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Introduction to Computational PDEs

Partial differential equations (PDEs)

A Note About Notation

Throughout this text we will interchangably use Leibniz notation and subscript notation to denote differ-

entiation. The following table summarizes these differences.

Leibniz Notation Subscript Notation

ou
ox e
0%u
y? Uyy
0*u

0%x0y0z HYaayz

Further, we use vector calculus notation for the following higher-dimensional operators. In the fol-
lowing table we assume u denotes a scalar function and @ denotes a vector with components (vq,v2) € R?

or (Ul, V2, 1)3) € R3.



Contents

Operator Notation 2D Definition 3D Definition
Gradientof u ~ Vu or grad(u) Vu = (ug, uy) Vu = (Ug, Uy, uz)
Divergence of ¥V - ¥ or div(?) V-Uz%%—%—f V.g=9u vy gu

o
. 2 2 2 2 2
Laplacian of u A or V2u Vi = (2Zu 2u V2y = Ly Zu 0%
o0x?’ dy

Note that the Laplacian of u, V2u, is defined in terms of the gradient and divergence as

Viu =V - (Vu). (1)



CHAPTER 1

Overview of PDEs

Partial differential equations arise in almost every scientific discipline, including fluid mechanics, general
relativity, quantum mechanics and biology. As a result, we often desire to find solutions of these equations
in order to obtain a more thorough understanding of the given problem. Unfortunately, it is almost always
impossible to obtain closed-form solutions of these equations, even in very simple cases. Here compu-
tational techniques are an immense asset, as they allow us to obtain approximate solutions to PDEs and
hence a greater understanding of their behaviour.

In this chapter we present a general overview of partial differential equations and their general prop-

erties, focusing on linear second order PDEs with two independent variables.

1.1 Linear Second Order PDEs with Two Independent Variables

We now discuss linear second order PDEs with two independent variables, which are arguably the simplest
non-trivial PDEs. Much of the theory of higher order linear PDEs, or those in more than two independent

variables, can be derived as a natural extension of the material presented in this section.

Definition 1.1 A second-order PDE in two variables x and y is an equation of the form
ou Ou 0*u 0%u 0O%u
F ~ - = =0. 1.1
<u7 8w78y78x27ax8y78y27x7y> ( )

In addition, we provide the following definitions:
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1. We say the PDE (1.1) is linear if and only if F' is linear in u and its partial derivatives. Otherwise,

the PDE is nonlinear.

2. We say the PDE is homogeneous if and only if it is satisfied by a function which identically vanishes
(i.e. uw = 0). Otherwise, the PDE is inhomogeneous.

For example, a PDE of the form
0%u

a(z, t)@ + b(z, t)@

5 =0 1.2)

is both linear and homogeneous.
We note that any homogeneous PDE satisfies the superposition principle. Namely, if u;(x,y) and

uz(x,y) are two solutions of a homogeneous PDE then the function u(z, y), defined by
U(l’,y) = C1U1($,y) +62U2($,y), (13)

is also a solution of the homogeneous PDE.

Classification of linear second-order PDEs with two independent variables

There are three general classes of linear second-order PDEs with two independent variables, namely

parabolic, hyperbolic and elliptic equations. These classes are defined as follows:
Definition 1.2 A linear second-order PDE with two independent variables on a domain S in the form
A(x, y)ugs + B(x, y)ugy + C(z,y)uyy = W(u, ug, uy, ,y) (1.4)
is said to be
i) parabolic if for all z,y € Q, B> — 4AC =0,
ii) hyperbolic if for all .,y € Q, B2 — 4AC > 0.
iii) elliptic if for all x,y € Q, B?> — 4AC < 0,

We now give three very important examples of second-order linear PDEs in two variables.
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Classification Partial Differential Equation Example Solution
Parabolic % - g?; =0 u(x,t) = exp(—t)cos(zx), t >0
Hyperbolic g?; - g:; =0 u(z,t) = cos(z £ t)
Elliptic gzz + gzg =0 u(z,y) =z +y

The classification of these PDEs can be quickly verified from definition 1.2. These three equations are
known as the prototype equations, since many homogeneous linear second order PDEs in two independent
variables can be transformed into these equations upon making a change of variable. We now discuss each

of these equations in general.

Example 1. The 1D Heat Equation (Parabolic Prototype) One of the most basic examples of a PDE
is the 1-dimensional heat equation, given by
ou 0%u —0
ot 0x2

There are many different solutions of this PDE, dependant on the choice of initial conditions and boundary

u=u(z,t). (1.5)

conditions. An example of one such known solution is
u(z,t) = exp(—t) cos(x). (1.6)

It can be quickly verified that this solution satisfies (1.5), since

2
?;(x,t) = —exp(—t)cos(x), and g;;(a:,t) = — exp(~t) cos(z). 147

Graphically, this solution is given as follows.

4 UKT)
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This solution diffuses (i.e. spreads out over time) and dissipates (i.e. decays in amplitude over time).
As we will see later, diffusion is a typical property of parabolic PDEs.

The heat equation (1.5) is often used in models of temperature diffusion, where this equation gets its
name, but also in modelling other diffusive processes, such as the spread of pollutants in the atmosphere.

Example 2. The 1D Wave Equation (Hyperbolic Prototype) The 1-dimensional wave equation is
given by
Pu_u_
ot 0x? '
Again, the solution of this DE depends on the choice of initial conditions and boundary conditions. How-

u=u(z,t). (1.8)

ever, in an unbounded domain it can be easily shown (exercise) that any solution of the form
u(z,t) = f(x £ t) (1.9)

satisfies the PDE (1.5). We depict this solution below for the choice f(x) = cos(z).

A uxt)

Unlike solutions of the heat equation (1.5), solutions of the wave equation (1.8) do not dissipate. This
property is typical of hyperbolic PDEs.
The wave equation (1.5) models most types of waves, including water waves and electromagnetic

waves.

Example 3. The 2D Laplace Equation (Elliptic Prototype) The 2-dimensional Laplace equation is
given by
?u  0%u
@4_@:0, u=u(z,y). (1.10)
Normally we consider this equation as applied to a bounded domain 2 € R? with boundary I' = 92. The
solution of this DE then depends on boundary conditions, specified along I'.
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The inhomogeneous form of the Laplace equation is known as the Poisson equation and is defined as

0*u  O%*u

Consider the following boundary value problem (BVP):

Q=1(0,1) x (0,1),
BVP ¢ wu(x,y) =0onT = 00, (1.12)

Ugg + Uyy = —2m2 sin(mrz) sin(ry) in Q.
The domain is the unit square, depicted in the following figure.

y“

/ e

1

It can be shown that the unique solution of this BVP is

u(z,y) = sin(mx) sin(7y). (1.13)
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We normally say that a boundary condition of the form u(x,y) = g on I is of Dirichlet type. Corre-
spondingly, a boundary condition of the form u(z,y) = 0 on I is of homogeneous Dirichlet type.
The Poisson equation (1.11) is used in modelling many physical phenomenon, including elastic mem-

branes, electric potential and steady state temperature distributions.

1.1.1 Derivation of the Heat Equation

In order to motivate the study of the heat equation (1.5), we provide a derivation of this equation from

physical principles.

of 1T bt T

Heat Source

Consider a metal rod of length L and cross-sectional area A that is aligned parallel to the x-axis (see
figure). Assuming that the temperature gradient in the y and z directions is negligible, the temperature
profile in the rod will be given by u(z,t) for 0 < z < L. Then starting with an initial temperature
profile g(x) = u(x,0), we heat the rod in accordance with a heat source function i (z). We then pose the

following question:
What is the temperature profile u(x,t) for 0 <z < Land ¢t > 0?

Appropriate to the subject of this text, we will answer this question by deriving a PDE model describ-
ing the physics behind the problem.

The physical quantities we are interested in are given in the following table.
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Quantity Physical Meaning Dimensions Unit
u(x,t) Temperature temperature K

h(x) Heat source % Js™im=3
p(x) Mass density Vﬁﬁfﬁe gm™3

¢ Specific heat mass ~etr61:?1r1%§érature Jg~ K™
J(x) Energy flux % Jm~2s71
q(x,t) Energy density \?(I)lleur 1%1{: Jm™3

K Thermal conductivity enerey Jsim= 1K1

time - length - temperature

Now, in order to derive a physical relationship between these variables, we must rely on physical
principles. We consider a volume Q2 = {z | = € [a, b]} along the rod (where a and b are constants). Then
conservation of energy states that

d
%(total energy in 2) = (energy flux through boundary of €2) (1.14)

+ (total heat energy added per unit time to €2)
(see figure).

Heat flow
A —_— —

0 L
Heating
Using the physical quantities for this problem, we write (1.14) as
% (/ab q(z, t)Ad:L‘> = J(a,t)A— J(b,t)A+ /ab h(z)Adz. (1.15)
Then by the fundamental theorem of calculus, we have
- de:c:J(a,t)—J(b,t). (1.16)

ox

a
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Upon substituting (1.16) into (1.15) and bringing the derivative on the left-hand side inside the integral,'

braqg oJ
/a <8t + % - h(l’)) dr = 0. (117)

Since this equation must hold for all intervals [a, b] € [0, L], we must have

we obtain

9 0 _

ot + 97 h(z) =0. (1.18)
In order to proceed, we require a mechanism to describe the energy flux in terms of the temperature
gradient. We use Fourier’s law of heat conduction, which states that heat flows from a warm body to a
cold body at a rate proportional to the temperature gradient between the two bodies. Mathematically, we

write
J(z,t) = —Kg;t(x,t). (1.19)

Further, the energy density ¢ can be written in terms of other physical quantities as
q(z,t) = cp(z)u(x,t). (1.20)

On substituting (1.19) and (1.20) into (1.18) we obtain

ou K du h

— = 1.21
ot pcdr?  pc (1.21)
We now define the thermal diffusivity D and temperature source f by
K h
D) = 2 and f(z) = M) (1.22)
cp(a) cp(a)
and hence obtain the final form of the heat equation:
ou 0?u
— —D(z)=— = . 1.23
= D)5y = f() (123)

Note that if the mass density of the rod is constant then it follows from (1.22) that D(x) is constant.
Further, in the case of f(z) = 0 (i.e. no external heating) and D(z) = 1, this problem simply reduces to
the homogeneous heat equation (1.5).

The domain of the heating problem is given by all point satisfying 0 < x < L and ¢ > 0. Boundary

conditions must be imposed at z = 0 and x = L and initial conditions imposed at ¢ = 0 (see figure).

'We assume sufficient continuity in order to switch the derivative and the integral operations.
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BC BC

IC

Using the heat equation (1.23), we can now formulate the heating problem as an initial value boundary
value problem (IVBVP), as follows. For simplicity we assume the rod is kept at a constant temperature at

either end (constant boundary conditions) and has a constant temperature initially. The [IVBVP then reads

=(0,L) x (0,00) (domain)
(0 t) = uo(t) (BO)
u(z,0)=C IC)
up — Dugy = f((E) (PDE)

(1.24)

Existence and uniqueness of (1.24) can be shown (see, for example, ??ref.), although this result is

beyond the scope of these notes. We shall return to the topic of parabolic PDEs in section 1.4.

1.2 Hyperbolic PDEs in Two Independent Variables

We now take a closer look at hyperbolic PDEs. In the following section, we will derive the wave equation
(1.8) using the linear advection equation and derive a general solution of the wave equation for given

initial conditions. We conclude with some general comments about hyperbolic PDEs.

1.2.1 The Linear Advection Equation

The world’s simplest first-order PDE is the linear advection equation, defined by
ou n ou
==
ot Ox

We claim that the general solution of (1.25) is

=0, u=u(x,t). (1.25)

u(z,t) = f(x — at), (1.26)
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for any function f(s). This result can be proven very easily, as follows.

Proof. Define s = x — at. Then, by chain rule

Ou _df 0s df Ou _df 9s _ df

Or  dsdx (_a)ds’ an ot dsot ds (1.27)

The result follows upon substituting (1.27) into (1.25). [

The general solution (1.26) has an intuitive meaning. Namely, any given profile is simply advected
forward with advection speed a (or backwards, depending on the sign of a) without modifying the initial

profile. We depict this effect in the following figure.

u(x,t) t

0" a=tan(8)

Comments: i) Note that for a specific choice of s in f(s), such as s = 0, we can track the coordinates
of this point as it moves through the domain. For example, if ¢ = 0 then s = x — at = 0 implies z = 0.

Ift =1 then s = x — at = 0 implies z = a.

ii) In some generalized sense, a discontinuous function f(s) is also a solution of this PDE, even though
the derivative may not be defined at one or more points. In this case, as the profile is advected, the

discontinuous profile will remain discontinuous.

u(x,t) t

e S U . J
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ili) The linear advection equation is unidirectional, i.e. it defines a preferred direction depending on
the sign of a. Namely, if a is positive (negative), profiles will be advected in the positive (negative) x

direction.

1.2.2 The Wave Equation

We now show how the linear wave equation can be derived from the linear advection equation presented
in the previous section. Our aim is to derive an equation that does not have a preferred direction by
composing two linear advection equations of equal advection speed but opposite direction.

Before proceeding, we must introduct the concept of a linear differential operator. In general, differ-
ential operator L is a function of the differentiation operator, i.e. given some function f, the operation
of applying L to f, which we denote ¢ = Lf, is a function composed of the derivatives of f. A special
class of differential operators are the linear differential operators, which consist of linear combinations
of various derivatives. We will focus on linear differential operators in this text, but emphasize that this
restriction is not necessary in general.

Consider the linear advection equation (1.25). This equation can be rewritten as a differential operator

L applied to some function u, i.e.

Liu=0, where Li= gt + aaa. (1.28)
r

We can also define a second differential operator Lo, which has equal advection speed but opposite direc-

tion, by
0 0

ot “or

Note that the differential equations Lyu = 0 and Lou = 0 will have general solutions f(z — at) and

Lou=0, where Lo = (1.29)

f(z + at), respectively, for any choice of f. Thus, we propose that the equation defined by
LiLou=0 (1.30)

will have both f(x + at) and f(x — at) as solutions. Upon rewriting (1.30) as a PDE, we obtain
0 0 0 d
Z a= il - = 1.31
<m am)(m+am>“ 0 (1.3

2 2
< 0 26) uw=0. (1.32)

which simplifies to

o " oa?



20 1. Overview of PDEs

Then (1.32) is exactly the one dimensional wave equation with constant speed a. It can be quickly shown

(exercise) that the general solution of (1.32) is

u(z,t) = f(z —at) + g(x + at), (1.33)
right moving wave left moving wave
with speed a with speed a

for arbitrary functions f and g.

1.2.3 d’Alambert’s Solution for the Wave Equation IVP

The unbounded initial value problem (IVP) for the one-dimensional wave equation (1.32) is given by

Q:te(0,00),z € (—00,00),
IVPq u(z,0) = ¢o(z), ur(z,0) = ¢1(2), (1.34)

U — Uz =0 (a=1).

We already know that the general solution of this problem is given by (1.33) and so aim to derive an
expression for the functions f(s) and g(s) in terms of the initial conditions ¢y (z) and ¢;(x).
We substitute the initial conditions (1.34) into (1.33), evaluated at t = 0, obtaining

f(x) + g(z) = ¢o(z), and % — j—i = ¢1(x). (1.35)
Integrating the second expression in (1.35) then yields
(7(a) = £©) = (ala) ~ g(c)) = [ @) (136)
It follows that (1.35) and (1.36) can be combined to obtain
24(w0) = onlo)+ [ @z + £(6) - glo), (137)
200) = dula) ~ [ 61(2)d5 ~ )+ o(0) (1.38)

On substituting (1.37) and (1.38) back into (1.33) and applying a simple identity from calculus, we obtain

u(z,t) =3 (qbo(:v +1) + ¢1(z —t) + /ajt <Z>1(5U)d:%> : (1.39)
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This equation is known as d’Alambert’s solution of the wave equation. It can be shown that this solution
is the unique solution of (1.34).

Note that the wave equation requires two initial conditions at ¢ = 0 to determine a unique solution.
However, the heat equation (a parabolic PDE) only requires one initial condition at ¢ = 0 (see, for example,
eq. (1.24)).

1.2.4 Domain of Influence and Domain of Dependence

We consider the IVP (1.34) and choose some point (z*,¢*) € (—00,00) x (0,00). Then according to
d’ Alambert’s solution (1.39), this point only depends on the value of the functions ¢y and ¢; in the

interval x € [z* — ¢*, 2" + t*]. We can depict the set of points D that influence (z*,t*), as follows.

t“

(x*', )
Slope 1 ,— Slope-1

@o(x*-t*) @(x) @o(x*-t*)

(X*-t* <X < X*+*)

The set of points D is called the domain of dependence of (z*,t*); that is, (z*,t*) only depends on
the values of v and w; inside the domain D.

Similarly, we can consider the set I of points that are influenced by the solution at (z*,t*). This set is
called the domain of influence of (x*,t*); that is, (x,t) € I depend on the value of v and u; at (z*,t*).
The domain of influence I for some point (z*,t*) is depicted as follows.
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Comments: i) In general, one can show that the both the domain of dependence and the domain of
influence for hyperbolic PDEs is finite in space at any given time, i.e. along some line ¢ = constant.
Hence, one says that hyperbolic PDEs feature propagation of information at a finite speed (known as the

wave speed).

ii) The solution at (x*, t*) in any hyperbolic PDE only depends on the solution at previous times, i.e. for
0 < t < t*. As a consequence, we can perform time marching as a numerical method (we shall describe

this process later).

1.2.5 Existence and Uniqueness for the IVBVP

We now consider the wave equation (1.32) with fixed boundaries at x = a and x = b (with a < b). One
important problem to consider is if we can gurantee existence and uniqueness of the solution, i.e. is there
exactly one solution which satisfies a given IVBVP?

Consider the general IVBVP for the wave equation with fixed boundaries:

Q: (z,t) € (a,b) x (0,400),
u(z,0) = ¢o(x), ut(x,0) = ¢1(x), (1.40)
u(av t) =0 (t)v u(ba t) = 92(t)a

Uttt — Ugyx = f(l‘,t).

IVBVP

The domain of this problem is given as follows.
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BC BC

IC

Although we do not prove it in this text, existence and uniqueness of the solution u(x, t) of the IVBVP
(1.40) can be shown for “well-behaved” functions f, ¢g, ¢1, g1 and g. We refer the reader instead to ??ref.
One particular example of an initial value boundary value problem (IVBVP) for the wave equation

with fixed boundaries is given by

Q: (z,t) € (0,1) x (0, +00),
u(x,0) = sin(x), u(z,0) = 0,

IVBVP (L41)
u(0,t) = 0,u(1,t) =0,
Upp — Uge = 0.
Further, this [IVBVP has the unique solution
u(x,t) = sin(mzx) cos(mt). (1.42)

The IVBVP (1.41) describes certain physical phenomenon, such as a sound wave travelling in a closed
tube or a plucked string with both ends fixed.

1.3 Elliptic PDEs in Two Independent Variables

We now turn our attention to elliptic PDEs. In the following section, we will derive the domain of depen-
dence and domain of influence of an elliptic PDE and will show that discontinuous boundary conditions

are smoothed out within the domain.

1.3.1 The Dirac Delta

The Dirac delta is a type of “generalized function,” used in mathematical modelling and differential equa-

tions to represent a physical impulse in the system. In this case, it will be useful in analyzing the behaviour
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of elliptic PDEs.

Consider the discontinuous function f,(x), defined by
1/e |z| <e€/2,
fe(x) = .
0 otherwise.

This function is depicted in the following plot.

A fe(x)

™M=

|
N im
I
x

One can clearly see that for any value of € > 0, f, satisfies

/Z folz) =1

Definition 1.3 The Dirac delta, denoted () is defined as

5(x) = lim f(x),

This motivates the definition

where f.(x) is defined by (1.43).

(1.43)

(1.44)

(1.45)

The Dirac delta technically is not a function, but instead fits into a category of operators known as

“generalized functions.” It has the following properties:

+oo
iii) / f(@)d(z)dx = f(0).

—00

In plotting the Dirac delta, we will generally use arrows, as in the following figure.

(1.46)

(1.47)

(1.48)
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1.3.2 Domain of Influence

We now examine the domain of influence and the domain of dependence for elliptic PDEs, on recalling
the results obtained for hyperbolic PDEs in section 1.2.
Consider the Elliptic BVP in the half-plane given by

Q:(z,y) € (—o00,00) x (0,00),
BVP{ u(z,0) = g(x), (1.49)

Uz + Uyy = 0.

The domain of this problem is depicted in the following figure.

b/

9(x)

v

In order to understand the domain of influence for elliptic PDEs, we need to study the influence of one
point of the boundary on the solution in the entire domain. We will require the Dirac delta (1.45) to give
us the desired results.

Observe that using (1.48), g(z) can be written as

g(z) = /00 0(x — s)g(s)ds. (1.50)
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This operation is known as the convolution of g(x) and §(x). Intuitively, in this form we can describe the
Dirac delta as “picking out” the value of g(s) when x = s. On discretizing this integral as a Riemann

sum, we obtain

g(z) ~ Z g(s;)0(x — s;)As. (1.51)

9(x)
D ACE

If we integrate (1.51) over x and switch the order of integration, we obtain

[e.9] o0

/OO g(x)dx ~ Z g(si)As /00 §(z — s;)dx = Z g(s;)As, (1.52)

™ 1=—00 1=—00

as we would expect if we were to directly discretize the integral on the left-hand side of this expression.

In attempting to understand the domain of influence, it is sufficient to look at the influence of one
delta function since we can obtain an approximate solution by the principle of superposition and the
discretization (1.51). Hence, we let g(x) = d(x) and look for a solution of the BVP (1.49) with this
choice of boundary condition. We claim that the solution of the BVP with g(x) = d(x) is exactly

1 Yy

== : 1.53
’LL((L', y) T LU2 + y2 ( )
This result can be verified with some effort:
First, we show that (1.53) satisfies the PDE. Upon differentiating (1.53), we obtain
2y(y* — 32°) 2y(y* — 32°)
= d =", 1.54
Yy T a2 g g2y NG e (22 + y2)3 (1.54)

which clearly satisfies wy, + Uz, = 0.
Second, we must verify that the boundary conditions are satisfied by this solution. Consider an arbi-
trary point (z*, 0) on the boundary of Q. If z* = 0, it follows by inspection that

lim u(x,y) = 0. (1.55)
(z,y)—(x*,0) (@9)
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If * = 0 then we can apply L’Hopital’s rule to obtain

lim  u(z,y) = . (1.56)
(@,y)—(0,0) (z.9)

Also, if we integrate along any slice y = constant, it can be shown (exercise) that

o0

lim u(z,y)dr = 1. (1.57)

y—=0t J_o

We can thus conclude that (1.53) satisfies the BVP (1.49). The domain of influence of a single point
on the boundary is then given by the set of points in {2 where u(z,y) > 0. By inspection of (1.53), we
note that all points in the domain have this property, and hence conclude that the domain of influence of a
single point on the boundary is the entire domain €. Since this result implies that all points in the domain
instantaneously communicate with one another, one says that elliptic problems have “infinite propagation
speed.”

Thus, we have found that any point in an elliptic PDE influences all other points, and hence we cannot

use time-marching strategies to solve elliptic problems, i.e. we must solve for the whole problem at once.

1.3.3 Discontinuous Boundary Conditions

We now examine the effect of discontinuous boundary conditions on the solution of the elliptical BVP
(1.49). Consider the boundary condition given by

% x>0,
glx)y=¢ 0 x=0, (1.58)
—% z <0.
This function is depicted in the following plot.
1 gx)

It can be shown that
u(z,y) = L arctan(y/z) (1.59)
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satisfies the PDE (exercise) and satisfies the boundary condition u(x,0) = ¢(z) in the limit as y — 0.
Further, it is easy to see that u(z, y) is continuous in the domain 2. Using this example, we hypothesize
that for linear elliptic PDEs that if g(z) has a finite number of discontinuities then they are smoothed out

immediately in the domain.

1.3.4 Existence and Uniqueness

We now briefly discuss existence and uniqueness of solutions of the general Poisson BVP. The general
Poisson BVP in two variables is given by
Q c R?,Q bounded
BVP<{ u(x,y) =g(x,y)onI = 09Q, (1.60)
Uzy + Uyy = f(x,y) in Q.
A general domain €2 is depicted as follows.
y

/F
7

Z

X

It can be shown that for well-behaved functions f, g and boundary shape the BVP has a unique

solution. We refer the reader to ??ref for a proof of this result.

1.4 Parabolic PDEs in Two Independent Variables

We now turn our attention to parabolic PDEs, in particular the heat equation (1.5). In the following
section, we will examine the domain of dependence and domain of influence of this equation and examine
the effect of discontinuous boundary conditions on the solution.

The homogeneous unbounded initial value problem (IVP) for the heat equation is given by

Q:(z,t) € Rx(0,00)
IVP<{ u(z,0) = g(x), (1.61)

U — Ugge = 0.
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Note that if the initial condition identically vanishes, i.e. g(z) = 0, then the unique solution is exactly
u(z,t) = 0.
1.4.1 Domain of Influence and Domain of Dependence

As with the Poisson equation (see section 1.3.2), we now examine the domain of influence and the domain
of dependence of a point (z,t) € € by choosing the boundary to be given by a Dirac delta, i.e. g(z) =
0(x). We claim that the solution of the IVP (1.61) is then given by

1 —z?
u(x,t) = i exp (475) . (1.62)

This result can be verified with some effort:

First, upon differentiating (1.62), we obtain

ou  Pu a2 —2 —2
o =g = sy () e

Hence, u(z, t) satisfies uy — 1z, = 0 on .

Second, we must verify that the boundary conditions are satisfied by this solution. Consider an arbi-
trary point (z*, 0) on the boundary of Q. If z* # 0, we can apply L'Hopital’s rule to obtain

lim u(z*,t) = 0. (1.64)

t—0t+

If * = 0 then the exponential term is exactly 1 in the limit, and so the limit satisfies

li 0,t) = oc. 1.65
Jim u(0,t) = o0 (1.65)
It now remains to show that
+oo
lim u(z, t)dr = 1. (1.66)
t—0t —00

This result is non-trivial, but can be shown after some tedious calculus. We leave the details of this result
to the reader.

We conclude that (1.62) satisfies the IVP (1.61). As with elliptic problems, the domain of influence
of a single point on the boundary is then given by the set of points in Q2 where u(z,y) > 0. By inspection
of (1.62), we note that all points in the domain have this property, and hence conclude that the domain of
influence of a single point on the boundary is the entire domain €). It follows that, as with the Poisson

equation, the heat equation exhibits an infinite propagation speed.
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However, unlike the elliptic BVP (1.49), we note that the heat equation is not time-reversable. Con-

sider the time-reversed initial value problem

Q:(z,t) € R x (—00,0)
IVP < u(z,0) =g(x), (1.67)

Ut — Ugge = 0.

If we try the function obtained by making the substitution t — (—t) in (1.62), i.e. the function given by

47r1(—t) o <4(m—2t)> ’ e

we will find that @(z, t) does not satisfy (1.67). In fact, the function @ instead satisfies the PDE u; + ug, = 0.

Since the heat equation is not time-reversable, the domain of influence for any point is the whole

u(x,t) =

spatial domain for all future times. Similarly, we can obtain that the domain of dependence for any point
is the whole spatial domain for all past times. Note that this result allows us to perform time marching for

parabolic problems, but in doing so we must solve for all spatial points simultaneously.

(x*, t*)

(x*, t*)

»

X X

i

The figures above depict the domain of dependence (left) and the domain of influence (right) of (z*,t*).

1.4.2 Discontinuous Initial Conditions

We now examine the effect of discontinuous initial conditions on the heat equation IVP (1.61). Consider

a discontinuous initial condition g(x) defined by

x>0,
x =0, (1.69)
% z < 0.

S ol

g(x) =
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It can be ShOWH that
u(.%' t) - 761“1 <> W]th erf(w) - /w ex ( -z )dz (] ;0)
’ 2 \/74t ’ \/71’ p ’ :

satisfies the PDE (exercise) and satisfies the boundary condition u(z,0) = g(z) in the limit as ¢ — 0.
Further, it is easy to see that u(x, t) is continuous in the domain €2. Using this example as motivation, we
hypothesize that the IVP for a linear parabolic PDE, with boundary g(z) possessing a finite number of
discontinuities, has a smooth solution away from the boundary. That is to say, discontinuities in the initial

state are smoothed out immediately.

1.5 Linear Second Order PDEs with Three Independent Variables

We now briefly discuss linear second order PDEs with three independent variables.
There exist certain “canonical cases” where classification of linear second order PDEs with three
independent variables is possible. Consider the canonical form of a linear second order PDE with three

independent variables:
)\1 (l’, Y, t)utt + >‘2(x7 Y, t)ul‘ar + A3(1.7 Y, t)uyy = W(U, Uy, uy7 U, T, Y, t)v (171)

where W is linear in u, u,, u, and u;. We claim, without proof, that any second-order linear PDE can be
transformed into canonical form (1.71) by eliminating cross derivatives with a change of variables. The

canonical form of the PDE leads to the following definition:

Definition 1.4 A second-order linear PDE in canonical form (1.71) is said to be
i) elliptic if and only if all \; are the same sign,
ii) parabolic if and only if exactly two \; have the same sign,

iii) hyperbolic if and only if two \; have the same sign and one \; is zero.






CHAPTER 2

Finite Difference Methods

In this chapter we focus on finite difference (FD) methods, perhaps the most straightforward numerical
approach for solving PDEs. We begin in section 2.1 by introducing FD methods for elliptic PDEs and
setting up much of the groundwork for further study of FD methods. In sections 2.2 and 2.3 we introduce
FD methods for time-dependent problems, focusing primarily on the theory behind numerical methods
for hyperbolic and parabolic PDEs. Section 2.4 is a wrap-up of the study of time-dependent problems and
focuses on extending the convergence theory for elliptic schemes to hyperbolic and parabolic FD methods.

2.1 Finite Difference Methods for Elliptic PDEs

In this section we focus on the finite difference methods for elliptic PDEs, with emphasis placed on the
Poisson equation in 1D and 2D. Of particular interest in the theory of numerical methods is convergence,
i.e. in this section we will attempt to explain when a given FD method gives us a solution to the associated

PDE problem in the limit of infinite computational power.

2.1.1 The 1D Elliptic PDE

The normalized 1D elliptic boundary value problem can be formulated as follows.

33
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Q={zx:2e€(0,1)}
BVP (¢ u(0)=a, u(l) =0 (2.1)
u'(z) = f(z)
Numerical solutions of this BVP can be obtained by discretizing the domain €2 using m + 2 distinct
points xg, x1, . .., Tm+1, yielding m + 1 distinct intervals. The boundary points (at 0 and 1) then consist
of g and x,,41 and interior points consist of x; through x,,, inclusive. For simplicity we choose the z;

to be equidistant, i.e. x; — x;—1 = Az foralli =1,...,m.

X =0 —

|
0 X1 X2 X3 Xm1 Xm  Xm+l

m interior points

We denote the exact solution of this BVP by u(z). The values of the solution at each z; are then given
by u(z;) = u; fori = 0,...,m + 1. We denote the derivatives of the solution at each x; by u/(z;) = u]
and similarly for higher derivatives; for example, u”(z;) = u/, etc. We then use a central difference

formula' to discretize u” (), according to

o — .
u//(xi) ~ Ui+1 hUQz + U; 1‘ (2.2)

This choice of discretization scheme follows by expanding u(x) in a Taylor series at ¢ + 1 and ¢ — 1

according to
Uip1 = Wi + ujh + %u;'hQ + %ui—"h:)’ +-- (2.3)
and

U1 = u; — ujh + Jufh? — 2uf'BP 4 (2.4)

Summing these two series then yields
Uis1 + w1 = 2u; +ufh? + Sul"ht + O(hP), (2.5)

which, upon rearranging, gives

po Wil — 2u; + Ui
uA p—
7 h2

— LuDh? 4 O(h?). (2.6)

"Note that other choices of discretization are possible here.
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Thus, to second order in h, we recover (2.2).

We now define a numerical approximation v; to the exact solution u;. Using the discretization (2.2),
we define the approximate solution v; associated with the one-dimensional BVP (2.1) to be the unique v;
satisfying

Vig1 — 20 + Vi1
h2

where f; is defined by f(z;) = f;, and subject to the boundary conditions given by the exact boundary
conditions for the BVP, i.e.

= fi, 1=1,...,m, 2.7

vo=ca, and vpi1=p0. (2.8)

Matrix Form of the BVP
We can write (2.7) in matrix form as
Ahyh = ph. (2.9)

where A" is a matrix and V" and F* are vectors. Here V" is referred to as a grid function, i.e. a discrete
approximation of a continuous function. Here, the h is a generic superscript that denotes a grid function.
On using (2.7) and (2.8), we see the elements AP, VP and FP are given by

—2 1 0 0 v fi—azs
1 1 -2 1 vy fa
Al — | 01 =2 , V= v |, Fh= I3 . (210
R : :
0 1 -2 Um fm —ﬂh*g

Note that A" is a sparse matrix, i.e. the majority of its entries are zero. As a consequence, the linear
system (2.9) is generally easy to solve. We will also make use of the grid function U, which denotes
the vector consisting of the exact solution u; = u(z;) evaluated at grid nodes. The matrix form (2.9) is a
generic form for linear FD methods applied to elliptic problems. We will make use of this form later for
the 2D elliptic PDE.

Actual Error and Convergence

Since the numerical approximation (2.2) is different from the exact formula (2.6), V" merely provides an
approximation of the exact solution U”. As a result, we are interested in the deviation of V" from the

exact solution U™,
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Definition 2.1 The actual error E" is
EM=U"-v"h, (2.11)

where U™ is the grid function associated with the exact solution u(x) and V" is the approximate solution,

obtained by solving (2.9). The elements of E" are denoted e; and are given by e; = u; — vj.

For any FD method that solves the BVP (2.1), we desire convergence. Namely, as h — 0, we want
E" — 0 as well, i.e. as the distance between grid points becomes infinitesmally small, the actual error
introduced due to the numerical scheme goes to zero. For the choice of discretization (2.2), we know from

(2.6) that
o Uikl — 2u; + uiq
UZ‘ = h2

and so can hope (or expect) that under some norm,” the error satisfies

+ O(h?), (2.12)

|E"|| = O(Rh?). (2.13)

2.1.2 The 2D Elliptic PDE

The normalized 2D elliptic BVP can be formulated as follows:

Q: (z,y) € (0,1)?,
BVP ¢ wu(z,y) =gonl =09, (2.14)
Uzy + Uyy = f(x,y) in Q.

We discretize €2 into square regions of side length h = Az = Ay, obtaining m+2 points in each direction,

m + 1 intervals, and m interior points. The result of this discretization is depicted in the following figure.

See Appendix A.
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y“
AX
<>
ym+1/ 1 1 1 1
Y A I
7S TR
yO I , , , / :X

Xo X1 e Xm  Xm+1

We give an example of this discretization, in the case of m = 2. In the following image, interior nodes

are depicted as circles and boundary nodes are given as crosses.

Xo X1 X2 X3

We denote the exact solution of the BVP by u(x,y). The associated grid function is then given by

u;,j, which satisfies
w; ;= u(zi, yj)- (2.15)

The source function f(z;,y;) can also be evaluated at grid points, leading us to define

fij = f(xi,y5). (2.16)
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We now require a discretization of the PDE. On recalling the 1D discretization (2.2), we discretize the

partial derivatives u;, and u,, as

o Witl = 2Uij F Ui-1,

~ 2.17
Usa o , (2.17)
and 5
o Wi+l — 2Uij + Ui
Uyy R Ay? . (2.18)
Hence, using the fact that h = Az = Ay, our discretization of the PDE is given by?
umx + uyy ~ 7’+17] ? 173 [2¥) 7’7‘7+1 2V 1 . (219)

h2
This leads us to define the numerical approximation v; ; as the solution of the system of equations

Vitl,j T Vi—15 — 4Uz‘,j + Vi1 T Vij-1
h2

= fig; (2.20)
subject to the boundary conditions

vij = g(wi,y;) ford,j=0orm. (2.21)

Matrix Form of the BVP

We now formulate this problem in matrix form (2.9). The solution vector V' consists of all interior points
(the unknowns), ordered in any desired manner. For simplicity, we will choose our ordering to be row-
lexicographic ordering, i.e. we first vary over the row index and then over the column index. For example,
in the case of m = 2, we obtain
v11
vh=| "] (2.22)
V12

V22

It follows that using the system of equations (2.20) allows us to write A" in block-diagonal form as

T|1]0]0
I\ T 0
A — % 7 (2.23)
0 I
00| |T|

3 Again, it should be emphasized that other choices for the discretization are possible.
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where 1" and I are m X m matrices given by

T — E Cand = . (2.24)

Here we have chosen to absorb the boundary conditions into " (it is left as an exercise for the reader to
give the resulting form of F").
Recall that the actual error E” (see definition 2.1) is given by E? = U” — V. Since the discretization

we have used in second order in 2 and y, we can again hope that the error satisfies | E"||2 = O(h?).

2.1.3 Convergence Theory

Having now introduced two numerical methods for solving the elliptic BVPs, we have sufficient back-
ground to study the convergence of numerical methods. We will demonstrate the convergence theory in
the simplest case, namely for the elliptic BVP in 1D, since the theory can be easily generalized.

Consider the 1D BVP (2.1), with approximate solution v; given by the system

Vip1 — 20 + 01
72

=fi, =0, Vg1 =0 < AVh=F" (2.25)

Definition 2.2 The truncation error T" is the error obtained when plugging the exact solution u(x) into

the discrete formula.

If we use the general matrix form (2.9), the truncation error assumes the form
7" = Ahvh — P, (2.26)

Example In the 1D case, the truncation error is given by

Uip1 — 2U; + Ui
72

T, — - fi (227)
On plugging (2.6) into (2.27), we have

Ty = uf + 5% — £, + 0P, (2.28)
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which, on recalling that v — f; = 0 at any ¢, simplifies to
T, = 510%™ + 0(h?) = 0(h?). (2.29)
In fact, it can be shown that (exercise)

Ti = i (a), 230)

for some y(x;) € [zi—1,z;]. We note that this result is a consequence of Taylor’s remainder theorem.
One of the major components of convergence theory is the concept of consistency of a numerical

method, defined as follows:

Definition 2.3 A numerical method A"V" = F" is consistent for the linear elliptic PDE Lu = f if
lim T; = 0. 2.31
hli% i ( )

Further, we say that it is consistent with order q (q € Z) if T; = O(h?).

Note that it follows from (2.29) that the discretization (2.25) is consistent with order ¢ = 2. Further,
from T; = O(h?), we can deduce that ||T" |2 = O(h?), as follows: If we let

cr = max |[u(z)), (2.32)
z€[0,1]
it follows from (2.30) that
T; < &5her. (2.33)

Then, on taking the 2-norm, we have

1T |2 =

but since h = 1/(m + 1), we obtain
T2 < &h%er. (2.34)
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The Error Equation

We will now derive an important relation between 7" and E”. On taking the difference between (2.26)
and (2.9), we obtain
AUt —vhy =1", (2.35)

which by (2.11) can be written as
ArEM = 7" (2.36)

On inverting and taking the p-norm of this expression, we obtain
IE™ [l = 1(A") T Tl < 1AM I T - (2.37)

If we know that || 77|, is at least O(h), i.e. the numerical method is consistent, convergence then follows

if there exists a ¢ so that ||(A")~!||,, < c. This result motivates the following definition.

Definition 2.4 A numerical method A"V = F" is stable for the linear elliptic PDE Lu = f if and only
if there exists cs so that
(A"l < s, (2.38)

with cg independent of h.

Lax Convergence Theorem for Elliptic PDEs

As stated previously, one can see that convergence of a numerical method quickly follows from definition
2.3, definition 2.4 and (2.37). This result is the foundation of the so-called Lax Convergence Theorem for
Elliptic PDEs, which we state as follows.

Theorem 2.1 (Lax Convergence Theorem) Consider the linear numerical method Ahyh = ph for the
linear elliptic PDE Lu = f. If the method is consistent with order q in the p-norm,

17|, = O(h9), (2.39)

and stable in the p-norm,
1(A™) Yy < e (2.40)

then the method is convergent with order q,

IE"|, = O(h?). (2.41)
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Proof: The desired result follows immediately from (2.37), under the assumption of stability and using

the definition of convergence. [

Notes: i) This theorem can be extended as follows: Consider a linear method that is consistent with order
q. Then the method is stable if and only if it converges with order g, i.e. it can be shown that convergence
with order ¢ and stability are equivalent (this result is known as the Lax Equivalence Theorem).

ii) Note that the actual error E” converges with the same order as the truncation error 7. Hence, rather
than calculating U" — V", we can instead use the order of the truncation error to derive the order of

convergence for the actual error.

2-Norm Convergence for 1D Elliptic Problems

We now use the Lax convergence theorem to show convergence of the discretization (2.7) and (2.8) for
the 1D elliptic BVP under the 2-norm. Recall that we have already shown in (2.34) that

IT"|12 < Lh?er, (2.42)

where
_ @) (] — " 2.43
cr J&%ﬁ'“ ()] mrg[gﬁ]lf (@), (243)

i.e. that our discretization (2.7) of the 1D elliptic PDE BVP (2.1) is consistent.
In order to show stability, and hence demonstrate convergence, we need to find an upper bound on
|(A")~Y|2, where A" is given by (2.10). In order to proceed, we require two important results from

linear algebra:

R;) First, recall that if Al s symmetric then it follows that (Ah)_1 is symmetric as well, i.e.
Ah = (AT — (A1 = (A YT,
Hence, it follows by property P; in section A.3 that
I(A") "Ml = p((AM) 7). (2:44)

The proof of this result is left as an exercise for the reader.
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Ry) Second, if A" € R™*™ is invertible and has eigenvalues A1, Ao, ..., A, it follows that (Ah)_1
has eigenvalues /\1_1, Ay 1 ..., \; L. The proof of this result is straightforward: If ) is an eigenvalue of an

invertible matrix A with associated eigenvector ¥, then

AT=)\0 = —0=A"1%. (2.45)

Since this implies that A~ ! is an eigenvalue of A, the desired result follows.
Thus, using results R;) and Ry), we have

||(Ah)_1H2 = P((Ah)_l) = max

1<i<m

—1
= ( min w) : (2.46)

1<i<m

1
i
i.e. the 2-norm of (A")~! is given by the inverse of the smallest eigenvalue of A"

It can be shown that for A" given by (2.10), the eigenvalues are (exercise)

2
A cos(kmh) — 1), kE=1,...,m, (2.47)

k:ﬁ(

where h = (m+1)~!. By inspection, the smallest eigenvalue occurs when k = 1. Using Taylor’s theorem

with the cos(7h) term, we obtain
cos(mh) = 1 — 37h? + £ rh? cos(r€), (2.48)
where £ € [0, h]. Hence, substituting (2.48) into (2.47), we have

2
M & 5 (=3 h? 4 gymth! cos(n8)) = —n® + fymh? cos(n€). (2:49)

Clearly, for h sufficiently small, \; satisfies |\;| < 72 (which is independent of k). We conclude that
I(A") 2 < w2, (2.50)

and so the method is stable. Thus by the Lax convergence theorem (Theorem 2.1) we have that the method

is convergent with order 2 in the 2-norm, i.e.
IE" |2 = O(h?). 2.51)

Note that an exact expression can be obtained by substituting (2.34) into (2.37), which gives

2

h
53T (2.52)

1E" 2 =



44 2. Finite Difference Methods

Notes: i) Convergence with order 2 can also be proven for this example for the 1-norm and co-norm and
further for the 2D BVP (2.14). The method discussed in this section can also be applied to an arbitrary
numerical FD method.

ii) In order to obtain a higher order of convergence, we must develop a more accurate discretization by
using more points. For example, the simple 2D discretization used in (2.20) is known as a 5-point central

difference discretization and is depicted in the following graphic:

R
joX--XK-- XK

Jloms e X -
10 il

Other discretizations can be developed, such as the 9-point weighted central difference discretization

depicted as follows. Implemented appropriately, the convergence order of this discretization is O(h*).

LXK X
XXX
i-1 i i+1

iii) Finally, finite difference formulas can be derived for non-uniform grid spacings, i.e. spacing which
possibly take advantage of regions of rapid change versus regions of slow change.

2.2 FD Methods for Hyperbolic PDEs

We now consider FD methods for hyperbolic PDEs, with emphasis placed on the advection equation in 1D.
We give a detailed analysis of six FD methods using easily generalized theory, focusing on convergence
and stability properties of time-dependent methods and error-propagation. We conclude this section with a
discussion of FD methods for the wave equation and extensions of existing methods to higher dimensions.

Several concepts required for the study of hyperbolic FD methods generalize directly from elliptic
FD methods. In particular, the actual error, given by definition 2.1, and the truncation error, given by
definition 2.2, are both defined in the same manner as with elliptic FD methods. We will require these two

concepts in the analysis in this section.
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2.2.1 FD Methods for the 1D Linear Advection Equation

Recall the linear advection equation in 1D, given by
0 0
(71; + a(‘% =0, u=u(z,t), (2.53)
with general solution
u(z,t) = f(x — at), (2.54)

which, assuming a > 0, describes a right-travelling wave (also see (1.25) and (1.26)).

We now consider three discretizations for the spatial derivative in (2.53). For each element j, we can
divide the state space into two regions depending on the direction of the “wind”, i.e. the direction that the
PDE carries the state variable as time advances. For the advection equation with a > 0, the “wind” carries
the solution from left to right, and so we describe all elements ¢ that satisfy ¢ < j as “upwind” and all

elements 7 that satisfy ¢ > j as “downwind” (see graphic below).

a>0 a<o
— PR
- -
upwind ==»  downwind downwind =~ == upwind
— -
1 i# 1 1 hi 1
1 i j*1 1 j 1
Spatial Discretization Formula
. 0 Ujt] — Uj
Central Difference a—u = % +0(Az?)
z|; x
@ Downwind Oul _ 4+l =% + O(Ax)
Ox |, Ax
i ou Uj — Uj—1
Upwmd 92l = Ar + O(Ax)
J

As a first step, we can obtain a pseudo-discretization for (2.53) by only discretizing the spatial com-
ponent of the PDE and leaving the time derivative untouched. This technique is known as the method of

lines.
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For example, using the central discretization, we obtain

duv. NP
%jta%:o. (2.55)

Instead using an upwind discretization, we obtain

dv; v — v
e~ (2.56)

The method of lines leads to a set of coupled ODEs in v;(t), the state variables at each point, which can
then be integrated using any standard ODE integration technique.

Our second step is to add a temporal discretization, of which many options are available. We dis-
tinguish between explicit schemes and implicit schemes. An explicit scheme constructs the state of the
system at time level n 4 1 using the known value of the system at time n, n — 1, n — 2, etc. Implicit
schemes also use the state of the system at time level n + 1. Hence, implicit schemes lead to a system of
linear equations which must be solved at each timestep. In general, explicit schemes are generally more
efficient, i.e. they have a smaller memory and computation requirement than implicit schemes, whereas
implicit schemes are more stable.

For simplicity, we will focus on three common temporal discretizations:

Temporal Discretization Formula
ot gy
Forward Euler (Explicit) 2T 14— =0
At ox j
Backward Euler (Implicit) Bt Ny =0
At ox j
e T e T
CN | Crank-Nicolson (Implicit < I 4| = —| ]=0
rank-Nicolson (Implicit) AL +2<8m P }

Here, % };L denotes the discretized spatial derivative evaluated in element j at time step n. We now

present three common numerical methods constructed in this manner.

Forward Central Scheme. This scheme uses the central difference formula and forward Euler time

discretization. It is written as
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ot _gm ol —
FC J J R S ) 2.57
[EC] At T oA &7
The truncation error of this scheme is
T/ = O(At) + O(Az?). (2.58)

The forward central scheme induces a stencil on the grid, i.e. a set of points that are used in evaluating
n+1
[

F given as follows:

Rl K

Although the FC scheme is explicit and hence computationally cheap, it is also unstable. Namely, re-
gardless of our choice of timestep At, this method will lead to uncontrolled oscillations that will cause

solutions to blow up.

Backward Central Scheme. In order to stabilize the FC scheme, we instead apply a backward time

discretization, and hence obtain

UnJrl —n UnJrl _ Un+1
BC J : ! 2.59
[C] AL YT 2Ag (259
The truncation error of this scheme is again
T} = O(At) + O(Az?). (2.60)

The stencil is given as follows:

n — X -

i1 j 1

Since this method is implicit, we can rewrite (2.59) in terms of a linear system that is then solved at every
time step. Clearly, this approach requires more work, but it is unconditionally stable, i.e. it is stable

regardless of the choice of At.
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Crank-Nicolson Central Scheme. In order to increase the temporal order we can instead apply the

Crank-Nicolson discretization, and hence obtain

1)7.1—"1 — " 1)7.1—"1 — 1)7.1+1 o —
v +a< Iy I ) =0, (2.61)

At 2 2Ax 2Azx

It can be shown that the truncation error of this scheme is

T} = O(At?) + O(Az®) + O(AzAt), (2.62)

and that the stencil is given as follows:

n

-1 i j+1
Like the backward central scheme, this method is implicit and unconditionally stable.

Forward Upwind Scheme. In order to obtain a stable explicit method, we instead apply the spatial

upwind discertization, and hence obtain

P n it —
F J J J =1 _ . 2.
A et =0 (2.63)
The truncation error of this method is
T]” = O(At) + O(Ax), (2.64)
with stencil given as follows:
SRR R
n % ¥ ,

This method is explicit and conditionally stable, i.e. At must be chosen sufficiently small in order to

guarantee stability.
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Leapfrog Scheme. We can construct additional temporal discretizations that were not mentioned above,
such as the Leapfrog scheme, which uses a central difference time discretization and central difference
space discretization. This scheme is then written as

v?}—l—l _ ,Un—l

j Vi — Uiy
LF J J J J=2 = 0. 2.65
oAt YT oAx (2.65)

It can be shown that the truncation error of this scheme is

T} = O(At?) + O(Az?), (2.66)

with stencil given as follows:

This method is known as a 3-level scheme, since when evaluating the state at time n + 1 we require
knowledge of the state variables v; at times n and n — 1. This is also an example of an explicit high order

method. As with other explicit schemes, the leapfrog scheme is conditionally stable.

Lax-Wendroff Scheme. The last method we will consider is the Lax-Wendroff scheme, given by

+1
LW R N S e s B (2.67)
At 2Azx 2 Az? ' '

It can be shown that the truncation error of this method is

T = O(Az®)+7, (2.68)

where the stencil is given as follows:
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The Lax-Wendroff scheme is a 2-level high order conditionally stable method. It may not be immediately
obvious as to why (2.67) is a discretization of (2.53) and so we present the derivation of this scheme:

Recall that the PDE (2.53) allows us to rewrite time derivatives in terms of space derivatives according

to
Up = —ay. (2.69)
Hence,
upr = —auge = (—a)(—a)ugy = a’Ugy, (2.70)
and
Uttt = 0P Uagt = —0 Unga. (2.71)

On applying a Taylor series expansion to u(x, t + At) and using (2.69)-(2.71), we obtain

u(z, t+ At) = u(z,t) + uAt + utt%AtQ + uttt%At?’ + O0(Ath)

= wu(x,t) — au, At + aQUM%AtQ - a3umz%At3 + O(At4).

Then, on applying the Taylor series of u(z + Az, t) to obtain expressions for u, and u,, (exercise), we
obtain

u?"'l = uj —aAt (ujHQ;;j_l — Ua::caﬁ%Al‘Q + O(Ax3)>

u = 2u" +u
+a2§At2< g+l Ag:J? -1 +O(Ax2)>

+a U s A+ O(ALY).

On taking the difference between this expression and (2.67), we obtain

T} = aumx%AmQ + O(Az®) + O(AtAZ?) + O(At?) = O(Az?). (2.72)

The methods introduced in this section only encompass a small fraction of possible FD methods for
solving PDEs. It should further be emphasized that no single method is the best option for all possible
problems. Often simply deciding on the best choice of numerical method for a given problem requires
significant research.

We present a numerical comparison of the five methods introduced in this section in figures 2.1 and
2.2.
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time t=0
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FIGURE 2.1: A comparison of BC, CN, FU, LFrog and LW numerical schemes for the advection equation,

applied to a cosine wave with periodic boundary conditions.
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time t=0

-0.5¢
_1 L
0 0.2 0.4 0.6 0.8 1
time t=10
1 —3ek—

0.5}

-0.5} 1 -0.5}

FIGURE 2.2: A comparison of BC, CN, FU, LFrog and LW numerical schemes for the advection equation,

applied to a Gaussian profile with periodic boundary conditions.



2.2. FD Methods for Hyperbolic PDEs 53

2.2.2  Stability

In this section we examine the conditions for stability of finite difference methods for hyperbolic PDE:s.
Consider rewriting the numerical solution obtained using a general FD method as the sum of the exact

solution u”' and an error term €', as in

J J’
vy = u + ey . (2.73)
S~—~—— S~———

Numerical solution  Exact solution ~ Actual error at (x;, t,,)

On substituting (2.73) into the FC scheme (2.57) we obtain

+1 +1
M T S S S I B M A 18 ek S B 2.74)
At 2Ax At 2Ax ' '
Truncation error 77" Propagation equation for actual error

Note that here the truncation error 77" (see Definition 2.2) acts as a source term in the error propagation

equation.

n
J
numerically unstable if the actual error grows without bound (this is a phenomenon known as numerical

instability).

For simplicity we will only consider the propagation of the error and assume the truncation error is

We say that a method is numerically stable if the actual error e’ is bounded. Conversely, a method is

zero. For example, in the FC scheme, this assumption implies the error propagates according to

n+1 n n n
; — el e’ — e
J J j+1 Jj—1
=0. 2.75
At YT 9Ag 2.75)

e

We note that, as we will show later, stability in this sense is necessary for the stability of the FC scheme.
In order to analyze the stability of (2.75), we will look at an error of wave type. This approach is
known as the von Neumann method of investigating stability.
An error of wave type can be written as

n _

€

é" exp(ikx;), (2.76)

where €" is the amplitude of the wave at time n and k is the wavenumber. If we assume the grid to be

uniform, we can write x; = jAz, and hence obtain

n _

€

é" exp(ikjAx). 2.77)
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Since the wavenumber k& can be rewritten in terms of the wavelength A according to k& = 2x /), the

quantity defined by § = kAx represents a ratio of the grid spacing and wavelength. Hence, we write

n _

€

&" exp(ijh). (2.78)

We are motivated to consider errors of this type since, in general, linear difference operators allow for
such wave-like solutions. In particular, we are interested in how the amplitude €" evolves with each time
step: notably, one can observe that if this quantity remains bounded for all # then the method will be
numerically stable.

Returning to our example, we substitute (2.78) into (2.75), obtaining

e Lexp(ijf) = €™ exp(ijf) — TR (" exp(i(j + 1)0) — e"exp(i(j — 1)0)), (2.79)

where R is shorthand for a%. On dividing by exp(ij6) and rearranging, we obtain

e" = [1 —iRsin @] &™. (2.80)

Equation (2.80) then motivates the following definition:

Definition 2.5 The symbol S(k) of a two-level finite difference method for the linear advection equation

is defined by the ratio
én+1

S(k) = . (2.81)

én

Example As follows from (2.80), the symbol for the forward central scheme (FC) is

S(k) =1 —iRsiné. (2.82)

It can be shown that a necessary condition for numerical stability is the von Neumann stability condi-

tion, given by

max S (k)| < 1. (2.83)

This condition has an obvious physical meaning in terms of the error amplitudes, as follows from (2.81);
namely, the amplitude of any given error mode should not be allowed to grow without bound. Graphically,
this condition implies that S(k) must be within a unit circle in C for all k. We depict the region of the

complex unit circle in the following figure.
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Im(x)

7

/ R;(X)

One can easily calculate the value of |S(k)| for the forward central scheme using (2.82), obtaining

1S(k)| = V1 + R%sin?60 > 1V 0. (2.84)

Hence,
m]?x|5(k:)] > 1, (2.85)

for any choice of R. Hence, we have confirmed our earlier result that FC is unstable and further shown
that FC will be unstable for any choice of At. Graphically, the symbol for the FC method is depicted in
the following figure.

Im(x)
—S(k)

@ % Re()

N\
\a

Example: The Forward Upwind Scheme.

Recall the forward upwind (FU) scheme, given by (2.63). Applying a similar analysis as with the FC
scheme, we obtain that the error propagation equation is

et = e — R(e} — e} ). (2.86)

We substitute (2.78) into (2.86), giving

e exp(ijf) = é" exp(ijf) [1 — R(1 — exp(—if))]. (2.87)



56 2. Finite Difference Methods

Hence, the symbol is
S(k)=1—R(1 —exp(—if)) =1— R+ Rcosf — iRsin¥. (2.83)

Evaluating |S(k)|, we obtain (exercise)

|S(k)|? =1 —2R(1 — R)(1 — cosf). (2.89)
We let C'(0) = |S(k)|? and take the derivative, so as to determine extrema of this function. This process
leads to
dC() .
7 —2R(1 - R)sinf =0 <+= 0=0,£7,+27,... <= cosf = =+1l. (2.90)
Hence,

max [S(k)[? = max|l —2R(1— R)(1+1)],
max(1, |1 —4R(1 — R)|),
max(1, |1 — 2R[?).

We conclude
max |S(k)| = max(1, |1 — 2R)). (2.91)

So, under the restriction |1 — 2R| < 1, we obtain 0 < R < 1, or

0<At< % . (2.92)

Thus, in order for FU to be stable we require At < % (a necessary condition). We say that FU is
conditionally stable subject to the restriction (2.92). This restriction is known as a Courant-Friedrichs-
Lewy condition (CFL condition).

Notes: When a < 0, we note that the CFL condition (2.92) cannot be satisfied by any At, since Ax is
positive and a is negative. We conclude that the FU scheme is always unstable when ¢ < 0. Conversely,
it can be shown that the Forward Downwind scheme (FD), given by (compare with (2.63))

vn"’_l —

J J U?Jrl — v;'l
= 0. 2.
At +a AL 0 (2.93)

is always unstable when a > 0 and stable when a < 0 assuming 0 < At < %. (Can you think of a
physical reason why this might be the case?)
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Graphical Techniques for Demonstrating Stability

We can also apply a graphical approach to demonstrate stability of the forward upwind scheme. Recall
that the von Neumann stability condition (2.83) is equivalent to stating that S(k) lies within the unit circle
for all k. We can view the symbol S(k) (given for the FU scheme in (2.88)) as a sequence of maps from
the real line R into a 2 dimensional subset of the complex plane C.

For example, the symbol for the forward upwind scheme, given by
S(k) =1— R(1 — exp(—ih)), (2.94)

gives the following mapping:

Im(x),

\ Im(x), Im(x),

exp(-i6) R (1 - exp(-i0)) 1-R (1 -exp(-i0))

We conclude that that the FU scheme is stable if and only if R < 1, i.e. we again obtain the CFL
condition in (2.92).
Example: The Backward Central Scheme

Recall that the backward central scheme is given by (2.59). The error propagation equation is

it = e — LR(eT — ). (295)

On substituting (2.78) into (2.95), it can be shown that the symbol is given by (exercise)

1 —4¢Rsin0
Sk)= ————. 2.96
() 1+ R2sin%6 (2.96)
After a short calculation we obtain
1S(k)|2 = [1+ R?sin?0] > <1V R, (2.97)

and so conclude that BC is unconditionally stable, i.e. for any choice of At.
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Discussion

In this section we have applied the von Neumann stability analysis to the three most basic schemes (FC,
FU and BC). The von Neumann stability analysis can be easily applied to CN and LW in the same manner,
but requires some modification when applied to the 3-level LFrog scheme. The results obtained in this

analysis are given in the following table:

Scheme Symbol S(k) Stable?
Forward Central 1—14¢Rsin6 Unstable
Backward Central (1 —iRsinf)/(1+ R*sin*#)  Unconditional
Forward Upwind 1 — R(1 — exp(—i6)) Conditional (CFL)
Crank-Nicolson (2—iRsin®)/(2 +iRsind) Unconditional
Lax-Wendroff 1+ R?*(cosf — 1) — iRsin# Conditional (CFL)

Leapfrog N/A Conditional (CFL)

Notes: i) The FU scheme is only stable when a > 0. LW and LFrog are stable regardless of the sign of

a.

ii) Observe that the Crank-Nicolson scheme satisfies |S(k)| = 1 for all k. We will show in the next
section that this quality is important, since it implies that the CN method does not introduce numerical

dissipation.

Link with the Discrete Fourier Transform

Consider a 1D interval of the real line given by (x4, x). We use N — 1 interior points to subdivide the
interval into N subintervals of equal width, where we label each of the points by z, = x¢, 1, ..., Tn_1,
xnN = xp. Let L = x3, — x, denote the length of the interval, with Ax = L/N and z; = z, + jAx for
j=0,..., N (see figure).
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N intervals
I | I I I I I | >
1 T T T T T T "
Xa Xb
1 1l
Xo X1 X2 XN-2  XN-1 XN
N points
Any function e(x) on (z4, zp) then defines a grid function e[i] via e[i] = e(x;). We further impose
periodic boundary conditions so that e[N] = e[0], hence ensuring that e[i] has exactly N degrees of

freedom. Now, using the discrete Fourier transform (DFT), any function e[i] can be decomposed in terms
of its N Fourier modes

N—1
elj] = é[m] exp(i2mmj52e), (2.98)
m=0
1 N—1
élm] = N Z elj] exp(—i2mmy L) (2.99)
J=

In performing von Neumann stability analysis, we looked at one mode of this expansion,
ej = éexp(ikz;) = éexp(ijb). (2.100)

This result follows since exp(szmj L) and exp(ijf) are equivalent, as demonstrated:

exp(i2rmj5%) = exp(i2rmj+ ), since 5% = 4,
= exp(ikjAzx), since k=27,
= exp(ijb), since 0 = kAx =27,

2.2.3 Dissipation and Dispersion

The error introduced by a numerical method typically can be decomposed into dissipation and dispersion.
We now examine the source of these forms of error and show how dissipation and dispersion terms in

PDEs are related to dissipation and dispersion effects in difference formulas.
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Dissipation and Dispersion for PDEs

Consider the following three examples of linear PDE operators:

Liv = ?;Z —i—agz, (2.101a)
Lyu = 6;; + agu — Dgig, (2.101b)
Lzu = % + a% - ugi?;. (2.101¢)
Each linear PDE operator generates a linear homogeneous PDE via the equations
Liu=0, Lou =0, Lsu = 0. (2.102)
We are trying to find wavelike solutions of the form
w(z,t) = Ag exp(i(kr — wt)), (2.103)

where Ag is the amplitude of the wave, k is the wavenumber and w is the angular frequency. We further
define the frequency v (in oscillations / sec) via w = 27v and the wavelength (in meters) via k = 27 /\.
The period 7" (in seconds) of the wave is related to these quantities according to 7' = 1/v = 27 /w. Note
that the intervals z € [0, A) and ¢ € [0, T") correspond to one full oscillation of the wave in space and time,
respectively. Using the variables above, we can potentially rewrite the wave solution (2.103) as

w(z,t) = Agexp(i2m(§ — vt)), <= w(w,t) = Agexp(i2n(5 — %)). (2.104)

By convention we require that Ay and k are real variables, whereas w may be complex. We now
present the following proposition:

Proposition 2.1 The wavelike solution (2.103) is an eigenfunction of any linear homogeneous PDE op-

erator in x and t.

We present no proof to this proposition, instead relying on “proof by example.” Consider the three
PDE operators presented above (2.101a)-(2.101c), where

Liw = (—iw+aik)w = \w, (2.105a)
Low = (—iw+ aik — D(ik)*)w = \w, (2.105b)
Lyw = (—iw + aik — p(ik)*)w = Azw. (2.105¢)

The following corollary follows immediately from the proposition.
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Corollary 2.1 Let Lw = A w, k)w. Then w is a solution of Lw = 0 if and only if w and k satisfy
AMw, k) = 0.

The problem of determining wave-like solutions to the PDE operator now reduces to finding solutions
to the equation A(w, k) = 0. Clearly this equation is of importance in the analysis of linear PDE operators,

and so it is generally given a name:

Definition 2.6 The equation
AMw, k) =0, (2.106)

is called the dispersion relation of the linear homogeneous PDE operator.

Note that for k real, the dispersion relation (2.106) implicitly defines w in terms of k, i.e. it gives
w = w(k). The three PDE operators (2.101a)-(2.101c) quickly lead to three dispersion relations:

wk) = ak, (2.107a)
wk) = ak—iDk?, (2.107b)
wk) = ak+ pkd. (2.107¢)

In general, we find that the dispersion relation will be of the form
w(k) = a(k) +i6(k), (2.108)

where a(k) = Re(w(k)) and G(k) = Im(w(k)). Using the dispersion relation in the form (2.108), we
rewrite the wave-like solution (2.103) as

w(z,t) = Agexp(i(kr — a(k)t —iB(k)t))

Ag exp(B(k)t) exp(i(kx — a(k)t)). (2.109)
A(D)

This expression clearly distinguishes the role played by the real and imaginary parts of w: namely, the
former, given by a/(k) contributes to the speed of the wave. The latter, given by (k) instead affects the
amplitude of the wave. The quantity (k) motivates the following definition.

Definition 2.7 The phase speed vy, is defined as

_ Re(w(k)) _ a(k)
Uph =~ = (2.110)
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The physical interpretation of this quantity can be seen as follows: Assume (3(k) = 0 and let ¢ be
a constant that implicitly defines x in terms of ¢ via ¢ = kx — a(k)t (we can view ¢ as marking a point

along the wave that always remains at a constant value in the wave profile, as in the figure below).

4 Uxt)

Since c is constant, we have

%zOzk%—a(k) = CZ:O[E@]{)' (2.111)
Hence, the speed of a point in phase with the wave profile is given by the phase speed vpy,.
For each of the linear PDE operators, we obtain the following relations for phase speed:
Ly = vpp = % =a, (2.112a)
Ly = vy, = k 'Re(ak —iDk) = a, (2.112b)
Ly = vy, = k Yak + pk®) = a+ pk®. (2.112¢)

Note that for L3 the profile u experiences dispersion, i.e. waves of different wavenumber will move at
different phase speeds.
We now focus on the amplitude term in (2.109). As a function of time, we obtain the following

relations for the amplitude of wave-like solutions for each PDE operator:

L = B(k)=0 A(t) = Ay, (2.113a)
L = B(k) = —Dk? A(t) = Ag exp(—DE?t), (2.113b)
Ly = B(k)=0 A(t) = Ay. (2.113¢c)

We discover that the amplitude of the wave-like solution is preserved for L and L3, but decays in time

for Lo, i.e. the wave-like solution experiences dissipation.
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Definition 2.8 Let L be a linear homogeneous PDE operator. Then we say that L is dissipative if and
only if Im(w(k)) < 0. Further, we say that L is dispersive if and only if Re(w(k)) is not linear in k.

In general, for a PDE with a first order time derivative we require partial spatial derivatives of even
order in order to obtain dissipation. On the other hand, in order to obtain dispersion we require partial

spatial derivatives of odd order (where the order is at least 3).

Dissipation and Dispersion for Difference Formulas

By approximating a differential equation by a difference formula we introduce numerical dissipative and
dispersive behaviour that is closely related to dissipation and dispersion in linear PDE operators. We will
now show how dissipative and dispersive errors occur difference formulas.

Similar to the case of linear homogeneous PDE operators, we consider a wave-like solutions of a finite
difference operator given by

el = egexp(i(kjAz —wnAt)), where z = jAr and t = nAt. (2.114)

We hence obtain discrete analogues of proposition 2.1 and its corollary:

Proposition 2.2 The wavelike solution (2.114) is an eigenfunction of any linear homogeneous difference

operator.
Corollary 2.2 Let Le = \(w, k)e. Then e is a solution of Le = 0 if and only if w and k satisfy
AMw, k) = 0. (2.115)

As in the continuous case, the dispersion relation for a FD operator is again defined by A(w, k) = 0.
By convention we again choose k real. The dispersion relation then implicitly defines w = w(k). We will
return to this fact momentarily.

It turns out that S(k) has all the information we need to determine the existence and strength of
numerical dissipation and dispersion. In particular, we seek a relation between S(k) and w(k), as follows.
Recall that the symbol S(k) (see Definition 2.5) is given by

et = S(k)em. (2.116)
If we apply this equation recursively, we obtain the relation

e" = (S(k)) e, (2.117)
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where é° denotes the error at some initial time. Using the definition of € in the form (2.77), we can rewrite
(2.114) as
é" = eg exp(—iwnAt). (2.118)

Then, upon equating (2.117) and (2.118) we obtain
eo(exp(—iwAt))" = eY(S(k))", Vn. (2.119)
Clearly (2.118) implies eq = é° and so it follows that
S(k) = exp(—iwAt), (2.120)

where w = w(k) is the dispersion relation of this FD method. Since S(k) is complex in general, we can

write it in polar form as

S(k) = |S|exp(i¢s) = exp(In |S]) exp(ids), (2.121)
where Im(S)
- 2 2 — -mo)
|S| = \/Re(S)2 +Im(S)2, and ¢g = arctan (RG(S)) . (2.122)
Comparing (2.120) and (2.121) then leads to
_ —¢s+iln|S]
wih) = 2R (2.123)

We now aim to determine the conditions on (2.123) that lead to dispersive and dissipative solutions.

The numerical phase speed can then be written in terms of (2.110) and (2.123), giving

o
kAt

Uph = 1Re(u)) = (2.124)

k

In particular, if the phase speed is not constant in £ we note that wave-like solutions will be dispersive (see

definition 2.8). For the advection equation, we can apply R = aﬁ—i and # = kAx to obtain the relation

—agg

’Uph = W (2125)

The phase velocity for various FD methods is plotted in figure 2.3.

Turning our attention to dissipation instead, it quickly follows from (2.123) that

1
Im(w) = ’1;9 5 (2.126)
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Phase velocity of FD Methods
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FIGURE 2.3: A comparison of the phase velocity v, for the BC, CN, FU, LFrog and LW numerical

schemes applied to the linear advection equation.
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On recalling that dissipation is associated with Im(w) being nonzero, we note that dissipation will be
present* whenever |S| < 1 (again see definition 2.8). The amplitude of the symbol for various FD
methods is plotted in figure 2.4.

Note that figure 2.4 suggests we obtain minimal dissipation when 8 — 0. Since § = kA, this result
has two interpretations: First, if we fix k, decreasing Ax will result in a decrease in ¢ and so reducing
the element size leads to less dispersion and dissipation. Second, if we fix Az, increasing k will result in
an increase in 6. We conclude that waves with higher wave number will be damped out more quickly by
dissipation.

On comparing and contrasting the various FD methods so far examined in this section, we obtain the

following results:

Scheme Order Dispersion Dissipation
Backward Central 1 large large
Forward Upwind 1 small large
Crank-Nicolson 2 large 0
Lax-Wendroff 2 small small

Leapfrog 2 small 0

We can also see the dissipative and dispersive effects of numerical schemes using an alternative ap-
proach. For example, consider the forward upwind method. The truncation error in this case is given
by

T = (R — 1)a3 Azug, + O(At?) + O(Az?) + O(AtAz). (2.127)

The dominant error term here is proportional to u,,, which has a dissipative effect. We conclude that the
error in the forward upwind method is dominated by dissipation.

Consider instead the Lax-Wendroff method, with truncation error given by

TP = QUpae s AT — 6P Ugep S AL + hoolt. (2.128)

The dominant error term here is proportional to u...., which has a dispersive effect.

“Recall further that the method is unstable if |S| > 1.
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Amplitude of S(k)
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FIGURE 2.4: A comparison of the symbol amplitude |S| for the BC, CN, FU, LFrog and LW numerical

schemes applied to the linear advection equation.
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Note: In general, first order accurate methods have a dominant error term that is proportional to u,,;, and
so will have an error dominated by dissipation. Similarly, second order accurate methods have a dominant
error term that is proportional to ..., and so will have an error dominanted by dispersion.

We can also see the dissipative term in the FU method by rewriting the difference equation (2.63) as

n+l _ ' n no_,n no_ 9,0 n
v; vj Vi — Ui alx Vi 212]- + i,
+a - : : (2.129)
At 2Ax 2 Az
Ou Ou 92y
ot oz 922

If we consider this difference equation to be a discretization of (2.101b), the term on the right-hand side
will behave much like a diffusion term. We conclude that the error in this discretization is governed by

diffusion.

2.2.4 Finite Difference Methods for the Wave Equation

We now extend our analysis of FD methods for hyperbolic PDEs to the 1D wave equation.
Recall that the wave equation (1.8) can be written as
?u  0*u _0
otz oz

Of interest is the fact that we have a second ¢ derivative in this equation, which prevents us from directly

u=u(x,t). (2.130)

applying the time discretizations so far considered in this chapter. As aresult, we now present two common

methods of solving this DE.

Method 1: We can discretize this DE in much the same manner as we did in section 2.2.1 with the linear
advection equation. One such discretization is the central difference scheme, originally applyed in (2.2),
which gives
ot — 2o Tt ol — 207 o
At? - Az? ’
The stencil for this method is depicted as follows.

(2.131)

n+l-----X----
n X—Xd—X%
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It can be shown that this discretization has truncation error

T = O(At?) + O(Az?), (2.132)

)

and that the usual direction independent CFL condition,

A1t<i

< —Aux, (2.133)
|al

is required for stability.

Method 2: Recall that (2.130) can be rewritten as Ly Lou = 0, where Ly and Ly are linear PDE operators

given by
0 0 0 0
Ll = a + (Z%, and L2 = & — CL%. (2134)

On defining w = Lou, we obtain the system of equations
Lou=w, Liw=020, (2.135)
which can be rewritten in matrix form as
0| u —a 0| 0 | u
R + -
ot | w 0 a |0z | w

This system can then be solved using generalized versions of F'U, BC, LW, CN or LF'rog for a coupled

0

w ] _ (2.136)

systems of equations.

Physical interpretation of CFL condition for explicit methods

We now give a physical interpretation of the CFL condition that follows from the 1D wave equation.
Recall the definition of the (physical) domain of dependence for a hyperbolic PDE, given in section
1.2.4. For the 1D wave equation, the domain of dependence assumes the following form.
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Similar to the physical domain of dependence associated with the PDE, we can also construct a numerical
n+1

domain of dependence associated with the explicit FD scheme. If the value of v;""" only depends on v;* |,

v and v;', 1, then the numerical domain of dependence effectively takes on the following shape.

(i, ta+)

n+l A
At
Dnum
i-1 i

i+1

We now assume that At satisfies the CFL condition, i.e. At < %. The numerical domain of dependence

in this case falls outside the physical domain of dependence, as follows.

(x‘,ltm)
n+l Slopea A Slope-a
At|
oy oy i A\i+L
— |\ X
Dphys Dnum

If At does not satisfy the CFL condition, i.e. At > %, the numerical domain of dependence instead falls

within the physical domain of dependence, as seen below.

Hence we claim that a FD method is stable if and only if the numerical domain of dependence, D,
contains the physical domain of dependence, D). Namely, a given FD method is unstable when the
physical evolution of the PDE requires more information than can be obtained from the numerical data.

2.2.5 Finite Difference Methods in 2D and 3D

In this section we briefly discuss extending our general FD methods for 1D PDEs to 2D and 3D. In
particular, the simplest way of handling this problem is to perform a so-called dimension-by-dimension

extension of 1D methods. We will demonstrate this process by example.
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Example: The linear advection equation in 2D is given by
—+a—+b—=0, a,b>0. (2.137)

The advection speed is the vector in 2D given by v = (a, b). Given some initial profile u(x, y,t = 0), we

expect that the profile will be advected in the direction of v, as in the following figure.

=3

We discretize this equation on a standard Cartesian grid with grid points labelled by (xz;,y;) with

i =0,...,nand j = 0,...,m. The numerical solution is then the grid function given by v;;. Using a

natural generalization of the forward upwind scheme, we discretize the PDE as

1 n n n n n
U?;r — Y5 Vi — Vi—1j Vi — Vi1
: : : = 4 h— : =0. 2.138
Az ta—r + Ay ( )
This method is explicit, with truncation error given by
T, = O(At) + O(Az) + O(Ay). (2.139)

As with the 1D scheme, we can apply von Neumann stability analysis in order to obtain a condition

for the stability of (2.138). In this case, the general wave-like error takes the form

el ;, = " exp(i(jik1 Az + jaka Ay)). (2.140)

We substitute (2.140) into the discretization and solve for the symbol S(k1, k2), imposing

maX‘S(kl,kg)’ <1, (2.141)
k1,k2

for stability. Following a terrible calculation’, we obtain

At At At At
< ag— — < e B .
0Say +by <L ag >0, b >0, (2.142)

>Thomas, reference needed.
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which, on applying some simple identities, reduces to
1 Az A
At < —— < max (x y) . (2.143)

The previous example was a very simple example of extending FD methods to higher dimensions,
and clearly allows for more interesting generalizations outside the scope of this text. The problem of

discretizing PDEs in high dimensions continues to be a research area of significant interest.

2.3 Finite Difference Methods for Parabolic PDEs

Parabolic PDEs differ from hyperbolic PDEs in one important respect: whereas the domain of dependence
of a hyperbolic PDE is finite in extent at any given time, a parabolic PDE is infinite at any given time.
This result suggests that explicit methods are intractable for parabolic problems. However, in this section
we will see that simply capturing the “majority” of information is sufficient to ensure stability.
We now consider two methods for solving the heat diffusion problem in 1D (a parabolic PDE).
Recall that the 1D heat equation (1.23) with source term f(x) is given by
ou 0%u

5~ D)5 = f(@). (2.144)

We discretize the spatial derivative using the central-difference method given in (2.2). The time derivative
can be discretized using the schemes we have derived in section 2.2 for the advection equation. To demon-
strate, we choose the Forward Euler and Crank-Nicolson discretizations, which when applied to (2.144)

give
ot

g it =200 + U
IV — pIt! IR Lt f(zy), (2.145)

and

Un+1 —n D Un+1 _ 2’UT-L+1 + UnJrl Un+1 _ 2U;-1 + UnJrl
+
Ax? Ax?

J N J _ 5 j+1 J j—1 J+1 Jj—1 ) ‘|‘f($j)- (2.146)
The truncation error for the FE discretization is given by

T = O(At) + O(Az), (2.147)

and for Crank-Nicolson by

T} = O(At?) + O(Az?). (2.148)
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Stability

In order to analyze the stability of the methods (2.145) and (2.146), we now apply the von Neumann
method.

On rewriting (2.145) in terms of the actual error e;, we obtain

et —en el —2e el
T;L-(J J):—D<]+1 L 1>. (2.149)

At Az?

We consider only propagation of error (and so set 77" = 0) and assume a wave-like solution of the form

" = ¢é"exp(ijkAx). (2.150)

€

After a short calculation, we obtain
e"t = (14 DAL (2cos(kAz) — 2))é", (2.151)
and so conclude the symbol S(k) takes the form
S(k) =1+ DAL (2cos(kAz) — 2). (2.152)

On noting that the trigonometric term (2 cos § — 2) takes values in the interval [—4, 0], we conclude that

D% must satisfy

DAL <1 (2.153)
for stability, i.e. we require
0 < At < BT (2.154)
= 2D '

(compare with the CFL condition for the advection equation (2.92)).

Notes: i) The timestep restriction (2.154), being quadratic in Az, is stricter than the CFL condition for
the advection equation. Hence, we will require a very small grid size to ensure stability of this method

when solving the parabolic DE.

ii) Note that a large diffusion constant D leads to a small timestep. This result simply reflects the
physical interpretation of the diffusion constant, namely the speed at which material “spreads out .” If
material spreads out more quickly, more timesteps are required in order to ensure this information is

propagated appropriately.
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iii) Clearly the presence of an infinite propagation speed does not prevent the application of an explicit
method for discretizing the parabolic PDE. However, because of this strict timestep restriction, we con-
clude that the FE method is not practical for the heat equation except in the case of a small diffusion
parameter D.

iv) We often say that parabolic problems are “more stiff”’ than hyperbolic problems as a consequence of

the increased restrictiveness in simulating them.

A similar calculation for the Crank-Nicolson discretization (2.146) leads to (exercise)

1+ QDAitQ (2cos(kAx) — 2)

1- QDAA;Q (2cos(kAx) —2)

S(k)

(2.155)

We note that S(k) satisfies |S(k)| < 1 for all k, and hence is unconditionally stable. This method is
significantly more practical for simulating the heat problem, but it is implicit and hence requires solving a

linear system at each timestep.

2.4 Finite Difference Convergence Theory for Time-Dependent Problems

In this section we discuss convergence theory for finite difference methods applied to time-dependent
problems, i.e. PDEs of parabolic or hyperbolic type.
We focus on linear PDEs of the form®

ou
o —Lu=1. (2.156)

where the spatial derivative operator L has been detached from the general PDE. We make no assumptions

about the dimensionality of the problem.

Example 1 (Linear Advection Equation in 1D): The PDE takes the form (2.156) with

Lu= —a@, and f=0. (2.157)
ox

8%u

®Note that a PDE with a second order time deriative v

can be treated similarly.
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Example 2 (Diffusion Equation in 2D): The PDE takes the form (2.156) with
Lu=DV?u, and f= f(z,y). (2.158)

We further restrict our considerations to FD discretizations (spatial and temporal) with exactly two
levels in time. This restriction allows for all hyperbolic and parabolic methods discussed in this chapter
except for the Leapfrog scheme (i.e. FU, LW, CN and LW).

Example 1: The PDE is discretized as

UTH_I — s

J J J J
At ta Ax

=0. (2.159)

We discretize the derivative operator % as a matrix Ay, and write the numerical solution v; at an arbitrary

timestep as a vector denoted by V},. Hence, the operation Lu is discretized by the product Ay V},.

W +aApV;' =0, (2.160)
where
1 0 -1
1 -1 1 0
Ay = N . (2.161)
0 -1 1

The —1 in the upper right-corner of the matrix is chosen so as to lead to periodic boundary conditions. We
collect terms evaluated at timestep n + 1 on the left hand side and terms evaluated at timestep n on the
right hand side, obtaining

VIt = (I - Aady) Vi (2.162)

Example 2: We apply the 5-point weighted discretization of the Laplacian V2u, given by (2.20),

Vig1,j + Vic1 — 4vij + Vi1 + U1

Vi~ s (2.163)
In matrix form, this operator takes on the block-diagonal form
T 1|00 -4 1 0
1 I\T|1]|0 1 -4 1
H;, = — , where T = . (2.164)
h? | o o e T
0|0 | I |T 0 1 —4
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Using the Crank-Nicolson time discretization, we have

(2.165)

vty b Hy V' + Hy Ve F
At 2 -

We collect terms evaluated at timestep n + 1 on the left hand side and terms evaluated at timestep 7 on
the right hand side, obtaining
(I — $DAtH,)V;" = (I + SDALH,) V) + FjAt. (2.166)

On closer examination, we observe that (2.162) and (2.166) can be written in a single unified form
given by

Py AtV = QuatVit + FAt. (2.167)

The evolution equation (2.167) is called the discrete evolution equation and generalizes all 2-level linear
FD methods.

Example 1: We define the matrices Pj, o; and @, a¢ by
Ph,At = I, and Qh,At =1- ACLAh. (2.168)

Note that for any explicit method, P, o; will be the identity matrix. Further, any homogeneous equation
will satisfy Fj, = 0.

Example 2: We define the matrices P}, o; and (), A¢ by

Pyat=1—3DAtH,, and Qupar =1+ 3DAtH),. (2.169)

2.4.1 Actual Error, Truncation Error and Consistency

One can quickly extend the definitions of truncation error (Definition 2.2) and consistency (Definition 2.3)

to time-dependent PDEs in the form (2.167). For convenience, we present these definitions here.

Definition 2.9 The truncation error 1}, of a time-dependent numerical method of the form (2.167) satis-

fies
Py adUPH = Qi Upt + FrAt + Ty At (2.170)
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Definition 2.10 A FD method in the form (2.167) is said to be consistent for if and only if

li T; = 0. 2.171
At—»(%,rgx—»O ! ( )

Further, we say that it is consistent with order q1 in time and order qy in space (q1, q2 € Z) if and only if

TP = O(At") + O(Ax®), 2.172)

2.4.2 Stability and Convergence: Lax Convergence Theorem

We now have all the necessary tools to derive a convergence theorem for parabolic and hyperbolic PDEs
similar to the Lax convergence theorem for elliptic PDEs (Theorem 2.1).
Consider a general unbounded time-dependent IVP of the form

Q: (z,t) € R x[0,t"],
IVP < u(x,0) = ug(x), (2.173)
ur — Lu = f on Q.

The notion of convergence to the exact solution of this PDE is essentially the same as with elliptic PDEs;
namely, as we refine the grid in space and time we expect that the numerical solution will converge to
the exact solution. The difference in this case is that we must consider the time and space dependence

separately.

Definition 2.11 A finite difference (FD) method (2.167) is convergent in the p-norm with order q; in
time and q in space (to the IVP solution) if and only if

max ||EP|l, = O(At?) + O(Az®), (2.174)

n,nAt<t*

where At and Ax may be required to go to 0 in a specific way.

The last clause in this definition may lead to some confusion. This restriction prevents us from ar-
bitrarily refining the time and space components of the mesh without consideration to something like a
CFL condition. For example, in the following circumstances and many others, we are required to impose

a constraint on the limit:

e If we are apply Forward Upwind to the linear advection equation, we impose that At must satisfy
the CFL conditon (2.92).
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o If we are applying the Forward Euler discretization to the heat diffusion equation, we impose that
At must satisfy (2.154).

The notion of stability of a time-dependent FD method is an extension of Definition 2.4.

Definition 2.12 A finite difference (FD) method (2.167) is stable in the p-norm if there exists c (indepen-
dent of h and At) so that

(P A @nad)"lp < . 2.175)
and

1(Py AiQnat) P Aglly < ¢, (2.176)

Sor all n and At so that nAt < t*, where At and Ax may be required to go to 0 in a specific way.

Together, Definitions 2.10, 2.11 and 2.12 lead to the Lax convergence theorem for time-dependent

PDEs, which we now state.

Theorem 2.2 (Lax Convergence Theorem) If an arbitrary FD method of the form (2.167) is consistent
in the p-norm with order q in time and qs in space, and is stable in the p-norm then it is convergent in the

p-norm with order q1 in time and qs in space.

Proof: For sake of brevity, let P = P}, o¢ and Q = Qp, a¢. The numerical method (2.167) then takes the
form
PV = QV' + FRAt. (2.177)

By definition of the truncation error (2.170), we also have
PUM = QU + FpAt + Tj' At (2.178)

Taking the difference between (2.177) and (2.178) and applying the definition of the actual error (2.11)
then yields
PE! = QE} — T At, (2.179)

or equivalently
Eptl = PTIQE) — P At (2.180)

(it is a consequence of stability that P is invertible; see Definition 2.12). Applying this formula recursively

then gives (exercise)

Ep = (PT'QME)+ At Y (PT'QmPT (2.181)

m=1



2.4. Finite Difference Convergence Theory for Time-Dependent Problems 79

We take the p-norm of this result and apply standard identities, obtaining
n
BRI < 1P Q)" Il BRIl + At Y [(P1Q) ™ P | T . (2.182)
m=1

Stability of the numerical method then implies

n
BRI < cllBRllp + eAt > T, (2.183)
m=1
which leads to
IER| < cllERllp + cnAtTmag p- (2.184)

Since we choose exact values of ug(x) at t = 0, we have ||EY||, = 0. Then consistency of the numerical
method leads to
|ER]| < O(At") + O(Az®), (2.185)

as desired. [

Notes: i) As in the case of elliptic PDEs, the Lax Convergence theorem can be generalized to the Lax

Equivalence theorem, which states:

Theorem 2.3 (Lax Equivalence Theorem) Consider an arbitrary FD method of the form (2.167) that is
consistent in the p-norm with order q, in time and qs in space. Then the FD method is stable in the p-norm
if and only if it is convergent in the p-norm with order q, in time and g2 in space.
ii) It can be shown that the restrictions

IP7'Qlp, <1, and [P, < ey, (2.186)
are sufficient for stability of a numerical method. This result follows from applying the norm identity

IP2Q) I, < IP1QI™, (IAB] < AllIBI). (2.187)

2.4.3 2-Norm Convergence

So far in this chapter we have considered two types of stability: von Neumann stability and stability in the
p-norm. We now link these concepts by showing that von Neumann stability is a necessary condition for

stability in the 2-norm.
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Theorem 2.4 Consider a linear FD method of the form %;‘ — Lu = f with L a linear PDE operator with
constant coefficients. Then for any IVBVP with periodic BCs,

IP7'Ql2 = max |S(k)]. (2.188)

This result can be surprising at first, but consider the following: we have already shown that é" exp(ijkAx)
is an eigenfunction of any linear FD operator with constant coefficients (see Proposition 2.1). It turns out
that S(k) is the eigenvalue!

Sketch Proof: Recall that if A is normal, i.e. AAT = AT A then ||A||s = p(A). Since P~1Q is always
normal when the BCs are periodic, the result then follows on knowing that S(k) gives the eigenvalues of
P1Q.O

Recall that von Neumann stability requires that ||[S(k)||2 < 1. It then follows from (2.186) and

Theorem 2.4 that von Neumann stability is equivalent to 2-norm stability, subject to || P[]z < ¢,

Example 1: We use the forward upwind discretization for the linear advection problem in 1D with pe-
riodic BCs. We have already shown that this method is consistent and von Neumann stable for At < %.

By the Lax convergence theorem, we conclude this scheme converges in the 2-norm.

Example 2: We use the Crank-Nicolson discretization for the heat diffusion problem in 1D with periodic
BCs. Again, we have shown that this method is consistent and always von Neumann stable. By the Lax

convergence theorem, we conclude this scheme converges in the 2-norm.



CHAPTER 3

Finite Volume Methods for Nonlinear

Hyperbolic Conservation Laws

In this chapter we study finite volume (FV) methods. These methods stem from the study of physical time-
dependent problems and processes, generally in fluid mechanics or gas dynamics. For much of this chapter
we will study FV methods applied to the linear advection equation, emphasizing that these methods can
be easily generalized to physical systems. In section 3.1 we briefly introduce the notion of characteristic
curves of a hyperbolic PDE, as they will be useful later in the study of PDEs. In section 3.2 we introduce
conservation laws in 1D, which make up the set of 1D hyperbolic PDEs that are compatible with the
finite volume approach. We discuss problems with FD methods in section (3.3), which motivates us to
develop the 1D FV methods in section 3.4. Finally, in sections 3.5 and 3.6 we extend conservation laws
and the associated FV methods to higher dimensions and consider systems of conservation laws, giving

an important example of a physical system that can be solved using the FV approach.

3.1 Characteristic Curves

The characteristic curves of a PDE are important in the study of finite volume methods. In this section we

briefly review their theory as applied to the linear advection equation.

81
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Recall that the linear advection equation in 1D takes the form

ou ou
- — =0 3.1
ot " or " G-
with right-moving wave solution
u(x,t) = f(x — at). (3.2)

Consider a general curve in the zt-plane described by x = x(t). We are interested in knowing how the

exact solution u(z(t),t) changes along this curve. Using the chain rule, we can write

d N OQudz(t)  Ou

— t = —. 33
WY =5t ©3)
On comparing this equation with (3.1), we are motivated to choose the special curve whose derivative is

given by
dz(t)
dt
Observe that (3.4) describes straight lines with slope a. These curves are depicted in the following figure.

=a. (3.4)

t slope a

[ \

:x
On substituting (3.4) into (3.3) we see that
d ou Ou
which in turn satisfies J
%u(:v(t), t) =0, (3.6)

due to (3.1). The curves (3.4) are called the characteristic curves of the linear advection equation.

Formally, a characteristic curve x(¢) for a PDE in 1D has the following properties:

1) The solution w is constant along these curves, i.e. $u(z(t),t) = 0.

2) The PDE changes to an ODE along x(t).
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3) Since u is constant, boundary conditions or initial conditions cannot be specified along characteristic

In general, hyperbolic PDEs will have characteristic curves, whereas elliptic PDEs do not. Parabolic PDEs

are somewhere in between, i.e. in general they will not have a complete set of characteristic curves.

3.2 1D Conservation Laws and the Burgers’ Equation

In this section we introduce the concept of a hyperbolic conservation law and derive several theoretical
results that relate to PDEs of this form. In particular, we will apply the theory of conservation laws to the
study the Burgers’ equation, a hyperbolic PDE that originates in the study of waves and is relevant to the

study of finite volume methods. We begin this section with the definition of a conservation law.

Definition 3.1 The differential form of a conservation law in 1D for a state variable u(x,t) is a PDE of
the form

i
ot Oz

where f(u) is called the flux function and is an arbitrary function of u.

(u) =0, (3.7)

Aside from the linear advection equation, which is a trivial example of a conservation law, the inviscid

Burgers’ equation is perhaps the simplest nonlinear case of a conservation law. The Burgers’ equation
ou 0 [(u?
—+=—|=)=0. 3.8
ot ox < 2 ) (38)

Clearly, (3.8) is a conservation law with flux function

takes the form

flu) = 1®. (3.9)

In general, a scalar conservation law (i.e. a conservation law in one variable) is always hyperbolic.

3.2.1 Conservation-Integral Forms

We now expand on the theory of conservation laws and introduce the first and second integral form of a
conservation law.
One may wonder why an equation of the form (3.7) is called a “conservation law.” In order to answer

this question, we consider an arbitrary interval [a, b] in 1D. If we integrate the conservation law within this
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interval, interchange the integral and derivative operations,' and apply the second fundamental theorem

of calculus, we obtain
b

% udx + f(u(b,t)) — f(u(a,t)) = 0. (3.10)

If we define )
Q(t):/ u(z)dz, (3.11)

then Q)(t) is a conserved quantity in [a, b], i.e. Q(t) will only change when there is a net inflow or outflow
through the domain boundaries.? This result motivates the following definition.

Definition 3.2 The first integral form of a conservation law is given by

LQ(0) = flula,1) ~ (b 1), G.12)

where Q(t) is defined according to (3.11).

Motivated by our prior success, we can integrate (3.12) over some time interval ¢ € [0, 7], obtaining

T T
/0 C;Cf(t)dH/o [f (ua,t)) — f(u(b,t))]dt = 0. (3.13)

On again applying the second fundamental theorem of calclus, we obtain the following definition.

Definition 3.3 The second integral form of a conservation law is given by

T
QT) — Q(0) + / [F(u(a, 1) — Fu(b, 1)) dt. (3.14)

The second integral form has a straightforward physical interpretation: namely, the total amount of
the state variable v in [a, b] between time 0 and 7' is equal to the difference in the total flux through the

boundary from time 0 to time 7" (see figure).

!This interchange is allowed subject to u being C* in ¢.
Recall that in deriving the heat equation in section 1.1.1, we applied a similar technique, obtaining that the total heat energy

was a conserved quantity.
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t,
Q(T)

T

Ef(u(a,t))dt inward outward ]Zf(u(b,t))dt

flux flux

a Q(0) b X

3.2.2 Characteristic Curves of the Burgers’ Equation

The Burgers’ equation (3.8) leads to an interesting phenomenon in its solutions, namely the existence of
so-called shock waves and rarefaction waves. In this section we show how the characteristic curves of the
Burgers’ equation allow us to describe the behaviour of this phenomenon.

Note that on applying the chain rule we can rewrite the Burgers’ equation (3.8) as

ou ou B

e + U = 0. (3.15)

Since characteristic curves x(t) satisfy

_ Oudx(t) N ou

@u(x(t)’t) 9 dl Frie 0, (3.16)
comparing (3.15) with (3.16) leads us to choose
dx(t)
i u(z(t),t). (3.17)

The characteristic curves z(t) of the Burgers’ equation must then satisfy this ODE. Since u is constant
along the characteristic curves, it follows that the slope of each line must be u, i.e. the characteristics are

straight lines with slope w (which is constant along each line).

Example 1. Consider an initial profile (¢ = 0) of the following form.

u

1] |t=0
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The characteristic curves, when plotted in the xt-plane, are then straight lines whose slope is determined

by the initial profile (see figure).

Tracing out the characteristic curves then allows us to draw the profile of u at any future time. For example,

at{ = 1, we obtain the following profile.

u

1]]t=1

In general this kind of solution is called a rarefaction wave solution. This term is drawn from gas dynam-

ics, where a wave of this type is associated with a volume of gas becoming increasingly less dense.

Example 2. Consider an initial profile (t¢ = 0) of the following form.

u

1 t=0

The characteristic curves are depicted in the following figure.



3.2. 1D Conservation Laws and the Burgers’ Equation 87

u=1 u=0

Observe that at t = 1 the characteristic curves intersect. Clearly this is problematic, since we expect the
solution to have a constant value along each characteristic curve; we can only conclude that the solution
takes on all possible values between [0, 1] when (z,¢) = (1,1)! On drawing the solution profile up to

t = 1, we obtain the following sequence of plots.

u t

N[

/

Att = 1 the solution has become discontinuous. This phenomenon is known as shock formation and is
associated with observable physical behaviour.

This example illustrates an important aspect of nonlinear hyperbolic PDEs, namely that discontinuities
may form from smooth initial conditions in finite time. Although the differential form of the conservation
law (3.7) no longer applies after the formation of a shock, we can use the integral form of the conservation
law (3.14) to show that after £ = 1 the shock will actually travel forward with some shock speed s (this
will be shown later).

In general, whenever characteristics intersect, there are two possible outcomes:

1) The solution becomes multivalued. For example, if you have ever been to a beach you have certainly
observed wave breaking along the shoreline. In this case, nonlinear steepening of the wave causes

it to become multivalued, as in the following figure.

VNP AGPLE
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This outcome may occur in a physical system, but it is typically very unstable, i.e. the multivalued

solution will quickly collapse to a single-valued profile.

2) The second possibility is that a shock wave forms, i.e. a single-valued discontinuous solution. The
term “shock wave” is again drawn from fluid mechanics and is essentially what occurs when a
supersonic jet passes through the sound barrier. Namely, we obtain a discontinuity in the density of
air in front of the shock wave compared to after the shock wave. In this case, the wave appears as

in the following profile.
In this text, we will focus on the study of case 2).

3.2.3 Shock Speed: The Rankine-Hugonoit Relation

In this section we study the behaviour of a shock wave after it has formed and derive a relationship that
gives the shock speed in terms of the shock profile.

Recall that since a shock wave requires a discontinuous profile, the differential form of the DE is no
longer valid at the discontinuity. Instead, we must use the integral form.

In order to proceed, we must first make some assumptions on the behaviour of the shock wave. We
assume that the PDE is governed by a conservation law of the form (3.14) and assume that after t = 0
there is a single shock wave propagating rightward with a constant speed s. We define a region 2 in the
xt-plane by

Q={(z,t) € [a,b] x [0,T]}, (3.18)

ensuring that it is sufficiently large to contain the shock for all times ¢ € [0, T (see figure).

t

A

shock at shock at
time O time T

o
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Further, we use uy and u, to denote the state of the system to the left and right of the shock wave,

respectively. The shock wave then evolves according to the following figure.

t=0 t=T

m

c
m—|
po—||

ul - Ur

Ur

a sT b X
We use Q(t) to denote the amount of material in the interval [a, b] at time ¢, defined according to (3.11)
by Q(t) = fabu(x, t)dzx. By inspection, ((¢) must satisfy
Q(T) — Q(0) = T (ug — uy). (3.19)
From (3.14) we also have that
T
QUT) = Q0) = [ [F(ua,t) = Flu(bo)]dt = T ) = ), (3.20)

since u(a,t) = ug and u(b,t) = wu, for all ¢ € [0, 7. Equating (3.19) and (3.20) and solving for s then

leads to the Rankine-Hugonoit relation for the shock speed s,

— fue) — (ur)

Up — Uy

) (3.21)

Example: Choose uy = 1 and u, = 0, subject to the Burgers’ equation (f(u) = %uQ). From the
Rankine-Hugonoit relation (3.21) we obtain

0—
0—

N[ =

S =

= % (3.22)

—_

Thus, the shock propagates rightward with speed s = % aftert = 1.

Notes: i) Characteristic curves are allowed to enter into the shock wave, but cannot emerge from the
shock wave. This result is known as the entropy condition and is related to the arrow of time, i.e. entropy

increases and information is lost in the shock, not created.
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ii) The discontinuous solution is known as a weak solution of the PDE. Roughly, this means that it is a
solution to the integral form of the PDE (3.14).

3.3 Problems with FD Methods for Hyperbolic Conservation Laws

Although FD methods are perhaps the most straightforward discretization of a PDE, they often introduce
several problems when applied to physical systems. In this section we discuss two such problems, the first
originating from oscillatory behaviour of some FD methods when applied to discontinuous solutions and

the second from an incorrect (non-physical) calculation of shock speeds.

3.3.1 Problem 1: Oscillations when Solution is Discontinuous

Note that the linear advection equation (1.25), given by

ou ou
5 tag. =0, (3.23)

can be written as a conservation law (3.7) on making the choice?
f(u) = au. (3.24)

Now consider an initially discontinuous profile on the domain [0, 1], given by

1, ifa > 1,
u(xr) = - 3.25
(@) { 0, ifz < 1. (3:23)

We numerically simulate this profile under the FU and LW finite-difference discretizations, obtaining
figure 3.1. Note that the LW scheme introduces what is known as a Gibbs phenomenon, i.e. an overshoot
in the discretization of the profile at the discontinuity.

One can observe that on refining the grid the amplitude of the oscillation at the discontinuity under
the LW scheme remains the same. This phenomenon is related to the Fourier series of discontinuous
functions, where one can observe a similar result; namely, the Fourier series gives “overshoots” in the
presence of a discontinuity.

Recall that for the FU scheme the dominant error term is diffusive, whereas for the LW scheme the

dominant error is dispersive. Hence, the discontinuity in the figure is due to interference of wave-like error

3Note that a flux function that is linear in v is known as a linear flux function.
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linear advection simulation

FIGURE 3.1: Advection of an initially discontinuous profile using the forward upwind (FU) and Lax-
Wendroff (LW) finite difference methods.
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components with different wave lengths. Since standard higher-order methods produce error terms which
are dispersive, we conclude that the standard higher order difference methods must create oscillations at
discontinuities.

Oscillatory effects can be problematic in conservation laws. For example, if u represent the density of

a gas, oscillations may cause negative gas densities to be computed.

3.3.2 Problem 2: Standard FD Methods Can Give the Wrong Shock Speeds

We now turn our attention to FD methods applied to the Burgers’ equation (3.8) and consider the emer-
gence of a shock wave. We are interested in an unbounded domain (z,t) € (—o0,00) X (0,00) with

discontinuous initial condition given by

u(x):{ 0, ifz >0, (3:26)

1, ifz <1.
Recall from the Rankine-Hugonoit relation (3.21) that the shock speed s in this case is given by

Cflu) = fluw) 0—%
S Ta CO0C1 T (3.27)

The characteristic curves associated with this initial condition are depicted in the following figure, along
with the anticipated location of the shock as it evolves.

shock

=<V

0 "1

u=1 u=0
We consider a straightforward FD discretization of this PDE given by
+1 n n n
v = n¥ Vi1
TR 4 =0. 3.28
At o Az (3.28)

For theoretical purposes, we assume that the discretization extends infinitely in the spatial direction, with
vg denoting the value of the numerical solution at z = 0. Hence the numerical solution initially satisfies

v; = 1 fort < 0and v; = 0 for ¢ > 0, as depicted below.
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v1=0 ve=0 vs=0

0 A4 A4 N >
N\ N\ N\ ;(
X-2 X-1 X0 X1 X2 X3

We now calculate the discrete solution profile after one time step. On substituting n = 0 into (3.28),

we obtain At
vi =0 - EU?(U? — Vi), (3.29)

and so find that the solution at t = At, denoted v}, satisfies

i<0 @ ov=1-RL1)1-1)=1=1),
i>0 0320—%(0)( ) =0=1).

Observe that at time ¢ = At the discontinuity has not moved! Note that refining the grid does not help;
this FD method simply gives a shock speed of zero.

Reason: The FD method (3.28) is based on the differential form of the conservation law (3.7), which is
not valid for discontinuous solutions. In order to remedy this problem, we must instead base our numerical

methods on the integral form of the conservation law (3.14), as we will now do in deriving the FV methods.

3.4 Finite Volume Methods

In desiring a set of methods that properly handle conservation laws, we now turn our attention to FV
methods. We will now show that the integral form of the conservation law motivates a different approach
in developing a method for numerically solving PDEs and give an example of one such approach known

as the local Lax-Friedrichs method in 1D.
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3.4.1 The Finite Volume Principle

Instead of discretizing the solution at individual points, as with FD methods, we instead divide the spatial
domain into cells of finite volume. For simplicity, we take the cells to be of equal size Az, as in the

following figure.

u(x,t)

cell 1 cell 2 cell 3 | v cell 4

This discretization can also be performed in the time domain, leading to the following subdivision of the

state space.

— tna

cell 1

— tn

Xi-2 Xi-1 Xi Xi+1
Xi-1/2 Xi+1/2

Here cell interfaces are denoted by half-integer indices, such as i + % or i — % The second integral
form of the conservation law (3.14) can then be rewritten using the cell from this discretization as

=
2 2

(2]
QU - Qr+ /t f(ul@gy1,8) = f(ule,_y,1)| dt =0, (3-30)

with .
n it3
QF = / u(zx, t,)dz. (3.31)

We now define u’, the average value of u(z,t) in cell i at time t,,, by

LAD

(3.32)
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and f 2, the average value of f(u) at the interface i + % between ¢, and ¢, by

B e (IR

fipl = A7 : (3.33)
This process then leads to the following definition, on using (3.30).
Definition 3.4 The third integral form of the conservation law is defined by
1 41
atl —an T N Tn ¥
i 7 2 —0. 3.34
At + Aac (3-34)

We note that (3.34) is an exact equation, since it simply follows from rewriting the (exact) second
integral form.

Equation (3.34) is easily discretized on making the approximations

ap ~ o, fﬁfoh,HO (3.35)
Here, f* (v}, v}, ;) is called the numerical flux function, and is often denoted in shorthand by f*(v}*, vi’, ;) =
f;‘f% . Note that this approximation assumes that the flux through the interface ¢ + % can be reconstructed
using the state of the system in cell ¢ and ¢ + 1.
We can now construct our difference equation using (3.34) and (3.35), finding that for an explicit FV
method, the difference equation takes the form

U?H — vy L M CARCAS I A (L
At Ax

=0. (3.36)

The choice of flux function f*(v}*, v}, ;) then distinguishes between different FV methods.

Notes: i) Any flux function f* must satisfy the consistency requirement,

fr(v,v) = f(v), Vv €R. (3.37)

ii) An implicit FV method can be obtained by instead evaluating the flux function at time n 4+ 1. It
follows that the implicit difference equation takes the form

Un+1_vn f*(vn-H n+1 n+1 n+1

% % i U f*z7z
L+ +0Ax( 1 ) _o. (3.38)
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iii) In order to obtain higher accuracy in our discretization, we use more points to reconstruct the flux

function at the interface, i.e.
—n—i—% ~ fE(M n ,n n
fi+% ~ (Ui 0 0 Vi)

3.4.2 The Local Lax-Friedrichs Method in 1D

Note that using the chain rule, a 1D conservation law (3.7) can be rewritten in the form

Ou  Of(u) Ou | df(u)Ou
We define A(u) = d];(;‘) = f’(u), and so write the conservation law as
ou ou
5 F AW =0, (3.40)

Now compare this equation with the linear advection equation (3.1). In (3.40), A(u) plays the role of the
linear advection speed a and hence is like a non-linear wave speed. Further, since u is constant along
characteristic curves A(u) represents the slope of these characteristics. The non-linear wave speed A(u)
motivates us to define the following flux function.

The local Lax-Friedrichs flux function is defined by

o) = Fvi) +2f(v;?+1) —3

(Vi —v"). (3.41)

\ G O
2

Example: When applied to the Burgers’ equation (f(u) = 1u? and A(u) = ) — 1), (3.41) reads

du
1/,,n\2 1o,n 2 n n
5(v;") + 5(v; vt + vl
f*(U?aUan) — 2( z) 22( H—l) _% 7 5 i+1 (U?+1 —U,?), (342)
and 1 2 1 2
ES UTL + = Uﬂ UTL —|—Q).n
f*(’l)?,l,vln) — 2( z—l) 5 2( z) _% 1—12 3 (Uln —Ugil), (343)

Stability, Accuracy and Consistency

Under the Lax-Friedrichs scheme, the stability bound for each FV cell is given by a CFL condition of the

form
Ax

At; < .
[A(vi)]

(3.44)
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This restriction is comparable to the CFL condition for FD methods (2.92) since A\(u) is like a local wave
speed. If we require a single time-step for the whole simulation domain, we need to take the maximum

At calculated from (3.44), i.e. we require

At = min
1

. 3.45
)| (:49)

Note: Although the standard CFL conditions (2.92) and (3.45) are absolute limits on stability, it is
usually preferrable to include an additional safety factor, especially for non-linear problems. For instance,

we may choose

At == (3.46)
a

with ¢ = 0.9.
The accuracy of the Lax-Friedrichs flux function can be shown to satisfy

T = O(At) + O(Az). (3.47)

Further, one can easily verify (exercise) that the method is consistent, according to (3.37).

3.4.3 Numerical Conservation

The defining property of FV methods is something known as numerical conservation, which we now
discuss.
Consider some domain (z,t) € [a,b] x [0,00) with [z, 23] C [a,b] any subinterval of the spatial

domain (see figure).

Intuitively, conservation in the continuous sense implies that for any [z, 23] C [a, b] and [t,,, tn41] C [0, 00),

the exact solution must satisfy
zg g tnt1 tni1
/ u(x, tpr)dxr — / u(z, t,)de = / fu(zqg,t))dt — / flu(zg,t))dt. (3.48)
T T tn tn

If we instead consider some partition of the domain into discrete regions (see figure below), we obtain

an analogous concept in the discrete case.
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| *n *n |
i-1/2 i+1/2
1

= —

We say that a numerical method is conservative in the discrete sense if for all x;_, x; s it satisfies

ig ig
n+1 n _ *n *n,
g(vi Az) — ._Z(U" Ax) = (fi" 1 A = (£ 1 A1), (3.49)

where f:fl is some numerical flux function. Namely, this condition implies that in any interval, all
2

discrete fluxes within the domain (interior fluxes) cancel out. It can be shown that any FV method (3.36)

exhibits this discrete conservation property (exercise), and hence FV methods are often referred to as

conservative methods. In this sense, any FV scheme is simply a conservative FD scheme.

Theorem 3.1 (Lax-Wendroff Theorem) If a conservative FD method (FV method) converges to a solu-
tion v(x,t) as the grid is refined, then this v(x,t) has to be a weak solution of the conservation law (with

shocks travelling at the right speed).

In other words, this theorem simply states that conservative FD methods (i.e. FV methods) cannot

give the wrong shock speeds. This result solves the second problem of FD methods (see section 3.3.2).

3.4.4 FV Methods and the Linear Advection Equation

We now compare the forward upwind (FU) method introduced in section 2.2 and the Lax-Friedrichs FV
method when applied to the advection equation. Recall that the exact flux function for the advection

equation is given by (3.24).

FD Approach: The forward upwind (FU) method (2.63) can be written in the form

v]’.“rl -} (av}) = (av] ;) 0 (3.50)
At Ax ' '
Comparing this equation with (3.36), we find
fi= el =, (3.5

f
[ = ity o)) = avily, (3.52)

2
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and so conclude that the FU method is a conservative FD method for the linear advection equation with

flux function
frwi' i) = v (3.53)

We refer to (3.53) as the upwind numerical flux.

Note: It can be shown that the Lax-Wendroff (LW) scheme is also a conservative FD method, and hence
a FV method; however, as we have seen in section 3.3.1, the LW method also creates oscillations at
discontinuities and so is generally not used.

FV Approach: On applying the numerical flux function from the Lax-Friedrichs scheme (3.41) to the

advection equation, we obtain
av +avl
frpy = ST L)y, — o). (3.549)

Given the sign of a, we can simplify this expression, as follows:

Casel:a >0 f;fl = av}, (3.55)
2

Case2:a <0 fﬁ_ﬁ = avj;. (3.56)
2

Graphically, the flux function in each case represents a flow, as depicted in the following figure.

y» a>0 a<0
—l r—
*n *n
i+1/2 i+1/2
—— —t—

A4 AV4 A4 A4
N\ N\ N\ N\
i i+1 i i+1

Observe that the LF numerical flux function for the advection equation (3.54) automatically gives the
upwind flux regardless of the sign of a, i.e. it automatically reduces to the FU method. On substituting
(3.54) into (3.36), we obtain*

n+1 n n n n n
v =y = = R |la|Az vty — 207 + vty (3.57)
At 2Ax 2 Ax? ’ ’
Central discretization Numerical dissipation

4Compare with (2.129).
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Similar to (3.54), the first term gives a central discretization and the second term gives numerical dissipa-
tion. As we have seen in our analysis of the advection equation, the numerical dissipation term is needed

for stability — a fact which generalizes from the linear advection equation to arbitrary flux functions.

Note: Given a conservative FD method in the form (3.57), one can obtain a flux function f;’f% on
rewriting the equation and comparing with (3.36). Further, if a given scheme has been applied to the
linear advection equation, one can often generalize it to an arbitrary PDE by replacing all av;' terms with
f(v}) and |a| with )\(%(UZ” + i)

3.5 Conservation Laws in Higher Dimensions

In this section, we extend the FV methods discussed in section 3.4 to higher dimensions. The fundamental
result that allows us to make this generalization is Gauss’ divergence theorem, which we discuss in section
3.5.1. The concepts behind generalizing FV methods in 1D to 2D can be intuitively extended to higher
dimensions, and so we use conservation laws in 2D as a fundamental example of this technique and leave

generalization to the reader.

3.5.1 Gauss’ Divergence Theorem

We now state Gauss’ divergence theorem for domains of arbitrary dimension and give an example of the

theorem in action.

Theorem 3.2 Let Q) C R™ be a compact region (closed and bounded) with a piecewise smooth boundary
I' = 00 If v is a continuously differentiable vector field defined on R™ then

/ V-vdV = % (v-n)dl, (3.58)
Q oN

where n is the outward unit normal of 9€).

For example, one might choose the domain {2 as in the following figure.
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Yi

v

Note: The divergence theorem is a generalization of the second fundamental theorem of calculus,

dx

which we used in deriving the integral form of the conservation law in 1D.

b
/ ﬁdzr: = f(b) — f(a), (3.59)

Example: We choose () to be the unit square in 2D, depicted as follows.

YA

/ ye

1

We choose v to be a vector field in 2D, defined by v(z,y) = (3zy, y), with divergence V - v = 3y + 1.

On integrating the divergence of v over the domain €2, we obtain

1 1
/ V-vdV = / / By + 1)dydx
Q =0 Jy=0

‘ 1
= [%yQ + y}o

[\S][é3
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To calculate the RHS of the divergence theorem, we require the vector field and unit normal along the
boundary 02. We depict these quantities in the following figure.

Ya
v=*(3x, 1) I n=(0, 1)

1 »
v=(0,y) ‘\;=(3y, y)
—lo Q @
n=(-1, 0) n=(1, 0)

©)

Iy
v=(0, 0) l n=(0, -1) L

The integral around the boundary then reads

1 1
jgg(v-n)dé _ /()(3:1:,1)-(0,1)dx+/0 (0,9) - (—1,0)dy

(1) 2)
1 1
+ / (0,0) - (0, ~1)da + / (B3y.) - (1,0)dx
0 0
3) @)
= z|f+0+0+ 3y}
= 1+3
5

3-

On comparing [, V - vdV and 5589 (v - n)d¢, we conclude that the LHS and RHS of (3.58) agree.

3.5.2 Conservation Laws in Higher Dimension

We now introduce the concept of a conservation law in higher dimensions, i.e. in R for n > 2.

It follows by direct generalization of (3.7) that a higher dimensional conservation law can be written
in differential form as

ou

SV () =0, (3.60)
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where f(u) is the flux function (in this case, a vector function f : R — R"). Given some arbitrary region 2

satisfying the constraints of Gauss’ divergence theorem (Theorem 3.2), we can integrate the conservation

4 ( / u(x,t)dQ> + [ v-twae o (3.61)

We now apply Gauss’ divergence theorem to (3.61) and define

law so as to obtain

Qalt) = / u(x, t)ds2, (3.62)
Q
which gives the generalization of the first integral form of a conservation law,?
d
—Qa(t) +j{ (f(u) -n)dl =0, (3.63)
dt 90

analogous to (3.12). Namely, (3.63) states that the rate of change of Qq(t) is given by the net influx,

- j'{ (F(u) - n)de, (3.64)
o0

of u into the domain €2 through the boundary 02, as we would expect for a conservation law.

3.5.3 Finite Volume Methods in 2D

We now give some examples of FV methods in 2D, using the notion of the higher-dimension conservation
law defined by (3.63).

In restricting to 2D, the flux function f(u) can be written as

f(u) = (9(u), h(w)). (3.65)
The conservation law (3.60) then takes the form

Ou  Og(u) = Oh(u)
5t o T oy~ (3.66)

which, on applying the chain rule, can be rewritten as

Ou dgou  dhou
5 " duds T augy =~ (3.67)

The terms j—g and Z—h represent the wave speed of the system in the z and y directions, respectively.
U U

>Compare with 3.12.
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Example: Recall that the linear advection equation in 2D takes the form (2.137), which we restate as
— +a—+b—=0. (3.68)

The wave speed, or advection velocity vector, is then given by v = (a, b).
We discretize the domain into square elements labelled by indices ¢ and j, as depicted below.
t A |

j+1 /cell i,j

i-1 i+1

Similar to the 1D case, discussed in section 3.4.1, we average the value of u over a FV cell and hence
obtain from (3.66) the general form for an explicit FV method in 2D,

+1
i~ Vi N 9" (Vi vitag) — 9" (il 5 0iY) N W (i, Vi) — W (0f 0 vE) | (3.69)
At Ax Ay
By defining intermediate flux functions via
*Mm . * n n *m . * n n
QH%J =g"(vjj,vi41;), and hi+%’j = R (v, v%1,5)5 (3.70)
we can also write (3.69) as
+1 *n kN *N AN
vy Ui L T i1, N iy~ 371
At Az Ay ' ’

Hence, all that remains to define a explicit FV method is to specify numerical flux functions for g*
and h*. A common technique for higher-dimensional FV methods, known as the dimension-by-dimension

approach is to simply use the 1D Lax-Friedrichs numerical flux function (3.41) for g* and h*, i.e.

X/ m n g(U:f])‘i‘g(U,ﬁ_L]) 1
9" (vilj vt y) = D) — 3 5

ol ™
(1,0)- A (J“J> ’ (00y; — v)). (3.72)
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3.6 Systems of Conservation Laws

We now study FV approaches for systems of conservation laws in 1D.
If we consider a system of 1D conservation laws, each of the form (3.7), at each point z € {2 we can

define a state vector U(z). The system of conservation laws then takes the form

ot ox

0U | 9F(U) _ (3.73)

On applying the chain rule from vector calculus, we can write this equation as

oU | ar(U)0U _
ot dU oz

3.74)

where dl;(ly ) is the Jacobian matrix of the flux function F. For example, if u is of dimension 2, then the

state vector and flux function can be written in the form

u-| M|, Fuy=| M) (3.75)
U2 fa(ur, u2)
The Jacobian matrix is given by
df dfy
dF(U) . duy dus (3 76)
dU | dan dp | ’
duq dus
The notion of a hyperbolic PDE extends to conservation laws in the following manner:
dF(U)

Definition 3.5 A system of conservation laws (3.73) is hyperbolic if and only if all eigenvalue of =7

are real.

If a system of conservation laws is hyperbolic, we can construct a FV method which solves the system
in the usual manner, obtaining the discretization
nt1 F, —F"
U -uy n

H—% 1—%
=0. 3.77
At Az -77)

We can then use the usual Lax-Friedrichs flux function (3.41), which assumes the vector form

FV)+F(Vh)

*Nn I §

i+% = 2 2

| LN §0
(T )| v (3.78)
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Example: The shallow water equations are a system of two conservation laws which can be written in

ofn], o
0t m &v

Here h represents the water height, m = hu where u is the 1D velocity of the flow, and g is the gravita-

vector form as

m
=0. (3.79)
2,1 32

St agh ]

tional constant. The flux function is then given by

F(U) =

m
] , (3.80)

2 1,32
Tt agh

which we can use to quickly calculate the Jacobian,

dF(U) _ [ 0 1 ] | 8D

dU ()2 4 gh 2%
A short calculation then gives the eigenvalues,
Ar =7 £/ gh=ux+/gh. (3.82)

A FV method for solving this PDE using the LF flux function then follows from (3.77), (3.78), (3.80) and
(3.82).



CHAPTER 4

Finite Element Methods for Elliptic Problems

The last approaches we will consider for the problem of numerically solving PDEs are finite element (FE)
methods. Finite element methods were originally developed in mechanical engineering to solve problems
related to material stresses, i.e. they were used to determine how to best support a structure so as to
prevent it from collapsing. These problems are generally elliptic in nature as they deal with the steady
state conditions of a system. There is no general form of a FE method as with FV methods. Instead FE
methods must be developed based on the problem (PDE) being analyzed.

In section 4.1 we begin with an introductory example outlining the techniques for deriving one such
FE method. In sections 4.2 and 4.3 we develop FE methods for a 1D and 2D model problem, respectively.
Lastly, in section 4.4 we briefly consider Neumann boundary conditions in the context of developing FE
methods.

4.1 An Introductory Example

Consider the first order ODE IVP given by

z € (0,2)
wr{ wo) =1 @.1)
u'(x) =2z

107
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By inspection, the general solution of the ODE is
u(r) = 2%+ C. 4.2)

Further, in order to satisfy the IC, we choose C = 1, giving a particular solution that satisfies the IVP.

We compose a finite element (FE) method to solve this IVP in four steps:

1) First, we must choose discrete domain Q0. We choose N + 1 discrete points z; € (0,2) so that

zo = 0 and xy = 2. These points are not necessarily equidistant, but are chosen in increasing order

so as to define IV elements via [x;_1,z;] for j = 1,..., N (see figure below).
u(x
), N=3

1 1
1 1
1 1
1 1
1 1

0 1 1 2
f f "

Xo X1 X2 X3

2) Secondly, we choose N + 1 basis functions ¢;(x), with j = 0, ..., N. For the type of methods we

are interested in, the basis functions must satisfy two conditions:

e ¢;(xj) = 0;; (basis functions which satisfy this condition are called nodal basis functions)

o >N ¢j(z)=1forallz € Q.

One common choice in this regard are the so-called tent functions, which are depicted in the follow-

ing figure.
u(x),

1 1

s : :pl (pz\: *y
\ \
1 1
1 1

0 S 1 ~]2
I I I
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3)

4)

Third, we seek a discrete approximation of the exact solution to the PDE of the form
N
o (z) = Z cjpi(x), 4.3)
j=0

where the ¢; represent N + 1 unknowns that must be determined. The grid function v"(z) is then a
continuous approximation of the exact solution u(x). In particular, if we choose the basis functions
to be given by the tent functions (as above), v"(z) gives a piecewise linear approximation of the
exact solution (see figure). Further, we know that v"(z;) = ¢; for all 4, because ¢j(x;) = 0i5. In
order to determine the N + 1 unknowns c¢; we will now need IV + 1 equations.

Finally, we formulate N + 1 Galerkin equations in order to determine the constants c;. We can
integrate (4.1) over the interval (0, 2) to obtain

2 2
/ v ¢i(x)dr = / 2x¢i(x)dz, (4.4)
0 0

h

for: =0,..., N. Applying the numerical approximation u ~ v", we obtain the Galerkin equations,

2 2
/ (vh)/qﬁi(x)d:z = / 2x¢i(x)dz, 4.5)
0 0

with ¢ = 0,..., N, which can be expanded using (4.3) to give

EN:CJ‘ (/02 ¢}(1’)¢i($)d%> = /02 2xi(x)dz. (4.6)

=0

The equations (4.6) then form a NV + 1 x IV + 1 linear system for the unknowns c;. In matrix form,

we write
AC = B, 4.7
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4.8)

4.9)
(4.10)

where
2
A= [a’ij]u Qij = ¢;($)¢Z($)d(1},
0
2
B= [bl], bi = / 2.T¢Z' (ac)dx,
0
C = [Cz] .
We can then solve the linear system (4.7), subject to the IC ¢y = 1 and hence obtain the approximate
solution v".

Example: Consider N = 2, with 2; = [0, 1, 2], as depicted in the following figure.

u(x) ,

1
Lo

l--/(p) 1 ¢ (pi

“ ! B

1
1

0 R P)
I X

Xo X1 X2

The numerical approximation v"(z) then assumes the form

o"(2) = cogo(z) + c1¢1 () + caga (),

where the ¢; are piecewise tent functions given by the following table.

zel0,1] | z€[1,2]
do 1—=2 0
b1 x 2—x
o) 0 14z
o -1 0
| 1 ~1
5 0 1

4.11)
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After some computation, it can be shown that

_1 1 1
2 2 3

A= -4 0 3|, B=]2 (4.12)
0 -1 1 5
2 2 3

A short calculation shows that det(A) = 0 and so the system of equations AC' = B has either no solutions
or infinitely many solutions. In this case, it can be quickly shown that we have infinitely many solutions,
i.e. there are only IV linearly independent solutions. The extra equation instead follows from the initial
conditions, i.e. on examining (4.1), we obtain ¢y = 1. If we let ¢y = d be arbitrary, we will actually find

that c; and ¢y are given by (exercise)
Cc1 :Co—|—%, co = c¢o + 4. 4.13)

We now compare the exact and approximate solution, obtaining the following table.

r | u(z) | vM(x)
0 1 1  Exact
5
1 2 3 —— Approximate
2 5 5

4.2 The 1D Model Problem

In this text we will focus on finite element methods for second order elliptic PDEs, as FE methods were
originally developed for PDEs of this form. In particular, we consider the 1D model problem (ODE) given
by

Q:x € (a,b),

BV P < wu(a) =0,u(b) =0, (homogeneous BCs) (4.14)

—u"(z) + q(z)u(z) = f(x) in Q.
Note that the ODE can also be written as a linear operator of the form Lu = f. Hereafter, we will refer
to the ODE in the form (4.14) as the strong form of the ODE. The strong form of the ODE motivates the

following definition:
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Definition 4.1 Let Lu = f denote an arbitrary ODE of the form (4.14), where f(x) € C(a,b). Then a
function u(z) € C?(a,b) that satisfies the strong form of the ODE is called a classical solution of the
ODE.

Note that here C(a, b) denotes the set of continuous functions and C?(a, b) denotes the set of functions

that are twice continuously differentiable (i.e. continuous first and second derivatives).

4.2.1 Weighted Residual Form and Weak Form

In general, we will find that solutions obtained from FE methods are not classical solutions, i.e. they do not
necessarily satisfy the strong form of the DE. In this section we will introduce an alternative formulation
known as the weak form of the ODE that will form the basis for our study of FE methods.

FE methods are rooted heavily in functional analysis, and so we must first briefly introduce some
concepts from this field. We begin with the notion of the Lo scalar product, which induces the Lo function

space on (a, b).

Definition 4.2 The Ly scalar product (or inner product) is an operator on functions f(x) and g(x) of
the form

b
<ﬂmﬂw=/3mmmm. @.15)

The Ly scalar product induces the Ly norm, according to

b 1/2
wwm:«wmﬂw=</ﬂww). (4.16)

Further, the Ly scalar product induces a set of functions according to the following definition.

Definition 4.3 Let (a,b) C R be an open subset of the real line. Then La(a,b) is the set of functions on
(a,b) satisfying
Lo(a,b) == {f(x) [ [[f(2)]l2 < oo}. “.17)

Since Ly(a, b) is a vector space, we also obtain the notion of orthogonality of two functions analogous

to orthogonality of two vectors.

Definition 4.4 Let f(z) € La(a,b) and g(x) € La(a,b). Then f(x) is orthogonal to g(x) with respect
t0 (-,-) if and only if (f, g) = 0.
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In order to proceed with the study of FE methods, we require two additional definitions:
Definition 4.5 The set of test functions on |a,b], denoted Wy is defined by
Wo = {w(z) | w'(z) is piecewise continuous on [a,b] and w(a) = 0, w(b) = 0. (4.18)

Finally, we require some notion of closeness between an approximate solution v(z) and an exact
solution u(x) of a given DE without necessarily knowing the exact solution. A linear DE operator Lu = f,
such as one of the form (4.14), effectively determines a map between two functions in a given function

space as follows.
Definition 4.6 The residual of the DE Lu = f is the function r(x), defined by
r(z) = Lv(x) — f(x), (4.19)

for any function v(x).

The Weighted Residual Form of the ODE

Definitions 4.5 and 4.6 motivate what is known as the weighted residual form of the ODE, given by

[(Lu— f,w)=0Ywe Wy (4.20)

It can be shown that the form (4.20) and (4.14) are equivalent (exercise). Note that if a function u(x)

satisfies the weighted residual form, it follows by definition 4.4 that () is orthogonal to w for allw € W,

The Weak Form of the ODE
The weighted residual form (4.20) can be rewritten using (4.14) and (4.15) as
/b(—u” +qu— flwde =0 Yw e W. 4.21)
a
On applying integration by parts ([ v”wdz = vw'w — [ «'w’) and definition 4.5, we obtain

b
w'w]? +/ (W' + quw — fw)de =0 YVw e W. (4.22)
VO a
Rewriting this expression in terms of the scalar product, we obtain the so-called weak form of the ODE,

given by

(W W) + (qu,w) = (f,w) Ywe Wp. (4.23)

Note that the weak form is also called a variational form (from the study of calculus of variations).

Namely, for some ODEs the process of minimizing the integral leads to the weak form.
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The Difference Between the Forms of the ODE

An observant reader will note that if u(z) € C?(a,b) then the strong form, the weighted residual form
and the weak form of the ODE are all equivalent. However, the weak form of the ODE only requires that
a solution u(x) € C'(a,b), and hence allows for solutions that are not classical solutions (see definition
4.1). In general, we will refer to solutions of the weak form as weak solutions. An advantage of the FE
method for solving the ODE (4.14) is that it is based on the weak form of the ODE (4.23) and so will

allow us to approximate weak solutions u(x) € C(a,b).

Example: We choose ¢(x) = 0 and choose f(x) to be given by the discontinous function

-1 z <0,
flx) = - (4.24)
1 >0
It can then be shown that u(x), defined by
1,2
5T z <0,
u(x) = 4.25
(x) { Tl g, (4.25)

solves the ODE in its weak form (4.23). We depict u(x) and its derivatives in the following figure.

o——
u(x) u'(x) u”(x)

Clearly, u(x) is not a classical solution of the ODE (4.14) since u(x) & C?(a,b).; however, u(z)

(=}

satisfies the weak form and hence is a weak solution.

4.2.2 Discrete Weak Form

In this section we turn our attention to discretizing the weak form of the ODE (4.23). This form, known
as the discrete weak form, will then form the foundation for FE methods.
We choose m basis functions ¢;(x) (1 < j < m) that are linearly independent and satisfy ¢;(a) = 0

and ¢;(b) = 0 for all j. As with the example problem discussed in section 4.1, we seek an approximation
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vh(a:) of the exact solution «(z) that is a linear combination of the basis functions ¢;(z), i.e.
m
v (x) = Z cipj(z), ¢ €R. (4.26)
j=1

The complete set of functions of the form (4.26) is then defined by

m

Vi = {o"(@) | o"(2) =) ¢jgs(x), ¢j € R} (4.27)

J=1

The set Voh is then an m-dimensional vector space which is spanned by the basis vectors

By = {&(@)}jL1 (428)
We now desire to find v"(z) so that it satisfies the weak form of the ODE (4.23), i.e. we want

(vh,w’) + (qvh,w) = (f,w)Vwe Wj. (4.29)

h

The restriction (4.29) imposes an infinite number of conditions on v", since it must be satisfied for all

possible test functions. Since v"

is a member of a finite-dimensional vector space, it is in general impos-
sible to find v" so that it satisfies all possible conditions. As a consequence, we instead must “prune” the
number of conditions imposed by (4.29) by discretizing the space of test functions Wj.

Several solutions exist to this problem, all requiring us to make a specific choice of the set of test
functions. For the FE methods we are interested in, we choose Galerkin approach: Namely, instead of
using the whole set of test functions W), instead we choose a discrete set of test functions Wé‘ given by
the set of basis functions Voh (ie. Wé’ = Voh). This approach leads us to the so-called discrete weak form

of the ODE, given by

("), (")) + (qv", w") = (f,w") ¥V w" € V. (4.30)

The following more applicable expression can be quickly obtained from the discrete weak form (exercise).

("), ) + (qu, 1) = (f. i) V&5 € By (i =1,...,m). 431)

The discrete ODE problem is then stated as follows:

Problem: Find v € Voh such that v" satisfies (4.31).

h

Since v" can be expanded in terms of the basis functions ¢; according to (4.26), the discrete ODE

problem then reduces to an algebraic problem from (4.31), namely:
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Problem: Find c¢; such that

Jj=1

Matrix Form of the Discrete ODE Problem
If we assume ¢(x) = ¢ = const., (4.32) can be written in the form
(K +¢M)C =L, (4.33)

where C' = [¢;] and the matrices K, M and L are defined in the following table.

Load vector: L =[4] U= (f,c), (4.34)
Stiffness matrix: K = [kij] kij = (65, %), (4.35)
Mass matrix: M = [m;] mi; = (¢4, ¢i). (4.36)

The names load vector, stiffness matrix and mass matrix originate from mechanical engineering, where

FE methods were originally developed.

Note: Observe that the stiffness matrix A and mass matrix M are symmetric. Symmetric matrices are
particularly nice to deal with, since it is easy to prove existence-uniqueness of (4.33). Further, efficient

methods exist to solve symmetric linear systems.

4.2.3 Choice of Basis Functions

There are several possible choices of basis functions, with each choice effectively giving a different
method for solving PDEs. Two common choices are model basis functions and nodal basis functions,

which we discuss in this section.

1) A modal basis function seperates the solution into a set of “modes” associated with each basis

function. For example, we could make a choice of basis of the form

Bg:{sm(m({g:ZD,k:1,2,...,m}. (4.37)

The first few modes in this case are depicted in the following figure.
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2)

- ||
- ||

This choice of basis functions actually gives what is known as a spectral method, so named because

it decomposes the solution into a spectrum of waves depending on their frequency.

In general, modal basis functions are nonzero over the entire domain and often lead to methods
which are high order accurate. However, the accuracy comes at a cost, since K and M will not
necessarily be sparse matrices. Further, certain choices of basis functions require regular geometry

or periodic boundary conditions.

A nodal basis function satisfies ¢;(x;) = d;; and has so-called compact support, i.e. it is nonzero
only on a small portion of the domain. This choice of basis function leads to a set of methods which

we will refer to as finite element methods.

We have already encountered one example of a nodal basis, namely the tent functions introduced in
section 4.1. Basis functions of this type will form the foundation of our analysis for the remainder

of this chapter.

Note that the requirement of compact support leads to sparse K and M matrices (i.e. the majority
of the entries in these matrices will be zero). This result means several efficient methods exist for

solving the linear system (4.33).

The Tent Functions as Basis Functions

We now consider in detail the so-called tent functions as the choice of basis functions for a finite element
method.

For simplicity, we discretize the interval (a, b) into m distinct intervals by choosing z; equidistant

with 9 = a and 2,11 = b. The basis functions ¢;(z) (with j = 1,...,m) are then chosen to be linear

in each interval and satisfy ¢;(x;) = ;;. The distance between adjacent points is denoted % and given by

b—a

h = .
m—+1

(4.38)
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A depiction of this discretization is then given as follows.

Note that ¢o(x) and ¢y, +1(x) are not retained since we want ¢;(a) = 0 and ¢;(b) = 0 for all i. Mathe-

matically, we obtain the following expressions for ¢;(z):

%(1‘1 — xi—1)7 S [xi_l, QTZ] (in element ),
¢i(x) = %($i+1 — ), T € [, Tit1] (inelementi+ 1), (4.39)
0 elsewhere.

We can now use (4.39) in conjunction with (4.34)-(4.36) to calculate the components of the linear
system (4.33). In order to simplify the calculations, we shift the origin so that x; = 0, z;_; = —h and

Zi+1 = h (see figure).

®x)

The tent functions are then described by the following table.

Element: Elementi + 1
¢i | $l@+h)  F(h—=x)
bit1 0 Fx
Gi—1 —3z 0

/ 1 _1
i R D
1
§+1 0 h
1
271 “h 0
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The mass matrix M has components m; ; = (¢;, ¢;). Following a short calculation (exercise), we

obtain
2 1 1
mi; = gh, miiy1 = gh, mi;—1 = gh, (4.40)

with all other m; ; = 0. The stiffness matrix /& has components k; ; = (¢!, gb;) Another short calculation

(exercise) gives

ki =

)

, kijt1=—%, kiji—1 =1, (4.41)

o

with all other k; ; = 0. The load vector L with components ¢; = (f, ¢;) is obtained by computing

Tit1

b = /xl f@)g (@i — wi)da +/ f(2)(@ipr — @i)dz. 4.42)

3

If f is a constant, then it can be shown that ¢; = fh.
In summary, the DE (4.14) with ¢ and f constant can be written in matrix form as (4.33), with K, M

and F' given by
2 -1 0 ] 41 0 f
1| -1 2 hil 4 f
K== M= — F=hn|" |. (4.43)
. .o—=1 6 . . :
0 -1 2 0 1 4 f

Note that if ¢ = 0, this method is identical to the FD method for the 1D elliptic BVP (2.10).

4.3 The 2D Model Problem

In this section we turn our attention to developing a FE method for solving the extension of the 1D model
problem (4.14) to 2D. As before, we begin by introducing the necessary theoretical framework, developing
a weak form of the PDE and then discretizing to obtain the FE method.

The 2D model problem is given as follows.

Q:(2,y) € (0,1)?
BVP < u=g(x,y)ondQ, (4.44)
—V2u=f inQ.
The strong form of the PDE then reads Lu = f, where L = —V?2. The strong form of the ODE again

motivates the definition of a classical solution:
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Definition 4.7 Let Lu = f denote an arbitrary ODE of the form (4.44), where f(x,y) € C(Q2). Then a
function u(x) with 8 9.2 and 5 0%y 2 continuous that satisfies the strong form of the ODE is called a classical
solution of the ODE.

Note that here C'(§2) denotes the set of continuous functions on 2.

4.3.1 Weak Form

In order to proceed, we must again introduce some concepts from functional analysis that are a direct

extension of the definitions in section 4.2.1.

Definition 4.8 The Ly scalar product on ) (or inner product) is an operator on functions f(x) and g(x)

of the form
/ / f(x)g(x)dxdy. 4.45)

The definition of the scalar product can be extended to apply to vector fields, as follows.

Definition 4.9 The Lo scalar product on ) (or inner product) is an operator on vector fields f(x) and

9(x) of the form
(f,2) / / x)dzdy. (4.46)

The Ly scalar product induces the Ly norm, according to

1 1 1/2
\f(X)H2=\/(f(X),f(X))=(/0 / f(X)Zd:cdy) . (447)

Further, the Ly scalar product induces a set of functions according to the following definition.
Definition 4.10 Ler Q C R? be an open set. Then Lo (§2) is the set of functions on ) satisfying
Lo(2) == {f(x) | lf (x)l2 < oo} (4.48)
We again must define the set of test functions on €2, given as follows.

Definition 4.11 The set of test functions on 2, denoted W is defined by

daw

Wo := {w(x) | & S an are piecewise continuous and bounded on ) and w(x) = 0 on 9Q}. (4.49)
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It can be shown that the strong form of the ODE (4.44) is equivalent to the weighted residual form,
given by
(=V2u,w) = (f,w)Vw e Wy, u=gond. (4.50)

We now apply corollary B.1 to (4.50) in order to obtain
//Q =V - (wVu)dzdy + (Vw,Vu) = (f,w) Yw € Wy, u = gon . 4.51)
Then, on applying Gauss’ divergence theorem (theorem 3.2), (4.51) can be written as
_ jé (V) -t + (Y, Vo) = (f.1), (4.52)

but since w = 0 on 0f), the first term is identically zero. Hence, we obtain the so-called weak form of the
ODE, analogous to the weak form (4.23) for the 1D model problem,

] (Vu, V) = (f,w) Yw € Wy, u = gon 0. (4.53)

For any classical solution u it can be easily shown that (4.50), (4.51) and (4.53) are equivalent statements;
however, as with the 1D model problem, the weak form (4.53) admits solutions that do not have continuous

partial second derivatives. This result motivates the following definition.

Definition 4.12 A function u(x,y) that is a solution of the weak form (4.53) but is not a solution of the
strong form (4.44) is called a weak solution.

Observe that the weak form (4.53) only requires that a solution u(x,y) have g—g and %Z piecewise

continuous and bounded in 2.

4.3.2 Discrete Weak Form

In order to develop a discrete weak form that will eventually be the foundation for the FE method, we
must first partition the domain into a set of discrete elements. Notably, one of the main strengths of the
FE method is that there are no requirements of structure on the discretization.

We discretize the grid into m total nodes xj, j = 1,...,m, with n interior nodes and m — n boundary
nodes. Two possible discretizations are depicted in the following figure.
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P—O0—O0—0—O0—Q

X T X
From the set of nodes {z;} we define a set of nodal basis functions ¢;(x) with j = 1,...,m, that
satisfies
m
Gi(xi) =dij, Y _di(x)=1VxeQ (4.54)
j=1
The set of discrete candidate solutions is then given by
m
Vgh = " v (x) = Z cj¢j(x), with ¢; = g(x;) for boundary nodes}. (4.55)
j=1

Note that the set Vgh forms a vector space spanned by the nodal basis functions ¢, .
In order to obtain the discrete weak form, we must also consider the set of solutions with zero boundary

conditions, given by
m
Vi = {0 | (x) = Z ¢j¢j(x), with ¢; = 0 for boundary nodes}. (4.56)
j=1

This vector space is then spanned by the set of basis vectors
Bl = {¢; | j is not a boundary node}. (4.57)

Note that Bg consists of exactly n basis functions, implying that Voh is a vector space of dimension n.
We now have sufficient background in order to define the discrete weak form of the 2D model problem,
given by
(Vol, V) = (f,w") vV u" € V. (4.58)

The following more applicable expression can be quickly obtained from the discrete weak form (exercise).
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(Vo", V) = (f. ¢i) V ¢i € B (4.59)

The discrete ODE problem is then stated as follows:

Problem: Find v" € Vgh such that v" satisfies (4.31).

As with the 1D problem, (4.58) and (4.59) are intractable. Instead, we expand v" in terms of the basis

functions, obtaining the following statement of the problem.

Problem: Find c; such that
> " ¢i(Vey, Vi) = (f,¢:) Y éi € B (4.60)
j=1

Matrix Form of the Discrete PDE Problem

The discrete PDE problem (4.60) can be written in matrix form as
KC =1L, 4.61)

where K is the stiffness matrix and L is the load vector. Special attention must be paid to the boundary
nodes, where the ¢; are predetermined by the boundary conditions. There are two possible viewpoints one

can consider when attempting to solve the linear system, which we now consider.

1) We can incorporate the boundary conditions in the linear system and solve for the associated c; as

if they corresponded to interior nodes. The stiffness matrix then takes the form

I
K = 0 , (4.62)
Ky K;
where I is the identity matrix and
(V(bly V(bm—n—&-l) e (v¢m—m V¢m—n+1)
Ky = : : ) (4.63)
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and
(v¢mfn+1a v¢mfn+1) e (V¢m, vﬁbmfnJrl)
(v¢m—n+1a v¢m) T (v¢m7 v¢m)
The C' and L vectors are then given by

C1 g1
C = _Cm—mn , L= _ 9m—n ) (4.65)
Cm—n+1 (f7 ¢m—n+1)
L Cm i L (fa (bm)

2) In placing the boundary nodes within the stiffness matrix, we are potentially reducing the efficiency

of solving the linear system. Instead, consider decomposing (4.62) according to

I 0
K, K;

Cy
Ci

Gy
F;

KC=L <+ [ (4.60)

The upper block of equations then simply reduces to C, = Gy, as expected. The lower block
(KpCy + K;C; = F;) can be rewritten as

KiCi =F, - Kbe < KiCl’ = Hi, 4.67)
where H; = F; — K;,Cy,. Treating the problem in this manner means we only need to solve an X n
linear system, as opposed to a m X m linear system.
4.3.3 Simple Finite Elements in 2D

Perhaps the most common choices of elements to use in discretizing the region are either rectangular
elements or triangular elements. We now discuss the techniques used to calculate the stiffness matrix K

and the load vector L corresponding to these elements.

Rectangular Elements: Consider a partition of {2 as follows.
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-ﬂr < <

A reference element is then given by removing one element from the rectangular mesh, translating to
the origin and rescaling so as to give the unit square. Nodes are numbered locally in a counter-clockwise
sense, as depicted in the previous figure.

The nodal basis functions associated with this element are then given as follows:

¢1($ay) = (1 - 33)(1 - y)v ¢3(xay) =2y, (468)
p2(z,y) = z(1 —y), pa(z,y) = (1 —2)y. (4.69)

Note that a function of this type is called bilinear, since it is linear in x and y.

Triangular Elements: On translating and scaling a triangular element, we obtain a reference element

as depicted in the following figure.

y

1203

(1) (2)
0 1 X

The nodal basis functions associated with this element are then given as follows:

¢1(3;,y) =1- (IE + y)? ¢2(x7y) =, (Zﬁg(l‘,:g) =Y (4.70)
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We now discuss how to calculate the stiffness matrix K and load vector L for a general triangular
elements. The process we now employ can be easily generalized to elements of arbitrary shape with some
effort.

Assuming that a given element has no boundary nodes, the stiffness matrix K and load vector L are
given by

Kij =(V¢;, V), and L;=(f,¢:). (4.71)

In order to calculate the elements ;; and L;, we will require expressions for the ¢;(z, y) of an arbitrary

triangular element. We will use two tricks in order to simplify our calculations:

1. First, we use local node numbering so as to treat each element without concern for global node
numbers. The global stiffness matrix K and load vector L can then be reconstructed from a local
stiffness matrix K, and load vector L. defined individually for each element (as we will show later).

Global Nodes Local Nodes
(4) ©) ®) 2

(1) (1)

2. Second, we shift the coordinate system so that in the local numbering scheme (z1,y1) = (0, 0).
The basis functions ¢; then take the general form

where the coefficients «;, 3; and ~y; are functions of (x1,y1) = (0,0), (x2,y2) and (x3,y3). One can

quickly observe that the equations we must solve are

¢1(x1,91) = 1, $2(x1,91) =0, $3(x1,91) = 0,
¢1(w2,y2) = 0, P2(w2,y2) = 1, $3(w2,y2) = 0, (4.73)
¢1(x3,y3) =0, ¢2(x3,13) = 0, $3(x3,y3) = 1.
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A short calculation reveals (exercise)

o] = 1, a9 = 0, a3 = 0, (4.74)

Y2 —Ys Y3 Y2
= = — = — — 4‘75
ﬁl A ; ﬁ? A ) /63 A y ( )

xr3 — T2 T3 L2
= = —— = — 4‘76
71 A ) Y2 A ) 3 A ) ( )
where

A = xoy3 — x3Yo. @4.77)

The elements of stiffness matrix can then be calculated:

Kij = (V¢;, Vi)
( Jv'VJ (ﬁu%))
- / (856 + 7).

and since (3;3; + ;i) is constant, we obtain

Kij = Ac(B;6i +v57%), (4.78)

where A, is the area of element 7. It can be shown that A, satisfies

A
A, = u 4.79)
2
The elements of the load vector can then be written as
= flag + Biz + viy)dSd. (4.80)
Te

At this point, numerical integration is generally necessary. If f is constant, this expression can be evaluated

immediately, giving (exercise)

3 3
L; = fA. <a+§zx+§zy> (4.81)
=1 i=1
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Constructing the Global Stiffness Matrix and Load Vector

Now, using (4.78) and (4.80) we have the tools necessary to assemble the global stiffness matrix K and
load vector L.
Recall that the discrete weak form of the PDE problem (4.59) requires that we find v" € Vgh such that

(Voh, V) = (f,¢:) Vs € BE.

We can expand the inner products as integrals, and then write the total integral over €2 as the sum over the

integral of each element. On applying this process, we instead must find v"* € Vgh such that

D (Vo' Vi) = (f,6i) ¥ ¢i € B, (4.82)
e=1 e=1

where n. is the total number of discrete elements.

Example: Consider the following discretization of the unit square into two elements 7 and 75.

y
4 (3)

T

5 0 :x

Observe that 75 only contributes to the submatrix consisting of the first, third and fourth column of the
stiffness matrix and the first, third and fourth rows of the load matrix. In particular, the contribution to the

stiffness matrix by 75 is given by the local stiffness matrix,

(Vo1,Vo1) (Ves3,Vor) (Vos,Ver)
Ko = | (V¢1,Ve3) (V3,Ve3) (Voy,Vo3) | . (4.83)
(Vo1,Vos) (Vé3,Vos) (Va, Va)
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The global stiffness matrix for this system is a 4 x 4 matrix, which is constructed from K, indicated by

‘0’, and K>, indicated by ‘x’ as follows:

X4+0 0o X+o0 X
K= ¢ 2 ° . (4.84)
X4+0 0o X+o0 X

X X X

The global load vector has dimension 4, and contains contributions indicated as follows:

X + o0
I — o , (4.85)
X + o0

X

Pseudo-Code

The pseudo-code for the method we have discussed in this section for the 2D test problem is given as
follows. Note that for simplicity, we choose to use method 1) from section 4.3.2 in order to construct the

stiffness matrix and load vector.

For e=1:n,
Calculate «a;, Bi, v (i=1,2,3)
Build K, (3 x3 matrix)
Build L. (3 x1 vector)
Assemble K, into K
Assemble L, into L
End For
For t=1:m—n
K(i,:)=0, K(i,i)=1, L(i)=gy
End For
Solve KC =1L for C
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4.4 Neumann Boundary Conditions

In this section we discuss Neumann boundary conditions for elliptic PDEs, which are inevitably necessary
for many physical problems. So far we have restricted our attention to an elliptic BVP with Dirichlet
boundary conditions, i.e. a BVP of the form

) an open, bounded domain,
BVP(1){ u=gonl =90 — Dirichlet BCs, (4.86)
—V2u = fonQ.

We now wish to consider Neumann boundary conditions, which instead impose a constraint on the deriva-
tive of the function u. One such BVP with Neumann BCs is

Q) an open, bounded domain,

BVP(2){ % =honl =09 — Neumann BCs, (4.87)
—V2u = fonQ.
Here % is shorthand for the directional derivative
@ =Vu-n, (4.88)
on

as in the following figure.

YA

Example: Consider the stationary heat diffusion problem, an elliptic PDE that takes the form

—DV?T(z,y)=f, or —DV-VT(z,y)=f. (4.89)



4.4. Neumann Boundary Conditions 131

Recall that the Fourier law of heat conduction states that the heat flux vector (the direction of heat flow) is
proportional to VT'. Hence, if we were to surround a region €2 with an insulating wall that does not permit

heat flow, mathematically we are imposing that

or

—— =0. 4.
o 0 (4.90)

4.4.1 Compatibility Between / and f

We now demonstrate two important results about the Neumann BVP (4.87).

On integrating the Neumann BVP (4.87) over (2, we obtain

/Q V- (Va)dQ = /Q Fdo. @91)

The divergence theorem (Theorem 3.2) then implies that

7{ Vu - ndl = / £dQ, (4.92)
oN Q

which from (4.87) and (4.88) is simply

f hdt = / £dQQ. (4.93)
onN Q

Since (4.93) is interchangable with the PDE (4.87), we conclude that h and f must satisfy this con-

dition - otherwise there will be no solution to the BVP. Observe further that if « is a solution of the BVP

(4.87) then u + c is also a solution for any ¢ € R. These two results are summed up in the following

theorem.

Theorem 4.1 If f and h satisfy the compatibility condition (4.93) then the Neumann BVP has a unique

solution up to an additive constant.

Note: The compatibility condition is similar to the condition on b when solving a linear system Ax = b
with det(A) = 0. Namely, if b € Range(A) then there is an entire family of solutions. Conversely, if
b ¢ Range(A) then the linear system has no solutions.
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4.4.2 Weak Form

In this section we apply the technique used in section 4.3.1 to derive a weak form for (4.86) in order to
derive the weak form of the Neumann BVP (4.87).

Consider a classical solution u of the Neumann BVP, i.e. a solution u € C?(£2) that satisfies
~V2u=f, %% =hono. (4.94)
It can be shown that the classical form (4.94) can be rewritten in a weighted residual form as
(—=V?u,w) = (f,w)Yw e W, (4.95)
where W is defined analogous to (4.49) to be

W = {w(x) %—? and %—Z are piecewise continuous and bounded on §2}. (4.96)

On applying corollary B.1, we obtain
(Vu, Vw) — /QV (wVu)dQ = (f,w)Vw e W and % = h on 0N2. (4.97)
Then by Gauss’ divergence theorem (theorem 3.2), this equation can be rewritten as
(Vu, Vw) — fwvu ‘ndl = (f,w)Vw e W and ¢ = h on 9. (4.98)

Finally, we apply (4.87) and (4.88) in order to obtain the weak form of the BVP,

(Vu, Vw) — j{ whdl = (f,w) Yw € W. (4.99)
onN

The discrete PDE problem is then stated as follows:

Problem: Find u € U so that (4.99) is satisfied.

Note that the set of candidate functions U is exactly the set of test functionsW, as given by (4.96).
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Discrete Weak Form

We now discretize U analogous to (4.55), obtaining

Vi =" o = ¢iei(x)}, (4.100)
j=1
and
B" = {¢;(x)}. (4.101)

Note that due to the nature of the Neumann BVP the ¢; remain unspecified at the boundaries. The discrete
weak form then becomes

(Vo Vu') — fwhhdz = (f,u")Vuh e V" (4.102)

On expanding v" in terms of ¢; and substituting ¢; for w", we obtain the desired form of this expression,

> ei(V5, Vo) = §dihde = (.6 6 € B, (4.103)
= 00

In order to solve for v", we must then solve the m x m linear system given by (4.103). As anticipated,
if everything has been computed successfully we obtain that det(A) = 0 with L € Range(A). This result
corresponds to the infinite family of solutions v + ¢ with ¢ € R. Fortunately, we can fix ¢ by choosing

v"(x;) explicitly in one node and hence obtain a solvable linear system.






APPENDIX A

Norms of Vectors, Functions and Operators

The study of numerical methods for solving PDEs requires a mathematical tools for measuring the relative
size of vectors, functions and operators.
A.1 Vector and Function Norms

Intuitively, we say that a norm is a function which can be applied to elements of a vector space in order to

introduce a notion of “size” and “distance.”

Definition A.1 Let V be a vector space. Then a norm on'V is a function || - || : V' — R that satisfies
1) |Z|| > 0 forall € V and ||Z|| = 0 if and only if ¥ = 0,
2) ||aZ|| = |a||| @] forall Z € V,a € R,
3) Nz + gl < |2+ [[g]l for all .5 € V.

We now present some common examples of norms.

Example 1 Consider the simple case of V' = R2. It can be verified that for any vector Z = (x1,x3), all

of the following functions satisfy the properties of a norm:

135
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1Z]l2 = v 33% + $% (2-norm)

1Z][1 = [21] + |22 (1-norm)

1Z| 0o = max(|z1], |z2|) (0o-norm)
1

Hpr = (|z1|P + |z2/P)? (p-norm)

The choice of norm can significantly change the notion of distance. In the following figure, we depict

the unit circle in R?, defined by ||Z||, = 1. Here p is given by p = 1,2, co from left to right.

X2 X2 X2

A A

N ‘
N

Example 2 Consider the space of real-valued functions u(x) : [a,b] — R. It can again be verified that

all of the following functions satisfy the properties of a norm:

lull2 = f; (x)%dx (2-norm)
Hquff lu(z)|dz (1-norm)
fulle = 2 @) (ooenom)
el = (U lut)ir)” (p-norm)

Example3 Analogous norms can then be defined as in Examples 2 and 3. For the space of 2-dimensional
real-valued functions u(z, y) : © C R? — R over some domain Q:

lull2 = \/ [[q u(z, y)2d (2-norm)

Jullr = fo lu(z,y)|dx (1-norm)
l|ulloo = eizsbl]lp lu(z,y)| (oco-norm)

lully = (ffo lua, ) )7 (p-norm)
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A.2 Norms of Grid Functions

Recall that a grid function is a discrete representation or approximation of a continuous function on a grid.

As such, it can be represented as a vector, but it also behaves like a function. For example, consider a

general 2D function u(x, y) defined on some rectangular region 2.

Y Yy

e “

We define a grid (z;, y;) by x; = o + Az and y; = yo + jAy,fori =0,...,mand j = 0,
the interpolating grid function u; ; approximating u(z, y) on the grid (z;, y;) is defined by

wi ;= uw(xi, yj), i=0,....m, j=0,...,n.

Recall that we have defined the norm ||u/|2 as

Julls = \/ [ wtaezay

Using a Riemann sum and applying (A.1), we obtain the approximate formula

n m
[[ull2 ~ Z Z uf jAxAy.

i=0 j=0

...,n. Then

(A.1)

(A2)

(A.3)

This equation then motivates the definition of the 2-norm of our 2-dimensional grid function, given by

[u"]l2 = /AzAy

(A4)

It can be easily shown (exercise) that this relation defines a norm on the space of 2-dimensional grid

functions on this regular Cartesian grid.
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A. Norms of Vectors, Functions and Operators

Analogous to the definition of the 1, 2, co and p norm for functions, we obtain the following expres-

sions for these norms over the space of grid functions on regular Cartesian grids:

Norms of Grid Functions

1D Grid Function Norms:

(2-norm)

(1-norm)

(0o-norm)

(p-norm)

2D Grid Function Norms:

(2-norm)

(1-norm)

(p-norm)

(co-norm) HuhHoo

(AS)

(A.6)

(A.7)

(A.8)

(A9)

Z Z luii| | (A.10)

(A.11)

D=

(A.12)
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A.3 Matrix Norms (Operator Norms)

We now introduce operator norms, which are used in order to quantify the “size” of a linear operator. We
concentrate specifically on matrix operators, i.e. operators which can be represented in matrix form and

applied to vectors in R".

Definition A.2 Let A € R™ "™ and ¥ € R™, with associated vector norm ||Z||, on R™ (1 < p < o0).
Then the natural or induced matrix norm is

.
1Al = max VATl
zeRm ||Tllp  Ferm|lzll,=1

| AZ]|,. (A.13)

The 2-norm of a matrix A can also be characterized in terms of the spectral radius of the matrix A.

Definition A.3 Let A € R™*"™. The spectral radius of A, denoted p(A), is given by

P A = Imax )\ A 14
( ) 1<i<m | l" ( )
where A1, Mg, ..., Ay, denote the m eigenvalues OfA1

It can then be shown that the following result holds. Its proof is beyond the scope of this text.

Proposition A.1 Let A € R"™*™ with induced matrix norm || A||2. Then

|All2 = \/p(AAT) = \/p(AT A). (A15)
The induced matrix norm has the following useful properties:
Py) If A= AT then ||Alj2 = p(A).

P,) The 1-norm || Al|; is given by the maximum absolute column sum, i.e. if the elements of A are given
by a;;, then

| Allx = nax (Z; |aij|> : (A.16)

"Note that the \; may be complex numbers.
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P3) The co-norm || A||~ is given by the maximum absolute row sum, i.e.

m
[Alloo = max Zl laij| | - (A.17)
j:
Py) Forany 1 <p < o0,
1Al > p(A). (A.18)
P5) Forany ¥ € R™ we have
[AZ]|p < [[Allpl|]]p- (A.19)

Ps) The matrix norm satisfies the triangle inequality,

1A+ Bllp < [|Allp + | Bllp- (A.20)
Example Consider the matrix A € R?*? defined by

31
A:(l 3). (A21)

Using properties P, and P4, it can be quickly shown that ||A]|; = ||Al|c = 4. Let us now focus on
the matrix 2-norm, || Al|2. It can be quickly verified that the eigenvalues of A are \; = 2 and Ao = 4, with

(1) (1)

In order to determine ||AZ||2 for all ||Z||2 = 1, we note that ||Z||2 = 1 is simply the equation for the unit

associated eigenvectors

circle in 2D. Using the eigenvectors and eigenvalues as a guide, it can be shown that under the influence

of A, the unit circle is transformed into an ellipse (see figure).
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X1

The largest possible stretch factor in this case occurs along vy and is given by Ae. That is, in this

example || A||2 = 4.






APPENDIX B

Extension of Integration by Parts to 2D

Proposition B.1 Letr f and g be, respectively, a continuously differentiable scalar field and vector field
defined on some set Q) € R"™. Then,

V-(fe)=Vf-g+f(V-g). (B.1)
Proof: (to be written)

Corollary B.1 Let f and g be, respectively, once and twice continuously differentiable scalar fields de-
fined on some set 2 € R™. Then,

V- (fVg)=Vf-Vg+ fVg. (B.2)

Proof: This result follows immediately from proposition B.1.
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