneous heat equation in terms of the solution to a family of homogeneous heat equations.
Duhamel’s principle in fact applies to any equations that is first-order in time. We here provide a
general statement:

Theorem 15.10 (Duhamel’s principle). Consider the initial value problem

881; +Lu=f inR" xRy, (15.5)

u=g¢g onR" x{t=0},

where £ is a linear differential operator (e.g., transport operator b -V or Laplacian operator —A),
f:R" x Ryyp — R is the source function, and g : R” — R is the initial condition. For any fixed
s € Ryg, let u; : R™ x Rys — R be the solution to

8u; S s n
— +Luf =0 inR" xR, (15.6)

ot
uy = f(-,s) onR" x {t=s},

and ug : R" x R59 — R be the solution to

T 4 Lug=0 in R™ x Rag, (15.7)
ug =g onR" x {t =0}
Then the solution to (15.5) is given by
t
u(z, t) = ug(x,t) —|—/ u(x,t)ds, x€R", teRs. (15.8)
s=0

Proof. We first consider the case of f # 0 and g = 0 (and hence uy, = 0). We differentiate (15.8)
(for ug = 0) in time to obtain

@( t)—g
ot ot T bt

= f(z,t) — L </t u;(g;,t)ds> = f(z,t) — Lu(z,1).

=0

t t Ous t
/ u?(a;t)ds) = u’}(z,t) + /s:O a—tf(x,t)ds = f(z,t) — /5:0 Lu%(x,t)ds

s=0

Here the first equality follows from the differentiation of (15.8) with respect to the integration
bound and the integrand, the second equality follows from (15.6), the third equality follows from
the fact that the integral does not depend on space, and the last equality follows from (15.8).
Hence, the solution (15.8) satisfies the PDE. We also observe that

t=0
u(z,t =0) —/ u’(z,t =0)ds =0, zeR",
s=0

as u®(-,t = 0) = f(-,s) is bounded; the solution hence satisfies the homogeneous initial condition
g = 0 for this case.

174



We next consider the case of f = 0 and g # 0. This case is associated with (15.7), and hence
the solution is given by u, by definition.

We finally appeal to the linear superposition of the solutions to (i) f # 0 and g = 0 and (ii)
g # 0 and f # 0 to obtain (15.8). O

Example 15.11. We now apply Duhamel’s principle to the transport equation with a constant
velocity field:

g::-l—b-Vu:f in R" x R,

u=g¢g onR"x{t=0},

The family of homogeneous problems of interest is

ou®
ot

+b-Vu'=0 inR" x (s,00),
u® = f(-,s) on R" x {t =s}.

Using the method of characteristics, the solution, for any given s, is given by
u’(z,t) = f(x —b(t — s), s).
We also recall that the solution to the homogeneous transport equation is given by
ug(z,t) = g(x — bt).

The application of the Duhamel’s principle thus yields the solution

t

u(x,t) = ug(x,t) + / u®(x,t)ds = g(x — bt) + /:0 flx—0b(t —s),s)ds,

s=0

which, as we expect, is identical to (15.4) obtained using a more direct approach.

15.7 Initial-boundary value problems

We now consider an initial-boundary value problem in a bounded spatial domain 2 C R. Because
the transport equation is first-order in space, a boundary condition is only imposed on an inflow
boundary

Tin = {2z €092 | b(z) - v(z) < 0},

where v is the outward-pointing unit normal vector on the boundary. No boundary condition is
imposed on an outflow boundary

Fout = 89 \ Fin-

This agrees with our physical intuition that if ¥ models the concentration of a pollutant, then we
can only specify the concentration at the places where the pollutant enters, and not leaves, the
domain. In addition, the only type of the boundary condition that can be imposed in the Dirichlet
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type. Hence, given a spatial domain 2 C R"”, the initial-boundary value problem associated with
the transport equation takes the following form:

Cz;z—i-b‘Vu:f in Q x Ry,

u=~h on 'y xRy,
u=g onQx {t=0}

where f: Q@ xRsg — R is the source function, h : I'j, X R>o — R is the (in general time-dependent)
boundary function, and g : £ — R is the initial condition.

We can solve the initial-boundary value problem using the method of characteristics. We here
provide a concrete one-dimensional example.

Example 15.12. We consider a one-dimensional initial-boundary value problem on a half line:

ou ou .
E—b%:O lnR>OXR>0,
u=h on {xr =0} xRy,

u=g onRsgx {t =0},

where b > 0 is a fixed advection speed, h : Ryg — R is a boundary condition function, and
g : Rug — R is an initial condition function. Note that we require b > 0 so that {z = 0} is an
inflow boundary, where a boundary condition can be imposed.

To solve the problem, we again note that the ODE for characteristics is

dx.
t) =b.
)
We integrate the ODE from t¢( to ¢t to obtain
xe(t) = b(t — to) + xc(to). (15.9)

Because the solution to the homogeneous PDE is constant along each characteristic, we obtain
u(ze(t),t) = u(zc(to), to). (15.10)

We now consider two cases distinguished by the point from which the characteristic emanates, as
shown in Figure 15.3.

Case 1: x > bt. In this case, the characteristic that goes through (z,t) emanates from the initial-
time boundary {t = 0} of the space-time domain. (Le., if we trace the characteristic backward from
(z,t), we intersect the initial-time boundary.) We hence set z.(t) = x and ¢ty = 0 in (15.9) to obtain

x=0bt+xz:(to) = x(to) =x — bt
The substitution of the expressions to (15.10) yields
u(z,t) = u(ze(to), to) = u(x — bt,0) = g(x — bt).

Case 2: x < bt. In this case, the characteristic that goes through (x,t) emanates from the
{z = 0} boundary. (IL.e., if we trace the characteristic backward from (z,t¢), we intersect the
{z = 0} boundary.) We hence set z.(t) = z and z.(t9) = 0 in (15.9) to obtain

l’:b(t—to) = t():t—l’/b.
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x —bt,0)

Figure 15.3: Characteristics for the transport equation on the half line R+.

The substitution of the expressions to (15.10) yields
u(z,t) = u(ze(to), to) = u(0,t — x/b) = h(t — z/b).

In summary, the solution is given by

(i, t) = gz —bt), x> bt,
’ h(t —z/b), = < bt

We note that the solution w(z,t) for z > bt depends only on the initial condition g; it does not
depend on the boundary condition h. Conversely, the solution u(z,t) for z < bt depends only on the
boundary condition h; it does not depend on the initial condition g. This is a direct consequence
of the limited domain of influence and dependence that the transport equation exhibits. The result
can be contrasted with the solution of the heat equation on the half line R, where the solution
at any (x,t) depends on both the initial and boundary conditions.

15.8 Summary
We summarize key points of this lecture:

1. The transport equation models the transport of a conserved quantity by an advection field.

2. The generalized transport equation models transport equation with the advection field that
may (i) be constant, (ii) depend on space and time, and (iii) depend on space, time, and the
state.

3. The generalized transport equation can be solved using the method of characteristics. The
method turns the PDE into a pair of ODEs along characteristics.

4. For homogeneous transport equations, the value of the solution along each characteristic is a
constant. The characteristic can be found by integrating the advection field. If the advection
field is constant, the solution is simply translated in time.
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. For nonhomogeneous transport equations, the value of the solution along each characteristic
grows/decays depending the values of the source function along the characteristic.

. The transport equation exhibits limited domain of influence and finite propagation speed.
This is unlike the heat equation which exhibits unbounded domain of influence and infinite
propagation speed.

. The solution to the transport equation is not smooth if the initial condition is not smooth.
This is unlike the heat (and Laplace’s) equation for which the solution is always smooth even
if the initial condition (or boundary condition) is discontinuous.

. The solution to nonhomogeneous transport equations can also be obtained using Duhamel’s
principle.

. If the spatial domain has a boundary, then Dirichlet boundary conditions are imposed on the
inflow boundaries; no boundary conditions are imposed elsewhere.
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Lecture 16

Wave equation: method of
characteristics

(©2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

16.1 Introduction

In this lecture we analyze the wave equation in unbounded domain using the d’Alembert’s formula
derived using the method of characteristics. The method provides other physical insights that are
not as obvious from the analysis based on separation of variables. Method of characteristics in fact
provides a similar insight for the wave equation that the fundamental solution does for the heat
equation. We will also study the behavior of the wave equation on a half line R+ using the method
of reflection, with a particular attention to the behavior of the function at the boundary.

16.2 d’Alembert’s formula: revisited

We first consider the IVP for one-dimensional wave equation in R x R<q:

Pu

w—@zo inRX]R>0,
u=g onR x{t=0}
%:h on R x {t =0},

for some functions g : R — R and A : R — R. Our goal is to find a representation for u in terms
of g and h using the method of characteristics. We will find that the resulting formula is the
d’Alembert’s formula, which we have derived for bounded domains using separation of variables in
Lecture 14.

To this end, we first factor the second-order operator as a product of two first-order operators:

Pu_ Qu (0 ON(O 9N _,
o2 ox2  \ ot Ox ot Oz -
—————

=V
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This “factorization” allows us to decompose the wave equation, which is a second-order PDE, into
a pair of first-order PDEs:

ou Ou
ov  Ov
a5t an =0 (16.2)

We recognize these are transport equations. We approach the problem in two steps: we first solve
(16.2) for v; we then solve (16.1) for u.

We first apply the method of characteristics to the one-dimensional homogeneous transport
equation (16.2) (for which b = 1) to obtain

v(x,t) =%z —t),

where 1%(z) = v(z,t = 0) Vo € R is the initial condition, which we later specify.
We next substitute the expression for v into (16.1) to obtain

ou ou 0
a(w,t) — %(x,t) =v°(z —t).
This is a nonhomogeneous transport equation with a constant coefficient b = —1 and the source

function v(z,t) = v°(x — t). We again apply the method of characteristics to obtain

t

u(z,t) = u(z — bt,0) + /_0 v(x —b(t —7),7)dT
-~
= u(x —bt,0) + /_0 O(x —b(t — 1) —T)dT

=u(x +1t,0)+ / 00(z +t — 27)dr.

7=0
We now consider the change of variables £ = x 4+t — 27 to obtain

x+1

vo(f)(—%df) — u(z+1,0) + ;/ WO(€)de. (16.3)

r—1

u(x,t) = u(x +t0) + /fft

T+t

We then appeal to the initial condition u(x 4 ¢,0) = g(x +t) and the definition of v? to obtain

() = v(€,0) = TU(E,0) — 54(6,0) = h(e) ~ ¢'(6)

The substitution of the relationship to (16.3) yields

T+t
u(et) =g+ 0+ [ () - g ()

—t

which, by the fundamental theorem of calculus, simplifies to

T+t
) = gla+0) = oo+ + 0l =0+ 5 [ h(Ee
T+t
— sl ol —0)+5 [ hede (16.4)
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Figure 16.1: Domain of dependence and influence for the wave equation.

We have rederived the d’Alembert’s formula using the method of characteristics. Note that the
formula is now defined on the entire real line R.

We now compare the behaviors of the wave equation (which is hyperbolic) and the heat equation
(which is parabolic). To this end, we note that the solutions to the two equations for a given initial
condition g (and h) can be expressed as

x4+t
waves u(e,t) = 5o+ 0+ =)+ [ hEOE

heat: u(:c,t)—/Rq)(ﬂU—ﬁt)g(f)dfa

where ® is the fundamental solution of the heat equation, which is smooth and nonzero everywhere.
We make a few observations:

1. Limited domain of dependence. The solution at (z,¢) depends only on the initial position g
at x —t and =+t and the initial velocity in (z — ¢, +t). (Note that in the dimensional form,
the domain is (x — ct,x + ct).) Figure 16.1(a) illustrates the domain of dependence for the
wave equation in the space-time domain. The bounded domain of dependence is unlike the
heat equation, in which the solution u(z,t) depends on the initial condition everywhere.

2. Limited domain of influence. The domain of influence is the subset of the space-time domain
that the initial values g(z¢) and h(zo) affects the solution. Figure 16.1(b) illustrates the
domain of influence for the wave equation. Again, because the wave propagates at the speed
of at most ¢ = 1, the initial condition at (xo,t) only influences solutions in [xg — ¢, z¢ + t] at
time ¢. This is again unlike the heat equation, for which the initial condition g(z¢) influences
the entire solution for ¢ > 0.

3. Finite propagation speed. The waves propagate at the speed of at most ¢ = 1, and the initial
condition outside of [z — ¢,z 4 t] does not have time to influence the solution at (z,¢). This
is again unlike the heat equation with the infinite propagation speed.

4. Lack of smoothness. The solution to the wave equation is only as regular as the initial
condition g and only one order more regular than the initial condition h. If g is (only)
twice continuously differentiable and h is (only) once continuously differentiable, then wu(-, t)
is (only) twice continuously differentiable. This is unlike the heat equation whose solution
u(-,t) is smooth (i.e., infinitely differentiable) for any ¢ > 0 even if the initial condition ¢ is
discontinuous.
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16.3 Wave equation on R.y X R.y: homogeneous Dirichlet BC

We now consider the wave equation on the half line R<q:

Pu 0% )
w — w =0 in R>0 X R>0, (165)
u=0 on {zr =0} xRy,
u=g onRsygx{t=0},
ou

Y =h onRsox {t=0}

note that homogeneous Dirichlet boundary condition is imposed at x = 0.

We wish to solve the problem using the method of reflection, which we have considered in the
context of heat equation in Lecture 7. We recall the idea is to identify a problem on the entire real
line R whose solution restricted to the half line R~ is the solution to (16.5). We also recall that we
can impose the homogeneous Diriclet boundary condition by considering the odd extension of the
initial conditions, as the odd extension of a continuous function vanishes at the origin. We hence
consider

Pu  O%u i
w — w =0 inRx R>0, (166)
u=g¢° onRx{t=0},
0
%:ho on R x {t =0},

where ¢° : R — R and h° : R — R are the odd extensions of g : Ryg = R and h : Ryg — R,
respectively. We apply d’Alembert’s formula to the extended problem to obtain

T+t
o) = 36 @+ 0+ @0+ 5 [ W

We can simplify the formula with some manipulation specific to odd functions. To this end, we
partition the space-time domain into two parts: the part not affected by the reflected wave (z > t)
and the part affected by the reflected wave (z < t).

Case 1: © > t. In this case, all arguments of ¢° and h° are positive and hence we can simply
substitute g° = g and h°® = h:

x4+t
u(z,t) = %(g(ﬂ: +t)+g(x—1))+ ;/_t h(&)dg, x>t

An illustration for the = > t case is shown in Figure 16.2(a). Because the reflected wave does not
reach u(z,t), the solution is identical to what would have been obtained if the boundary did not
exist.

Case 2: x < t. In this case, some of the arguments of ¢g° and h° become negative. We appeal
to the property of the odd extension to obtain, for x —t < 0,

9°(x —t) = —g(t — x).
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Figure 16.2: Visualization of the solution of the wave equation on the half line with homogeneous
Dirichlet boundary condition at z = 0.

In addition, we split the integral on h° into three parts according to Figure 16.2(b) to obtain

1 T+t o 1 0 R 1 t—x R 1 T+t R _ 1 T+t ‘
3| w@a=g [ w@aceg [ ey [ w@as =g [ neas

—t —x —x

equal and opposite

here, the first two integrals cancel each other because h° is an odd function and the integration
domains (z —¢,0) and (0,t — ) are symmetric about the origin. We hence obtain

x+t
u(z,t) = %(g(w +t)—gt—2x))+ ;/th- h(&)dE, = <t.

An illustration for the x < t case is shown in Figure 16.2(b).

We make a few observations:

1. For = > t, the solution u(x,t) does not depend on the boundary condition, as the informa-
tion does not reach (x,t) due to the finite propagation speed. This is unlike for the heat
equation, where the boundary condition influences the solution everywhere due to the infinite
propagation speed.

2. For x < t, the reflected wave that reaches (z,t) originates at ¢ — x and is inverted (i.e., the
sign is changed).

3. For x < t, the integral of h over (0,¢ — x) vanishes because it cancels with the odd extension
over (—(t — x),0); hence the solution depends only on h over (¢t — x,z + t).
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16.4 Wave equation on R,y X R.y: homogeneous Neumann BC

We now consider the wave equation on the half line R<q:

Pu 0%u )

@—wzo IHR>0XR>0,
0
a—zzo on {x =0} x Rso,
u=g on Rsygx {t=0},
0
8—1::h on Ry x {t =0};

note that homogeneous Neumann boundary condition is imposed at = 0.

We again use the method of reflection. We recall that for homogeneous Neumann boundary
condition, we consider the even extension of the initial conditions, as the even extension of a
continuous function has a vanishing derivative at the origin. We hence consider

Pu  O%u ,
w — W = 0 1mn R X IR>07 (167)
u=g¢° onR x {t=0}
g::—he on R x {t =0},

where ¢° : R — R and h® : R — R are the even extensions of g : Ryg — R and A : Ryg — R,
respectively. We apply d’Alembert’s formula to obtain

T+t
) = 5@+ 0+ @)+ [ O

We simplify the formula with some manipulation specific to even functions. We again partition
the space-time domain into two parts: the part not affected by the reflected wave (x > t) and the
part affected by the reflected wave (z < t).

Case 1: © > t. In this case, all arguments of ¢¢ and h® are positive and hence we can simply
substitute g = g and h® = h:

T+t
(o, 1) = %(g(w ) 4glr—1)+ ;/_t hE)de, x>t

As before, and as shown in Figure 16.3(a), the reflected wave does not reach u(z,t) and hence the
solution is identical to what would have been obtained if the boundary did not exist.

Case 2: ¢ < t. In this case, some of the arguments of ¢° and h® become negative. We appeal
to the property of the even extension to obtain, for x — ¢ < 0,

gz —1t) = g(t — ).
In addition, we split the integral on h® into three parts according to Figure 16.3(b) to obtain

1 [ott 1 /0 1 [t—= 1 [rtt
3| weie=; [ wedcs [ [ wed

—t —t —T

equal to each other

t—x . 1 T+t '
= [ r@asg [ neas

—x
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Figure 16.3: Visualization of the solution of the wave equation on the half line with homogeneous
Neumann boundary condition at x = 0.

here the first two integrals are equal to each other because h° is an even function and the integration
domains (z —¢,0) and (0,t — ) are symmetric about the origin. We hence obtain

t—x T+t
u(w,t) = %(g(:v +t)+g(t—x)) +/0 h(&)dE + ;/t_ h(§)d¢, x <t.

An illustration for the x < ¢ case is shown in Figure 16.3(b).

We make a few observations:
1. For z > t, the solution u(z,t) does not depend on the boundary condition (as before).

2. For x < t, the reflected wave that reaches (z,t) originates at ¢ — x and is not inverted (i.e.,
has the same sign). This is unlike at a homogeneous Dirichlet boundary where the reflected
wave is inverted.

3. For x < t, the integral of h over (0,t — x) is doubled because it must also account for the
even extension over (—(t — z),0). The solution depends on h over (0,z + t); this differs
from the homogeneous Dirichlet boundary case, in which the solution depends on h over only
(t—xz,x+1).

16.5 Wave equation on (0,1) x R+

In a previous lecture we considered the solution of the wave equation on a bounded domain using
separation of variables. We now revisit the problem, but now using the method of reflection. The
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problem we consider is

0’u  0%u

o2 9a?
u=0 on {0,1} x Ry,
u=g on (0,1)x {t =0},
ou

a:h on (0,1) x {t =0};

the homogeneous Dirichlet boundary condition is imposed at both x = 0 and 1.

We again consider a problem on the entire real line R whose solution restricted to (0, 1) satisfies
(16.8). To find the solution that vanishes at both z = 0 and 1, we consider the initial condition
that is odd with respect to both x = 0 and 1. The odd extension ¢ : (0,1) - R and ~: (0,1) = R
to ¢° : (0,1) = R and h° : (0,1) — R results in an odd function about x = 0. We then consider
the periodic extension of g° and h® — which is the odd periodic extension of g and h — to obtain
a function that is odd with respect to x = 1. Hence, the problem on the entire R that we seek is

0*u  0%u
otz 0z
u=g¢>" on R x {t =0},

=0 inRsg x (0,1), (16.8)

=0 inR x Ry, (16.9)

%:ho’p on R x {t =0},

where g°P : R — R and h®P : R — R are the odd extensions of the g : (0,1) - Rand h: (0,1) — R,
respectively. We had previously derived this result using separation of variables; we have now
derived the result using the method of characteristics and the method of reflection. This approach
based on the method of reflection readily extends to the case of homogeneous Neumann boundary
conditions and mixed boundary conditions (i.e., Dirichlet on one end and Neumann on the other
end).

16.6 Summary

We summarize key points of this lecture:

1. We can derive the d’Alembert’s formula on the entire real line R using the method of char-
acteristics.

2. The wave equation exhibits a limited domain of influence, limited domain of dependence, and
finite propagation speed. This is unlike the heat equation which exhibits unbounded domain
of influence and dependence and infinite propagation speed.

3. The solution to the wave equation is in general not smooth if either of the initial conditions
g or h is not smooth.

4. The solution to the wave equation on the half line Ry can be obtained using the method
of reflection. If homogeneous Dirichlet boundary condition is imposed at = 0, then we
consider the odd extension of the initial condition and find the reflected wave is inverted.
If homogeneous Neumann boundary condition is imposed at © = 0, we consider the even
extension of the initial condition and find the reflected wave is not inverted.
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5. The solution to the wave equation on a bounded domain can be obtained using the method of
reflection on both boundaries. The initial conditions are extended using appropriate odd/even
periodic extensions.
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Lecture 17

Weak solution of conservation laws

(©)2019-2021 Masayuki Yano. Prepared for ESC384 Partial Differential Equations taught at the
University of Toronto.

17.1 Introduction

In this lecture we consider the solution of conservation laws, which play an important role in
fluid mechanics. We first provide an abstract form of conservation laws and then provide a few
concrete model problems. We then introduce the notion of weak solution; a weak solution may
contain discontinuities and allows us to analyze phenomena such as shock and rarefaction waves.
We conclude the lecture with a discussion of entropy-satisfying (i.e., physically relevant) solutions
to conservation laws in the presence of discontinuities.

17.2 Conservation laws

To consider the idea of weak solution in a general but simple setting, we first introduce a general
conservation law in one dimension:

ou 0 .
E—F%F(U) =0 1DRXR>O, (171)

u=yg onRx{t=0},

where u is the conserved state, and F' : R — R is a flux function. We assume that the flux is
continuous in u. This general form of the equation encompasses many relevant PDEs; we provide
a few examples.

Example 17.1 (transport equation). The constant-coefficient transport equation % + b% =0

for b € R is a conservation law with the flux F'(u) = bu. (More generally in higher dimensions,
transport equation with any divergence free velocity field V - b = 0 is a conservation law with the

flux F(u) = bu.)

Example 17.2 (Burgers’ equation). The Burgers’ equation %—1; + u% = 0 is a model equation
for compressible flows, which exhibits phenomena such as shock waves and rarefaction waves. We
observe that ug—g = 8% (%u2), and hence the Burgers’ equation is a conservation law with the flux
F(u) = $u?
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Example 17.3 (traffic flow equation). The traffic flow equation models the density of cars on a
one-way road. The conserved state u is the density of the cars and the flux is given by F(u) =
UUmax (1 — U/Umax), Where vpay is the maximum velocity of the traffic and upmax is the maximum
density of the cars.

17.3 Weak solution

We have observed that the solution to the transport equamon ba“ = 0 is in general not smooth.
This is unlike the solution to the heat equation %IZ — g 2 =0 for which the solution is smooth (i.e

u(-,t) € C*°(R)) for any ¢ > 0. This lack of smoothness is in fact a property of conservatmn
laws, where the solution is “transported” instead of “diffused”. However, as it stands, the PDE
% + b% = 0 does not even make sense unless the solution is at least once differentiable in both
space and time. It turns out we can relax this differentiability requirement and pose a different form
of the PDE, called the weak form, so that the problem admits less regular solutions (and initial
and boundary conditions), which includes discontinuous solutions. In this section we introduce this
weak form of conservation laws.

To begin, we introduce a space of test functions, which comprises smooth space time functions
v € C®(RxRxg). We (for now) assume the solution is differentiable — and hence 2 5+ 6,IF (u) =
makes sense —, multiply our strong form by the test function, and integrate by parts to obtain

o—// <+ (u))d:cdt
/ / %0 wdadt /_ vudal_y — / / w)dadt.

We finally substitute the initial condition v = g on R x {t = 0} to obtain

/ / <6v 62 (u)> dxdt—i-/_i:vgda:h:o:g

This is the weak form of the conservation law.

Definition 17.4 (weak solution). The bounded solution v € L*°(R x Rsq) such that

/ / (avu + % (u)) dxdt +/ vgdzli—o =0 Yv e CP(R x R>)

is called a weak solution of the conservation law %IZ +3 F( ) = 0 with the initial condition u = g
at t = 0.

We now analyze the behavior of the weak solution for three cases with increasingly less regular
solutions: smooth solution, continuous but nondifferentiable solution, and discontinuous solution.

Smooth solution. Any solution u that satisfies the strong form of the conservation law (17.1) is
a solution to the weak form; we integrate by parts in both space and time to obtain

/ / <&)u + @ (u)) dxdt + /_Z vgdz|i—o
/ / v + —F(u))dxdt + /_Z v(g — u)de|i—g = 0,
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where the first and second terms vanishe because u satisfies the strong form of PDE and the initial
condition, respectively.

Continuous but nondifferentiable solution. We now consider the case where u is not differentiable
across some space-time curve and hence the strong form (17.1) does not make sense. For instance,
for the transport equation, such a nondifferentiable solution would arise if the initial condition is not
differentiable. We will show that a weak solution exists even in this case. To begin, we introduce
a space-time curve x = {(t) and the associated space-time unit normal vector n = (ng,n;) =
\/ﬁ(l, —¢&') that points outward from the “left” domain {(x,t) € RxRsq | x < £(t), Vt € Rug}

into the “right” domain. Note that ¢ = g is the velocity at which the nondifferentiable point
moves. We assume that the solution u satlsﬁes @ a%F (u) = 0 everywhere except on the curve

x = £(t) and observe that

o_/‘/ <u+%FH>Mﬁ
:/./ <%u % )mm+/ Aa(%u+&’m0mm
_ / 0

-

< + % (u)) dxdt + /x:w) (vu"ng +vF(u”)ng)ds

[
/ ( + 87x (u)> dxdt — /ng(t) (vung +vF (ut)n,)ds
:A%m@WL—uWH+WW)—FWﬂMﬂM&

Because v is arbitrary, we require the solution to satisfy
(u —uN)ne + (Flu™) — F(u"))ny =0
along the nondifferentiable curve x = £(t). We now substitute n;/n, = —¢&’ to obtain
Fu )= Fu") =¢&w —uh). (17.2)

If u is continuous but not differentiable across x = £(t), we observe that the condition at the non-
differentiable interface (17.2) is automatically satisfied because (i) v~ = u™ since u is continuous
and (ii) F(u™) = F(u") since F' : R — R is continuous on its argument and u is continuous. In
addition, we note that the above argument can be generalized to any finite number of nondifferen-
tiable curves. Hence We conclude that if the solution u is (i) continuous everywhere and (ii) satisfies
the strong form ‘?;Z +3 F (u) = 0 everywhere except on a finite number of space-time curves on
which u not dlfferentlable then w is a weak solution.

Discontinuous solution. We now consider the case where wu is discontinuous across some space-
time curve. We follow the same argument as the case above for nondifferentiable solution and find
that the condition across the space-time curve x = £(t) is

Fu)—Fu") =¢&w —uh).

However, now that wu is discontinuous, this condition is not automatically satisfied. This is in fact
the Rankine-Hugoniot condition, which the weak solution must satisfy across a discontinuity or
shock.
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Theorem 17.5 (Rankine-Hugoniot condition). Given a conservation law % + %F (u) = 0, the
discontinuous solution across the shock curve {(z,t) | z = £(t), t € Rso} satisfies

Flu™) = Fu') =s(u™ —u")
for the shock speed s = ¢’.

Hence, if the solution is discontinuous along a finite number of space-time curves, the weak so-
lution must (i) satisfy the strong form of the equation everywhere it is continuous and differentiable
and (ii) the Rankine-Hugoniot condition across the discontinuities.

17.4 Weak solutions of transport equation

We now seek the weak solution of the transport equation with nondifferentiable initial conditions.

Example 17.6 (transport equation with a nondifferentiable initial condition). Consider the trans-
port equation %1; + bg—g =0 on R x Ry with the initial condition

o(a) = {1 — |z, ze(-1,1),

0, z€ (—00,0)U(1,00).

The initial condition is continuous but not differentiable at x = —1, 0, and 1. We use the method
of characteristics to find that the solution is

u(z,t) = g(ax — bt),

which is a triangular wave that propagates at the speed b. Because u is continuous, this is a weak
solution to the problem.

Example 17.7 (transport equation with a discontinuous initial condition). Consider the transport
equation %—It’“ + bg—; =0 on R x Ry with the initial condition

)L, e (=11),
gle) = {o, 2 € (—00,0) U (1, 50).

The initial condition is discontinuous at © = —1 and 1. We use the method of characteristics to
find that the solution is u(z,t) = g(x — bt), which is a square wave that propagates at the speed
b. Because w is discontinuous, we must check that the Rankine-Hugoniot condition is satisfied. We
observe that the discontinuities must propagate at the speed of

Fu™)—F(ut)  bu” —but  blu” —ut) .

u- —ut u~ —ut u~ —ut

The discontinuity in the solution u(z,t) = g(x — bt) indeed propagates at the speed b, the Rankine-
Hugoniot condition is satisfied, and wu is a weak solution to the problem.

We recall that the characteristic equations were obtained assuming the solution is differentiable.
However, the above two examples show that the solution to the characteristic equation, u(x,t) =
g(x — bt), is indeed a weak solution even if the initial condition is nondifferentiable and hence the
solution is nondifferentiable.
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Figure 17.1: The characteristics and solution snapshots for the Burgers’ problem with a shock in
Example 17.8.

17.5 Weak solution of Burgers’ equation: shocks

We now seek a weak solution of Burgers’ equation.

Example 17.8 (shock in Burgers’ equation). Consider the initial value problem: Burgers’ equation

Ou Qu_Ou, 0 <1u2> =0 in RxRyg

a Yor " ot o

with the initial condition

2

g(m):{l’ z <0

0, z>0.

Because 1 = u(z = 07) > u(x = 0%) = 0, the characteristic curve intersect for any ¢ > 0 and there
is no continuous solution. However, there is a discontinuous solution given by

1, z<st
u(x,w:{ e

0, =z > st,
where the shock speed s is given by the Rankine-Hugoniot condition

_ F(u)—F(u*)  312—30 1
5T u” —ut To12—02 2
Figure 17.1 shows the characteristics and the solution snapshots. The characteristics collapse into
the shock at = st = ¢/2; the snapshots also show the traveling shock.

17.6 Entropy condition

We now consider another initial value problem: Burgers’ equation on R with the initial condition

o(z) = {0, z <0,

1, x>0.
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Figure 17.2: The characteristics and solution snapshots for a Burgers’ problem with a nonphysical
shock wave.

We apply the method of characteristics to find that

0, <0,
u(x,t) = { v

1, x>t

However, the method of characteristics does not inform us how the solution in the wedge {(x,t) | 0 <
x<t, teRsp}.
Solution 1. One potential solution is to fill the wedge with a discontinuous solution

0, z<t/2,
w(@?) = {1 x> 1)2

We readily verify that the solution satisfies the Burgers’ equation outside of the discontinuity. The
solution also satisfies the Rankine-Hugoniot condition across the discontinuity:
Fum) = F(ut) _50*—31% 1
S = = = —.
u” —ut 02 —12 2
Hence, this is a weak solution to the initial value problem. Figure 17.2 shows the characteristics
and the solution snapshots.
Solution 2. Another potential solution is to fill the wedge with a continuous solution

0, z¢€ (—00,0),
ug(z,t) =S z/t, x € (0,t),
1, ze€(t o00).

We first note that the solution is continuous. We second observe that the Burgers’ equation is

satisfied for x € (—o00,0) and x € (¢, 00) where the solution is constant. We finally observe that for
z € (0,1),

ou ou xz  xl

oz 2 it
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Figure 17.3: The characteristics and solution snapshots for a Burgers’ problem with a rarefaction
wave.

Hence the continuous solution satisfies the strong form of the Burgers’ equation everywhere except
along the two nondifferentiable curves; this is a weak solution of the Burgers’ equation. Figure 17.3
shows the characteristics and the solution snapshots.

We have shown that there are at least two weak solutions to the Burgers’ equation; in fact
we can show that there are infinitely many weak solutions. However, only one of these solutions
are physically relevant. It turns out there is an additional condition, called the entropy condition,
that a physically relevant solution must satisfy. While there are a few different characterizations of
the condition, one interpretation is that information cannot be created when we march forward in
time. Mathematically, this translates to a condition that if we start at a point (z,t) € R x Ry and
march backward in time along the characteristic, then we would not cross any other characteristics.
In other words, if we start at a point (z,t) € R x Ryy and march backward in time along the
characteristic, we would not encounter any discontinuities. Note that, as we have seen, if we march
forward in time along the characteristic, we may cross another characteristic at which point a
discontinuity is formed. The characteristic terminating at a discontinuity when marching forward
in time corresponds to the loss of information, which is permissible. However, characteristics
terminating at a discontinuity when marching backward in time — or equivalently characteristics
emanating from a discontinuity when marching forward in time — corresponds to the creation of
information, which is not permissible. Because each characteristic has a moves at the speed of
F’(u), we arrive at the following mathematical condition:

Definition 17.9 (entropy condition). Along a discontinuity, a physically relevant weak solution to
a conservation law must satisfy

F'(u™) > s> F'(u"),
where s is the shock speed given by the Rankine-Hugoniot condition.

Applying the entropy condition to Solutions 1 and 2 above, we find that Solution 1 is nonphysical
since 0 = F'(u~) < F'(u™) = 1. On the other hand, Solution 2 satisfies entropy condition at all
discontinuities (because it has no discontinuity). Hence the solution shown in Figure 17.3 is the
physically relevant solution to the weak form.
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